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AABBSSTTRRAACCTT  

Thermal analysis is one of the most commonly used techniques to characterize 

the structure and properties of semicrystalline polymers.  Unfortunately, the 

interpretation of thermal events is not always straightforward, but can be quite 

complicated. However, the complexity involved is often overlooked, leading to 

erroneous or, at least, questionable results and interpretations. In the present study we 

carry out an extensive investigation of the thermal behavior of poly(L-lactic acid), 

PLLA, films prepared under a wide range of crystallization conditions, including 

isothermal and non-isothermal crystallization from both the glassy state and the melt. 

The primary techniques used were differential scanning calorimetry (DSC), 

temperature modulated DSC (TMDSC), wide-angle x-ray diffraction (WAXD), and 

small angle x-ray scattering (SAXS). PLLA was known to exhibit complex thermal 

behavior, but there was disagreement in the literature about its interpretation. A major 

goal of the research was to sort out the various phenomena and to understand the 

mechanisms that produced them. This should provide a much better understanding of 

the thermal behavior of PLLA, but also would serve as an example of the complex 

behavior that can occur in semicrystalline polymers that could be useful in the 

interpretation of the results from other polymers.  

Depending on the sample preparation conditions up to three crystallization 

peaks and two melting peaks could be observed during heating in the DSC. The 

occurrence of double melting is a function of crystallization temperature, 

crystallization time, heating rate, and molecular weight. It occurs under many 

experimental conditions, and it depends largely on the size and perfection of initial 
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crystals, not the overall initial crystallinity, nor the completion of crystallization. It 

was found that the first endotherm was often obscured due to the close competition 

between melting and recrystallization processes. In general, crystallization treatments 

performed at temperatures over 120°C for prolonged time periods eliminate the double 

melting behavior, suggesting that such treatments produce crystals of sufficient size 

and perfection that they do not readily recrystallize during heat-up in the DSC.  Based 

on such observations it was concluded that double melting in PLLA originates mainly 

from the melt-recrystallization of metastable crystals. However, a proposal in the 

literature that double melting in PLLA is caused by the formation and subsequent 

transformation of a different, metastable phase, rather than the α-phase, at 

crystallization temperatures below 120°C could not be ruled out on the basis of our 

results.  

A unique double “cold-crystallization” peak was observed when amorphous 

PLLA was heated at a rate of 10°C/min. It was concluded to result from the sum of 

conventional cold-crystallization and the melt-recrystallization of the unstable crystals 

formed during the initial cold-crystallization.  

Analysis of our data to extract the equilibrium melting temperature, Tm
o, and 

the equilibrium heat of fusion, ∆Hm
o, was also carried out. These are very important 

quantities whose values vary widely in the literature. Our results indicate that Tm
o = 

207±3°C and ∆Hm
o = 90±4 J/g. These values are comparable to some of the existing 

literature results. 
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CCHHAAPPTTEERR  11  IINNTTRROODDUUCCTTIIOONN  
 

As unprecedented global environmental awareness is calling for the reduction 

of environmental hazards, biodegradable polymers are gaining considerable attention. 

Poly(lactic acid), or PLA, is one of the most promising biodegradable/biocompatible 

polymers to answer the challenge.   

Lactic acid is essentially derived from annually renewable agriculture 

resources such as corn, rice, wheat, sugar beet, etc.  Dextrose extracted from the starch 

is fermented to produce lactic acid, a common food ingredient and monomer for 

PLAs.  When PLA degrades, it first breaks down to lactic acid and finally to carbon 

dioxide, water and biomass.  It comes from nature and goes back to nature, thus very 

environmental friendly.  The normal degradation time of PLAs are on the order of six 

months to two years, with ten years (pure PLLA) as upper limit, compared to 500 to 

1000 years for PS and PE 1.  In the past, PLA was exclusively used in biomedical 

applications such as surgical sutures, bone fixation devices and drug delivery systems 

due to high cost of raw material.  As polymer production surges over the last few years 

