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Abstract 

The bio-based and biodegradable poly (lactic acid) (PLA) is a commercially available 

synthetic biopolymer. It is being exploited to develop green plastic which can replace the 

currently existing petrochemical based non-degradable plastic in the near future. The major 

drawbacks of PLA such as poor toughness, brittleness, low heat resistance and high cost 

hamper its growth in the development of commercial green plastic. Hence, the prime 

objective of the thesis is to circumvent these drawbacks of PLA. The polymers and fillers 

such as poly (ethylene-co-glycidyl methacrylate (PEGM), lignin (LG) and hexagonal boron 

nitride (HBN) particles, bamboo powder (BP) respectively are employed to develop PLA 

based blends and composites. The compatibility between the PLA matrix and dispersed phase 

or filler is a key parameter to tailor the mechanical and thermal properties of the PLA in the 

resulting blends and composites. The melt blending method is opted to prepare all reported 

PLA blends and composites. Further, to improve the compatibility between the PLA matrix 

and dispersed phases the various compatibilizers have been used. In some cases, the fillers are 

physically modified with an electron beam (E-beam) prior to blending with PLA to enhance 

their compatibility. The effect of blending of reinforcement on the hydrolytic degradation of 

PLA is also studied and reported in the thesis. The blending of PLA with PEGM at weight 

ratio 80:20 (PLA:PEGM) significantly improves the elongation at break from 5.76 % to 

157.40%, tensile toughness from 2.70 MJ/m
3
 to 36.82 MJ/m

3
 and notched impact strength 

from 2.65 kJ/m
2
 to 5.91 kJ/m

2
. The PLA/PEGM blend is compatibilized with in-situ formed 

PLA-g-PEGM graft copolymers explained with possible reaction mechanism. These 

properties are further enhanced with the incorporation of HBN particles at low concentrations 

i.e. 1 phr (part per hundred) such that elongation at break 166.50 %, tensile toughness       

37.73 MJ/m
3
 and notched impact strength 8.89 kJ/m

2
. Further, heat deflection temperature 

(HDT) is also improved from 52.60 °C to 54.50 °C. The blending of PEGM with PLA and 

further incorporation of HBN particles restrict the hydrolytic degradation of PLA. So, to 

achieve the good impact strength and fast hydrolytic degradation the samples of prepared 

blend-composites were irradiated to E-beam. Moreover, in the view of cost reduction of PLA 

and complete biodegradation, the fully bio-based PLA/lignin blends and PLA/bamboo powder 

composites are prepared. The commercial lignin and bamboo powder are second most 

inexhaustible and low-cost fillers which are used as an additive to reduce the cost of PLA. 

The PLA/lignin blends and PLA/bamboo powder composites are compatibilized with the 

simple green physical approach in which the fillers were physically modified with E-beam 

irradiation prior to melt blending. The modification of the bio-fillers with E-beam irradiation 
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at low radiation doses is an inexpensive technique and can be done at a large scale. The 

PLA/LG-5% 30 kGy and PLA/LG-20% 30 kGy blends having 5 wt% and 20 wt% E-beam 

irradiated lignin respectively and TAIC is compatibilized with PLA-TAIC-Lignin crosslinked 

structures formed during melt blending. The formation of PLA-TAIC-Lignin crosslinked 

structures during melt blending is explained with proposed possible reaction mechanism. The 

PLA/LG blends having E-beam irradiated lignin show better mechanical and thermal 

properties as compared to PLA/LG blends having unirradiated lignin. The PLA/LG-5% 30 

kGy blend exhibits slightly more notched impact strength, elongation at break, HDT and less 

hydrolytic degradation than virgin PLA. Furthermore, the unirradiated and E-beam irradiated 

bamboo powder is melt blended with PLA to prepare PLA/bamboo powder (PLA/BP) 

composited. The epoxy silane is used to improve the compatibility between the PLA matrix 

and filler. Among all PLA/BP composites, PLA/EBP5/ES 5phr with 5 wt% E-beam irradiated 

bamboo powder and 5 phr epoxy silane exhibits good tensile properties and highest notched 

impact strength which is 12% more than pure PLA. 
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Chapter 1 

Introduction 

 

This chapter comprises a brief introduction of the research topic chosen along with the 

motivation and scope of the present investigation. The various bio-based and bio-degradable 

polymers were described briefly. The pros and cons of these polymers over existing 

petrochemical polymers are also mentioned. Further, the development in the properties of the 

commercially available bio-based and biodegradable polymer i.e. poly (lactic acid) for 

different kind of applications is also described. The evolution and organization of the thesis is 

also propounded. 
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1.1 General Introduction 

Numerous polymeric materials are available in nature.  Lignin (major constituent in all 

plants), cellulose, starch (in corn, potatoes), natural rubber (poly-cis-isoprene), proteins and 

DNA are a few examples. The degree of sophistication of natural processes to synthesize 

these materials is far beyond the conventional synthetic polymerization processes, for 

instance, polymerization of amino acids into protein at ambient temperature and pressure. 

These natural materials cannot serve mankind directly for commodity and engineering 

applications, as conventional petrochemical-based plastic materials. This is because 

conventional thermoplastic polymers/plastics have more heat stability than their natural 

counterpart and are usually processed via molten state into any complex desired shape as per 

applications, however, natural polymeric materials such as lignin, cellulose, and starch cannot 

be heated into molten state due to thermal degradation or decomposition. There are ample 

advantages of the conventional polymer/plastics than the natural counterparts such as low 

cost, simple chemical structure, good barrier properties for endues applications, ease to 

process into complex shapes and excellent performance etc. [1,2]. However, petrochemical-

based non-biodegradable polymers/plastics have acute environmental issues which severely 

affect the life of wild species and also spoil the scenes due to its virtually endless applications. 

The increasing insecurity of petrochemical resources, increasing oil prices and growing 

concerns about greenhouse gas emissions are also thought-provoking issues. Hence, from the 

past few decades, the synthesis of bio-based and biodegradable polymers from the renewable 

resources has gained great interest in both industries as well as in academia. Further, as 

schematically represented in the Fig. 1.1, the biopolymers based on their source of origin can 

be classified into three major categories [3,4]: natural polymers which are obtained by direct 

extraction from biomass viz. cellulose, lignin, starch and proteins; synthetic polymers which 

are retrieved by microbial fermentation of biomass and then extraction viz. poly 

(hydroxyalkonoates) (PHA); and synthetic polymer synthesized from natural monomers viz. 

poly (lactic acid). Moreover, synthetic biopolymers can be processed by conventional 

processing equipment and are known as bio-plastic. The synthetic bio-polymers/plastics are 

not necessarily bio-degradable. The bio-degradable polymer/plastic must be mineralized 

completely by the action of microorganism in the natural environment (i.e. landfill) and return 

to the environment within a short time (<one year) after disposal. The compostable 

polymers/plastics are also similar to bio-degradable polymers/plastics, as they both 

decompose into natural elements and return to nature safely. However, compostable 

polymer/plastic requires a special composting environment and conditions in accordance with 
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defined standard viz. ASTM-D-6400-04, ISO-17088 and EN-13432 [4–6]. The compostable 

polymers also furnish nutrients to the earth after complete degradation. The bio-compostable 

polymers are further briefly described as below: (properties, advantages and disadvantages, 

structure and applications) 

 

Fig.1.1 Production of biopolymers from different routes [4]. 

1.1.1 Poly (lactic acid) 

The bio-based, bioresorbable and biodegradable poly (lactic acid) (PLA) is the linear 

polyester synthesized from lactic acid (2-hydroxypropanoic acid)/lactide (3,6-dimethyl-1,4-

dioxane-2,5-dione) monomers through solid state polycondensation/ring opening 

polymerization (ROP) process [6]. The lactic acid/lactide monomers are derived from the 

natural feed stocks i.e. sugarcane, potato starch, corns and tapioca by the fermentation 

process. PLA synthesized via polycondensation process has a low molecular weight which 

leads to poor mechanical properties and is not acceptable for many commercial applications. 

This is because it is tedious to remove the water, which is a byproduct of this equilibrium 

reaction, as viscosity increases during the polymerization process. Hence, PLA having high 

molecular weight is usually synthesized via ROP process [7]. This two step process which 

normally involves extra purification step leads to increases in the production cost. However, 

this is the most favored and commercially adaptable process to make high molecular weight 

PLA because of precise control of chemistry and hence resulting polymer properties can be 



Chapter 1 

___________________________________________________________________________ 

 

4 
 

broadened in more a restrained manner. Different forms of PLA (Fig. 1.2) i.e. poly (L-lactide) 

(PLLA), poly (D-lactide) (PDLA) and poly (DL-lactide) (PDLLA) depends on the chiral 

nature of their lactide monomers i.e. L-lactide, D-lactide, and DL-lactide, respectively       

(Fig. 1.2) [8,9]. Stereochemical purity of PLA depends on the stereochemical purity of the 

lactide monomers. 

Further, due to stereoregularity of backbone polymer chains and enantiomeric purity 

of their building block (virgin monomers) the PDLA and PLLA are crystalline in nature 

possessing crystallinity of about 35%, glass transition temperature (Tg) ~ 50°C to 70 and 

melting temperature (Tm) ~ 170°C to 190°C [10,11]. In contrast, PDLLA is completely 

amorphous in nature because of its random polymer chain structure and consists of low Tg and 

Tm i.e. 34 °C and 155°C respectively. The stereocomplex PLA (sc-PLA) which is a resultant 

of blending PLLA and PDLA exhibits high Tm 230°C [12]. The mechanical properties of 

semicrystalline PLA such as yield strength, tensile modulus, deformability, notched Izod 

impact strength, flexural modulus and heat deflection temperature (HDT) are around 50-70 

MPa, 3000-4000 MPa, 2-10%, 2.0-3.0 kJ/m
2
, 4000-5000 MPa, and 51-60 °C respectively 

[13]. The commercial grade PLA was introduced in 2003 and found ample commercial 

applications [14]. The NatureWorks (USA) is a leading company which produces different 

series of commercial grades of PLA as per applications viz. 2000 series for extrusion and 

thermoforming, 3000 series for injection molding applications, 4000 series for films and 

cards, 6000 series for fibers and nonwovens and 7000 series for blow molding etc. Further, 

Purac, Teijin and Jiuding companies from Netherlands, Japan and China respectively are also 

some current leading producers of PLA. The commercial grade of PLA consists PLLA and a 

small percentage of PDLLA [15]. 

In some aspects such as carbon dioxide (CO2) emission, energy consumption and end 

up life possibility, the PLA is much better than many petrochemical-based polymers [6,16]. 

However, PLA is not fit for many commercial applications, mainly hot-packaging 

applications and durable applications, due to its low deformation at the break, poor toughness 

and low thermal stability. Hence, these properties of PLA are required to improve for 

increasing its commercial applications in the diverse fields and also enable it to compete with 

existing petrochemical polymers [17,18]. 
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Fig. 1.2 Molecular Structures of a distinct form of PLA with respect to their chiral monomers 

[6]. 

1.1.2 Lignin  

Lignin (LG) is the most plentiful biopolymer, next to cellulose, present in Mother 

Nature. It is the main constituent of all plants and furnishes them with mechanical support, 

rigidity, nutrients and safety from attacking microorganisms. Further, it also acts as an 

interface to hold the cellulose and hemicellulose in the polysaccharide matrix of biomass 

[19,20]. Lignin is produced from monolignols i.e. guaiacyl alcohol (hardwood and softwood), 

syringyl alcohol (hardwood) and p-coumaryl alcohol through radical-induced endwise 

polymerization in the plants [21,22]. The chemical structure of lignin depends on the 

extraction techniques viz. soda process, kraft process, sulfite process, organosolv process and 

steam explosion [23]. The typical model structure of lignin and its precursors are shown in 

Fig. 1.3. The chemical structure of lignin which consists of a number of functional groups 
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determines its compatibility with other polymers [21,24,25]. The large number of polar 

functional groups present in the lignin leads to the robust self-interaction of lignin molecules 

and decreases its miscibility in the hydrophobic polymers. The presence of large phenolic 

moieties in the complex lignin structure and self-interaction of polymer chains leads to high 

Tg ~ 97-165 °C [19,23]. The elastic modulus of lignin is 4500 MPa [26].  

Since lignin is a by-product produced massively in the paper mills and in cellulose 

ethanol industries, the price of lignin is quite low as compared to oil-based materials. The 

lignin is being produced more than 70 % annually from the papermaking industries [27]. It 

cannot be processed directly by conventional polymers processing techniques because of its 

cross-linked structure and low thermal degradation temperature which is less than its melting 

point. However, lignin is a low-price inexhaustible material available in nature and being used 

as filler with many polymers to produce new kind of green plastic products. It can also be 

used as an antioxidant and UV light protective additive in the plastics [23,28]. The global 

lignin market, North America (US), Europe (UK, Germany, France), Asian Pacific (China, 

Japan, India), Latin America (Brazil) and the Middle East, Africa, is expected to reach around 

from 775  million USD to 900 million USD by 2020 [23]. 

 

Fig. 1.3 (a) The different monolignols of lignin and (b) typical model structure of lignin [23]. 
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1.1.3 Poly (hydroxyalkonoates) 

The poly (hydroxyalkonoates) (PHA) belongs to polyester polymer family and is 

synthesized from the biomass through microorganisms viz. varieties of Gram-negative and 

Gram-positive bacteria [29,30]. The chemical structure of PHAs is depicted in Fig. 1.4. Based 

on the number of carbon atoms present in the branching polymer, the PHAs can be classified 

into two main categories i.e. short-chain and medium chain length PHAs. The short-chain 

length PHAs consist of three to five carbon atoms, for instance, poly (β-

hydroxybutyrate)/poly (3-hydroxybutyrate), poly (4-hydroxybutyrate), poly (3-

hydroxyvalerates) and their copolymers. However, medium-chain length PHAs consist of 6 to 

14 or more than 14 carbon atoms, for instance, poly (3-hydroxyhexanoate), poly (3-

hydroxyoctanoate) and their copolymers [31].  

 

Fig. 1.4 General chemical structure of PHAs [30,32]. 

Further, the weight average molecular weight of PHAs is upto 3 × 10
6
 Da [30,33]. The 

Tg and Tm of PHAs vary from -50 °C to 4 °C and 60 °C to 177 °C respectively. Among all 

PHAs the poly (3-hydroxybutyrate) (PHB) is more famous and most commonly used 

industrial polymer produced by bacteria from sugar and starch; it is discovered by Lemoigne 

in 1926. The mechanical properties of PHB are similar to poly (propylene) (PP), however, its 

major drawbacks i.e. brittleness, low thermal stability, poor crystallization rate and high cost 

restrict its commercial applications [30]. PHB has good biocompatibility and fast bio-

composting rate. PHB based bio-plastic can be biodegraded aerobically and anaerobically into 

carbon dioxide (CO2) and water (H2O) or methane (CH4). The main producers of PHB and its 

copolymers are PHB Industrial of Brazil, Kaneka Co., Tellen, Metabolix and Tianjin Green 

Bioscience of China. 
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1.1.4 Poly (ɛ-caprolactone)  

The poly (ɛ-caprolactone) (PCL) is aliphatic polyester synthesized from cyclic ester 

caprolactone or ɛ-caprolactone (haxeno-6-lactone) through ring opening polymerization 

(ROP) process. It is synthesized in the presence of aluminum peroxide catalyst [34,35]. The 

chemical structure of PCL is given in Fig. 1.5. The molecular weight of PCL varies from 530 

to 63, 000 Mn/Da and it is a semi-crystalline polymer and can be crystallized upto 69%.  The 

Tg and Tm of PCL lie in the range -60 to -65 °C and 56 to 65 °C respectively. The mechanical 

properties of PCL i.e. tensile strength, Young’s modulus and deformation at break are in the 

range 4 - 785 MPa, 210 - 440 MPa and 20 - 1000 % respectively [36]. 

 

Fig. 1.5 The chemical structure of poly (ɛ-caprolactone) [36]. 

PCL has significant importance in industries and medical fields because of its 

biodegradability, biocompatibility, mechanical properties and miscibility with other polymers. 

However, its low Tg is a disadvantage for some applications. Hence, PCL is normally blended 

with other polymers or chemically modified and crosslinked by chemical or physical methods 

(radiation crosslinking) [37–40]. Dow Chemical and Daicel Corporations are the main 

producers of PCL. 

1.1.5 Poly (butylene succinate)  

Poly (butylene succinate) (PBS) is a biodegradable and bio-compostable polymer 

synthesized from the monomers succinic acid (SA) and 1, 4-butanediol (BD). These 

monomers are normally derived from fossil sources. However, interestingly, these can also be 

derived from the natural resources by fermentation process [41]. Hence, it may be expected 

bio-based in the near future. The chemical structure of PBS is shown in Fig. 1.6. The Tg and 

Tm of PBS are around -30 °C and 112 °C respectively [42,43]. The PBS can be exploited to 

manufacture mulch films, packaging films and hygienic products due to its interesting 
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thermo-mechanical properties and good biodegradability. However, low transparency, poor 

impact strength and high production cost are the hurdles for its commercialization [42]. 

 

Fig. 1.6 Chemical structure of poly (butylene succinate) [41]. 

Since 1993, the PBS is commercially available with trade name Bionolle™ by   

Showa-Denko K.K. and its main manufacturers are Hexing Chemical (China), Mitsubishi Gas 

Chemicals (Japan), Ire Chemicals (Korea) and Showa Highpolymers (Japan).  

In conclusion, among all bio-polymers and bio-compostable polymers described 

above, PLA exhibits superb biocompatibility, simple processability, good stiffness and 

transparency similar to poly (propylene) (PP) and poly (ethylene terephthalate) (PET) [6]. So, 

it can be used for various applications in diverse fields such as packaging, automotive and 

biomedical industries. However, its inherent brittleness, low elongation, poor thermal stability 

and high cost limit its widespread practical applications in many cases [17]. Further, the 

increasing demand of plastics in the society, as well as the escalating concerns about 

environmental problems generated due to petrochemical-based plastic, and increasing 

insecurity of fossil fuel resources are thought-provoking matters which insist the modification 

of PLA properties as per applications. Hence, the development of PLA based durable and 

green plastic for various applications has magnetized the interest of the global plastic market 

especially [44,45].  

1.2 Literature Survey  

Although the PLA exhibits good stiffness, excellent biodegradability and fine 

transparency the widespread application of PLA is still restricted due to its poor toughness, 

short extensibility, low heat deflection temperature (HDT) and more cost. So, there are 

several methods, viz. blending with other polymers, crosslinking of PLA matrix through 

chemical and physical process, chemical copolymerization and reinforcement of PLA matrix 
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with fibers and particles etc., has been used and described in the literature to overcome these 

drawbacks of PLA and make it more  feasible for commercial applications as briefly 

discussed below. 

1.2.1 Chemical copolymerization 

Copolymerization is the process in which two or more than two different types of 

monomers are simultaneously polymerized and the resulting polymer consists of more than 

one repeating units [1]. The advantage of chemical copolymerization is that there is an ample 

number of monomers and polymers (both petrochemical and bio-based) available and can be 

copolymerized with PLA to manufacture a new material with average properties of both 

polymers. Hence, it is reported in the literature that the different polymers from 

petrochemical-based to bio-based, bio-compostable to non-compostable and amorphous to 

crystalline were exploited to copolymerize with PLA to produce new plastics as per 

applications [46]. 

Yui et al. [47] synthesized PLLA-b-PDLA diblock type copolymers (sb-PLA) from L-

lactide and D-lactide monomers through ring-opening polymerization initiated by aluminium 

tris (2-propanolate). They found that this diblock copolymer easily promotes stereocomplex 

crystallization. The stereocomplex PLA (sc-PLA) comprises of both enantiomeric PLAs 

(PLLA and PDLA). The sc-PLA exhibits Tm 230° C which is greater than the Tm of PLLA 

and PDLA (i.e. 180° C). Hence, sc-PLA can act as a high-performance polymer [48]. 

Ohya et al. [49] proposed and reported a synthesis method for graft-polymerization of 

lactic acid on various types of polysaccharides by employing trimethylsilyl-protected 

polysaccharides. They were reported that the PLA-grafted polysaccharides copolymer showed 

more degradability due to reduced crystallinity as compared to PLA. They were also reported 

that this method can be used in graft-polymerization with other polyesters, glycolide and 

lactones on polysaccharides. The graft-copolymers obtained by this method may be used as 

biodegradable biomedical materials. Further, poly (lactic-glycolic acid) copolymer is accepted 

by FDA for clinical purposes. 

A. K. Saleem et al. [50] synthesized and reported the poly (lactic acid)-poly (ethylene 

glycol)-biotin copolymer which has applications in the medical fields.  

D.C. Aluthge et al. [51] synthesized triblock copolymer of poly (lactic) and poly 

(hydroxybutyrate) (PHB) i.e. PLA-PHB-PLA. The preparation of PLLA-PDLLA-PLLA and 
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PLLA-PDLLA-PDLA by sequential addition was also reported. The mechanical and 

rheological properties of prepared copolymers were investigated and reported. It was found 

that the rheological properties of PLLA-PDLLA-PLLA and PLLA-PDLLA-PDLA are similar 

to the PLLA and PDLA. However, triblock PLLA-PHB-PDLA exhibited more elastic nature 

having poor tensile strength and with remarkable enhancement in the deformation at the 

break.    

From the literature, it is also observed that many authors had synthesized various 

copolymers of different polymers to enhance the miscibility of the PLA based polymer blends 

[52,53]. For instance, C.H. Kim et al. [54] synthesized poly (L-lactic acid-co-ɛ caprolactone) 

copolymer and discussed briefly the effect of concentration of synthesized copolymer on the 

compatibilization and crystallization behavior of PLLA/PCL blend. The details of the effect 

of different PLA based copolymers on the mechanical, thermal and degradation properties of 

PLA blends will be discussed in the section 1.2.4. 

Hence, from the literature it can be concluded that the copolymerization is the best 

technique to develop new kind of materials from PLA for different applications in the diverse 

fields and this technique is broadening the PLA applications too. However, the long reaction 

tenure, cumbersome synthesis steps and cost of other constituents are the drawbacks of this 

technique to use for more commercial applications [52]. 

1.2.2 Chemical and radiation crosslinking of PLA matrix 

In order to enhance the thermal stability of PLA, it is needed to strengthen the 

intermolecular interaction between PLA chains. A common solution to do that is to introduce 

crosslinking among the polymer chains of PLA matrix by chemical reactions [55]. The 

irradiation with UV-rays, X-rays and γ-rays is also one of the methods used to crosslink the 

polymer matrix. However, this method is not feasible for PLA because PLA degrades upon 

irradiation. Hence, recently, some authors have studied and reported the crosslinking of the 

PLA matrix by employing electron beam irradiation in the presence of various crosslinking 

agents [56–59]. The chemical and electron beam (E-beam) irradiation induced crosslinking of 

the PLA matrix in the presence of the crosslinking agents also strengthens the mechanical and 

thermal properties of PLA. 

S. Yang et al. [55] employed the chemical treatment to induce the crosslinking of the 

PLA matrix. They melt blended polyfunctional molecules i.e. triallyl isocyanurate (TAIC) and 
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PLA along with a reaction initiator dicumyl peroxide (DCP). From the analyzed results they 

reported PLA matrix crosslinking was initiated with little addition of TAIC or DCP. Further, 

crosslinked PLA showed a decrement in the crystallinity and a remarkable enhancement in the 

thermal degradation temperature and mechanical properties of PLA. 

N. Nagasawa et al. [56,57] irradiated the PLLA film to the electron beam in the 

presence of different crosslinking agents i.e. triallyl isocyanurate (TAIC), trimethallyl 

isocyanurate (TMAIC), trimethylolpropane triacrylate (TMPTA) and 1, 6-hexanediol 

diacrylate (HDDA). The concentration of crosslinking agents was taken as 1 wt%, 3 wt% and 

5 wt% in the film. The PLLA film containing crosslinking agents were irradiated to the 

electron beam with different doses 20 kGy, 40 kGy and 50 kGy. From these studies, it was 

reported that TAIC is an excellent crosslinking agent for PLLA at optimized percentage i.e. 3 

wt% and optimized radiation dose i.e. 50 kGy. PLLA film with 3 wt% of TAIC and at 50 kGy 

dose showed maximum gel fraction and good heat resistance properties as compared to other 

compositions. 

B. Y. Shina et al. [58] modified the properties of PLA through E-beam irradiation in 

the attendance of functional monomer glycidyl methacrylate (GM). They were reported both 

chain scission and branching of the PLA upon irradiation, however, the formation of long 

chain branching of PLA is more prominent as compared to PLA chains scission, if the GM is 

present in the system. Hence, the thermo-mechanical properties were significantly enhanced 

due to the formation of long polymer chains. It was also reported that PLA containing 3 phr 

GM and 20 kGy absorbed dose showed 100 times more storage modulus and 10 times more 

complex viscosity as compared to pure PLA. 

M. Salvatore et al. [59] prepared the poly (lactic acid)/montmorillonite 

nanocomposites for food packaging applications. The prepared nanocomposite films with 

loaded clay at 1, 3 and 5 wt % were irradiated to electron beam doses of 1 kGy and 10 kGy. 

From the acquired results, they reported that the electron beam irradiated samples show 

increment in the tensile modulus, Tg and decrement in the oxygen permeability as compared 

to unirradiated samples of nanocomposites. This is because electron beam irradiation brought 

the polymer crosslinking in the nanocomposites and hence increase the Tg of irradiated films. 

Further, the introduction of the clay to PLA creates a sinuous path to passage of oxygen 

through film and hence leads to decrement in the oxygen permeability. 
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Therefore, from the above findings, it can be inferred that the crosslinking of PLA 

matrix through the physical or chemical method is useful to improve the thermal stability of 

the PLA and also increase the tensile and storage modulus. However, the deformability and 

impact toughness of PLA are still inferior even after crosslinking of the PLA matrix [60]. 

1.2.3 Poly (lactic acid) composites 

The polymer composites are often prepared to tailor the properties of the polymer 

matrix and/or reduce the cost of the final polymer product [6]. A composite comprises a 

polymer matrix (continuous phase) and reinforcement (discontinuous phase) agents i.e. either 

particles or fibers. The polymer matrix binds the fibers together and helps to transfer the 

applied stress from one to another which keeps the fibers at the desired location and 

orientation. The matrix also shields them from erosion and environmental damage. The most 

common type of reinforcement to prepare the polymer composites is fibers. In the literature 

several authors have reinforced the PLA with various natural and synthetic fibers; organic and 

inorganic fillers and whiskers in order to tailor the mechanical, thermal and degradation 

properties for diverse applications as well as to bring down the high cost of PLA [61]. 

Many authors have employed various natural fibers viz. kenaf, flax, hemp, bamboo, 

jute, abaca, pineapple, leaf and wood fibers to prepare fully bio-based and biodegradable 

PLA-fiber composites [62]. Some of the authors have reported the use of synthetic fibers i.e. 

glass fibers, PAN-based carbon fibers etc. to reinforce the PLA matrix. The fibers (natural and 

synthetic) are normally pretreated with different methods i.e. alkali treatment, esterification, 

cyanoethylation and silane treatment to improve the matrix fibers adhesion [63,64]. Further, 

organic fillers i.e. wood flour, starch, rice hulls, sugar beet pulp etc. and inorganic fillers i.e. 

hydroxyapatite, talc, carbon black, carbon nanotubes, hexagonal boron nitride  etc. were also 

exploited to manufacture PLA composites for various applications [64–66]. The main 

difference between polymer composite and polymer blend is the polymer composite is made 

up of two or more distinct constituents or phases resulting multiphase system, whereas, the 

polymer blend is prepared by blending two or more polymers to get single phase system.  The 

development and properties of some best PLA composites are discussed below: 

H.M. Akil et al. [67] reported that the kenaf fiber-reinforced PLA composites consist 

of excellent mechanical, thermal properties and good fibers-PLA matrix adhesion when alkali 

and silane treated fibers were exploited. These composites have also shown significant 

improvement in the heat deflection temperature (HDT) from 64.5 °C to 170.3 °C and       
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174.8 °C (when alkali treated fiber were used). It was reported that the improvement in these 

properties is mainly derived from the increases in modulus as well as good interaction 

between matrix and fibers. It was further reported that the kenaf fibers promotes the 

crystallization and prevent the deformation of PLA/kenaf composites which lead to the higher 

HDT. 

