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 Summary 

Poly(lactic acid) stereocomplex formation in the melt: limitations and prospectives 

 
Conventional synthetic polymers (plastics) are almost exclusively based on fossil feedstock, 

notably oil. At present, approximately 5 % of the world production of oil is used to produce 

plastics but in view of the strong projected growth in this century, more than 25 % of the oil 

production will be needed, normalized on current production volumes, which is not 

sustainable in view of oil depletion.  

Currently, a lot of attention is paid, both in industry and academia, to develop so-called bio-

based plastics, viz. plastics derived from biomass, notably to derive the monomers from 

biomass.  A well-known example in this respect is poly(lactic acid) (PLA) in which case the 

monomer lactic acid is obtained from corn (maize) by fermentation and polymerized in 

industrial reactors.  PLA as a plastic suffers from severe drawbacks notably the low softening 

temperature (Tg), which is approximately 55 °C, and a low speed of crystallization. 

Consequently, PLA products such as cups and bottles cannot be used at elevated 

temperatures, e.g. as coffee cups. 

Due to the optical activity of the lactic acid monomer (l- and d- lactic acid), two types of PLA 

polymers could be synthesized, namely PLLA and PDLA. Upon blending of those 

enantiomers in solution or in the melt, a so-called stereocomplex PLA (sc-PLA) is obtained. 

The very high melting point of approximately 220 °C of the sc-PLA (40–50 °C above the 

melting point of the homopolymers) gives possibility to extend the applications of PLA to the 

field of engineering plastics. 

However, the problem is to form highly crystalline sc-PLA without any formation of 

homocrystallites via melt processing (e.g. via extrusion). The reason is that during 

extrusion/melt-blending of PLLA and PDLA many problems are encountered like thermal 

degradation of the homopolymers at high temperatures, blockage of the extruder at lower 

processing temperatures and difficulties to avoid homopolymers crystallization.  

Therefore the aim of the dissertation is to study the fundamentals of the process of 

stereocomplexation of PLLA and PDLA in the melt via a step-by-step approach targeting to 

obtain at the end as much as possible sc-PLA with as high as possible crystallinity.  

In chapter 2 the very early stage of melt-blending without flow is studied by probing sc-PLA 

formation from solid-state mixed powders/flakes in 1:1 weight ratio homopolymers. The 
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blends were then subjected to thermal treatment between 190 °C and 220 °C. Due to the sc-

PLA formation, a non-linear increase of the viscosity with time - between 40 to 100 % was 

measured at 190 °C to 210 °C. The lower crystallinity of the formed sc-PLA (5 to 10 %) in 

those blends is explained by the limited chain diffusion and strongly reduced mobility of the 

melt caused by the “locking” effect of the sc-PLA crystals formed at the interface between 

PLLA and PDLA domains. At higher temperature (220 °C) the thermal degradation which 

was competing with sc-PLA formation prevailed and dominated the melt behavior of the 

blend.  

In chapter 3 one step further is taken to understand sc-PLA formation from the melt via 

considering the effect of homopolymers mixing on stereocomplexation. Comparison between 

the previously discussed solid-state mixed (SSM) blend and blends of PLLA and PDLA 

prepared via melt mixing in extruder is done (ME). Both blends had no initial sc-PLA. Melt 

crystallization of sc-PLA at temperatures between 190 °C and 220 °C was followed in the 

rheometer and in DSC, after initial heating of the blends to 250 °C. A much more pronounced 

increase of viscosity and a much higher  

crystallinity of the sc-PLA were observed for the ME blend, both attributed to more favorable 

melt mixing of PLLA and PDLA in this blend. Based on the results from this study, an 

optimum temperature of 210 °C was selected for further direct melt extrusion of sc-PLA 

(without subsequent treatment). The obtained extrudate contained 30 % crystallinity of the 

sc-PLA, without any homopolymers crystallized.     

In chapter 4 we discuss in more details the effect of the initial mixed state, melt memory, 

cooling rate and flow on the stereocomplexation of PLLA and PDLA from melt, in their 

equimolar blend. Using the combined approach of DSC and synchrotron SAXS/WAXD 

measurements, we show that highly crystalline (with crystallinity up to 60 %) sc-PLA could 

be formed from well mixed blends when making use of sc-PLA self-nucleation, isothermal 

crystallization or flow-induced crystallization.  

The target of chapter 5 is to show possible routes to increase even more the crystallinity of 

the sc-PLA by using organoclay (Nanomer 1.44P MMT) as a nucleating agent for sc-PLA. 

Melt extrusion of PLLA and PDLA in a weight ratio of 1:1 in presence of 0.5 to 5 wt. % 

organoclay resulted in sc-PLA with very high crystallinity- up to 90 % vs. 50 % for sc-PLA 

crystallinity without clay. The nucleation effect of organoclay is found to be increased with 

higher organoclay loadings. WAXD results and TEM images showed intercalation and partial 
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exfoliation of the organoclay in the nanocomposite extrudates. The highly crystalline sc-PLA 

was found to be very brittle.   

The dissertation discusses the major problems encountered during melt-processing of sc-

PLA. The fundamental aspects of the initial state of mixing, chain mobility, applied 

deformation (flow) on the melt, melt temperature and nucleating agents addressed here 

provide explanations and also feasible routes for melt-processing of sc-PLA.   
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Chapter 1 

Introduction  
1.1. Petro- vs. bio-based plastics 

Polymers (from the Greek; poly(many) and meros(parts)) are substances whose molecules 

have high molar masses and are composed of a large number of repeating units connected 

typically with covalent chemical bonds[1]. The success of polymers over other available 

materials, e.g. metals and ceramics, is due to the cheap feedstock, low specific density, fast 

and reliable processing via molten state into complexly shaped products and a large range of 

properties e.g. soft rubbers to fibers stronger than steel. The present production of plastics is 

close to 250 million tons per annum, viz. approximately 35 kg/capita!. Based on the uneven 

distribution and consumption of plastics, the world production could grow to more than               

1 billion tons per annum by the end of this century. Currently, synthetic polymers (plastics) 

are almost exclusively based on fossil feedstock, notably crude oil (petroleum). At present, 

approximately 5 % of the world production of crude oil is used to produce plastics but in 

view of the strong projected growth in this century, more than 25 % of the crude oil 

production will be needed, normalized on current production volumes, by the end of this 

century. In view of strong growth in plastics there will not be enough (cheap) crude oil to 

produce plastics by the end of this century. 

On the other hand, coal and/or gas (methane) are the alternative feed stocks to produce 

monomers via Fischer-Tropsch catalysis, also known as C-1 chemistry, for the production of 

plastics. This method is already in operation by companies such as Sasol [2], BP and Shell.                                         

In short, fossil sources (oil, coal and gas) will be available to produce 

plastics for the decades or may be for centuries but the environmental and political issues are 

the main drivers to get away from the fossil sources particularly the recent debate about the 

so-called “plastic soup”. Gigantic gyres containing plastic debris have been discovered in the 

oceans[3].  This plastic debris can be very small, < 0.3 mm and up to 5 kg/km2. The fishing 

out of these plastics debris notably < 0.3 mm will also remove the organic living matters and 

hence will result in dead sea. An additional issue to their smaller size is the so-called POP’s 

(persistent organic pollutants) such as dichloro-diphenyl-trichloroethane (DDT) and 

poly(chlorinated bisphenyls) (PCBs) which adhere to these particles. 

All polymers, man-made or made in nature, are biodegradable but this process can take a 

very long time, sometimes many decades. Moreover, in practice, plastics are made by 
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compounding synthetic polymers with additives, depending on its end use, such as colorants, 

stabilizers and processing aids. Additives such as anti-oxidants prolong plastic useful life in 

the end application and for many applications the service life of plastics is guaranteed up to 

50 years or even longer, e.g. in geotextiles..       

Accordingly, the plastic islands will remain in the oceans for many decades with their 

additives within the fragmented or POP’s adhered to the fragmented plastic and will pose a 

future danger to the environment. The so-called “cradle-to-cradle” concept, as coined by 

Michael Braungart[4], might at least render less harmful additives for the plastic industry, but 

since there is no technology available to cure human lack of discipline better alternatives are 

looked for and biocompostable plastics or in general bio-based plastics might provide the 

solution for an environmentally friendly new class of polymeric materials.  

Bio-based plastics are abundant in nature such as cellulose (in plants and trees), starch (in 

potatoes, wheat, maize, and cassava), natural rubber (poly-cis-isoprene), proteins and DNA. 

But these polymers are produced by nature as energy reserve and not suitable for mankind as 

engineering materials. 

The main advantage of synthetic polymers/plastics over natural counterpart is their simple 

chemical structure and a relatively high thermal stability. Therefore, synthetic 

polymers/plastics can be processed via the molten state, the key characteristic of (thermo) 

plastics whereas the natural polymers, such as cellulose, proteins and starch, will undergo 

thermal degradation or decomposition. 

In the discussion about the bio-based economy and the use of bio-base materials (plastics) 

one has to differentiate between: 

(1) biopolymers refers to the polymers that occur in nature or are produced by the biological 

action e.g. cellulose, starch, natural rubbers, proteins and poly(hyroxyalkanoates); 

(2) bio-based polymers refers to the polymers based on monomers derived from biomass but 

synthesized by industry e.g. poly(lactic acid).     

(3) bio-plastics are biopolymers or bio-based polymers which can be processed as 

conventional plastics.  

(4) biocompostable polymers/plastics are polymers/plastics that undergo degradation by 

biological processes during composting to yield CO2, water, inorganic compounds, and 

biomass at a rate consistent with other known compostable materials and that leave no 

visible, distinguishable, or toxic residues. The standards set for composting are EN-13432 in 

Europe, ASTM-D-6400-04 in USA, ISO-17088, and DIN-V-54900. 
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There are only few bio-plastics that are biocompostable. Some petroleum-based (petro-based) 

polymers are also biocompostable which is a confusing issue. To make it more confusing, 

master batches are sold on market making standard petro-based plastics biodegradable, the 

so-called oxo-degradables [5]. Oxo-degradables (master batches containing Co and/or Mn 

compounds as catalysts added to poly(ethylene) (PE), poly(propylene) (PP) and poly(styrene) 

(PS)) are very popular in many countries such as Brazil, sold as biodegradable supermarket 

bags. It is to be noted that oxo-degradables do not comply the bio-compostable standards 

because the oxidation process takes longer than 180-day-period required by the standards. In 

conclusion, one can distinguish nowadays between 4 different classes of (bio-)plastics, see 

Table 1.1. 

The possibility for bio-polymers to replace petro-based plastics is mainly packaging market 

such as films, bottles and containers.  Approximately 40 % of the plastics produced are used 

in packaging. The volume of biocompostable plastics is very limited, less than 1 % of the 

petro-based plastics, notably due to the high price, poor performance and/or difficulties in 

processing.  

The petrochemical industry is nowadays focused on durable bio-based plastics for 

engineering application such as automotive application rather than biocompostable plastics. 

In this respect we have to distinguish between replacing existing plastics with bio-based 

plastics such as bio-poly(ethylene), viz. PE made from ethylene derived from bio-ethanol 

(Braskem, Brazil) or “looks-like”, e.g. nylon 11 derived from castor oil versus new polymer 

structures (e.g. Furan copolymers (Avantium, the Netherlands) and stereocomplex PLA (sc-

PLA)).   

Table 1.1: Classification of (bio-)-plastics 

                                           
                   Bio-based                                   

 
              Petro-based 

 
B

io
co

m
po

st
ab

le
 

 

Starch-based polymers(TPS) 
Poly(hydroxyalkanoates) (PHA) 
Poly(lactic acid) (PLA) 
 
 

Aliphatic/Aromatic polyesters 
(PBAT) 
Poly(butylene succinate) (PBS)        
Poly(caprolactone) (PCL) 

N
on

- 
bi

oc
om

po
st

ab
le

 
 

Stereocomplex PLA (sc-PLA) 
Poly(trimethyl  terephthalate) (PTT) 
Poly(urethane) (PU) 
Nylon 11 
PE, PP from bio-ethanol 

Poly(ethylene) (PE) 
Poly(propylene) (PP) 
Poly(styrene) (PS) 
Poly(ethylene terephthalate)  
(PET) 



4 
 

1.2. Poly(lactic acid) (PLA)  

Biocompostable polymers such as poly(lactic acid) (PLA), poly(caprolactone) (PCL), 

poly(hydroxybutyrate) (PHB) and poly(butylene adipate terephthalate) (PBAT) are used in 

wide range of applications including biomedical, packaging and agricultural fields[6]. Among 

biocompostable polymers isotactic poly(lactic acid) (PLA), a linear aliphatic thermoplastic 

polyester, is the most studied polymer whose monomer (lactic acid) is obtained from 

renewable resources such as corn, starch and sugar cane. Asymmetric carbon atom in lactic 

acid leads to two enatiomeric forms viz. l-lactic acid and d-lactic acid.  

PLA can be polymerized from the direct condensation of lactic acid or by the ring opening 

polymerization of the cyclic lactide dimer[7]. The ring opening polymerization is 

preferentially used for the production of high molecular weight PLA. Due to the availability 

of PLA monomer (lactic acid) in two enantiomeric forms, PLA can be obtained as pure 

homopolymers such as poly(d-lactic acid) (PDLA) or poly(l-lactic acid) (PLLA), and 

copolymer poly(dl-lactic acid), see Figure 1.  It is known that isotactic PDLA and PLLA have 

identical physicochemical properties e.g. crystallization temperature, melting temperature, 

and crystallinity [8]. It has potential to replace (at least in some applications) conventional 

non-biocompostable polymers like poly(ethylene) (PE), poly(propylene) (PP), poly(ethylene 

terephthalate) (PET) and poly(styrene) (PS)[9]. A comparison of PLLA with petro-based 

commodity polymers[9] is shown in Table 1.2.     
 

Figure 1: Molecular structures of PDLA and PLLA 

1.2.1. PLA- Challenges and possible improvements  

Even though PLA has potential to replace petro-based commodity polymers[9] but the high 

cost, lower crystallization rate[10-13], lower thermal stability[14] and mechanical 

brittleness[15,16] are the main disadvantages of PLA in competing with petroleum-based 

counterparts. Blending with other polymers[17-21], nanocomposite formation[22-27] and 

stereocomplexation (stereocomplex formation)[28-30] are few of the methods to overcome 
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the above mentioned shortcoming(s). It is reported that PLA remains amorphous if cooled 

with ≥ 10 °C/min [27,31]. Various approaches have been addressed in literature to enhance 

its overall crystallization rate. For example, by copolymerization with meso-lactides[32] and 

with the use of various heterogeneous nucleating agents [33-35].  The most efficient way of 

increasing thermal stability and crystallization rate is reported by the formation of 

stereocomplex [28-30] that is by the blending of PDLA and PLLA. However the nucleation 

effect reported are limited to slow rate of crystallization or isothermal crystallization and thus 

are not suitable for industrial fast processes such as injection molding.  On the other hand to 

overcome the inherent brittleness of PLA numerous approaches such as plasticization, block 

copolymerization, blending with tough polymers, and rubber toughening have been explored 

[36]. The major disadvantages of these methods are the substantial decrease in strength and 

modulus of the toughened PLA [36].  

Hence in the authors’ opinion it would be rather difficult, besides some limited application, 

for the PLA at its own to substitute or compete with petroleum based counterparts. 

Fortunately, the discovery of stereocomplex [37] has given new hopes for the use of 

poly(lactic acid) as a green engineering bio-plastic. 

Table 1.2[9]: Comparison of general properties of PLA with commodity polymers 

 PLLA PS i-PP PET 
Relative density  1.26 1.04-1.06 0.91 1.37 
Clarity T* T** T* T** 
Thermal Properties 
Glass transition temperature (°C)  58-60 95 0 75 
Melting temperature  (°C) 160-170 - 160-165 250 
Vicat temperature** * (°C) 55-60 84-106 80-140 74-200 
Processing temperature (°C) 210 230 225 255 
Mechanical Properties 
Tensile yield strength (MPa) 48-110 34-46 21-37 47 
Tensile modulus (GPa) 3.5-3.8 2.9-3.5 1.1-1.5 3.1 
Tensile elongation (%) 2.5-100 3-4 20-800 50-300 
Notched Izod impact test,(J/m) 23 °C 
 

13 - 72 79 

PLLA: poly(l-lactic acid), PS: poly(styrene), i-PP: isotactic poly(propylene), PET: 

poly(ethylene terephthalate), *= translucent, **= transparent ***= temperature at which a 

standard needle (1mm2) under a known load (10-50 N) penetrates 1±0.01 mm the surface of 

test specimen during an incremental linear temperature gradient (ASTM D1525, ASTM 

D648, ISO 306) 
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1.3. Stereocomplex formation (Racemic crystallization or Stereoselective association)   

Slager and Domb[38] define a polymer stereocomplex as “A stereoselective interaction 

between two complementing stereoregular polymers that interlock and form a new composite, 

demonstrating altered physical properties in comparison to the parent polymers”. According 

to these authors complementing polymer molecules can be a pair of isotactic and 

syndiotactic, not necessarily optically active polymers, or two enantiomeric (d- and l-

configured isomers), optically active polymer chains with identical chemical compositions, or 

similar but not identical chemical nature. The first reported example of stereocomplex 

formation is by Pauling and Corey for polypeptide in 1953[39]. Fox et al.[40] showed the 

stereocomplex formation in isotactic and syndiotactic Poly(methyl methacrylate) (PMMA). 

There are many pairs of polymer molecules [38] which exhibit stereocomplexation.  

This dissertation only discusses the PLA stereocomplex formation between PDLA and 

PLLA, in a weight ratio of 1:1, specifically via melt blending. The preference for melt 

blending over solution blending is due to environmental, economical, ease in fabrication of 

final articles, and the utilization of facilities commonly used in commercial practice. 

1.3.1. PDLA and PLLA Stereocomplexation  

The phenomenon of stereocomplex formation (stereocomplexation) between PDLA and 

PLLA was first discovered by Ikada et al. [37] via solution blending of the two 

homopolymers individual solutions and was later prepared by melt blending. When PDLA 

(right handed helical confirmation) and PLLA (left handed helical confirmation) are brought 

in contact via solution or melt blending and the resultant mixture is casted, precipitated or 

cooled the van der Waals interactions[41] and/or hydrogen bonding[42] leads to the 

formation of stereocomplex, see Figure 2. The triclinic crystal structure of stereocomplex 

[43,44] differs from the pseudo-orthorhombic crystals of individual homopolymers [45,46] 

with slightly different cell parameters and shrinked 31 helical structure as compared to 103 

helices of the homopolymers. 

1.3.1.1. Factors affecting PLA Stereocomplexation   

The final constituents of the blend after mixing PDLA and PLLA could lead to the exclusive 

formation of stereocomplex or a binary mixture of stereocomplex and homopolymers 

crystallites. The following factors affect the final composition of the resultant blend:  

(1) Blending ratio and blending mode of the isomeric polymers (PLLA and PDLA) 
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Figure 2: Preparation of PLA stereocomplex (sc-PLA)  

(2) Molecular weight of the blending isomeric polymers 

(3) Optical purity of the blending isomeric polymers 

(4) Temperature and time after blending of the isomeric polymers in solutions or after 

melting their blend 

(5) Nature of the solvents utilized for the polymer blending in case of solution blending 

(6) Nature of the co-monomer units and length of lactide unit sequences in co-polymers 

The most common conditions to obtain exclusively stereocomplex without the formation of 

homopolymers crystallites in the blend include; (1) equimolar blending of PDLA and 

PLLA[47] (2) low molecular weights of the blending isomeric polymers and (3) optical 

purity of both isotactic d-lactide and l-lactide units[48].  

1.3.1.2. Physical properties of stereocomplex PLA (sc-PLA)  

It is known that the melting temperature of PLA stereocomplex (Tm=220-240 °C) is about         

50 °C higher than the individual homopolymers (Tm=180 °C) [49]. In Table 1.3[50] physical 

properties of the sc-PLA are compared with homopolymer (PLLA) together with other bio-

based and petro-based polymers. As can be seen, the properties of sc-PLA are superior to the 

bio-based polymers and comparable or even better to petro-based polymers except for 

elongation at break due to its very high crystalline nature. 

1.3.1.3. Stereocomplex PLA (sc-PLA) formation in melt 

Due to the environmental concern and cost effectiveness melt blending is industrially 

preferred over solution blending. Molecular level mixing is essential for the exclusive 

formation of sc-PLA and is found to be difficult in the case of melt blending notably for high 
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molecular weight polymers. It is observed that ordinary melt blending of PDLA and PLLA 

results in homopolymers crystallites in addition to sc-PLA crystallites. Various attempts have 

been made to form a blend solely composed of sc-PLA from the melt such as addition of 

aluminum complex of a phosphoric ester combined with hydrotalcite, double use of talc and 

hydrotalcite, addition of stereoblock-PLA (sb-PLA), and addition of calcium metasilicate 

[51-53]. However, these nucleators and compatibilizers only suppressed the homopolymers 

crystals formation rather than to nucleate sc-PLA. Masaki et al. [54] reported the exclusive 

formation of sc-PLA pellets and fibers, by controlling the temperature around 200 °C, 

assuming transesterification due to the presence of catalyst remnant from polymerization of 

homopolymers. The enhanced formation of sc-PLA via melt spinning of PDLA and PLLA 

blend at 230 °C-250 °C is also reported by Takasaki et al.[55]. These authors showed that by 

drawing and annealing of the as-spun fibers, with certain amount of initial sc-PLA, fibers 

containing mainly sc-PLA could be obtained.  

Table 1.3[50]: Comparison of the physical properties of sc-PLA with bio-based and petro-

based polymers 

                  Bio-based          Petro-based  

 PLLA sc-PLA PBS PHA PET PBT PP 
Density(g/cm3) 1.26 - 1.26 1.14 1.38 - 0.91 
Tm (°C) 160-170 220-240 114 60 260 220 164 
Tg (°C) 58-60 65-72 -32 -60 80 50 5 
HDT* (°C) 55 160-170 97 56/47 120-160 - 110 
Tensile strength 
(MPa) 

68 90 57 61 57 62 32 

Elongation at 
Break (%) 

4 30 700 730 300 10 500 

PLLA: poly(l-lactic acid), sc-PLA: stereocomplex PLA, PBS: poly(butylene succinate), PHA: 

poly(3-hydroxyalkanoate), PET: poly(ethylene terephthalate), PBT: poly(butylene 

terephthalate), PP: poly(propylene),*=heat distortion temperature (ASTM D648) 

1.3.1.4. Pending problems of Stereocomplex PLA (sc-PLA)  

In spite of the numerous publications on sc-PLA formation and properties, the initial 

challenge of using high molecular weight polymers for its preparation is still lacking notably 

via melt blending. In fact, very little is known about the effect of initially formed sc-PLA 

crystallites on the further growth of sc-PLA, initial mixed state of the blend, and the effect of 

flow (extrusion) on its crystallization. In addition, not much is known about the effect of 
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repeated heating cycle(s) on sc-PLA re-crystallization, which has to be encountered during 

practical processing. 