(thanks to the combined effort of Cargill and Dow), the price has dropped 

substantially to the level that commercial interest to substitute conventional 

petroleum-based thermoplastic with PLA is rising dramatically.  Nowadays, fibers for 

garments and carpets, films for industrial and agricultural usages, nonwovens for 

disposable products such as diapers 2, and beyond are being developed in research 

labs, pilot lines and final production stages.  A list of basic patents is made available 

by Linnemann 2.  
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With such a remarkable potential of PLA and high demand of production 

market, broader and deeper understanding of the properties of PLAs beyond its 

biomedical scope becomes an immediate necessity.  As a worldwide effort is 

contributing to this subject, our group has also been actively involved 3-8. 

As we know, the properties of a semicrystalline polymer depend greatly on its 

thermal history, so that a better understanding of its thermal behavior is essential to a 

clearer picture of property variations.  Thermal behavior is often studied with 

differential scanning calorimetry (DSC) technique that is easy to operate.  However, 

the interpretation of the DSC thermograms is usually more complex than imagined, 

e.g. debate has long existed on whether the multiple melting phenomena are induced 

by heating in DSC.  Literature has shown different approaches in various systems, 

however, not much has been done in regard to PLA so far.    

Our major objective is to investigate the origin of the double melting behavior 

of PLLA, and explore the relationship between the various crystallization/processing 

conditions and the occurrence of recrystallization, the success of which can also be 

beneficial to the development of industrial processing and the understanding of related 

properties such as warp, dimension stability, creep, soften on elevated temperature, 

etc.  Moreover, during the course of this research, an unusual double cold-

crystallization peak appeared during the heating of amorphous PLLA, is also 

examined.  In addition, the equilibrium melting temperature, Tm
o, and the equilibrium 

heat of fusion, ∆Hm
o, will be evaluated in that considerable discrepancy exists in the 

literature. 
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CCHHAAPPTTEERR  22  LLIITTEERRAATTUURREE  RREEVVIIEEWW  
 
22..11  OOVVEERRVVIIEEWW  OOFF  PPOOLLYY((LLAACCTTIICC  AACCIIDD))  

PLAs, (—CHCH3—CO—O—)n, can be synthesized either by the 

polycondensation of lactic acid, or by ring-opening polymerization of lactide, a cyclic 

dimer of lactic acid, as illustrated in Figure 2.1.  The latter generally yields high 

molecular weight products.  Different synthesis tactics, though not covered due to the 

scope of this research, are discussed in greater detail in a recent review by Garlotta 1. 

Lactic acid has a chiral center, thus two enantiomeric L- and D- forms (Figure 

2.2).  Both forms are optically active.  Accordingly, there exist four forms of lactides, 

namely, L-lactide, D-lactide, racemic D,L-lactide, and mesomorphic D,L-lactide.  

D,L-lactides are optically inactive.  By maneuvering the compositions and chiralities 

of these forms, a range of PLAs can be produced to meet the requirements of various 

end-use applications.    

 

Figure 2.1 Polymerization Schemes of Lactic Acids 9 
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Figure 2.2 Enantiomeric Forms of Lactic Acids and Lacides 10 
 

There have been many fundamental researches on crystal structures of PLA 

and three different crystal modifications were so far recognized.  De Santis and 

Kovacs 11 first reported the α-crystal for melt-spun fibers on the basis of x-ray 

diffraction pattern.  The chain conformation was determined to be a left-handed 103 

helix.  The pseudo-orthorhombic unit cell of a=1.07nm, b=0.645nm and c=2.78nm 

includes two chains.  Since then, this major PLA crystal structure has been extensively 

studied by different groups 12-16, reporting slightly different parameters.  β-crystal was 

first revealed by Eling et al. 17 when solution-spun PLLA fibers are subjected to high 

draw ratio or temperature.  However, no unit cell dimensions were provided.  An 

orthorhombic unit cell of a=1.031nm, b=1.821nm and c=0.900nm containing six 

chains for the β-crystal was later proposed by Hoogsteen et al. 16.  They also 
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concluded that the chain conformation of β-crystal is left-handed 31 helix, and α- and 