B. Bax et al. [68] reported that PLA reinforced with cordenka rayon fibers (30 % by 

weight) exhibits highest impact strength i.e. 72 kJ/m
2
 and tensile strength 58 MPa. However, 

PLA matrix reinforced with flax fibers (30 % by weight) consists of highest Young’s 

modulus. These composites have possible applications in automotive and electronic 

industries. 

R. Tokoro et al. [69] prepared the poly (lactic acid)/bamboo fiber (BF) composites. 

They incorporated the different BF i.e. alkali treated pulp, steam exploded pulp and short BF 

to PLA matrix. They found that the PLA matrix reinforced with steam-exploded pulp fibers 

composites have shown a significant improvement in the bending strength, impact strength 

and heat resistance of virgin PLA. They also reported that the incorporation of bamboo fibers 

also increased the crystallinity of PLA. Further, the thermal properties and HDT of PLA/BF 

composites were significantly enhanced after annealing the prepared samples at 110 °C for 

5h. 

S.N. Lee et al. [70] synthesized PLA/wood flour composites and studied the effect of 

bamboo flour addition on the mechanical and thermal properties of PLA. The wood flour 

(WF) was incorporated utpo 40 wt% into the PLA along with silane (1 wt% and 3wt %) 

coupling agent to improve the interfacial affinity between PLA and WF. It was observed that 

the Tg and thermal degradation temperature decreased slightly as the wood flour content 

increased. This is attributed to poor interfacial compatibility between wood flour and PLA 

matrix. However, the addition of silane coupling agent in the PLA/WF composites at 1 wt% 

was enhanced the interfacial bonding between matrix and filler which resulted in 

improvement in the tensile modulus, tensile strength, Tg and thermal degradation temperature. 

Y. Wang et al. [71] incorporated bamboo flour (BF) into PLA matrix to enhance its 

mechanical and thermal properties. The PLA-g-glycidyl methacrylate copolymer was first 

synthesized and blended along with PLA and BF in the PLA/BF bio-composite to achieve the 

good adhesion and better dispersion of fillers in the polymer matrix. From the results it was 

found that the PLA/BF composite consist of PLA (85 wt %), BF (15 wt %) and PLA-g-
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glycidyl methacrylate (15 phr) showed significant improvement in thermal decomposition 

temperature, tensile modulus and tensile strength and small increment in the impact strength 

as compared to PLA/BF composites without compatibilizer. 

Debrupa Lahiri et al. [65] have reinforced the polylactide-polycaprolacton copolymer 

(PLC) with boron nitride nanotubes. The boron nitride nanotubes were incorporated in three 

different concentrations i.e. 0, 2 and 5 wt% to reinforce PLC for orthopedic applications. It 

was reported that the addition of 5 wt% boron nitride nanotubes remarkably increases the 

elastic modulus and tensile strength of PLC to 1370% and 109% respectively. It was also 

reported that incorporation of boron nitride nanotubes into PLC does not have any adverse 

effect on its ductility.  

M. Li et al. [66] studied the degradation behavior of PLA reinforced with different 

inorganic fillers i.e. titanium dioxide (TiO2), graphene nanoplatelets (GNP), multi-walled 

carbon nanotubes (MWNT) and hydroxyl functionalized multi-walled carbon nanotubes 

(MWNT-OH). They reported that the incorporation of inorganic fillers at optimal 

concentration significantly increases the crystallization rate in the resulting composites. This 

is because the nanofillers in the resulting composites act as nucleating agents and increase the 

crystallization rate. Among all composites, PLA/TiO2 was shown high degradation rate as 

compared to pure PLA due to the poor interfacial interaction between matrix and particles. 

Moreover, PLA/MWNT-OH composite was shown a decrement in the degradation rate as 

compared to PLA. This is because the surface treated MWNT has better interfacial bonding 

with matrix than untreated MWNT or other particles. The PLA/MWNT composite has also 

shows small increment in the tensile strength as compared to other composites and pure PLA. 

Hence, it can be concluded that the reinforcement of the PLA matrix with various 

fibers and fillers leads to an improvement in the tensile, flexural, heat resistance and 

degradation properties of PLA. However, the some of PLA composites exhibit the impact 

properties and deformation at break usually less than pure PLA [6]. So, there is a need to 

improve these properties in the case of PLA-composites. Therefore, the use of relevant fibers 

reinforcement to PLA tailors the properties of PLA for desired applications (from biomedical 

to commercial applications) and incorporation of suitable low-cost fillers to PLA reduce the 

cost of PLA. 

1.2.4 Poly (lactic acid) blends  
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The blending of the PLA with other polymers is the most adaptable and convenient 

method to overcome the drawbacks of PLA and hence tailors its properties for desired 

applications. Generally, blending of various plasticizer and small molecules with PLA leads 

to significant improvement in the deformation at break and impact toughness. The physical 

bending of PLA with other polymers furnishes the best results if the comments of the 

prepared blend are properly miscible (i.e. miscible blend). The compatibilization techniques 

are used to achieve the good compatibility among the different phases of incompatible or 

immiscible polymer blend. The interfacial phase compatibility and miscibility of blend 

components decide the performance of the resulting blend. The term compatibility is defined 

on the bases of phase morphology and properties profile of the resulting blend. If a partially 

miscible or immiscible blend exhibits a fine morphology and combined properties of the 

blended polymers then the compatibility between the blend components is good and it is said 

to be compatible blend. However, if blend consists of coarse phase morphology and inferior 

properties then it is said to be an incompatible blend. The compatibility between different 

phases of an incompatible blend can be enhanced by a suitable approach usually known as 

compatibilization. Thus the incompatible blend can be transformed to compatible blend by 

altering the blend coarse phase morphology to fine phase morphology and improving 

properties from poor to superior after compatibilization. Hence, in the literature, various 

compatibilizers and copolymers were blended with PLA along with selective polymer to 

improve the compatibility of resulting blend [52,72]. The main task of the compatibilizer in 

the blend is to decrease interfacial tension between the blend components and minimizes the 

size of the dispersed phase by reduction of and hampering the coalescence of the dispersed 

phase. Further details of various PLA blends and their compatibilization strategies are 

discussed as follows. 

A. M. Gajria et al. [73] reported partly bio-based and bio-compostable blend of PLA 

and poly (vinyl acetate) (PVA). The PVA was melt blended with PLA by employing single 

screw extruder. The miscibility of prepared samples were characterized by physical 

properties, phase morphology and degradation properties. The prepared blend exhibits single 

Tg and claimed as miscible. The PLA/PVA blends (from 5 wt% to 15 wt% PVA) also show 

higher tensile strength and PLA/PVA blend (with 5 wt% PVA) shows significant increment in 

the elongation at break (i.e. utpo 200%) due to positive interaction between PLA and PVA 

phases in the resulting blend. They also analyzed the enzymatic degradation test results and 

found that the addition of PVA to PLA results in a drastic fall in the degradation rate. 
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G. Zhang et al. [74] blended poly (methyl methacrylate) (PMMA) with                    

poly (DL-lactide) (PDLLA) and poly (L lactide) (PLLA). They studied the miscibility, 

crystallization behavior and interactions of the blend components. From the DSC results, they 

found a single value of Tg for the resulting blend which lies in between the Tg of two 

individual polymers, that signifies the miscibility of blend components. They also reported 

that the addition of amorphous PMMA strongly restricts the crystallization of PLLA. 

M. Sheth et al. [75] prepared and characterized the PLA and poly (ethylene glycol) 

(PEG) blends with different weight ratios i.e. 100:0, 90:10, 70:30, 50:50 and 30:70 

(PLA/PEG). Authors asserted that the miscibility of PLA/PEG blend depends on the weight 

ratio of the two polymers in the blends which were confirmed from the differential scanning 

calorimeter (DSC) and dynamic mechanical analysis (DMA) results. They reported that the 

blending of PEG with PLA leads to miscible blend if the weight ratio of PEG is less than 50% 

and partially miscible for above 50%. The Tg and tensile modulus of PLA decreased with 

increasing PEG concentration upto 50 %. However, the elongation at break increases due to 

the plasticization effect of PEG. Further, the crystallinity of PLA is found to increase with the 

blending of PEG above 50 wt%. Hence, PLA/PEG blends (PEG > 50%) with improved 

crystallinity showed the increment in the tensile modulus and drastic decrement in the 

elongation at break. 

Y. Wang et al. [76] have reported the PLLA/ LDPE (Low-density polyethylene) 

binary and PLA/LDPE/PE-b-PLLA ternary blends. In the first step, they had synthesized a 

diblock copolymer PE-b-PLLA from L-lactide and PE-OH (hydroxyl terminated PE) through 

the ROP process. The weight ratio of PLLA and LDPE was fixed (i.e. 80:20) in the prepared 

binary blend. Moreover, PE-b-PLLA block copolymer was further incorporated into a 

prepared binary blend with weight percentage that varied from 2 wt% to 10 wt% in order to 

prepare PLLA/LDPE/PE-b-PLLA ternary blend. They have analyzed the effect of varying 

concentration of added block copolymer on the morphology and other properties of the 

prepared blend. From the morphology results it was observed that the PLLA/LDPE binary 

blend exhibited large average particle size i.e. 25.7 µm of dispersed LDPE phase and wide 

size distribution (4 to 150 µm) due to poor compatibility of the blend components. The 

PLLA/LDPE blend showed a decrement in the tensile modulus, tensile strength and impact 

resistance; however, it showed increment in the elongation at break. The addition of 2 wt% 

PE-b-PLLA copolymer to the PLLA/LDPE blend significantly on average reduced the 

particle size of dispersed LDPE phase to 3.5 µm and narrow down the particle distribution (1 
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to 15 µm). This is because the PE-b-PLLA block copolymers acted as a compatibilizer and 

increased the interfacial adhesion of the blended polymers. As the wt % of block copolymer 

increases the average particle size of dispersed phase further decreased. The PLLA/LDPE/PE-

b-PLLA ternary blend has shown increment in the impact strength, elongation at break and 

small decrement in the tensile modulus and tensile strength.  

N.S. Choi et al. [77] prepared a PLLA/PCL blend with fixed weight ratio 70:30. They 

further incorporated a random copolymer PLLA-co-ɛCL and block copolymer PLLA-b-ɛCL 

to PLLA/PCL blend and studied their effect on the morphology and degradation properties. It 

was noticed that the size of dispersed PCL phase in the blend decreased noticeably from 10 

µm - 3µm with the incorporation of 5phr PLLA-co-ɛCL copolymer. This indicates that the 

PLLA-co-ɛCL copolymer acted as a compatibilizer and enhanced the miscibility of 

PLLA/PCL blend. In the case of PLLA-b-ɛCL, the size of the dispersed PCL phase decreased 

with increasing block copolymer content upto 10 phr. Hence, both copolymers significantly 

enhanced the compatibility among dispersed PCL phase and PLLA matrix in the resulting 

blend. 

H.T. Oyama [78] proposed the super though PLA/ poly (ethylene-co-glycidyl 

methacrylate) (PEGM) blend which was synthesized by reactive blending of PLA with 

PEGM. He noticed a significant enhancement in the deformation at break and notched impact 

strength.  It was asserted that during melt blending the PLA-g-PEGM graft copolymers are 

formed at the interface which compatibilized the resulting blend. It was further reported that 

the annealing of PLA/PEGM blend at 90 °C for 2.5 h increased the impact strength 50 times 

than neat PLA which confirmed that the matrix crystallization has a major contribution in 

toughening.  

H. Bai et al. [38] reported the effect of crystallization of the polymer matrix on the 

impact toughness of PLA/PCL blend. The concentration of nucleating agent and dispersed 

PCL phase varied to achieve a wide range of matrix crystallinity (10 to 50 %) in PLLA/PCL 

blend. The effect of different mold temperatures in injection molding on the crystallinity of 

prepared blends was also studied. The impact toughness of resulting blend was tailored by 

controlling the crystallization of PLLA matrix. They reported that the PLLA/PCL blend 

exhibits poor crystallinity in injection molding at both mold temperatures i.e. 50 °C and 130 

°C. However, the incorporation of the nucleating agent to PLLA and PLLA/PCL blend 

significantly increased the matrix crystallinity upto 50 %, at mold temperature 130 °C. The 

remarkable enhancement in the impact toughness upto 28.9 kJ/m
2
 was achieved for 
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PLLA/PCL blend with highly crystallizing PLLA matrix. It was also noticed that there is a 

straight relationship between matrix crystallization and toughness. Further, it was also 

asserted that crystallization of PLLA matrix has a major contribution in improving the impact 

toughness rather than interfacial adhesion or average size and distribution of dispersed PCL 

phase.  

Several authors [72] had used and blended various heat resistant polymers and 

copolymers viz. poly (carbonate), nylon, poly (oxymethylene) and poly (acrylonitrile-

butadiene-styrene) etc. with PLA to improve its heat resistance property as well as impact 

toughness. For instance, K. Zhang et al. [79] synthesized a ternary blend of PLA, poly (3-

hydroxy butyrate-co-hydroxyvalerate) (PHBV) and poly (butylene succinate) PBS which 

showed the balance stiffness and toughness along with improved heat deflection temperature 

(HDT) ~ 72 °C. 

Many authors had also employed directly extracted biopolymers such as lignin and 

starch to make fully bio-based and biodegradable PLA blends for single use applications. 

These biopolymers were used as cheap fillers to reduce the cost of PLA because these 

polymers are abundant in nature. However, blending of these biopolymers with PLA is not 

straightforward because it results in poor miscibility of resulting blend components which 

leads to a dramatic loss of mechanical and thermal properties of PLA. Hence, various 

approaches, i.e. chemical modification, use of plasticizers, use of compatibilizers and 

copolymers, were exploited to increases the miscibility of these polymers into the PLA matrix 

which results in a compatible blend with improved mechanical and thermal properties [23,80]. 

Zhang et al. [81] synthesized PLA and wheat starch blend compatibilized by maleic 

anhydride (MA). An initiator L101 was employed to start the reaction among compatibilizer 

and polymers. The PLA/Starch blend was compatibilized with MA and L101 which shown 

significant improvement in the mechanical properties as compared to virgin PLA/starch 

blend. This signifies that the compatibilizer significantly improved the interfacial bonding 

between both polymer phases. 

J.M. Ferrri et al. [82] reported PLA and thermoplastic starch (TPS) blend 

compatibilized by maleinized linseed oil. The weight percentage of TPS is fixed i.e. 30 %, 

however, compatibilizer i.e. maleinized linseed oil was added as parts per hundred from 0 phr 

to 8 phr. They found that the small amounts of compatibilizer positively improved the 

compatibility of matrix and dispersed phase as well as ductility of the resulting blend due to 
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its combined compatibilization-plasticization effect. The PLA/TPS blend with 6 phr 

maleinized linseed oil exhibited the elongation at break upto 160 % and high charphy’s 

impact strength 9.5 kJ/m
2
. The decrement in the tensile strength, modulus and Tg were noticed 

due to the plasticization effect of a compatibilizer. 

Xiong et al. [83] compatibilized the incompatible PLA/Starch blend by utilizing 

epoxide soybean oil (ESO). The compatibility of resulting blend was increased on replacing 

the starch with MA grafted starch. This is because the reaction possibility of ESO with     

MA-g-starch was more as compared to virgin starch. The formation of actual compatibilizer 

i.e. PLA-ESO-Starch copolymer during the melt blending leads to the better compatibility and 

improved properties of resulting blend. 

J. Li et al. [84] investigated the mechanical and thermal properties of PLLA/lignin 

blend. The lignin was incorporated at four levels i.e. 10, 20, 30 and 40 wt% to prepare 

PLLA/lignin blend. They noticed the decrement in the tensile strength, elongation at break 

and thermal degradation temperature as the lignin contents reaches 20 wt% in the resulting 

blend, however, Young modulus remained intact. From the results, they also asserted the 

existence of intermolecular interaction among PLLA and lignin molecules. It was stated that 

the direct blending of PLLA and lignin would mix the blend components at a macroscopic 

level, not at the molecular level. 

Jalel Labidi et al. [24] reported the chemical modification of lignin by using the 

acetylation process and its blending with PLA. They found that the acetylated lignin has 

shown better miscibility and good compatibility with PLA into the PLA/Lignin blend as 

compared to unmodified lignin. Hence, significant improvement in the initial degradation 

temperature, hydrolytic degradation and contact angle was noticed in the case of PLA/lignin 

blend having acetylated lignin. However, its mechanical properties decreased as the 

concentration of acetylated lignin increased from 5% to 20%. 

E. S. Sattely et al. [26]  have synthesized lignin-lactide copolymer and reported that it 

can be employed as dispersion modifier in PLA/lignin-lactide composite. They observed 

improvement in the mechanical properties at low concentration of lignin i.e. 0.9 wt %, 

however, the decrement in the mechanical properties was noticed as the concentration was 

changed to 4.4 wt %.  

Recently, Y. Liu et al. also synthesized and characterized dodecylated lignin-g-PLA 

graft copolymer and used it for significant toughening of PLA [85]. They incorporated this 
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graft copolymer to PLA and found a significant improvement in elongation at break, tensile 

strength and Young’s modulus at low lignin % (w/w) (i.e. 1.8 %). However, the significant 

decrement was observed in the elongation at break, as the concentration of lignin-g-PLA graft 

copolymer was increased, with the increment in lignin % (w/w) (i.e. 4.5 %). 

Hence, from the above discussion, it can be concluded that the blending of PLA is the 

best approach to overcome the drawbacks of PLA and it can be feasible to tailor various 

properties of PLA for different applications. Further, blending other most abundant natural 

polymers with PLA by exploiting suitable methods is appreciable to decrease the price of 

PLA and robust it to compete with existing petrochemical plastics in the global plastic market. 

1.3 Scope and outline of the thesis 

It is firmly believed that in the near future, there is more scope to replace the 

petrochemical-based plastic with PLA as compared to other bio-based and bio-compostable 

polymers because some of its properties such as stiffness, clarity and processability are 

similar to the existing most commonly used petrochemical-based plastics viz. polypropylene 

(PP) and poly (ethylene terephthalate). So, efforts are being made by various researchers in 

both academia and research laboratories and entrepreneurs in the industries to circumvent the 

other drawbacks of PLA i.e. poor toughness, less deformability, low heat resistance and high 

cost. Blending of PLA with polymers is the suitable approach to improve its inferior 

properties. However, miscibility of blend components and their interfacial compatibly are key 

parameters that decide the performance of prepared blend. The incorporation of copolymers 

of blending polymers can compatibilize the resulting blend effectively, but, also increase the 

cost of the final product due to tedious preparation methods and/or additional cost of 

copolymers. 

The principal aim of the thesis is to furnish the probable methods to refine the 

properties of PLA with the main emphasis on improvement in the toughness, heat resistance 

and cost reduction. Hence, PLA based in-situ compatibilized blends were prepared by various 

simple and physical routes. The pros and cons of the developed methods are also described in 

the thesis. The remaining parts of the thesis are organized as follows: 

Chapter 2 presents the materials and methodologies used to prepare PLA blends and 

blend-composites as well as the brief description of various tests used to characterize the 
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prepared materials. The physical treatment of used natural polymers by electron beam 

irradiation is also described in this chapter. 

Chapter 3 elucidates the formation of PLA/PEGM graft copolymers during melt 

blending of PLA and poly (ethylene-co-glycidyl methacrylate) (PEGM) which acts as an 

interface between two polymer matrices and compatibilize the resulting blend. The 

mechanical and thermal properties of compatibilized PLA/PEGM blend are discussed. 

Further, the effect of reinforcement of PLA/PEGM blend with hexagonal boron nitride 

particles (HBN) on the mechanical and thermal properties of PLA/PEGM blend are also 

investigated. 

Chapter 4 The PLA/PEGM blend and PLA/PEGM/HBN blend-composites, which 

were discussed in chapter 3, were irradiated to the electron beam. The optimization of 

mechanical, thermal and hydrolytic degradation properties of PLA/PEGM/HBN blend-

composites through electron beam irradiation was performed. The optimized blend-composite 

with better mechanical, thermal and degradation properties was reported. 

Chapter 5 describes a green physical approach to compatibilize biobased and 

biodegradable poly (lactic acid)/lignin (PLA/LG) blends for better mechanical, thermal and 

degradation properties. The biopolymer lignin was first treated with an electron beam and 

reported the changes due to irradiation. The PLA/LG blend with unirradiated lignin and 

electron beam irradiated lignin were prepared and characterized. The in-situ formation of 

PLA-TAIC-Lignin crosslinked structures which compatibilized the PLA/LG blend was 

elucidated. 

Chapter 6 deals with the preparation and characterization of PLA/bamboo powder 

(BP) composites. The bamboo powder was irradiated to electron beam before blending with 

PLA. The effect of electron beam irradiation and epoxy silane agent on the miscibility of BF 

into PLA matrix was investigated. 

Chapter 7 presents the concluding remarks on methodologies described in the thesis. 

A comparative analysis for mechanical, thermal and hydrolytic degradation properties of PLA 

and optimized compositions of prepared PLA blends and blend-composites has been executed 

in this chapter. 

 

 



 

 
 

Chapter 2 

Materials and Methods 

 

This chapter describes different polymers, compatibilzers and additives which are used in the 

preparation of blends and blend-composites. The methods used to prepare the blends and 

blend-composites, sample preparation methods and various characterization techniques used 

to test the prepared samples are also discussed in detail. 
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2.1 Materials Used 

 Poly (lactic acid) (PLA), a commercial Ingeo biopolymer 3052D grade, having melt 

flow rate (MFR) 14g/10 min (210
°
C, 2.16 kg), glass transition temperature (Tg) 55-

60
°
C and crystalline melt temperature 145-160

°
C, was supplied by Natur-Tec India 

Pvt. Ltd. 

 Poly (ethylene-co-glycidyl methacrylate) (PEGM) pellets, containing 8 wt% 

Glycidyl Methacrylate and having melt flow rate 5g/10min (192˚C, 2.16 kg) were 

purchased from Sigma-Aldrich. 

 Hexagonal boron nitride (HBN) powder with particle size 1μm was procured from 

Sigma-Aldrich. 

 Alkali lignin (LG) a commercial grade (consists of low sulphonate contents, pH-10.5 

and Mw~ 10,000) was obtained from Sigma-Aldrich. 

  Triallyl isocyanurate (TAIC) (1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-

trione)  a crosslinking agent contains 500 ppm tert-butylhydroquinone as inhibitor, 

boiling point 149-152 °C and density 1.159 g/ml was bought from Sigma-Aldrich. 

 3-Glycidyloxypropyle trimethoxysilane (Epoxy silane), melting point < -70 °C, 

boiling point 119-121 °C and density 1.072 g/ml, was purchased from Alfa Aesar. 

 Bamboo granules were supplied by “Maharashtra Bamboo Development Board, 

Nagpur, India” and ultra fine bamboo powder (BP) was prepared by using bamboo 

granules. The average particle size is 3-5 μm measured by employing Malvern particle 

size analyzer. 

 Phosphate buffer powder was purchased from Sigma-Aldrich.  

 Deuterated chloroform (CDCl3) 

 Dimethyl sulfoxide-d6 (DMSO-d6) 

 Chloroform (Trichloromethane) (CHCl3) was from Finar Ltd. India 

 Methanol (CH3OH) was from Finar Ltd. India. 

 Sodium phosphate monobasic anhydrous was from Finar. 

 Sodium phosphate dibasic dihydrate was from Finar. 

 Hydrochloric acid (HCL) 0.1 N solution was from Finar. 

 Sodium Hydroxide (NaOH) was from Finar. 

 De-ionized Water 

 



Chapter 2 

___________________________________________________________________________ 

 

25 
 

2.2 Methodology  

The desired blends and blend-composites are prepared by melt-blending. The 

processes are opted to meet the desired purposes as follows. 

2.2.1 Micro-compounding  

Micro-compounding is a well-known technique to process or mix the raw polymer 

with various chemicals, additives or another polymer in the molten state at a very minute level 

i.e. 2 ml to 15 ml. The typical ingredients i.e. curatives or crosslinking agents, reinforcements, 

colorants, plasticizers and fillers used during micro-compounding strengthen the raw polymer 

and impart desired properties to the final product [18,86–88]. Micro-compounding is 

generally executed by using twin screw micro-compounder. The typical photographs of twin 

screw micro-compounder and extruder along with schematic workflow are shown in Fig 2.1 

and 2.2 respectively. The micro-compounder comprises of an electrical barrel heater, a hopper 

with the piston for material feeding, conical screws, a motor for rotating screws, temperature 

and speed controller digital display, and manual valve and nozzle for exiting polymer melt 

etc. In the batch micro-compounder, the recirculation mixing time can be controlled by a 

manual valve. The resulted melt can be flushed out for the formulation of strand, injection 

molders and fiber line. The twin screw micro-compounder has significant advantages in the 

research and development (R&D) because it gives faster and better mixing and needs material 

in small quantity with less investment to prepare samples which are very essential to boost the 

innovation process. 

2.2.1.1 Preparation of PLA/PEGM blend and PLA/PEGM/HBN blend-composites 

The poly (lactic acid) (PLA)/poly (ethylene-co-glycidyl methacrylate) (PEGM) blend 

and Poly (lactic acid) (PLA)/Poly (ethylene-co-glycidyl methacrylate) (PEGM)/hexagonal 

boron nitride microcrystalline powder (HBN) blend-composites were prepared by using twin-

screw Micro compounder, X-Plore, DSM, Netherlands which has clockwise co-rotating 

assembly. PLA pellets were vacuum dried at 70 °C for 12 hours before blending because 

drying of PLA resins normally takes place in the range of 60–90 °C. The required drying time 

is dependent on the drying temperature and opted as per the literature [6]. During the 

preparation of blend-composites, the processing conditions such as processing temperature, 

210 ˚C, mixing time (10 minutes) and screw speed 80 rpm were kept constant for all 

compositions. The weight ratio of the blends was fixed at 80:20 (PLA: PEGM). However, the 
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hexagonal boron nitride (HBN) was incorporated with various amounts- 1 phr, 5 phr and 10 

phr to prepare required blend-composites. 

 

Fig. 2.1 Twin-screw Micro compounder, X-Plore, DSM, Netherlands and schematic workflow 

to prepare blend and blend-composites [89]. 

2.2.1.2 Preparation of poly (lactic acid)/lignin blends 

The E-beam irradiated lignin with different doses along with TAIC at 3 phr were 

mixed thoroughly with PLA separately and then extruded by exploiting, THERMO HAAKE 

model twin screw extruder. PLA pellets were vacuum dried at 70 °C for 12 hours before 

extrusion. All E-beam irradiated lignins having different doses were processed with same 

processing parameters such that the feed zone temperature 162 °C, compression zone 

temperature 165 °C, metering zone temperature 165 °C and at a screw speed of 50 rpm. The 

extruded wires were then pelletized and kept in a vacuum oven at 70 °C and dried for 12 

hours before injection molding. The selected TAIC percentage is most effective for 

crosslinking process as reported in the literature [55,56]. The PLA/LG blends having E-beam 

irradiated lignins and TAIC at 3phr were synthesized with two different lignin percentages, 

5% and 20% (w/w). The PLA/LG blends having unirradiated lignin with two different lignin 

percentages, 5% and 20% (w/w) were also prepared by the same process. 

