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Among biodegradable polymers, poly(lactic acid) PLA has received much attention in recent years. PLA is a 

polymer obtained from renewable resource. PLA shows high rigidity, high transparency, good biocompatibility, good 

gas-barrier properties, and optical activity. It is generally understood that PLA shows similar mechanical properties to 

polystyrene. Moreover, a recent development of the production method enhances the cost-performance greatly. 

Therefore, PLA is a candidate to replace of petroleum-based plasics. However, for a practical usage, considerable 

efforts will be further required to overcome the following defects; poor melt elasticity, slow crystallization rate, and 

mechanical brittleness. In order to enhance the properties of PLA and extending its applicable fields, a number of 

researches will have to be conducted. 

In this thesis, effect of the addition of poly(ethylene glycol) terminated by benzoate PEG-BA on the 

crystallization behavior and dynamic mechanical properties of PLA is studied as compared with poly(ethylene glycol) 

PEG-OH. It is found that PEG-BA is miscible with PLA and shows good plasticizing effect. Because PEG-OH having 

the same degree of polymerization is immiscible with PLA, the end group in PEG-BA, i.e., benzoate, plays an 

important role in the miscibility. Furthermore, PEG-BA does not induce the PLA degradation at melt-processing, 

whereas PEG-OH leads to the hydrolysis degradation. Finally, the addition of PEG-BA pronounces the crystallization 

rate of PLA at low crystallization temperatures and thus enhances the degree of crystallinity at conventional processing. 

Consequently, the temperature dependence of dynamic mechanical properties is similar to that for isotactic 

polypropylene. 

Moreover, the effect of processing conditions on mechanical properties of amorphous PLA is studied considering 

the chain packing. It is found that the samples cooled in the temperature range from 60 to 80 °C, that is, slightly higher 

than the glass transition temperature Tg, shows ductile behavior with a low brittle-ductile transition temperature. 

Furthermore, the samples obtained by prolonged cooling at 56 °C also show ductile behavior, whereas a shorter cooling 

period at the same temperature provides a brittle product. Even for the samples quenched at 40 °C, they shows ductile 

behavior after the exposure to post processing annealing operation at 60 °C; that is, the strain at break is larger than 

300 %. This is an anomalous phenomenon for a glassy polymer. The dynamic mechanical analysis and thermal 

characterization revealed that the ductile samples show slightly higher Tg than the brittle ones, presumably due to high 

packing density of polymer chains. Moreover, it is found from infrared spectroscopy that the ductile samples show 

strong absorbance at 1267 cm
-1

, ascribed to high energy gauche-gauche gg conformers. Following the classic 

Robertson’s descriptions of plastic flow, it is concluded that the increase in the gauche-gauche gg conformers, which 

shows the conformation change under a low stress level, reduces the critical onset stress for shear yielding, leading to 

ductile deformation. The results demonstrate that the mechanical toughness of PLA can be controlled by the cooling 

conditions during processing and the post-processing annealing operation. 

 

Keywords: Poly(lactic acid), Plasticization, Crystallization, Mechanical properties, Processing conditions. 
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Preface 

 

Biomass-based polymeric materials have received much attention because of the 

concerns about the global environment and the decrease in petroleum resources. Among 

them, poly(lactic acid) has been researched intensively due to its attractive advantages. 

However, the drawbacks of poly(lactic acid), such as low crystallization rate and 

brittleness, limit its application.  

In this thesis, the crystallization behavior and mechanical properties of 

poly(lactic acid) are studied. In particular, the effect of processing conditions at 

compression-molding on the structure and properties of poly(lactic acid) is focused. I 

hope that this study provides useful information to understand the physical properties 

from academic viewpoints and contributes to expanding the application of poly(lactic 

acid) in industry. 

Tong Huang  
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Chapter 1 

General Introduction 

 

1.1 Biomass-based plastics 

Nowadays, polymeric materials are used everywhere from our daily life 

products, such as packaging, kitchen stuffs, clothes, etc., to high technology goods 

including mobile phone, portable-device, optical films, sensor parts, and so on. They 

attract more and more attentions because of their advantages such as light-weight, good 

cost-performance, manufacture flexibility, etc. [1,2]. 

Conventional plastics are, however, not easy to be decomposed in natural 

environment due to their stable chemical structure. Therefore, the disposal of wasted 

plastics becomes a severe problem. Moreover, the total amount of plastics disposed into 

the ocean is estimated to be several hundreds of thousands tons every year. Such plastics 

that accumulated in the ocean harm the ocean biology system [2,3]. Therefore, the 

attentions paid to the biodegradable plastics are increasing.  

Being different from conventional petroleum-based plastics, biodegradable 

plastics can be decomposed in a relatively short period by bacteria in soil, which 

provides a low burden on natural environment. Although biodegradable plastics can be 
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synthesized from crude oil, so-called biomass-based plastics produced from renewable 

biomass resources, e.g., poly(lactic acid) PLA, poly(-caprolactone) PCL, 

poly(3-hydroxybutyrate) PHB, poly(butylene succinate) PBS, cellulose esters, etc., 

attract much more interests recently due to the rising awareness of the depletion of 

petroleum resources. The main properties of some biodegradable polymers are 

summarized in Table 1-1 [4]. 

 

 

 

Carbon neutrality is the typical property of biomass-based plastics. Carbon 

neutrality of a material means that the absorption amount of carbon dioxides CO2 during 

the production of this material is equal to the emission amount of that during the 

degradation. In other words, the concentration of CO2 does not change in this 

production-degradation cycle. Moreover, biomass-based plastics show not only 
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biodegradability, but also some their attractive properties such as biocompatibility. 

Nowadays, therefore, researches on developing biomass-based plastics having superior 

performance are being carried out intensively [2-5]. 

 

1.2 Poly(lactic acid) 

Poly(lactic acid) or polylactide (PLA) is a thermoplastic polyester which 

belongs to the family of aliphatic polyesters. PLA is derived from renewable 

resources, such as corns, sweet potatoes, etc. The raw material for the synthesis is lactic 

acid which can be produced by fermentation [6,7]. Basically, PLA can be synthesized by 

direct condensation polymerization although the molecular weight of the material 

obtained is below 5,000. Currently, therefore, high molecular weight PLA is 

commercially produced via the lactide ring-opening polymerization route [8], as shown 

in Fig. 1-1. 

 

Fig. 1-1 Scheme for synthesis of poly(lactic acid) [7] 

https://en.wikipedia.org/wiki/Thermoplastic
https://en.wikipedia.org/wiki/Renewable_resource
https://en.wikipedia.org/wiki/Renewable_resource
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There are two kinds of optical isomer, L- and D-lactic acid, because of the 

existence of an asymmetric carbon atom in lactic acid. The polymeric products coming 

from pure L- or D-lactic acid are denoted as PLLA and PDLA, respectively (Fig. 1-2). 

Generally, commercial PLA is a copolymer of L-lactic acid and D-lactic acid. Because 

the majority of lactic acid from biomass sources exists in L-form, PLLA is the main 

fraction in commercial PLA.  

 

COOHHO

H CH3

            

H

OH

H CH3

O

n

 

L-lactic acid                      PLLA 

COOHHO

H3C H

              

H

OH

H3C H

O

n

 

D-lactic acid                      PDLA 

Fig. 1-2 Stereochemistry of (a) PLLA and (b) PDLA  

 

 

 

(a) 

(b) 
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PLLA is a crystalline polymer with a melting point Tm locating in the range of 

170-178 
o
C and a glass transition temperature Tg of around 60 

o
C [6]. PLLA shows high 

rigidity, high transparency in amorphous state, good biocompatibility, etc. Because of 

these advantages, PLLA has drawn great attention in recent years. It is generally 

understood that PLLA shows similar mechanical properties to polystyrene. Moreover, 

because of the light transmittance, PLLA is a candidate polymeric material to replace 

polypropylene PP as transparent films and sheets [3,9-11]. 

For a practical usage, however, considerable efforts will be further required to 

overcome the following defects for PLA; poor melt elasticity, slow crystallization rate, 

and mechanical brittleness [11,12]. In order to enhance these properties, which is 

necessary for expanding its applicable fields, a number of researches will be still 

required. 

 

1.3 Recent researches on modification techniques for poly(lactic acid) 

1.3.1 Enhancement of crystallization rate 

It is well-known that the nucleation and crystallization rate of PLA in the 

homogeneous state are low. Therefore, PLA is not able to be crystalized sufficiently at 

conventional processing condition. Due to the low level of crystallinity, mechanical 
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properties of PLA are similar to those of amorphous polymers when the ambient 

temperature is below Tg. However, the service temperature is limited because of its low 

Tg, which is a serious problem for PLA. 

Generally, there are two steps in crystallization for polymers, i.e., nucleation and 

crystal growth. Numerous efforts to improve the crystallization rate have been made 

mainly by two approaches; one is to increase the nucleation by the addition of 

nucleating agents. The other is to enhance the crystal growth which can be enhanced by 

plasticizers. 

 

1.3.1.1 Nucleating agents 

A nucleating agent can reduce the nucleation induction period and increase the 

nucleation density. Consequently, crystallization rate is greatly enhanced. 

One of the most famous nucleating agents is talc, i.e., a silicate compound 

having a plate-like shape. It is often used as filler for polypropylene PP. Because of the 

nucleating ability, the compounds with talc need a shorter processing time [13]. Talc is 

also found to be an effective physical nucleating agent for PLA. Li and Huneault 

reported that PLA having 1 % talc can crystallize sufficiently at a cooling rate of     

10 
o
C/min [14]. Harris and Lee reported that the addition of 2 % talc to PLA shortened 
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the crystallization half-times and resulted in a great increase in crystallinity even in a 

short processing time [15]. Moreover, the optimum temperature for crystallization 

during the cooling processing shifted from 100 to 120 
o
C when talc was present in PLA 

[16].  

Ikada et al. reported that two enantiomeric chains can do co-crystallization, 

which is called stereocomplex [17]. The stereocomplex crystal is composed of equal 

amounts of PLLA and PDLA chains. The melting point of stereocomplex is about 50 
o
C 

higher than that of PLA homocrystal. Due to its high melting point, the stereocomplex 

can act as a nucleating agent for PLA homocrystal during cooling process. Brochu et al. 

reported that the crystallinity of PLA containing stereocomplex is higher than that of 

pure PLA, demonstrating the nucleating effect of stereocomplex crystals [18]. Schmidt 

and Hillmyer studied the nucleation effect of stereocomplex for PLLA crystallization. 

They found that stereocomplex showed an outstanding nucleating efficiency compared 

with talc. However, the high nucleation density does not always mean the high 

crystallinity of PLA [19]. This phenomenon was related to the tethering effect of 

stereocomplex crystallites, reducing the PLLA chain mobility. Yamane and Sakai 

investigated the effect of molecular weight of PDLA on the nucleation and 

crystallization of PLLA. They found that PDLA having low molecular weight provide a 
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higher stereocomplex crystallinity than high molecular weight PDLA, resulting in a 

high nucleating efficiency for PLLA [18,20,21]. 

Besides mineral compounds and stereocomplex, other substances have been also 

investigated as the potential nucleating agents for PLA. Up to now, clay [22-24], carbon 

nanotube [25-27] and low molecular weight aliphatic amides [28] have been known to 

exhibit the nucleation ability for PLA [29-32]. Recently, high efficient nucleating agents 

such as uracil [33] and zinc citrate [34] were reported. Both of them were found to 

possess an effective ability of inducing a higher crystallization temperature of PLA 

under cooling.  

 

1.3.1.2 Plasticizers 

Plasticizers play an important role in polymer industry [35]. They are often 

added into polymers to lower Tg, for increasing the ductility and improve processability. 

By the addition of a plasticizer, polymers have higher chain mobility, which is 

responsible for enhanced linear growth rate of crystals.  

For PLA, the most widely investigated plasticizer is poly(ethylene glycol) PEG 

[36-39]. Sheth et al.
 
firstly prepared a blend of PLLA with PEG and found that PEG 

enhances the crystallization rate of PLLA. They also reported that the blends show 
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biodegradability [36]. The effect of end-group in PEG on the miscibility and 

crystallization behavior was also studied [37-40]. Kulinski and Piorkowska reported that 

the end-group does not influence much on Tg of PLA when PEG has a lower molecular 

weight (< 750 g/mol) [37]. Lai et al. studied the effect of end-groups in PEG on the 

miscibility with PLA and the crystallization behaviors of PLA. According to them, PEG 

having hydroxyl groups at the chain ends enhances the crystallization rate, as compared 

with that terminated by methyl groups [38,39]. With increasing the content of PEG in 

PLA, phase separation for PEG occurred easily from PLA matrix, making the blend 

unstable [40].  

Because of the similar chemical structure to PEG, poly(propylene glycol) PPG 

was also studied as a plasticizer for PLA. Although PPG can depress the Tg of PLA 

about 11 
o
C with 5% addition, due to the low miscibility with PLA, a second Tg is 

detected around -77 
o
C [41]. This is ascribed to Tg of PPG, i.e., they show 

phase-separation [42]. Piorkowska et al. reported that PPG showed less efficient in 

crystallization enhancement than PEG [43]. 

Besides PEG and PPG, a number of materials also have been known as 

plasticizers for PLA, such as poly(3-methyl-1,4-dioxan-2-one) [44], polyester-diol PED 

[45], citrate ester [46,47], and triacetine [48,49]. Although all of them were found to be 
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effective to enhance the crystallization of PLA, the high efficient was obtained only by 

the addition of a large amounts. Therefore, plasticizers showing good miscibility with 

PLA are required in order to accelerate the crystallization rate. 