β-crystal bear folded-chain and fibrillar morphology, respectively.  Based on 

molecular modeling, Brizzolara et al. 12 examined Hoogsteen et al.’s 16 data and 

concluded the existence of two parallel chains instead of six in an orthorhombic unit 

cell of a=1.060nm, b=0.605nm and c=0.940nm.  Figure 2.3 shows the experimental 16 

and simulated 12 x-ray patterns of α- and β- crystals. However, Puiggali et al. 18, 19 

suggested β-crystal being actually a  “frustrated” structure, whose packing 

accommodates three (not two or six) 31 helices with random up-down orientation in a 

trigonal unit cell of parameters a=b=1.052nm and c=0.88nm and is associated with 

rapid crystallization conditions (stroking or stretching of the α-crystal).  A new 

structure, γ-crystal, was recently observed only through epitaxial crystallization on 

hexamethylbenzene (HMB) by Cartier et al. 20.  Two anti-parallel helices are packed in 

an orthorhombic unit cell of a=0.995nm, b=0.625nm and c=0.88nm, the parameters of 

which are similar to that of β-crystal calculated by Brizzolara et al. 12.  It was 

specifically pointed out by Puiggali et al. 18 that  the frustrated structure (or β-crystal) 

is formed when the regular pattern of antiparallel chain orientations characteristic of 

the γ-crystal cannot be established.  

Equimolar PLLA and PDLA crystallize into racemic crystals, also known as 

stereocomplex.  It exhibits a Tm=230ºC, which is almost 50ºC higher than its 

enantiomeric counterparts (185ºC for α- and 175ºC for β-crystals) and possesses 

greater mechanical properties due to certain favorable Van de Waals interaction.
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Figure 2.3 Wide Angle X-ray Scattering Patterns of (A) Experimental 16 and (B) 
Simulated 12 PLA Fibers with (1) α- and (2) β-crystals 

 

However, when one of the components of the stereocomplex has an optical purity of 

80%, the corresponding Tm is only about 25ºC higher 21.  Since the first 

communication of stereocomplex formation between enantiomeric poly(lactide)s by 

Ikada et al. 22, a series of researches were then conducted by the same group 23-31 and 

other groups 12, 21.  The stereocomplex was reported to crystallize in a triclinic system 

in which the unit cell dimension are a=b=0.916nm, c=0.87nm, α=β=109.2º and 

γ=109.8º and to house two 31 helices of different enantiomeric species 23.  It is quite 

different from the aforementioned structures of homopolymers.  Even when it takes 

the β-crystal helices; the packing scheme of stereocomplex is very different.  It is 
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suggested that the racemic crystals form through the packing of 31 helices (of opposite 

absolute configurations) alternating side by side 12.  Such arrangement could lead to 

the stabilization of the helices, which enhances overall stability of the stereocomplex 

12.  In addition, the uncommon triangular shape often exhibited in single crystals of 

poly(lactide) stereocomplex 12, 19, 23 is possibly due to the imbalanced growth rate of 

the right- and left-handed helices onto the opposite side of the growth plane 19. 

Crystallization behavior of PLLA from solution 32 and from melt 33-38 have 

been studied by hot stage microscopy 33, DSC 34, 35, 38, optical microscopy 35, 37 and 

depolarized-light intensity 35.  The maximum crystallization rates occur around 105ºC 

35, 38 and the overall crystallization rate increases with decreasing molecular weight 33, 

35.  Regime II to regime III transition is often observed, although it appears at different 

temperatures such as 115ºC 38, 120ºC37 or 140ºC 36.  Vasanthakumrai and Pennings 33, 

on the other hand, found that while high molecular weight PLLA only crystallized in 

regime II, low molecular weight PLLA exhibits a transition from regime II to regime I 

at 163ºC, with corresponding morphology change from spherulitic to axialite.  Avrami 

index as 3 34, 38 and 4 35 were reported, however, with different origins: heterogeneous 

nucleation and three-dimensional growth38, homogeneous nucleation and two-

dimensional linear growth 34, or homogeneous nucleation and three-dimensional 

growth 35 were all cited.   