2.2.1.3 Preparation of poly (lactic acid)/bamboo powder composites 
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The twin screw extruder, THERMO HAAKE model, was deployed to prepare 

PLA/bamboo powder and PLA/E-beam irradiated bamboo powder composites. PLA pellets 

were vacuum dried at 70 °C for 12 hours prior to use. Then E-beam irradiated bamboo 

powder (EBP) having 30 kGy absorbed dose and was mixed thoroughly along with the 

coupling agent 3-Glycidoxypropyltrimethoxy silane in the polythene bag prior to extrusion. 

The EBP has been melt blended with PLA in two different concentrations 5 wt% and 10 wt% 

along with coupling agent (epoxy silane (ES) as part per hundred (phr)). The unirradiated 

bamboo powder was also extruded with PLA. The processing parameters, i.e. feed zone 

temperature 120 °C, compression zone 170 °C and metering zone temperature 170 °C, are 

identical for all composites having E-beam irradiated and unirradiated bamboo powder. The 

extruded wires of composites were pelletized and then obtained pellets were dried at 70 ° C 

for 12 hours under vacuum condition.  

 

Fig. 2.2 Twin-screw extruder, THERMO HAAKE model, Japan and schematic workflow to 

prepare blend and blend-composites [86] 

2.2.2 Injection molding  

Injection molding a popular conventional process that involves the melting of 

thermoplastics near or above their melting temperature by extrusion and injecting the polymer 
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melts into the desirable mold then cool it below glass transition temperature and ultimately 

eject the prepared product. The injection moulders are similar to an extruder the only 

difference is the screws of an injection moulders do not only rotate but also move to and fro 

as per steps of the molding cycle [90]. Further, the mold in the injection moulders furnished 

with a cooling system gives the appropriate cooling to solidify the injected melt. The injection 

molding is used to prepare conventional plastic products viz. food trays, containers, bottles 

etc. The commercial injection-mold grade (i.e. 3052D) PLA can be injection molded by 

conventional molding machines. In the present case, all the samples of prepared blend and 

blend-composites are manufactured by employing Xplore microinjection moulder with less 

capacity 12 ml and fit seamlessly with micro-compounder. 

After the preparation of blends and blend-composites by micro-compounder and mini 

extruder, the multipurpose test specimens -ASTM D638 of resulting blend and blend-

composites are prepared by injection molding with mold temperature 32 °C. Furthermore, some 

test specimens -ASTM D256 were also prepared for the notch impact test. The dimensions of tensile 

specimens are (150 mm x 12.7 mm x 3.2 mm). Flexural and HDT specimens have the 

dimensions (127 mm x 12.7 mm x 3.2 mm) and the specimens used for notched impact test 

have the dimensions (63.5 mm x 12.7 mm x 3.2 mm). 

2.3 Electron Beam Irradiation 

The electron beam (E-beam) irradiation of prepared blends and blend-composites is 

carried out by employing electron ILU-EB accelerator, with beam energy 4.51 MeV and 

penetration depth 20 mm, at IRAD, Bhabha Atomic Research Center (BARC), Trombay, 

Mumbai, India. Some of the virgin materials are also irradiated to electron beam before 

blending. The schematic representation of E-beam irradiation is depicted in Fig. 2.3. Before 

E-beam irradiation, all set of samples or materials are packed in polythene cover which is 

filled with helium gas to avoid the oxidation during the irradiation process. The packet of 

samples/material was kept on the conveyor belt and its speed was selected as 3.00 m/minute. 

The distance between the samples and the E-beam source is 41.2 cm. The successive passes of 

the conveyor in the radiation zone determine the dose absorbed by the samples.  In each pass, 

the dose absorbed by the samples is 5 kGy as measured by film dosimetry. In this manner, the 

numbers of passes are selected to achieve the desired dose. 

The prepared specimens of neat PLA, PLA/PEGM blend and PLA/PEGM blend-

composites are irradiated to the electron beam. It can be assumed that the E-beam irradiation 
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results in homogenous changes through the sample because the sample thickness is less than 

the penetration depth. Three sets of samples are irradiated to the electron beam with different 

doses of 20 kGy, 60 kGy and 100 kGy respectively. 

 

Fig. 2.3 (a) Schematic representation of electron beam irradiation of prepared samples, (b) 

samples irradiated to three different doses. 

The commercial lignin and ultrafine bamboo powder are irradiated to an electron 

beam before blending with PLA.  The virgin lignin is first filled into three polythene bags and 

these bags were further filled with helium gas then sealed. Further, these lignin bags were 

kept in the tray and then on a conveyor belt having speed 3 m/min. In each successive pass 

under radiation territory, the dose absorbed by lignin is 5 kGy. Hence, the determined passes 

are chosen to irradiate these lignin bags to the E-beam with three different doses of 30 kGy, 

60 kGy and 90 kGy respectively. Moreover, the similar conditions were opted for E-beam 

irradiation of the bamboo powder.  

2.4 Characterization Techniques 

2.4.1 Mechanical tests 

2.4.1.1 Tensile test 
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Tensile testing of newly manufactured material is an important aspect to choose a 

material for engineering and commercial applications. The polymers are viscoelastic in nature 

and exhibit properties like a viscous liquid and elastic solid, thus, the tensile properties of 

polymeric materials straight away depend on the temperature and time-scale of deformation. 

The tensile testing of synthesized polymeric materials is generally performed as per 

international standard procedures of testing viz. ASTM and ISO etc. The tensile specimens 

are prepared with dimensions as per standards, for instance, the multipurpose test specimens -

ASTM D638 (Fig. 2.4a) have dimensions (150 mm x 12.7 mm x 3.2 mm). 

The blend-composites are mechanically tested by Universal Testing Machine (UTM), 

INSTRON-3382. The tensile properties were measured by using ASTM D638 method with a 

speed of 10 mm min
-1

. For each composition, five specimens were tested. In the tensile 

testing, the sample was fixed between the two clamps of the UTM machine and subjected to 

tension [91,92]. The force (load) (F) applied to the sample is normally described in relation to 

stress (ζ) as given below 

 
𝜎𝑇𝑟 =

𝐹

𝐴
 2.1 

 

 Here 𝜎𝑇𝑟  is the true stress and A is the area of cross-section. However, for practical 

purposes the continual changes in the A as consequences of applied force is ignored and the 

initial area of the cross-section (A0) of the sample is considered to calculate the engineering 

tensile stress (𝜎𝐸𝑛𝑔 ) 

 
𝜎𝐸𝑛𝑔  =

𝐹

𝐴0
 2.2 

Similarly, the engineering tensile strain (𝜀𝐸𝑛𝑔 ) is also known as elongation at break defined as  

 
𝜀𝐸𝑛𝑔  =

∆𝐿

𝐿0
 2.3 

Where∆𝐿 = 𝐿 − 𝐿0; L and L0 are the final and initial length of the sample respectively. 

From the stress-strain graph (Fig. 2.4d) of the tested polymeric sample, the following 

properties can be determined i.e. yield strength, tensile or Young’s modulus, tensile strength, 

tensile toughness, elongation at break etc. 

Yield strength [1,91] is defined as the maximum stress in the elastic region at which 

polymeric material deform elastically and return its original shape once the stress is released, 

however, after this stress value i.e. yield point, the polymeric material starts to deform 
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permanently or plastically and not recover its original shape. It is an important property used 

in structural engineering or material-working techniques (reshape material i.e. rolling, 

bending, pressing and hydro-forming) as it gives the extreme limit to the force that can be 

executed without permanent deformation. 

Tensile modulus [1,91] is another critical material property which determines the 

stiffness of the material. It is calculated from the stress-strain curve and equivalent to the 

slope of the stress-strain curve in the linear elastic region. Generally, in the elastic region, the 

stress-strain relationship is defined by Hooke’s law 

 𝜎 = 𝐸 𝜀 
2.4 

Here E is the Young’s or tensile modulus. 

The stiff materials have high tensile modulus and show very small deformation for the 

corresponding stress. The stiffness of material straight depends on chemical bonding among 

the atoms of the material. 

 

Fig. 2.4 Schematic representation of (a) tensile bar, (b) flexural and HDT bar, (c) Izod impact 

bar and (d) stress-strain curve for a typical polymer [91]  
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Tensile strength [1,91] is defined as the maximum load that can be sustained by 

polymeric samples before fracture or break. It is also known as ultimate tensile strength. It is 

measured in term of maximum stress that a polymeric material can wear upon stretching prior 

to fracture (Fig. 2.4d). 

Tensile toughness [1,91] is generally very crucial material property than the tensile 

strength. It is defined as the amount of energy soaked by material prior to fracture. Tough 

materials consist of good strength and high ductility and offer high resistance to crack 

propagation. The tensile toughness can be calculated from the stress-strain graph and equal to 

the area under the stress-strain curve. 

Elongation at break represents the capability of a material to withstand the changes 

in the shape without crack formation. The elongation at break is estimated from the stress-

strain graph and equal to engineering strain. 

2.4.1.2 Flexural test 

Flexural was executed by Universal Testing Machine (UTM), INSTRON-3382. The 

flexural modulus was determined by following ASTM D790 procedure at a speed of 2 mm 

min
-1

. To estimate the flexural modulus the five flexural specimens with dimensions 127 mm 

× 12.7 mm × 3.2 mm were tested. 

Flexural modulus [1,92] is also known as bending modulus and defined as the ratio 

of stress to strain in the flexural deformation. It can also be determined from the slope of the 

stress-strain curve obtained due to flexural deformation. It expresses the ability of a material 

to bend without permanent deformation. 

2.4.1.3 Impact test 

Impact toughness is the crucial property of a polymeric material for 

durable/engineering applications. The impact toughness is measured in terms of impact 

strength and describes the ability of a material to absorb mechanical shocks. It is defined as 

the amount of impact energy absorbed by the sample prior to fracture and can be calculated 

by dividing impact absorption with a cross-section of the test specimen [93]. Further, similar 

to impact strength the notch impact strength can also be governed by employing a notched 

impact specimen and enhance the sensitivity of the test method because tri-axial stress may be 

introduced with the notch. Generally, the impact strength of a specimen is measured by two 
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different methods viz. Izod impact test and Charpy test. A V-shape notch is engraved on the 

sample with a rectangular cross-section. In the Izod method, the test specimen is clamped 

vertically on one side and a sudden load is applied on the front top side of the specimen by 

pendulum hammer facing the notch and break specimen at the notch point (Fig. 2.5). 

However, in the Charpy test, the test specimen is placed horizontally supported at both ends 

and the notch facing is away from the pendulum hammer [94]. For polymeric materials, the 

Izod impact test method is more often used. The impact tester and schematic represent for 

Izod impact testing are depicted in Fig. 2.5.  

The Notched Izod impact test is performed by using the ASTM D256 test method with 

the help of TINIUS OLSEN-515 (USA), impact tester. Five specimens having dimensions 

(63.5 mm × 12.7 mm × 3.2 mm) of each composition were tested to determine the notched 

impact strength. 

 

Fig. 2.5 Impact tester and schematic representation of Izod impact testing.  

2.4.1.4 Heat deflection temperature 

Heat deflection temperature (HDT) is defined as the temperature at which the plastic 

sample deforms or loses its load bearing capacity under a specific load [95]. It is useful to 

know the heat resistance of the prepared polymer product, which can be defined as the ability 

of the material to maintain the desired properties at maximum service temperature. It is also 

known as temperature dependent flexural modulus. HDT of the polymer depends on the 

degree of crystallinity and crystallization behavior [72]. 
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Heat deflection temperature (HDT) of prepared specimens is determined by ASTM 

D256 test method with a load of 1.82 MPa at a heating rate of 2 °C per minute with the help 

of GOTECH HV-2000-C3 HDT/VSP testing machine. Three specimens with dimensions 

(127 mm × 12.7 mm × 3.2 mm) of each composition were used to measure the HDT. 

2.4.2 Thermal analysis 

2.4.2.1 Differential scanning calorimetry  

Differential scanning calorimetry (DSC) is one of the most popular thermal analysis 

techniques to examine the thermal event in the materials upon heating or cooling without 

exchange of mass with surroundings. It is most commonly used technique in various fields to 

determine the phase transitions and thermodynamic properties such as glass transition 

temperature (Tg), cold crystallization temperature (Tcc), melting temperature (Tm), cold 

crystallization enthalpy (ΔHcc), melting enthalpy (ΔHm) and heat capacity [96]. The 

differential scanning calorimeter instrument principally measures the heat flow difference 

among the sample and reference. There are two mostly employed DSC instruments viz. heat 

flux DSC and power compensated DSC. In heat flux DSC one directly measures the 

temperature difference between the sample and reference and then converts it into heat flow 

difference. However, power compensated DSC directly measures the enthalpy changes of 

material in the thermal event [96,97]. For this thesis work, the power compensated DSC 

instrument (Perkin-Elmer 7) (Fig. 2.6) was used to determine the melting and crystallization 

behaviors of neat PLA, blend and blend-composites. A sample of about 5-10 mg was first 

heated from 40 °C to 200 °C at a heating rate of 10 °C per minute and hold on for three 

minutes in order to cancel previous thermal history; later the samples were cooled down to   

40 °C and reheated to 200 °C at 10 °C/minute under argon atmosphere. 

As shown in the Fig.2.6 the power compensated DSC instrument consist of two 

separate pans i.e. one for sample and other is reference connected to the individual heating 

element to regulate temperature. The temperature of the sample pan and reference pan is 

always maintained same (i.e. thermal null state, ∆T=0) by the instrument during the thermal 

analysis. During thermal analysis initially, the heating rate for sample and reference is same; 

however, when thermal event occurs in the sample then the power of the heater for sample 

pan has to regulate in order to keep the sample temperature identical as that of reference. The 

exothermic events give off heat causing a decrease in the power of the sample heater to cool 

the sample. However, endothermic events absorb the heat causing an increase in the power to 
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heat the sample. The number of power variations for sample heater should be equal to the 

energy of heat flow to compensate the heat gain or release by the sample during the thermal 

event. A typical DSC graph consists of various thermal events is schematically represented in 

Fig. 2.7. 

 

Fig. 2.6 Power compensated DSC instrument (Perkin-Elmer 7) and its schematic 

representation [96].  

 

Fig. 2.7 The typical DSC curve for polymeric material.  
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The percentage of crystallinity of neat PLA, blend and blend-composites were calculated by 

the Eq. 2.5 [98]: 

 
%Crystallinity =  Xc(%)  =  

 ΔHm  –  ΔHcc  

 ΔHm
0 × w 

 × 100 2.5 

Where ΔHm = melting enthalpy, ΔHcc = crystalline enthalpy, w is the weight fraction of PLA 

in the blend and ΔH
0

m is the enthalpy of fusion for 100% crystalline PLA i.e. 93 J/g [99,100]. 

2.4.2.2 Thermo gravimetric analysis  

Thermo Gravimetric Analysis (TGA) is a popular technique to measure decomposition 

of materials and thermal stability by observing changes in the mass of a sample as a function 

of temperature. The measurement is usually performed in the inert atmosphere to avoid the 

sample oxidation. TGA instrument is mainly composed of four units i.e. microbalance, 

furnace, temperature controller and computer [96]. The schematic representation of the 

instrument is given in Fig. 2.8. The typical microbalance is most important and is heart of the 

TGA instrument. It is a null-point type and can measure the very minute mass change ±1 µg 

of the sample. The null-type microbalance keeps the sample in a vertical position and senses 

the vertical displacement of sample pan due to change in the mass of sample by an optical 

unit. To study the thermal degradation of material a pan loaded with the sample is placed 

along with the reference pan in the furnace and the change in the mass of the sample is 

detected by the microbalance. The temperature of the furnace and scanning rate are controlled 

by the computer system. Schematic representation of the weight loss of a sample as a function 

of temperature is depicted in Fig. 2.9. 

TGA was also carried out to test the thermal stability of the neat PLA, blends and 

blend-composites by using TGA Q 50, TA Instruments, USA. Observations were carried out 

from 25 °C to 500 °C at a heating rate of 10 °C min
-1

. 
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Fig. 2.8 TG instruments setup (TGA Q 50, TA Instrument, USA) and its schematic 

representation [96].  

 

Fig. 2.9 Typical TG and DTG thermograms for the polymer, Ti and Tf are initial and final 

degradation temperature.  
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2.4.3 FT-IR spectroscopy 

FT-IR is one of most popular and widely used techniques to determine the chemical 

structure of unknown compound (organic and inorganic). It can also be employed for 

quantitative analysis of some components present in the compound [101]. It is often used to 

determine the functional groups present in the chemical structure of organic molecules. 

Vibrational-rotational energy levels of most of the organic molecules lie in the infra-red (IR) 

region of electromagnetic waves. So, when organic sample exposes to infra-red radiations the 

sample molecules absorb the radiations and are excited from the ground state to higher 

vibrational-energy state. All the bonds/groups in the molecule will not absorb the infra-red 

radiation, however, only the bonds/groups which exhibit asymmetric stretching and have 

dipole moment absorb the IR radiations. Such vibration transitions are called IR active 

transitions. Further, various molecular bonds/groups present in the molecules vibrate at 

different frequencies that rely on the type of bonds and connected atoms. For individual IR 

active molecular bond/group there is a characteristic frequency which it absorbs in the IR 

regions and exhibits the corresponding absorption peak in the IR-spectra. Hence, there are 

several peaks that can be observed corresponding to different polar groups present for the 

organic compound in the IR-region. The optical diagram of the FT-IR instrument is given in 

Fig. 2.10. 

 

Fig. 2.10 Schematic diagram for FT-IR spectrometer [101].  
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The chemical structure of neat PLA, prepared blend and blend-composites were 

studied by ATR-FTIR spectroscopy using Perkin Elmer (model S 100) spectrometer. The 

spectrum was taken from a range of 400 cm
-1

 to 4000 cm
-1

. For each sample, about 20 scans 

were gathered in the transmission mode with a resolution of 4 cm
-1

. 

2.4.4 Nuclear magnetic resonance (
1
H NMR) spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) is a powerful non-destructive tool to 

determine the structural information of the organic molecules and also help to find the 

contents and purity of a sample [102–104]. Among 
1
H NMR, 

13 
C NMR and 

31 
P NMR 

techniques the proton (
1
H) NMR is used most commonly [105]. The nuclear magnetic 

resonance entailed the interaction of the oscillating magnetic field of electromagnetic 

radiations with the nuclei precessing in the external magnetic field. All the nuclei with 

integral spin quantum number (I > 0) precess around the direction of the applied magnetic 

field (H). In detail, when a hydrogen atom (proton) is placed in the external applied magnetic 

field it behaves like a tiny magnet and starts to precess around the direction of the applied 

magnetic field with angular velocity [102] given below 

 𝜔 =  𝛾 𝐻 2.6 

ω and γ are the angular precession velocity and gyromagnetic ratio respectively. 

 As per fundamental NMR equation which associates the applied magnetic field with 

electromagnetic frequency (ν) is given below 

 2 𝜋 𝜈 =  𝛾 𝐻 2.7 

From the above two equations, it can also be inferred that ν is the precessional 

frequency of tiny magnet (nucleus) in the applied magnetic field. Hence, when the frequency 

of applied electromagnetic beam match with the precessional frequency of the tiny magnet the 

resonance occurs and leads to transition of nucleus from one spin state to another spin state 

[105,106] as shown in Fig. 2.11. The frequency of electromagnetic radiation required for 

nuclear magnetic resonance lies in the radio-wave region. The protons which have same 

chemical environment are called equivalent protons. The different protons or set of equivalent 

protons precess at different frequencies. This is because the variation in their chemical 

environment leads to variation in the effective applied magnetic field strength they face. Thus 

we can either steadily vary the frequency of electromagnetic radiations or change the applied 

magnetic field strength. 
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Fig. 2.11 Excitation of a precessing proton from one spin state to another spin state at 

resonance [106]  

 

Fig. 2.12 The schematic diagram of Nuclear magnetic resonance spectrometer [105]  
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Generally for convenience, the radio-frequency is kept constant and applied magnetic 

field strength is varied to generate the same effective magnetic field strength for different 

protons to cause the absorption (resonance). Hence, absorption peaks versus corresponding 

measured applied magnetic field strengths for different sets of protons are plotted. Further, in 

NMR spectroscopy the absorption peaks of a different set of equivalent protons at different 

applied magnetic field strength are measured and plotted in term of chemical shift (δ) with 

respect to reference peak (i.e. peak due to tetramethylsilane (TMS)) [107,108]. The difference 

in the absorption position of the proton with respect to reference peak is known as chemical 

shift. The schematic diagram of NMR spectrometer is depicted in Fig. 2.12. 

The 
1
H NMR spectra of neat PLA, blend and blend composites were recorded at room 

temperature by using Bruker Ascend-400 MHz spectrometer, Switzerland. The CDCl3 was 

used as a solvent for dissolving PLA and a mixture of solvents i.e.CDCl3 + DMSO-d6 was 

used as a solvent for PLA/PEGM blend and PLA/PEGM/HBN blend-composites for NMR 

study. The tetramethylsilane (TMS) was used as a standard for the chemical shift. For each 

measurement, a sample of about 7-8 mg was dissolved in the relevant solvent to take the 

proton NMR spectra. All the NMR data were processed and analyzed with the Bruker Top-

Spin 3.2 software. 

2.4.5 X-ray diffraction 

The X-ray diffraction (XRD) is the most effective and widely used technique to know 

the structural features of a material. It determines the identity of a compound from its 

crystalline structure, not from its chemical composition [96,109,110]. Thus, the material with 

the same composition which exists in the different phases can be determined. In the case of 

semi-crystalline polymers, this technique is employed to find the crystalline nature of 

polymers and percentage of crystalline phase available in the polymers. It also helps to find 

the effect of nucleating agents on the crystallinity of the prepared polymer composites. 

The Kα characteristic X-rays are used for X-ray diffractometry. X-ray diffraction 

method obeys the Bragg’s law equation [96] as shown below 

 𝑛 λ = 2d sin θ 2.8 

The above equation can simply be obtained from Fig. 2.13; the path difference 

between two incident beams relies on the angle of incidence (θ) and distance (d) between the 

parallel planes of a crystal. 



Chapter 2 

___________________________________________________________________________ 

 

42 
 

 

Fig. 2.13 Bragg diffraction of incident X-rays by planes of the crystal [109].  

Based on the above equation, the information about distance among crystal planes can 

be determined when constructive interference occurs, provided incident beam wavelength (λ) 

and angle of incidence are known. Hence, once the spacing (dhkl) between lattice planes of 

crystalline material is retrieved; the crystal structure of crystalline materials can be detected. 

For instance, in the case of a cubic crystal, the lattice plane spacing is related with its lattice 

parameter (a) [109] by an equation given below 

 𝑑ℎ𝑘𝑙 =
𝑎

 ℎ2 + 𝑘2 + 𝑙2
 

2.9 

For a given crystal structure, the (hkl) is the Miller indices which represents the set of 

parallel planes in a crystal lattice having spacing dhkl. So, the combination of the above two 

equations results in a new equation which gives the relationship between diffraction data and 

crystal parameters for cubic crystal [109] i.e. 

 
sin2 θ =  

λ2 (ℎ2 + 𝑘2 +  𝑙2)

4𝑎2
 2.10 

X-ray diffraction patterns were obtained for neat PLA, blends and blend-composites 

using Pan-analytical X'Pert instrument with Cu K α radiation at a scanning speed of 2.5° min
-1

 

in the angular region (2θ) of 6° to 40°. The Pan-analytical X'Pert instrument is θ-θ X-ray 

diffractometer in which both X-ray tube and detector are rotated at a rate of θ°/minute, 
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however, the sample position is fixed as shown in its geometrical representation (Fig. 2.14) 

[96,111]. 

 

Fig. 2.14 Pan-analytical X'Pert instrument and geometric arrangement of θ-θ X-ray 

diffractometer [96,111].  

2.4.6 Scanning Electron Microscopy 

Scanning electron microscopy is one of the most favored techniques used for the 

topographical study of materials. In the scanning electron microscope (SEM) electron beam is 

employed to study the surface features of a sample [112]. The SEM comprises a large depth 

of field and is able to reach 1 μm at 10
4
 × magnification as compared to the optical 

microscope [96,113]. When the surface of the specimen is walloped by an electron beam the 

following events occur (Fig. 2.15) (i.e. scattering of electrons by atoms of sample and 

production of characteristics X-rays etc.) below the surface of the sample. The scattering of 

electrons by the atoms of the sample under the sample surface leads to the production of 

secondary electrons (SE) and backscattered electrons (BSE). SE and BSE are the principal 

sources to generate SEM images. The secondary electrons mainly contribute for the surface 

topographical micrographs, however, backscattered electrons mainly contribute for producing 

composition micrographs [96,112]. 
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Fig. 2.15 The various events occur in the interaction zone of electrons and atoms under the 

surface of the sample [96]. 

To know the degree of compatibility among the PLA matrix and dispersed phases the 

cryo-fractured and notched impact fracture surfaces of prepared blends and blend-composites 

were analyzed with Carl Zeiss EVO 18 scanning electron microscope (SEM) at an operating 

voltage of 10 kV. For some of the compositions, the cryo-fractured and notched impact 

fractured surfaces were analyzed with TESCAN (VEGA 3LMU) at an operating voltage of    

5 kV. All the specimen surfaces are sputtered with gold before going for characterization.  

2.4.7 Hydrolytic degradation 

Polymer chains with ester or amide functional groups in their backbone usually 

experiences random chain scission by hydrolysis. These groups present in the polymer chain 

backbone can be easily hydrolyzed in alkaline media. However, when these functional groups 

are available as side groups of polymer chain then hydrolyses leads changes only in the side 

groups of the polymer chain but not degradation of the polymer. This kind of reactions which 

lead to the changes only in the side functional groups without affecting the degree of 

polymerization is known as polymer analogue reactions [2]. 
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The hydrolytic degradation studies of neat PLA, blends and blend-composites are 

carried out in phosphate-buffer solution (PBS), having pH = 7.1, at 58 °C [114,115]. The 

selected temperature is the standard temperature for biodegradation tests [116,117]. Further, 

in natural media, the degradation process of PLA stimulates between 25 °C to 58 °C has been 

reported in the literature [114,118]. The weight of the samples was carefully measured before 

the test. The samples were periodically removed, washed with distilled water, dried in a 

vacuum oven for 24 hours. Finally, the weight of dried samples was measured precisely to 

assess the degree of hydrolytic degradation. The weight loss (%) was estimated by exploiting 

the equation [24,66] given below. 

 
% Weight loss =  

(W0 − Wt)

W0
× 100 2.11 

Where W0 = initial weight of the sample and Wt = weight of the dried sample 

The test is performed in triplicate and the results are represented as the mean ± SE of weight 

loss percentage. 