1.4. Scope and outline of the dissertation 

Bio-based and biocompostable plastics enjoy more and more attention, but the application of 

these plastics is limited due to their unsatisfying price/performance. PLA due to the low 

crystallization rate, high brittleness and relatively higher price (compared to petro-based 

plastics) still cannot meet the requirements for broad applications. Both PDLA and PLLA, 

show the limiting properties as mentioned above but upon blending, in solution or in the melt, 

a so-called stereocomplex PLA (sc-PLA) is obtained possessing superior properties such as a 

melting temperature 40–50 °C above the melting point of the homopolymers. This higher 

thermal stability enables new applications as a “green” engineering bio-plastic. The sc-PLA 

can be formed fast and completely by mixing PDLA and PLLA in solution. In industrial 

practice, however, melt-blending is the preferred route. To prepare 100 % sc-PLA by melt 

blending without any formation of homocrystallites is difficult notably for high molecular 

weight homopolymers. During extrusion/melt-blending of PDLA and PLLA many problems 

are encountered. Processing above the melting point of sc-PLA results in severe thermal 

degradation and processing in between the melting points of sc-PLA and the homopolymers 

results in a limited amount of sc-PLA during extrusion/quenching.  

The prime objective of the dissertation is to explore the possibilities and limitations 

encountered during melt blending of sc-PLA. To produce as much as possible sc-PLA with as 

high as possible crystallinity, the effect of flow (in extrusion process) in combination with the 

use of nucleation agents is explored backed up by synchrotron X-ray experiments (SAXS and 

WAXD).  

After giving a brief introduction of the subject in chapter-1, the first step of extrusion, before 

getting into the melt state, is simulated (imitated) by rheological measurements in chapter-2 

at mild flow conditions that is within linear viscoelastic limits. The limiting step found in the 

formation of sc-PLA was diffusion and the available interfaces. Hence, the importance of the 

starting mixed blend state is studied in chapter-3 using melt blend extrudate having no initial 

stereocomplex. It is found that up to 50 % sc-PLA can be obtained, even, in static conditions 

due to the increased interfacial area between PDLA and PLLA. The diffusion was assisted 

(facilitated) using strong shear flow, a crucial step in extrusion to obtain homogenous mixed 

blends, for very short duration and is explored in chapter-4. Using synchrotron x-ray 

measurements, it was found that sc-PLA crystallinity was remarkably increased after 
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application of flow in comparison to static conditions. It is shown in the chapter-5 that under 

optimized conditions more than 90 % crystalline sc-PLA can be obtained using a 

combination of a nucleation agent and flow during melt extrusion at nominal extrusion 

temperature and screw speeds.  

The technology assessment deals with the possibility of the melt extrusion of sc-PLA 

considering the limitations found during this study. The advantages and disadvantages of the 

melt extrusion of sc-PLA formation are discussed with the possible solutions. 
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Chapter 2 

PLA stereocomplex formation in the early stages of melt 
extrusion (from solid state mixed blend)  

To explore the possibilities for melt processing of stereocomplex-PLA (sc-PLA) and to gain 

more fundamental understanding of stereocomplexation, a step-by-step analysis has been 

performed. In this work the formation of sc-PLA from pre-mixed PLLA and PDLA powders 

heated above their melting temperatures, in static conditions (without strong flows) was 

investigated by means of melt rheology, wide angle x-ray diffraction, differential scanning 

calorimetry, polarized optical microscopy, scanning electron microscopy and gel permeation 

chromatography.  High molecular weight PLLA and PDLA were pre-mixed in a weight ratio 

of 1/1 and subjected to thermal treatment at temperatures between 190 °C and 220 °C to 

allow for cold crystallization of sc-PLA. The low crystallinity of the formed sc-PLA (in the 

range of 5-10 %) is explained by limited chain diffusion  and the strongly reduced mobility of 

the melt caused by the “locking” effect of the fibrillar sc-PLA crystals formed at the interface 

between PLLA and PDLA domains.  Due to the sc-PLA formation, non-linear increase of the 

viscosity with time between 40 to over 100 % was measured at temperatures of 190 °C to    

210 °C. At higher temperature of 220 °C the pronounced thermal degradation competed with 

the sc-PLA formation in dominating the melt behavior of the blend.  
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2.1. Introduction 

In view of the increasing demands for synthetic polymers (plastics) and environmental 

concerns bio-based plastics, especially aliphatic polyesters, like poly(lactic acids) (PLA), are 

getting enormous attention in industry and academia. PLA has comparable thermal and 

mechanical properties as that of their counterpart in petroleum based polymers [1]. Due to 

availability of two enatiomeric forms (optical isomers) of lactic acid (2-hydroxypropanoic 

acid) PLA is available in d- and l-polymers namely poly(l-lactic acid) (PLLA) and poly(d-

lactic acid) (PDLA). Optically pure homopolymers have identical physicochemical and 

mechanical properties but some of their physical properties (e.g. crystallinity, melting and 

crystallization temperature) are lost below 76 %ee[2]optical purity.  

The widespread applications of PLA are lacking due to its low thermal stability (above Tg), 

slow crystallization rate and brittleness. A possibility to overcome some of those drawbacks 

of PLA is using PLA stereocomplex (sc-PLA)[2-6].  

It is well known that upon blending of poly(l-lactic acid) (PLLA) and poly(d-lactic acid) 

(PDLA), a stereocomplex is formed with distinct properties from the individual 

homopolymers[2-6]. Due to strong van der Waals interactions and/or hydrogen bonding [7,8] 

the melting temperature of the sc-PLA is approximately 50 °C higher than that of either 

PLLA or PDLA homopolymers. This higher melting point enables new applications such as 

an engineering plastic. Since its discovery in 1987 by Ikada et al. [3], numerous studies have 

been reported studying the formation and crystallization of the sc-PLA as well as its 

crystalline structure, morphology, and physical properties [2,5-12]. Stereocomplex formation 

between PLLA and PDLA can occur in solution, in melt, during polymerization, or upon 

hydrolytic degradation. Most studies in the past focused on solution blending [13-15]. From 

melt-blending studies [16-19] it is known that the stereocomplex crystallization completes in 

a shorter period than that of pure PLLA and PDLA. Moreover, several studies revealed that 

stereocomplex crystallites which are directly formed in a PLLA melt, can act as 

heterogeneous nucleation sites for PLLA crystallization [19,20]. Yamane and Sasai [21] 

reported that PLLA homocrystallites can be grown epitaxially on the stereocomplex 

crystallites.  

To prepare 100 % sc-PLA by melt-blending of high molecular weight homopolymers without 

any formation of homocrystallites[17] is difficult but at the same time it is the most preferred 

route from a practical point of view. During melt-blending (extrusion) of PLLA and PDLA, 

however, many problems are encountered. To produce sc-PLA during extrusion/melt-
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blending the extrusion temperature should exceed the melting temperature of the 

homopolymers, approximately 180 °C, but stay below the melting point of sc-PLA 

approximately 240 °C. Hence a solid (sc-PLA crystals) is formed during extrusion and this 

can cause difficulties in a continuous process operation. Another important issue during 

extrusion/melt-blending is the thermal degradation of the homopolymers resulting in lower 

molar mass PLLA and PDLA. 

To explore the processing windows for extrusion/melt-blending of PLLA and PDLA and to 

gain more fundamental understanding of the sc-PLA crystallization (stereocomplexation), a 

step-by-step analysis has been performed. In this chapter we study the formation of sc-PLA 

from pre-mixed PLLA and PDLA powders heated above their melting temperatures, in static 

conditions (without strong flows). 

2.2. Experimental section 

2.2.1. Materials 

The homopolymers used in this study are PDLA (Purasorb® PD) and PLLA (Purasorb® PL)  

with melting temperatures of 180 °C and 193 °C, respectively (see Table 2.1). This higher 

melting temperature of PLLA is the result of an additional annealing step during its 

production and provides the advantage to distinguish the presence of PDLA and PLLA 

domains by microscopy as discussed below. Both polymers were kindly provided by PURAC 

Biomaterials, the Netherlands. Proteinase K (from Tritirachium album) used for etching of 

some of the samples was purchased from Boehringer Mannheim GMBH Biochemica. 

Table 2.1: Characterization of the homopolymers and the solid state mixed (SSM) blend 

Materials Mw*(kg/mole) PDI* Tm**(°C) 
PDLA 195 1.85 180 
PLLA 210 1.86 193 
Solid State Mixed (SSM) blend 210 1.73 179*** 

*measured by size exclusion chromatography (SEC) in HFIP Mw=weight average molecular 
weight; PDI=Mw/Mn=polydispersity index; Mn=number average molecular weight;              
** melting peak temperature measured by differential scanning calorimetry at 10 °C/min        
*** see DSC thermograms in Figure 1b 

2.2.2. Blends preparation 

Blends of PLLA and PDLA in a weight ratio of 1/1 were prepared by tumble mixing of the 

homopolymer powders at room temperature. From this mixture, films with a thickness of 

about 1 mm were compression molded between 185 °C and 190 °C for 10 min and a pressure 
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of 50 bars. Those samples will be referred to as Solid State Mixed (SSM) blend. The films 

were subsequently quenched in water to room temperature. The initial PLLA and PDLA 

powders before molding, as well as the compressed films were dried at 60 °C for 24 hours in 

an oven with nitrogen flow. The water content in the films and in the homopolymer powders 

was measured with Karl-Fisher equipment at 160 °C and the obtained values were below 50 

ppm. The DSC and WAXD results showed no traces of sc-PLA in the initial SSM blend film.  

2.2.3. Rheological Characterization 

The viscosity change during stereocomplex formation was monitored in the rheometer using 

time sweep small amplitude oscillatory experiments with a constant strain (0.5 %) and 

frequency (0.1 rad/s) chosen in the linear viscoelastic and zero-shear regime, respectively. 

The experiments were performed on a stress control rheometer (ARG2 2000, TA 

instruments) with 25 mm diameter plates in parallel plate geometry. All the quenched 

rheometer samples were stored in a desiccator after drying at 60 °C for 24 hours in a vacuum 

oven for further analysis. 

The target was to probe sc-PLA formation at temperatures where usually processing 

(extrusion) of sc-PLA occurs and where only sc-PLA (and no homopolymers) crystallization 

can take place viz. at temperature ≥ 190 °C. The samples were directly inserted in the 

rheometer at the temperature of sc-PLA (cold) crystallization (without passing through the 

melting state) chosen in the range between 190 °C to 220 °C and kept there up to 60 minutes. 

After the rheological measurements the samples were quenched, with liquid nitrogen, to room 

temperature and subjected to ex-situ analysis. 

 2.2.4. Differential Scanning Calorimetry (DSC) 

Samples of approximately 5-8 mg were placed into an aluminum pan and were tested under 

dried nitrogen atmosphere in a calibrated Q1000 calorimeter from TA instruments. The 

melting temperature of sc-PLA and homopolymers were measured from the melting peaks of 

the corresponding endotherms using TA software.  

2.2.5. Wide Angle X-ray Diffraction (WAXD) 

The crystallinity and structure of the homopolymers , solid state mixed (SSM) blend and 

rheometer samples were investigated by WAXD using a Rigaku diffractometer with Cu-Kα 

radiation (λ=0.154 nm) and scanning range of 2θ = 9° to 27°. The degree of sc-PLA 

crystallinity is calculated using equation 2.1 [22]: 
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where q is the scattering vector (q=4πsinθ/ ), ISC, Ihomopolymers (if present) and Iam are the 

scattering intensities of the stereocomplex, homopolymers and of the amorphous part, 

respectively. 

2.2.6. Polarizing Optical Microscopy (POM) 

The morphology of the quenched rheometer samples was determined at room temperature 

using a Zeiss Axioplan 2 optical microscope equipped with a Zeiss Axiocam camera. Thin 

cross-sections (2 μm) from the rheometer samples were cut with a Leica RM2165 microtome 

and immersed in oil, of 1.5150 refractive index, between two thin glass covers for better 

resolution. 

2.2.7. Scanning Electron Microscopy (SEM) 

Bulk samples from the rheological measurements were investigated using a scanning electron 

microscope (Quanta 3D-FEG FEI) operated at an acceleration voltage of 3-5 kV. Before 

analysis with SEM, the samples were etched at 37 °C in a solution of 0.05 M Tris-HCl buffer 

(pH 8.5) containing proteinase K. After 90 minutes etching, the samples were washed with 

distilled water and dried at room temperature to constant weight and spin coated with gold.  
2.2.8. Size Exclusion Chromatography (SEC) 

The molecular weights of homopolymers (PDLA and PLLA) and blends samples before and 

after the rheological measurements were measured on a system equipped with a Waters 1515 

Isocratic HPLC pump, a Waters 2414 refractive index detector (40 °C), a Waters 2707 

autosampler, a PSS PFG guard column followed by 2 PFG-linear-XL (7 μm, 8*300 mm) 

columns in series at 40 °C. Hexafluoroisopropanol (HFIP, Biosolve) with potassium trifluoro 

acetate (3 g/L) and toluene were used as eluent at a flow rate of 0.8 mL min-1. The molecular 

weights were calculated against polymethyl methacrylate (PMMA) standards (Polymer 

Laboratories, Mp = 580 g/mole up to Mp = 7.1*106 g/mole). 
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2.3. Results and Discussions 

2.3.1. Characterization of the homopolymers and the SSM blend 

The initial morphology of the SSM blend, shown in Figure 1a consists of inhomogeneously 

mixed large domains of PLLA and PDLA. In Figure 1a the crystalline phase represents 

PLLA, which due to its higher melting temperature of 193 °C was only partially molten, and 

the dark regions represent the amorphous PDLA (molten during compression molding). In 

order to assure SSM blend has no initial sc-PLA, the DSC and WAXD results for the SSM 

blend are compared with those for the homopolymer(s) in Figures 1b and 1c, respectively. 

DSC thermograms of homopolymers, PDLA and PLLA show a single melting peak around 

180 °C and 193 °C, respectively. A single melting peak is also observed for the SSM blend, 

around 178 °C, attributed to melting of the homopolymers. No higher melting peak (above 

200 °C) is detected which indicate no sc-PLA crystals were formed during the blend 

preparation. The absence of sc-PLA characteristic scattering peaks (see appendix A 2.1) in 

Figure 1c also confirms that initial SSM blend has no sc-PLA. The homopolymers crystalline 

scattering peaks (Figure 1c) at about 2θ of 16° and 19°[3], see also appendix A 2.1, are in 

agreement with the morphology of the SSM blend  shown in Figure 1a.        
 

                                                                               

Figure 1: (a) Polarizing optical                       

photomicrograph (POP) of SSM blend at room 

temperature (b) DSC and (c) WAXD of the SSM 

blend and the homopolymers. [DSC and WAXD 

curves are shifted vertically for clarity] 
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2.3.2. Rheological response of the homopolymers  

One of the problems encountered during extrusion/melt-blending of PLLA and PDLA is 

degradation due to temperature, shear and moisture sensitivity of the polymers. To avoid 

hydrolytic degradation, care was taken to keep the samples dry with water contents below 50 

ppm. Next to hydrolysis, also thermal degradation occurs at high temperatures resulting in 

chain scission [23-25]. To check the effect of thermal degradation on the rheological response 

of our samples, the melt-viscosity of both homopolymers was measured with time and as a 

function of temperature. For both homopolymers the viscosity decreased with time, as shown 

in Figures 2a and 2b. To estimate the relative change of viscosity ( // i) during the 

measurement we used equation 2.2:  

                                                                     // i= ( (t)- i)// i                                                        [2.2] 

where (t) is the viscosity at time “t” and i is the initial (first measured) value of the 

viscosity. 

The results obtained for the relative change of viscosity with time, (see Figures 2c and 2d) 

indicate that within the measurement time of 60 min the viscosity of both homopolymers has 

decreased between 15 % (at 190 °C) to 45 % (at 220 °C). It is usually observed that polyester 

melt viscosity as a function of time shows dual slopes [26] especially for non-dried samples 

where an initial fast drop in viscosity is followed by slow decrease in viscosity. Seo and 

Cloyd [26] attributed the initial faster rate of decrease in viscosity to the hydrolysis and the 

later lower rate of viscosity decrease to the thermal degradation. They derived a single kinetic 

equation including hydrolysis and thermal degradation for their polyester melt. Neglecting 

hydrolysis in their equation we use equation 2.3 to determine the thermal degradation rate 

constant for our dried linear polymers [26]: 

 

                                                    1/η
1/3.4

t
 = 1/ η

1/3.4

o
 + kt                                                    [2.3] 

Where “ηo” is the initial melt viscosity at t = 0 of the polymer and “ηt” is the viscosity at time 

“t”, “k” is the observed thermal degradation rate constant and 1/3.4 is a constant originating 

from the 3.4th power relationship between molecular weight and viscosity [27], see equation 

2.4. 

                                                              η= KM
3.4
w                                                                [2.4] 
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In the above equation “K” is a coefficient that depends on the temperature and polymer type 

and Mw is the weight average molecular weight of the polymer.  

            
 
 
 
 
 
 

 

 

 

 

 

Figure 2: The complex viscosity of PDLA (a) and PLLA (b) as function of time at different 

temperatures and the relative change in viscosity for PDLA (c) and PLLA (d);              

The degradation rate constants for both homopolymers at each measuring  temperature were 

calculated by fitting equation 2.3, see Figure 3, and the values of ln(k) are plotted in Figure 4 

versus 1/T, to find the apparent activation energy (Ea) for thermally induced chain scission 

assuming an Arrhenius relation with temperature according to equation 2.5;                                                  k=A e(-Ea/RT)    ln(k)=lnA - (Ea/R)*(1/T)                                           [2.5]   
Where “A” is the pre-exponential factor, “R” is the gas constant, and “T” is the absolute 

temperature. 

As expected, the results in Figure 4 show that the higher the annealing temperature the higher 

is the apparent thermal degradation rate constant. Using equation 2.5, the slope of the linear 
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fit of the data in Figure 4 yields the values for the activation energy of 86 kJ/mole and         

94 kJ/mole for PDLA and PLLA, respectively. Those values are within the range of the 

averaged values (82-110kJ/mole) reported by Tsuji and Fukui [4] for their homopolymers.                                                
Figure 3: Plot of 1/η1/3.4 versus time (a) PDLA (b) PLLA;                                                             
 

 

 

 

 

Figure 4: PDLA and PLLA; apparent thermal degradation rate constant ln(k) [determined 

from equation 2.3] versus 1/T 

2.3.3. Rheological behavior of the SSM blends 

The rheological response of mixed PLLA and PDLA in the melt is expected to be a result of 

a) degradation (decrease in viscosity) and b) the formation of sc-PLA (increase in viscosity). 

In order to evaluate which of those processes dominates, we took a simple first-order 

approach, viz. evaluating the “averaged” or “theoretical” viscosity ( theoretical) of the blends 
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which should be the viscosity of the blends when only degradation (and no sc-PLA 

formation) takes place. For that we used the data from the time development of the viscosities 

of the homopolymers at different temperatures, assuming the simple rule of mixtures: 

                                           ηtheoretical= WPLLA*ηPLLA + WPDLA*ηPDLA                              [2.6]  

Where WPLLA and WPDLA are the weight fractions of PLLA and PDLA respectively, in our 

case both equal to 0.5. 

The theoretical and the measured viscosity of the SSM blend at 240 °C, where no sc-PLA 

formation can occur, are presented in Figure 5, showing a reasonable match.    
 

 

 

 

 

Figure 5: Measured and theoretical viscosity of the SSM blend at 240 °C (above the melting 

temperature of sc-PLA) 

Therefore we used the values of the calculated theoretical viscosity to compare with the 

viscosity of the blends measured at different temperatures during the formation of sc-PLA.  

In Figure 6a the measured viscosity of the SSM blend during cold-crystallization of sc-PLA 

is plotted as a function of time and at different crystallization temperatures of the sc-PLA. 

The results indicate that the viscosity measured at 190 °C, 200 °C and 210 °C increases with 

time while that at 220 °C it decreases. However, when we compared the measured and the 

corresponding theoretical viscosity (shown in Figure 6b), we observed that for all 

temperatures of cold crystallization the measured viscosity is higher than the theoretical one 

(more than 10 times at 200 °C). This suggests strong and dominating overall contribution of 

sc-PLA crystallization to the rheological respond of the blends.  

The relative change of the viscosity with respect to the initial viscosity value at t = 0 is 

presented in Figure 7. An increase of the viscosity with more than 100 % is measured at     
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200 °C, while at 220 °C the viscosity during the experiment is 10-20 % lower than its starting 

value.  

      
 

Figure 6: Measured viscosity with time (a) and the ratio measured/theoretical viscosity 

versus time (b) for all crystallization temperatures 

 

 

 

 

 

 

 

Figure 7: The relative change of the SSM blend viscosity during measurement            

Apart from the different relative change of viscosity, we also observed that viscosity develops 

with time in different ways at different temperatures. We looked parameters to characterize 

and to compare the different time evolution of viscosity at different temperatures. A close 

look at the change of viscosity with time at 200 °C (Figure 8a) shows that viscosity increases 

faster with time at the beginning of the experiment than at later stages of measurement. To be 

able to compare this time-dependent behavior of the viscosity we fitted the data in Figure 6a 

with linear fits, at the early times of the measurement and at the end.  
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Figure 8: Analysis of the measured viscosity (a); rate coefficients B as a function of 

temperature (b); the arrows indicate transition from rate coefficient B1 to B2, at each 

temperature. 

Having in mind the semi-logarithmic plot of viscosity versus time, the time dependence of 

the measured viscosity obeyed the following exponential law:                                                                         η= ηoe
Bt                                                             [2.7] 

where o is the viscosity at time 0 and B a coefficient related to the rate of viscosity change 

with time. The value of B will be positive if the viscosity increases with time and will be 

negative if the viscosity decreases with time. The values for the rate coefficient B are 

obtained from the slope of the linear fit as shown in Figure 8a, and are plotted in Figure 8b as 

a function of the measuring temperature. We use the values for those coefficients to compare 

the rate of viscosity change at each temperature. For all crystallization temperatures, except 

220 °C the viscosity was found to increase faster at the beginning (rate B1) and slower at the 

end of the experiment (rate B2). At 220 °C the initial rate coefficient is negative representing 

the initial decrease of viscosity, while at later stages the rate coefficient become positive as a 

slight increase of the viscosity is observed (however the value of the measured viscosity even 

at the end of the experiment is lower than the initial one, see Figure 7).   

From Figure 8b it can be inferred that the rate of viscosity build-up is faster at 190 °C and 

200 °C, as is to be expected from the larger undercooling with respect to the equilibrium 

melting temperature of sc-PLA (approximately 280 °C[28]). 

At higher temperature of sc-PLA crystallization (210 °C and 220 °C) the viscosity develops 

with time differently. At 210 °C the transition from fast to slow increase of viscosity is much 

less noticeable than at lower temperatures, as indicated by the very similar viscosity rate 
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coefficients (see Figure 8b). Furthermore, the build-up of viscosity at 210 °C is slower than at 

lower temperatures, due to the more pronounced degradation and also due to the continuous 

sc-PLA (re-)crystallization and melting, 210 °C being close to the melting temperature of          

sc-PLA.  