 

1.3.3 Improvement of toughness 

PLA has received a growing interest in various fields, such as packaging, textile, 

and automotive part, as a promising environment-friendly replacement to 

petroleum-based polymeric materials. The poor mechanical toughness of PLA is the 

limitation to expand its applications. The main mechanical properties for PLA and 

conventional polymers are shown in Table 1-2. Compared with polystyrene PS and 

poly(ethylene terephthalate) PET, which are conventional plastics widely used in 

industry and daily-life products, PLA has similar tensile modulus and strength. In order 

to widen the application range of PLA, therefore, numerous researches have been 

carried out for improvement of mechanical toughness, including copolymerization, 

blending with various kinds of flexible polymers or rubbers, plasticization, and so on. 
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1.3.3.1 Copolymerization  

Copolymerization is a powerful method to tune properties based on those of 

individual pure homopolymer. Also in the case of PLA, properties including tensile and 

impact toughness can be modified by arranging the sequence of monomer, the 

architecture of polymer chain, and composition.  

Because of the marked ductility, -caprolactone CL has been copolymerized 

with lactic acid LA to provide the flexibility. This is an interesting copolymer because 

both monomers are biodegradable. Hiljanen-Vainio et al. found that the copolymers 

behave like from weak elastomers to tough thermoplastics depending upon the CL/LA 

monomer ratio (w/w) from 80/20 to 60/40 [50]. Furthermore, Grijpma et al. synthesized 

high molecular weight (LA-CL) copolymer. They reported P(LA-CL) having the mole 

ratio of LA/CL = 1/1 shows 500 % elongation to break [51]. Besides, commercial 
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perfluoropolyether PFPE has also been copolymerized with PLA to improve the 

mechanical properties. Haynes et al. found the fluoropolyether segments not only raised 

the ductility but also improved the optical clarity and melt processability. Although PLA 

and PFPE are immiscible, phase separation did not take place in the copolymers. 

Moreover, the copolymers exhibited higher elongation at break [52].  

 

1.3.3.2 Blending with flexible polymers or rubbers 

In contrast to the copolymerization method, blending with flexible polymers or 

rubbers is a more convenient and economic way for industrial applications. Various 

polymers have been melt-blended with PLA for different purposes. A number of flexible 

polymers have been investigated as toughening additives for PLA. 

PCL, one of biodegradable polyesters, has great flexibility and ductility. 

Therefore, it has been extensively studied as a toughening modifier for PLA in recent 

years. However, a simple blend of PLA with PCL often results in no improvement in 

toughness owing to the marked immiscibility [53,54]. Therefore, a suitable 

compatibilizer for the PLA/PCL blend is required. Semba et al. reported that the 

elongation at break of a PLA/PCL blend increased to 130 % with the modification by 

dicumyl peroxide DCP. Moreover, necking, i.e., ductile deformation, was observed 
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during tensile test [55]. The result indicated that DCP is an effective compatibilizer for 

the PLA/PBS blend system [56].  

Furthermore, the introduction of flexible rubbery segments into PLA matrix has 

been regarded as an efficient method. Li and Shimizu blended PLA with 

poly(ether)urethane PU elastomer. They found that both impact toughness and 

elongation at break were improved with the PU content [57]. Moreover, PU was found 

to be dispersed in PLA matrix, suggesting the PLA/PU blend system is a miscible 

system. Moreover, Ishida et al. studied the toughening mechanism of PLA employing 

acrylonitril-butadiene rubber NBR and isoprene rubber IR. They demonstrated that the 

particle size played an important role in toughening system. As they reported, smaller 

NBR particles improved the impact properties much more than larger IR particles. 

Moreover, the polar structure of NBR was considered to be helpful to enhance the 

toughness [58].  

 

1.4 Miscibility of polymer blends 

1.4.1 Thermodynamics of polymer blends 

For various purposes, a different polymer is often blended together to obtain 

polymer blends. However, polymer blends do not follow the rule “like dissolves like”. 
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From the point view of thermodynamic, it is possible to predict whether a given 

polymer blend will be miscible or not by using the following relation;  

mix mix mixG H T S                                            (1.1) 

where Gmix is the Gibbs’s free energy of mixing, Hmix is the enthalpy of mixing and 

Smix is the entropy of mixing. Mutual dissolution, i.e., intermolecular diffusion to be a 

homogeneous concentration will take place when the Gibbs’s free energy of mixing is 

negative. Although the entropy of mixing is always positive, however, the contribution 

is negligible because of the high molecular weight. Therefore, the sign and magnitude 

of Hmix determine the sign of Gmix. 

Flory and Huggins calculated Smix for polymer blends by using the lattice 

model, as illustrated in Fig. 1-3 [59,60]. In this lattice model, polymer molecules are 

assumed to be composed of a large number of segments with equal length. The lattice is 

comprised of N sites. Each site, having a volume of v, is occupied by one segment in a 

molecule [59-63]. 
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Fig. 1-3 Lattice models for (a) low molecular weight compounds solution          

and (b) polymer blend 

 

According to the mean-field theory, the entropy of mixing Smix for a binary 

polymer blend is derived as follow; 

1 2
1 1 2 2 1 2

1 2

[ ln ln ] ln lnmixS k N N RV
v v

 
   

 
     

 
                (1.2) 

where k is the Boltzmann constant, R is the gas constant, and V is the total volume, 1 

and 2 are the volume fraction of polymer 1 and polymer 2, respectively. Furthermore, 

v1 and v2 are the molar volumes of polymer 1 and polymer 2, respectively. 

Considering the interaction energies between segments, the enthalpy of mixing 

is expressed by the following equation; 
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1 2mixH RT                                                 (1.3) 

where  is the Flory-Huggins interaction parameter defined as; 

12z w

RT



  

 12 12 11 22
1

2
w w w w     

where wii is the contact energy between molecules of the same component, and wij is the 

contact energy between molecules of different components. 

By combining the equations (1.1), (1.2), and (1.3), the complete style of the 

Flory-Huggins equation (1.2) can be; 

1 1 2 2
1 2 1 2

1 2

ln lnmixG RTV
M M

   
    

 
    

 
                      (1.4) 

where 1 and 2 are the densities of polymer 1 and polymer 2, respectively. M1 and M2 

are the molecular weights of polymer segment 1 and polymer segment 2, respectively. 

Because of high molecular weight, as mentioned, mixing entropy of a polymer 

blend is thousands times smaller than that of a low-molecular-weight compound blend. 

Therefore, the first and second terms in equation (1.4) are extremely small values, 

which can be regarded as 0. Consequently, the sign of Gmix is positive even though the 

value of  is small. As a result, phase separation occurs in a polymer-polymer blend 

[64-66].  
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1.4.2 Solubility parameter 

In an ideal system, the mixing enthalpy Hmix is zero because the two types of 

molecules have the same force fields, and thus equation (1.1) can be written as 

mix mixG T S                                                (1.5) 

However, the energy of mixing accompanied with the formation of contact 

between two dissimiliar molecules cannot be ignored. In general, mixing is endothermic 

for nonpolar molecules in the absence of strong intermolecular force. 

Hildebrand and Scott gave an expression as shown below [67]; 

1 2

2
1/2 1/2

1 2

1 2

v v

mix
E E

H V
V V


     
      
     

                             (1.6) 

where V, V1, and V2 are the volumes of the blend, respectively. E
v
 is the molar energy 

of vaporization.  

E/V in the equation (1.6) is referred to the cohesive energy density. Moreover, 

the relation to the solubility parameter  is given as below;  

2E

V



                                                     (1.7) 

Thus, equation (1.6) can be rewritten: 

 
2

1 2 1 2

mixH

V
  


                                           (1.8) 
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Furthermore, can be expressed as follow; 

2

1 2[ ]
V

RT
                                                (1.9) 

As seen in equation 1.9, the interaction parameter becomes zero when two 

polymers have the same solubility parameter. Therefore, miscibility of polymer blends 

is only achieved in the case that the system shows the similar values of solubility 

parameter. 

In addition, Small proposed the group contribution method, in which the 

solubility parameter of a polymer can be estimated from the molar attraction constants, 

using structural formula of the compound and its density [68].  

G

M





                                                     (2.0) 

where  and M are the density and molecular weight, respectively. G is the sum of 

molar attraction constants. 

This is called the Small’s equation. The solubility parameter can be easily 

calculated applying this equation. However, this equation is only valid when the 

interactions between molecules can be ignored [69-71]. Therefore, the parameter cannot 

be compared when the structure is greatly different. 
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1.5 Objectives of this study 

PLA, a biomass-derived biodegradable polymeric material, has attracted 

increasing focus. Because of attractive advantages such as high modulus, high strength, 

and excellent transparency in the amorphous state, it has the potential to replace 

petroleum polymers. However, considerable efforts will be further required to overcome 

the defects such as slow crystallization rate and poor mechanical toughness at room 

temperature. There have been a plenty of literatures reporting the efficient plasticizers 

for improving crystallization rate of PLA. However, accompanying with blends 

containing plasticizers, several problems such as miscibility, thermal stability, etc., are 

also necessary to be considered. A suitable plasticizer for PLA, which shows miscibility 

with PLA and also keeps the thermal stability, is required to explore. Moreover, a large 

number of approaches, for example, copolymerization, addition of rubber-like particles, 

and plasticization, have been developed to improve mechanical properties for PLA. 

Nevertheless, the influence of processing conditions such as cooling temperature and 

post-annealing processing on the tensile properties of PLA were seldom studied. 

In this study, the enhancement of crystallization rate of crystalline PLA is going 

to be achieved by the addition of a plasticizer that enhances chain mobility. Although 

the improvement of mechanical toughness of PLA by the addition of rubber-like 
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particles was studied intensively, in this work, I try to improve the mechanical 

toughness of PLA only by adjusting the processing condition at compression-molding.  

The dissertation consists of two parts. The discussion related to enhancement of 

crystallization rate of PLA by the addition of two kinds of plasticizers is covered in 

Chapter 2. The improvement of mechanical properties of PLA only by adjusting the 

processing conditions is shown in Chapter 3. Meanwhile, the mechanism associated 

with this phenomenon is also discussed in the same chapter. Finally, the findings of this 

research are summarized in Chapter 4. It is expected that the findings in this research 

can be applicable to industrial fields and expand the application of PLA. 
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Chapter 2 

Crystallization and plasticization 

 

2.1 Introduction 

2.1.1 Crystallization of polymer 

The crystallization of polymers is a very important issue at polymer processing. 

Various thermoplastic polymers can crystallize upon cooling from the molten state to 

the temperature below their melting point. The crystals present in polymers greatly 

affect various properties in a solid state. In general, the crystallization of polymers can 

be classified in three types: (1) Upon cooling from the melt, (2) During mechanical 

stretching, and (3) During solvent evaporation [1,2]. In this thesis, the first one is 

focused considering the actual processing operations. 

 

2.1.2 Crystallization from the melt 

On cooling from the melt, the first stage is to create single nuclei, which is 

known as nucleation. There are two types of nucleation. One is homogenous nucleation, 

while the other is heterogeneous one. The homogeneous nucleation starts with 

nano-sized ordered arrangement composed of the polymer chains themselves. On the 
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other hand, the heterogeneous nucleation begins with impurities or foreign particles 

such as catalysts. In general, most polymers crystallize from heterogeneous ones at 

conventional processing.  

The temperature dependence of Gibbs free energy, shown in Fig. 2-1, describes 

thermodynamics of crystallization. As seen in the figure, when the ambient temperature 

is above the melting point Tm, the free energy of a liquid state is lower than that of a 

solid. Therefore, an ordered arrangement never develops due to the thermal motion. In 

contrast, when the temperature is below Tm, the free energy of a solid is lower than that 

of a liquid, resulting in the progress of nucleation and crystal growth [3,4].  

 

 

Fig. 2-1 Relationship between temperature and Gibbs energy of (blue) melt        

and (red) solid. 
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Moreover, the nuclei formation is related to the bulk free energy () and the 

surface free energy (q). The free energy change (G) is expressed in the following 

equation; 

3 24
4

3
G r r q


                                           (2.1) 

where r is the radius of nuclei. 

In equation 2.1, the first term, which is proportional to nuclei’s volume, reduces 

the free energy. Meanwhile, the second term, which is proportional to the surface area, 

increases the free energy. This relationship is shown in Fig. 2-2. It is easily understood 

from this figure that the surface free energy increases with the size of nuclei at the first 

stage of nucleation, suggesting that a stable nuclei formation barely occurs because of 

high surface free energy. However, once the size of nuclei is beyond the critical value r*, 

the free energy change starts to reduce, resulting in spontaneous crystal growth.  

 

Fig. 2-2 Relationship between free energy of nucleation and nuclei radius. 
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Subsequently after the nuclei formation, the growth of the polymer crystals takes 

place on a pre-existing nuclei surface, which is called secondary nucleation. The process, 

in which folded chain segments add regularly to a smooth nuclei surface, is illustrated 

schematically in Fig. 2-3(a). This lateral growth occurs in one direction from the nuclei 

and forms a flat layer called lamella (Fig. 2-3(b)). Lamellar crystals grow radically and 

form larger quasi-spherical structure called spherulites, as shown in Fig. 2-3(c). 

Fig. 2-3 Illustration of (a) secondary nucleation, (b) lamella, and (c) spherullite [2]. 