 

    

 



 

 
 

Chapter 3 

In-situ compatibilization of PLA/PEGM blend and 

refinement of its thermal and mechanical properties 

 

In this chapter, the formation of PLA/PEGM graft copolymers during the melt blending of 

poly (lactic acid) (PLA) and poly (ethylene-co-glycidyl methacrylate) (PEGM), which act as 

an interface between two polymer matrices, is illustrated by the epoxide ring-opening 

mechanism. There are two coupling reaction mechanisms of glycidyl methacrylate (GM) unit 

of PEGM with the terminal groups of PLA. The analysis of FTIR and 
1
H NMR spectra 

elucidates the chemical reaction of GM unit of PEGM with carboxylic and hydroxyl terminal 

groups of PLA. FTIR analysis also confirms that the carboxylic terminal groups of PLA are 

more likely to react with GM group of PEGM. Hence, PLA grade having carboxyl terminal 

groups is more compatible with PEGM as compared to the PLA grade having hydroxyl and 

ester terminal groups. The hexagonal boron nitride (HBN) is incorporated with various labels 

such as 1 phr, 5 phr and 10 phr to prepare PLA/PEGM/HBN blend-composites. The blend-

composite with low HBN content i.e. 1 phr shows better mechanical and thermal properties 

than neat PLA, PLA/PEGM blend and other blend-composites. This is attributed to the 

formation of covalent bond between polymer chains and HBN crystal layers and also due to 

the intermolecular interaction between the hydrogen atoms of polymer chains with the 

nitrogen atoms of HBN, which is confirmed by the FTIR and 
1
H NMR studies. TG/DTG, SEM, 

XRD analysis and the improvement in the mechanical and thermal properties of the prepared 

blend also asserts the interfacial compatibility between PLA and PEGM in the blend and 

chemical interaction of HBN particles with the polymer matrix. 

Publication:  

1. Ashish Kumar, T.Venkatappa Rao, S. Ray Chowdhury, S.V.S Ramana Reddy, 

“Compatibility confirmation and refinement of thermal and mechanical properties of Poly 

(lactic acid)/Poly (ethylene-co-glycidyl methacrylate) blend reinforced by hexagonal boron 

nitride”, Journal of  Reactive and Functional Polymers 117 (2017) 1–9                     

(Impact Factor 3.151). 
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3.1 Introduction 

PEGM is one of the most well-known polymers to make reactive blending and 

compatibilize other polymers with PLA as reported by many authors [119–121]. In general, 

for modification of toughness of PLA with rubbery polymers the feed ratio of PLA and blend 

components is usually fixed at 80:20 [122–124]. The reactive blending of PEGM with PLA 

was studied by H. T. Oyama [78] and reported an appreciable improvement in the mechanical 

properties of PLA with 20% weight percentage of PEGM in the prepared blend after 

annealing it at 90˚C for 2.5 hours. In the above studies, the exact interfacial reaction between 

PEGM and PLA was not studied, which has a significant effect on the compatibility strength 

of PEGM on the tailored properties of PLA based blend and composites. Apart from this, the 

post-annealing is also not industrially advisable. Hence, to overcome these deficiencies, in the 

current work, an attempt is made to explain the interfacial reaction mechanism between PLA 

and PEGM by preparing PLA/PEGM blend with weight ratio 80:20 and using FTIR,            

1
H NMR, SEM, XRD measurements along with mechanical and thermal properties of the 

prepared blend. These studies reveal that the compatibilized strength of PEGM depends on 

the type of terminal groups present in the PLA chains (i.e. hydroxyl or carboxylic acid) in the 

PLA based blend. The study also shows that the PLA chains having carboxylic acid terminal 

groups most probably undergo a chemical reaction with an epoxidized group of PEGM and 

hence are more compatible with PEGM. Thus from these findings, it may be confirmed that 

the compatibilized strength of PEGM in the PLA based blend and composite depends on the 

PLA grade and purity of PLA. In addition to it, PLA/PEGM blend is also embodied with 

hexagonal boron nitride (HBN) as part per hundred (phr). For a PLA/PEGM/HBN blend-

composite with 1phr, it is observed that the mechanical properties (such as impact strength 

and elongation at break) and heat deflection temperature (HDT) are further improved without 

much change in the other properties. 

The details of experimental setup and method used to prepare the PLA/PEGM blend 

and PLA/PEGM/HBN blend-composites are given in the Chapter 2, Section 2.2.1.1. All the 

blends and blend-composites are designated and tabulated in Table 3.1. 
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Table  3.1 

Nomenclature and compositions of sample.  

Composition name  Percentage of 

PLA (%) 

Percentage 

PEGM (%) 

Addition of HBN as part per 

hundred (phr) 

PLA 100 0 0 

PLA/PEGM 80 20 0 

PLA/PEGM/HBN 1phr 80 20 1 phr 

PLA/PEGM/HBN 5phr 80 20 5 phr 

PLA/PEGM/HBN 10phr 80 20 10 phr 

3.2 Results and Discussion  

3.2.1 Compatibility confirmation 

To study the compatibility confirmation of PEGM and PLA and to know the factors 

influencing the compatibility of PEGM with PLA, blend of PLA and PEGM has been 

prepared with a weight ratio 80:20, since PEGM with 20% weight percentage in PLA/PEGM 

blend shows better compatibility along with excellent mechanical properties [78]. To 

elucidate the reaction mechanisms of interfacial bonding between PLA and PEGM, the 

normalized FTIR spectra of all the prepared compositions are recorded. The important wave 

numbers and band identifications of PLA, PLA/PEGM blend and their blend-composites are 

depicted in Fig. 3.1 The diverse characteristic peaks were present in the neat PLA spectra 

(Fig. 3.1a), carbonyl group (C=O) stretching appears at 1757cm
-1

, C-O-C asymmetric 

stretching appears at 1184cm
-1

, two different peaks are observed at 3656cm
-1

 and 3501cm
-1

 

which correspond to  O-H stretching of hydroxyl and carboxylic acid terminating groups 

respectively [98]. Also, a doublet of C-H stretching for the CH3 group appears at 2998-

2946cm
-1

, (C-CH3) stretching appears at 956 cm
-1

 and (-C-C-) stretching in amorphous and 

crystalline phases of PLA at  870 cm
-1

 and 757 cm
-1

 respectively [125,126]. In the FTIR 

spectra (Fig. 3.1b) of PLA/PEGM blend, the intensity of absorbance for C=O and C-O-C 

groups are increased and simultaneously slight suppression of O-H peak of the carboxylic 

acid terminal group, the slight increment in O-H peak of the alcoholic group are also 

observed. In addition, the peaks at 993 cm
-1

 and 852 cm
-1

 corresponding to an epoxy ring of 

PEGM [126,127] were also absent. This signifies that the terminal carboxylic group of PLA 

reacts with the epoxide group of PEGM through epoxide ring-opening mechanism as 

illustrated in (Fig. 3.2a) [128], leads to an increase in number of ester groups and addition of 
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new alcoholic groups because in the PLA/PEGM graft copolymers the PLA and PEGM are 

linked by ester linkage (i.e. new ester group) clearly shown as dotted circle in Fig. 3.2a. A 

new peak is also observed in the FTIR spectra at 2852cm
-1 

which corresponds to C-H 

stretching. However, as depicted in Fig. 3.2b, if epoxide group reacts with hydroxyl terminal 

group of PLA leads to the increment only in the (C-O-C) group because it introduces the ether 

linking (i.e. new ether group) unit between PLA and PEGM, results in an increment in the 

relative peak intensity of (C-O-C) group and O-H peak of alcohol group. But this is not 

consistent with FTIR spectra of PLA/PEGM blend because the increment in the intensity of 

absorbance for C=O group has also been observed. This shows that the probability of reacting 

carboxylic terminal group of PLA with an epoxide group of PEGM is more as compared to 

the hydroxyl terminal group. Thus, the interfacial compatibility of PEGM polymer depends 

on the type of terminal groups of PLA chains. Hence, the PLA grade which contains more 

PLA chains terminating with carboxylic groups is more compatible with PEGM as compared 

to PLA grade having terminating groups other than carboxylic acid. 

With the incorporation of hexagonal boron nitride (HBN) particles along with 

PLA/PEGM to prepare PLA/PEGM/HBN blend-composites, leads to the breakage of polymer 

chains induced by HBN. This can be asserted by observing a reduction in the peak intensities 

of the carbonyl group (C=O) stretching as well as (C-O-C) group asymmetric stretching in the 

FTIR spectra (Fig. 3.1 c, d and e). However, the FTIR spectra of all these blend-composites 

show the simultaneous suppression of hydroxyl peak which can be attributed to the chemical 

interaction of HBN with the hydroxyl group and carbonyl groups of polymer chains. 

Moreover, the FTIR spectra (Fig. 3.1c) of PLA/PEGM/HBN 1phr (i.e. with the addition of 

hexagonal boron nitride as 1 part per hundred to prepare blend-composite) shows extinction 

of hydroxyl peak which confirms hydroxyl groups of polymer chains undergo chemical 

reaction with HBN and lead to formation of covalent bonds between the HBN layers and 

polymer chains. The same covalent bond formation between hydroxyl groups and hydrogen 

atoms with the boron atoms and nitrogen atoms respectively of the HBN layers has already 

been studied [129]. The increasing concentration of HBN from 1phr to 5 phr in the blend-

composite leads to enhance the polymer chain scission which can be confirmed by a further 

decrement in the peak intensity of (C=O) group as well as (C-O-C) group in the FTIR spectra. 

Incidentally, this spectrum also shows the increasing concentration of HBN in the blend-

composites diminishes the interaction between the polymer chains and HBN layers which 

may be asserted from the reappearance of hydroxyl peak in the FTIR spectra Fig. 3.1d and e. 

Indeed, the spectra (Fig. 3.1e) shows again increment in peak intensity of (C=O) group and 
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(C-O-C) group which are slightly more than the pure PLA and intensity of hydroxyl peaks are 

fairly decreased as compared to pure PLA. Hence with the loading of 10 phr HBN, it has very 

least interaction with polymer chains and has similar properties as PLA/PEGM blend may be 

due to poor dispersion of HBN particles in the polymer matrix and aggregation of HBN 

particles. 

 

Fig. 3.1 Normalized FTIR spectra of PLA and their blends: (a) PLA, (b) PLA/PEGM (80:20), 

(c) PLA/PEGM/HBN 1phr, (d) PLA/PEGM/HBN 5phr, (e) PLA/PEGM/ HBN 10 Phr. 

 

Fig. 3.2 Possible interfacial reaction mechanisms between PLA and PEGM polymers. The 

formation of PLA/PEGM graft co-polymer trough epoxide ring-opening mechanism (a) by the 

formation of new ester linkage and (b) by the formation of an ether linkage. 
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3.2.2 
1
H NMR spectroscopy analysis 

The proton NMR study is performed to know the chemical structure of pristine PLA, 

PLA/PEGM blend and interaction of the hexagonal nitride (HBN) particles dispersed in the 

polymer matrix of PLA/PEGM/HBN 1phr blend-composite. The 
1
H NMR spectra of neat 

PLA, PLA/PEGM blend and PLA/PEGM/HBN 1phr blend-composites are depicted in       

Fig. 3.3. It can be seen from the literature that the proton NMR spectra of the interior of the 

polymers are found as a single set of positional averaged peaks [130,131]. The characteristics 

resonance signals of methine and methyl group belong to PLA were observed at (5.14-5.19) 

ppm as a quartet (q, 1H) and (1.57-1.59) doublet (d, 3H) respectively [107,108,132,133] in the 

1
H NMR spectra of neat PLA as shown in Fig. 3.3. In the 

1
H NMR spectra of PLA/PEGM 

blend four eminent peaks, apart from the characteristic peaks of PLA, can be observed in inset 

enlarged zone of the spectrum. The resonance peaks at 1.25 ppm and 2.17 ppm correspond to 

characteristic hydrogen proton of a backbone methylene group (-CH2-) of ethylene unit [130] 

and methacrylate unit [126] respectively for Poly (ethylene-co-glycidyl methacrylate) 

(PEGM). Further, the proton resonance signal at 2.97 ppm could be assigned to (-C (O)-

OCH2-) of glycidyl methacrylate. Fascinatingly, the two new resonance signals at 2.88 ppm 

and 3.38 ppm have been found in the inset enlarge the zone of 
1
H spectra of PLA/PEGM 

blend in Fig. 3.3 which could be assigned to methine group proton and hydroxyl group proton 

respectively [126,130] of linking unit of PLA/PEGM graft copolymer formed during the melt 

blending of PLA and PEGM. The formation of the PLA/PEGM graft copolymers has also 

been determined by FTIR study. The PLA/PEGM graft copolymer formed during the melt 

blending of PLA and PEGM located at the interface between PLA and PEGM matrix thus 

improved their compatibility and hence shows the good mechanical and thermal properties in 

case of PLA/PEGM blend as compared to neat PLA. The 
1
H NMR spectra of 

PLA/PEGM/HBN 1phr blend composite also shows the characteristic resonance signals of 

neat PLA and PLA/PEGM blend. However, the absence of a peak at 3.38 ppm corresponding 

to hydroxyl proton and peak at 2.17 ppm corresponding to backbone methylene group clearly 

indicates the hydroxyl group of PLA/PEGM graft copolymers reacted with the boron atoms 

and protons of methylene group reacted with nitrogen atoms of HBN. In addition, the proton 

resonance signal of methine group corresponding to PEGM shifted from 2.88 ppm to high 

chemical shift 3.28 ppm due to the hydrogen bonding with nitrogen atoms of HBN. The 

hydrogen bonding involves electron cloud transfer from the hydrogen atom to neighbouring 

electronegative atom (i.e. N atom of HBN) experiences a net deshielding effect which leads to 

high chemical shift [134,135]. Thus 
1
H NMR spectra of PLA/PEGM/HBN 1phr composite 
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also elucidate the chemical interaction of dispersed HBN particles with the polymer matrix of 

PLA/PEGM blend which leads to further improvement in the notched impact strength and 

heat deflection temperature as compared to the PLA/PEGM blend. 

 

Fig. 3.3 
1
H NMR spectra of pristine PLA, PLA/PEGM blend and PLA/PEGM/HBN 1phr 

blend-composite.  

3.2.3 X-ray diffraction  

The interaction of HBN layers with the polymer chains in the blend-composites have 

also been analyzed from the X- ray diffraction pattern manifested in Fig.3.4. It is observed 

from the graph that pure PLA exhibit large broad halo amorphous peak [136]. However, 

PLA/PEGM blend shows two crystalline peaks of PLA at 2θ= 20.5˚ and 22.7˚, correspond to 

(110) and (200) planes [137–139], which indicates PEGM in the blend helps to improve the 

crystallinity to a small extent. The blend-composites i.e. PLA/PEGM/HBN 1phr, 

PLA/PEGM/HBN 5phr and PLA/PEGM/HBN 10phr are showing the additional characteristic 

sharp intense peaks corresponds to (200) planes of HBN at 26.2˚ , 26.7˚ and 26.9˚ respectively 

which are shifted from their original position i.e. 2θ= 26.6˚ [65,140], can be evidently seen in 

the inset of Fig. 3.4. The shifting in the position of crystalline peaks of PLA has also been 
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noticed after addition of HBN. Thus shifting the position of the characteristic peak of HBN 

and the crystalline peaks of PLA signify the chemical interactions between polymer chains 

and crystal layers of HBN. Furthermore, the diffraction pattern for the PLA/PEGM/HBN 1phr 

shows the large shift in the characteristic peak of HBN towards lower angle side which is due 

to the large strain produced in the crystal structure of HBN [96] may be caused by 

introduction of covalent bond between polymer chains and HBN crystal layers or may be due 

to strong intermolecular interaction between the hydrogen atoms of polymer chains with the 

nitrogen atoms of crystal layers of HBN [129], such covalent bonds formation has been 

already discussed in the FTIR, 
1
H NMR studies. The diffraction pattern of blend-composites 

with a higher concentration of HBN, i.e. 5phr and 10phr, has shown very small displacement 

in the characteristic peak of HBN towards higher angle attributed to very little stress produced 

in the crystal structure of HBN by polymer chains. This small shift also signifies the weak 

interaction of HBN layer and polymer chains. 

 

Fig. 3.4 XRD patterns of neat PLA, PLA/PEGM blend and PLA/PEGM/HBN blend-

composites. 
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3.2.4 Mechanical properties 

Mechanical properties such as tensile modulus, yield strength, elongation at break, 

tensile toughness of prepared PLA/PEGM blend and PLA/PEGM/HBN blend-composites are 

measured with tensile test and notch impact strength is measured by notch Izod impact test, 

and the results are tabulated in Table 3.2. The tensile stress-strain curves for neat PLA, 

PLA/PEGM blend and PLA/PEGM/HBN blend-composites are shown in Fig. 3.5. The 

flexural modulus of PLA, PLA/PEGM blend and PLA/PEGM/HBN blend-composites was 

also given in Table 3.2. The virgin PLA, processed under those same processing conditions as 

the PLA/PEGMA blend and blend-composites, gives tensile modulus, yield strength, flexural 

modulus, tensile toughness and elongation at break respectively as 2300.00 MPa, 65.00 MPa, 

3767.00 MPa, 2.70 MJ/m
3
 and 5.76%. The low elongation at break of neat PLA ascribes its 

brittleness. Obviously, it is observed from Table 3.2, that the addition of PEGM reduces the 

brittleness of PLA leads to a significant increase in the elongation at break. The interfacial 

interaction between PLA and PEGM, which has been observed by the FTIR and 
1
H NMR 

studies, helps to reduce the brittleness and make it tougher. However, the decrement in the 

tensile modulus, yield strength and flexural modulus has been identified with increment in the 

elongation at break. It can be noticed from the Table 3.2, that the prepared PLA/PEGM blend 

has shown a remarkable change in the elongation at break from 5.76% to 157.40% which is 

28 times higher than neat PLA and tensile toughness from 2.70 MJ/m
3
 to 36.82 MJ/m

3
. The 

elongation at break and tensile toughness were further improved with the addition of HBN, in 

case of PLA/PEGM/HBN 5 phr, which are 1.5 times more than PLA/PEGM blend. The 

improvement in the tensile toughness is achieved in case of PLA/PEGM/HBN 5phr because it 

shows the large elongation at break as compared to other specimens and yield strength near to 

PLA/PEGM/HBN 10phr blend-composite. Hence, HBN acts as a good plasticizer for 

PLA/PEGM blend. A general trend of improvement in the elongation at break and tensile 

toughness with a decrement in other tensile properties have been reported earlier [141,142]. 

The addition of HBN also increases the HDT as compared to the neat PLA and PLA/PEGM 

blend. This improvement is due to the chemical interaction of HBN crystal layers with 

polymer chains, which is more in the case of PLA/PEGM/HBN 1phr, may be due to a fine 

dispersion of HBN particles in the polymer matrix at low loading and hence this composition 

shows the high value of heat deflection temperature. 
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Fig. 3.5 Representative stress-strain curves for PLA, PLA/PEGM blend and 

PLA/PEGM/HBN blend-composites. 

Moreover, from the results of the notched impact test listed in Table 3.2, the neat PLA 

shows the low impact strength. The addition of PEGM increases the impact strength of PLA 

through reactive blending. The PLA/PEGM/HBN 1phr blend-composite has shown the 

highest notched impact strength which is 1.5 times to the impact strength PLA/PEGM blend. 

This can also be confirmed by studying the surface morphology of impact fractured surfaces 

of neat PLA, PLA/PEGM blend and PLA/PEGM/HBN 1phr. The SEM micrographs of 

impact fractured surfaces of PLA/PEGM blend and PLA/PEGM/HBN 1phr blend-composite 

are as shown in Fig. 3.6. The neat PLA shows brittle fracture surface morphology [132] 

without sufficient distortions. In spite of it, the PLA/PEGM and PLA/PEGM/HBN 1phr 

exhibited rough morphology as compared to neat PLA and denoting the fracture transition 

from brittle to tougher. Furthermore, SEM micrograph of PLA/PEGM/HBN 1phr reveals the 

higher rough morphology as compared to PLA/PEGM blend which indicates that 

PLA/PEGM/HBN 1phr has absorbed more impact energy as compared to PLA/PEGM blend 

because HBN dispersed in the polymer matrix exhibits the chemical interaction with the 

polymer chains [132,143] and hence it has more notched impact strength which is in 

agreement with the above results. The SEM micrographs of impact fractured surfaces of 

PLA/PEGM/HBN 1phr and PLA/PEGM/HBN 10phr blend-composites with high 

magnification are displayed in Fig. 3.7. The high magnification SEM micrographs of 

PLA/PEGM/HBN 1phr blend-composite, Fig. 3.7a and a', show the uniform phase with good 
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interfacial adhesion. This could be attributed to the interaction of HBN particles with the 

polymer matrix and fine distribution of HBN particles in the polymer matrix. However, at 

high concentration of HBN (i.e. PLA/PEGM/HBN 10 phr), the highly magnified SEM 

micrographs (Fig. 3.7b and b') exhibit the phase separation and void formation which is due to 

the agglomeration of HBN particles that in turn causes poor reactivity and week interfacial 

adhesion. The agglomeration of the HBN particles, marked by dotted circles, in the polymer 

matrix can be seen clearly from the Fig. 3.7b', which leads to the decrement in the mechanical 

and thermal properties [142,144,145]. 

Table 3.2 

Tensile and Flexural properties of neat PLA and PLA blend-composites. 

 

Fig. 3.6 SEM micrographs for the notched impact fractured surfaces for (a) PLA/PEGM blend 

and (b) PLA/PEGM/HBN 1phr. The scale bar is 10 μm. 

Composition 

name 

Tensile 

Modulus 

(MPa) 

Yield 

Strength 

(MPa) 

Elongation 

at break 

(%) 

Tensile 

toughness 

(MJ/m
3
) 

Notched 

Izod 

Impact 

Strength 

(kJ/m
2
) 

Flexural 

Modulus 

(MPa) 

HDT 

(˚C) 

PLA 2300±24.91 65±0.25 5.76±0.44 2.70±0.24 2.65±0.32 

 

3767±20.85 52.60±0.45 

PLA/PEGM 1797±36.08 43±0.91 157.40±4.16 36.82±1.48 5.91±0.25 

 

2545±4.50 51.90±0.58 

PLA/PEGM/

HBN 1phr 

1754±35.82 42±1.79 166.50±34.29 37.73±7.94 8.89±0.50 

 

2337±71.52 54.50±1.07 

PLA/PEGM/

HBN 5phr 

1615±14.75 37±0.65 225.81±2.29 54.70±1.90 4.71±1.10 

 

2340±14.69 53.90±0.53 

PLA/PEGM/

HBN 10phr 

1651±31.36 38±0.58 180.23±4.22 43.91±0.56 4.62±0.90 2394±36.78 51.00±0.89 
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Fig. 3.7 High magnification SEM micrographs for the notched impact fractured surfaces for 

(a/a') PLA/PEGM/HBN 1phr and (b/b') PLA/PEGM/HBN 10phr. The scale bar for (a and b) 

is 2 μm and for (a' and b') is 1 μm. 

Fascinatingly, several authors have studied the effect of crystallization on the impact 

strength of blends having PEGM after annealing because PEGM promotes the crystallization 

of PLA during the thermal annealing process [78,121]. Hence, to see the effect of 

crystallization, the notched impact strength of annealed specimens (annealed at 90 °C for 2 

hours) of PLA/PEGM blend and PLA/PEGM/HBN blend-composites have been measured 

and shown in Fig. 3.8. It can be observed that after annealing the impact strength of all 

compositions are increased significantly. The PLA/PEGM/HBN 1phr still shows the highest 

notched impact strength as compared to PLA/PEGM blend and other blend-composites. These 

results evinced that at low concentrations HBN helps to improve the mechanical properties. 
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Fig. 3.8 The notched impact strength of neat PLA and PLA blend-composites with different  

percentage of HBN before and after annealing all specimens at 90˚C for two hours. 

3.2.5 Thermal properties 

The DSC curves of neat PLA, PLA/PEGM blend and PLA/PEGM/HBN blend-

composites are shown in Fig. 3.9. The essential parameters such as glass transition 

temperature (Tg), cold crystallization temperature (Tcc), melting temperature (Tm), cold 

crystallization enthalpy (ΔHcc), melting enthalpy (ΔHm) and % of crystallinity (Xc) (Eq. 2.5) 

are reported in Table 3.3. The small but significant change in the glass transition temperature 

(Tg) of samples are found. It can be seen that glass transition temperature of PLA/PEGM 

blend shifted slightly to lower temperature compared to virgin PLA, signifies the 

compatibility between PLA and PEGM as noticed earlier from FTIR and 
1
H NMR studies. 

However, PLA/PEGM/HBN 1phr shows the shift in glass transition temperature to the higher 

value as compared to neat PLA. This may be due to chemical interactions between crystal 

layers of HBN and polymer chains which restrict their local segmental motion. The blend-

composites with 5phr and 10phr HBN shows the lower glass transition temperature as 

compared to neat PLA but higher than PLA/PEGM blend. The cold crystallization 

temperature of the PLA blend and blend-composites have shown an increase and the 

normalized heat of fusion is decreased as compared to neat PLA. This is because the HBN 

chemical interactions with polymer chains affect the interaction among the polymer chains 

that leads to less mobility of polymer chains and hence shows higher crystallization 

temperature. The DSC thermograms shown in Fig. 3.9 have two melting peaks for all 
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specimens. Similar results have been reported by other authors [24,146,147]. The double 

peaks of PLA samples are due to the two crystalline phases formed in the cold crystallization 

stage and re-crystallization stage. The two crystallization phases are normally attributed to 

different crystallization structures i.e. crystallization regions of different size and perfection or 

stability. 

Table 3.3 

Thermal transition data of prepared blend and blend-composites. 

Composition name Tg  

(˚C) 

(Tcc) 

(˚C) 

(ΔHcc) 

(J/g) 

(Tm) 

(˚C) 

(ΔHm) 

(J/g) 

(Xc) 

(%) 

PLA 55.43 96.05 48.05 145.82, 154.05 52.75 5.05 

PLA/PEGM 53.91 96.90 28.88 144.83, 152.68 35.00 8.23 

PLA/PEGM/HBN 1phr 55.88 98.04 19.53 146.03, 153.93 23.75 5.73 

PLA/PEGM/HBN 5phr 54.49 98.67 12.90 145.33, 152.86 18.03 7.24 

PLA/PEGM/HBN 10phr 54.91 98.98 15.15 145.30, 152.87 21.82 9.86 

 

Fig. 3.9 DSC thermogram for the as injected moulded samples of neat PLA, PLA/PEGM 

blend and PLA/PEGM/HBN blend-composites. 

The TG and DTG curves, under a nitrogen atmosphere, of pure PLA and blend-

composites are displayed in Fig. 3.10 and corresponding data such as initial degradation 

temperature (T5%), maximum weight loss temperature (Tmax) and mass loss rate at Tmax are 
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summarized in Table 3.4. The addition of PEGM improves the thermal stability of PLA and 

PLA/PEGM shows higher T5% and lower mass loss rate than neat PLA. The higher thermal 

stability of PLA/PEGM blend is due to the formation of PLA/PEGM graft-copolymers, which 

act as an interface between PLA and PEGM, and hence increase the chemical linkage. The 

PLA/PEGM/HBN 1phr and PLA/PEGM/HBN 10phr also show better thermal stability than 

neat PLA due to higher T5% and lower mass loss rate than neat PLA. However, these blend-

composites show the slightly low thermal stability than PLA/PEGM blend because the 

addition of HBN also leads the PLA chains scission. This effect is more pronounced in the 

case of PLA/PEGM/HBN 5phr, which is also confirmed by FTIR study, and as a result, it has 

low thermal stability as compared to neat PLA. 

 

 

 

Fig. 3.10 TG and DTG curves of PLA, PLA/PEGM blend and PLA/PEGM/HBN blend- 

composites. 
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Table 3.4 

TG and DTG data of neat PLA, PLA/PEGM blend and PLA/PEGM/HBN blend composites. 