At higher crystallization temperature of 220 °C the interplay between degradation and            

sc-PLA formation becomes more pronounced and the measured viscosity initially decreases 

with time resulting in a negative viscosity rate coefficient (see Figure 8b). However, the 

measured viscosity is higher than the theoretical one as shown in Figure 9. This means that to 

some extent stereocomplexation must take place even at this very high temperature and even 

becomes dominating at the end of the experiment when a slow rise of the viscosity is 

observed (shown in Figure 8b).  Therefore, we can conclude that a transition from dominating 

degradation to dominating sc-PLA crystallization takes place at high temperatures and an 

“induction time” for the sc-PLA crystallization to prevail is observed. 

 

 

 

 

 

 

 

 

 

 

Figure 9: Measured and the theoretical viscosity at 220 °C, with their linear fit 
          

2.3.4. Crystallinity and morphology of the cold-crystallized sc-PLA 

The crystallinity of the sc-PLA formed during the rheological measurements was calculated 

from the WAXD scattering patterns shown in Figure 10a using equation 2.1. In Figure 10a, 

the three peaks around 11.5°, 20.2° and 23.8° (marked with arrows) correspond to scattering 

from the sc-PLA crystals, see appendix A 2.1. No crystallization of both homopolymers has 

taken place during the quenching after the rheological experiments, with the exception of the 

blend crystallized at 220 °C where weak scattering of the homopolymer crystals was detected 

at about 22.5°, see appendix A 2.1. Therefore the crystal fraction of the blends consisted of 

almost 100 % sc-PLA. The overall degree of crystallinity of the cold-crystallized sc-PLA is 
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presented in Figure 10b as a function of crystallization temperature. The values are in the 

range of 5 to 12 %, increasing with temperature until 210 °C. The lowest crystallinity found 

at 220 °C is perhaps due to the long induction time for sc-PLA crystallization to set-in in a 

more pronounced way.    
 

 

 

 

 

Figure 10: WAXD patterns at room temperature of the quenched samples after the 

rheological measurements (a) and the calculated crystallinity of the sc-PLA (b); arrows 

indicate scattering peaks of crystalline sc-PLA 

The viscosity behavior discussed above is not only influenced by the volume of the sc-PLA 

crystals formed during crystallization but also by their shape, size, and distribution. The         

sc-PLA morphology developed during cold-crystallization in the rheometer was observed by 

ex-situ POM and is presented in Figure 11. As it was mentioned before, the initial film 

contains inhomogeneously mixed large domains of crystalline PLLA and amorphous PDLA 

(see Figure 1a). During cold-crystallization in the rheometer at elevated temperatures, 190 

°C-  220 °C, a network-like sc-PLA morphology (marked with arrows in Figure 11) is 

observed at the boundaries of the PLLA and PDLA domains as can be seen in Figure 11. 

Upon annealing/cold crystallization above the melting points of the homopolymers,           

190 °C-220 °C, initially the sc-PLA is expected to form at the interfaces as shown 

schematically in Figure 12. Once the sc-PLA crystals are formed (reasonably fast), 

predominantly at the interface between the PLLA and PDLA domains, they will restrict 

further homopolymers chain diffusion from one homopolymer region into the other, acting 

like a barrier between the PLLA and PDLA domains. This as a consequence will prevent 

further (substantial) growth of the sc-PLA crystals; they remain in the shape of thin (~5 m) 

fibrils on the interface between PLLA and PDLA, resulting in low overall sc-PLA 
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crystallinity (see Figure 10b). The effect of the reduced overall mobility of the melt, due to 

the network-like effect of the sc-PLA crystals, on the rheological response of the blend is also 

large - a pronounced increase of viscosity (with up to more than 100 % at 200 °C, see           

Figure 7), mostly at the beginning of the experiments, is observed during the measurements, 

and it is caused only by merely 10 % overall crystallinity of sc-PLA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Polarizing optical photomicrograph (POP) at room temperature of the SSM 

blends crystallized in the rheometer at various crystallization temperatures (mentioned on 

each image); arrows indicate sc-PLA crystals [Notice network-like morphology] 

Such an increase of the melt viscosity was also observed by Rahman et al. [22] and Yamane 

et al. [29], for non-symmetric blends of PLLA and PDLA at 200 °C, and was attributed to the 

physical cross-linking effect of the sc-PLA crystals. 
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Figure 12: Top - Polarizing optical photomicrograph (POP) of the initial SSM blend film and 

the quenched sample after rheological measurement (at 200 °C); bottom – schematic 

representation of the morphology in the initial and in the crystallized film 

The DSC results from the first heating of the cold-crystallized rheometer samples, presented 

in Figures 13a and 13b, show that indeed sc-PLA was formed during the crystallization 

experiments in the rheometer as the initial SSM blend show no sc-PLA melting during 

heating. The melting temperature of the sc-PLA increases with increasing the crystallization 

temperature and it is in the range between 215 °C and 222 °C. The small amount of sc-PLA 

formed at  220 °C melts around 230 °C, while the sc-PLA formed during quenching after the 

rheology experiments shows a lower melting point, namely around 210 °C. A comparison of 

the sc-PLA melting enthalpies (ΔH SC
m  ) determined from Figure 13b show a reasonable 

agreement with the melting enthalpies calculated from WAXD crystallinity (Figure 10b), see 

appendix A 2.2.  

Next to the formation of sc-PLA crystals, during the rheological measurements, especially at 

higher temperatures, also degradation occurs resulting in slightly lower mass homopolymers, 
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see Table 2.2. The melt viscosity determined from these lower mass homopolymers is 

compared with the theoretical and measured viscosities in appendix A 2.3. We do not exclude 

the possibility that those lower mass PLLA and PDLA constituents could be able, due to their 

slightly increased mobility, to diffuse across the interfaces and enable further sc-PLA 

formation (in the bulk).   

 

 

 

 

 

 

 

 

Figure 13: First heating at 10 °C/min in the DSC of the SSM blends cold-crystallized in the 

rheometer: (a) the whole temperature range of scanning, (b) temperature range showing    

sc-PLA melting enlarged from Figure 13a 

Table 2.2: Molecular weight of the blends before and after rheological experiments 

 Mw (g/mol) Mn (g/mol) 

Blend PLLA/PDLA (initial) 2.1x105 1.2x105 

After 60 min at 200 °C 2.0x105 1.2x105 

After 60 min at 220 °C 1.8x105 1.1x105 

 

The SEM images in Figure 14b and 14c taken from a sample etched with proteinase K to 

selectively degrade the l-lactic units (amorphous ones first) [30] show clearly the crystalline 

nature of the sc-PLA domains (indicated by the arrow in Figures 14b). Therefore, the slow 

but still continuous increase of viscosity at later times of crystallization (indicated by the 

lower values of the rate coefficients at later stages, see Figure 8b) could be partially caused 

by this secondary slower process of sc-PLA formation. 
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Figure 14: POP (a) and SEM (b and c) images of the SSM blend cold-crystallized in the 

rheometer at 200 °C for 60 min (arrow indicates the small domains of sc-PLA). 

2.4. Conclusions and Outlook 

In order to understand the sc-PLA formation in its early stages of crystallization during melt 

extrusion, an inhomogeneous equimolar PDLA/PLLA blend (SSM blend) was subjected to 

thermal treatment between 190 °C - 220 °C. The initial SSM blend had no sc-PLA. The 

rheological measurements were carried out within the linear viscoelastic region to avoid the 

additional effect of shear on sc-PLA formation. Main findings of the study can be 

summarized as follows: (1) Oscillatory shear time sweep measurements can be used to follow 

in-situ sc-PLA formation in equimolar PDLA and PLLA blend. (2) POM images revealed 

that sc-PLA in static (no strong flow) conditions is observed at the homopolymers interfaces 

and its further growth is limited due to the decrease in chain diffusion across sc-PLA crystals 

hence resulting in low sc-PLA crystallinity (up to 10 %) at the end of crystallization. (3) 

Rheological measurements showed that even low volume fraction of sc-PLA crystals causes a 

quick increase of viscosity due to the physical cross-linking effect of the sc-PLA crystals and 

“locking” of the melt. (4) Based on the results from this chapter we would consider 

processing temperature of sc-PLA around 210 °C where the sc-PLA amount is maximum and 

viscosity build-up is minimum. However, the inhomogeneous mixing state of the SSM blend 

can be overcome by using homogenously pre-mixed blend and/or shear flows (during melt 

extrusion). The effect of homogenously pre-mixed blend and flow is considered in the forth 

coming chapters 3 and 4, respectively.  
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Chapter 3 

PLA stereocomplex formation in the melt: 

Stereocomplexation in the homogeneously mixed blend

 
In order to further extend our understanding of sc-PLA formation in the melt, two blends of 

PDLA and PLLA in a weight ratio of 1:1 were prepared with different degrees of mixing of 

the homopolymers. The first blend (solid-state mixed or SSM blend) was prepared from 

PDLA and PLLA powders, pre-mixed in the solid-state, by compression molding between the 

melting temperatures of the homopolymers. The second blend was prepared via melt 

extrusion (ME blend) at 215 °C. The SSM blend represents an inhomogeneous and the ME 

blend a homogeneous mixing state of the homopolymers (PDLA and PLLA).  Both blends had 

no initial sc-PLA. Sc-PLA crystallization from the melt was followed between 190 °C and  

220 °C using in-situ rheological, DSC and POM characterization techniques. The favorable 

conditions of homogeneously mixed melt state and slightly lower molecular weight of the ME 

blend lead to a higher sc-PLA crystallinity (up to 50 %) in comparison to the SSM blend, at 

all crystallization temperatures. Based on the results from the rheological characterization, 

another melt processing of sc-PLA was carried out at three different temperatures. About    

30 % sc-PLA was directly obtained via melt extrusion at the optimum temperature of 210 °C, 

as determined from the rheology results, without the need for any additional annealing step.                                                                                                                                                                                                                                  
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3.1. Introduction 

Poly(lactic acid) stereocomplex (sc-PLA) is formed on the racemic crystallization of 

poly(lactic acid) enantiomers, namely poly(l-lactic acid) (PLLA) and poly(d-lactic acid) 

(PDLA), in solution [1-6], melt (bulk) [7-13], via polymerization [14,15] and upon hydrolytic 

degradation [16]. The higher thermal stability, higher crystal growth rate, shorter induction 

period and improved mechanical properties of sc-PLA [1,9,17-20] in comparison to the 

individual homopolymers (PDLA or PLLA) enables it to be a  good candidate for a “Green” 

bio-based polymer for (semi-) durable applications.                                      

        Melt processing, in contrast to solution processing, is the preferred and most widely 

used method to produce articles (e.g. fibers and molded parts) in the polymer industry where 

thermoplastic materials are extruded above the melting temperature(s) of polymer(s). The 

molecular weight requirements for the exclusive formation of sc-PLA in equimolar blends are 

strongly dependent on the mode of blending and crystallization. For example the threshold 

viscosity average molecular weight (Mv) of homopolymers for sc-PLA formation via melt 

blending is about 6×103 g/mole[7] whereas it increases to 40×103 g/mole and 400×103 g/mole 

in the cases of solution casting and precipitation, respectively [3-5]. To consider a polymeric 

(plastic) material as engineering material, usually high molecular weight of at least                

100 kg/mole is required [20]. However this requirement is in contrast with the preferred low 

molecular weight of homopolymers to obtain exclusively sc-PLA from crystallization upon 

cooling from melt blending. Usually, upon melt blending of high molecular weight 

homopolymers (PDLA and PLLA) a two phase morphology comprising homopolymers and 

sc-PLA crystal is obtained [21].    

        Another major issue in the melt processing (extrusion) of sc-PLA, besides the low 

molecular weight requirements of the homopolymers, is the processing temperature window. 

The extrusion should be carried out in between the melting temperatures of the 

homopolymers, being approximately 180 °C[22,23] and that of the sc-PLA, being about 220-

240 °C[20]. However, at higher temperatures (usually above 200 °C), thermal degradation of 

the PLA occurs [24]. On the other hand at lower temperature (T ≤ 200 °C) sc-PLA 

crystallization in the extruder can block and disturb the processing.  

        The main objective of this chapter is to compare sc-PLA crystallization from the melt 

with different initial mixing states of the homopolymers. For that aim isothermal 

crystallization of sc-PLA at temperatures between 190 °C and 220 °C will be followed in-situ 

in the rheometer for two different types of PLLA/PDLA blends, either prepared via solid 
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state mixing (SSM) or via melt extrusion (ME).  The rheological response of the blends and 

the developed crystallinity of the sc-PLA during isothermal crystallization are determined. 

Further optimization of the extrusion process was attempted in order to produce samples with 

larger amounts of sc-PLA.  

3.2. Experimental section 

3.2.1. Materials 

Materials used in this study are poly(d-lactic acid) (PDLA) (Purasorb® PD) and poly (l-lactic 

acid) (PLLA) (Purasorb® PL) from PURAC Biomaterials, the Netherlands. For the details of 

the polymers and blends see Table 3.1. 

Table 3.1: Characterization of the homopolymers and the blends 

Materials  Mw*(kg/mole) PDI* Tm**(°C) 
PDLA 195 1.9 180 
PLLA 210 1.8 193 
Solid State Mixed (SSM) blend 210 1.7 179 
Melt extruded (ME) blend 190 1.8 178 

*measured by size exclusion chromatography (SEC) in HFIP (see section 3.2.7);Mw=weight 

average molecular weight; PDI=Mw/Mn=polydispersity index; Mn=number average 

molecular weight; ** First heating melting peak temperature measured by differential 

scanning calorimetry at 10 °C/min  

3.2.2. Blends preparation 

Both homopolymers, PDLA and PLLA, were dried in a vacuum oven under dried nitrogen at 

60 °C for 24 hours before use. The moisture content was found to be less than 50 ppm as 

determined on a Karl Fischer Coulometer at 160 °C.  

3.2.2.1. Solid State Mixed (SSM) blend 

A mixture of PDLA and PLLA in a weight ratio of 1/1 was prepared by tumble mixing of the 

homopolymer powders at room temperature. From this mixture, films with a thickness of 

about 1 mm were compression molded between 185 °C and 190 °C for 10 min and at a 

pressure of 50 bars. Those samples will be referred to as Solid State Mixed (SSM) blend. The 

films were subsequently quenched in water to room temperature. The compressed films were 

dried at 60 °C for 24 hours in an oven with nitrogen flow and stored in a desiccator for 

further analysis. 
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3.2.2.2. Melt Extruded (ME) blend 

Flakes of homopolymers (PDLA and PLLA) were tumble mixed in equimolar ratio by 

vigorous agitation in a sealed can. The polymer mixture was fed gradually to a pre-heated  

co-rotating twin screw extruder of L/D = 25 (diameter = 16 mm).  During the extrusion 

process, the temperature profile from feed zone to the die and the screw speed was kept 

constant at 215 °C ±5 °C) and 70 rpm, respectively. The feed rate was maintained manually 

to avoid overshoot in torque. The residence time in the extruder was approximately 4 to 5 

minutes. The sample (extrudate), hereafter called melt extruded (ME) blend, was obtained as 

a transparent (glassy) tape (thickness =0.5 mm and width = 13 mm) after quenching in air at 

about 30 °C/min. The temperature of extrusion, 215 °C ±5 °C, was chosen on the bases of 

previous knowledge of the author (see chapter-02) to avoid the stereocomplex formation 

during extrusion. Masaki et al. [11] also did not observe stereocomplex formation between 

210 °C and 240 °C. The molecular weights, polydispersity indices, and melting temperatures 

of the homopolymers, and the blends used in this study are shown in Table 3.1. The decrease 

in molecular weight after extrusion, compared to the theoretical average of two 

homopolymers, is about 6 %. The purpose of this melt blend, in contrast to the SSM blend, is 

to ensure the initial homogeneous mixed state, with a large area of interfaces, to facilitate the 

formation of sc-PLA.  

3.2.3. Rheological Characterization 

Oscillatory shear experiments were performed on a stress controlled rheometer, TA 

instruments (ARG2, 2000).   

Oscillatory shear time sweeps experiments with frequency of 0.1 rad/s and strain of 0.5 % 

(within the linear response domain and Newtonian plateau region) were performed. In detail 

samples were loaded into the pre-heated rheometer at 250 °C and kept isothermal for             

5 minutes. After isothermal treatment at 250 °C, samples were cooled at 10 °C/min to the 

annealing (crystallization) temperature (or stereocomplexation temperature; TSC
C  ) of 190 °C, 

200 °C, 210 °C, 220 °C. The purpose of these annealing temperatures is to keep the 

homopolymers molten, and in the case of the blend to probe sc-PLA formation at various 

temperatures in the melts. Each sample was kept at TSC
C   for 60 minutes and was quenched 

afterwards with liquid nitrogen to room temperature. All the quenched samples were stored in 

a desiccator after drying at 60 °C for 24 hours in a vacuum oven for further analysis. 
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3.2.4. Differential Scanning Calorimetry (DSC) 

The melting temperature of sc-PLA (TSC
m  ) and enthalpy of melting of sc-PLA (ΔHSC

m  ) were 

measured with a TA Q1000 differential scanning calorimeter under a dried nitrogen 

atmosphere. The heating rate was kept constant at 10 °C/min.  

DSC simulation experiment: 

Rheological experimental protocols were also simulated (imitated) in DSC to understand the 

stereocomplexation in quiescent state. Samples were heated very fast (at 50 °C/min) to      

250 °C and kept isothermal for 5 min. In the next step samples were cooled to annealing 

temperatures (TSC
C  ) between 190 °C-220 °C, and annealed for 60 min at each temperature or 

directly quenched to room temperature. Samples annealed between 190 °C and 220 °C for            

60 min were heated to 250 °C at 10 °C/min and the enthalpy of melting thus obtained was 

attributed to the sc-PLA formed during the annealing step, since homopolymers cannot 

crystallize at these temperatures or during the heating scan afterwards.  

3.2.5. Wide Angle X-ray Diffraction (WAXD) 

The crystallinity and structure of the homopolymers and blends were investigated by WAXD 

using a Rigaku diffractometer with Cu-Kα radiation (λ=0.154 nm) and scanning range of            

2θ = 9° to 27°. The following equation 3.1 was used to determine the sc-PLA crystallinity 

[25]:                                                                                                                                                                          [3.1]   
where q is the scattering vector (q=4πsinθ/ ), ISC, Ihomopolymers and Iam are the scattering 

intensities of the stereocomplex, homopolymers and of the amorphous part, respectively. 

3.2.6. Polarizing Optical Microscopy (POM)  

An in-situ POM analysis was carried out on a Zeiss Axioplan 2 optical microscope equipped 

with a Zeiss Axiocam camera and a Linkam THMS-600 hot-stage for temperature control. 

The thermal treatment was similar to that applied for the rheology and DSC simulation 

experiments. 
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3.2.7. Size Exclusion Chromatography (SEC) 

The molecular weights of homopolymers (PDLA and PLLA) and blends samples before and 

after the rheological measurements were measured on a system equipped with a Waters 1515 

Isocratic HPLC pump, a Waters 2414 refractive index detector (40 °C), a Waters 2707 

autosampler, a PSS PFG guard column followed by 2 PFG-linear-XL (7 μm, 8*300 mm) 

columns in series at 40 °C. Hexafluoroisopropanol (HFIP, Biosolve) with potassium trifluoro 

acetate (3 g/L) and toluene was used as eluent at a flow rate of 0.8 mL min-1. The molecular 

weights were calculated against polymethyl methacrylate (PMMA) standards (Polymer 

Laboratories, Mp = 580 g/mole up to Mp = 7.1*106 g/mole).  

3.3. Results and Discussions 

3.3.1. Characterization of the dried ME blend (extrudate) 

Figure 1 shows the WAXD data of the dried ME blend at room temperature. From the 

integrated intensity (Figure 1b) it is evident that there is no sc-PLA in the ME extrudates, see 

appendix A 2.1, whereas the scattering peaks observed at 2θ = 16° and 19° [1] are the 

reported characteristics peaks of the homopolymers (PDLA and PLLA show identical peaks). 

This shows that no sc-PLA is formed during extrusion and cooling whereas a very small 

crystalline (about 8 %) fraction of homopolymers is evident from the integrated WAXD data. 

The reason is the very high extrusion temperature (215 °C±5 °C) and short residence time in 

the extruder. DSC thermogram (Figure 2) of the SSM and ME blends show a significant cold 

crystallization during the heating scan which also confirms the low crystalline nature of the 

ME blend. The higher double melting peaks (marked with arrows) at about 220 °C and        

245 °C in the ME blend thermogram are attributed to the melting of sc-PLA. This higher sc-

PLA melting peaks must be formed due to the crystallization and/or re-crystallization during 

the heating scan as the initial ME blend had no sc-PLA (Figure 1b).     

3.3.2. Effect of the high melting temperature (250 °C) on the molecular structure and the 
blend morphology  

The following two questions are considered; (1) Heating to 250 °C whether leads to chemical 

structural changes in the homopolymers or not? (2) Is there any sc-PLA formed during the 

cooling from 250 °C to the temperature of sc-PLA crystallization (TSC
C  )?  

In order to answer question (1) 13C NMR spectroscopy was performed to assure that there is 

no chemical structural changes occurred in the blends during heating to 250 °C.   
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Figure 1: Melt extruded (ME) dried blend (a) WAXD pattern (b) Intensity versus 2θ               

 

 

 

 

 

 

 

Figure 2: First heating of the SSM and Melt Extruded (ME) dried blends (heating rate;        

10 °C/min) (arrows indicate sc-PLA melting peaks) 

This high temperature could lead to intermolecular transesterification reactions which in turns 

results into the formation of multiblock structures and hence can influence the crystallization 

behavior of sc-PLA. The sample quenched in the rheometer at 250 °C after 5 min annealing 

was dissolved in deuterated chloroform (CDCl3) and was measured overnight on a Varian 

Mercury Vx spectrophotometer 400MHz. Carbonyl carbon resonances were detected at about 

169.5 ppm, and methine and methyl ones at about 69.0 and 16.4 ppm, respectively (Figure 3). 

The 13C NMR spectra shows only stereodependent [26,27] carbon fine structures. Isotactic 

LL or DD dyads are noted as i (isotactic) and syndiotactic DL or LD dyads as s in the    

Figure 3. For example, iiisi denotes chain segments containing six lactic units DDDDLL or 

LLLLDD. A very similar result was also observed for the rheometer sample quenched after 

220 °C (data not shown). However a very small isi tetrad in methine region could be ascribed 
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to the intermolecular transesterification occurred during melting at 250 °C. Hence it can be 

concluded that there is no substantial effect of thermal treatment at 250 °C on the chemical 

structure of homopolymers.      
  