 

 

 

 

 

 

 

(a) (b) (c) 
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Generally, the formation of secondary nucleation is believed to determine 

crystallization growth rate of polymers. Therefore, the lateral growth rate of 

crystallization is regarded as the linear growth rate of spherulites radius R, which is 

expressed by the following equation; 

0

0 exp mKTdR E
G G

dt RT RT T

  
     

   
                            (2.2) 

where G is the linear growth rate of crystallization, G0 is a constant, T is the 

crystallization temperature, Tm
0
 is the equilibrium melting point, T is the degree of 

supercooling, i.e., Tm
0
-T, E is the energy of chain diffusion, R is the gas constant, and 

K is the kinetic constant for nucleation [5,6].  

According to equation 2.2, the diffusion rate of polymer chains is strongly 

dependent on the crystallization temperature. When crystallization occurs at high 

temperature, the chain diffusivity is enhanced, i.e., large 
E

RT


. However, the free energy 

for secondary nucleation decreases, i.e., small 
0

mKT

RT T
. Therefore, there is an 

appropriate crystallization temperature to accelerate the linear growth rate between Tg 

and Tm
0
.   
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Fig. 2-4 shows the linear growth rate G as a function of crystallization 

temperature Tc for various polymers. As seen in the figure, crystalline polymers show 

the bell-shaped curve in general [7]. The crystallization temperature, showing a maxium 

value for G, is denoted as Tc-max, given by [8] 

0

2

g mT T
T


c-max                                               (2.3) 

 

 

Fig. 2-4 Linear growth rate G as a function of Tc of various crystalline polymers. [4] 
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Furthermore, the crystallization rate of a polymer decreases with the molecular 

weight due to the reduction of the chain diffusivity. Umemoto et al. reported the 

molecular weight dependence of linear growth rate for poly(ethylene succinate), as 

shown in Fig. 2-5. 

 

 

Fig. 2-5 Relation between the linear growth rate G and Tc for poly(ethylene succinate) 

having various molecular weights. [7] 
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2.1.3 Crystallization of polymer blend 

Basically, equation 2.2 is also applicable to the crystallization rate of a polymer 

blend. However, for a polymer blend, the chain diffusivity in a molten state is easily 

affected by the additive. 

For example, adding nucleating agent is an efficient method to improve the 

crystallization rate of a polymer. When a small amount of nucleating agents is added, 

the polymer chain diffusivity does not change so much in a molten state. Therefore, the 

crystallization rate is enhanced owing to the high nucleation density. However, there has 

also been reported that the crystallization rate of a polymer is retarded owing to the 

reduced chain mobility by the addition of a miscible but high viscous nucleating agent 

[9]. 

The crystallization rate can be accelerated by the addition of a miscible additive 

that enhances the chain mobility of a polymer. Wunderlich and Grebowicz reported that 

the crystallization rate of isotactic polystyrene iso-PS was enhanced at low 

crystallization temperature by the addition of benzophenone, as shown in Fig. 2-6. 

However, a large amount of benzophenone retards the crystallization rate of iso-PS, 

because the high density of benzophenone hinders the nucleation [10].  
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Fig. 2-6 Relation between the crystallization rate and crystallization temperature for 

iso-PS containing various volume ratios (V) of benezophenone [10]. 

 

The maximum crystallization rate of a polymer blend Gmax(B) can be 

approximately expressed by the following equation [11,12]; 

 max max( ) ( )exp (1 )G B G H V                                   (2.4) 

where Gmax(H) is the maximum crystallization rate of a homopolymer, V is the volume 

fraction of the polymer, and  is the parameter determined by chain diffusion and free 

energy. When the parameter  is positive, the crystallization of the main polymer is 

disturbed by another component. On the contrary, the crystallization of the main 

polymer is enhanced, when  is negative.  
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Among various kinds of additives for polymers, plasticizers are often added to 

improve the processibility. Because a plasticizer enhances the chain mobility of polymer 

at low temperature (Fig. 2-7), it has capability to enhance the crystallization rate at 

processing [13-20]. This is significantly important because water is usually used as 

cooling media at conventional processing operations. If the crystallinity of PLA is 

enhanced by the conventional cooling method, it will have a strong impact on the 

industry. Such processing condition also leads to good cost-performance. 

 

 

Fig. 2-7 Relation between linear growth rate G and crystallization temperature for   

(black) pure polymer and (red) polymer containing plasticizer. 
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2.1.4 Objectives 

In this chapter, the crystallization behavior and mechanical properties of 

plasticized PLA with poly(ethylene glycol) terminated by benzoate (PEG-BA) are 

studied, as compared with poly(ethylene glycol) terminated by hydroxyl groups 

(PEG-OH). Prior to the discussion on the crystallization behavior, the effect of 

end-groups on the thermal hydrolysis degradation is demonstrated.  
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2.2 Experimental 

2.2.1 Materials 

Poly(lactic acid) PLA used in this chapter was obtained from Toray. The number 

and weight average molecular weights of PLA were evaluated by a gel permeation 

chromatography (GPC; Tosoh, HLC-8020) with TSK-GEL GMHXL as a polystyrene 

standard. Chloroform was employed as eluant at a flow rate of 1.0 ml/min, and the 

sample concentration was 1.0 mg/ml. It was found that Mn and Mw of the PLA employed 

are 9.8 × 10
4
 and 1.7 × 10

5
, respectively. Since the content of D-lactic unit is as low as 

1%, the melting point is around 178 
o
C. Fig. 2-8 shows the DSC curve for PLA. The 

arrow denotes Tg. 
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Fig. 2-8 DSC heating curve for PLA. 
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Poly(ethylene glycol) terminated by benzoate (referred as PEG-BA) was used as a 

plasticizer. It was kindly prepared by New Japan Chemical from poly(ethylene glycol) 

(referred as PEG-OH). The average molecular weight of PEG-OH is 200. In this study, 

PEG-OH was also employed as a plasticizer as a reference sample. Fig. 2-9 shows DSC 

heating curves for pure plasticizers. The arrow denotes Tg. As seen in the figure, Tg of 

PEG-BA is found to be -51 
o
C, while Tg of PEG-OH is located at -81 

o
C. 
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Fig. 2-9 DSC heating curves for plasticizers: PEG-BA and PEG-OH.  

 

A conventional PP was also used in this chapter as a reference sample. For PP, a 

commercially available propylene homopolymer (Japan Polypropylene, Novatec-PP 

FY4) was employed. The melt flow index of PP is 5 [g/10 min] at 230 
o
C and the 

melting point is 165 
o
C. Mn and Mw of PP are 4.5 × 10

4
 and 2.6 × 10

5
, respectively, as a 

polypropylene standard. 
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2.2.2 Sample preparation 

Mixing 

The blends containing 3, 10, and 20 wt% of a plasticizer were prepared by the 

solution blend technique in chloroform at room temperature. The weight fraction of 

PLA and the plasticizer, i.e., PEG-OH or PEG-BA, in the solution was 10 %. The 

solution was poured into a petri dish and left in the draft for 24 hours at room 

temperature to obtain the blends.  

 

Compression-molding  

After being dried in a vacuum oven at 80 
o
C for 4 hours, the blends were 

compressed into a flat film by a compression-molding machine (Tester sangyo, 

Table-type-test press SA-303-I-S) for 3 min at 200 
o
C and subsequently cooled at either 

40 
o
C or 80 

o
C for 10 min. In the case that the sample was cooled at 80 

o
C, it was 

subsequently plunged into an ice-water bath. The obtained films were stored at -20 
o
C to 

avoid further crystallization prior to the measurements. 
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2.2.3 Measurements 

Rheological properties 

Frequency dependence of oscillatory shear modulus G’ and loss modulus G” was 

evaluated at 190 
o
C using a cone-and-plate rheometer (TA Instrument, AR2000ex). The 

diameter and the cone angle are 25 mm and 4
o
, respectively. 

Morphology observation 

The linear growth rate of spherulites was examined at isothermal crystallization 

using a polarized optical microscope (Leica, DMLP) equipped with a hot-stage (Mettler, 

FP90). After heating up to 210 
o
C, the sample was cooled down to various 

crystallization temperatures at a cooling rate of 20 
o
C/min. Then, the time variation of 

the spherulite radius was measured under cross polars with a full wave plate. 

Dynamic mechanical properties 

Temperature dependence of tensile storage modulus E’ and loss modulus E” was 

measured using a rectangular specimen with 5 mm in width, 25 mm in length and 0.4 

mm in thickness by a dynamic mechanical analyzer (UBM, Rheogel E4000-DVE) in the 

temperature range between -100 and 190 
o
C. The heating rate was 2 

o
C/min, and the 

applied frequency was 10 Hz. 
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Thermal properties 

Thermal analysis was conducted by a differential scanning calorimeter (DSC) 

(Mettler, DSC820
e
) under a nitrogen atmosphere. The samples were heated from room 

temperature to 210 
o
C at a heating rate of 10 

o
C/min. The amount of the samples in an 

aluminum pan was approximately 10 mg. 
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2.3 Results and discussion 

2.3.1 Thermal stability and rheological properties  

According to Hassouna et al., the addition of poly(ethylene glycol) PEG leads to 

the hydrolysis degradation of PLA, which is a serious problem for the industrial 

application [21-23]. Therefore, the molecular weight is examined prior to the 

measurements of the rheological and thermal properties using film samples prepared by 

the compression-molding. 

Figure 2-10 shows the GPC curves as a polystyrene standard. There are two peaks 

in the blend samples, which are ascribed to PLA and the plasticizer. As seen in the 

figure, PEG-OH induces the degradation of PLA as reported previously. The Mn and Mw 

of PLA in the blend containing 10 wt% of PEG-OH are 4.30 × 10
4
 and 8.31 × 10

4
, 

respectively, whereas those of pure PLA are almost the same as those of the pellet even 

after the compression-molding. Considering that PLA in the solution-cast film of the 

blend has the same molecular weight as the pure PLA, the hydrolysis degradation 

occurs by the thermal history at mixing processing in an internal mixer, i.e., 200 
o
C for 

3 min. In contrast, the GPC curve of PLA in the blend with PEG-BA is unchanged. The 

Mn and Mw of PLA in PLA/PEG-BA (90/10) are 9.72 × 10
4
 and 1.70 × 10

5
, respectively, 

which are almost the same as those of the pure PLA. 
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PLA/PEG-BA (90/10)

PLA

PLA
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Log M  

Fig. 2-10 GPC curves of (top) PLA, (center) PLA/PEG-OH (90/10),              

and (bottom) PLA/PEG-BA (90/10) films prepared by an internal mixer  

at 200 
o
C, 3 min. 
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The decrease in the molecular weight of PLA by PEG-OH is clearly detected also 

by the rheological properties. The angular frequency dependence of the oscillatory shear 

modulus at 190 
o
C is shown in Fig. 2-11. 

As seen in the figure, the oscillatory moduli are typical ones in the rheological 

terminal zone for pure PLA at this temperature. Moreover, it is obviously found that the 

moduli decrease with the addition of the plasticizer, especially for the blend containing 

10wt% PEG-OH due to the enhanced hydrolysis degradation.  

As seen in Fig. 2-11(a), the moduli decrease slightly with the addition of PEG-BA. 

The zero-shear viscosity 0, defined by equation (2.5), of PLA at 190 
o
C is calculated to 

be 450 Pa s. Furthermore, that of the blends containing 10 wt% of PEG-BA is 310 Pa s. 

0
0

"( )
lim

G









                                              (2.5) 

According to Graessley [24], 0 of a solution is given by the relation. 

3.6

0 0( )   
                                                (2.6) 

where is the volume fraction of a polymer and 0 is the monomeric friction 

coefficient. The equation corresponds to the original Berry-Fox formula [25]. Assuming 

that 0 is not affected by PEG-BA, 0 predicted by the equation (306 Pa s) agrees well 

with the experimental value. 
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As seen in Fig. 2-11(b), both moduli decrease greatly with the addition of 

PEG-OH. The zero-shear viscosity 0 of PLA/PEG-OH (90/10) is calculated to be    

40 Pa s, whereas that of pure PLA is 450 Pa s. Considering that 0 is proportional to 

Mw
3.4

, the value is appropriate. 
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Fig. 2-11 Frequency dependence of oscillatory shear moduli such as           

(circles) storage modulus G’ and (diamonds) loss modulus G” at 190 
o
C; (a) (closed) 

pure PLA and (open) PLA/PEG-BA (90/10); (b) (closed) pure PLA and (open) 

PLA/PEG-OH (90/10) 
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Furthermore, the steady-state shear compliances Je
0
, defined by equation (2.7), 

are calculated to be 3.7 × 10
-5

 Pa
-1

, 3.4 × 10
-5

 Pa
-1

 and 3.2 × 10
-5

 Pa
-1

 for pure PLA, 

PLA/PEG-BA, and PLA/PEG-OH, respectively. Therefore, the weight-average 

relaxation times w, calculated by the product of 0 and Je
0
 as Eq. 2-8, are found to be 

1.3×10
-2

 s, 1.1×10
-2

 s and 1.0×10
-3

 s for pure PLA, PLA/PEG-BA, and PLA/PEG-OH, 

respectively.  

0

20

'( )
lim

"( )
e

G
J

G






                                             (2.7) 

2

0

0

( )dln

( )dln
w e

H

H
J

  

  
  




                                        (2.8) 
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2.3.2 Linear growth rate of spherulites 

Fig. 2-12 exemplifies the spherulite texture observed under cross polars with a 

full-wave plate for the samples. A typical Maltese-cross pattern, showing negative 

spherulites, is detected for all samples, although the sample containing 20 wt% of 

PEG-BA shows slightly disturbed texture. The direction of lamellar growth will be 

distorted by the presence of PEG-BA, which exists presumably between PLA lamellae. 