Composition name  T5% 

(˚C) 

Tmax 

(˚C) 

Mass loss rate at Tmax 

(wt %/ ˚C) 

PLA 331.74 373.35 2.96 

PLA/PEGM 344.06 383.68 2.00 

PLA/PEGM/HBN 1phr 339.41 375.64 2.07 

PLA/PEGM/HBN 5phr 318.70 359.46 2.03 

PLA/PEGM/HBN 10phr 341.77 377.24 2.16 

3.3 Conclusions 

The interfacial compatibly between PLA and PEGM took place due to PLA/PEGM 

graft copolymers which act as an interface between PLA and PEGM to improve their 

compatibility. The formation of PLA/PEGM graft copolymers through epoxide ring-opening 

mechanism has been studied using FTIR and 
1
H NMR analysis. From the FTIR studies, it can 

be inferred that the probability for reacting of epoxide group of PEGM with the carboxylic 

terminal group is more as compared to the hydroxyl terminal group of PLA chains. Hence, the 

PLA grade having carboxyl terminal groups is more compatible with PEGM as compared to 

the PLA grade having hydroxyl terminal groups. Furthermore, many researchers used to 

follow post-annealing for improving the mechanical properties of PLA and PEGM based 

polymer blends. In general, the post-annealing is not industrially advisable. Hence to improve 

the mechanical properties of the PLA-PEGM blend, the HBN has been incorporated. From the 

results, it can be observed that the blend-composite with low HBN content i.e. 

PLA/PEGM/HBN 1phr on an average shows better mechanical and thermal properties than 

neat PLA, PLA/PEGM blend and other blend-composites. By optimizing the concentration of 

HBN, the combination of high impact strength and large strain to failure in tension can be 

achievable. 

 

 

 



 

 
 

Chapter 4 

Optimization of mechanical, thermal and hydrolytic 

degradation properties of PLA/PEGM/HBN blend-

composites using electron beam irradiation 

 

In this chapter, the influence of electron beam irradiation on mechanical, thermal and 

hydrolytic degradation properties of Poly (lactic acid) (PLA)/Poly (ethylene-co-glycidyl 

methacrylate) (PEGM)/Hexagonal boron nitride (HBN) blend-composites are investigated. 

The previous studies have reported that the blending of PLA and PEGM with weight ratio 

(PLA: PEGM) (80:20) reduce the brittleness and improve the toughness. However, the heat 

deflection temperature (HDT) and other tensile properties are found to be reduced. It is found 

that HDT can be improved with the incorporation of HBN particles. So far, the effect of 

PLA/PEGM blending on the hydrolytic degradation properties of PLA has not been studied. 

Hence, in the present work, the hydrolytic degradation test on a prepared blend and blend-

composites is performed. It is observed that the blending of PEGM with PLA significantly 

retards the hydrolytic degradation of PLA. Further reduction in the hydrolytic degradation of 

PLA was observed in the blend-composites. Hence, the E-beam is employed to optimize the 

mechanical, thermal and degradation properties of the final product as per the desired 

applications. 

Publications:  
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“Optimization of mechanical, thermal and hydrolytic degradation properties of                  

Poly (lactic acid)/Poly (ethylene-co-glycidyl methacrylate)/Hexagonal boron nitride blend 

composites through electron-beam irradiation”, Nuclear Inst. Methods in Physics Research 

B 428 (2018) 38-46 (Impact Factor 1.323). 

2. Ashish Kumar, T.Venkatappa Rao, S. Ray Chowdhury, S.V.S Ramana Reddy, “Effect of 

electron beam irradiation on thermal and mechanical properties of poly (lactic acid) / poly 

(ethylene-co-glycidyl methacrylate) blend”, AIP Conference Proceedings 

1849(1):020039 · June 2017, DOI: 10.1063/1.4984186. 
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4.1 Introduction  

The consumer and biomedical applications of PLA depend on its bulk properties (e.g. 

toughness, degradation rate etc.) and surface properties (hydrophobicity, roughness, and 

reactive functionalities). The surface modification of PLA has been undertaken by researchers 

for medical applications [148,149]. The toughness and elongation at break of PLA are being 

improved for commercial applications and the improvement in the degradation rate has 

advantages in both consumer as well as medical applications. Many authors have attempted to 

improve the elongation at break and toughness of PLA through blending [52]. The PEGM is a 

pronounced polymer to improve the toughness and elongation at break of PLA through 

reactive blending [78,121]. However, the reactive blending of PLA and PEGM leads to 

decrease in the HDT and other tensile properties of PLA. 

M.S. Cairns et.al has used the electron beam (E-beam) irradiation to get the controlled 

degradation of PLA for medical applications [150]. It has been reported that the electron beam 

can be used to induce the crosslinking among the polymer chains of PLA in the presence of 

various crosslinking agents to improve the mechanical and thermal properties of PLA 

[56,59,60,151]. B.Y. Shin et.al has reported, the E-beam irradiation of PLA in the presence of 

glycidyl methacrylate induce both crosslinking and branching of PLA chains [58]. In the 

present work, the effect of E-beam irradaition on mechnical, thermal and hydrolytic 

dgeradtion properties of prepared PLA/PEGM blend and PLA/PEGM/HBN blend-

comsposites is studied. To observe the effect of E-beam irradiation on PLA/PEGM blend and 

PLA/PEGM/HBN blend-composites the prepared test specimens of the blend and blend-

composites were further treated by E-beam irradiation with various radiation doses (e.g. 20 

kGy, 60 kGy and 100 kGy). It has been noticed that the E-beam irradiation improves the 

toughness and HDT of PLA/PEGM/HBN blend-composites as compared to the unirradiated 

PLA/PEGM/HBN blend-composites. The irradiated samples of PLA/PEGM/HBN 5 phr and 

10 phr blend-composites reveal the high notched impact strength and HDT as compared to 

unirradiated and E-beam irradiated PLA, PLA/PEGM blend and PLA/PEGM/HBN 1 phr 

blend-composite. These improvements with the application of E-beam could be attributed to 

the introduction of polymer chains scission and polymer chain branching in the 

PLA/PEGM/HBN blend-composites which enhance the physical interaction of HBN particles 

with polymer chains asserted by DSC analysis. This also leads to the fine dispersion of the 

HBN particles in the polymer matrix which in turn uniform phase morphology with good 

interfacial adhesion asserted by SEM analysis. Further, the hydrolytic degradation studies 



Chapter 4 

___________________________________________________________________________ 

 

64 
 

revealed the blending of PLA with PEGM markedly restricts the hydrolytic degradation of 

PLA. From the hydrolytic degradation results, it can also be observed that the E-beam 

irradiation of prepared specimens leads to significant increment in the degradation as 

compared to unirradiated specimens. Among all compositions, the irradiated 

PLA/PEGM/HBN 5 phr blend-composite has shown high hydrolytic degradation rate as well 

as good mechanical and thermal properties which are useful for both commercial and medical 

applications. Hence, in the present work, the mechanical, thermal and degradation properties 

of PLA have been optimized with the help of E-beam irradiation. 

4.2 Results and Discussion 

4.2.1 Thermal properties 

Fig. 4.1 shows the thermal transition curves of E-beam irradiated PLA, PLA/PEGM 

blend and PLA/PEGM/HBN blend-composites. These thermal transition values are given in 

Table 4.1 and compared with the thermal transition data of unirradiated PLA, PLA/PEGM 

blend and blend-composites.  

In comparison, it has been observed that the glass transition temperature (Tg) and cold 

crystalline temperature (Tcc) of PLA, blend and blend-composites are increased with E-beam 

irradiation. This is due to the E-beam irradiation which causes the polymer chains scission, 

polymer chains branching and partial crosslinking network in the amorphous region of the 

polymer matrix [58,150]. The crosslinking restricts the local segmental polymer chains 

motion reflect an increase in Tg  values and difficulty in crystallization [60]. In the case of E-

beam irradiated PLA and PLA/PEGM blend the crosslinking is more pronounced as 

compared to polymer chain scission at low radiation dose 20 kGy which made the samples 

difficult to crystallize during the heating scan can be asserted by observing the high Tg and 

low ΔHcc. Further, at high radiation dose, i.e. 60 kGy and 100 kGy the polymer chains 

scission is greater which made them crystallize easily and hence show increment in the ΔHcc 

with an increase of radiation dose. It is also observed that the sample crystallinity increases 

with increasing radiation dose. 

The E-beam irradiated PLA/PEGM/HBN blend-composites show the high Tg value 

and crystallinity (Xc) as compared to unirradiated blend-composites. In the case of blend-

composites, the ΔHcc was also increased with E-beam irradiation. This can be attributed the E-

beam irradiation of blend-composites leads to polymer chains scission which in turn improved 

the physical interaction of HBN particles, act as nucleating agent, with polymer chains and 
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promotes the crystallization [98]. The ΔHcc is increasing with radiation dose can be seen in 

Table 4.1. The E-beam irradiated PLA/PEGM/HBN 5 phr and 10 phr blend-composites 

samples show high Tg as compared to all E-beam irradiated PLA/PEGM blends and 

PLA/PEGM/HBN 1 phr blend-composites. Further, the improvement difference in ΔHcc is 

also more in the case of PLA/PEGM/HBN 5 phr and 10 phr blend-composites. This is due to 

the E-beam irradiation improved the physical interaction of HBN particles with polymers 

chains leads to a fine dispersion of HBN particle in the polymer matrix and hence restricts the 

localized motion of polymer chains. The improved interaction of HBN particles with polymer 

chains in the polymer matrix helps them to enhance their nucleating ability and hence sample 

crystallizes more during non-isothermal melt crystallization. This can also be asserted by 

observing the high crystallinity (Xc) in PLA/PEGM/HBN 5 phr and 10 phr blend-composites. 

 

Fig. 4.1 Thermal transition plots of E-beam irradiated PLA, PLA/PEGM blend and 

PLA/PEGM/HBN blend-composites. 
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Table 4.1 

Thermal transition data of unirradiated and E-beam Irradiated PLA, PEGM/HBN blend and 

PLA/PEGM/HBN blend-composites. 

Composition name Tg 

(°C) 

(Tcc) 

(°C) 

(ΔHc) 

(J/g) 

 

(Tm)  

(°C) 

(ΔHm) 

(J/g) 

(Xc)
*
 

(%) 

PLA Unirradiated  55.43 96.05 48.05 145.82, 154.05 52.75 5.05 

PLA 20 kGy 61.28 97.86 45.36 147.06, 159.82 47.10 1.87 

PLA 60 kGy 60.29 99.55 58.80 144.04, 150.54 62.44 3.92 

PLA 100 kGy 61.69 97.73 86.26 147.59, 141.62 95.77 10.26 

PLA/PEGM Unirradiated  53.91 96.90 28.88 144.83, 152.68 35.00 8.23 

PLA/PEGM 20 kGy 59.67 101.29 27.60 147.31, 150.40  39.94 16.58 

PLA/PEGM 60 kGy 59.88 100.22 26.80 144.47, 149.54 39.62 17.23 

PLA/PEGM 100 kGy 62.75 99.41 41.05 140.38, 145.83 57.26 21.78 

PLA/PEGM/HBN 1phr Unirradiated 55.88  98.04 19.53 146.03, 153.93 23.75 5.73 

PLA/PEGM/HBN 1 phr 20 kGy 59.32 100.79 25.36 147.34, 151.72 42.61 23.42 

PLA/PEGM/HBN 1 phr 60 kGy 56.55 97.19 20.76 143.53, 150.17 33.14 16.81 

PLA/PEGM/HBN 1 phr 100 kGy 60.71 94.14 29.78 140.50, 146.95 51.06 28.89 

PLA/PEGM/HBN 5 phr Unirradiated 54.49  98.67 12.90 145.33, 152.86 18.03 7.24 

PLA/PEGM/HBN 5 phr 20 kGy 61.26 96.47 19.08 147.51, 151.70 31.76 17.89 

PLA/PEGM/HBN 5 phr 60 kGy 61.23 99.60 25.75 143.24, 149.02 41.32 21.97 

PLA/PEGM/HBN 5 phr 100 kGy 59.84 97.30 26.49 140.86, 146.40 39.62 18.53 

PLA/PEGM/HBN 10 phr Unirradiated 54.91  98.98 15.15 145.30, 152.87 21.82 9.86 

PLA/PEGM/HBN 10 phr 20 kGy 60.75 99.99 21.78 147.26, 149.99 37.88 23.81 

PLA/PEGM/HBN 10 phr 60 kGy 60.06 96.67 26.84 142.94, 148.95 41.15 21.15 

PLA/PEGM/HBN 10 phr 100 kGy 60.81 96.76 30.48 140.13, 146.44 44.89 21.30 

*
The percentage of crystallinity was calculated by the formula given in the chapter 2 (Eq. 2.5). 

4.2.2 Morphology 

The PLA/PEGM blend and PLA/PEGM/HBN 1 phr blend-composites exhibit good 

compatibility and uniform phase was asserted by FTIR, 
1
H NMR and SEM measurements in 

the previous chapter. However, the high magnification SEM images of blend-composites, 

having magnification scale 2 µm and 1 µm, revealed that the blend-composite with a high 

concentration of HBN particles exhibits the phase separation and voids formation due to 
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agglomeration of HBN particles which leads to less interfacial adhesion. Hence, blend-

composite specimens with high HBN concentration were shown poor performance upon 

mechanical and thermal testing discussed in the previous chapter.  

 

Fig. 4.2 The high magnification SEM micrographs for the notched impact fractured 

specimens of unirradiated and E-beam irradiated PLA/PEGM/HBN 5 phr blend-composite. 

The scale bar is 2 µm. 

The high magnification SEM micrographs of notched impact fractured specimens of 

unirradiated and E-beam irradiated PLA/PEGM/HBN 5 phr blend-composite are presented in 

Figs. 4.2 and 4.3. It can be elucidated from the Figs. 4.2 and 4.3 that the unirradiated 

PLA/PEGM/HBN 5 phr blend-composite consists of phase separation and voids in the 

resulting blend-composite. It is due to the high concentration of HBN particles in the blend-

composite results in agglomeration of particles in the polymer matrix which affect the 

reactivity and diminished the interfacial adhesion. Hence, leads to poor mechanical properties 

[144,145]. The Figs. 4.2 and 4.3 are also manifested the uniform phase morphology with 

better interfacial adhesion and disappearance of voids in the case of E-beam irradiated 

PLA/PEGM/HBN 5 phr blend-composite. The uniformity in the phase of the blend-composite 
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is increased with increasing radiation dose. This could be attributed to a fine dispersion of 

HBN particles caused by the E-beam irradiation. The E-beam irradiation led to the polymer 

chains scission and improved their interaction with HBN particles which in turn improved the 

dispersion of HBN particles into the polymer matrix. Hence, E-beam irradiation of 

PLA/PEGM/HBN 5 phr blend-composite assisted to improve the interfacial adhesion and 

dispersion of HBN particles in the polymer matrix of resulting blend-composite. These results 

are consistent with DSC results. 

 

Fig. 4.3 The high magnification SEM micrographs for the notched impact fractured 

specimens of unirradiated and E-beam irradiated PLA/PEGM/HBN 5 phr blend-composite. 

The scale bar is 1 µm. 

4.2.3 Mechanical properties 

The impact strength is one of the most crucial properties of polymer blends and 

composites for commercial and medical (i.e. in orthopedic fracture fixation) applications 

[148]. The notched impact strength of unirradiated and E-beam irradiated neat PLA, 

PLA/PEGM blend and PLA/PEGM/HBN blend-composites are tested with ASTM D256 
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method and shown in Fig. 4.4. From Fig. 4.4 it can be seen that the neat PLA shows the poor 

notched impact strength i.e. 2.65 ± 0.32 kJ/m
2 

but the reactive blending of PEGM with PLA 

increase the notched impact strength of PLA up to 5.91 ± 0.25 kJ/m
2
. Further addition of 

HBN particles at low concentration i.e. 1 phr has still improved notched impact strength to          

8.89 ± 0.50 kJ/m
2
. However, the addition of HBN particles at high concentrations i.e. 5 phr 

and 10 phr leads to a small reduction in the notched impact strength as compared to 

PLA/PGEM blend and PLA/PEGM/HBN 1 phr blend-composite. The above results were 

reported and discussed briefly in the previous chapter. In the present study, with the execution 

of E-beam irradiation, the notched impact strength of PLA/PEGM/HBN 5 phr and 

PLA/PEGM/HBN 10 phr blend-composites appreciably increased which can be seen in the 

Fig. 4.4. The neat PLA specimens irradiated at 20 kGy also show the better impact strength as 

compared to unirradiated PLA because electron beam irradiation results in chain branching 

and partial crosslinking among the PLA chains [56,60,150,152] but with high radiation dose, 

i.e. 60 kGy and 100 kGy PLA chains scission is more prominent than crosslinking. Hence, the 

notched impact strength of irradiated PLA samples has been decreased with increasing the 

irradiation dose. The impact strength of PLA/PEGM blend and PLA/PEGM/HBN 1 phr 

blend-composite are also decreased with E-beam irradiation due to polymer chains scission. 

In these cases, the impact strength is not improved significantly with increasing irradiation 

dose. However, in the case of PLA/PEGM/HBN blend-composites 5 phr and 10 phr, the E-

beam irradiation significantly improves the notched impact strength up to 6.50 ± 0.13 kJ/m
2
 

for PLA/PEGM/HBN 5 phr at 100 kGy and 6.68 ± 0.44 kJ/m
2
 for PLA/PEGM/HBN 10 phr at 

60 kGy. The impact strength of E-beam irradiated PLA/PEGM/HBN 5 phr blend-composite 

increases with increasing radiation dose. The PLA/PEGM/HBN 5 phr and 10 phr blend 

composites show high impact strength at high radiation doses i.e. 100 kGy and 60 kGy 

respectively which is more as compared to E-beam irradiated PLA, PLA/PEGM blend and 

PLA/PEGM/HBN blend-composites. This improvement can be attributed to polymer chains 

scission which elude the particle agglomeration at high HBN particles concentration and also 

improve the physical interaction of HBN particles with polymer chains. This leads to the 

uniform phase with good interfacial adhesion and fine dispersion of HBN particles into the 

polymer matrix asserted by SEM analysis. 

The mechanical properties such as tensile modulus and yield strength of unirradiated 

and E-beam irradiated PLA, PLA/PEGM blend and PLA/PEGM/HBN blend-composites are 

shown in Fig. 4.5. The reactive blending of PEGM with PLA reduced the yield strength and 

tensile modulus which can be seen from the Fig. 4.5. The unirradiated PLA/PEGM/HBN 
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blend-composites also show the low yield strength and tensile modulus as compared to 

unirradiated PLA and PLA/PEGM blend. However, the irradiated samples PLA/PEGM/HBN 

blend-composites show the improvement in the yield strength and tensile modulus with 

radiation doses. Thus E-beam irradiation also helps to improve these tensile properties of 

PLA/PEGM blend and PLA/PEGM/HBN blend-composites. 

 

Fig. 4.4 The notched impact strength of unirradiated and E-beam irradiated neat PLA, 

PLA/PEGM blend and PLA/PEGM/HBN blend-composites. 

 

Fig. 4.5 The yield strength and tensile modulus of unirradiated and E-beam irradiated neat 

PLA, PLA/PEGM blend and PLA/PEGM/HBN blend-composites. 
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The heat deflection temperature (HDT) is one of the important thermal properties of a 

polymer product applied in many aspects such as product design, engineering and 

manufacture of products. It is also known as heat resistant index (an index of strength i.e. 

elastic modulus at high temperature). Thus, the HDT of unirradiated and E-beam irradiated 

PLA, PLA/PEGM blend and PLA/PEGM/HBN blend-composites are measured and shown in 

Fig. 4.6. It can be observed from Fig. 4.6, the unirradiated samples viz., neat PLA, 

PLA/PEGM blend, PLA/PEGM/HBN 1 phr, PLA/PEGM/HBN 5 phr and PLA/PEGM/HBN 

10 phr show 52.60 °C, 51.90 °C, 54.50 °C, 53.90 °C and 51.00 °C respectively. The Fig. 4.6 

elucidates the E-beam irradiation significantly improves the HDT of neat PLA, PLA/PEGM 

blend and PLA/PEGM/HBN blend-composites. This improvement can be attributed to the 

establishment of the polymer chain branching and improvement in crystallinity with the 

application of E-beam irradiation [121,143]. The E-beam irradiated PLA/PEGM/HBN 5 phr 

blend-composite shows the highest value of HDT i.e. 58.80 °C at a low dose (20 kGy) among 

all unirradiated and E-beam irradiated samples. 

 

Fig. 4.6 The heat deflection temperature (HDT) of unirradiated and E-beam irradiated neat 

PLA, PLA/PEGM blend and PLA/PEGM/HBN blend-composites.  
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4.2.4 Hydrolytic degradation 

The controlled degradation of PLA along with good mechanical and thermal 

properties is indispensable to promote it's various biomedical, commercial and agriculture 

applications. Some of its applications favor fast hydrolytic degradation rate, however, in other 

applications stability of the product over a long time is desirable [118,148,153]. The blending 

of PLA with other polymers and additives affect its hydrolytic degradation rate. In the present 

chapter, the effects of blending of PEGM and further incorporation of HBN particles on 

hydrolytic degradation of PLA were studied. The weight loss (%) was estimated by exploiting 

the Eq. 2.11 (chapter 2). After the first week of immersion into the PBS, all the specimens 

have shown small weight gain because of moisture absorbed during the process. This can be 

attributed to the high diffusion rate of water molecules into specimens during initial days of 

the test. After the second week of the hydrolytic degradation test, the weight loss by neat PLA 

and PLA/PEGM blend and PLA/PEGM/HBN blend-composites were observed 

gravimetrically and visually (Fig. 4.7). The weight loss by all specimens is increasing with 

degradation time. The neat PLA hydrolyzed rapidly and showed maximum weight loss after 

four weeks of test. However, it can be noticed that the reactive blending of PLA with PEGM 

significantly controlled its hydrolytic degradation rate (Fig. 4.7). It is reported that PLA 

hydrolyzes into low molecular weight water-soluble oligomers and the hydrolytic degradation 

of PLA takes place due to the presence of hydrolyzable ester functional groups in its 

backbone [15,114,118]. Hence, hydrolysis of ester linkages of PLA and its blend samples 

leads to the formation of low molecular weight water-soluble oligomers and shown the weight 

loss. The hydrolysis of PLA has been assumed to be self-catalyzed and self-maintained 

process due to the catalytic action of its carboxylic acid terminal groups [114,118,154,155]. 

The reactive blending of PLA with PEGM leads to the formation of PLA/PEGM graft 

copolymer, through epoxide ring-opening mechanism in which carboxylic terminal group 

PLA is more prone to react with an epoxide group of PEGM has been studied by using FTIR 

and 
1
H NMR studies in the previous chapter. This results decrement in the carboxylic terminal 

group in the resulting PLA/PEGM blend and suppressed the self-catalyzed action of PLA. 

Hence, significantly retard the hydrolytic degradation of PLA. Moreover, Fig. 4.7 also shows 

that after 14 days of immersion period the PLA/PEGM/HBN 1 phr and PLA/PEGM/HBN 5 

phr have slightly more weight loss percentage as compared to PLA/PEGM blend. This is due 

to the addition of HBN particles among PLA/PEGM to prepare blend-composites induced 

small chain breakage which initially helps to slightly more degradation of the specimens. 

However, the PLA/PEGM/HBN 10 phr blend-composite have less weight loss percentage as 
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compared to PLA/PEGM blend because of the least interaction of HBN particles and polymer 

chains. Further, after third and fourth weeks of immersion study, the PLA/PEGM/HBN blend-

composites have shown less weight-loss percentage as compared to PLA/PEGM blend. The 

weight loss percentage with degradation time is decreased with increasing the concentration 

of HBN particles. This could be attributed to the high physical and chemical interaction of 

HBN particles in the blend-composites with the hydroxyl and hydrogen ions of immersion 

medium. Such kind of interaction has been studied and reported in the literature [129,156]. 

Thus the availability of water molecules of immersion media to hydrolyzable ester linkage of 

PLA chains in PLA/PEGM/HBN blend-composites was reduced and hence shown the more 

stability, decrement in the weight loss percentage, as compared to PLA/PEGM blend. The 

increase in the concentration of HBN particles causes more interaction and least availability 

of hydroxyl and hydrogen ions of immersion media and hence the weight loss percentage of 

the specimens was decreased with increasing concentration of HBN particles in blend-

composites. 
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(a) 

 

(b) 

Fig. 4.7 Hydrolytic degradation of neat PLA, PLA/PEGM blend and PLA/PEGM/HBN blend-

composites, (a) weight loss percentage (b) optical images of hydrolyzed samples, with 

degradation time in PBS at 58ºC. 

The effect of electron beam (E-beam) irradiation on hydrolytic degradation of 

PLA/PEGM blend and PLA/PEGM/HBN blend-composites has also been studied and the 

results are shown in Fig 4.8. Fig. 4.8 shows that at 20 kGy dose the degradation process starts 



Chapter 4 

___________________________________________________________________________ 

 

75 
 

earlier for E-beam irradiated PLA/PEGM blend and blend-composites as compared to 

unirradiated blend and blend-composites. The weight loss percentage is significantly 

increased with the E-beam irradiation for PLA/PEGM blend and all blend-composites (Fig. 

4.8). The E-beam irradiation of blend and blend-composites leads to the polymer chains 

scission, asserted by DSC analysis. The polymer chains scission assists the water diffusion in 

the polymer matrix and accelerated the hydrolytic degradation. The E-beam irradiated 

PLA/PEGM/HBN 5 phr blend-composite at 100 kGy shows the fast degradation and 

maximum weight loss (Fig. 4.9). The E-beam irradiated PLA/PEGM/HBN 5 phr blend-

composites also show the good yield strength, better tensile modulus, HDT and high notched 

impact strength at 60 kGy and 100 kGy as compared to other E-beam irradiated blend and 

blend-composites. 

 

Fig. 4.8 The effect of E-beam irradiation, at 20 kGy dose, on hydrolytic degradation of 

PLA/PEGM blend and PLA/PEGM/HBN blend-composites. 
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Fig. 4.9 The hydrolytic degradation of neat PLA, PLA/PEGM/HBN 5 phr and 

PLA/PEGM/HBN 5 phr-100 kGy blend-composites.  

4.3 Conclusions 

The good impact strength and controlled degradation rate of PLA is essential for 

various commercial and medical applications. As reported in the previous chapter, the 

blending of PEGM with PLA reduces the brittleness, improves the toughness; decreases the 

tensile modulus, yield strength and HDT of PLA. The improvement in the HDT was obtained 

with the incorporation of HBN particles without sacrificing other properties. In the present 

work, an attempt has been made to optimize the mechanical, thermal and hydrolytic 

degradation properties with the help of E-beam irradiation. The E-beam irradiation 

significantly improves the mechanical properties and HDT of PLA/PEGM/HBN 5 phr and 10 

phr blend-composites. The E-beam irradiated PLA/PEGM/HBN 5 phr blend-composites show 

high notched impact strength, HDT and other tensile properties as compared to other E-beam 

irradiated blend and blend-composites. It is also found that the blending of PEGM with PLA 

and incorporation of HBN particles significantly controlled the hydrolytic degradation of 

PLA. However, the E-beam irradiation of blend and blend-composites enhance the 

degradation rate of irradiated blend and blend-composites. The E-beam irradiated 

PLA/PEGM/HBN 5 phr blend-composite has shown the maximum impact strength at 100 

kGy and also exhibits fast degradation rate. Hence, it can be concluded that the reactive 

blending and further incorporation of HBN particles (at low concentration i.e. 1 phr) help to 
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improve the mechanical, thermal properties of PLA and also control its hydrolytic degradation 

which is useful for the applications that require the good mechanical properties and stability 

over a long period of time. In contrast to it, the E-beam irradiated blend-composites 5 phr and 

10 phr are useful for applications that need good mechanical properties and fast hydrolytic 

degradation rate. 