 

 

Figure 3: Carbonyl, methine, and methyl regions of the 13C NMR spectrum of the SSM blend 

after annealing at 250 °C 

In order to answer the second question we quenched the SSM and ME samples just at the 

crystallization temperatures (no isothermal crystallization) after cooling from 250 °C. The 

WAXD patterns of the quenched SSM and ME blends at various TSC
C  ’s are shown in Figure 4 

and Figure 5, respectively. It is evident that all SSM samples are amorphous indicating no sc-

PLA formation during cooling from 250 °C before TSC
C   is reached.  However, for the ME 

blend it is evident that sc-PLA is formed quite pronouncedly during cooling from 250 °C to 

the annealing temperatures (see Figure 5a) particularly on cooling to lower temperature of 

190 °C, 200 °C and 210 °C where more than 20 % sc-PLA is already crystallized before the 

start of annealing (Figure 5b). It is expected that most of the sc-PLA is formed during the 

cooling from 250 °C and less or no sc-PLA crystallized during quenching from TSC
C  . In order 

to support this argument and confirm that no additional sc-PLA is formed during quenching 

after annealing at TSC
C   we performed quenching of the SSM and ME blends at 250 °C after 

being kept for 5 min. The results are shown in Figure 6. It is evident that indeed quenching is 

fast enough to avoid additional sc-PLA formation during quenching particularly for SSM. On 

the other side some additional crystallinity is expected for ME blends during quenching.  

We assume however that during quenching from 220 °C more sc-PLA could be formed,     

220 °C being too high to allow extensive sc-PLA formation at a higher temperature than this 
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(thus during the cooling from 250 °C to 220 °C).  More elaboration on this effect will be 

shown later in this Chapter. In general, some small amount of homopolymers crystallinity 

developed during quenching was also detected.  

 
 
 

 

 

 

 

 

 

Figure 4: WAXD patterns of the SSM blend cooled from 250 °C to the sc-PLA crystallization 

temperatures (TSC
C  ’s) (mentioned on each curve) and immediately quenched to room 

temperature (curves are shifted vertically for clarity) 

 

 

 

 

 

 

 

 

 

 

Figure (5): (a) WAXD patterns of the ME blend cooled from 250 °C to the sc-PLA 

crystallization temperatures (TSC
C  ’s) (mentioned on each curve) and immediately quenched to 

room temperature (b) crystallinity of sc-PLA and homopolymers calculated from the WAXD 

data of Figure 5a [WAXD patterns are shifted vertically for clarity reason]  
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Figure 6: WAXD patterns with sc-PLA crystallinity (XSC
C  ) for the SSM and ME blends 

quenched at 250 °C after 5 min of annealing.  

3.3.3. Rheological behavior of the SSM and ME blends: sc-PLA formation from different melt 

states 

Both blend samples have different thermal history. The SSM blend has been mixed only in 

solid state, thus the mixing between PLLA and PDLA is poor in comparison to the melt-

mixed ME blend prepared via extrusion of the homopolymers. Another difference is the 

molecular weight of the polymers in both blends. The average Mw of the ME blend after 

extrusion is 190 kg/mole, versus 210 kg/mole for the Mw of the initial SSM blend.  Thus the 

better mixed state and lower molecular weight homopolymers of the ME blend in comparison 

to the SSM blend offers more favorable conditions for the sc-PLA formation. Unfortunately it 

is difficult to avoid reduction in molecular weight during melt mixing which is caused by the 

high processing temperatures and high shear stresses in the extruder. Those favorable 

conditions for the sc-PLA to be formed in the ME blends is already visible from the results in 

Figure 5, where sc-PLA crystallized during the cooling, before even the crystallization 

temperature was reached. Therefore, the rheological response of the two blends is expected to 

be different; in the case of ME blend, from the beginning of the experiment there are already 

sc-PLA crystals in the melt, especially at lower crystallization temperatures. This is also clear 

from the values of the measured viscosity in Figure 7; the initial viscosity of the ME blend is 

more than one order of magnitude higher than that of the SSM blend, at equal temperatures. 

This high viscosity is attributed to the “physical crosslink” effect of the unmolten sc-PLA 

crystals [25] present in the melt before the measurement, and also those which are formed 

during the experimental time. Yamane et al. [28] related the observed increase of viscosity 
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due to sc-PLA formation to the “apparent increase in molecular weight due to the sc-PLA” 

formation.            
 

Figure 7: Measured complex viscosity of the SSM (a) and ME (b) blend at different 

temperatures after cooling from 250 °C 

 

For the SSM blend the viscosity at high temperatures of 210 °C and 220 °C decreases with 

time, indicating that in those cases thermal degradation dominates the stereocomplexation of 

the homopolymers. The increase of viscosity of the SSM blend at lower temperatures of 

crystallization (190 °C and 200 °C) could be then attributed to sc-PLA formation during the 

measurement; more pronounced at 200 °C (there was no initial sc-PLA present in the melt).  

The relative changes in viscosity of the SSM and ME blends were calculated using equation 

3.2: 
                                                // i= ( (t)- i)// i                                                      [3.2] 

Where (t) is the viscosity at time “t” and i is the initial (first measured) value of the 

viscosity. 

The relative change of viscosity plotted in Figure 8 as function of time shows that the 

viscosity (except for the SSM blend at 210 °C and 220 °C) increased dramatically – the final 

value of viscosity was 5 to almost 400 times higher than the initial (starting) viscosity, the 

largest increase observed for the ME blend at 210 °C. Those results strongly indicate that in 

the above mentioned blends sc-PLA is formed. It is striking that despite the anticipated 

certain amount of sc-PLA pre-formed during the cooling to the crystallization temperature, 

which resulted in initially high viscosity of the ME blends, there is still a substantial increase 

of viscosity of those blends during the measurement. The largest increase of viscosity of the 
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ME blend with 40,000 % was observed at 210 °C which could suggest that here the 

conditions for the sc-PLA crystallization during the experiment were most favorable – not too 

high initial viscosity (due to not too much pre-existent sc-PLA crystals) and optimum 

temperature – to allow for enough chain mobility and thus for facilitated formation and 

further growth of the sc-PLA crystals.    

The larger relative increase of viscosity of the ME blend in comparison to that of the SSM 

blend indicate that more extensively sc-PLA is formed in the ME blend where the 

homopolymers were better mixed, emphasizing the importance of the initial melt state for      

sc-PLA crystallization.  

Despite the high viscosity due to existence of sc-PLA crystals before the beginning of the 

experiment, there is still further increase of viscosity with up to 40,000 % measured at        

210 °C. This indicates that most probably further sc-PLA crystallization takes place during 

the measurements. For the other temperatures the increase of viscosity is less, but still higher 

than the relative increase of viscosity for the SSM blends.          
 

 

Figure 8: Relative change in viscosity for the SSM (a) and for the ME (b) blends.          

(overlapped data are made visible using insets) 

To quantify and compare the build-up of viscosity with time at various TSC
C  ’s we used the 

same approach as described in chapter 2 and fitted the measured viscosity at each temperature 

using equation 3.3.                                                                                                                             η= ηoe
Bt                                                            [3.3] 

Where o is the viscosity at time 0 and B a coefficient related to the rate of viscosity change 

with time – positive if the viscosity increases and negative when the viscosity decreases with 

time. 
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In figure 9 the analysis is shown for the two extreme cases in each blend- where the increase 

of the viscosity was most pronounced. The viscosity rate coefficients (B) calculated for both 

the blends at each temperature are plotted in Figure 10.         
 

 

Figure 9: Analysis of the measured viscosity of the SSM blend at 200 °C (a) and of the ME 

blend at 210 °C (b) 

 
 

 

 

 

 

 

Figure 10: Viscosity rate coefficients (B) as a function of temperature for the SSM (a) and for 

the ME (b) blend; the arrows indicate transition from rate coefficient B1 to B2, at each 

temperature 

For the SSM blend, at all temperatures except at 200 °C, the viscosity was found to change 

with a constant rate – to increase at 190 °C and to decrease slightly at 210 °C and at 220 °C. 

The decrease at the two higher temperatures is not as substantial as it would have been 

expected from a sample where only degradation takes place (see Figure 2 in chapter 2 for the 

change of viscosity of the homopolymers at those two temperatures). This shows that some 
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stereocomplex formation still takes place at 210 °C and 220 °C, however it has been 

overruled by the degradation process. At 200 °C the viscosity initially increases faster than at 

later stages, most probably due to the “locking” effect of the formed sc-PLA crystals, as 

explained already in chapter 2. 

For the ME blend the rheological behavior is somewhat different. For all temperatures, 

except for 220 °C, two rate coefficient of viscosity change were found, corresponding to 

initial faster increase of viscosity (coefficient B1) followed by leveling off (B2 coefficient 

approaches zero). At lower temperatures the values of the B1 for the ME blend are similar to 

the rate coefficients for the SSM blend. However, at high temperatures (210 °C and 220 °C), 

where the SSM blend showed negative B1 rate coefficients, the coefficients B1 for the ME 

blend were positive (even at 220 °C) and especially at 210 °C - very high in value. This 

indicates that stereocomplex is formed at those high temperatures, in most favorable 

conditions at 210 °C where the initial viscosity is not too high (as at the two lower 

temperatures) and the chain mobility is sufficient to provide fast stereocomplexation of the 

well-mixed homopolymers. For the ME blend a certain amount of sc-PLA crystals is 

expected to already exist in the melt before the beginning of the experiment, but less for the 

melts crystallized at the two high temperatures. This pre-formed sc-PLA can have a double 

effect on the further sc-PLA crystallization. The positive effect is that it can facilitate 

stereocomplexation via self-nucleation, although the growth and not the nucleation of sc-PLA 

is the main hurdle for extensive sc-PLA crystallization. The negative effect of the pre-formed 

sc-PLA is that it restricts the mobility of the homopolymer chains in the melt (crosslink like-

effect) thus not facilitating the formation and the growth of the sc-PLA crystals.  The positive 

self-nucleating effect is more pronounced at 210 °C (also perhaps at 220 °C), while the 

negative restricting effect of the pre-existent sc-PLA crystals is more noticeable at the lower 

temperatures of crystallization (190 °C and 200 °C).  

3.3.4. Crystallinity and morphology of the sc-PLA crystallized in the rheometer 

The WAXD results from the rheometer samples after isothermal crystallization are shown in 

Figure 11 for the SSM blend and in Figure 12 for the ME blend. Surprisingly, the SSM blend 

showed very little crystallinity of the sc-PLA – maximum approximately 3 % for the blend 

crystallized at 200 °C.  For that sample we observed an increase of the viscosity with more 

than one order of magnitude (see Figure 8a). It is therefore difficult to make a correlation 

between this large increase of viscosity and the very low volume of the sc-PLA crystals. A 
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possible explanation could be the morphological features of the formed sc-PLA crystals 

which could be small in size but present in sufficient number to cause the crosslink-like effect 

of melt immobilization.  

 

 

 

 

 

 

 

 

 

 

Figure 11: (a) WAXD patterns of the SSM blends melt crystallized in the rheometer at 

various temperatures [curves are shifted vertically for clarity reasons]; (b) Crystallinity of 

the sc-PLA obtained from the WAXD patterns  

       
 

 

 

 

Figure 12: (a) WAXD patterns of the ME blends melt crystallized in the rheometer at various 

temperatures [curves are shifted vertically for clarity reasons]; (b) Crystallinity of the        

sc-PLA obtained from the WAXD patterns  
Crystallinity of the ME blends after melt crystallization in the rheometer is high that is 

between 30 and 50 %. However, we have to have in mind that, especially for the ME blends 

crystallized at lower temperatures (190 °C and 200 °C) there was a certain amount of sc-PLA 
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crystals already present before  isothermal crystallization in the rheometer to begin (formed 

during cooling to TSC
C  ). In order to gain more information about this feature, we performed 

simulation experiments in the DSC, following the same thermal treatment as for the 

rheometer samples. The results from those experiments are shown in Figures 13 and 14. The 

cooling of the ME blend from 250 °C with different cooling rates  (shown in Figure 13) 

indicates that when cooled with a lower rate of 10 °C/min (corresponding to that of the 

cooling in the rheometer from 250 °C to the crystallization temperature), the onset of  sc-PLA 

crystallization was around 200 °C. This implies that sc-PLA is indeed formed in the 

rheometer during cooling to the lower temperatures of crystallization.         
Figure 13: (a) Cooling of the ME blend in the DSC from 250 °C to 20 °C at two different 

cooling rates (shown on curves); (b) WAXD data at room temperature of the DSC samples 

shown in Figure 13a (arrows indicate sc-PLA crystalline scattering)  

Furthermore, we can also then assume that no sc-PLA existed in the melt before isothermal 

crystallization at higher temperatures (210 °C and 220 °C). The measured 15 to 22 % degree 

of crystallinity for those blends cooled in the rheometer to crystallization temperature and 

immediately quenched (with no or very short time at TSC
C  ), see Figure 5b, is then assumed to 

be caused by the sc-PLA crystallization during the subsequent quenching from TSC
C  . Still, this 

value is quite high in comparison to the 5 % of sc-PLA crystallinity obtained for the ME 

blend directly quenched in the rheometer from 250 °C (see Figure 6). It is also possible that 

the very short (≤ 1 min) time at TSC
C   before quenching is enough to create sc-PLA nuclei (very 

small sc-PLA crystals or precursors) which self-nucleated more sc-PLA crystals during the 

following quenching.   
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In order to support the above observations, in-situ isothermal crystallization of ME blend 

sample was carried out in the DSC following the same experimental protocol as used for the 

rheological measurements. Figure 14 shows the results of this simulation experiment. In 

agreement with the WAXD observation (Figure 5) the higher undercooling leads to the 

formation of sc-PLA and hence very small crystallization peak during isothermal 

crystallization (Figure 14a) which is more pronounced for the higher crystallization 

temperatures of 200 °C and 210 °C. Based on the rheological response and WAXD analysis 

(Figure 5b), a higher melting enthalpy (or crystallinity) is expected for the ME blends 

crystallized at lower TSC
C  . As can be seen in Figure 14c, the melting enthalpy, determined 

from Figure 14b, increases as the annealing temperature is decreased. The very small melting 

enthalpy for  220 °C crystallized sample is due to the high annealing temperature (TSC
C  ) that is 

above (or at) the melting temperature of sc-PLA. The increase in TSC
m   of sc-PLA with 

increasing TSC
C   is attributed to the well grown lamellae at higher annealing temperatures. On 

the other hand samples quenched after the isothermal crystallization at various annealing 

temperatures with 50 °C/min show the highest sc-PLA crystallinity for the sample annealed 

at 210 °C (see appendix B 3.1) same as that observed for rheometer samples (Figure 12).  

Sc-PLA crystallization in the ME blend at 210 °C was followed in-situ using POM and hot 

stage. The sample was first kept at 250 °C for 5 min, then cooled to 210 °C and kept 

isothermally for 60 min.  As can be seen from Figure 15, sc-PLA crystallizes as soon as the 

crystallization temperature of 210 °C is reached, and no crystallization is observed during 

cooling from 250 °C to 210 °C (marked with 0 min). The sc-PLA crystals seemed to be in the 

shape of needles (rods), distributed uniformly and formed simultaneously throughout the 

entire samples. This could indicate that the homopolymers were well mixed during extrusion 

of ME blend which resulted in isotropic sc-PLA crystal formation during the isothermal 

crystallization. After the fast initial crystallization of the sc-PLA, no noticeable changes in 

the morphology were observed until the end of the experiment (marked with 60 min). The 

extremely high viscosity of the ME blend at this temperature could be indeed explained by 

the high amount of sc-PLA crystals which filled the whole volume of the sample, as shown in 

zoomed image (marked with 60 min).  
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Figure 14: DSC simulation experiments; (a) isothermal crystallization of the ME blend at 

different crystallization  temperatures (mentioned on each curve) after cooling from 250 °C 

(b) heating after isothermal crystallization (c) melting enthalpy (ΔHSC
m  ) and temperature of 

sc-PLA (TSC
m  );determined from Figure 14b (d) quenched after isothermal crystallization 

3.3.5. Further optimization of the extrusion process to produce directly sc-PLA  

Using the results from this study, we tried to apply them in order to produce more sc-PLA 

directly during melt blending. For that we used a Thermo Prism TSE 16 TC twin screw 

extruder fitted with more mixing elements (see Figure 16), varying the temperature of mixing 

between 200 °C and 220 °C. The results from the WAXD (Figure 17) and DSC (Figure 18) 

analysis of the extruded samples showed that indeed 210 °C was the optimum temperature 

for successful continuous processing of sc-PLA with relatively high crystallinity of close to 

30 %, and without the presence of homopolymers crystals. 

Higher crystallinity of the sc-PLA (> 90 %) was obtained after extrusion at 200 °C; however 

the extruder was blocked due to solidification (crystallization) of the sc-PLA. At 220 °C there 
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was no sc-PLA formed, the temperature being too high for sc-PLA crystallization, within the 

short mixing time (up to 5-6 min).  

      
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Polarizing optical photomicrograph of isothermally crystallized ME blend at        

210 °C [scale bar corresponds to 100 μm except for 60 min where the same scale bar 

corresponds to 50 μm]  

 

 

 

 

Figure 16: Thermo Prism TSE 16 TC twin screw extruder screws configuration (marked with 

numbers); 1: transport 2: compression 3: mixing (kneading) 4: reversing  
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Figure 17: WAXD patterns of the extrudates prepared at various processing temperatures 

(mentioned on each curve); (b) crystallinity of the sc-PLA (%) (determined from WAXD 

patterns shown in Figure 17a) versus extrusion temperature  

  
 
 
 
 
 
 
 
 

 

 

 

Figure 18: First heating at 10 °C/min of the extrudates prepared at different processing 

temperatures (mentioned on each curve)  

3.4. Conclusions  

The formation of sc-PLA was followed in two different mixed states of the PDLA and PLLA 

blends. The inhomogeneous mixed SSM and homogeneous mixed ME blends had no sc-PLA 

in their initial mixed state. The aim was to obtain as maximum as possible sc-PLA in the melt 

at various annealing and extrusion temperatures. Main findings of the study can be 

summarized as: (1) Oscillatory shear time sweep measurements can be used to follow the      

in-situ stereocomplexation in equimolar PDLA and PLLA blend. (2) In contrast to the SSM 
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blends the ME blends showed higher sc-PLA crystallinity at all annealing temperatures 

owing to the presence of better mixing on the molecular scale and the initial lower molecular 

weight. (3) The optimum temperature for the maximum possible crystallinity of sc-PLA 

(more than 45 %) is found to be 210 °C. At this temperature the viscosity of the blend is 

within the range of the general melt viscosities in real processing particularly for the lower 

residence time. (4) Processing of sc-PLA with higher crystallinity (up to 30 %) could be 

achieved by enhancing the shear level, kneading and lowering the temperature of extrusion to 

210 °C, without the necessity for an additional annealing step (5) It is possible to obtain more 

than 90 % sc-PLA crystallinity only by extrusion at 200 °C but the disadvantage is the 

blockage of the extruder due to the formation of solid sc-PLA crystals.  
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Chapter 4 

Effect of flow and melt memory on sc-PLA formation from 
melt  

 

Blends with different initial mixed states and morphology viz. SSM-A, SSM-B, EXT-210-A, 

EXT-220-A, EXT-220-B and SOL were prepared in order to address the effect of initial mixed 

state, initial melt temperature, cooling rate and application of flow on the (re-)crystallization 

of sc-PLA from melt. Non-isothermal crystallization of sc-PLA from different initial melt 

temperature in the four selected blends was studied using DSC. It is shown that                 

(re)-crystallization of sc-PLA can be enhanced using combination of melt-memory and low 

cooling rate particularly for homogeneously mixed blends. Among the four blends the highest 

onset temperature of sc-PLA crystallization approx. 230 °C and increase in sc-PLA 

crystallinity, approx. 50 %, was observed for the EXT-210-A blend when cooled from 240 °C 

with fast cooling rate of 50 °C/min. This high crystallinity and higher onset of crystallization 

temperature than other blends used in this study is attributed to the combine effect of sc-PLA 

self-nucleation and homogeneity of the blend. Synchrotron in-situ SAXS characterization 

techniques were used to understand the effect of initial melt state and flow on the sc-PLA 

crystallization under non-isothermal and isothermal conditions. It is shown that sc-PLA 

linear crystallinity and lamellar thickness are increased for the EXT-220-B blend after the 

application of flow at 240 °C.   
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4.1. Introduction 

In view of the exponential growth of polymers (plastics) and their accumulation in our 

society, demands of biocompostable and bio-based polymers have increased. Among 

biocompostable and bio-based polymers poly(lactic acid) (PLA), an aliphatic polyesters, is 

the most studied polymer owing to its potential to replace petroleum-based polymers [1]. 

PLA is a general terms used to represent a family of homopolymers viz. poly(d-lactic acid) 

(PDLA), poly(l-lactic acid) (PLLA) and copolymer poly(dl-lactic acid) (PDLLA). A so called 

stereocomplex PLA (sc-PLA) is formed when PDLA and PLLA are co-crystallized via 

solution, melt (bulk), thermal degradation, and polymerization [2-8]. The higher thermal 

stability (about 50 °C higher melting temperature than PDLA and PLLA) and mechanical 

properties of sc-PLA are well documented [9-12] which provides better opportunity to use it 

as a green engineering bio-plastic. However, the limitations encountered in melt processing 

such as thermal degradation, crystallization of homopolymers notably for high molecular 

weight homopolymers together with sc-PLA crystals and obstruction (due the formation of 

sc-PLA crystals), of continuous extrusion processing are few of the unresolved issues in its 

widespread use. 

 Polymer crystallization is a strong function of the chemical and stereochemical regularity of 

the polymer [13].The observed melting temperature of semicrystalline polymers is far below 

the so-called equilibrium or thermodynamic melting temperature[13]. Therefore, when a 

semicrystalline polymer is cooled after being heated above its nominal melting temperature, 

crystals frequently nucleate at the same locations as before melting, and the crystallization 

kinetics is often accelerated. This enhanced crystallization is ascribed to the presence of 

residual order in the melt, or the presence of crystal nuclei that are below the detection 

threshold. This is termed as melt memory which decays with annealing time at elevated 

temperature[14]. There is very little known about the effect of heating cycle(s) on the re-

crystallization of sc-PLA from various initial melt temperatures. He et al. [15] reported that at 

230 °C the melt memory of sc-PLA was erased and the sc-PLA crystallization was depressed 

during subsequent cooling.   

        It is well known that shear flow creates flow induced fibrils or row nuclei which act as 

nucleation sites for the homogenous melt and in turns enhance the crystallization rate [16,17]. 

The effect of flow not only affects the crystallization but also results in morphological 

structures with altered (enhanced) mechanical properties [18]. On the other hand, the 

combination of shear cell and in-situ fast synchrotron SAXS and WAXD characterization has 
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eased the understanding of the very fast morphological changes in polymer systems [19,20].  

In-situ SAXS and WAXD characterization of the dynamics of the sc-PLA formation is rarely 

discussed in literature[21]. 

                The aim of this study is to understand the effect of initial melt temperature on the 

(re)-crystallization of sc-PLA at two different cooling rates on the four different mixed states 

of the homopolymer blends using DSC. The effect of shear flow is also studied using 

synchrotron in-situ SAXS and WAXD measurements. The chapter has been divided into two 

main sections based on polymers type: section-A with PDLA and PLLA and section-B with 

PDLA-TG and PLLA-EX (see below). It is found that sc-PLA crystallization during cooling 

or isothermal crystallization from melt strongly depends on mixed states of the 

homopolymers blend, thermal history and application of flow.   