Moreover, it is found from Fig. 2-12 that the spherulite radius increases with the content 

of the plasticizer.  
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PLA 
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PEG-BA 1 0 w t % 
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(a)                    (b)                    (c) 

                       

 

PEG-OH 3w t % 

2 0 μ m 

      

PEG-O H  1 0 w t % 

2 0 μ m 

 

(d)                    (e) 

Fig. 2-12 Spherulite texture observed at 130 
o
C after 6 min                        

(a) PLA, (b) PLA/PEG-BA (90/10), (c) PLA/PEG-BA (80/20),                   

(d) PLA/PEG-OH (97/3), and (e) PLA/PEG-OH (90/10) 
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Fig. 2-13 shows the time variation of spherulite texture at 120 
o
C for PLA and 

PLA containing 20 wt% of PEG-BA. It is apparent that the spherulites radius increases 

with the time. 

 

 

(1 min)          (2 min)           (5 min)          (10 min) 

 

(1 min)           (2 min)           (5 min)          (10 min) 

Fig. 2-13 Growth of spherulite texture observed at 120 
o
C for 

(top) PLA and (bottom) PLA/PEG-BA (80/20). 
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The growth curves of the spherulite radius at various crystallization temperatures 

Tc are shown in Fig. 2-14. 
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Fig. 2-14 Growth curves of the spherulite radius at various crystallization temperatures 

(a) PLA, (b) PEG-BA 10wt%, (c) PEG-BA 20wt%, 

(d) PEG-OH 3wt%, and (e) PEG-OH 10wt% 
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As seen in Fig. 2-14, the spherulite radius increases linearly with the 

crystallization time, indicating that the PLA concentration in the molten region at the 

front of spherulites is a constant. The result suggests that the diffusion rate of 

plasticizers is lower than the linear growth rate of PLA spherulites. 

The slope of the lines in Fig. 2-14 represents the linear growth rate G as follows; 

dR
G

dt
                                                      (2.9) 

 

Fig. 2-15 shows the relation between G and Tc. As seen in the figure, pure PLA 

shows a maximum G around at Tc = 130 
o
C.  
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Fig. 2-15 Linear growth rate of spherulites G versus crystallization temperature Tc for 

(a) PLA/PEG-BA and (b) PLA/PEG-OH 
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As mentioned above, the crystallization temperature, at which G shows a 

maximum, Tc-max, is given by equation (2.3). Since Tg of PLA is 58 
o
C [26] and Tm

0
 is 

207 
o
C

 
[27], Tc-max is expected to be 132.5 

o
C. This corresponds with the experimental 

result. Furthermore, it is found that G is greatly enhanced especially at low Tc by the 

addition of the plasticizer. The location of the peak shifts to lower Tc owing to the 

decrease in Tg. Because actual processing is often carried out using water as a cooling 

medium, the shift of Tc-max will be a great benefit in industries. On the contrary, G at 

high Tc decreases with increasing PEG-BA, suggesting that Tm
0
 decreases with PEG-BA. 

It is well known that Tm
0 

decreases when the Flory-Huggins interaction parameter is 

negative, as expressed by the following equation [28,29].  

22
12 10 0 0

1

1 1
( )

'm m f

RV

T T H V
   


                                  (2.10) 

where Tm
0
’ is the equilibrium melting point of a blend, V1 is the molar volume of the 

polymer 1, Hf
0
 is the perfect crystal heat of fusion of the perfect crystal andis the 

volume fraction of the polymer 1 in the blend.  

Therefore, it is suggested that the interaction parameterbetween PLA and 

PEG-BA is negative. Moreover, it is clearly observed that G of PLA is extremely 

enhanced by the addition of PEG-OH, which is more obvious than that by PEG-BA. 

This result is attributed to the pronounced molecular mobility as shown in Fig. 2-15. 
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According to the equation 2-2 mentioned previously, at the same crystallization 

temperature, G increases by a plasticizer owing to the enhanced chain diffusion (
E

RT


 ), 

while the free energy (

0

mKT

RT T



) of nucleation does not change greatly. 

 

2.3.3 Dynamic mechanical properties 

Fig. 2-16 shows the temperature dependence of the dynamic mechanical 

properties for pure PLA cooled at 40 
o
C.  
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Fig. 2-16 Temperature dependence of (open symbols) tensile storage modulus E’ and 

(closed symbols) loss modulus E” at 10 Hz for pure PLA cooled at 40 
o
C. 
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As seen in the figure, the tensile storage modulus E’ of PLA falls off sharply at 

65 
o
C owing to the glass-to-rubber transition. Correspondingly, the loss modulus E” 

shows a distinct peak. Beyond Tg, both moduli increase with temperature in the range 

between 85 and 95 
o
C. This is attributed to the cold crystallization, which is often 

observed for a crystalline polymer with a slow crystallization rate. The phenomenon 

demonstrates that the degree of crystallization of the initial sample, i.e., the samples 

cooled at 40 
o
C, is considerably low. Because of the low degree of crystallinity, the heat 

distortion temperature is determined by Tg. The application of this material is therefore 

significantly limited. 
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Fig. 2-17 shows the temperature dependence of the dynamic mechanical 

properties for PLA and plasticized PLA cooled at 40 
o
C.  
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Fig. 2-17 Temperature dependence of (a) tensile storage modulus E’ and       

(b) loss modulus E” at 10 Hz for samples cooled at 40 
o
C: (black) pure PLA, 

(red) PLA/PEG-BA (90/10), and (blue) PLA/PEG-OH (90/10) 

 

As seen in Fig. 2-17, the cold-crystallization behavior is also detected for the 

plasticized samples, although both Tg and the cold crystallization temperature are 

located at lower temperatures. The results indicate that the cooling condition, i.e., 40 
o
C 

for 10 min, is not sufficient enough to crystallize. Moreover, double peaks are detected 

in the E” curve for the sample containing 10 wt% of PEG-OH, demonstrating that the 

PLA/PEG-OH blend shows phase separation. On the contrary, only a single peak is 
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detected in the sample containing 10 wt% of PEG-BA. The results suggest that the end 

group of PEG plays an important role in the miscibility with PLA.  

Generally, Tg of blends follows the Fox equation [30,31] which is shown below. 

1 2

1 2

1

g g g

w w

T T T
                                                (2.11) 

where w1 and w2 are the weight fractions, and Tg1 and Tg2 are the glass transition 

temperatures of polymers 1 and 2, respectively. 
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Fig. 2-18 shows the relation between the plasticizer content and Tg measured by 

DSC. The curves are drawn by the calculated values using equation (2.11). Tg of pure 

plasticizers were also measured by DSC, as shown in Fig. 2-9. It is found from the 

figure that Tg of PLA/PEG-BA blends are almost corresponding to the calculation 

values by the Fox equation. However, PLA containing 20wt% of PEG-OH does not 

follows the relation. Bleeding out of PEG-OH from the blend will be the origin of the 

deviation. This is another proof of the poor miscibility between PLA and PEG-OH. 
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Fig. 2-18 Relation between Tg of blend and the plasticizer content. (solid lines) 

the calculation values according to the Fox equation for the blend containing various 

contents of plasticizers and (closed circles) the experimental values for the blend 

containing various contents of plasticizers 
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Fig. 2-19 shows the dynamic mechanical spectra for the samples cooled at 80 
o
C 

for 10 min. 
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(a)                                (b) 

Fig. 2-19 Temperature dependence of (a) tensile storage modulus E’ and (b) loss 

modulus E” at 10 Hz for the samples cooled at 80 
o
C: (black) pure PLA, 

(red) PLA/PEG-BA (90/10), (green) PLA/PEG-OH (97/3),                     

and (blue) PLA/PEG-OH (90/10) 

 

It is demonstrated that both samples containing 10 wt% of the plasticizer show 

monotonical decrease in the E’ curve with temperature, although the blend with 3 wt% 

of PEG-OH exhibits the cold crystallization behavior. It suggests that the cooling 

condition, i.e., 80 
o
C for 10 min, allows PLA to crystallize greatly for the samples 
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containing more than 10 wt% of the plasticizer. The figure also shows that the E” peak 

of the plasticized samples is broader and weaker than that of pure PLA. This is 

reasonable because the crystallization reduces the amount of the amorphous region and 

broadens the characteristic times of the glass-to-rubber transition of amorphous chains. 

Moreover, the E” peak at -80 
o
C for PLA/PEG-OH, ascribed to Tg of PEG-OH, is more 

pronounced than that in Fig. 2-17. The small amount of amorphous PLA, as a result of 

the enhanced crystallization, accelerates the phase separation in the amorphous region. 

On the contrary, it is found that PEG-BA shows good miscibility with PLA even after 

crystallization of PLA.  
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2.3.4 Thermal properties 

The DSC heating curves are shown in Fig. 2-20. The arrows in the figure denote 

Tg of pure PLA. 
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(a)                                (b) 

Fig. 2-20 DSC heating curves for PLA, PLA/PEG-BA, and PLA/PEG-OH cooled at  

(a) 40 
o
C and (b) 80 

o
C. 

 

It is found from Fig. 2-20(a) that a sharp exothermal peak ascribed to cold 

crystallization is detected beyond Tg for the samples cooled at 40 
o
C, corresponding to 

the dynamic mechanical spectra. In the case of PLA with the plasticizer, the exothermic 

peaks are located at lower temperatures. The result shows that the cold crystallization 

occurs at low temperature because of the pronounced molecular mobility. The 
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crystalline nucleus of PLA produced at processing may also be responsible for the 

prompt crystallization at the heating process. On the contrary, the exothermic peak is 

not observed for the plasticized samples cooled at 80 
o
C as shown in Fig. 2-20(b). 

Moreover, small exothermic peaks at the temperature just below the melting point were 

detected for pure PLA in DSC heating curves. Those exothermic peaks are related to the 

phase transition of  form to a more stable  form, which is reported by Ohtani et al. 

and other authors [32-34].  

The degree of crystallinity for PLA c is determined by equation 2.12; 

100%

(%) 100c

m cH H

H


 
 


                                      (2.12) 

where Hm is the heat of fusion at Tm, Hc is the exothermic heat at cold crystallization, 

and H100% is the heat of fusion for the perfect PLA crystal (93.1 J/g) [35]. 
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Table 2-1 Thermal properties of samples 

Plasticizer Content (wt%) Mold Temp. (
o
C) Tg (

o
C) Tm (

o
C) c (%) 

- 0 

40 

64 178 12 

PEG-BA 10 43 172 17 

PEG-BA 20 26 168 25 

PEG-OH 10 35 169 29 

PEG-OH 20 34 163 33 

- 0 

80 

63 177 16 

PEG-BA 10 31 173 39 

PEG-BA 20 -23 168 42 

PEG-OH 10 36 170 47 

PEG-OH 20 41 165 47 

 

 

Table 2-1 shows the crystallinity of PLA with various amounts of PEG-BA or 

PEG-OH. It is found that the degree of crystallinity increases with the amount of the 

plasticizers. The plasticized samples cooled at 80 
o
C show high level of crystallinity, i.e., 

39 – 47 %. As a result, E’ decreases monotonically with temperature without abrupt 

drop.  
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Fig. 2-21 compares the dynamic mechanical spectra for the plasticized sample 

cooled at 80 
o
C and a conventional isotactic polypropylene PP. It is found from the 

figure that the mechanical properties of the plasticized PLA are similar to those of PP, 

demonstrating that the blends have a great possibility to be employed instead of PP [36]. 
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Fig. 2-21 Temperature dependence of (a) tensile storage modulus E’ and (b) loss 

modulus E” at 10 Hz for (black) i-PP and (red) Plasticized PLA containing 10 wt% of 

PEG-BA cooled at 80 
o
C. 
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2.3.5 Tensile properties 

Fig. 2-22 shows the stress-strain curves at room temperature for PLA and 

plasticized PLA cooled at 40 
o
C and 80 

o
C. The sample thickness is 400 m and both 

stress and strain are the engineering ones. As seen in Fig. 2-22(a), pure PLA exhibits a 

brittle fracture right after the yield point. The strain at the break is about 10%. The yield 

stress decreases dramatically with increasing the content of the plasticizer. Moreover, 

plasticized PLA shows ductile behavior. The strain at break for those samples is larger 

than 300%. The results demonstrated that the plasticizer improves the mobility of chain 

segments, and thus provides the stretchability of PLA. 
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Fig. 2-22 Stress-strain curves for PLA containing the plasticizer cooled at          

(a) 40 
o
C and (b) 80 

o
C. 
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As summarized in Table 2-2, Young’s modulus of plasticized PLA cooled at   

80 
o
C is higher than those of plasticized PLA cooled at 40 

o
C. Owing to the enhanced 

crystallization rate, plasticized PLA cooled at 80 
o
C has a high degree of crystallinity. 