 

 

 

 

 

 

 



 

 
 

Chapter 5 

In-situ compatibilization of a bio-based poly (lactic 

acid)/lignin blend for better mechanical, thermal and 

degradation properties 

 

In this chapter, the lignin (LG) is blended with poly (lactic acid) (PLA) to develop green 

plastic. However, the blending of lignin with PLA leads to incompatible blend with poor 

mechanical and thermal properties. Hence, in the present work, a green and simple approach 

is employed to make PLA/LG compatible blend with high lignin percentage (5 and 20%). The 

E-beam irradiated lignins having different absorbed dosages are blended with two different 

percentages 5 and 20 with PLA in the presence of 3phr triallyl isocyanurate (TAIC). FTIR 

and DSC studies have confirmed the formation of PLA-TAIC-Lignin crosslinked structures 

which act as an interface between the dispersed lignin phase and PLA matrix and hence 

improved their compatibility in the resulting blend. The compatibility of resulting blends was 

further validated by the morphology study, Glass transition temperature (Tg) behavior of 

PLA/LG blends and by observing the significant improvement in the mechanical, thermal and 

hydrolytic degradation properties. 

Publication:  

1.  Ashish Kumar, T.Venkatappa Rao, S. Ray Chowdhury, S.V.S Ramana Reddy, “A green 

physical approach to compatibilize a bio-based poly (lactic acid)/lignin blend for better 

mechanical, thermal and degradation properties”, International Journal of Biological 

Macromolecules 121, 588-600 (2019) (Impact Factor 3.929). 
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5.1 Introduction 

Lignin, as it is the second most inexhaustible and low cost biopolymer [19], can be 

used as an additive to manufacture new kind of plastics [23,157–159]. Also, lignin can be 

used as a natural antioxidant additive for plastics and helps to prevent the UV light 

degradation has been reported in the literature [160–162]. Thus several authors have been 

exploited lignin as an additive for PLA to reduce its price and get a significant economic gain 

in the plastic industry [23,24,26,84]. However, due to the strong intermolecular interaction of 

lignin molecules caused by the availability of an ample number of polar functional groups 

leads to the poor miscibility of lignin into PLA/lignin blend and hence severely decrease the 

mechanical properties of PLA [19,23,28,160]. Thus, generally, the chemical modification of 

lignin before incorporation to PLA has been reported in the literature.  Jalel Labidi et al. 

chemically modified the lignin by employing the acetylation process and blended it with PLA 

[24]. They reported that the acetylation of lignin assists to improve the compatibility of lignin 

with PLA into PLA/Lignin blend which shows the improvement in thermal degradation 

temperature, hydrolytic degradation, and contact angle. However, the mechanical properties 

were decreased at high concentration (from 5% onward) of lignin even with acetylated lignin. 

Further, E. S. Sattely et al. have synthesized lignin-lactide copolymer and reported that it can 

be employed as dispersion modifier in PLA/lignin-lactide composite. They observed the 

improvement in the mechanical properties at low concentration of lignin i.e. 0.9 wt %, 

however, the decrement in the mechanical properties was noticed as the concentration was 

changed to 4.4 wt % [26]. Recently, Y. Liu et al. also synthesized and characterized 

dodecylated lignin-g-PLA graft copolymer and used it for significant toughening of PLA [85]. 

They incorporate this graft copolymer to PLA and found the significant improvement in 

elongation at break, tensile strength and Young’s modulus at low lignin % (w/w) (i.e. 1.8 %). 

However, the significant decrement was observed in the elongation at break, as the 

concentration of lignin-g-PLA graft copolymer was increased, with the increment in lignin % 

(w/w) (i.e. 4.5 %). R. Liu et al. synthesized lignin-graft-PLA copolymers and further blended 

these copolymers with PLA upto 10 % (w/w) to improve the miscibility of resulting blend 

[163,164]. Hence, lignin-g-PLA graft copolymer also limits the toughening of PLA at low 

concentration of lignin. Thus from the above findings, it can be noticed that the chemical 

modification of lignin to compatibilize PLA/lignin blend is useful at low concentration of 

lignin and it also involves the cumbersome steps i.e. acetylation, grafting and then blending 

with PLA. Hence, the present work deals with the new green and simple approach, which was 

not reported earlier in the literature, to a significant compatibilization of PLA/LG blend even 
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with high lignin percentage i.e. 5% and 20% (w/w). In this approach, Kraft lignin was first 

irradiated to the electron beam with three different doses 30 kGy, 60 kGy and 90 kGy. Then 

electron beam (E-beam) irradiated lignins were blended with PLA with two different 

percentages (5% and 20%) along with the triallyl isocyanurate (TAIC) as 3 phr (parts per 

hundred) to prepare PLA/LG blends. The 3 phr concentration of TAIC is most effective for 

crosslinking reaction was reported in the literature[55,56]. The E-beam irradiation of lignin 

generates the peroxy radicals and poly-conjugated radicals which are stable up to high 

temperature i.e. 403K to 453K was confirmed by ESR, FTIR  in previous studies [165]. These 

free radicals present in the irradiated lignin can initiate the reaction with TAIC and then 

resulting polymer molecules further react with the PLA chains [55,56,60,155], as per 

proposed reaction mechanism, which leads to the formation of PLA-TAIC-Lignin crosslinked 

structures. These crosslinked structures act as an interface between PLA and lignin phases and 

hence improve their miscibility in the resulting blend. The validity of the proposed possible 

reaction mechanism and compatibility of PLA/LG blends have been evidenced by FT-IR, 

DSC and SEM analysis. The significant improvement in the mechanical and thermal 

properties is noticed in the case of PLA/LG blends having E-beam irradiated lignin as 

compared to PLA/LG blends having unirradiated lignin. Further, the hydrolytic studies of 

prepared PLA/LG blends also reveal that the blending of E-beam irradiated lignin with PLA 

along with TAIC restricts the hydrolytic degradation of PLA as compared to the simple 

blending of virgin lignin with PLA. The PLA/LG blend having 5% E-beam irradiated lignin 

with 30 kGy absorbed dose shows slightly more impact strength, elongation at break, HDT 

and less hydrolytic degradation as compared to pure PLA without scarifying any other 

mechanical properties significantly.  

The details of experimental setup and method used to prepare the PLA/lignin blend are 

given in the Chapter 2, Section 2.2.1.2. All the blends having a different percentage of lignin 

(unirradiated and E-beam irradiated lignin) are designated and tabulated in Table 5.1. 
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Table 5.1 

Nomenclature and compositions of sample.  

Composition name  Percentage 

of PLA  

(%) 

Percentage 

of lignin 

(%) 

E-beam dose 

absorbed by lignin 

(kGy) 

Addition of 

TAIC as part 

per hundred 

(phr) 

PLA 100 0 0 0 

PLA/LG-5% 95 5 0 0 

PLA/LG-20% 80 20 0 0 

PLA/LG-5% 30 kGy 95 5 30 3 phr 

PLA/LG-20% 30 kGy 80 20 30 3 phr 

PLA/LG-5% 60 kGy 95 5 60 3 phr 

PLA/LG-20% 60 kGy 80 20 60 3 phr 

PLA/LG-5% 90 kGy 95 5 90 3 phr 

PLA/LG-20% 90 kGy 80 20 90 3 phr 

5.2 Results and Discussion 

5.2.1 FT-IR analysis of unirradiated and E-beam irradiated lignin  

Lignin is a natural biopolymer which is produced from monolignols viz. guaiacyl 

alcohol (G), syringyl alcohol (S) and p-coumaryl alcohol (H) by the dehydrogenative 

polymerization in plants [19]. The several characteristic absorption peaks correspond to lignin 

structure can be seen in the normalized FTIR spectra (Fig. 5.1). Both unirradiated and E-beam 

irradiated lignins show a broad intense O-H stretching peak of the hydroxyl group at         

3422 cm
-1

 and 3434 cm
-1

 respectively. Further, C-H stretching peaks at 2935 cm
-1

 and       

2850 cm
-1

 correspond to methyl and methylene groups respectively. The characteristic 

absorption peaks at 1597 cm
-1

, 1509 cm
-1

 belong to C=C of aromatic skeletal vibrations and 

the absorption peak at 1464 cm
-1

 attributable to C-H deformation of methyl and methylene 

groups in the lignin molecules. The aromatic ring breathing at 1266 cm
-1

; aromatic C-H in-

plane deformation at 1137 cm
-1

 (S) and 1041 cm
-1

 (G˃S)  and C-C stretching peak at         

1215 cm
-1

 were observed [24,25,166]. In the structure of commercial lignin guaiacyl units (G) 

are greater than syringyl units (S). The E-beam irradiation of lignin has shifted the absorption 

peak of hydroxyl group towards the high absorption frequency can be seen from Fig. 5.1a and 

broadness of hydroxyl peak also decreased in the case of E-beam irradiated lignin (Fig. 5.1b). 
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It should be attributed to the decrement of hydrogen bonding among lignin molecules with E-

beam irradiation because weaker the hydrogen bonding, greater is the absorption peak shift 

towards high absorption frequency. The relative intensities of absorption peaks correspond to 

aromatic and aliphatic groups of lignin decrease in the case of E-beam irradiated lignin as 

compared to unirradiated lignin (Fig. 5.1b). This could be due to the involvement of some of 

these structural groups of lignin in the formation of free radicals [165,167],  as per the 

proposed reaction mechanism.  

 

Fig. 5.1 Normalized FTIR spectra of unirradiated and E-beam irradiated lignin (a) 

representation of characteristic absorption peaks of lignin structure (b) comparison of relative 

intensities of absorption peaks. 

5.2.2 Interfacial compatibilization through in-situ formed PLA-TAIC-

Lignin structures  

FTIR spectra of neat PLA and all PLA/LG blends are shown in Fig. 5.2 and 5.3. All 

the important wavenumbers are depicted in the normalized FTIR spectra. For quantitative 

evaluation, the normalized absorption peak intensities corresponding to some important 

wavenumbers are also depicted in Fig. 5.2 and Fig. 5.3. The peaks at about 1757 cm
-1

 and 

1184 cm
-1

 correspond to C=O stretching and C-O-C asymmetric stretching of PLA 

respectively [55,98,168]. Further, the peaks at 3656 cm
-1

 and 3501 cm
-1

 belong to O-H 
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stretching of hydroxyl and carboxylic acid terminal groups of PLA, respectively. The other 

characteristic peaks of PLA are reported in our previous studies [168]. 

The direct blending of lignin with PLA leads to polymer chain scission at the C-O 

linkage can be asserted by observing decrement in the C-O-C peak intensity of PLA/LG-5% 

blend as compared to neat PLA (Fig. 5.2b). It occurs because C-O-C linking units are reduced 

due to polymer chain scission. The C=O stretching peak shift to lower absorption frequency 

i.e. 1752 cm
-1

 and new peak corresponds to C=C at 1631cm
-1

 was also noticed in case 

PLA/LG-5% blend. This is due to the PLA chain scission at C-O linkage disproportionate and 

two small polymer chains having carboxylic acid (-C (O)-OH) and alkenes (CH2=C (O)-) 

terminal groups are formed [58]. These alkenes (CH2=C (O)-) terminal groups form 

conjugation with C=O (carbonyl) groups of PLA backbone and hence lower its absorption 

frequency due to inductive effect [96]. The small increment in the O-H peak intensity of 

carboxylic acid terminal group was also found in the case of PLA/LG-5% blend. This is 

because the PLA polymer chain scission at C-O linkage leads to decrement in the polymer 

chain length and hence increases the carboxylic acid terminal groups [58]. FTIR spectra of 

PLA/LG-5% 30 kGy (Fig. 5.2c) blend exhibit new absorption peaks at 1698 cm
-1

 and 1631 

cm
-1

 correspond to C=O stretching and C=C stretching respectively of TAIC molecule [169]. 

The blending of PLA and 5% E-beam irradiated lignin having 30 kGy absorbed dose along 

with TAIC resulted in the suppression of carbonyl C=O peak, C-O-C peak as well as a small 

decrement in the O-H peak intensity (shown in Fig. 5.2c). The PLA/LG-5% 30 kGy blend 

also does not show any shift of C=O absorption peak of PLA from its original value i.e. at 

1757 cm
-1

. This can be attributed to the evolution of the covalent bond between PLA, TAIC, 

and E-beam irradiated lignin [170]. The cause of formation of covalent bonds is further 

elucidated, as the E-beam irradiated lignin owns peroxy and poly-conjugated radicals were 

confirmed by the EPR (electron paramagnet resonance spectroscopy) and FTIR analysis in 

previous studies [165,167,171]. These lignin radicals above glass transition temperature gain 

the thermal energy and react with TAIC molecules and breaks the double bond of allyl groups 

of TAIC and from two kinds of radical sites [55,57]. The addition of E-beam irradiated lignin 

to PLA leads to polymer chain scission at the C-O linkage of PLA and produce radical sites at 

PLA polymer chains viz., (R-C (O)-O
•
) and (-

•
CH (CH3)-C (O)-R), R represents the 

remaining polymer chain [58,172,173]. At the same time, R-C (O)-O
•
 and (-

•
CH (CH3)-C (O)-

R) units of PLA after chain scission combine with the radical site of TAIC generated after 

reaction with lignin radicals and form a PLA-TAIC-Lignin crosslinking structure. The 

possible reaction mechanism of in-situ formation of PLA-TAIC-Lignin crosslinking structure 



Chapter 5 

___________________________________________________________________________ 

 

84 
 

is depicted in Fig. 5.4. Hence, it is clear that the radical sites at PLA polymer chains formed 

due to the addition of E-beam irradiated lignin did not undergo disproportionation as in the 

case of PLA/LG-5% blend. This could be, further, asserted by observing no peak shift of C=O 

stretching in the case of PLA/LG-5% 30 kGy blend. These crosslinking structures act as an 

interface between PLA and Lignin phases in PLA/LG-5% 30 kGy blend and hence improve 

the compatibility between two phases.  

Moreover, the PLA/LG-5% 60 kGy and PLA/LG-5% 90 kGy blends show the 

increment in the absorption peak intensities of C=O stretching (of PLA) and hydroxyl group 

(O-H) stretching which is increasing with the addition of high dose E-beam irradiated lignin 

(Fig. 5.2d and e). The decrement in the (C=C) stretching of TAIC was also observed with the 

addition of high dose E-beam irradiated lignin. The FTIR spectra of PLA/LG-5% 90 kGy 

(Fig. 5.2e) blend shows the extinction of (C=C) stretching peak belongs to TAIC. The poly-

conjugated and peroxy radicals of E-beam irradiated lignin increases with increasing absorbed 

dose were asserted by EPR analysis in the previously reported studies [165,167]. The 

presence of excess lignin radicals in the case of  PLA/LG-5% 90 kGy blend leads to cleavage 

of all allyl (C=C) bonds of TAIC molecules followed by lignin self-crosslinking and hence 

reduce the formation of PLA-TAIC-lignin crosslinking structure. This results in a decrement 

in the compatibility between PLA and lignin in case of high dose absorbed E-beam irradiated 

PLA/LG blend as compared to low dose absorbed E-beam irradiated PLA/LG blend. 

The effect of increasing concentration of E-beam irradiated lignin on the compatibility 

of PLA/LG blend is also studied. The FTIR spectrum of PLA/LG-20% 30 kGy blend was 

depicted in Fig. 5.3. The addition of E-beam irradiated lignin in high percentage (i.e. 20%), to 

prepare PLA/LG-20% 30 kGy, leads to the increment in peak intensity of C=O group 

(carbonyl group of PLA) as compared to PLA/LG-5% 30 kGy and disappearance of C=C 

group of TAIC can be evidently seen from the inset of Fig. 5.3. This could be due to 

increasing concentration of E-beam irradiated lignin in the resulting blend increase the 

number of lignin free radicals. The presence of excess lignin radicals induce lignin self-

crosslinking and hence reduce the formation of PLA-TAIC-lignin crosslinking structure as 

observed in the case of PLA/LG-5% 90 kGy blend. Hence, the compatibility between PLA 

and lignin in PLA/LG blend is also decreased with increasing concentration of E-beam 

irradiated lignin. 
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Fig. 5.2 Normalized FTIR spectra of pure PLA and PLA/LG blends: (a) Virgin PLA, (b) 

PLA/LG-5%, (c) PLA/LG-5% 30 kGy, (d) PLA/LG-5% 60 kGy and (e) PLA/LG-5% 90 kGy. 

 

Fig. 5.3 Normalized FTIR spectra of neat PLA, PLA/LG-5% 30 kGy and PLA/LG-20% 30 

kGy blends. 
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Fig. 5.4 A possible reaction mechanism for the in-situ formation of PLA-TAIC-Lignin 

crosslinked structure. 

5.2.3 Thermal properties 

The non-isothermal DSC experiment is conducted to observe the effect of the addition 

of unirradiated and E-beam irradiated lignin on thermal transition properties of blends. Fig. 

5.5 shows the non-isothermal transition curves of PLA/LG blends having unirradiated and E-

beam irradiated lignin with two different concentrations. Thermal transition data i.e. glass 

transition temperature (Tg), cold crystallization temperature (Tcc), cold crystallization enthalpy 

(ΔHcc), melting temperature (Tm), melting enthalpy (ΔHm) and percentage of crystallinity (Xc) 
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(Eq. 2.5) corresponding to each curve is tabulated in Table 5.2. The non-isothermal DSC scan 

of neat PLA with similar scanning method was studied and reported in our previous report 

[168]. The midpoint (midpoint type: half height) of glass transition event was considered as 

the Tg. Further, the onset temperature of crystalline and melting peaks was defined as the Tcc 

and Tm respectively. The complex structure of lignin consists of rigid phenol moieties 

involves the hydrogen bonding leads to the self-interactions of lignin molecules. The self-

interaction among the lignin molecules and presence of condensed rigid phenolic moieties 

restrict the local segmental motion of the lignin molecules which results in high Tg of lignin 

i.e.~ 150-165 °C [23,26] as compared to the PLA. Two melting peaks were observed in the 

case of neat PLA and PLA/LG blends can be attributed to the two different crystalline phases 

formed during crystallization and re-crystallization stages [24,98,168]. 

 

Fig. 5.5 DSC thermograms of injection molded PLA/LG blends with two different 

concentration of unirradiated and various E-beam dose absorbed lignin. 

The blending of unirradiated lignin with PLA results decrement in the Tg and Tm of 

resulting blends (i.e. PLA/LG-5% and PLA/LG-20%) as compared to neat PLA can be seen in 

Table 5.2. The diminution of Tg is token of week favorable interaction between the blend 

components [174]. The decrement in the Tg and Tm was observed with increasing the 

unirradiated lignin percentage in the blend. This is due to the addition of lignin leads to the 

PLA chains scission followed by a shortening of PLA chains length, asserted by FTIR study. 

As a consequence, it facilitates the local segmental chain motions and also polymer chains 

mobility upon melting. Further, the Tg of PLA/LG-5% 30 kGy blend is shifted to a higher 
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temperature as compared to neat PLA, it can be attributed to the in-situ formation of PLA-

TAIC-Lignin crosslinked structure [132,175]. The presence of the crosslinked structure also 

impeded the mobility of PLA chains and interfered with the crystallization process [55]. 

Hence, the Tcc of PLA/LG-5% 30 kGy blend shifted to a higher temperature and also showed 

the low percentage of crystallinity (Xc) as compared to neat PLA. The formation of PLA-

TAIC-Lignin crosslinked structures, during melt blending in the case of PLA/LG-5% 30 kGy 

blend was also asserted by FTIR study, acts as an interface between PLA and lignin phases 

and hence improved their compatibility. The PLA/LG-5% 60 kGy and PLA/LG-5% 90 kGy 

blends were shown nearly the same Tg as neat PLA. This was due to the blending of PLA with 

E-beam irradiated lignin with higher absorbed radiation doses slow down the formation of 

PLA-TAIC-Lignin crosslinked structure and hence decreased the compatibility, confirmed by 

FTIR study. The PLA/LG-20% 30 kGy blend also showed the higher Tg, Tcc, and Tm as 

compared to PLA/LG-20% blend indicating the better compatibility of PLA and Lignin 

phases in PLA/LG-20% 30 kGy blend as compared to PLA/LG-20% blend. 

The further information about the miscibility and quality of interaction between the 

PLA and lignin phases of PLA/LG blends is obtained by exploiting the Gordon-Taylor 

equation[174,176] given below 

 
𝑇𝑔 =

∅1 𝑇𝑔1 + 𝐾∅2 𝑇𝑔2  

∅1 + 𝐾∅2
    5.1 

 

Here Tg
1
, Tg

2
 ~150 °C [26] and Tg are the glass transition temperature of PLA, lignin and 

PLA/LG blend respectively. Ø1 and Ø2 are weight fraction of PLA and lignin respectively. K 

indicates the quality of interaction and miscibility of blend components. 

The value of K for PLA/LG-5%, PLA/LG-20% and PLA/LG-5% 30 kGy, PLA/LG-

20% 30 kGy blends was calculated from the experimental data. The values of K for PLA/LG-

5%, PLA/LG-20% and PLA/LG-5% 30 kGy, PLA/LG-20% 30 kGy blends are -0.17, -0.03 

and 0.16 and 0.11 respectively. The PLA/LG blends have E-beam irradiated lignin with 30 

kGy absorbed dose posses’ better miscibility and strong intermolecular interaction between 

PLA and lignin phases as compared to PLA/LG blend having unirradiated lignin. This is 

because the more the value of K the stronger the interactions among the blend components 

and hence better their miscibility [174,176,177]. 
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Table 5.2 

Thermal transition data of neat PLA, PLA/LG blends having unirradiated and E-beam 

irradiated lignin. 

Sample name  Tg 

(°C)  

  

(Tcc) 

(°C)  

(ΔHcc) 

(J/g) 

 

(Tm)  

(°C) 

(ΔHm) 

(J/g) 

 

(Xc) 

(%) 

PLA 55.4 96.0 48.05 145.8,154.0 52.75 5.05 

PLA/LG-5% 54.5 100.7 28.88 140.5,148.1 36.28 8.62 

PLA/LG-20% 46.0 93.9 18.92 123.3,132.7 22.37 4.77 

PLA/LG-5% 30 kGy 56.2 103.7 32.18 143.3,152.0 35.82 4.24 

PLA/LG-20% 30 kGy 49.0 95.9 21.55 131.5,140.7 28.97 10.26 

PLA/LG-5% 60 kGy 54.6 100.2 26.77 141.8,150.2 32.18 6.31 

PLA/LG-20% 60 kGy 50.7 97.9 25.17 134.6,144.0 31.55 8.83 

PLA/LG-5% 90 kGy 55.3 98.9 23.25 142.3,151.0 28.15 5.71 

PLA/LG-20% 90 kGy 53.7 100.4 21.05 138.0,147.7 27.17 8.47 

5.2.4 X-ray diffraction 

Fig. 5.6 illustrates the WAXD measurements of all PLA/LG blends. The diffraction 

pattern of neat PLA with similar scanning method is studied and reported in our previous 

report [168]. The PLA/LG blends with 5% unirradiated and E-beam irradiated lignin have 

shown the same large broad halo amorphous peak at 2θ = 16.5° and around 10.0° to 25.0° 

(Fig. 5.6a) as the neat PLA [168]. It can be attributed to the poor crystallinity of PLA in the 

PLA/LG blends with 5% unirradiated and E-beam irradiated lignin. However, PLA/LG-20% 

30 kGy blend which was shown high crystallinity, exhibits the typical crystalline peak of PLA 

at 2θ = 16.5° (Fig. 5.6b), corresponds to (110) planes [12,132,163]. The results are in 

agreement with the DSC results. Hence, blending of unirradiated and E-beam irradiated 

lignins with PLA have not improved the crystallinity of PLA in the resulting blends, 

significantly. 
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Fig. 5.6 XRD patterns of PLA/LG blends with two different concentration of unirradiated and 

various E-beam dose absorbed lignin. 

5.2.5 Morphology  

The morphology of PLA/LG blends containing unirradiated and E-beam irradiated (30 

kGy dose) lignin was studied by cryogenically fractured surfaces of PLA/LG blend 

specimens. The blending of lignin with the PLA, i.e. PLA/LG-5%, leads to the heterogeneous 

and ruptured structure because of the immiscibility of lignin into PLA matrix [178] can be 

observed in Fig. 5.7a. This cause the large weaken space within the resulting blend and hence 

severely affect its mechanical properties. However, the blending of E-beam irradiated lignin 

(5%) along with TAIC (3phr) improves the miscibility of lignin into the PLA matrix. This can 

be asserted by observing the continuous phase, less distinct phase separation and diminishes 

of rifts [170] in the case of PLA/LG-5% 30 kGy blend (Fig. 5.7b). The addition of E-beam 

irradiated lignin to high percentage i.e. 20% also shows the crack formation as observed in 

case of PLA/LG-20% 30 kGy blends (Fig. 5.7c). Hence, it can be asserted that the 

incorporation of E-beam irradiated lignin to high percentage also reduces the compatibility 

between PLA and lignin in the resulting blend. Further, the high magnified cryo-fractured 

surfaces of PLA/LG-5% 30 kGy and PLA/LG-20% 30 kGy blends (Fig. 5.8) show that the 

addition of E-beam irradiated lignin at high percentage (i.e. 20%) leads to poor miscibility 

which can be asserted by observing particle appearance and agglomeration of particles      

(Fig. 5.8b). However, the addition of E-beam irradiated lignin with a low percentage (i.e. 5%) 
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shows good miscibility (Fig. 5.8a). The results are consistent with the earlier discussed FTIR 

and DSC results. 

 

Fig. 5.7 SEM images of cryofractured PLA/LG blends: (a) PLA/LG-5%, (b) PLA/LG-5% 30 

kGy and (c) PLA/LG-20% 30 kGy. The scale bar is 10 µm. 

 

Fig. 5.8 High magnified SEM images of cryo-fractured PLA/LG blends: (a) PLA/LG-5% 30 

kGy and (b) PLA/LG-20% 30 kGy. The scale bar is 2 µm. 
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Fig. 5.9 SEM images of notched impact fracture surfaces of PLA/LG blends: (a) PLA/LG-5% 

and (b) PLA/LG-5% 30 kGy. The scale bar is 5 µm. 

5.2.6 Mechanical properties  

The blending of lignin with PLA increases the bio-content and assists to reduce the 

cost of the final product.  In general, the blending of lignin with PLA significantly decreases 

the yield strength, elongation at break, impact strength and tensile modulus of the blend. The 

mechanical properties of PLA/LG blend become worsen with the insertion of a high 

percentage of lignin (i.e. 20 %) has been observed by many authors [24,84,85,179]. These 

authors claimed that the incorporation of lignin with high percentage impedes the formation 

of long rage continuous phase of PLA which results in a drastic decrement in the mechanical 

properties of resulting blend. In the present work, the mechanical properties of neat PLA and 

PLA/LG blend having unirradiated and E-beam irradiated lignin were tested and shown in 

Fig. 5.10. The corresponding data is given in Table 5.3. It can be noticed from the Fig. 5.10, 

the addition of unirradiated lignin significantly reduce the yield strength, elongation at break, 

notched impact strength and tensile modulus. The decrement in these properties is more 

prominent with increasing the percentage of lignin content in the resulting blend. This is due 

to the immiscibility and poor interfacial interaction between the dispersed lignin phase and 

PLA matrix as observed in SEM, DSC and FTIR studies. The flexural modulus is slightly 

increased with the addition of lignin. These results are consistent with the previous findings 

[24,84]. The addition of E-beam irradiated lignin along with TAIC (3phr) significantly 

improved the mechanical properties of PLA/LG blends as compared to blends having 

unirradiated lignin. This is because of good miscibility and improved interfacial interaction of 

dispersed lignin phase and PLA matrix determined by FTIR and SEM studies in the case of 
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PLA/LG blends consisting of PLA, E-beam irradiated lignin and TAIC. Fig. 5.10a shows the 

significant improvement in the yield strength of PLA/LG-5% 30 kGy, 60 kGy, 90 kGy blends 

as compared to the PLA/LG-5% blend; and also PLA/LG-20 % 30 kGy, 60 kGy, 90 kGy 

blends as compared to PLA/LG-20% blend. Among all the blends, the PLA/LG-5% 30 kGy 

blend shows significant enhancement in the elongation at break and notched impact strength 

and these values are still slightly more as compared to pure PLA (Fig. 5.10c and d). This can 

be attributed to the formation of PLA-TAIC-Lignin crosslinking structures which act as an 

interface between the dispersed lignin and PLA matrix lead to better compatibility between 

them. The neat PLA exhibits brittle fracture (smooth fracture surface) morphology with 

scanty distortions [132]. Fig. 5.9a reveals that the PLA/LG-5% blend also shows the brittle 

fracture morphology and hence absorbed low impact energy. However, the PLA/LG-5% 30 

kGy blend exhibits the rougher morphology (Fig. 5.9b) and sufficient distortions as compared 

to PLA/LG-5% blend and neat PLA, indicating the enhanced impact strength through soaking 

up more impact energy [132,143]. 