4.2. Experimental section 

4.2.1. Materials 

Materials used in this study are poly(d-lactic acid) (PDLA) (Purasorb® PD), poly(l-lactic 

acid) (PLLA) (Purasorb® PL), PDLA-TG (High IV) and PLLA-EX (L100IXS) from PURAC 

Biomaterials, the Netherlands. For the details of the polymers, see Table 4.1. The polymers 

used in two sections are mentioned under the name of the section. 

Table 4.1: Characterization of materials 

Material Mw*(kg/mole) PDI* Tm**(°C) 
Section-A    
PDLA 195 1.8 180 
PLLA 210 1.8 193 
Section-B    
PDLA-TG 200 1.5 180 
PLLA-EX 155 1.7 179 

*measured by size exclusion chromatography (SEC) in HFIP (as described in section 3.2.7.) 

Mw=weight average molecular weight; PDI=Mw/Mn=polydispersity index; Mn=number 

average molecular weight; ** First heating melting peak temperature measured by 

differential scanning calorimetry at 10 °C/min   

4.2.2. Blends preparation 

All the homopolymers were dried in a vacuum oven under dried nitrogen at 60 °C for          

24 hours before use. Dried polymers had less than 50 ppm moisture content as determined 
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with Karl Fischer Coulometer at 160 °C. Therefore, the possibility of hydrolysis is neglected 

during this study. 

4.2.2.1. Solid State Mixed (SSM) blend  

Flakes of homopolymers (PDLA and PLLA) were tumble mixed in an equimolar ratio (1:1) 

in a sealed can. From the tumble mixed homopolymers, a film with thickness of 1mm (here- 

after called Solid State Mixed (SSM-A) blend) was prepared by compression molding for         

10 min, between the melting temperatures (185 °C and 190 °C) of the homopolymers at a 

pressure of 50 bars. The films were subsequently quenched in water to room temperature. 

The SSM-A films thus obtained were dried till constant weight under dried nitrogen 

atmosphere in vacuum oven at 60 °C and stored in a desiccator for further use. The objective 

of this SSM-A blend preparation was to avoid thermal degradation and sc-PLA formation 

during sample preparation.  

A similar approach was used to prepare SSM-B blend from PDLA-TG and PLLA-EX. 

However, the blend was compression molded at 200 °C, above the melting temperatures of 

the homopolymers, for 3 min at a pressure of 50 bars. The films thus obtained were 

subsequently quenched in liquid nitrogen . The SSM-B films were dried till constant weight 

under dried nitrogen atmosphere in a vacuum oven at 60 °C and stored in a desiccator for 

further use. The purpose of this high temperature was to prepare about 500 μm disc samples 

for Linkam shear cell such that they can be adjusted between the shear cell windows. These 

SSM-B blends samples were amorphous as were quenched from the amorphous melt, see 

later.  

4.2.2.2. Melt Extruded (ME) blend 

Homopolymers (PDLA and PLLA/PDLA-TG and PLLA-EX) in a weight ratio of 1:1 were 

manually mixed in a sealed can. The mixture was fed gradually to a pre-heated co-rotating 

Thermo Prism TSE 16 TC twin screw extruder (D= 16 mm, L/D= 20). During the extrusion 

process, the temperature profile from feed zone to the die and the screw speed was kept 

constant at 210 °C ± 5 °C (or 220 °C ± 5 °C) and 70 rpm, respectively. The feed rate was 

maintained manually to avoid overshoot in torque. The residence time in the extruder was 

about 5 minutes. The samples (extrudates), hereafter called extruded (EXT) blends, were 

obtained as strands after cooling in air at about 30 °C/min. The extrudates thus obtained were 

pelletized on the grinder at room temperature for further use. The extruded blend prepared 
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from PDLA and PLLA at 210 °C ±5 °C will be named EXT-210-A and at 220 °C±5 °C will 

be named EXT-220-A throughout this study. 

Melt extruded blend prepared from PDLA-TG and PLLA-EX at 220 °C ± 5 °C is named as 

EXT-220-B throughout this study. The extruded strands of EXT-220-B were pelletized and 

afterwards compression molded at 260 °C for 3 min. The compressed disc samples (500 μm) 

were immediately quenched in liquid nitrogen. These EXT-220-B samples thus obtained 

were amorphous as were quenched from the amorphous melt, see later.  

4.2.2.3. Solution mixed (SOL) blend 

For comparison purpose and study the effect of initial mixed state on sc-PLA crystallization 

on cooling, a homogeneous solution mixed blend from PDLA and PLLA was also prepared. 

Following Ikada et al. [2] individual homopolymers methylene chloride (dichloromethane) 

solutions (1g.dL-1) were mixed under vigorous mixing at room temperature for 8 hours. The 

mixed solution was precipitated in excess of methanol and the precipitated blend (comprising 

only sc-PLA), hereafter called solution (SOL) blend, was dried under vacuum in the presence 

of dried nitrogen atmosphere at 60 °C till constant weight and stored in a desiccator for 

further use.  

The details of the blends used in this study are summarized in the Table 4.2.  

Table 4.2: Details of the blends used in this study 

 

Name of blend Material Preparation method Additional 
treatment 

Section A    
SSM-A PDLA/PLLA Compression molded 

between 185 °C and 190 °C 
- 

EXT-210-A PDLA/PLLA Melt blended at 210 °C 
 

- 

EXT-220-A PDLA/PLLA Melt blended at 220 °C 
 

- 

SOL PDLA/PLLA Solution mixed blend at 
room temperature in 
Dichloromethane  

- 

Section B    
SSM-B PDLA-TG/PLLA-EX Compression molded at        

200 °C 
 

- 

EXT-220-B PDLA-TG/PLLA-EX Melt blended at 220 °C 
 

Compression 
molded at         
260 °C 
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4.2.3. Differential Scanning Calorimetry (DSC) 

All the DSC measurements were performed with a TA Q1000 differential scanning 

calorimeter, calibrated with indium, under dried nitrogen atmosphere. Samples were heated to 

240-260 °C at 10 °C/min and after being kept isothermal for 5 min, were cooled with           

10 °C/min or 50 °C/min to room temperature. The samples thus obtained were stored in a 

desiccator under dried atmosphere for further characterization.  

4.2.4. Rheological characterization 

Oscillatory shear experiments were performed on a stress controlled rheometer, TA 

instruments (ARG2, 2000), using 8 mm diameter parallel plate-plate geometry.   

The rheological response of the four blends (SSM-A, EXT-210-A, EXT-220-A and SOL) 

was determined in oscillatory shear time sweeps experiments with frequency of 0.1 rad/s and 

strain of 0.5 % (within the linear response domain and Newtonian plateau region) at 240 °C 

for 60 min. 

4.2.5. Ex-situ Wide Angle X-ray Diffraction (WAXD) characterization 

The crystallinity and structure of the initial blends (SSM-A, SSM-B, EXT-210-A,            

EXT-220-A, EXT-220-B and SOL) and thermally treated DSC samples were investigated at 

room temperature by ex-situ WAXD measurement using a Rigaku diffractometer with Cu-Kα 

radiation (λ=0.154 nm) and scanning range of 2θ= 9° to 27°. The degree of sc-PLA 

crystallinity (XSC
C  ) is calculated using following equation 4.1 [22]:                                                                                                    

 

                                                                                                                                                                        

                                                                                                                                                                               [4.1]                                                                                                                                         
 

where q is the scattering vector (q=4πsinθ/ ), ISC, Ihomopolymers (if present) and Iam are the 

scattering intensities of the stereocomplex, homopolymers and of the amorphous part, 

respectively. 

The degree of homopolymers crystallinity (XH
C ) was calculated using a similar equation as 

that of above equation 4.1 by replacing numerator with homopolymers scattering intensity. 
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The amount of sc-PLA was calculated using equation 4.2: 

                                        Amount of sc-PLA= (XSC
C  ) / (XSC

C  + XH
C )                                     [4.2] 

where XSC
C   and XH

C  represent the degree of crystallinity of sc-PLA and homopolymers, 

respectively. 

4.2.6. SAXS and WAXD characterization 

In-situ small angle X-ray Scattering (SAXS) measurements were performed at beamline 

BM26/DUBBLE of the European Synchrotron Radiation Facility (ESRF) in Grenoble 

(France). Time resolved SAXS patterns were recorded on a two dimensional gas filled 

detector (260 μm x 260 μm pixel size) placed at 6 m from the sample. The wavelength 

adopted was λ=1.55 A°. Scattering and absorption from air were minimized by a vacuum 

chamber placed between sample and detector.  SAXS images were acquired in every 30 s and 

were corrected for the intensity of primary beam, absorption and sample thickness.  

As a sample stage for the x-ray experiments, a temperature-controlled shear cell Linkam 

CSS450 was used. For that, the two glass windows of the shear cell were replaced by metal 

plates with holes and covered by thin Kapton foil.  

Step shear flow with rate of 60 s-1 for 20 s was applied at temperatures above the melting 

temperature of the sc-PLA (at 240 and 250 °C) and at 210 °C. The protocols of the shear flow 

experiments are shown in Figure 1. 

WAXD measurements on some of the in-situ SAXS measured samples were also performed 

as described in section 4.2.5. 

 

 

 

 

 

 

Figure 1: Experimental protocols for the shear flow experiments 
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4.3. Results and Discussions 

Section A: 

4.3.1. Characterization of the initial blend samples 

Figure 2 shows the WAXD patterns and DSC curves of the four blend viz. SSM-A,         

EXT-210-A, EXT-220-A, and SOL. It is evident from the WAXD patterns that SSM-A blend 

contains only homopolymers (2θ= 16°, 19°, 22°)[2] whereas the crystalline structure of the 

EXT-210-A and SOL blends is entirely sc-PLA (2θ= 12°, 21°, 24°)[2] with about 30 % and 

80 % degree of sc-PLA crystallinity, respectively. On the other hand, EXT-220-A shows no 

crystalline scattering peaks. The reason may be the high temperature of 220 °C which is 

above or at the melting temperature of sc-PLA. A similar result at 220 °C was also observed 

by Masaki et al. [5]. These authors also did not observe sc-PLA formation at this temperature.   

In contrast to the SOL blend, EXT-210-A and EXT-220-A blends show two distinct 

endotherms  (Figure 2b). The melting temperature peak in the range of 175-180 °C in these 

blends is attributed to the homopolymers [2], same as that observed in the SSM-A blend, 

composed of PDLA and PLLA. Whereas the higher melting peaks (above the melting 

temperature of homopolymers approximately 190 °C) observed in the EXT-210-A (at about 

225 °C and 243 °C) and the EXT-220-A (at about 223 °C) blends are attributed to the melting 

of sc-PLA crystals[4]. The presence of homopolymers and sc-PLA melting peaks in the  

EXT-220-A is due to crystallization and (re-)crystallization during heating scan, see later. 

Similar to the EXT-220-A, the presence of homopolymers melting peaks in EXT-210-A must 

also be due to the crystallization and (re-)crystallization during heating. The double melting 

peak of sc-PLA in the EXT-210-A blend can be due to the (re-)crystallization of sc-PLA with 

different crystalline thickness or melting of the oriented (constrained) sc-PLA crystals due to 

the flow in the extruder. The degree of sc-PLA crystallinity and thermal properties 

determined from Figure 2 are tabulated in Table 4.3. 

4.3.2. Effect of heating temperature and memory effect on crystallization of sc-PLA 

The differences in the end set temperature (the temperature at which all crystalline structures 

melts at least in the detection limit of the DSC) of the four blends, see Table 4.3, depicts that 

for the same initial (starting) melt temperature the morphology of the starting melt will 

depend on the type of the blend. All the blends were heated to three different initial             

melt temperatures viz. 240 °C, 250 °C and 260 °C and cooled with same cooling rate to room  
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Figure 2: Initial composition of the blends (SSM-A, EXT-210-A, EXT-220-A and SOL) (a) 

WAXD patterns at room temperature (arrows indicate sc-PLA crystalline peaks) (b) DSC 

thermograms; 1st heating at 10 °C/min 

temperature. For the SSM-A and EXT-220-A blends all those temperatures are above the end 

set temperature of crystalline constituents. For the SOL blend 240 °C is below the end set 

temperature of sc-PLA (TEND
m  ~ 244 °C), and for the EXT-210-A both 240 °C and 250 °C are 

below the end set temperature of sc-PLA (TEND
m2

 ~ 253 °C).  Therefore, cooling of these blends 

will start from different initial melt states (morphology). Figure 3 shows the cooling 

thermograms from the various initial melt temperatures of the four blends. The corresponding 

WAXD patterns and the degree of sc-PLA crystallinity (XSC
C  ) are shown in Figures 4a and 4b, 

respectively. In general sc-PLA crystallinity developed during cooling increases as the 

starting melt temperature is decreased (except for SOL blend at 260 °C) and follows the order             

SOL >  EXT-210-A > EXT-220-A> SSM-A. The higher XSC
C   of the EXT-210-A blend (about 

68 %) after cooling from 240 °C (Figure 4b) in comparison to its initial crystallinity (31 %) is 

attributed to the self-nucleation, notice TEND
m2

 >240 °C, of sc-PLA which leads to the faster and 

enhanced crystallization. For the same reason of self-nucleation, the SOL blend shows 10 % 

increase in its initial sc-PLA crystallinity. This shows that it is possible to use partially 

molten sc-PLA as a nucleating agent for the enhancement of sc-PLA crystallinity particularly 

for the EXT-210-A blend. Even at higher temperature of 250 °C, EXT-210-A blend (250 °C  

<  TEND
m2

 ) still has some residual order or crystal nuclei of sc-PLA which can act as a 

nucleation sites for sc-PLA and/or homopolymers crystallization. In contrast to EXT-210-A 

blend, the sc-PLA crystallinity in the SOL blend after cooling from 250 °C has decreased 

more than twice to its initial crystalline sc-PLA content.   The reason could be the very high 
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temperature, notice for SOL blend TEND
m  < 250 °C, which erase completely the sc-PLA 

crystals. For the blends without initial sc-PLA (SSM-A and EXT-220-A) sc-PLA 

crystallization is less pronounced and also less dependent on the starting melt temperature. 

The XSC
C   is the lowest for the SSM-A blend due to its initial inhomogeneous mixed state. The 

melt mixed blend EXT-220-A, although heated well above its end set temperature of 

approximately 236 °C, show formation of sc-PLA on cooling due to the better mixing of the 

homopolymers during extrusion.        
 

 

 

 

 

 

 

 

Figure 3: Effect of initial melt state on the (re-)crystallization of sc-PLA of the four blends; 

cooling from various initial melt temperatures (shown on each curve) at 10 °C/min  

The changes in the onset temperature of crystallization (TONS
C  ) and crystallization enthalpy of 

sc-PLA (ΔHSC
C  ) of the four blends as a function of initial melt temperature are shown in 

Figures 5a and 5b, respectively. The overlapped sc-PLA and homopolymers crystallization 

peaks were deconvoluted using peakfit® software. In this analysis, crystallization peaks 

below 130 °C were attributed to the homopolymers crystallization following Urayama et 
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al.[23]. As expected from the above XSC
C   observations, the TONS

C   and ΔHSC
C   are increasing as 

the initial melt temperature is decreased, except for SSM-A blend at 260 °C where there is a 

noticeable increase in the TONS
C  . Interestingly, the EXT-210-A blend shows higher TONS

C   than 

other three blends notably at 240 °C. This indicates that self-nucleation of sc-PLA in        

EXT-210-A blend is the main reason for the pronounced nucleation of this particular blend. 

Both the extruded blends (EXT-210-A and EXT-220-A) show higher TONS
C   than the SSM-A 

and SOL blends at 250 °C.  One of the possible reasons could be their low molecular weight 

in comparison to SSM-A and SOL blends due to the thermal and mechanical degradation 

during extrusion. The same TONS
C   of sc-PLA at 260 °C for the four blends shows that these 

blends start with same thermal history or in other words the melt memory of sc-PLA is erased 

at this temperature. Assuming the same thermal degradation for the four blends at all initial 

melt temperatures the higher ΔHSC
C   values of the SOL blend, except at 250 °C, in comparison 

to other three blends may be due to its highest homogeneity among the blends. 

          Figure 4: WAXD patterns at room temperature after cooling at 10 °C/min from various 

initial melt state (mentioned on each curve) for the four blends (arrow indicates sc-PLA 

peaks) (a) Degree of sc-PLA crystallinity (XSC
C  ) (b) 

In order to simulate the fast cooling at the end of melt extrusion during industrial processing 

and study the nucleation effect of sc-PLA during this fast crystallization we performed 

quenching (at 50 °C/min) of the four blends from various initial melt temperatures. Figure 6 

shows the TONS
C  , XSC

C   and XH
C  determined from these experiments as a function of initial melt 

temperature (for comparison reason slow cooling rate, at 10 °C/min, data is re-plotted from 

Figures 4 and 5). Same as the above observation, the higher TONS
C   values are obtained for           

EXT-210-A blend than other three blends particularly at 240 °C. Indeed it confirms its better 
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crystallization performance due to the self-nucleation effect of sc-PLA. This also shows that 

sc-PLA can be used as a self-nucleating agent even at the higher cooling rates but expected to 

be a strong function of sc-PLA crystals fraction and their distribution in the initial melt. For a 

constant blend under similar initial melt temperature higher cooling rates show lower XSC
C   

than slow cooled melts as expected for semicrystalline polymers. Sc-PLA crystallization is 

almost not observed in the SSM-A, EXT-210-A and EXT-220-A blends at high cooling rates 

from 260 °C whereas a very small XSC
C   is observed for the SOL blend. This effect may again 

be attributed to the very high initial melt temperature where no sc-PLA crystallites survive 

and hence no memory effect. It can be inferred that besides initial mixed state of the blend, 

sc-PLA crystallization also depends on the initial melt temperature and cooling rate. 
       
 

Figure 5: Thermal data determined from Figure 3 (a) Onset of crystallization (TONS
C  ) 

(b)Enthalpy of sc-PLA crystallization (ΔHSC
C  ) 

The degree of homopolymers crystallinity (XH
C ) at the two different cooling rates is shown in 

Figure 6c for the four blends. The formation of homopolymers crystals is expected to be 

dependent on; (1) the initial mixed state of the blend, (2) sc-PLA crystalline fraction and their 

crystals distribution in the initial melt, and (3) onset temperature of sc-PLA crystallization of 

the blends. Indeed no or very small homopolymers crystalline phase (5 % at 250 °C) is 

observed for the homogenously mixed SOL blend at low cooling rate of 10 °C/min. The 

reason may be the homogenous mixed state of the SOL blend and self-nucleation of sc-PLA 

crystals since it is formed at high TONS
C  (see Figure 5a). The appearance of the homopolymers 

for this blend at high cooling rate of 50 °C/min, from 240 °C, may be due to fast cooling rate 

which does not allow enough time for crystallization. On the other side, the higher 

homopolymers crystalline fraction observed in SSM-A blend compared to the other three 
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blends, at lower cooling rate from 240 °C, might be due to the nucleation effect of sc-PLA for 

the homopolymers crystallization. This nucleation of homopolymers is preferred due to the 

inhomogeneous mixed state of the SSM-A blend. It is to be noted that TONS
C   of this particular 

sample is observed at about 200 °C, well above the TH
m  of the homopolymers, which provides 

better room for the diffusion of homopolymers polymeric chains to the nucleation sites. In 

contrast to 240 °C for the SSM-A blend samples cooled from 250 °C and 260 °C at                

10 °C/min the onset of sc-PLA crystallization is happened below the TH
m  of the 

homopolymers. Therefore, it is expected that the combine effect of less mobile 

homopolymers chains, owing to the crystallization at low temperature, and sc-PLA 

crystallites which acts as cross-links junctions [22,24] reduce the homopolymers 

crystallization. Whereas EXT-210-A blend show lower homopolymers crystalline fraction for 

the sample cooled from 240 °C at both cooling rates. This might again be explained 

considering the self-nucleation effect of sc-PLA and relatively higher homogeneity, 

compared to SSM-A blend, of this blend. While at 250 °C (very close to the TEND
m2

 ) most of 

the sc-PLA crystallites are molten which results in less sc-PLA nuclei for nucleation and 

therefore the crystallization of sc-PLA and homopolymers is equally probable especially at 

10 °C/min, notice approx. 30 % crystallinity for each type of crystallites. This observation 

shows that homopolymers crystallization is favored once the melt memory of the sc-PLA is 

(partially) erased. This argument is evidenced by the higher homopolymers crystallinity in 

EXT-220-A blend where at 240 °C and 250 °C no residual sc-PLA crystals are expected. The 

absence or very low crystalline fraction of homopolymers during cooling from 260 °C can be 

explained as follows: once the sc-PLA melt memory is erased the cooling rate of                          

≥ 10 °C/min is fast enough to avoid homopolymers crystallization [25,26]. The presence of 

about 10 % homopolymers crystals in the EXT-210-A and EXT-220-A blends for slowly 

cooled samples from 260 °C may be due to the nucleation effect of some residual and/or      

sc-PLA crystals formed during cooling depending on the blend.  

The substantial increase in the sc-PLA crystallinity of the EXT-210-A blend at 240 °C even 

at higher cooling rate (Figure 6b) renders the possibility of re-extrusion of this blend. 

Therefore we determined the viscosity behavior of the four blends at 240 °C as shown in 

Figure 7. The higher melt viscosities of SOL and EXT-210-A blends than SSM-A and         

EXT-220-A blend manifest the presence of sc-PLA in the former two blends. The presence of 

sc-PLA also reduces the thermal degradation of these blends as compared to the other two 

blends, notice the rate of decrease in viscosity of the four blends. The observed melt 
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viscosities of EXT-210-A, EXT-220-A and SSM-A blends are within the typical range of the 

polymer melts (105 Pa.s) [27]. This results show the possibility of re-extrusion of EXT-210-A 

blend at 240 °C where increase in XSC
C   is observed during non-isothermal crystallization. 

However, as will be shown in the next section of this chapter, flow can enhance the sc-PLA 

formation in the melt state and hence can result in the difficulties in the real extrusion process 

due to the increase in solid sc-PLA crystals formation.    
 

 

 

 

 

                                                                                                                                                      

Figure 6: Effect of cooling rate (see 

legends) on sc-PLA crystallization from 

various initial melt temperatures (a) Onset 

of crystallization (TONS
C  )(b) Degree of sc-

PLA crystallinity (XSC
C  ) (c) Degree of 

homopolymers crystallinity (XH
C ) (for 

comparison Figures 4 and 5 data are    re-

plotted);              

 

 
 
  
 
 
 
 
 
  
 
 

Figure 7: Complex viscosity comparison of the four blends at 240 °C                    
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Figure 8 summarizes the above results of the four blends. It is observed that sc-PLA 

crystallization is favored when slow cooling is combined with self-nucleation effect of sc-

PLA. The substantial increase of sc-PLA crystallinity of EXT-210-A at low initial melt 

temperature (240 °C) indicates that this blend can be re-processed (re-extrude) to increase sc-

PLA crystalline fraction even at higher cooling rates of the processing. In general it is found 

that homopolymer crystalline fraction is reduced as the cooling rate is increased (Figure 8b). 