 

 

 

Interestingly, it is noted in Fig. 2-22 that PLA cooled at 40 
o
C shows brittle 

fracture, whereas the sample cooled at 80 
o
C exhibits ductile behavior. This is a 

surprising phenomenon because pure PLA is considered to be a brittle polymeric 

material in general. The phenomenon will be studied and discussed in the following 

chapter. 
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2.4 Conclusions 

Crystallization behavior and thermal and dynamic mechanical properties for 

plasticized PLA are studied employing PEG having benzoate groups (PEG-BA) at chain 

ends. It is found that PEG-BA shows better miscibility with PLA than that with a 

conventional PEG having hydroxyl groups at chain ends (PEG-OH). The Flory-Huggins 

interaction parameter between PLA and PEG-BA is found to be negative. Furthermore, 

the linear growth rate of PLA crystallization is greatly enhanced especially at low 

temperatures because of the decrease in Tg as well as the pronounced molecular 

mobility of PLA chains. The enhanced crystallization rate affects the mechanical and 

thermal properties. Because of the high degree of crystallinity, which is obtained, e.g., at 

80 
o
C for 10 min as a cooling condition, the cold crystallization behavior is not 

observed at the measurements of thermal and dynamic mechanical properties. 

Consequently, the tensile modulus gradually decreases with temperature without abrupt 

drop. Since the dynamic mechanical spectra are similar to that of PP, the heat distortion 

temperature will be greatly improved.  
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Chapter 3 

Impact of processing condition tensile properties 

 

3.1 Introduction 

3.1.1 Measurements of mechanical properties 

With the development of technologies, polymeric materials having various 

excellent properties have been produced to meet the demands of applications. Therefore, 

in order to ensure that they exhibit successful performance in applications, it is very 

important to understand clearly their mechanical behaviors under a variety of conditions. 

The knowledges on the influences of temperature, experimental time, and thermal 

history on the mechanical properties of polymers are particularly important. Therefore, 

various test methods have been designed to evaluate mechanical properties under a 

variety of loading conditions. These are including tensile test, compression test, 

three-point bending test, impact test and the tests designed to measure dynamic 

mechanical properties [1].  
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3.1.2 Stress-strain behaviors of polymers 

Tensile tests have been widely used to comprehend the mechanical behaviors of 

polymers under stretching. In tensile tests, a specimen is stretched at a constant rate, and 

load or stress is measured as a function of time.  

Polymers exhibit various behaviors in tensile tests, ranging from brittle to 

ductile, including yielding and cold-drawing. Moreover, the tensile behaviors of 

polymers strongly depend on the ambient temperature and strain rate at the tensile test. 

Generally the sample specimen for a tensile test is cut or molded in a shape of dumbbell, 

as shown in Fig. 3-1. The both ends are clipped and one of clipped ends is stretched at a 

constant rate in a tensile machine. The length in the center part of the specimen with 

narrow width is called the initial gauge length, L0.  

 

 

Fig. 3-1 Illustration of a specimen for tensile tests 
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The engineering stress  is defined as  

0

F

A
                                                        (3.1) 

where F is the applied load and A0 is the original cross-sectional area of the specimen. 

The engineering strain  is given by 

0

0 0

L L L

L L


 
                                                (3.2) 

where L is the instantaneous gauge length and L is the change in the gauge length. 

Besides engineering stress and strain, true stress and strain are also used for 

description of tensile properties of polymers. True stress t is calculated as the quotient 

of the applied load to the instantaneous cross-sectional area A, that is, 

t

F

A
                                                       (3.3) 

True strain t is defined as the sum of all the instantaneous length changes dL, 

divided by the instantaneous length, which is expressed as following, 

0
0

ln
L

t
L

dL L

L L
                                               (3.4) 

The true strain has the following relation with engineering stain using equations 

(3.2) and (3.4), 
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0

0 0

ln ln ln(1 )t

L LL

L L
 

 
                                   (3.5) 

Before the yield point, a necking band occurs during deformation for a ductile 

polymer. It is well known that shear yielding is a constant volume process. Thus,  

0 0AL A L                                                   (3.6) 

Further, the following equation can be derived from equations 3.3, 3.5, and 3.6; 

(1 )t                                                   (3.7) 

Basically, engineering values and true values are essentially equal for small 

deformations. On the contrary, true values should be used for the scientific discussion 

under a large strain. In particular, elongational viscosity should be measured at a 

constant true strain rate, because viscosity is defined as the stress divided by the true 

strain rate.  

A polymeric material responses elastically when small forces are applied to. The 

stress increases proportionally with strain in this region. Moreover, the applied 

deformation recovers immediately when the stress is removed [1,2]. This relation 

between stress and strain, known as Hooke’s law, can be written as 

E                                                      (3.8) 

where E is Young’s modulus (modulus of elasticity). 
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Besides tensile deformation, there is another deformation for polymeric 

materials. As shown in Fig. 3-2, a horizontal force is applied to the top surface to make 

a transverse deformation in the material without changing the height. This is called 

shear deformation.  

 

Fig. 3-2 Illustration of shear deformation 

The shear strain  is defined as follows, 

tan
x

h
                                                  (3.9) 

where x is the distance of the translational motion, h is the height, and  is the 

inclination angle.  

Moreover, under small strains, the relation between shear stress and shear strain 

is expressed by Hooke’s law as the following equation, 

s sG                                                    (3.10) 

where s is the shear stress and Gs is the shear modulus.  
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3.1.3 Poisson ratio 

In a tensile test, the strain along the tensile direction also causes the strain in the 

direction perpendicular to the tensile direction [3]. Fig. 3-3 shows this phenomenon. 

. 

 

Fig. 3-3 Illustration of the Poisson effect. 

 

Therefore, the Poisson ratio, for an isotropic material, is defined as follows, 

x

y







                                                     (3.9) 
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The Poisson’s ratios for engineering materials are shown in Table 3-1. It is noted 

that the most brittle materials such as ceramics and glass have low values of Poisson’s 

ratio. Moreover, in many cases, flexible materials show high values of the Poisson’s 

ratio.  

 

 

 

Furthermore, the Young’s modulus, E, the shear modulus, Gs, and the Poisson’s 

ratio, , which are used to describe the elastic behavior of an isotropic solid, are related 

through the following equation, 

2(1 ) sE G                                               (3.10) 

During the tensile deformation for a material with  a constant volume 

process can be obtained. However, volume expansion or dilatation takes place for most 

solid materials. Consequently,  is usually around 0.3 [2,3]. 
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3.1.4 Stress-strain curve 

The tensile test data are usually stated in term of stress ()-strain () curve. Fig. 

3-4 shows a typical stress-strain curve for a ductile specimen.  

 

 

Fig. 3-4 Stress-strain curve of a ductile polymer. y is the yield stress,              

y is the yield strain, b is the stress at break, and b is the strain at break. 

 

From O to A, the Hooke’s law is applicable, and the slope is Young’s modulus. 

Beyond A point, called elastic limit, plastic deformation takes place in polymer solid 

and the stress is not proportional to strain. Then, the stress shows a maximum, i.e., yield 

point. Beyond the yield point B, plastic strain is dominant rather than elastic strain. 

After the yield point, most polymers show the necking band, in which localized 
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deformation occurs with a constant stress. After the necking band is expanded to all of a 

narrow area in a sample specimen, the stress increases again, often called 

“strain-hardening”, before break. The crystallization owing to high orientation of 

polymer chains can provide the strain-hardening, as well-known for natural rubber [9]. 

The stress b is called ultimate strength or tensile strength [1-3,6-9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

 Impact of processing condition tensile properties 

80 

 

3.1.5 Polymer fracture 

There are mainly two mechanisms of plastic deformation for conventional 

polymeric solids. One is shear yielding, while the other is crazing. Ductile behavior is 

observed for a polymer showing shear yielding in general. As shown in Fig. 3-5(a), 

molecular chains, whose conformation changes with the deformation, do not break at 

shear yielding. On the contrary, a craze is composed of fibrils and voids, initiated from 

microvoid formation. Further, brittle fracture usually occurs at crazing process with 

chain scission (Fig. 3-5(b)). 

 

 

Fig. 3-5 Plastic deformation mechanisms of polymeric materials
 
[10]: 

(a) shear yielding and (b) crazing 
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Moreover, the onset stresses of shear yielding and crazing depend on the 

temperature and strain rate. As shown in Fig. 3-6, the shear yielding is strongly affected 

by the strain rate and temperature. On the other hand, the onset stress of crazing is not 

much affected by the strain rate and temperature. As a result, the brittle-ductile 

transition temperature, at which the onset stresses of both mechanisms are the same, is 

affected by the strain rate. 

 

 

Fig. 3-6 Illustration of the brittle-ductile transition: 

(---) high strain rate, (—) low strain rate 

Ta and Tb are brittle-ductile temperatures, at the low and high strain rates, respectively. 

Temperature 

Onset stress of shear yielding 

Onset stress of crazing 
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As well known, failure occurs at the stress concentration point, i.e., at the tip of 

the crack. The tensile stress  at the tip of a crack (Fig. 3-7) in the direction of the 

applied stress is referred by Williams [1,11] in equation 3.11. 

0(1 2 / )ra                                           (3.11) 

where 0 is the applied tensile stress, 2a is the crack length, and r is the radius of 

curvature. 

 

 

Fig. 3-7 Illustration of an elliptical crack in tensile test. 

 

In case of an elliptical hole (ah = long semi axis, bh = short semi axis), the radius 

of curvature is bh
2
/ah, then the tensile stress is written as equation 3.12. 

0(1 2 / )h ha b                                                   (3.12) 

2ah 

 

Crack 

 

2bh 
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The more general equation for crack formation is expressed using the total 

energy K as following, 

2
2 2

2
sK a a

E

 
                                   (3.13) 

where s is the surface energy for creating a new surface. 

The relation of K and the crack length a is shown in Fig. 3-8. 

 

Fig. 3-8 Crack length dependence of the total energy U for the formation  

of the crack [12] 

 

As seen in the figure, U increases with the crack length 2a to a maximum, and 

then decreases with the crack length. This maximum is obtained for critical crack length 

acr, i.e., 2

s
cr

E
a




 . When the cracks are larger than 2acr, cracks will grow 

spontaneously under the applied stress. This is reasonable because the energy decreases 
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with the growth of a crack. On the contrary, the growth of cracks is stable under the 

applied stress. 

Moreover, there are two special states of stress, which affect the fracture of 

materials as shown in Fig. 3-9. One is called the plane stress condition, which occurs in 

the deformation of a thin film (Fig. 3-9(a)). In the plane stress condition, no stress is 

acting in z-direction. In this condition, a sample usually shows ductile behavior. The 

other one is called the plane strain condition. In this condition, the strain in z-direction is 

equal to 0, which often takes place in a thick film resulting in brittle fracture as shown 

in Fig. 3-9(b).  

 

 

Fig. 3-9 Illustration of (a) plane stress in thin film (z = 0)  

and (b) plane strain in thick plate (z = 0) [1,8]. 
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3.1.6 Toughening mechanism 

It is well known that the geometry of specimens affects the mechanical 

properties. For example, a thin specimen tends to show ductile behavior, whereas brittle 

fracture usually occurs in a relatively thick specimen.  

Furthermore, modifying the material itself is also an efficient way to increase the 

toughness of a polymer. For example, the rubber toughening technique is the most 

conventional method to reinforce a brittle plastic [1]. A famous example is the 

high-impact polystyrene, in which polybutadiene is incorporated into polystyrene, 

which exhibits salami structure and shows enhanced toughness without losing the 

rigidity much. Moreover, it is also known that processing condition can affect the 

brittle-ductile transition for a polymer. For example, after being annealed for a long time, 

polycarbonate PC shows brittle fracture [35]. This is ascribed to the increase in the 

onset stress for the shear yielding by the exposure to annealing operation. The increase 

in the critical shear stress leads to the brittle fracture, because the critical stress of 

crazing is hardly affected by the annealing. The same phenomenon would be expected 

for the samples having different cooling history at processing. The effect of annealing 

procedure on the mechanical properties for PLA is, however, unrevealed at the best of 

my knowledge.  



Chapter 3 

 Impact of processing condition tensile properties 

86 

 

3.1.7 Objectives 

In this chapter, the effect of processing condition at compression molding on the 

tensile properties of PLA is investigated, including the brittle-ductile transition 

temperature. In particular, the effect of the cooling condition and post-processing 

annealing operation is examined in detail using pure PLA without adding rubbery 

materials. Since such treatment also affects the crystallinity, the impact of the degree of 

crystallinity on the mechanical properties is discussed using two types of PLA, i.e., 

crystalline and amorphous ones having different D-lactic unit content. 
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3.2 Experimental 

3.2.1 Materials 

Crystalline PLA, referred as cPLA in this chapter, was the same material used in 

the previous chapter. Furthermore, another type of PLA (Mitsui Chemical, LACEA 

H280, MFR = 2.5 [g/10 min]) was used (referred as aPLA). Since the content of 

D-lactic unit is nearly 12 %, it is fully amorphous [10]. The number and weight average 

molecular weights of aPLA were evaluated by a gel permeation chromatography (GPC; 

Tosoh, HLC-8020) with TSK-GEL GMHXL as a polystyrene standard. Chloroform was 

employed as eluant at a flow rate of 1.0 ml/min, and the sample concentration was 1.0 

mg/ml. It was found that Mn and Mw of aPLA employed are 1.0×10
5
 and 1.7×10

5
, 

respectively.  

 

3.2.2 Sample preparation 

Compression-molding  

After being dried in a vacuum oven at 80 
o
C for 4 hours, they were compressed 

into a flat film by a compression-molding machine (Tester sangyo, Table-type-test press 

SA-303-I-S) for 3 min at 200 
o
C and subsequently cooled at various temperatures for 10 

min. When the sample was cooled at the temperature beyond 40 
o
C, it was subsequently 
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plunged into an ice-water bath. The conditions at the compression-molding procedures 

are shown in Table 3-2. The obtained films were stored at -20 
o
C to avoid further 

crystallization prior to the measurements.  