The blending of PLA with E-beam irradiated lignin having high absorbed dose 

(containing more free radicals) decreases the compatibility between dispersed lignin phase 

and PLA matrix as discussed earlier in the FTIR studies. Hence, the decrement in yield 

strength, elongation at break and notched impact strength have been noticed in the case of 

PLA/LG-5% 60 kGy and PLA/LG-5% 90 kGy blends as compared to PLA/LG-5% 30 kGy 

(Fig. 5.10). The PLA/LG-20% 60 kGy and PLA/LG-20% 90 kGy blends have also shown the 

decrement in the mechanical properties as compared to PLA/LG-20% 30 kGy blend. Fig. 5.10 

also shows that for a particular radiation dose, the increasing concentration of E-beam 

irradiated lignin (from 5% to 20%) into the blend decrease the value of these properties. 

Because FTIR and SEM analysis of prepared blends have shown that increasing concentration 

of E-beam irradiated lignin into the resulting blend decrease the compatibility between lignin 

and PLA matrix. 

Fig. 5.10b shows that blending of unirradiated lignin at low percentage i.e. 5% with 

PLA slightly increases the tensile modulus of resulting blend as compared to neat PLA. 

Further, the blending of unirradiated lignin at high percentage i.e. 20% with PLA severely 

decreased the tensile modulus of resulting blend. Similar results were reported by other 

authors [24,170]. However, the blending of E-beam irradiated lignin at high percentage i.e. 

20% with PLA (along with TAIC) (i.e. PLA/LG-20% 30 kGy, PLA/LG-20% 60 kGy and 

PLA/LG-20% 90 kGy) significantly improved the tensile modulus of resulting blend (Fig. 

5.10b) as compared to PLA/LG blends having unirradiated lignin. Further, it can also be seen 
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from   Fig. 5.10e, PLA/LG blends with E-beam lignin irradiated lignin show an insignificant 

decrement in the flexural modulus as compared to PLA/LG blends with unirradiated lignin. 

Heat deflection temperature (HDT) is defined as the temperature at which the plastic 

sample deforms or loses its load bearing capacity under a specific load [95]. It is useful to 

know the heat resistance of the prepared polymer product, which can be defined as the ability 

of the material to maintain the desired properties at maximum service temperature. It is also 

known as temperature dependent flexural modulus. HDT of PLA depends on the degree 

crystallinity and crystallization behavior  [72]. The HDT of neat PLA and PLA/LG blend 

having unirradiated and E-beam irradiated lignin was measured and tabulated in Table 5.3. It 

can be seen from Table 5.3 that the neat PLA exhibit HDT (52.60 ± 0.45) °C. The blending of 

lignin with PLA increased the HDT of resulting blend as compared to virgin PLA. This can be 

attributed to the intermolecular hydrogen bonding between phenolic hydroxyl groups of lignin 

molecules with the carbonyl groups of PLA [23,180]. The PLA/LG blends having E-beam 

irradiated lignin have shown the less HDT as compared to the PLA/LG blends having 

unirradiated lignin. This is because the blending of E-beam irradiated lignin along with TAIC 

results in a decrement of the carbonyl groups and hydroxyl groups of resulting blend which is 

observed in the FTIR study. Hence, the intermolecular hydrogen bonding was reduced in the 

resulting blend which leads to the decrement in the HDT. 

Table 5.3 

Mechanical properties and heat deflection temperature (HDT) of neat PLA, PLA/LG blends 

having unirradiated and E-beam irradiated lignin. 

Sample name  Yield 

Strength 

(MPa) 

Tensile 

Modulus 

(MPa) 

Elongation 

at break 

(%) 

Notched  

Impact 

Strength 

(kJ/m
2
) 

Flexural 

Modulus  

(MPa) 

 HDT 

(°C) 

PLA 65.00±0.25 2300±25 5.76±0.44 2.65±0.32 3767±21 52.60±0.45 

PLA/LG-5% 28.00±1.22 2933±32 1.00±0.04 1.28±0.02 4052±37 56.55±0.35 

PLA/LG-20% 6.00±0.34 1422±272 0.58±0.19 0.97±0.04 4305±83 53.50±0.35 

PLA/LG-5% 30 kGy 50.00±0.25 2001±68 7.32±0.34 2.89±0.03 3516±67 54.40±0.30 

PLA/LG-20% 30 kGy 37.00±4.86 2826±70 1.49±0.35 2.31±0.33 3802±59 54.85±0.15 

PLA/LG-5% 60 kGy 48.00±0.38 2021±96 4.79±0.77 2.41±0.14 3414±57 54.56±0.55 

PLA/LG-20% 60 kGy 22.81±1.06 2767±9 0.73±0.20 2.15±0.36 3807±67 53.50±0.60  

PLA/LG-5% 90 kGy 43.81±1.07 2292±69 3.36±0.37 2.06 ±0.51 3714±55 55.55±0.55 

PLA/LG-20% 90 kGy 25.75±3.05 2366±61 1.21±0.17 2.29±0.57 3681±40 54.40±0.20 
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Fig. 5.10 Mechanical properties of PLA/LG blends: (a) Yield strength (b) Tensile modulus (c) 

Elongation at break (d) Notched Izod impact strength (e) Flexural Modulus.  



Chapter 5 

___________________________________________________________________________ 

 

96 
 

5.2.7 Hydrolytic degradation  

Fig. 5.11 shows that hydrolytic degradation of neat PLA and PLA/LG blends (having 

5 wt% unirradiated and E-beam irradiated lignin) samples as a function of degradation time. 

Fig. 5.12 depicts the hydrolytic degradation of PLA/LG blends (having 20% unirradiated and 

E-beam irradiated lignin) samples as a function of degradation time. The weight loss (%) was 

estimated by exploiting the Eq. 2.11 (chapter 2). The weight loss by each sample with 

degradation time is tabulated in Table 5.4. After the first week of immersion in the phosphate 

buffer solution (PBS), the PLA samples showed small weight gain may be due to soaked 

moisture because diffusion of water molecules during initial days of the test is high. This can 

also be asserted by observing the loss of transparency by PLA samples after one week of 

immersion in PBS; similar hydrolytic degradation behavior of neat PLA during initial days of 

the test was observed and reported by Jalel labidi et.al. [24]. After the second and consecutive 

weeks of immersion time, the neat PLA shows the noticeable weight loss percentage which 

increased with increasing the degradation time. Whereas all the PLA/LG blends show the 

small weight loss after the first week of immersion. The PLA/LG-5% blend (having 

unirradiated lignin) shows the more weight loss (6.71 ± 0.07 %) as compared PLA/LG-5% 30 

kGy blend (5.74 ± 0.24) after one week of the assay. It can also be noticed from Table 5.4 that 

the percentage weight loss by neat PLA, PLA/LG-5%, and PLA/LG-5% 30 kGy blends 

increasing with the increasing degradation time. The difference in the weight loss (%) 

between neat PLA and PLA/LG blends increase with increasing degradation time. After four 

weeks of the assay, the neat PLA has shown maximum weight loss (%) as compared to other 

prepared PLA/LG blends. It can be attributed to chemical hydrolysis of hydrolyzable ester 

linkage present in the backbone of PLA chains lead to the random chain scission of ester 

groups resulting in the decrement of the molecular weight [115,181]. The hydrolysis of PLA 

is self-catalyzed process due to the presence of carboxylic acid terminal groups of PLA and its 

oligomers. It leads to faster degradation of neat PLA [118]. The blending of lignin with PLA 

leads to decrement in the ester functional groups (ester linkage of PLA chains) in the resulting 

blend, determined by the FTIR analysis. Further, the hydroxyl groups present in the lignin 

could involve in the hydrogen bonding with water molecules of immersion media restrict the 

diffusion of water molecules and minimize their interaction with the ester linkage of PLA. 

Hence, PLA/LG blend samples show less weight loss as compared to neat PLA after four 

weeks of immersion in PBS. The incorporation of lignin retards the hydrolytic degradation of 

PLA was also proven by other authors [24]. The decrement in the hydrolyzable ester 

functional groups in the case of PLA/LG-5% 30 kGy was more, which can be asserted by 
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observing the more suppression of carbonyl and ester peak in FTIR study, as compared to 

other PLA/LG blends. Hence, the PLA/LG-5% 30 kGy blend exhibits the least weight loss 

(%) as compared to other blends and neat PLA. It showed 30 % less weight loss as compared 

to neat PLA after four weeks of test can be clearly seen from Table 5.4. Thus, the blending of 

PLA with 5% E-beam irradiated lignin having low absorbed dose (30 kGy) along with TAIC 

improved the compatibility between dispersed lignin phase and PLA matrix which leads to 

significant reduction of hydrolytic degradation of PLA. 

Fig. 5.12 shows the effect of blending of PLA with 20 wt% (unirradiated and E-beam 

irradiated) lignin on the hydrolytic degradation of PLA. It can be noticed from Fig. 5.12 that 

the incorporation of unirradiated lignin to 20 wt% leads to significant weight loss i.e.      

(31.26 ± 0.29) % after the first week of the assay (Table 5.4). This is due to the incorporation 

of lignin with high percentage leads to incompatibility between PLA and lignin as seen by the 

drastic diminution in the mechanical properties. Further, the compatibility between PLA and 

lignin phases is more in the case of PLA/LG blends with E-beam irradiated lignin (along with 

TAIC), even up to 20 wt%, as compared to PLA/LG with unirradiated lignin has been 

confirmed by FTIR, SEM studies and also by seeing the improvement in the mechanical 

properties. Hence, PLA/LG blends with 20 wt% E-beam irradiated lignin show less weight 

loss (%) as compared to PLA/LG blend having 20 wt% unirradiated lignin. The PLA/LG-20% 

30 kGy blend shows less weight loss, i.e. (23.89 ± 0.80) % after the first week of the test  

(Table 5.4), as compared to other blends (i.e. PLA/LG-20%, PLA/LG-20% 60 kGy and 

PLA/LG-20% 90 kGy) because of the better interfacial interaction of dispersed lignin phase 

and PLA matrix through the PLA-TAIC-Lignin crosslinking structures. After four weeks of 

the assay, the PLA/LG-20% blend exhibits weight loss (%) nearly equal to neat PLA. 

However, the PLA/LG-20% 30 kGy blend has shown 14.31 % less weight loss as compared 

to neat PLA. 
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Fig. 5.11 Weight loss of neat PLA and PLA/LG blends (having 5 wt% unirradiated and E-

beam irradiated lignin) as a function of degradation time.  

 

Fig. 5.12 Weight loss of neat PLA and PLA/LG blends (having 20 wt% unirradiated and E-

beam irradiated lignin) as a function of degradation time.  
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Table 5.4 

The hydrolytic degradation of neat PLA and all prepared PLA/LG blends samples as a 

function of degradation time.  

Sample name Weight loss (%) as a function of degradation time Difference in 

weight loss 

(%) w.r.t. 

neat PLA 

7 days 14 days 21 days 28 days 

PLA 0 27.82 ± 1.18 56.40 ± 1.33 73.96 ± 1.93  

PLA/LG-5% 6.71 ± 0.07 29.85 ± 0.56 43.16 ± 1.82 55.38 ± 2.10 18.58 

PLA/LG-20% 31.26 ± 0.29 51.01 ± 0.69 55.68 ± 1.37 68.67 ± 2.19 5.29 

PLA/LG-5% 30 kGy 5.74 ± 0.24 25.74 ± 0.70 38.71 ± 0.55 43.83 ± 0.17 30.13 

PLA/LG-20% 30 kGy 23.89 ± 0.80 43.95 ± 0.37 49.45 ± 1.19 59.65 ± 1.17 14.31 

PLA/LG-5% 60 kGy 11.46 ± 1.91 32.72 ± 1.10 40.87 ± 0.22 54.39 ± 1.92 19.57 

PLA/LG-20% 60 kGy 26.28 ± 0.83 41.95 ± 0.56 45.20 ± 0.44 61.83 ± 1.77 12.13 

PLA/LG-5% 90 kGy 12.42 ± 0.27 30.29 ± 0.63 37.33 ± 2.37 49.31 ± 1.03 24.65 

PLA/LG-20% 90 kGy 28.99 ± 0.53 44.44 ± 0.64 47.09 ± 0.99 57.40 ± 1.75 16.56 

5.3 Conclusions 

A new, simple and green approach is employed to enhance the miscibility of the 

PLA/lignin blend having the lignin contents to a high percentage (i.e. 20%).                     

PLA-TAIC-Lignin crosslinking structures formed during melt blending of PLA, E-beam 

irradiated lignin and TAIC act as an interface between the dispersed lignin phase and PLA 

matrix, help to improve their miscibility. The glass transition temperature behavior of blends 

and Gordon-Taylor equation analysis assert that the PLA/LG blends having E-beam irradiated 

lignin with 30 kGy absorbed dose are compatible whereas PLA/LG blends having 

unirradiated lignin are not compatible. SEM analysis of PLA/LG blends having E-beam 

irradiated lignin with 30 kGy absorbed dose has also shown the continuous phase morphology 

without any significant phase separation. Hence, PLA/LG blends having E-beam irradiated 

lignin along with TAIC have shown significant improvement in the mechanical, thermal 

properties and slow hydrolytic degradation as compared to PLA/LG blends having 

unirradiated lignins. The obtained results also show that the E-beam irradiated lignin with 30 

kGy absorbed dose is more suitable to enhance the miscibility of PLA/LG blends. This is 

because increasing E-beam absorbed dose leads to the production of the excess of radicals 

resulting in the enhancement of the self-intermolecular chain interactions of lignin, which was 
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confirmed by FTIR studies and reported in the previous literature. Hence, limits the formation 

of PLA-TAIC-Lignin crosslinked structures which act as an interfacial compatibilizer. The 

PLA/LG-5% 30 kGy blend exhibits slightly more notched impact strength, elongation at 

break and HDT as compared to the neat PLA. It also shows the significant improvement in the 

yield strength as compared to PLA/LG-5% blend without any significant decrement in the 

other mechanical properties. Further, the PLA/LG-5% 30 kGy blend shows the less weight 

loss (%) as compared to the neat PLA and other PLA/LG blends. The PLA/LG-20% 30 kGy 

shows the significant improvement in the yield strength and tensile modulus as compared to 

PLA/LG-20% blend. Hence, it can be concluded that the 30 kGy is the optimized radiation 

dose to enhance the miscibility of the PLA/Lignin blend. 

 



 

 
 

Chapter 6 

Physicochemical properties of the electron beam 

irradiated bamboo powder and its bio-composites with 

PLA 

 

The high cost and low toughness are the main drawbacks of PLA which limit its commercial 

applications. However, the cost of PLA can be reduced by incorporating it with various bio-

based low-priced fillers. The bamboo powder (BP), a lignocellulosic biomass, is promising 

green filler since it has high cellulose content and no competition with food. However, its 

poor compatibility with the polymers reduces the mechanical properties of the resulting 

composite. Hence, this work investigates the electron beam irradiation pretreatment of 

bamboo powder. Further, the electron beam irradiated bamboo powder was blended with 

PLA in two different concentrations (5% and 10%) along with epoxy silane (3-

Glycidoxypropyltrimethoxy silane) as a compatibilizer. The FT-IR, XRD and TG/DTG 

analyses revealed that the irradiation demolishes aliphatic and aromatic moieties of bamboo 

powder followed by the formation of free radicals. The reduction in the intra and 

intermolecular hydrogen bonding among these moieties are also asserted. Moreover, 

mechanical and thermal properties of PLA/electron beam irradiated bamboo powder 

(PLA/EBP) composites are tested and the obtained results have shown the improvement in the 

notched impact strength as well as stability in other mechanical and thermal properties. The 

compatibility and dispersion of the electron beam irradiated bamboo powder in the PLA 

matrix were analyzed by SEM study. The hydrolytic degradation test of prepared composites 

was also performed. 

Publication: 

1. Ashish Kumar, T.Venkatappa Rao, “Physicochemical properties of fully bio-based and 

bio-degradable PLA/Bamboo powder composites”, Composites Part B: Engineering 175 

(107098), 1-9 (2019) (Impact Factor 6.864). 
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6.1 Introduction 

Among all natural fillers, lignocellulosic biomass is the most favored bio-filler 

because of its large abundance and non-competition with food resources. Lignocellulosic 

biomass like bamboo fibers or flour have gained more popularity from last decade and being 

employed to prepare the green composites [5,182–184]. However, a large number of 

polar/hydrophilic groups (-OH) present in the molecular structure of bamboo powder decrease 

the interfacial bonding with the hydrophobic PLA matrix. To circumvent the heterogeneous 

interfacial problem among PLA matrix and bamboo fillers, compatibilizers have been used by 

many authors and also reported chemical modification of bamboo fillers prior to use such as 

surface modification of bamboo fillers with silane, sodium hydroxide (NaOH) and grafting of 

PLA molecules on the surface of bamboo fibers [71,185–191]. For instance, Ya-nan et al. [71] 

have synthesized and utilized the poly (lactic acid)-g-glycidyl methacrylate (PLA-g-GM) 

graft copolymer to enhance the interfacial adhesion between bamboo flour (BF) and PLA 

matrix in the PLA/BF composites. They have asserted that the PLA-g-GM act as a 

compatibilizer and effectively improved the mechanical properties of PLA/BF composite. 

Further, Jianyong Lin et al. [185] have reported the reinforcement of PLA with alkali treated 

bamboo fibers. They have compared the results of untreated bamboo fiber/PLA composite 

and alkali treated bamboo fibers/PLA composites and found that the alkali treatment 

enhanced the thermal and mechanical properties by introducing chemical interaction between 

fibers and PLA matrix. Recently, Y. Zuo et al. [186] have described the grafting of PLA onto 

bamboo fibers through in-situ solid state polycondensation. They have characterized the PLA-

g-bamboo fibers and reported that the grafting enhanced the thermo-plasticity, thermal 

degradation stability and hydrophobicity of PLA-g-bamboo fibers. However, the tensile 

strength is slightly decreased. Moreover, S. Qian et al. [187] have reported the toughening of 

PLA with silane modified bamboo cellulose nanowhiskers. They have treated nanowhiskers 

with various concentration of silane (A-151) and blended with PLA at 2.5 w/w%. In their 

findings, they reported that the silane modification of nanowhiskers improved the 

compatibility of bio-composites, via interfacial bonding between nanowhiskers and PLA 

matrix, which leads to the noticeable improvement in the deformation at the break. However, 

other mechanical properties of bio-composites were decreased. Thus from the above-reported 

findings, it can be deduced that the chemical treatments of bamboo fillers improve the 

compatibility of PLA/bamboo filler composites. However, the chemical modification of 

bamboo fillers feasible only at lab scale because it entailed cumbersome steps and toxic 
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substances. Moreover, these strategies are complicated; increase the production cost and make 

hard to industrialize the final products. 

Hence, the present work describes the simple and green method to modify bamboo 

powder (BP) and compatibilize PLA/bamboo powder composites. This method is similar to 

the one executed to compatibilize PLA/lignin blends [192] as described in the previous 

chapter. The objective of the present work is to prepare compatibilized PLA/Bamboo powder 

composites without any chemical modification of bamboo powder. In the present strategy, the 

bamboo powder is irradiated to electron beam (E-beam) with different doses 30 kGy, 60 kGy 

and 90 kGy. E-beam irradiated bamboo powders were analyzed with FTIR, XRD and 

TG/DTG techniques. In previous chapter, it was concluded that the 30 kGy is the optimized 

radiation dose to physically modify the organic fillers which enhance the miscibility of 

organic fillers into PLA matrix. Hence, the E-beam irradiated bamboo powder with 30 kGy 

absorbed dose was melt blended with PLA at two different concentrations i.e. 5 wt% and 10 

wt% along with epoxy silane (3-Glycidoxypropyltrimethoxy silane) (ES). In the literature, it 

has been reported that the irradiation of wood powder to high energy radiations leads to the 

formation of free radicals in its lignocellulosic units [167,193]. During the melt blending of 

PLA, E-beam irradiated bamboo powder (EBP) and ES; the free radicals (RO˙) present in the 

EBP initiate the reaction between PLA and ES trough epoxide unit of ES and lead to in-situ 

grafting of ES molecules on the carboxyl end groups of PLA chains [52,58,194]. These in-situ 

formed PLA-g-ES copolymers act as a compatibilizer between the dispersed bamboo powder 

and PLA matrix by enhancing the interfacial bonding between them. This is because the 

alkoxy groups of PLA-g-ES copolymers are reactive toward hydroxyl groups present in the 

lignocellulosic units of bamboo powder and form silicon-oxygen-silicon bonds [187,188,190]. 

The interfacial compatibility of PLA/E-beam irradiated bamboo powder composites was 

validated with SEM, DSC analyses and by observing the improvement in the mechanical and 

thermal properties. Further, the blending of E-beam irradiated bamboo powder with PLA in 

the presence of 5phr ES leads to a 12 % improvement in the notched impact strength as 

compared to virgin PLA. The hydrolytic degradation test was also performed. 

The details of experimental setup and method used to prepare the PLA/bamboo 

powder composites are given in the Chapter 2, Section 2.2.1.3. All synthesized composites 

were labeled and structured in the Table 6.1. 
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Table 6.1 

Nomenclature of PLA/bamboo powder composites. 

Sample name Percentage 

of PLA  

(%) 

Percentage 

of bamboo 

powder 

(%) 

E-beam dose 

absorbed by bamboo 

powder (kGy) 

Addition of 

(ES) as part per 

hundred (phr) 

PLA  100 0 0 0 

PLA/BP5  95 5 0 0 

PLA/BP5/ES 5phr  95 5 0 5 

PLA/EBP5/ES 5phr  95 5 30 5 

PLA/EBP10/ES 5phr  90 10 30 5 

PLA/EBP5/ES 10 phr  95 5 30 10 

6.2 Results and Discussion 

6.2.1 Characterization of E-beam irradiated bamboo powder 

The bamboo powder is lignocellulosic biomass composed of three main constituents 

viz. hemicellulose, cellulose and lignin [195]. In lignocellulosic biomass, the hemicellulose 

part consists of random polymer chains which are rich of branches and as a consequence 

exhibit amorphous structure. In contrast to hemicellulose, the cellulose part comprises of long 

polymer chains of glucose arranged in good order and exhibit semi-crystalline structure 

[195,196]. Further, hydroxyl groups of glucose moieties of cellulose polymer chains also 

involve in the intermolecular hydrogen bonding. Finally, the lignin composed of 

phenylpropanoid moieties with different branches and exhibits three-dimensional network 

structures. Fig. 6.1 shows the normalized FTIR spectra of unirradiated and E-beam irradiated 

bamboo powders. The various characteristic peaks of bamboo powder constituents are 

depicted in the Fig. 6.1. The broad absorption peak at 3400 cm
-1

 is identified as a 

characteristic peak of stretching vibration of hydroxyl (O-H) groups. The absorption peak at 

2917 cm
-1

 belongs to C-H stretching vibration frequency for (-CH3) groups, the absorption 

peak at 1052 cm
-1

 attributed to starching vibration of C-O bond and the absorption peak at 

1162 cm
-1

 assigned to glycosidic (C-O-C) bonds are the fingerprints of cellulose     

constituents [185–187,197,198]. Further, the absorption frequencies at 1734 cm
-1

, 1247 cm
-1

 

and 1515 cm
-1

 characteristics peaks of carbonyl groups (C=O) and acyl-oxygen stretching 

vibration in hemicelluloses and aromatic skeletal vibrations in lignin, respectively [25]. The 
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electron beam irradiated bamboo powders show the migration of hydroxyl group (O-H) 

stretching vibration frequency to higher wavenumbers i.e. 3412 cm
-1

. So, it should be asserted 

that the E-beam irradiation of bamboo powder leads to a diminution of intermolecular 

hydrogen bonding among the cellulose molecules of bamboo powder. This could be due to the 

cleavage of glycosidic bonds of cellulose moieties or hydrogen abstraction from glucose 

molecules followed by the formation of free radicals [199]. The similar effect of E-beam 

irradiation on lignin was observed and reported in the previous studies [165,192]. 

 

Fig. 6.1 Normalized FT-IR spectra of E-beam irradiated and unirradiated bamboo powder. 

To see the effect of E-beam irradiation on the crystalline structure of bamboo powder 

the X-ray diffraction analysis was executed and the results are depicted in the Fig. 6.2. The 

unirradiated and E-beam irradiated bamboo powders show the diffractions peaks at               

2θ = 16.1°, 21.72° and 34.69° correspond to (101), (002) and (040) crystal planes, 

respectively [185,186,200]. From the Fig. 6.2, it can be observed that the E-beam irradiation 

increased the peak intensity of (101) and (002) diffraction planes at low radiation dose (i.e. 30 

kGy); however, the peak intensity of these diffraction planes is decreased with increasing 

radiation doses (i.e. 60 kGy and 90 kGy). So, it can be asserted that E-beam irradiation of 

bamboo powder at low dose enhances the crystallinity of bamboo powder. This is because the 

E-beam irradiation of bamboo powder, at a low absorbed dose, leads to the polymer chains 

scission in the cellulosic amorphous regions [201] which shortened the cellulose chains and 

help themselves to arrange in the order. This is also asserted by the FTIR study. Further, E-

beam irradiated bamboo powder with 60 kGy and 90 kGy absorbed dose show the less 
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crystallinity as compared to unirradiated bamboo powder. Hence, the E-beam irradiation of 

bamboo powder to elevated doses results in polymer chains scission in both crystalline and 

amorphous regions of cellulose part due to the high percentage of cellulose contents and 

presence of long-chains structure get more irradiation exposure [202]. The polymer chains 

scission in the cellulosic crystalline region results in the disturbance in arraignment of the 

polymer chains as well as the formation of excess free radicals. These free radicals in the 

lignocellulosic biomass increases with increasing the absorbed dose are reported in the 

previous studies [165,201]. The excess free radicals in the high dose absorbed bamboo 

powder could recombine randomly and increase the amorphous regions of bamboo powder. 

 

Fig. 6.2 XRD spectrum of unirradiated and E-beam irradiated bamboo powder. 

Thermal gravimetric analysis of unirradiated and E-beam irradiated bamboo powders 

was carried out under an argon atmosphere to find the initial and maximum degradation 

temperatures. The Fig. 6.3 shows the TG and DTG graphs of these samples. The data such as 

initial degradation temperature (T10%), maximum weight loss temperatures (Tmax) and weight 

loss rate were obtained from the graphs and tabulated in Table 6.2. The unirradiated and E-

beam irradiated bamboo powders dehydrated at 70 °C to 100 °C can be seen from the Fig. 6.3. 