It is to be mentioned that in this study only quiescent conditions were applied to enhance the     

sc-PLA crystallinity which can be even further increase by the additional effect of mixing 

during processing (i.e. by the application of flow) as is discussed in the next section-B.   

 

 

 

 

 

 

 

Figure 8: (a) Sc-PLA degree of crystallinity (XSC
C  ) (WAXD) (b) Amount of sc-PLA (see 

equation 4.2) versus blend type; Legends:   Initial blend (arrows show hidden / visible star 

symbols); 240 °C: ■ Cooled □ Quenched; 250 °C: ● Cooled ○ Quenched;                              

260 °C: ▼ Cooled  Quenched 

4.3.3. Effect of heating cycles on sc-PLA (re-)crystallization  

In order to shape or recycle polymeric materials they have to pass through number of heating 

cycles. There is little known about the effect of heating cycles on the sc-PLA                       

(re-)crystallization of sc-PLA. Thermal degradation of the homopolymers encountered during 

heating cycles can be avoided or at least reduced to some extent by using thermal stabilizers, 

not used in this study, e.g. tris(nonylphenyl)phosphite (TNPP), poly(carbodiimide) [28-30] 

and homopolymers with low polymerization catalyst (metal) content.   

Figure 9 shows the effect of three heating cycles on the sc-PLA (re-)crystallization of the four 

blends. Two different cooling rates of 10 °C/min and 50 °C/min were used to cool the 

samples from 260 °C after being kept for 3 min and the heating was followed after each 
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cooling. The DSC thermograms are only shown for the four blends cooled at 10 °C/min 

whereas the sc-PLA melting enthalpies (ΔHSC
m  ) are shown in Figures 10a and 10b for the two 

different cooling rates (mentioned on the graphs). It is found that ΔHSC
m   increases with the 

increase in the heating cycles of the four blends. This increase in ΔHSC
m   might be due to 

combine effect of the reduction in molecular weight, increase in homogeneity of the blends 

and/or structural chemical changes occurred during the heating cycles. Assuming same 

thermal degradation, the lowest increase in the ΔHSC
m   of the SSM-A blend is attributed to the 

initial inhomogeneous mixed state of this blend. It is to be noted that the melting 

temperatures of sc-PLA and homopolymers are not affected by the heating cycles. Hence the 

(re-)crystallization of sc-PLA is possible at least from 260 °C with the increase in its 

crystallinity.  

 

 

 

 

 

 

 

 

 

 

 

 

                                                  

 

 

 

 

 

 

Figure 9: Effect of heating cycles on sc-PLA (re-)crystallization; heating rate 10 °C/min (a) 

As-received blends (1st heating) (b) 2nd heating after cooling from 260 °C at 10 °C/min (c) 3rd 

heating after cooling from 260 °C at 10 °C/min 
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Figure 10: Effect of heating cycles on sc-PLA melting enthalpy (ΔHSC
m  ) for the four blends 

(see legends) at two different cooling rates (mentioned on each graph)  

4.3.4. Is there any sc-PLA formation during heating scan notably in the homogeneously 

mixed blends? 

From the above results it is confirmed that sc-PLA crystallinity increases with number of 

heating cycles (Figure 10). However the question remains; is there any sc-PLA formation 

during heating scan? In order to pursue this question we performed quenching of the        

EXT-220-A at various melt temperatures viz. 150 °C, 166 °C and 188 °C, see Figure 11a, the 

dotted lines show the three temperatures where the three individual samples were quenched 

in the DSC. The reason for the selection of this blend sample is the absence of sc-PLA (see 

Figure 11b and is marked as dotted lines in Figure 11c) in the initial blend and its 

homogeneous mixed state as compared to the SSM-A blend. The first two temperatures of 

150 °C and 166 °C are chosen just after the finishing of the cold crystallizations and the third 

one (188 °C) at the complete melting of the homopolymers. The quenched samples were 

analyzed at room temperature with WAXD. The WAXD patterns and the corresponding 

degree of sc-PLA and homopolymers crystallinity are shown in Figures 11b and 11c, 

respectively. It is evident that sc-PLA formation starts very early during first cold 

crystallization period and continues till the end of the homopolymers melting. The 

observation of the homopolymers crystals for the blend sample quenched at 188 °C might be 

due to the nucleation effect of the sc-PLA for the homopolymers crystallization. These results 

show that sc-PLA crystallization can happen in a homogeneously pre-mixed blend during 

heating scan.  
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Figure 11: Stereocomplex formation  
during heating of the EXT-220-A blend 
(a) DSC; heating rate 10 °C/min (b) 
WAXD patterns of the initial EXT-220-A 
blend and the blend quenched at various 
temperatures (mentioned on each 
curve)(c) the degree of sc-PLA (XSC

C  ) and 
of the homopolymers (XH

C ) crystallinity  
 
 
Section B: 

4.3.5. Characterizations of the as-received SSM-B and EXT-220-B blend samples  

The two blends, SSM-B and EXT-220-B were quenched from the amorphous melt (see 

experimental section 4.2.) therefore contained no crystalline fractions. However, EXT-220-B 

blend was compression molded at 260 °C for 3 min in order to obtain film for the shear-flow 

experiments, and quenched after that. During this additional treatment step, some sc-PLA 

was formed, as we can see from Figure 12, indicated by the clear melting peak of sc-PLA 

(the sharp cold crystallization peak is due to homopolymers and sc-PLA crystallization). 

SSM blend does not show melting of sc-PLA due to the not good initial mixing of the 

homopolymers in this blend. The end of the sc-PLA melting peak for the EXT-220-B blend is 

registered at 250 °C. Therefore during the in-situ SAXS experiments EXT-220-B blend when 

heated to 240 °C showed still some sc-PLA present, while at 250 °C no traces of sc-PLA 

were found. We used this difference in the melt state of EXT-220-B blend to probe the 

combined effect of flow and the effect of self-nucleation (or melt memory) as described in 

the first part (section A) of this chapter.  
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Figure 12: First heating (10 °C/min) in DSC of the SSM-B blend and EXT-220-B blend after 

compression molding at 200 °C and 260 °C, respectively. (dotted line shows the end set 

temperature of sc-PLA in the EXT-220-B blend) 

4.3.6. SAXS data analysis 

For a two-phase system, linear correlation functions are calculated by a cosine transformation 

of the (processed) intensity curves, I(q), following the original contribution of Vonk and 

Kortleve[31] equation 4.3:   

                                                                                                                              

                                                                                                                                             [4.3] 

 

 

where “x” represents the distance in real space.  

The value of the full denominator of equation 4.3 often referred as the total scattering power 

or invariant. This invariant (Q) for a pseudo-two-phase structure with a linear density 

gradient is given by [32]: 

                                                                                                                                           [4.4] 

 

In practice, data are not recorded from zero to infinity but over a restricted q-range. They thus 

have to be extrapolated to low and high angles [33]. Extrapolation to large q (q→∞) is done 

via Porod analysis using sigmoid profile of the electron density[34] and fitting the tail of the 

intensity at large q using equation in the form of equation 4.5:                                                                                        

 

                                                                                                                                       [4.5]                                    
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where B is the thermal background, K is the Porod constant[35] and σ describes the electron 

density profile at the interface between the crystalline and amorphous parts (interphase 

thickness).  

Extrapolation to q = 0 is done by fitting the first data for q in the Lorentz corrected intensity 

Iq2 with second order polynomial function passing through the origin and the first values for 

q[36]. Lorentz correction [37,38] in our case is valid as there is no indication for anisotropic 

crystal distribution (the 2D-SAXS and the ex-situ WAXD images are isotropic). 

An example of calculating correlation function is shown in Figure 13. In this figure, xo is the 

value of the abscissa where gamma function (γl(x)) first equals to zero. The long period could 

be obtained from the first maximum of γl(x) LM
p   and from the first minimum of γl(x) Lm

p  /2 

[39]. When linear crystallinity Xcl < 0.5, equation 4.6 connects the long period LM
p  , xo and 

linear crystallinity Xcl[36]: 

                                           [4.6]                                    

 

 

 

                                                                                                                          

 

 

 

 

 

Figure 13: Correlation function and the structural parameters       

From equation 4.6 linear crystallinity, Xcl , which represents the crystallinity within lamellar 

stacks could be obtained: 

 

                                                                                                                              [4.7]  

 

From equation 4.7 it is obvious that we will obtain two values for Xcl. When the overall bulk 

crystallinity XC is less than 0.5, the smaller of the two values obtained is assigned to linear 
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crystallinity Xcl. When bulk crystallinity is above 0.5, then the smaller value obtained from 

equation 4.7 is assigned to 1- Xcl. 

Lamella thickness (lc) is then obtained via:  

     

                                                                                                                                             [4.8] 

 

For most of our samples, we observed that the final bulk crystallinity of the sc-PLA 

(measured ex-situ with WAXD) is lower than 0.5. Therefore the assumption to assign the 

smaller value obtained from equation 4.7 to Xcl is logical. However, in some experiments it 

could be anticipated (as was measured with ex-situ WAXD) that sc-PLA develops 

crystallinity above 0.5, like in the EXT-220-B blend sheared at 240 °C with subsequent 

cooling, due to self-nucleation of the sc-PLA (as explained in the first part of this chapter) 

and in the EXT-220-B blend sheared at 210 °C with subsequent isothermal crystallization at 

210 °C and cooling. For those samples, in order to assign the correct value to the linear 

crystallinity obtained from equation 4.7, we need to know at which point the bulk 

crystallinity becomes larger than 0.5.  

Because we do not have the possibility to determine in-situ the bulk crystallinity, we used the 

model of Santa Cruz[39] to compare relative change of bulk crystallinity during those 

experiments. In this model they correlate the invariant with structural parameters. The 

starting assumption is that the fraction of the material formed by larger amorphous regions 

outside the lamellar stacks (1- XL), XL being the volume fraction of the lamellar stacks in the 

sample, does not contribute to Q due to the fact that these larger amorphous regions scatter at 

such small angles that their scattering cannot be resolved. Therefore the expression of the 

invariant has the following type: 

 

                                               Q = XL Xcl (1- Xcl) (ρc- ρa)
2                                    [4.9]   

                                               XL = XC   Xcl                                                      [4.10] 

where XC  is the volume degree of crystallinity, which can be calculated from the mass degree 

of crystallinity, as measured for example by WAXD, by multiplying with ρ/ρc . Equation 4.10 

shows that bulk crystallinity XC cannot be larger than the linear crystallinity Xcl, because the 

volume fraction of the lamellar stack XL cannot exceed value of 1. If the whole volume is 

filled with lamellar stacks, XL = 1 and XC = Xcl. whereas if the sample is not homogeneously 

filled with lamellar stacks, then XL < 1 and XC < Xcl. 
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Combining equations 4.9 and 4.10, we obtain for the invariant the following expression: 

 

                                                        Q = XC (1- Xcl) (ρc- ρa)
2                                    [4.11]                         

 
 
The Xcl values in equation 4.11 can be obtained from the SAXS correlation function (using 

equation 4.7). Because we want to compare the relative change of the bulk crystallinity 

during cooling, using equation 4.11 we can write the ratio of the invariants at two different 

temperatures T1 and T2: 

                                                                                                                                                                                           

                                                                                                                                  [4.12]                                    

              

                                                                                                                                  [4.13] 

                                                                    

We then make the logical assumption that during cooling from 240 to 40 °C, crystallinity 

increases with decrease of temperature e.g.  XC (140 °C) > XC (200 °C), due to non-

isothermal crystallization of sc-PLA during cooling.  
4.3.6.1. EXT-220-B blend sheared at 240 °C and 250 °C 

For the experiment with shear at 240 °C and cooling, the values of the invariant at different 

temperatures are shown in Figure 14. It is seen that Q exhibit a maximum around 205 °C 

which could be an indication that XC has passed at this temperature a value of 0.5.  

 

 

 

 

Figure 14: Invariant Q as a function of 

temperature during cooling, EXT-220-B 

blend sheared at 240 °C 



78 
 

 

In order to assign the correct values for Xcl  (obtained from equation 4.7), we used the relative 

change of bulk crystallinity described with equation 4.13 for the selected temperatures and 

the obtained parameters are : 

T1 = 205 °C, T2 = 210 °C 

Xcl (205 °C) = 0.72      XC (205 °C) / XC (210 °C) = 2.5 

or  

Xcl (205 °C) = 0.28       XC (205 °C) / XC (210 °C) = 0.97 

Because of the logical assumption we made that bulk crystallinity should increase during 

non-isothermal crystallization of sc-PLA, we then choose the value of 0.72 for Xcl at 205 °C, 

around which temperature we expect that bulk crystallinity becomes larger than 0.5 (the value 

measured ex-situ with WAXD was 0.55). Therefore for temperatures lower than 205 °C 

(which is the temperature interval when sc-PLA crystallizes most extensively) we assign to 

Xcl also the higher obtained value from equation 4.7. Upon further cooling, no substantial 

change of sc-PLA crystallinity takes place.  

The results from the calculation of the linear crystallinity and lamella thickness of sc-PLA for 

EXT-220-B blend sheared at 240 °C are shown in Figure 15. We observe that the lamella 

thickness for the blend sheared at 240 °C become very thick during crystallization upon 

cooling, in relation to the very large value of the linear crystallinity. In this blend we start 

with some sc-PLA not fully molten at 240 °C and during cooling the existing lamellae of    

sc-PLA become “up-graded” – lamellae are almost doubled in thickness as the newly formed 

sc-PLA crystallize on the existing sc-PLA crystals (self-nucleation). After the very fast 

crystallization of sc-PLA is finished – around 180 °C, there are no more changes taking place 

in the crystal morphology. 

The comparison between the linear crystallinity and lamella thickness of the EXT-220-B 

blend treated at 250 °C is shown in Figure 16 (for the comparison Figure 15 data is re-

plotted). For the EXT-220-B blend sheared at 250 °C, the crystallinity is slightly higher than 

that without shear indicating favorable effect of the applied flow on sc-PLA formation even 

at this very high temperature. The lamella thicknesses are almost same as value – around     

12 nm. More information about the structural parameters we can obtain from the long period.  
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Figure 15:  (a) sc-PLA Linear crystallinity (Xcl) and (b) Lamellar thickness for the           

EXT-220-B blend during cooling after shear at 240 °C.  

 

 

 

 

  
 

 

Figure 16: Linear crystallinity (a) and lamella thickness (b) of sc-PLA of EXT-220-B blend 

after different thermo-mechanical treatment; shear flow (when applied) was 60 s-1/ 20 s 

In Figure 17 the long period (Lp) obtained via three different methods is shown, for the          

EXT-220-B blends treated at 240 and 250 °C. The values of Lp obtained via Bragg equation 

(Lp=2π/q(max)) applied on the Lorentz corrected intensity, and from the first maximum of 

the Gamma correlation function are in good agreement. However, there is substantial 

difference between the values obtained from the first minimum and first maximum of the 

correlation function. This difference is usually attributed to size distribution of the thicker 

layer in the systems. For most of the samples this thicker layer is the amorphous layer, which 

is indicating narrow size distribution of the lamellae thickness, with various distances 

between the separated lamellae. Only for the EXT-220-B blend sheared at 240 °C, after      
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180 °C the thicker layer is the crystalline lamellae which means broad distribution of lamellae 

thickness in the sample, perhaps due to the process of self-nucleation of sc-PLA on some of 

the pre-existing sc-PLA crystals. 

                                                                                                                                  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Long period for the EXT-220-B 

blend subjected to different treatment (see 

legends) 

   

 

4.3.6.2. EXT-220-B and SSM-B blends isothermal crystallization at 210 °C after being 
sheared at 240 °C and 210 °C  

In Figure 18 values for the linear crystallinity and lamella thickness of the sc-PLA are shown 

for the two blends viz. SSM-B and EXT-220-B during isothermal crystallization at 210 °C 

after being sheared at 240 °C. The results indicate that sc-PLA crystallinity develops faster 

for the EXT-220-B blend than the SSM-B blend. It is also evident that sc-PLA crystallinity of 

the EXT-220-B blend is slightly higher than that of sc-PLA crystallinity in the SSM-B blend. 

This effect is caused by the initial better mixed state and lower molecular weights, due to the 

thermal and mechanical degradation, of the homopolymers in the EXT-220-B blend as 

compared to the SSM-B blend. For both the blends, crystallinity increases very fast initially 



81 
 

 

and levels off within 5-10 min. Lamella thickness is almost same for both the blends, slightly 

higher for the EXT-220-B blend.  

In an another experiment the EXT-220-B blend was sheared at 210 °C and cooled after 

isothermal crystallization at 210 °C, see Figure 19. During cooling after isothermal 

crystallization at 210 °C, sc-PLA in the EXT-220-B blend continued to crystallize very 

extensively, as seen from Figures 19a and 19b where linear crystallinity and lamella thickness 

are shown, respectively. Having done the same analysis as that performed for the EXT-220-B 

blends sheared at 240 °C, we can also conclude that the bulk crystallinity has passed the 

value of 0.5 (ex-situ WAXD measured value is 0.6) upon cooling (between 210 and  150 °C). 

Lamella thickness also increases considerably during cooling, while long period decreased 

only slightly (from 33 nm at 210 °C to 29 nm at 55 °C). This means that the sc-PLA lamellae 

became thicker, without insertion of much new lamellae.   

  

 

 

 

 

 

 

Figure 18: Linear crystallinity (a) and lamella thickness (b) of EXT-220-B and SSM-B blends  

during isothermal crystallization at 210 °C after being sheared at 240 °C with 60 s-1/ 20 s 

The long period obtained via three different methods is presented in Figure 20. We see that 

again there is substantial difference between the values obtained from correlation function 

analysis (the first minimum and maximum). As mentioned before, this difference is due to 

wide size distribution of the thicker – in this case – the amorphous layers between the 

lamellae.  

The size distribution of the amorphous layers between the lamellae is broader for the SSM-B 

blend which reflects the less uniform sc-PLA formation due to the inhomogeneous blending 

of the homopolymers.  
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Figure 19: Linear crystallinity (a) and lamella thickness (b) of EXT-220-B during cooling 

after being sheared and isothermal crystallization at 210 °C with 60 s-1/ 20 s.  

 

 

 

 

 

 

 

 

Figure 20: Long period (Lp) of sc-PLA in EXT-220-B and SSM-B blends during isothermal 

crystallization at 210 °C, after step shear at 210 °C (a) EXT-220-B (b) SSM-B 

4.4. Conclusions 

Blends with different initial mixed state and morphology were prepared and used to study the 

effect of initial (starting) melt temperature, cooling rate, number of repeated heating cycles, 

and flow in the formation of sc-PLA from melt. Main findings of this study can be 

summarized as: (1) (Re-)crystallization of sc-PLA is a strong function of the initial blend 

morphology, melt temperature up to which the blends are heated, and cooling rate. (2) The 

melt blended samples show higher crystallization temperature as compared to the solution 

mixed blend. (3) Homogeneously pre-mixed blends particularly with initial sc-PLA 

crystallites (up to 30 %) can be used to increase the total sc-PLA crystallinity (about 70 %) 
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by combining self-nucleation (melt memory) of the sc-PLA and slow rate of cooling notably 

for the blend samples cooled from 240 °C. However the disadvantage of the slow cooling is 

the formation of small amount of homopolymers crystals. Crystallization of homopolymer 

crystals can be avoided using higher rate of cooling approx. 50 °C/min at the cost of a small 

decrease in sc-PLA total crystallinity. (3) At 260 °C all the blends ranging from 

homogenously mixed state to inhomogeneously mixed state resulted in the complete loss of 

sc-PLA crystallinity especially cooled with 50 °C/min. (4) The sc-PLA crystallinity can be 

increased with the number of heating and quenching cycles independent of the initial blend 

morphology however the total sc-PLA melting enthalpy (crystallinity) depends on the initial 

mixing state of the homopolymers. (5) In-situ SAXS analysis revealed that highly crystalline 

sc-PLA with very thick lamellae was formed when the effect of sc-PLA self nucleation or 

isothermal crystallization was combined with the effect of flow.  

4.4. References  
[1]Carrasco F, Pagès P, Pérez JG, Santana OO, MaspochML. Polymer Degradation and Stability 
2010;95:116-125 
[2]Ikada Y, Jamshidi K, Tsuji H, Hyon SH. Macromolecules 1987;20:904-906  
[3]Tsuji H, Horii F, Hyon SH, Ikada Y. Macromolecules 1991;24:2719-2724  
[4]Tsuji H, Ikada Y. Macromolecules 1993;26:6918-6926  
[5]Masaki D, Fukui Y, Toyohara K, Ikegame M, Nagasaka B, Yamane H. Sen’I Gakkaishi 
2008;64:212-219  
[6]Fukushima K, Kimura Y. Macromolecular Symposia 2005;224:133-143  
[7]Fukushima K, Kimura Y. Journal of Polymer Science Part A: Polymer Chemistry 2008;46:3714-
3722  
[8]Li S, Vert M. Polymer International 1994;33:37-41  
[9]Tsuji H, Tezuka Y. Biomacromolecules 2004;5:1181-1186  
[10]Tsuji H. Macromolecular Bioscience 2005;5:569-597  
[11]Tsuji H, Miyase T, Tezuka Y, Saha SK. Biomacromolecules 2005;6:244-254  
[12]Tsuji H, Ikada Y. Polymer 1999;40:6699-6708  
[13]Wunderlich B. Macromolecular physics 1976; Academic Press: San Diego: Volumes 1-3   
[14]Alfonso GC, Scardigli P. Macromolecular Symposia 1997;118:323-328  
[15]He Y, Xu Y, Wei J, Fan Z, Li S. Polymer 2008;49:5670-5675  
[16]Devaux N, Monasse B, Haudin JM, Moldenaers P, Vermant J. Rheologica Acta 2004;43:210-222  
[17]Kumaraswamy G. Journal of Macromolecular Science Part C: Polymer Reviews 2005;45:375-397  
[18]Schrauwen BAG, Breemen LCA.v, Spoelstra AB, Govaert LE, Peters GWM, Meijer HEH. 
Macromolecules 2004;37:8618-8633  
[19]Pople JA, Mitchell GR, Sutton SJ. Vaughan AS, Chai CK. Polymer 1999;40:2769-2777  
[20]Kumaraswamy G, Verma RK, Kornfield JA, Yeh F, Hsiao BS. Macromolecules 2004;37:9005-
9017  
[21]Fujita M, Sawayanagi T, Abe H, Tanaka T, Iwata T, Ito K, Fujisawa T, Maeda M. 
Macromolecules 2008;41:2852-2858  



84 
 

 

 
[22]Rahman N, Kawai T, Matsuba G, Nishida K, Kanaya T, Watanabe H, Okamoto H, Kato M, Usuki 
A, Matsuda M, Nakajima K, Honma N. Macromolecules 2009;42:4739-4745  
[23]Urayama H, Kanamori T, Fukushima K, Kimura Y. Polymer 2003;44:5635-5641   
[24]Yamane H, Sasai K, Takano M, Takahashi M. Journal of Rheology 2004;48(3):599-609  
[25]Di Y, Iannace S, Maio ED, Nicolais L. Journal of Polymer Science PartB: Polymer Physics 
2005;43:689-698  
[26]Miyata T, Masuko T. Polymer 1998;39:5515-5521   
[27]Barnes HA. A Handbook of Elementary Rheology 2000, Cambrian Printers  
[28]Palade LI, Lehermeier HJ, Dorgan JR. Macromolecules 2001;34:1384-1390  
[29]Cicero JA, Dorgan JR, Dec SF, Knauss DM. Polymer Degradation and Stability 2002;78:95-105    
[30]Yang L, Chen X, Jing X. Polymer Degradation and Stability 2008;93:1923-1929 
[31]Vonk CG, Kortleve G. Kolloid-Zeitschrift und Zeitschrift für Polymere 1967;220:19-24  
[32]Vonk CG. Journal of Applied Crystallagraphy 1973;6:81-86  
[33]Koberstein JT, Morra B, Stein RS. Journal of Applied Crystallagraphy 1980;3:34-45    
[34]Koberstein JT, Stein RS. Journal of Polymer Science Part B: Polymer Physics 1983;21:2181-2200  
[35]Porod G. Kolloid-Zeitschrift 1951;124:83-114  
[36]Goderis B. Reynaers H, Koch MHJ, Mathot VBF. Journal of Polymer Science Part B: Polymer 
Physics 1999;37:1715-1738    
[37]Balta-Calleja FJ, Vonk CG. X-ray Scattering of Synthetic Polymers 1989; Elsevier Amsterdam   
[38]Crist B, Morosoff N. Journal of Polymer Science Part B: Polymer Physics 1973;11:1023-1045  
[39]Santa Cruz C, Stribeck N, Zachmann HG, Baltá Calleja FJ. Macromolecules 1991;24:5980-5990  



 

Chapter 5 

Enhanced PLA stereocomplex formation in the melt 
processed binary PDLA/PLLA blends via nanocomposite 

formation  

 

Melt extrusion of stereocomplex PLA (sc-PLA) especially with high molecular weight is a 

real technological challenge and it is one of the main hurdles for the widespread use of        

sc-PLA as a green engineering bio-plastic. The formation of sc-PLA encounters severe 

homopolymers degradation above the melting temperature of sc-PLA (≥ 240 °C) whereas the 

lower temperature (≤ 200 °C) of extrusion results in the blockage of the extruders. 