 

 

 

In this chapter, the numerals in the sample code represent the cooling 

temperature at the step 2 and the residence time in a mold. For example, cPLA-40-10 

refers to the crystalline PLA cooled at 40 
o
C for 10 min. 
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3.2.3 Measurements 

Tensile properties 

Tensile properties were examined by a uniaxial tensile machine (Tokyo Testing 

Machine, LSC-50/300) at various temperatures. Dumbbell-shaped specimens (ASTM 

D-1822-L) (Fig. 3-10) with 400 ± 10 m thickness were cut out from the compressed 

film by a dumbbell cutter (Dumbbell, SDL-200). The initial gage length was 10 mm, 

and the distance between the cross-heads was 53.5 mm. One of the cross-heads moved 

at a constant speed of 10 mm/min. Therefore, the initial strain rate was 0.017 s
-1

. The 

measurements were carried out ten times and the average value was calculated. During 

the deformation, the sample shape was monitored by a video camera. Furthermore, 

some samples were taken out from the tensile machine before the rupture to observe the 

surface morphology by a scanning electron microscope SEM (Hitachi, S4100) and the 

molecular orientation in the necked region by a polarized optical microscope (Leica, 

DMLP) under crossed polars. 

 

 

Fig. 3-10 Dimension of the dumbbell-shaped specimen 
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Dynamic mechanical properties 

Temperature dependence of tan  (G”/G’) was measured by a dynamic 

mechanical analyzer (UBM, Rheogel E4000-DVE) in the temperature range between 25 

and 150 
o
C. A rectangular specimen with 5 mm in width, 25 mm in length and 0.4 mm 

in thickness was used. In order to collect a number of data with a small interval of the 

temperatures, the high frequency, i.e., 100 Hz was applied with a relatively slow heating 

rate of 1 
o
C/min. 

 

Thermal properties 

Thermal analysis was conducted by a differential scanning calorimeter (DSC) 

(PerkinElmer, DSC8500) under a nitrogen atmosphere. The samples were heated from 

room temperature to 200 
o
C at a heating rate of 10 

o
C/min. The amount of the samples 

in an aluminum pan was approximately 10 mg. 

 

FTIR spectroscopy 

Infrared spectra of the samples cooled at various temperatures were measured 

using a Fourier-Transform infrared analyzer (PerkinElmer, Spectrum 100). All spectra 

were collected by the absorbance mode with 16 scans and a resolution of 4 cm
-1

. The 
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sample films were prepared by using the same method but with different thicknesses, 

i.e., approximately 20 m. 

 

3.3 Results and discussion 

3.3.1 Effect of cooling temperature 

As mentioned previously, pure cPLA cooled at 80 
o
C shows ductile behavior. It 

should be noted because the mechanical toughness of pure PLA is improved without the 

addition of plasticizers or rubber-particles. Therefore, the effect of cooling temperature 

on the tensile properties of cPLA is further investigated in detail.  

Fig. 3-11 shows the stress-strain curves at room temperature for pure cPLA 

cooled at various temperatures for 10 min. The sample thickness is 400 m. It is found 

that the samples cooled at 60 and 80 
o
C show ductile behavior.  
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Fig. 3-11 Stress-strain curves in (a) full strain range and (b) small strain region for pure 

cPLA cooled at various temperatures for 10 min.  

 

The tensile properties and the degree of crystallinity evaluated by DSC 

following equation (2.12) are summarized in Table 3-3. The degree of crystallinity 

increases with increasing cooling temperature. Furthermore, cPLA-100-10 shows the 

highest Young’s modulus, because of the remarkably high crystallinity.   
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The degree of crystallinity should be considered to discuss the effect of cooling 

temperature on the tensile properties. Therefore, another PLA, which is an amorphous 

one because of the large amount of D-lactic unit, was employed in the experiment. As 

seen in Fig. 3-12, it is found that aPLA cooled at 0, 40, and 100 
o
C show brittle fracture 

around the yield point, which is a well-known behavior for PLA. In contrast, the ductile 

behavior is observed for samples cooled at 60 and 80 
o
C. The strain at break for the 

ductile samples is larger than 300 %. The results demonstrate the anomalous mechanical 

toughness observed for the samples cooled at the specific condition is not attributed to 

the crystallization state. 
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Fig. 3-12 Stress-strain curves in (a) full strain range and (b) small strain region for 

aPLA cooled at various temperatures for 10 min.  

 

The mechanical properties of the samples cooled at various temperatures are 

summarized in Table 3-4. It should be noted that the yield stresses of the ductile samples 

are lower than those of the brittle ones. 
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Fig. 3-13 shows the optical photographs of the samples during tensile testing. In 

the case of aPLA-40-10, i.e., a brittle sample, several cracks are detected clearly on the 

film surface immediately after stretching, as shown in the right-top SEM picture. The 

surface cracks running to the perpendicular to the stretching direction develop promptly 

and result in the brittle failure. This is a typical phenomenon for a brittle polymer 

[8,12-14]. On the contrary, a shear band with inclining by an angle of approximately 45
o
 

to the stretching direction appears for the ductile sample aPLA-80-10, instead of the 

surface cracks, as detected by the polarized optical microscope (right-bottom). The 

shear band grows to the necking band which expands with stretching. 

 

 

 

 

 

 

 

 

 



Chapter 3 

 Impact of processing condition tensile properties 

96 

 

 

 

Fig. 3-13 Photographs of the samples during the tensile testing at room temperature;   

(a) the samples cooled at 40 
o
C for 10 min (aPLA-40-10) and (b) the samples cooled at 

80 
o
C for 10 min (aPLA-80-10). The numerals in the figure represent the tensile 

engineering strain. The SEM picture of the craze is shown in the right-top. The 

polarized optical microscopy picture of the shear band is shown in the right-bottom. 
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It is confirmed from DSC and wide-angle X-ray diffraction WAXD 

measurements that all samples show no crystallinity for aPLA. Therefore, the specific 

volume, which increases with the cooling rate from rubbery or terminal region to glassy 

one [15,16], could affect the fracture behavior. In other words, the samples with high 

density of chain packing, which is obtained by cooling near Tg, exhibit ductile behavior. 

However, the difference in the density was not detected directly (about 1.24 kg m
-3

 for 

all aPLA samples), at least, by the sink-float density measurement, indicating that the 

density difference, if there, is not so large. Because of the negligible difference in the 

density, Young’s modulus at the tensile testing barely changes by the cooling conditions. 

Meanwhile, no difference is detected by X-ray diffraction measurement, as shown in 

Fig. 3-14. 
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Fig. 3-14 WAXD patterns of aPLA cooled at various temperatures for 10 min. 
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There is a slight difference in the dynamic mechanical properties between the 

brittle and ductile samples. Fig. 3-15 shows the temperature dependence of loss tangent 

tan  for the samples cooled at various temperatures for 10 min. The peak around 73 
o
C 

is ascribed to -dispersion, i.e., Tg, of PLA. The figure demonstrates that the peak shifts 

slightly toward high temperature with the cooling temperature approaching to 80 
o
C. 

This slight increase in Tg is attributed to the closed packing of PLA chains. In the case of 

PLA-100-10, the first step of cooling was performed at 100 
o
C, which is higher than Tg. 

Then, the sample was quenched to 0 
o
C at the second step. As a result, the free volume 

fraction is larger than those cooled at 60 and 80 
o
C. 
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Fig. 3-15 Temperature dependence of loss tangent tan  at 100 Hz for the samples 

cooled at various temperatures. The values are vertically shifted, which are expressed by 

 The arrows denotes the peak temperatures. (black) aPLA-0-10 and =0, (blue) 

aPLA-40-10 and =0.5, (orange) aPLA-60-10 and =1.0, (red) aPLA-80-10 and =1.5, 

and (green) aPLA-100-10 and =2.0. 

 

In order to confirm the increase in Tg, thermal properties are also checked by 

DSC measurements. The DSC heating curves for the samples cooled at various 

temperatures are shown in Fig. 3-16. A slight change in Tg is also detected for the 

samples, as shown in Table 3-5, corresponding to the dynamical mechanical spectra. 

The difference in Tg between dynamic mechanical analysis and DSC is reasonable, 

because Tg of a polymer depends on the measurement methods and experimental 

conditions. 
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Fig. 3-16 DSC heating curves for samples cooled at various temperatures for 10 min. 
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According to the physical description of shear yielding given by Robertson et al., 

a high population of high energy conformers is responsible for the conformation change 

even under a low stress level, leading to a stable plastic flow of a polymer solid below 

Tg [17-19]. Pan et al. studied the conformation change for PLLA during the heating 

process using an FTIR analyzer [20]. They confirmed that the intensity of the 

absorbance peak at 1267 cm
-1

 increases with the ambient temperature. Moreover, they 

reported that the absorbance peak is highly sensitive to high energy gauche-gauche gg 

conformers in PLA chains [20,21]. According to them, the rearrangement of PLA chains 

from the low energy gauche-trans gt conformers to high-energy gg conformers occurs 

near Tg. At temperature below Tg, the molecular motions of polymer chains are 

relatively slow [20-24]. In contrast, the inter- or intra-molecular rotations and motions 

occur easily beyond Tg due to the increase in free volume, leading to rearrangement and 

redistribution of chain conformation [20,25,26]. Because of the enhanced free volume 

fraction and thus chain mobility, the population of high energy conformers usually 

increases with temperature, which becomes more pronounced above Tg. This is also 

confirmed for other conventional polymers [27,28]. For the understanding the 

conformation difference of the present samples, FTIR measurements were carried out. 

Fig. 3-17 shows the FTIR spectra for the samples cooled at various temperatures in the 
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region from 1240 – 1300 cm
-1

. The absorbance peak at 1267 cm
-1

 is ascribed to C-O-C 

backbone stretching [29]. Although they seem to be similar, the difference in the 

absorbance can be used for the discussion considering the previous researches 

[20,25,26]. As seen in the figure, the intensity of 1267 cm
-1

 band increases with the 

cooling temperature until 80 
o
C, suggesting that the population of gg conformers 

increases. From the FTIR results, it is reasonable to conclude that the samples cooled at 

the temperature slightly higher than Tg have the high population of high energy 

conformers, leading to a low onset stress for shear yielding by the conformation change 

during stretching. 
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Fig. 3-17 FT-IR spectra for amorphous samples cooled at various temperatures. 
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FT-IR spectra of cPLA samples cooled at various temperatures are shown in Fig. 

3-18. The slight increase in the intensity of absorbance peak 1267 cm
-1

 is also detected, 

suggesting that the population of gg conformers increases with the cooling temperature. 

According to Pan et al., the intensity of 1267 cm
-1

 band decreases because the 

conformation rearrangement from gg to gt takes place when PLA undergoes 

crystallization [30]. Therefore, the decrease in the intensity at 1267 cm
-1

 for 

cPLA-100-10 is ascribed to the crystallization. 
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Fig. 3-18 FT-IR spectra for crystalline samples cooled at various temperatures. 
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3.3.2 Effect of cooling period 

It is found that the tensile properties are affected by the cooling period at the 

compression-molding. Fig. 3-18 shows the stress-strain curves for aPLA cooled at 56 
o
C 

(aPLA-56-x) and 40 
o
C (aPLA-40-x) for various cooling periods (x min). As shown in 

Fig. 3-18(a), the ductile behavior is detected for the samples cooled for a long time   

(≥ 10 min) at 56 
o
C, whereas aPLA-56-3 shows brittle fracture. On the contrary, all 

samples cooled at 40 
o
C show brittle behavior, although the strain at break slightly 

increases with an extended cooling time. These results indicate that the prolonged 

cooling at the temperature slightly lower than Tg enhances the mechanical toughness for 

aPLA. Considering that the molecular motion at 40 
o
C is significantly slow as compared 

that cooled at 56 
o
C, thus it is a reason for the brittle behavior of aPLA even after “aging” 

at room temperature for a long time. Furthermore, as similar to the results shown in Fig. 

3-7, the ductile samples show low yield stress as compared with the ultimate stress of 

the brittle ones. The nonlinear behavior, i.e., the downward deviation from the linear 

relation of the stress and strain, is detected earlier for the ductile samples, which results 

in the low yield stress. 
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(a)                              (b) 

Fig. 3-19 Stress-strain curves for aPLA cooled at (a) 56 
o
C and (b) 40 

o
C for various 

cooling periods. 
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Fig. 3-20 shows the dynamic mechanical spectra for the samples cooled at 56 
o
C 

for various times. It is also found that the peak of tan shifts slightly toward high 

temperature with increasing the cooling time. This is expectable because the prolonged 

cooling allows the molecules to be in the equilibrium state. 
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Fig. 3-20 Temperature dependence of loss tangent tan at 100 Hz for the samples 

cooled at 56 
o
C for various cooling times. (black) aPLA-56-3 and = 0,         

(blue) aPLA-56-10 and = 0.5, (orange) aPLA-56-30 and= 1.0,                    

and (red) aPLA-56-60 and= 1.5. 
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Moreover, amorphous samples cooled at 80 
o
C for various periods were 

employed in the tensile test to investigate the effect of cooling period on the tensile 

properties. Fig. 3-21 shows the stress-strain curves for those samples. As seen in this 

figure, tensile property, i.e., ductile behavior, is not influenced by the prolonged cooling 

periods for PLA cooled at 80 
o
C.  
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Fig. 3-21 Stress-strain curves for the sample cooled at 40 
o
C for 10 min and 80 

o
C for 

various periods. 
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The slight change in Tg for those samples is detected in DSC measurements, as 

shown in Fig. 3-22. It is found that Tg increases slightly with the cooling period, 

suggesting that the chain packing density increases slightly with cooling period. It is 

well known that annealing operation increases the shear yielding stress more than craze 

stress, resulting in the brittle fracture in general [34]. In contrast, PLA cooled at 80 
o
C 

for a long period shows ductile behavior instead of brittle fracture in this study, 

suggesting that closed chain packing does not play the main role in brittle-ductile 

transition. 
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Fig. 3-22 DSC heating curves for the samples cooled at 80 
o
C for various periods. 
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Fig. 3-23 shows the FT-IR spectra for these samples. It is clearly seen in the 

figure that an absorbance peak at 1267 cm
-1

, which is ascribed to the high-energy gg 

conformer [20], increases with cooling temperature, indicating that the population of 

high-energy gg conformers increases. As mentioned before, high population of gg 

conformers leads to conformation change under a low stress level, resulting in a plastic 

flow or ductile deformation of a polymer solid. In other words, the samples having high 

concentration of high-energy conformers show shear yielding easily. Moreover, in this 

figure, it is found that the population of gg conformers increases with the cooling period, 

suggesting that conformation rearrangement from low-energy conformer to high-energy 

conformer occurs during the cooling processing. This increased population of gg 

conformers ensures that PLA cooled at 80 
o
C shows ductile behavior even for the 

samples cooled at 80 
o
C for 24 hours. 
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Fig. 3-23 FT-IR spectra for aPLA cooled at 40 
o
C for 10 min and 80 

o
C for various 

periods. 