It can be noticed from Table 6.2 that the E-beam irradiation of bamboo powder at 30 kGy 

absorbed dose decreases the initial thermal degradation temperature and slightly increases the 

maximum degradation temperature. It is reported in the literature that the amorphous regions 

are usually thermal unstable and degrade prior to thermally stable crystalline regions in the 
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semi-crystalline polymers [203,204]. The FTIR and XRD studies revealed that the E-beam 

irradiation of bamboo powder at low absorbed dose ruptured the polymer chains in cellulosic 

amorphous regions; however, cellulosic crystalline regions are remaining intact. So, E-beam 

irradiation of bamboo powder at low dose leads to decrement only in the initial degradation 

temperature. It can also be seen from Table 6.2, the E-beam irradiation of bamboo powder to 

high doses causes a diminution in the maximum degradation temperature. This is because the 

E-beam irradiation of bamboo powder at high doses causes the polymer chains scission in the 

thermally stable cellulosic crystalline regions, as asserted by FTIR and XRD studies. It is 

further noticed that the irradiated bamboo powders with 60 kGy and 90 kGy absorbed dose 

exhibit the high initial degradation temperature as compared to irradiated bamboo powder 

with 30 kGy absorbed dose. The excess free radicals generated in the case of high dose 

absorbed bamboo powders recombined randomly and form an amorphous crosslinked 

structure. As a consequence, the initial degradation temperature which is degradation 

temperature for amorphous regions of bamboo powders is increased upon E-beam irradiation 

to high doses. 

 

Fig. 6.3 TG and DTG thermograms of E-beam irradiated and unirradiated bamboo powder. 

 

 

 

 



Chapter 6 

___________________________________________________________________________ 

 

108 
 

Table 6.2 

TG and DTG data of unirradiated and E-beam irradiated bamboo powders. 

Sample name T10% (°C) Tmax (°C) Mass loss rate (wt%/°C) 

BP Unirradiated 229.4 324.4 0.89 

BP 30 kGy 204.0 325.6 0.96 

BP 60 kGy  226.7 325.2 0.86 

BP 90 kGy  215.8 322.3 0.82 

6.2.2 PLA/E-beam irradiated bamboo powder composites 

6.2.2.1 Mechanical properties  

The melt mixing of bamboo powder with PLA helps to reduce the cost of bio-

composites. The mechanical properties of prepared PLA/bamboo powder composites having 

unirradiated and E-beam irradiated bamboo powder were tested and tabulated in Table 6.3. 

The mechanical properties of pure PLA measured under  similar conditions were discussed in 

chapter 3 [168] and also given in Table 6.3. The small reduction in the tensile properties is 

observed in the case of PLA/BP5 composite having 5 wt% unirradiated bamboo powder as 

compared to pure PLA. This is because the incorporation of unirradiated bamboo powder into 

the PLA matrix leads to the bad dispersion of bamboo powder and poor interfacial 

compatibility between dispersed bamboo powder and matrix which can be affirmed by 

observing the discontinuous phase morphology of PLA/BP5 composite from SEM 

micrographs Fig. 6.4a. The high magnification SEM micrograph (Fig. 6.5a) of PLA/BP 

composites also shows the appearance of bamboo powder particles due to poor interfacial 

interaction among bamboo powder and matrix. The poor compatibility causes the 

heterogeneous structure within the resulting PLA/BP composite and affects its mechanical 

properties [24,190]. The PLA/BP5/ES 5phr composite, having 5 wt% unirradiated bamboo 

powder along and 5 phr epoxy silane, exhibits better tensile properties as compared to 

PLA/BP5 composite. Further, PLA/EBP5/ES phr composite, having E-beam irradiated 

bamboo powder and epoxy silane, was shown the better tensile properties as compared to 

other PLA/BP composites. The addition of 5 wt% E-beam irradiated bamboo powder into the 

PLA matrix along with the 5phr epoxy silane improves the compatibility between filler and 

the matrix. Which can be asserted by observing continuous phase morphology in SEM 

micrograph of PLA/BP5/ES 5phr composite (Fig. 6.4b) and better dispersion of filler 
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encapsulated in the PLA matrix (seen in Fig. 6.5b). This could be due to the trapped free 

radicals in the E-beam irradiated bamboo powder which come on to the surface upon heating 

during melt blending with PLA and initiate the reaction between epoxide group of epoxy 

silane and carboxylic terminal groups of PLA. Hence, lead to the formation of PLA-g-ES 

copolymers [71,165,168,192]. The in-situ formed PLA-g-ES copolymers act as an interface 

between PLA matrix and bamboo filler to enhance their miscibility, because, the silane alkoxy 

groups of PLA-g-ES are highly reactive to the hydroxyl groups of bamboo powder [187]. The 

compatibility between matrix and fillers leads to continuous phase structure with the least gap 

between filler and matrix which assist the transfer of load under tensile force. Hence, the 

PLA/EBP5/ES 5phr composite exhibits better tensile properties as compared to PLA/BP5 

composite. Moreover, PLA/EBP10/ES 5phr composite having 10 wt% E-beam irradiated 

bamboo powder and 5phr epoxy silane has shown the decrement in the tensile properties as 

compared to PLA/EBP5/ES 5phr composite. This is because as the concentration of E-beam 

irradiated bamboo powder is increased, the compatibility between filler and matrix is 

decreased. This can be asserted by observing the heterogeneous phase morphology in the case 

of PLA/EBP10/ES 5phr composite (Fig. 6.4c). The increasing concentration of epoxy silane 

also has an adverse effect on the mechanical properties of the composite which can be seen 

from Table 6.3. 

Table 6.3 

The mechanical properties and HDT of neat PLA and PLA/bamboo powder composites.  

Sample name  Yield 

Strength 

(MPa) 

Tensile 

Modulus 

(MPa) 

Elongation at 

break (%) 

Notched 

Izod Impact  

Strength 

(kJ/m
2
) 

HDT 

(°C) 

PLA 65.00 ± 0.25 2300  ±  25  5.76  ±  0.44 2.65 ± 0.32 52.60  ± 0.45 

PLA/BP5 57.00 ± 0.27  1996  ±  52  3.66  ±  0.15  2.95 ± 0.09  52.50  ± 0.08 

PLA/BP5/ES 5phr  60.00 ± 0.20  2032  ±  26 3.78  ± 0.04  2.79 ± 0.05  52.33  ± 0.69 

PLA/EBP5/ES 5phr  59.00 ± 0.20 2036  ±  17  3.76  ± 0.04  2.97 ± 0.16  52.13  ± 0.24 

PLA/EBP10/ES 5phr  53.00 ± 1.00  2007  ±  43  3.30  ± 0.21  2.70 ± 0.1  48.76  ± 0.53 

PLA/EBP5/ES 10 phr 48.00 ± 0.72  1806  ±  45  3.27  ± 0.16 2.65 ± 0.21  44.40  ± 0.37 

The PLA has low notched impact strength and shows brittle fracture or smooth surface 

morphology without adequate wraps [132]. The incorporation of unirradiated and E-beam 

irradiated bamboo powder at 5 wt% enhance the notched impact strength of PLA as shown in 
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the Table 6.3. The PLA/BP5 and PLA/EBP5/ES 5phr composites have shown nearly 12 % 

more notched impact strength as compared to pure PLA. These results are verified by 

observing the surface morphology of notched impact surfaces of PLA/BP5 and PLA/EBP5/ES 

5phr composites (Fig. 6.6). Both PLA/BP5 and PLA/EBP5/ES 5phr composites have shown 

the rougher morphology with adequate distortions which signifies the absorption of more 

impact energy. Because of the compatibility and interfacial bonding between the PLA matrix 

and filler, the PLA/EBP5/ES 5phr composite exhibits the high impact energy as compared to 

neat PLA and other composites. Further, the incorporation of E-beam irradiated bamboo 

powder to high percentage i.e. 10 wt% leads to the decrement in the notched impact strength 

because of interfacial compatibility among matrix and filler decrease with increasing the 

bamboo content as noticed from the SEM micrographs. 

 

Fig. 6.4 SEM images of cryo-fractured PLA/bamboo powder composites: (a) PLA/BP5, (b) 

PLA/EBP5/ES 5phr and (c) PLA/EBP10/ES 5phr. The scale bar is 10 µm.  
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Fig. 6.5 High magnification SEM images of cryo-fractured PLA/bamboo powder composites: 

(a) PLA/BP5 and (b) PLA/EBP5/ES 5phr and. The scale bar is 2 µm.  

 

Fig. 6.6 SEM images of notched impact fracture surfaces of PLA/bamboo powder 

composites: (a) PLA/BP5 and (b) PLA/EBP5/ES 5phr. The scale bar is 10 µm.  

The heat deflection temperature (HDT) is an essential property of a polymer product 

which defines the load bearing capability of the product under specific load and temperature 

[143]. The incorporation of unirradiated and E-beam irradiated bamboo powder at 5 wt% does 

not have much influence on the HDT compared to neat PLA as given in Table 6.3. However, 

the addition of E-beam irradiated bamboo powder at 10 wt% leads to decrement in the HDT. 
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This is due to less interfacial compatibility between matrix and filler in the case of 

PLA/EBP10/ES 5phr composite. 

6.2.2.2 Thermal properties  

The non-isothermal DSC profile of prepared PLA/BP composites having unirradiated 

and E-beam irradiated bamboo powder are depicted in Fig. 6.7. The indispensable parameters 

viz. glass transition temperature (Tg), cold crystallization temperature (Tcc), melting 

temperature (Tm), exothermic crystallization and endothermic melting enthalpies (i.e. ∆Hcc 

and ∆Hm respectively) belonging to various thermal events during thermal scan were 

calculated from the Fig. 6.7 and reported in Table 6.4. These parameters for pure PLA and the 

percentage of crystallinity (Xc) (Eq. 2.5) of PLA/BP composites were calculated as discussed 

in   chapter 3 [168] and given in Table 6.4. It can be noticed from Fig. 6.7 and Table 6.4 that 

the addition of 5 wt% unirradiated bamboo powder increased the Tg, Tcc and Tm of resulting 

PLA/BP5 composite as compared to PLA. So, there should be some physical interaction or 

intermolecular hydrogen bonding between hydroxyl groups of PLA matrix and filler which 

hampered the localized motion of polymer segments resulting in high Tg. The presence of 

intermolecular hydrogen bonding also hindered the mobility of polymer chains and made it 

difficult to crystallize the PLA/BP5 composite, resulting in a high Tcc [23,190]. The two 

melting peaks of PLA/BP5 composite belong to two different crystalline phases formed due to 

crystallization and re-crystallization events in the thermal scan [98,146]. The      

PLA/EBP5/ES 5 phr composite exhibits a similar Tg as the PLA/BP5 composite, however, 

shows less Tcc and high percentage of crystallization (Xc) as compared to PLA/BP5 

composite. The presence of PLA-g-ES copolymers in the case of PLA/EBP5/ES 5phr 

composite improves the compatibility and fine dispersion of the E-beam irradiated bamboo 

particles. These particles could cause heterogeneous nucleating effect and facilitated the 

polymer chains arrangement resulting in lower Tcc and more percentage of crystallization (Xc)  

[163]. The high percentage of E-beam irradiated bamboo powder i.e. 10 wt% further 

increased the percentage of crystallization (Xc). The PLA/EBP5/ES 10 phr having a high 

percentage of epoxy silane exhibits less compatibility between matrix and filler and shown 

low Tg, Tcc and ∆Hcc as compared to PLA/EBP5/ES 5phr. 
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Fig. 6.7 DSC thermograms of injection molded PLA/bamboo powder composites having 

unirradiated and E-beam irradiated bamboo powder.  

Table 6.4 

Thermal transition data of neat PLA, PLA/bamboo powder composites having unirradiated 

and E-beam irradiated bamboo powder. 

Sample name  Tg  

(°C)  

  

(Tcc)  

(°C)  

(ΔHcc) 

(J/g) 

 

(Tm) 

 (°C) 

(ΔHm) 

(J/g) 

 

(Xc) 

(%) 

PLA 55.4 96.0 48.05 145.8,154.0 52.75 5.05 

PLA/BP5 58.6 101.5 25.32 146.0,153.9 31.02 6.45 

PLA/BP5 /ES 5phr  58.7 98.6 21.70 145.4,152.8 26.53 5.64 

PLA/EBP5/ES 5phr  58.7 97.5 24.23 145.6,152.8 30.58 7.50 

PLA/EBP10/ES 5phr  57.8 97.2 20.20 144.8,152.0 27.88 9.60 

PLA/EBP5/ES 10 phr  56.8 96.8 15.99 139.9 21.65 7.08 
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6.2.2.3 X-ray diffraction  

 The wide angle X-ray diffraction (WAXD) patterns of prepared PLA/BP composites 

are shown in Fig. 6.8. Fig. 6.8 revealed that the PLA/BP composites having unirradiated 

bamboo powder exhibit the large halo amorphous peak at 2θ = 16.5° about 10.0° to 25.0° 

same as the virgin PLA [168]. However, PLA/EBP5/ES 5phr and PLA/EBP10/ES 5phr 

composites having E-beam irradiated bamboo powder were shown the characteristic 

crystallization peak of PLA at 2θ = 16.5° attributed to (110) planes [12]. The well dispersed 

E-beam irradiated bamboo particles cause a nucleating effect which helps to crystallize the 

samples of PLA/EBP5/ES 5phr and PLA/EBP10/ES 5phr composites during the injection 

molding process. The intensity of the characteristic crystallization peak belongs to PLA 

increased with increasing the percentage of E-beam irradiated bamboo powder. These results 

are consistent with the DSC results.   

 

Fig. 6.8 XRD patterns of PLA/bamboo composites having unirradiated and E-beam irradiated 

bamboo powder.  

6.2.2.4 Hydrolytic degradation analysis 

The hydrolysis of PLA is the primary step of PLA bio-degradation followed by the 

biotic degradation process which involves the decomposition of PLA oligomers and 

monomers into CO2, water and biomass under aerobic conditions [114,118]. The hydrolytic 
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degradation of PLA is feasible due to the presence of hydrolyzable ester repeating units in its 

backbone [115,118]. The hydrolytic degradation process of PLA is self-catalyzed by its 

carboxylic terminal groups [118]. The hydrolytic degradation of neat PLA and PLA/BP 

composites were carried out in phosphate buffer solution (PBS). The results are shown in    

Fig. 6.9 as a function of degradation time. The weight loss (%) was calculated (Eq. 2.11) for 

each sample after regular interval of time and tabulated in Table 6.5. After 7 days of 

immersion in the PBS, neither neat PLA nor PLA/BP composite samples were shown weight 

loss. After the 14 days of immersion and successive immersion time intervals, the virgin PLA 

was shown remarkable weight-loss percentage. All PLA/BP composites having unirradiated 

and E-beam irradiated bamboo powder shown less weight-loss percentage as compared to 

neat PLA, during the assay. This can be attributed to the intermolecular hydrogen bonding 

between hydroxyl groups of lignocellulosic moieties of bamboo powder with water molecules 

of immersion media which restricted the diffusion of water molecules and reduce their 

interaction with ester units of PLA. Hence, PLA/BP composites were shown less weight-loss 

percentage as compared to PLA. After 28 days of immersion, PLA has shown the maximum 

weight loss percentage i.e. (73.96 ± 1.93) %. Further after 28 days of immersion, PLA/BP5, 

PLA/BP5/ES 5phr, PLA/EBP5/ES 5phr and PLA/EBP10/ES 5phr composites were shown 

weight loss percentage (51.46 ± 1.57) %, (39.25 ± 0.17) %, (43.04 ± 1.06) % and            

(35.60 ± 0.27) % respectively. It is obviously noticed from the Table 6.5, the PLA/EBP5/ES 

5phr composites having E-beam irradiated bamboo powder and epoxy silane is shown more 

difference in the weight loss percentage as compared to PLA/BP5 composite having 

unirradiated bamboo powder after 28 days of immersion. This is because the melt blending of 

E-beam irradiated bamboo powder and epoxy silane with PLA leads to the formation of PLA-

g-ES copolymer and lessen the carboxylic acid terminal groups of PLA. Hence, the self-

catalytic action of carboxylic terminal groups of PLA is decreased which slow down the 

hydrolytic degradation of PLA chains [118,192]. The PLA/EBP10/ES 5phr composite is 

shown the maximum difference in the weight loss percentage with respect to neat PLA. This 

is because the high concentration of E-beam irradiated bamboo powder (i.e. 10 wt %) 

increased the lignocellulosic contents in the resulting composite. So, the large number of 

hydroxyl groups associated with lignocellulosic moieties was involved in the intermolecular 

hydrogen bonding with water molecules of the immersion media. Hence, the diffusion of 

water molecules into the matrix is declined and their interaction with ester units of PLA 

backbone is also minimized which resulted in less weight loss percentage. 
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Fig. 6.9 Weight loss % of PLA and PLA/BP composites as a function of degradation time.  

Table 6.5 

The hydrolytic degradation of neat PLA and PLA/BP composites as a function of degradation 

time. 

Sample name  Weight loss (%) as a function of degradation 

time  

Difference in weight 

loss (%) w.r.t. neat 

PLA  14 days  21 days  28 days 

PLA  27.82 ± 1.18  56.40 ± 1.33  73.96 ± 1.93   

PLA/BP5 13.98 ± 0.28  27.37 ±  0.22  51.46 ± 1.57  22.50  

PLA/BP5 /ES 5phr  3.87 ±  0.25  19.51 ± 0.73  39.25 ± 0.17  34.71  

PLA/EBP5/ES 5phr  5.85 ± 0.47  20.62 ± 0.20  43.04 ± 1.06  30.92  

PLA/EBP10/ES 5phr  0.63 ± 0.03  16.56 ± 0.84  35.60 ± 0.27  38.36  

PLA/EBP5/ES 10 phr  4.12 ± 0.03  21.37 ± 0.68  48.41 ± 1.87  25.15  

6.3 Conclusions 

The E-beam irradiation of bamboo powder at low irradiation dose i.e. 30 kGy ruptured 

the polymer chains in amorphous cellulosic regions of bamboo powder which resulted in the  

formation of free radicals and decrement in the intermolecular hydrogen bonding among the 
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cellulose molecules and was asserted by FTIR, XRD and TG/DTG results. However, E-beam 

irradiation of bamboo powder at high irradiation doses i.e. 60 kGy and 90 kGy leads to the 

polymer chain scission in both amorphous and crystalline regions of the cellulosic parts of 

bamboo powder. It leads to the formation of excess free radicals which recombine randomly 

and increase the amorphous regions in the bamboo powder as confirmed by XRD and 

TG/DTG results. 

The PLA/BP5 composite with 5 wt% unirradiated bamboo powder is shown the 

decrement in the mechanical properties as compared to neat PLA due to poor interfacial 

compatibility between matrix and filler. However, PLA/EBP5/ES 5phr having 5 wt% E-beam 

irradiated bamboo powder and 5 phr epoxy silane is shown a better mechanical properties as 

compared to PLA/BP5 composite and also exhibits the highest notched impact strength which 

is 12%  more than pure PLA. The PLA-g-ES copolymers formed during melt blending 

process act as an interface between matrix and filler and improved the interfacial 

compatibility of the resulting composite which was asserted by SEM analysis. 

PLA/EBP10/ES 5phr composite having 10 wt% E-beam irradiated bamboo powder and epoxy 

silane was also shown better impact strength as compared to neat PLA. Further, the addition 

of unirradiated and E-beam irradiated bamboo powder retarded the hydrolytic degradation of 

PLA. Hence, incorporation of E-beam irradiated bamboo powder with 30 kGy absorbed dose 

along with 5phr epoxy silane helps to improve the notched impact strength of PLA as well as 

reduce the cost of the final product. 
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To overcome the problems involved in petrochemical polymers/plastics and to meet 

the increasing demand for commodity plastics, the green plastics should be developed by 

employing natural polymer resources. The PLA is the front runner synthetic biopolymer in the 

emerging bio-plastic market, can be used to replace the non-biodegradable petrochemical 

polymers/plastics. However, some of its drawbacks such as poor notched impact strength, 

brittleness and low HDT need to be improved along with the competitive cost of the product 

for commercial applications. 

The thesis work is aimed at circumventing the drawbacks of PLA and making it 

acceptable for commercial applications. Initially, the efforts are given to enhance the notched 

impact strength, elongation at break and HDT of PLA. So, PEGM is melt blended with the 

PLA at fixed weight ratio 80:20. The melt blending of PLA and PEGM leads to the formation 

of PLA-g-PEGM graft copolymers which act as an interface between the dispersed PEGM 

phase and PLA matrix and enhance their compatibility. The PLA/PEGM compatible blend 

has exhibited elongation at break 28 times and notched impact strength 2.23 times more than 

neat PLA. Further, to improve the notched impact strength, elongation at break and HDT the 

HBN particles are incorporated at different concentrations such as 1 phr, 5 phr and 10 phr to 

prepare PLA/PEGM/HBN blend-composites. The PLA/PEGM/HBN 1phr blend-composite 

has shown better notched impact strength, elongation at break and HDT than neat PLA and 

PLA/PEGM blend. The notched impact strength of PLA/PEGM/HBN 1phr blend-composite 

is 1.5 times higher than PLA/PEGM blend and 3.36 times higher than neat PLA. The blending 

of PEGM with PLA and further incorporation of HBN particles retards the hydrolytic 

degradation of PLA. Hence, to increase the hydrolytic degradation rate as well as good 

mechanical properties the prepared samples of the blend and blend-composites are irradiated 

to E-beam with three different doses i.e. 20 kGy, 60 kGy and 100 kGy. The E-beam irradiated 

samples of the blend and blend-composites have shown fast degradation rate, better HDT and 

more weight loss percentage as compared to unirradiated samples. The PLA/PEGM/HBN 

5phr 100 kGy blend-composite has shown high notched impact strength which is 2.45 times 

more than neat PLA and more weight loss percentage as compared to other irradiated blend 

and blend-composites.  

Finally, the research has been extended to prepare fully bio-based and cost-effective 

PLA blends and composites with better mechanical and thermal properties. The commercial 

alkali kraft lignin is blended with PLA to develop green plastic. However, the blending of 

lignin with PLA causes incompatible blend which exhibits inferior mechanical and thermal 



Chapter 7 

___________________________________________________________________________ 

 

120 
 

properties. Hence, the lignin is physically modified by irradiating it to E-beam with three 

different doses 30 kGy, 60 kGy and 90 kGy prior to blending. The unirradiated and E-beam 

irradiated lignins having different absorbed doses are blended with PLA in two different 

percentages i.e. 5 and 20 % (w/w). During the melt blending of PLA and E-beam irradiated 

lignin along with 3 phr TAIC the PLA-TAIC-Lignin crosslinked structures are formed which 

act as an interface between dispersed lignin phase and PLA matrix and hence compatibilize 

PLA/LG blend. Among all the PLA/LG blends, the blends having E-beam irradiated lignin 

with 30 kGy absorbed dose and TAIC are more compatible and exhibit better mechanical and 

thermal properties. PLA/LG-5% 30 kGy blend shows better elongation at break, notched 

impact strength and HDT than virgin PLA and stability in other mechanical properties. 

Further, the incorporation of lignin into PLA matrix retards the hydrolytic degradation of 

PLA. 

Moreover, the ultra-fine bamboo powder is also used to prepare fully bio-based cost-

effective PLA/bamboo powder composites. The bamboo powder is also physically modified, 

similar to lignin, prior to blending with PLA. The E-beam irradiated bamboo powder with 30 

kGy absorbed dose is incorporated into PLA matrix in two different percentages i.e. 5 wt% 

and 10 wt% along with epoxy silane. The PLA/EBP5/ES 5phr and PLA/EBP10/ES 5phr 

composites are compatible and shown more notched impact strength as compared to PLA, 

without scarifying the other mechanical properties remarkably. The PLA/EBP5/ES 5phr 

composite shows 12% more notched impact strength than neat PLA. The incorporation of 

bamboo powder into the PLA matrix also restricts the hydrolytic degradation of PLA.  

A comparative analysis has been executed for mechanical, thermal and hydrolytic 

degradation properties of PLA and optimized compositions of prepared PLA blends and 

blend-composites (Table 7.1). 
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Table 7.1 

Comparative summary for mechanical, thermal and hydrolytic degradation properties of PLA 

and optimized compositions of prepared PLA blends and blend-composites. 

PLA/Optimized 

Compositions 

Yield 

Strength 

(MPa) 

Tensile 

Modulus 

(MPa) 

Elongation 

at break 

(%) 

Notched 

Izod 

Impact 

Strength 

(kJ/m
2
) 

Flexural 

Modulus 

(MPa) 

HDT 

(°C) 

Hydrolytic 

Degradation 

(WL % )
# 

PLA 65 2300 5.76 2.65 3767 52.6 73.96 

PLA/PEGM/HBN 

1phr 

42 1754 166.00 8.89 2337 54.5 39.64 

PLA/PEGM/HBN 

5phr 100 kGy 

37 1646 3.12 6.50 N.S.
* 

57.5 49.79 

PLA/LG-5% 30 kGy 50 2001 7.32 2.89 3516 54.4 43.83 

PLA/LG-20% 30 

kGy 

37 2826 1.49 2.31 3802 54.8 59.65 

PLA/EBP5/ES 5phr 59 2036 3.76 2.97 N.S.
* 

52.1 43.04 

PLA/EBP10/ES 

5phr 

53 2007 3.30 2.70 N.S.
* 

48.8 35.60 

N.S.
*
 represents Not Studied. 

(WL %)
 # 

represents a Weight loss percentage after 28 days of immersion in the phosphate 

buffer solution (PBS). 

To epitomize, it is scrutinized from the experimental findings that the blending of 

PEGM with PLA and incorporation of HBN particles at low percentage i.e. 1phr is beneficial 

to overcome the major drawbacks of PLA. However, it retards the hydrolytic degradation of 

PLA. Further, E-beam irradiation of samples can be employed to enhance the hydrolytic 

degradation. The PLA/PEGM/HBN 1phr blend-composite has shown good mechanical and 

thermal properties; however, it is not completely compostable and can be used for durable 

commercial applications. Moreover, the fully bio-based PLA/LG blends having E-beam 

irradiated lignin with 30 kGy absorbed dose and PLA/BP composites having E-beam 

irradiated bamboo powder with 30 kGy absorbed dose have better impact strength than PLA 

and with tensile proprieties similar to PLA. These compositions could be completely 
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compostable and can be used for commercial applications that need good mechanical 

properties and complete biodegradation. 

Future Perspectives 

The research findings show that the major drawbacks of PLA are ameliorated by melt 

blending it with different polymers and fillers. However, the improvement in the heat 

deflection temperature is not sufficient and needs to be further improved. Hence, research 

work will be extended and efforts will be given to enhance the heat deflection temperature of 

PLA along with other mechanical properties. The emphasis will also be given to 

compatibilize prepared compositions with high bio-contents and use other natural fillers into 

the PLA blends and composites which help to reduce the cost of the prepared product. The 

suitable bio-fillers or fiber reinforcements will be used which bring umpteen opportunities to 

tailors the product properties as per desire applications. The low-cost green plastics with high 

bio-contents will have numerous end-use applications from biomedical to conventional 

thermoplastics. The commodity plastics (namely disposal cups, plates, buckets, bags for 

carrying household waste and lamination films), sanitary products and diapers and so on are 

the major applications of the green plastics. The durable green plastic will generate a lot of 

interest for automotive applications such as car interiors and exteriors and electronic 

applications such as personal computer housing, chassis for mobiles and electronic casing. 

The bio-compatible and hydrolytic degradable green plastics will magnetize a lot of interest 

for biomedical applications such as sutures, bone screws, scaffolds, hydrogels, drug delivery 

devices, protein encapsulation and delivery systems and so on.    
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