Stereocomplexation of PDLA and PLLA in the melt was carried out in the presence of 

organically modified clay in order to address the effect of organoclay as a nucleating agent 

for sc-PLA crystallization. The nanocomposite extrudates (NE) were prepared by blending 

PDLA and PLLA together with commercially available montmorillonite, Nanoclay nanomer 

1.44P MMT modified with dimethyl dialkyl (C14-C18) amine. The NE and pristine extrudate 

(PE), without organoclay, were ex-situ analyzed with WAXD, DSC, and TEM. The WAXD 

analysis of NE and PE showed that the extrudates were solely composed of sc-PLA with 

degree of crystallinity higher for the NE samples (> 90 %) than for the PE sample. This is 

attributed to the nucleation effect of the organoclay for the sc-PLA crystallization. The 

nucleation effect was found to be increased with the increase in organoclay loading. The fast 

cooling (at 50 °C/min) of the extrudates from 240 °C did not affect the initial sc-PLA 

crystallinity. This re-crystallization of the sc-PLA is due to the combined effect of sc-PLA 

self-nucleation and the organoclay nucleation. The TEM images showed intercalation for 

lower organoclay loadings and a combination of intercalation and exfoliation for higher 

organoclay loadings. The high crystallinity of these extrudates leads to a very brittle 

material.     
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5.1. Introduction 

Bio-based and biodegradable aliphatic polyesters [1], like poly(lactic acid) (PLA), are getting 

enormous attention due to their renewable origin and owing to its comparable thermal and 

mechanical properties with its counter parts in petroleum based commodity polymers[2]. Due 

to the availability of lactic acid in two enantiomeric isomers namely d- and l-isomers, the 

resulting polymers are homopolymers poly(d-lactic acid) (PDLA), poly(l-lactic acid), 

(PLLA) and copolymer poly(dl-lactic acid) (PDLLA). The physicochemical and mechanical 

properties of both homopolymers PDLA and PLLA are identical[3] whereas the physical 

properties of the copolymers differ to those of the homopolymers. It is reported for the 

copolymer that if the d- (or l) content in the main carbon backbone of the PLA increases to  

12 %[4] then the resultant polymer is amorphous and in turn some of its useful physical 

properties (e.g. thermal stability above Tg, crystallinity and barrier properties) are lost.    

PLA presents quite interesting properties if compared to commodity polymers[2], like 

poly(styrene) (PS) and poly(ethylene terephthalate) (PET), the main advantages of PLA over 

commodity polymers are its biocompostability and production from renewable resources [5]. 

PLA has already found applications in packaging and biomedical[6] fields but the main 

hurdles in the widespread use of PLA are the slow crystallization, low thermal stability 

(above glass transition temperature) and mechanical brittleness[7-10]. To overcome some of 

these shortcomings use of inorganic fillers (e.g. talc), organically modified clays, PLA 

stereocomplex (sc-PLA) as nucleating agents, blending with biodegradable and non-

biodegradable polymers have been explored by many researchers [9-15]. The addition of 

organically modified clays has been successfully used in a number of polymers[16]. In 

organically modified clays, generally called organoclay, organic surfactants (or substituents) 

are incorporated by the ion exchange mechanism of charge-balancing cations present in the 

galleries of the inorganic clays which then facilitates the dispersion of these clays in the 

organic polymer matrices. Improved properties are reported for intercalated and exfoliated 

nanocomposites. In intercalated nanocomposites, polymers (or monomers) penetrate into the 

galleries of organoclays which results in the swelling of the organoclay stacked platelets, 

whereas organoclays are homogeneously dispersed in the polymer matrix of exfoliated or 

delaminated nanocomposites [17]. Improvements in mechanical, chemical, thermal, electrical 

and barrier properties, reduced flammability and crystallization rate have been observed for 

these nanocomposites in comparison to pristine polymers and conventional composites [18-

20]. The uses of organoclays have also been explored in biodegradable aliphatic polyesters 
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[21] in order to improve their rate of crystallization, thermal stability and mechanical 

properties. Ogata et al.[22] showed that in PLLA-clay blends, organophilic montmorillonite 

(organo-MMT) acts as a nucleating agent and consequently results in the improved 

mechanical and thermal properties . However, the dispersion of their organoclay was not 

homogenous and tactoids, consisting of several stacked silicate monolayers, were formed 

during the film formation by evaporation. Di et al. also reported the nucleation effect of 

organoclay for PLA crystallization [23]. Other researchers also claimed the improved thermal 

stability, mechanical properties and reduced flammability [24-32] of PLA in the presence of 

organoclays.  

                The discovery of stereocomplex PLA (sc-PLA) has given a new hope for the use of 

PLA as a “green engineering” bioplastic[33]. PLA stereocomplex (sc-PLA) is formed by the 

racemic crystallization of PLA enantiomers, PDLA and PLLA, in solution [33], melt 

(bulk)[34], via polymerization[35] and via hydrolytic degradation[36]. It is reported that        

sc-PLA has an about 50 °C higher melting temperature than PDLA and PLLA [3] and is 

found to be an efficient nucleating agent for PLA [13]. Urayama et al.[37] claimed the 

exclusive formation of stereocomplex from the solution blending of PDLA and PLLA when 

talc and aluminum complex of phosphoric ester combined with hydrotalcite were used in 

combination as a nucleating agent. But still their stereocomplex was formed via solution 

blending which has its industrial drawbacks. To our knowledge there is no study on the sc-

PLA formation via melt extrusion especially with higher molecular weight polymers which 

makes use of nucleating agents to facilitate the sc-PLA formation. 

                 The main objective of this chapter is to probe organoclay as a nucleating agent for 

the sc-PLA formation during melt blending. The extrudate blends are characterized by 

WAXD, DSC and TEM. The possibility for further melt processing of the extrudates is also 

discussed. 

5.2. Experimental section 

5.2.1. Materials 

Materials used in this study are poly(d-lactic acid) (PDLA) (High IV) and poly(l-lactic acid) 

(PLLA) (L100IXS) from PURAC Biomaterials, the Netherlands. Nanoclay nanomer 1.44P 

MMT organoclay, an onium modified montmorillonite (MMT) containing 35-45 % dimethyl 

dialkyl C14-C18 amine as organic modifier, was purchased from Aldrich. For details of the 

polymers see Table 5.1. 
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Table 5.1: Characterization of the homopolymers 

Material  Weight average 
molecular weight 
(Mw) kg/mole* 

Polydispersity index 
(PDI)* 

Melting Point 
(°C)** 

PDLA  210 1.45 182 

PLLA  150 1.57 177 

*Measured by size exclusion chromatography (SEC) against PS as standard ** First heating 

melting peak measured by differential scanning calorimetry at10 °C/min 

5.2.2. Sample preparation 

PDLA, PLLA and organoclay were dried in a vacuum oven under nitrogen at 60 °C for       

24 hours before use. After drying the moisture content in the polymers and organoclay was 

less than 200 ppm as determined with a Karl Fischer Coulometer at 160 °C. 

Homopolymers (PDLA and PLLA) in a weight ratio of 1:1 and organoclay in various 

amounts (between 0.5 % and 5 % by weight) were manually mixed in a sealed can. The 

mixture was fed gradually to a pre-heated co-rotating Thermo Prism TSE 16 TC twin screw 

extruder (Diameter = 16mm, L/D = 20), see Figure 1. During the extrusion process, the 

temperature profile from feed zone to the die and the screw speed was kept constant at        

205 ± 5 °C and 70 rpm, respectively. The feed rate was maintained manually to avoid 

overshoot in torque. The residence time in the extruder was about 5 minutes. The samples 

(extrudates) were obtained as strands after cooling in air at about 30 °C/min. The extrudates 

thus obtained were pelletized on the grinder at room temperature for further characterization. 

The extrudates collected directly from the extruder will be named as nanocomposite extrudate 

(NE) containing organoclay and pristine extrudate (PE) without organoclay throughout the 

study.   

 

 

 

Figure 1: Thermo Prism TSE 16 TC twin screw extruder; screws configuration (marked with 

numbers); 1: transport 2: compression 3: mixing (kneading) 4: reversing  



89  

 

5.2.3. Thermal Gravimetric Analysis (TGA) 

The thermal degradation behavior of the organoclay, homopolymers and extrudates 

(nanocomposite extrudate and pristine extrudate) were measured under nitrogen atmosphere 

with a Q500 TA, instruments.  The samples were heated from room temperature to 600 °C at 

a heating rate of 10 °C/min and the amount of weight loss was measured to determine the 

thermal stability of the organoclay, the homopolymers and the extrudates. This method was 

also used to check the organoclay content in the nanocomposite extrudates. 

5.2.4. Differential Scanning Calorimetry (DSC) 

The nucleation effect of the organoclay on the crystallization of PLA stereocomplex          

(sc-PLA) was studied via differential scanning calorimetry (DSC). Samples of approximately       

5-8 mg were placed into an aluminum pan and were tested under dried nitrogen atmosphere 

in a Q1000 calorimeter from TA instruments. The glass transition temperature (Tg), melting 

temperature of sc-PLA (TSC
m  ), enthalpy of melting of sc-PLA (ΔHSC

m  ), enthalpy of 

crystallization of sc-PLA (ΔHSC
C  ), and onset of crystallization (Tonset

C  ) during the cooling scan 

for sc-PLA were calculated using TA software. 

   Samples (extrudates) were heated from room temperature to 230 °C - 260 °C at                   

10 °C/min and kept isothermal for 3 min. After the isothermal step samples were cooled to         

20 °C with 10 °C/min. 

           The nucleation effect of organoclay was also determined in an isothermal 

crystallization experiment. The extrudates were heated to 260 °C at 10 °C/min and after being 

kept isothermal for 3 min were cooled to the isothermal crystallization temperature of 175 °C. 

Samples were annealed for 30 min at 175 °C and subsequently heated to 260 °C. The melting 

enthalpy thus determined was attributed to the sc-PLA formation during annealing step. 

           An additional DSC experiment to determine the effect of fast quenching on sc-PLA 

crystallization is explained in the text.         

5.2.5. Transmission Electron Microscopy (TEM) 

Morphological investigations of the extrudates were performed on a Tecnai 20 transmission 

electron microscope operated at 200 kV. Ultra thin sections (70 nm) were obtained at -100 °C 

using a Leica UltracutS/FCS microtome. The microtomed sections were placed on a          

200 mesh copper grid with a carbon support layer. 
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5.2.6. Wide Angle X-ray Diffraction (WAXD) 

The crystallinity of sc-PLA and structural parameters of the organoclay were investigated by 

WAXD using a Rigaku diffractometer with Cu-Kα radiation (λ=0.154 nm) and scanning 

range of 2θ = 9° to 27°. The degree of sc-PLA crystallinity was calculated using equation 

5.1[38]:                                                                                                                                                                                     [5.1]                                                                                                                                                                                                                                                                                                                                                                             
where q is the scattering vector (q=4πsinθ/ ), ISC, Ihomopolymers (if present) and Iam are the 

scattering intensities of the stereocomplex, homopolymers and of the amorphous part, 

respectively. 

5.3. Results and Discussions 

5.3.1. Thermal stability of the as-received extrudates and the organoclay 

The thermal behavior of the homopolymers and organoclay is shown in Figure 2. The weight 

percent of the organic surfactant (dimethyl dialkyl amine) between 38 - 40 % and total 

organoclay content (see inset) are confirmed in Figures 2a and 2b and Figure 2c, respectively. 

The onset temperature of the thermal decomposition of the organic surfactant is at about    

215 °C, determination of the onset and endset temperatures are shown  in Figure 2b, and 

completes (endset) at about 450 °C. Approximately, the same temperature range for the 

thermal decomposition of the organic surfactants, within the organically modified layered 

silicates, is reported by Fox et al. [39]. The overlapped differential thermal graph (DTG), 

between 215-450 °C, shows that the thermal decomposition of the organoclay, strictly 

speaking of the organic surfactant, is staged and representing different mechanisms. The 

evolution of water, CO2, alkenes and alkanes are the reported thermal decomposition 

products in this region[40]. It is noteworthy that the initial onset temperature for the 

decomposition of the organic surfactant is above the extrusion temperature (205 °C±5 °C) 

hence there is less possibility of its thermal decomposition during extrusion. Due to the 

severe thermal decomposition of the organic surfactant between 215 - 450 °C, Xie et al.[41] 
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reported this temperature range as the most influential region for the processing of the 

polymer layered silicate nanocomposite. According to these authors the release of small 

molecules associated with fabrication and storage of organoclay or the evolution of 

decomposition products in this temperature range may modify the interfacial energies 

between the organoclay and polymer.   

                 
 

 

 

 

 

 

                                                                            
 

 

 

 

 

 

Figure 2: TGA thermograms; weight percent versus temperature (a) homopolymers and the 

organoclay (b) together with derivative weight percent of the organoclay (c) extrudates (NE 

and PE) (organoclay loadings are in weight percentage) {right inset in Fig. 2c shows the 

residual inorganic content in the extrudates; e.g. notice 3 % inorganic content left after the 

decomposition and volatilization of organic surfactant in 5 % organoclay loaded NE sample} 

On the other hand, the thermal decomposition of the homopolymers and extrudates         

(Figure 2c) occurs in a single step. The onset thermal decomposition temperatures of the 

homopolymers (between 270-330 °C) and the extrudates (about 335 °C) are found to be 

higher than the onset thermal decomposition temperature of the organic surfactant (215 °C). 

All the extrudates show almost the same thermal stability. The reason may be the “barrier 
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effect” where the organic surfactant is shielded from thermal degradation by the same 

polymer (sc-PLA) matrix in all extrudates.  

5.3.2. Effect of the organoclay as a nucleation agent for sc-PLA formation 

5.3.2.1. As-received pristine and nanocomposite extrudates 

Figure 3 shows the WAXD patterns of the as-received extrudates (PE and NE). The three 

scattering peaks belong to sc-PLA crystalline reflection (see appendix A 2.1). The degree of 

sc-PLA crystallinity (XSC
C  ) is about 50 % for the PE sample and increases by the addition of 

organoclay until a level of 1 %, above which it remains constant with a very high value of 

more than 90 %. This shows that organoclay indeed promotes sc-PLA crystallization during 

extrusion and/or during cooling after extrusion.    

 

 

 

 

 

 

 

Figure 3: Extrudates (PE and NE) based on 1:1 ratio by weight PDLA/PLLA blends (a) 

WAXD patterns of the as-received extrudates (PE and NE) with different organoclay loadings 

(indicated in weight percentage on each curve); curves are shifted vertically for clarity 

reason (b) degree of sc-PLA crystallinity(XSC
C  ) as a function of organoclay loadings  

In contrast to WAXD experiments where no homopolymers crystallization peaks (see 

appendix A 2.1) are detected, an additional melting peak of homopolymers (at about 170 °C) 

is observed during DSC heating as shown in Figure 4. This must be due to the cold 

crystallization and re-crystallization of the homopolymers during heating. This additional 

homopolymers peak is more pronounced for the PE, as expected from the lower XSC
C   (or 

higher amorphous part) of this sample (Figure 3b). A double melting peak of the sc-PLA with 
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peaks at 220 °C and 240 °C is observed, marked with arrows in Figure 4. The reason for that 

could be the re-crystallization of sc-PLA during heating scan or due to the formation of very 

high melting temperature sc-PLA during the extrusion and/or during cooling after extrusion 

[42]. Such a high melting peak of sc-PLA has been observed before in extruded blends (see 

chapter-3 of this dissertation). There is no effect of organoclay on the melting temperature of 

sc-PLA which indicates that the size of the sc-PLA crystals is not affected by the addition of 

organoclay. Nam et al.[43] also reported the same melting temperature for neat PLA and 

nanocomposite PLA prepared with octadecylammonium (C18) cations, similar to our main 

constituent of the organic surfactant, modified montmorillonite.  

The glass transition temperature (Tg) of extruded blends decreases in the presence of 

organoclay from 58 °C to 55 °C at 1 % loading and remains unaffected by the further 

increase in the organoclay loadings. Such invariant behavior of Tg in nacomposites is also 

reported by Marras et al.[24]. This decrease in Tg may be due to the plasticizing effect of the 

organic surfactant of the modified clay [44]. Krishnamachari et al. [45] observed decrease in 

Tg only above 3 % clay loadings due to the increase in the free volume of the PLA.            
 

Figure 4: DSC thermograms; first heating at 10 °C/min of the as-received extrudates (PE 

and NE) with various organoclay loadings in weight percentage mentioned on each curve. 

(arrows indicate the melting peaks of sc-PLA and the curves are shifted vertically for clarity) 

5.3.2.2. Nucleation effect of the organoclay after thermal treatment of the extrudates  

Figure 5 shows the cooling thermograms from various initial melt states for the PE (without 

the organoclay) and 5 % organoclay loaded NE samples. It must be emphasized, for an 

extrudate, that each initial melt temperature corresponds to a different melt state 
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(morphology). Hence, the cooling curve profiles and composition at the end of cooling will 

not only depend on the organoclay loadings but also on its initial melt temperature                 

(melt memory). The thermal properties determined from such cooling thermograms, for all 

organoclay loadings, are plotted in Figure 6 against the organoclay weight percentage. All the 

extrudates cooled from lower initial melt temperatures of 230 °C and 240 °C show the same 

Tonset
C  , see Figure 6a. This independent behavior, irrespective of the extrudate composition, of 

Tonset
C   is attributed to the combined nucleation effect of sc-PLA (self-nucleation) and the 

organoclay as the samples were cooled from an incomplete melt state of sc-PLA, see dotted 

lines in Figure 4. However, the higher ΔHSC
C   (Figure 6b) values of NE samples in comparison 

to PE, particularly for samples cooled from the high initial melt temperatures (250 °C and 

260 °C), sample again show that the presence of the organoclay indeed enhanced the sc-PLA 

formation.  

The nucleation effect of organoclay can only be determined when the samples are cooled 

from higher initial melt temperatures particularly above the end set melting temperature of 

sc-PLA (250 °C and 260 °C), consult Figure 4 where the vertical dotted lines at 250 °C and 

260 °C show the completion of sc-PLA melting. The comparable cooling profiles for an 

extrudate (PE or NE) from 250 °C and 260 °C, see Figures 5a and 5b, show that these two 

temperatures are high enough to erase the thermal history of the extrudates. Hence the 

crystallization followed after these initial melt temperatures will solely depend on the 

extrudate characteristics. In other words the nucleation effect of the organoclay can be probed 

at 250 °C and 260 °C in the absence of sc-PLA self nucleation. The overlapped sc-PLA and 

homopolymers crystallization peaks were deconvoluted using peakfit® software. In this 

analysis, crystallization peaks below 130 °C were attributed to the homopolymers 

crystallization following Urayama et al.[37]. The faster crystallization rate of NE samples as 

compared to PE samples is obvious from their narrow exothermic curves. It is evident  

(Figure 6) that the onset of crystallization temperature (TONSET
C  ) and crystallization enthalpy of 

sc-PLA (ΔHSC
C  ) are higher for NE samples as compared to PE samples which shows that 

organoclay indeed acts as a nucleating agent. The higher ΔHSC
C   values, notably for 1 % and    

5 % organoclay loadings, at 260 °C as compared to 250 °C may be due the higher thermal 

degradation at the former temperature which leads to the lower molecular weight and in turn 

can crystallize more easily as compared to high molecular weight polymer[46].  

In order to probe the possibility of the re-extrusion of the as-recieved extrudates very fast 

cooling (at 50 °C/min) experiments from 240 °C were carried out to simulate (imitate) a more 
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realistic cooling rate after extrusion. The results for NE blends with various organoclay 

loadings are compared with PE blend in Figure 7. It is again observed that crystallization 

temperature (TC) and ΔHSC
C   are higher for NE samples, notably for 5 % organoclay loadings, 

as compared to PE. The above reults show that, the combined effect of sc-PLA self 

nucleation (see Figure 4) and organoclay nucleation can be used effectively to (re-)crystallize 

these extrudates from the melt even at higher cooling rates.   

 

 

 

 

 

 

 

Figure 5:DSC thermograms; first cooling of the as-received extrudates at 10 °C/min from 

various initial melt temperatures shown on each curve  (a) PE (No organoclay) (b) NE (5 wt. 