 

Generally, physical ageing is known to embrittle ductile samples. Therefore, the 

effect of physical ageing on the ductile samples was also investigated. aPLA-80-10 was 

aged at 25 
o
C for one day. The sample code refers to aPLA-80-10-25-1440. The tensile 

properties are shown in Fig. 3-24. It is obviously found that the aged sample shows 

brittle fracture. As generally understood, physical ageing raises the shear yielding stress 

[33-35], while it does not affect craze stress so much [35]. Therefore, after exposure to 

ageing, a ductile polymer may deform mainly in terms of crazing, leading to brittle 

fracture. One of the famous examples was reported for poly(2,6-dimethyl-l,4-phenylene 

oxide) PPO, Poly(styrene-methylmethacrylate), and PPO-PS blends [36]. The brittle 

fracture of aged PLA was also reported by Pan et al. [37]. 
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Fig. 3-24 Stress-strain curves for the unaged (aPLA-80-10)                       

and aged (aPLA-80-10-25-1440) samples. 

 

In this study, however, it is noted that aPLA cooled at 80 
o
C for 24h shows 

ductile behavior even after being aged for 24h. The stress-strain curves are shown in Fig. 

3-25.   
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Fig. 3-25 Stress-strain curves for aPLA-80-10-25-1440 and aPLA-80-1440-25-1440. 

 

In FTIR measurements, a change in the intensity of absorbance band at 1267 

cm
-1

 for unaged and aged samples was detected. FTIR spectra are shown in Fig. 3-26(a). 

It is found that the intensity of absorbance band at 1267 cm
-1

 reduces after being aged at 

25 
o
C for 1440 min. On the other hand, the population of gg conformers for 

aPLA-80-1440-25-1440 is a higher than that of aPLA-80-10-25-1440, shown in Fig. 

3-26(b). The results suggest that a sample having the high population of gg conformers 

shows ductile behavior. 
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Fig. 3-26 FTIR spectra for (a) unaged and aged samples                          

and (b) annealed samples prepared for a long or short cooling period. 

 

3.3.3 Effect of crystallinity 

cPLA samples were cooled at 80 
o
C for various periods to obtain the samples 

with various levels of crystallinity and subsequently tensile tests were carried out to 

study the effect of crystallinity on the tensile properties. The stress-strain curves for 

those samples (cPLA-80-x) are shown in Fig. 3-27.  
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Fig. 3-27 Stress-strain curves for cPLA cooled at 80 
o
C for various periods. 

 

As seen in Fig. 3-27, cPLA-80-1440 shows brittle fracture with the highest yield 

stress. In contrast, the ductile behavior is confirmed for the other samples. The tensile 

properties of cPLA-80 cooled at various temperatures are presented in Table 3-6. It is 

found that the Young’s modulus of cPLA-80-1440 is higher than those of the other 

samples. 
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The thermal analyses were performed using cPLA-80-x. The DSC heating 

curves are shown in Fig. 3-28. The bold arrows denote Tg for each sample. It is found 

that the exothermic peaks for cPLA-80-10, -30, -60, and -180 ascribed to cold 

crystallization are detected beyond Tg. Moreover, the exothermic peaks which are 

denoted by open arrows in figure shift to low temperature, suggesting that 

crystallization is enhanced because the nucleation occurs at the cooling period. In 

addition, the figure also demonstrates that Tg slightly increases with cooling periods 

extending, suggesting that the chain packing of cPLA is enhanced. 

The thermal properties and crystallinity of cPLA-80-x are summarized in Table 

3-7. It is found that the crystallization proceeds with cooling period, resulting in the 

increase in crystallinity. It is noted that cPLA-80-1440 shows high level of crystallinity, 
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i.e., 56.8 %. It is generally known that the high degree of crystallization embrittles 

polymers [1,38]. Therefore, cPLA cooled at 80 
o
C for the long cooling period, i.e., 24 

hours, shows brittle behavior. 
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Fig. 3-28 DSC heating curves for cPLA cooled at 80 
o
C for various periods.        

The closed arrows denote the glass transition                                

and the open arrows denote the cold crystallization. 

 

 



Chapter 3 

 Impact of processing condition tensile properties 

117 

 

3.3.4 Effect of post-processing annealing 

It is also found that the brittle sample turn to show ductile behavior by 

post-processing annealing operation. Fig. 3-29 shows the stress-strain curves for the 

samples with and without the annealing operation at 60 
o
C for 10 min, using PLA-40-10. 

Although the sample without the annealing shows brittle fracture, the annealing 

procedure changes the fracture mechanism from brittle to ductile.  
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Fig. 3-29 Stress-strain curves for the samples with and without post-processing 

annealing operation at 60 ° C for 10 min. The sample used was PLA-40-10. 

 

Moreover, the slight increase in Tg is also detected by the dynamic mechanical 

analysis after the annealing, as shown in Fig. 3-28. The sample also shows a strong peak 

at 1267 cm
-1

 in the FTIR spectra (Fig. 3-29). The results support that a high population 
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of gg conformers caused by the conformation change is responsible for the shear 

yielding deformation despite the closed packing of polymer chains. 

 

0

1

2

3

60 70 80 90 100

73 
o
C

74 
o
C

1 
o
C/min 100 Hz

Temperature (
o
C)

lo
g

 [
ta

n
 

] 
+

 

without annealing

 after annealing

 = 1

 = 0

 

Fig. 3-28 Temperature dependence of loss tangent tan  at 100 Hz for the samples with 

and without post-processing annealing at 60 
o
C for 10 min. (black) PLA without 

post-annealing operation at 60 
o
C for 10 min, and (red) PLA with post-annealing 

operation at 60 
o
C for 10 min. 
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Fig. 3-29 FTIR spectra for the samples with and without post-processing annealing at 

60 
o
C for 10 min. 

 

3.3.5 Effect of ambient temperature 

The tensile testing was performed at various ambient temperatures using 

amorphous samples, i.e., aPLA-40-10 and aPLA-80-10, and crystalline samples, i.e., 

cPLA-40-10 and cPLA-80-10. The area of the stress-strain curve until the rupture is 

calculated as the toughness. As shown in following figures, the brittle-ductile transition 

is clearly detected for all samples. The transition temperature for aPLA-40-10 is found 

to be around 35 
o
C, whereas it is 5 

o
C for PLA-80-10. On the other hand, the transition 

temperature for cPLA-40-10 is found to be around 30 
o
C, whereas it is 10 

o
C for 
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cPLA-80-10. Thus, aPLA-80-10 and cPLA-80-10 show ductile behavior at room 

temperature.  
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Fig. 3-30 (a) Stress-strain curves for aPLA-40-10 at various ambient temperatures and  

(b) Relation between the ambient temperature and toughness for aPLA-40-10. 
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Fig. 3-31 (a) Stress-strain curves for aPLA-80-10 at various ambient temperatures and  

(b) Relation between the ambient temperature and toughness for aPLA-80-10. 
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Fig. 3-32 (a) Stress-strain curves for cPLA-40-10 at various ambient temperatures and  

(b) Relation between the ambient temperature and toughness for cPLA-40-10. 
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Fig. 3-33 (a) Stress-strain curves for cPLA-80-10 at various ambient temperatures and  

(b) Relation between the ambient temperature and toughness for cPLA-80-10. 
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3.4 Conclusions 

The tensile behaviors of crystalline and amorphous PLA films obtained by 

compression-molding were investigated. It is found that the samples cooled at 

temperatures slightly higher than Tg, e.g., 60 and 80 
o
C, show ductile behavior at room 

temperature, with a low brittle-ductile transition temperature. In contrast, the other 

cooling temperatures, e.g., 0, 40, and 100 
o
C, provide brittle samples, which is a typical 

mechanical behavior of PLA. Moreover, the mechanical toughness of the samples 

cooled at 56 
o
C increases with increasing cooling period. Moreover, because of the high 

degree of crystallization crystalline PLA shows brittle fracture after being cooled 80 
o
C 

for 24 hours. The ductile deformation occurs even for the quenched samples after 

annealing operation at 60 
o
C for 10 min.  

Because of the thermal history near Tg, the ductile samples have the high level of 

chain packing, which is confirmed by high Tg. Although the closed chain packing is 

believed to be responsible for brittle fracture for most plastics owing to the 

enhancement of critical onset stress for shear yielding, the increase in the specific 

conformer, i.e., gg, leads to the conformation change under the low stress level. 

Consequently, shear yielding, i.e., ductile deformation, occurs as a dominant 

deformation mechanism for PLA.  
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Chapter 4 

General Conclusions 

 

Poly(lactic acid), one of the most promising biomass-based polymers, has 

several attractive characteristics, such as biodegradability, high rigidity, high 

transparency, etc. Therefore, it has a potential to replace of the petroleum-based 

polymeric materials. However, the drawbacks of PLA, such as low crystallization rate 

and poor mechanical toughness, limit its application at present. Therefore, a variety of 

methods have been developed to modify the physical properties of PLA. Usually the 

crystallization rate of PLA at conventional processing is enhanced by the technique of 

polymer blending. However, the miscibility between PLA and additives and thermal 

stability are also required to be noted. In this research, the crystallization behavior of 

PLA containing poly(ethylene glycol) terminated by benzoate as well as miscibility and 

thermal stability was investigated considering the actual processing operations using 

water as a cooling media. For improvement of mechanical toughness of PLA, 

incorporating of rubberlike particle into PLA matrix is an efficient method. However, 

the effect of processing conditions on the mechanical properties is received less 

attentions. Therefore, the improvement of mechanical toughness of PLA was obtained 
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by only applying appropriate processing conditions.  

 In chapter 2, crystallization behavior, thermal, and dynamic mechanical 

properties for plasticized PLA are studied employing PEG having benzoate groups at 

chain ends (PEG-BA). The hydrolysis degradation of PLLA, which is a severe problem 

at conventional processing, is not induced by the addition of PEG-BA, whereas the 

addition of PEG having hydroxyl groups at chain ends (PEG-OH) accelerates the 

hydrolysis degradation. It is found from the dynamic mechanical measurements that the 

relaxation peak due to the glass-to-rubber transition for PLA/PEG-BA is single, 

suggesting that they are miscible in the amorphous region. The result is supported also 

by the crystallization behavior (decrease in the linear growth rate near Tm). In contrast, 

there are double peaks in the E” curve for the blends with PEG-OH, i.e., they are not 

fully miscible. Furthermore, the linear growth rate of PLA crystallization is greatly 

enhanced especially at low temperatures because of the decrease in Tg as well as the 

pronounced molecular mobility of PLA chains due to the decrease in entanglement 

couplings. The enhanced crystallization rate affects the mechanical and thermal 

properties. Because of the high degree of crystallinity, which is obtained, e.g., at 80 
o
C 

for 10 min as a cooling condition, the cold crystallization behavior is not observed at the 

measurements of thermal and dynamic mechanical properties. Consequently, the tensile 
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modulus gradually decreases with temperature without abrupt drop at Tg. Since the 

dynamic mechanical spectra of the sample with high crystallinity are similar to those of 

PP, the heat distortion temperature will be greatly improved. 

In chapter 3, the tensile behaviors of amorphous PLA films obtained by 

compression-molding were investigated. It is found that the samples cooled at 

temperatures slightly higher than Tg, e.g., 60 and 80 
o
C, show ductile behavior at room 

temperature, with a low brittle-ductile transition temperature. In contrast, the other 

cooling temperatures, e.g., 0, 40, and 100 
o
C, provide brittle samples, which is a typical 

mechanical behavior of PLA. Moreover, the mechanical toughness of the samples 

cooled at 56 
o
C increases with increasing cooling time. The ductile deformation occurs 

even for the quenched samples after annealing operation at 60 
o
C for 10 min.  

Because of the thermal history near Tg, the ductile samples have the high level of 

chain packing, which is confirmed by high Tg. Although the closed chain packing is 

believed to be responsible for brittle fracture for most plastics owing to the 

enhancement of critical onset stress for shear yielding, the increase in the specific 

conformer, i.e., gg, leads to the conformation change under the low stress level. 

Consequently, shear yielding, i.e., ductile deformation, occurs as a dominant 

deformation mechanism for PLA. In other words, the mechanical toughness of PLA can 
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be improved greatly by the appropriate processing operation. 

In this research, several techniques were applied to improve the physical 

properties of PLA. Although there are several improved works needed to be done to be 

widely applied in industry, this research raises the possibility of PLA for replacement of 

petroleum-based polymers. Furthermore, mechanical brittleness is the common 

drawback for most biomass-based plastics, such as poly(3-hydroxybutyrate), chitosan, 

cellulose esters, etc. Once the improvements of mechanical properties for these 

biopolymers are achieved by using the concept proposed in this thesis, the applications, 

including those in the biomedical field, will be widen. 
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A study of Polyvinylidene Fluoride/Poly(Ethylene Terephthatlate) 

Conductive Composites for Proton Exchange Membrane 

 

Introduction 

Fuel Cells, as known as proton exchange membrane fuel cells (PEMFCs), has 

great promise for using as an environmentally friendly power source for future 

transportation technology. There have been made a lot of progress in PEMFC 

technology. However, one of the key requirements in making PEMFC is the cost 

reduction. A PEMFC unit is made of a membrane electrode assembly, sandwiched 

between two bipolar plates (BPs). These BPs must be electrically conductive to 

transport electrons and also must be impermeable to hydrogen and oxygen to avoid any 

gas crossover [1-3]. 

Up to now, three types of materials are used in BPs: metal, graphite (GR), and 

polymer composites [4]. Metal BPs show good electrical conductivity and excellent 

mechanical properties. However, they are unable to resist corrosion in fuel cells. 

Although GR BPs are able to resist corrosion with a high electrical conductivity, the 

mechanical properties are poor, which is leading to high cost in processing. Some 

polymers are found to be good materials for BPs because of the good mechanical 

properties and corrosion resistance. Polyvinylidene fluoride (PVDF), poly(ethylene 

terephalate) (PET), nylon 6, polystyrene and so on have been used to prepare BPs [5]. 

Although polymers are insulating materials, the electrical conductivity can be improved 
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dramatically by adding the some conducting particles like carbon black (CB), carbon 

nanotubes (CNT). When carbon concentration reaches a certain critical value (known as 

the percolation threshold), polymer composites’ electronic conductivity increases 

drastically because the carbon inter-particular distance becomes small enough to get 

electrons flowing through carbon network. The percolation threshold is generally 

situated between 5 and 12 wt% of conductive carbon particles in the polymer matrix [6]. 

For immiscible polymer blends, it decreases to 2 – 3wt% of CB. In this case, the carbon 

particles are preferentially localized within one specific phase or at the interface 

between the polymer phases, instead of dispersed in the whole blend. Therefore, to 

ensure a direct electrical path in the blend material, the polymer phases must be 

co-continuous [7]. Two main reasons could explain the preferential localization of the 

carbon fillers in one of the polymer phases: one is that these solid conductive fillers 

take the easiest way during mixing and migrate in the polymer phase with the lower 

melt viscosity; the other is that if the melt viscosities of the polymer phases are close, 

they go into the polymer phase which carries out the lower interfacial energy with them. 

For binary polymer/polymer blend (a/b), Young equation, which is shown below, helps 

to determine the localization of carbon particles in the blend; 

/ /

/

c b c a

a b

 





                                               (1) 

where is the wetting coefficient, c/b, c/a, and a/b are the interfacial tension between 

the two polymer phases a and b and those between polymer phase and carbon particles 

(c), respectively. According to the wetting coefficient value carbon particles 
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preferential localization can be predicted. (i) If w > 1, then carbon particles go into 

phase a; (ii) if w < -1, carbon particles stays in phase b; and (iii) if -1 <  < 1, the 

localization of carbon particles is at the interface between the two polymer phase a and 

b [8].  

Moreover, when CB particles are added into the polymer, they affect the 

crystallization behavior of polymer. At low level concentration of CB, CB particles act 

as nucleation sites and enhance the nucleation rate of polymer crystal. Li et al observed 

that the addition of a small amount of CB to PET led to a higher crystallinity of PET 

than that of pure PET [9]. However, for high CB concentration in polymer, CB 

aggregate together and become a spatial hindrance for polymer crystallization. As a 

result, the crystallinity of polymer contains large amount of CB is lower than that of 

pure polymer [10]. 

In this study, PET, PVDF, and (PET/PVDF) with various CB amount (10, 15, 

20 wt%) are developed. The electrical resistivities of those samples are measured. 

Furthermore, the effect of cooling rate during the sample preparation on the electrical 

resistivity is also investigated. 
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Experimentals 

Materials 

The polymeric materials employed in this study were PVDF and PET. The 

PVDF (kynar 720, MFI = 7 g/10min) was purchased from Arkema (USA) and PET 

(PET 9921w, MFI = 21.5 g/10min) was supplied by Eastman (USA). CB was from 

Printex XE-2 (Germany). 

 

Sample preparation  

Prior to the extrusion step, the polymers were dried at 80 
o
C under vacuum for 

8 h. PET/CB, PVDF/CB, and (PET/PVDF)/CB blends were prepared using a Thermo 

Haake corotative twin-screw extruder (Polylab System) The temperature setting for 

blends without PET is 180/230/230 
o
C (from the feeding zone to die) and for blends 

with PET is 255/275/275 
o
C. The screw rotation speed was fixed at 50 rpm. In order to 

study the effect of the addition amount of CB on electrical resistivity, the amount of 

CB was set as 10, 15, 20 wt% in polymer.  

For resistivity measurement, samples were compression molded (using an 

automatic Carver press) during 5 min under a load of 2 tons and temperatures of 230 

o
C for sample without PET and 270 

o
C for sample without PVDF. Three cooling rates 

were used in order to study their effect on the electrical resistivity. These cooling rates 

were obtained using water, compressed air and ambient cooling (no cool). 
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Characterizations 

Electrical resistivity 

The electrical resistances R () of sample films were measured by a Solartron 

SI1260 Impedance/Gain-Phase Analyzer from 1 to 10,000 Hz (Fig. 1). The 

through-plane electrical resistivity, cmis calculated using the following 

equation (2). 

/R s l                                                     (2) 

where l (cm) is the sample thickness and s is the surface area of the electrodes of 

analyzer. 

 

Differential Scanning Calorimetry (DSC) 

The thermal properties of samples were investigated by DSC (Perkin) with a 

rate of 20 ml/min N2 gas. In order to understand the effect of cooling rate on the 

crystallization behavior of polymer and polymer composites, various cooling rates (1, 

10, and 40 
o
C/min) were used in DSC measurement. 

 

 

Fig. 1 Sketch of the resistivity characterization device 
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Results and Discussion 

3.1 Effect of amount of CB on the electrical through-plane resistivity of PET/CB blend, 

PVDF/CB blend, and (PET/PVDF)/CB blend 

 

Fig.2 presents the through-plane electrical resistivity ( cm) as a function of 

carbon black CB weight concentration (wt.-%) for PET/CB, PVDF/CB and 

(PET/PVDF) blend/CB. As seen in Fig. 2, with increasing the amount of CB, the 

resistivity decreases. This is because the high amount of CB provides good 

conductivity. Moreover, it is clear seen from Fig. 1 that PVDF/CB blends have lower 

electrical resistivity than PET/CB blends. This can be explained as follows: The first 

reason could be the interfacial energy between polymer and carbon. The interfacial 

energy between PVDF and carbon (C-PVDF=21.45 ergs cm
-2

) is higher than that 

between PET and carbon (C-PVDF=12.34 ergs cm
-2

) [ref]. Therefore, it is more likely to 

form carbon-carbon networks easily inside PVDF than in PET. This leads to 

heterogeneous carbon dispersion in PVDF matrix and to much more homogeneous 

carbon dispersion in PET matrix. Therefore, PVDF/CB blends are expected to have a 

lower resistivity than PET/CB blends. Moreover, the PVDF conserves a higher 

crystallinity than PET. The crystallinity of PVDF and PET for various CB 

concentrations was determined by DSC measurements. The fact that the majority of 

CB particles prefer to be present in the amorphous phase of the polymer matrix results 

in a smaller amorphous region. Consequently, CB particles are concentrated in 

amorphous phase, which promotes the conductivity. 

Because the PET/PVDF blends exhibit a co-continuous morphology, which 
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helps carbon content to build a percolated network. In this work, the ratio of 

PVDF/PET is 50:50 wt.-%. Moreover, mentioned as above, the calculated results of the 

wetting coefficient using the interfacial energy of PET and PVDF predict that carbon 

particles are preferentially localized in PET phase. In addition, the crystallinity of PET 

is lower than that of PVDF, leading to the large amount of carbon particles stay in PET 

phase as compared with in PVDF phase. Considering the reasons above, the resistivity 

of (PET/PVDF)/CB is lower than that of PVDF/CB and PET/CB. 

Table 1 shows the results of resistivity for PET/CB, PVDF/CB, and 

(PET/PVDF)/CB with various amounts of CB. It is found that with increasing the 

amount of CB, the resistivity decreases.  
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Fig. 2 Through-plane resistivity for PET, PVDF, and (PET/PVDF) blend with various 

amount of CB 

 

 

 

 



Abstract of Minor Research 

142 
 

 

Table 1 Through-plane resistivity for PET, PVDF, and (PET/PVDF) blend with various 

amount of CB 

Sample code 
Amount of CB 

(wt%) 

Through-plane resistivity 

( cm) 

PET/CB 

10 10.3±0.2 

15 4.0±0.2 

20 0.66±0.01 

PVDF/CB 

10 7.5±0.1 

15 1.9±0.3 

20 0.39±0.02 

(PET/PVDF)/CB 

10 2.8±0.5 

15 0.49±0.01 

20 0.17±0.01 

 

3.2 Effect of cooling rate on the through-plane electrical resistivity of PET/CB15, 

PVDF/CB15, and (PET/PVDF)/CB15 

 

The effect of cooling rate on through-plane resistivity of PET/CB15, 

PVDF/CB15, and (PET/PVDF)/CB15 was investigated. In order to obtain the sample 

which is cooled at various cooling rates, the material such as PET/CB15 was heated to 

melt in a compression-molding machine, and then cooled at various rates presented in 

Table 2. As seen in Table 2, for PET/CB15 and PVDF/CB15, the resistivity decreases 

with the cooling rate. Due to the low cooling rate, the higher crystallinity can be 

obtained. During the crystallization, CB particles are generally too large to be 

incorporated into the crystalline structure. Then, CB particles are localized into 

amorphous regions. As a result, CB particles are concentrated in a limited area and a 

denser conductive network can be developed.  
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Table 2 Effect of cooling rate on the electrical through-plane resistivity of PET/CB15, 

PVDF/CB15, and (PET/PVDF)/CB15 

Sample code 
Type of 

cooling 

Cooling rate 

(
o
C/min) 

Resistivity 

( cm) 

Crystallinity 

(%) 

PET/CB15 

Water 40.0 6.9±0.7 25.3 

Air 2.1 4.0±0.2 27.6 

No cooling 0.5 2.9±0.1 29.5 

PVDF/CB15 

Water 34.8 2.4±0.5 45.3 

Air 3.1 1.9±0.3 44.8 

No cooling 0.6 1.6±0.3 47.5 

(PET/PVDF)/CB15 

Water 38.0 0.55±0.04 - 

Air 3.5 0.49±0.01 - 

No cooling 0.8 0.45±0.01 - 
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Fig 3. DSC cooling curves of (a) PET/CB15, (b) PVDF/CB15, and (c) 

(PET/PVDF)/CB15 at various cooling rates (1, 10, and 40 
o
C/min). 
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Table 3 Peak temperature for PET/CB15, PVDF/CB15, and (PET/PVDF)/CB15 cooled 

at various rates 

Sample code 
Cooling rate 

(
o
C/min) 

Peak 1 

(
o
C) 

Peak 2 

(
o
C) 

PET/CB15 

40 - 202.1 

10 - 212.6 

1 - 220.4 

PVDF/CB15 

40 130.7 - 

10 138.3 - 

1 147.5 - 

(PET/PVDF)/CB15 

40 134.9 202.8 

10 143.2 211.0 

1 153.4 215.6 

 

As seen in Fig. 3(a), with the cooling rate increasing, the exothermic peak, 

ascribed to the crystallization of PET phase, increases and the peak temperature shifts 

to low temperature (denoted as Peak 2 in Table 3). For PVDF/CB15, the exothermic 

peak which is attributed to the crystallization of PVDF phase shifts to low temperature 

(named as Peak1 in Table 3) and increases with increasing the cooling rate. The small 

peak, shown in Fig 3(c), for the crystallization of PET phase is attributed to the 

phenomenon that PET crystallization was seriously affected by the carbon black.  

 

Conclusion 

A group of conductive polymer composites such as PET/CB, PVDF/CB and 

(PET/PVDF)/CB were prepared by using the twin-screw extruder. It was observed that 

PVDF/CB blends showed a lower through-plane resistivity than PET/CB blends, 

mainly because of the higher crystallinity. It is demonstrated that the heterogeneous 

dispersion of CB particles in polymer matrix led to high conductivity. Moreover, 
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(PET/PVDF)/CB blends exhibited low through-plane resistivity when the PET/PVDF 

phase had a co-continuous morphology. This is mainly due to the selective localization 

of the CB in the PET phase leading to a denser carbon network. 
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