% organoclay)  

 

 

 

 

 

 

Figure 6: Thermal properties determined from first cooling (at 10 °C/min) of the as-received 

extrudates against organoclay weight percentage from various melt temperatures (see 

symbols)  (a) onset of crystallization (Tonset
C  ) (b) enthalpy of crystallization of sc-PLA      

(ΔHSC
C  ),corrected for the  organoclay content  
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Figure 7: Cooling from 240 °C of the as-received extrudates at 50 °C/min (organoclay 

loadings in wt. %, crystallization enthalpy of sc-PLA (ΔHSC
C  ) and crystallization temperatures 

(Tc) are mentioned on each curve); thermograms are shifted vertically for clarity and the 

ΔHSC
C   values are corrected for the organoclay loadings 

5.3.2.3. Nucleation effect of the organoclay in isothermal crystallization experiments 

In order to probe the nucleation effect of the organoclay, avoiding self nucleation of  sc-PLA, 

all the extrudates were heated to 260 °C and after being kept isothermal for 3 min were 

cooled to 175 °C and annealed there for 30 min. Figure 8 shows the crystallization and 

subsequent heating of the extrudates after annealing at 175 °C. This annealing temperature is 

about 15 °C higher than the highest TONSET
C  observed during cooling of the extrudates from         

260 °C, see Figure 6. In contrast to the PE sample, which shows about 5 min of induction 

time before the start of crystallization, NE samples show immediate onset of crystallization 

which again shows the nucleation effect of organoclay for the sc-PLA formation. The half 

time (t1/2) of crystallization decreases as the organoclay loading is increased, see inset in 

Figure 8a. Subsequent heating of the annealed sample shows higher ΔHSC
m   (shown on each 

curve) for NE samples as compared to the PE sample and remains almost unaffected by the 

organoclay content. The constant value of TSC
m   shows that the size of the sc-PLA crystals is 

unaffected by the presence of organoclay. These results again confirm the nucleation effect of 

the organoclay for the sc-PLA formation.  

5.3.3. Morphology of the organoclay and the organoclay nanocomposite extrudates 

The average interlayer spacing of the organoclay used in this study and of the organoclay in 

the nanocomposite extrudates was determined using Bragg’s equation for the first order of 

reflection, see equation 5.2: 
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                                                       λ = 2dsinθ                                                      [5.2] 

 

where λ is the wavelength (=0.154 nm), d is the basal spacing and θ is the angle between the 

wave vector of the incident plane wave and the lattice planes. 

 

 

 

 

 

 

 

Figure 8: (a) Isothermal crystallization of the as-received extrudates at 175 °C after cooling 

from 260 °C; inset shows half-time of crystallization (t1/2) (b) subsequent heating to 260 °C at 

10 °C/min (organoclay loadings (in weight percentage) and melting enthalpy of sc-PLA 

(ΔHSC
m  ) are indicated on each curve; thermograms are shifted vertically for clarity and the 

melting enthalpies are corrected for the organoclay loadings) 

 The WAXD patterns and the average interlayer spacing (mentioned on each curve) of the 

(001) plane (d001) are shown in Figure 9 for the various organoclay loadings. The increased 

interlayer spacing of the organoclay in extrudates as compared to the dried organoclay show 

intercalation of the polymers in the interlayer of the organoclay. However, the increase in the 

interlayer spacing of the organoclay is higher at lower organoclay loadings. The decrease in 

interlayer spacing for 5 % organoclay loading might be due to the formation of small 

agglomerated layer structures[47,48]. Comparing with the above results, where the nucleation 

effect is more pronounced for higher organoclay loadings, indicates that there is no need of 

organoclay intercalation to promote sc-PLA crystallization.                                                                 
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Figure 9: WAXD patterns of the dried unmodified montmorillonite (Na-MMT), the 

organoclay (Nanomer nanoclay 1.44P) and the corresponding nanocomposites (weight 

percentages are mentioned on each curve). The arrows indicate the location of the (001) 

plane reflections and the d-spacing (d001) presents the average interlayer spacing.                       
Figure 10 shows the TEM images of the as-received extrudates. In this figure, the dark lines 

or spots represent the organoclay cross sectional areas and the white area corresponds to the 

polymer matrix, specifically sc-PLA. Lower magnification images show the homogeneous 

dispersion of the organoclay platelets in the polymer matrix. The intercalation of the 

polymers in the interlayer spacing of organoclay is also evident in the TEM images. In these 

images particularly for 0.5 % and 1 % organoclay loadings, the well ordered structure of the 

organoclay layers is preserved. The organoclay layers and the polymer matrix are shown as 

regions of alternating narrow, dark and light bands. TEM images showing intercalation of 

polymer in the interlayer of organoclay, similar to ours, are also reported by Doh and 

Cho[49]. On the other hand, for 5 % organoclay loadings, layers lose their stacking and are 

partially distorted. This distortion phenomenon is also reported by Marras et al[24]. It is to be 

noted that at higher organoclay loadings, intercalation with some exfoliation is also evident in 

the TEM images and this coexistence of the intercalation and exfoliation is also reported for 

most of the nanocomposites [19] particularly for higher organoclay loadings.                                   
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Figure 10: TEM images, organoclay loadings in weight percentage are mentioned on each 

image; arrows indicate dispersion (low magnification images), intercalations, and exfoliation 

(high magnification images) of the organoclay plates 

5.3.4. Effect of the organoclay on the mechanical properties of sc-PLA 

Due to the very high crystallinity of the extrudates it was difficult to prepare samples for the 

measurement of mechanical properties. When the extrudates were compression molded at 

240 °C for 3 min a very brittle film was obtained which shatters during opening the mold, see 

Figure 11.       
Figure 11: Compression molded film at 240 °C of 5 weight percentage NE sample.    
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5.3.5. Nucleation mechanism of the organoclay: a hypothesis 

In addition to filler characteristics’, the properties of composite materials strongly depend on 

their morphology. Therefore the state of dispersion of the inorganic phase is very important. 

In contrast to conventional composites, the improved dispersion of organically modified clays 

in the nanocomposites mainly originates from their high affinity to the polymer matrices 

owing to the presence of organic surfactant and their large interfacial area when exfoliated. 

Hence, the main selection criterion for a pair of polymer and organoclay is their effective 

interaction.  

The dispersion of our organically modified clay (containing dimethyl dialkyl (C16-C18) amine 

as an organic modifier) in poly(lactic acid) is most probably due to the van der Waals 

interactions between the polymers and dialkyl, side chains of the organic cations. The 

observed decrease in Tg for the extrudates containing organoclay shows that organic 

surfactant act as plasticizer which can also facilitate the mixing state and hence interactions 

between polymer-polymer (PDLA-PLLA) and polymer-organoclay pairs. It is to be noted 

that both the homopolymers (PDLA and PLLA) have equivalent possibility of making 

polymer-organoclay interactions due to their similar chemical architecture. It is also known 

that racemic crystallization of PDLA and PLLA into sc-PLA can happen in the melt above 

the melting temperature of the homopolymers but below the melting temperature of sc-PLA 

(see chapters 2 and 3 of this dissertation), so in practice between 180 °C and 210 °C. 

The nucleation effect of octadecylammonium (C18) cations substituted montmorillonite 

(MMT), same as our organoclay, for PLA is also reported by Nam et al. [43]. However, these 

authors did not discuss the nucleation mechanism of the organoclay. It is known that, large 

size of the organic surfactant (C18) leads to the higher interlayer spacing between the clay 

platelets as compared to unmodified MMT[29]. We believe that this large interlayer spacing, 

weak van der Waals interactions between polymer-organic surfactant pair, shear forces and 

the molten state of the organic surfactant[41] provide local mobility to the PLA chains and 

hence diffusion into the interlayer spacing of the organoclay during melt extrusion. 

Subsequently, expansion of the organoclay platelets is observed due to this intercalation. The 

increased amount of organoclay leads to the increased mobility of PLA chains (around large 

number of organoclay platelets) and hence to the formation of a large number of sc-PLA 

crystals, as is evident by the increased sc-PLA crystallinity (XSC
C  ) and the constant melting 

temperature of sc-PLA (see Figure 3 and Figure 4). The schematic of the mechanism is 

shown in Figure 12. 
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Figure 12: Schematic of the mechanism of sc-PLA nucleation by the organoclay         

             The dispersion of organoclay, which will lead to more nucleation sites until a certain 

volume percent of delaminated organoclay stacks, in the PLA matrix can be further increased 

with the aid of compatibilizers e.g. oligo-(ε-caprolactone)[28]. As our organoclay is not very 

thermally stable, use of phosphonium modified organoclay [29] can overcome this 

shortcoming. 

5.4. Conclusions and Recommendations   

Melt extrusion of the equimolar blend of PDLA and PLLA was carried out in the presence of 

organoclay to enhance the sc-PLA formation during melt blending in co-rotating twin-screw 

extruder. The main findings of this chapter can be summarized as follows: (1) The 

industrially preferred melt extrusion of equimolar blend of PDLA and PLLA producing        
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sc-PLA with very high crystallinity (up to 90 %) is possible using organoclay as nucleation 

agent at nominal processing temperature (205 °C±5 °C). (2) Self nucleation of sc-PLA 

dominates when the extrudates are treated at 230 °C-240 °C. (3) For higher temperatures (250 

°C- 260 °C), the effect of organoclay as a nucleating agent for sc-PLA formation is clearly 

pronounced, especially for the higher organoclay loadings. Isothermal crystallization at            

175 °C also confirmed the moderate nucleation effect of the organoclay. Use of thermally 

stable organoclay (containing thermally stable organic surfactant) could be used as an 

effective nucleating agent even at higher temperatures. (4) Coexistence of intercalation and 

exfoliation of organoclay is observed depending on the organoclay loading. The disadvantage 

of nanocomposite extrudates is their highly brittle nature and dark color due to the very high 

crystallinity and mineral coloration, respectively. (5) Prolonged processing of the 

nanocomposite blends in the extruder or kneader could lead to more exfoliation and hence to 

the increased sc-PLA crystallization. However an optimum extrusion time needs to be 

determined due to the thermal degradation of the homopolymers.                                                                                               
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Technology assessment 

 

 

Synthetic polymers (plastics) have grown almost exponentially in the past decades up to    

250 million tons/annum nowadays. In view of the uneven consumption of plastics in the 

world, major growth is expected notably in Asia (e.g. China and  India) and according to 

marketing studies the production of plastics may well exceed 1000 million tons/annum 

towards the end of this century. Plastics are based on crude oil and, currently, we use 5 % of 

crude oil to make synthetic polymers(plastics) but in view of the strong growth more than   

25 % of the current crude oil production is needed to make plastics towards the end of this 

century which is not sustainable at all and alternatives are needed e.g. plastics from biomass. 

A well-known example in this respect is poly(lactic acid), PLA, where the monomer lactic  

acid is derived from biomass (corn) and PLA is made synthetically. The properties of this 

linear and aliphatic polyester are rather poor, in terms of a slow rate of crystallization, and a 

too low Tg (appr. 55 °C), for many applications. However, the monomer lactic acid can be 

obtained from biomass via fermentation as L-lactic acid, the common monomer, and           

D-lactic acid.  

It has been discovered that PLLA and PDLA, respectively made from the L-lactic acid 

monomer and the D-Lactic acid monomer, can form a so-called stereocomplex PLA          

(sc-PLA) on racemic co-crystallization. Sc-PLA possesses superior physical and mechanical 

properties as described in detail in this dissertation and literature  

The challenge of the work described in the dissertation was to explore melt-blending of 

PLLA and PDLA to make the stereocomplex via economically feasible melt route in contrast 

with the usual solution-blending.  

In principle, solution-blending should be the ultimate way of mixing on a molecular scale of 

the two stereoisomers PLLA and PDLA.  As described in chapter 4, solution-blending and 

precipitation resulted in 80 % degree of sc-PLA crystallinity (measured by WAXD) without 

the formation of homopolymers. 

The melting point of the solution-blended sc-PLA was found to be in agreement with the 

reported value in the literature, approx. 225 °C and is higher as compared with the melting 

point of the homopolymers PLLA and PDLA in the range of 180 – 190 °C.  

Extrusion melt-blending is not trivial since thermal degradation occurs above the melting 

temperature of the homopolymers besides difficulties in molecular mixing due to high melt 
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viscosities of the polymers. It was found that, the optimum extrusion temperature was 210 °C 

without formation of homopolymer crystals hence 100 % sc-PLA crystals in terms of 

crystalline volume fraction but the degree of crystallinity ranges from 30 - 50 % depending 

on the molar masses of the blending homopolymers. The degree of crystallinity of sc-PLA 

can be increased (> 90 %) by making use of organoclay as nucleation agents. However, with 

an increase in crystallinity the sc-PLA becomes also more brittle. 

The most salient observation is the observed memory effect in extrusion melt-blended                

sc-PLA samples. In practice, extrusion melt-blending is the first compounding step to make 

sc-PLA granules which have to be processed by convertors via extrusion and/or injection-

molding into products. Consequently, it is utmost importance that the compounded sc-PLA 

granules after re-melting and processing via e.g. injection-molding will form again sc-PLA in 

a wide temperature processing range.  It was observed that the sc-PLA obtained by extrusion 

melt-blending, at 210 °C, showed double melting behavior, viz. two melting peaks. The 

lower melting peak at 225 °C corresponds to the melting point of sc-PLA crystals similar to 

those obtained by solution-blending, and the second melting peak can be up to 245 °C. The 

origin of this double melting behavior for melt-blended samples could not be traced (could be 

due to the constrained crystallization) but is of utmost important for processing. In other 

words higher melting point sc-PLA crystals can be used as a self-nucleating agent even at 

higher processing temperature and quenching rate, to raise the crystallization temperature and 

hence crystallization rate.  

It has been shown in this dissertation that melt-blended blends show a higher crystallization 

temperature, even at high cooling rate of 50 °C/min, as compared to solution-mixed blend. It 

is also shown that melt-blended sample after quenching from 240 °C to room temperature 

resulted in more than 50 % sc-PLA crystallinity without the formation of homopolymers 

crystals in contrast to solution-mixed blend where homopolymers crystals are observed 

together with the sc-PLA crystals.  

Moreover the sc-PLA crystallinity of these quenched samples can be further increased up to 

70 % using organoclay as a nucleating agent.  

  



 
 

Appendix A 

 
A 2.1.: Characteristics 2 θ values of homopolymers and sc-PLA 

Material                                                              2θ (degrees) 

PLLA (or PDLA) [1] 15° 16° 18.5° 22.5° 

sc-PLA [1,2] 12 (11.6°)* 21 (20.6°)* 24° (23.5°)*  

*= from reference 2 

A 2.2.: Comparison of sc-PLA melting enthalpy (ΔHSC
m  ) determined from DSC and WAXD 

measurements 

Since the quenched rheometer samples shown in Figure 10a show 100 % sc-PLA crystals 

therefore it is possible to calculate melting enthalpy of sc-PLA from the sc-PLA crystallinity 

shown in Figure 10b. The WAXD crystallinity of sc-PLA was converted into melting 

enthalpy using following equation: 

Sc-PLA crystallinity (%) = Melting enthalpy of sc-PLA (ΔHSC
m  ) / 146 (J/g) 

where 146 J/g is the equilibrium melting enthalpy of sc-PLA [3].  

The melting enthalpies thus obtained from WAXD crystallinity and determined from DSC 

(see Figure 13b) are shown in Figure 1 against crystallization temperature (TSC
C  ). Although 

both measuring techniques differ from each other but show similar trend in melting 

enthalpies and are in good agreement.  

                                                                                 

                                                                                  

                                                                                Figure 1: Comparison of melting 

enthalpies determined from WAXD 

crystallinity (Figure 10b) and DSC 

thermograms (Figure 13b) 

                                         



108 

 

A 2.3.: Melt viscosities comparison  

A comparison of melt viscosities after 60 min of crystallization is shown in Table A 2.3 for 

theoretical average blend (see equation 2.6), measured melt viscosities (Figure 6a) and the 

viscosities determined from viscosity and molecular weight relation (see equation 2.4).  The 

viscosity values determined from viscosity and molecular weight relation are in good 

agreement with the theoretical average blend particularly at 200 °C. The higher measured 

viscosity than the theoretical (or viscosity and molecular weight relation) at 200 °C indeed 

confirm the presence of sc-PLA crystals which causes high viscosity mentioned in the Table 

A 2.3. The comparable viscosity at 220 °C of the measured and determined from viscosity 

and molecular weight relation also confirms that degradation is more pronounced than sc-

PLA formation at this particular temperature. It is also interesting to note that higher viscosity 

value of the measured viscosity than theoretical viscosity shows that degradation is less 

pronounced in the presence of sc-PLA crystals in contrast to the theoretical average viscosity.   

 Table A 2.3: Comparison of the melt viscosities  

 Mw Theoretical 
Average 

viscosity at 
60 min 

Measured 
viscosity at 

60 min    
(fig 6a) 

Melt viscosity using 
equation    log(ηo) =     
-14.26+3.4 log(MW) 

[4] 

 g/mol Pa.s Pa.s Pa.s 

Blend PLLA/PDLA 

(initial) 

2.1x105    

After 60 min at    

200 °C 

2.0x105 5442 61120 5801 

After 60 min at    

220 °C 

1.8x105 1442 4124 4054 
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Appendix B 

 
B 3.1: DSC simulation; WAXD of the ME blend quenched after 60min of crystallization at 
various annealing temperatures (TSC

C  )  

Figures 1a and 1b show the WAXD patterns and the degree of sc-PLA crystallinity (XSC
C  ) and 

homopolymers crystallinity (XH
C ), respectively at room temperature of the ME blends. The 

blend samples were quenched at various annealing temperature (TSC
C  ) after 60 min of 

crystallization. The results show that the degree of sc-PLA crystallinity (XSC
C  ) is higher for the 

blend sample quenched after 60 min of crystallization at 210 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: DSC simulation of the ME blend; (a) WAXD patterns of the quenched samples after 

60 min at various annealing temperatures (mentioned on each curve) (b) degree of sc-PLA 

(XSC
C  ) and homopolymers (XH

C ) crystallinity. 



110 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                                                                          



 

Acknowledgments 

                                                                                   
                         “Acquire knowledge and impart it to the people” (Muhammed       ) 
 

Al-Hamdulillah, at the end of a long incubation period, this dissertation has finally seen the 

light of the day. It would have remained forever dormant if it had not found the help and 

encouragement of many great people. 

I am heartily grateful to my supervisor, Prof.Dr. P.J. Lemstra (PLEM), whose 

encouragement, guidance and support from the initial to the final level of this dissertation 

enabled me to finish this dissertation. Dear PLEM, I don’t have words to thank you but 

hartelijk bedankt (thank you) for calling me brother and all the helps during my studies. I 

learned a lot from you besides polymer science and technology.  

I am sure that this dissertation would not have been possible without                                    

Dr. D.G. Hristova-Bogaerds. Whose support, understanding and encouragement throughout 

this study has to be highly appreciated (Thank you once again).  

I would like to acknowledge and extend my heartfelt gratitude to the members of my defense 

committee: Prof.Dr.ing. A.A.J.M. Peijs, Prof.Dr. C.E. Konnig, Dr. Sicco de Vos,                   

Prof. Dr hab. Ewa Piórkowska-Galeska and Dr.ir. L.E. Govaert.  

I especially appreciate Elly, Ineke, Charl, Matthijs, Marielle and Susan for their outstanding 

secretarial help and pleasant smiles during my stay at SKT.  

I am grateful to Anne and Pauline for their invaluable help in microscopy. I am also thankful 

to Yogesh, Tamara and Weizhen Li for DSC and Maria for TGA. Yogesh, Bhai shukriya for 

your extra ordinary help for DSC (even on weekends) and scientific and non-scientific 

discussions.  

I had a very good time in TU/e due to the friendly environment at SKT and would like to take 

an opportunity to thanks all present and past colleagues of the SKT and PTG for their lovely 

environment in the laboratories and the corridors: Laurant Nelissen, Sanjay Rastogi, Hans 

Goossens, Eric Nies, Peter Koets, Gizka (Gizela), Pim, Karel, Piming, Xiaoxia, Benny, 

Maurizo, Artur, Elena, Mian, Paul, Bjorn, Martijn, Cees, Roy, Irina, Dirk, Luigi, Saeid, Jules, 



112 

 
Nileskumar, Sai, Marjolein, and Chunxia. I am also thankful to Hermantkumar, Jeyakumar, 

Elham and others from SPC for their invaluable help. Marco thanks for your help in WAXD 

measurements. 

A very special recognition needs to be given to Bob Fifield (my Walesh brother) for 

his extensive help and support during my stay at SKT. Thanks a lot Bob.  

I would like to thank Higher Education of Pakistan for the financial support and NUFFIC for 

their help during my stay in the Netherlands. 

Thanks to all Pakistani families and friends for their good wishes and gatherings during my 

stay in the Eindhoven. I am also thankful to Dr.Akhtar Hussain, Dr.Syed Imran Ali, 

Fariduddin and Waqar Aslam for their friendship and discussions on various issues. Thanks 

to Azeem, Asif, Waseem, Aamir bhai (late), Kaptan Shah, and others for their invaluable 

friendship.  

No words can express my feelings and gratitude for my parents; Mumtaz Ahmed (my father) 

and Bakhti Pari (my mother). I would just say “ALLAH Ta’ala de tasu dwaroon la dair 

juwand dar ki ao sta su na raza shi sara staso da bacho”. 

I would also like to thank my parents-in-law Faqeer Muhammed, Hurmat Be Be and their 

children for their best wishes and immense love. “ALLAH Ta’ala de tasu tolu la dair 

juwand dar ki ao sta su na raza shi”. 

I would like to thank my brothers (Muhktar Ahmed, Mushtaque Ahmed, Shafique Ahmed 

Khan, Engineer Muhammed Siddique and their families) and sisters for their immense love 

and support throughout my life.  

Finally, and most importantly, I would like to thank my wife Sabahat Rafiq and my sons 

Ebad-ur-Rehman and Abdur Rasheed Ahmed. Sabahat’s support, encouragement, quiet 

patience and unwavering love & loyalty were undeniably the bedrock upon which the past six 

years of my life have been built.   



 

Curriculum Vitae 

 

The author of this dissertation, Rafiq Ahmed, was born on November 15, 1973 in Karachi, 

Sindh, Pakistan. After finishing his college, he started his bachelor (B.Sc (Hon)) study at the 

department of Applied Chemistry, University of Karachi, Pakistan. After finishing his 

bachelor and masters (M.Sc) from the same department he joined the Government Degree 

Science and Commerce College Landhi/Korangi-06 as a lecturer in Physical Chemistry. 

        In October 2006 the author avail the Higher Education Commission (HEC) of Pakistan 

scholarship and joined Eindhoven University of Technology, Eindhoven, the Netherlands as a 

PhD student in the research group of Polymer Technology (SKT) under the supervision of 

Prof.Dr. P.J. Lemstra and Dr. D.G. Hristova-Bogaerds. During his PhD study, the author 

completed four modules of “Registered Polymer Scientist (RPK)” organized by the National 

Dutch Research School of Polymer Science and Technology (PTN), which includes Polymer 

Chemistry, Polymer Physics, Polymer properties, and Rheology & Polymer Processing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    



114 
                                                                                                                               


	Table of Contents
	Summary
	1. Introduction
	2. PLA stereocomplex formation in the early stages of melt extrusion (from solid state mixed blend)
	3. PLA stereocomplex formation in the melt: Stereocomplexation in the homogeneously mixed blend
	4. Effect of flow and melt memory on sc-PLA formation from melt
	5. Enhanced PLA stereocomplex formation in the melt processed binary PDLA/PLLA blends via nanocomposite formation
	Technology assessment
	Appendices
	Acknowledgments
	Curriculum Vitae