The degradation of PLAs can undergo thermal, hydrolytic or biological 

mechanisms.  Although the reported equilibrium melting temperature is around 206ºC-

215ºC 32, 33, 38, 39, PLLAs processed in this temperature range would be anticipated to 

suffer severe molecular weight reduction according to independent studies by 
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Jamshidi et al. 40 and Bigg 41, giving a very small window for PLLA processing.  

Improvement on the thermal stability can be achieved by removal of residue 

monomers and catalyst 40, 41 or by end capping the chains 40.  As for hydrolytic 

degradation of PLAs, initial degree of crystallinity greatly influences its rate because 

preferred hydrolysis takes place in disordered amorphous regions, followed by the 

highly organized crystalline regions, which leads to the final break down of the 

material.    

 

22..22  CCOOLLDD  CCRRYYSSTTAALLLLIIZZAATTIIOONN  AANNDD  DDOOUUBBLLEE  CCOOLLDD  CCRRYYSSTTAALLLLIIZZAATTIIOONN  

While cold-crystallization (TcI) phenomena commonly occur in the DSC scans 

of amorphous or partially crystallized polymers when heated above the glass transition 

temperature, double cold-crystallization (TcI and TcI’, as in Figure 2.4) is not often 

seen.  This phenomena has been reported previously in unoriented PET films 42-44 as 

well as uniaxially oriented PET fibers 45, although never in PLLA.  Zhu et al. 42-44 

suggested that TcI and TcI’ reflect the crystallization from the interlamellar and 

interspherulitic amorphous regions, controlled by the extent of nucleation and 

diffusion.  Interlamellar amorphous regions, which consist of chain folds, chain ends, 

and tie chains, have some order compared with completely amorphous interspherulitic 

regions so that they crystallize at lower temperature.  When nucleation is dominant 

(high supercooling, crystallization from the glassy state), more interlamellar 

amorphous regions are formed than interspherulitic ones.  On the other hand, when the 

diffusion is dominant (low supercooling, crystallization from the melt), more 

interspherulitic amorphous regions can be expected than interlamellar ones.  Normal
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Figure 2.4 Typical DSC Curve of Amorphous PLLA Film, 10°C/min 
 

DSC detected one Tg, while two Tgs appeared in some cases using DMA.  Lu et al. 45 

believed that the double melting is related to two crystallization processes (crystal 

growth dimensions) characterized by Avrami index 1 and 2, at lower and higher 

temperature accordingly.  Another group 46 also proposed that the occurrence of  

double cold-crystallization is related to the humidity of storing place and the time of 

storing.  Moisture causes the surface energy to drop, thus facilitates the crystallization, 

resulting in the lowering of the crystallization temperature.   

 
22..33  MMUULLTTIIPPLLEE  MMEELLTTIINNGG  PPEEAAKK  PPHHEENNOOMMEENNAA  IINN  PPOOLLYYMMEERRIICC  MMAATTEERRIIAALLSS  

2.3.1 Poly(ether ether ketone) – PEEK – a semi-flexible polymer 

PEEK is a high-performance engineering plastic, especially as a matrix for 

fiber-reinforced composites.  (Figure 2.5)  It is reported to have only a single crystal
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Figure 2.5 Chemical Structure of Poly(ether ether ketone) (PEEK) 
 

form: orthorhombic 47.  The absence of polymorphic transition thus excludes the 

possibility of two different crystal structures that could be assigned to the dual melting 

peaks often observed in PEEK thermographs.  It also has an extremely large 

temperature interval of crystallization (Tg~140ºC, Tm~385ºC), which provides plenty 

of room for the extensive research on its crystallization and melting behaviors.  

Unlike the melting behavior of other polymers in the same class such as 

poly(ethylene terephthalate) (PET) 48, poly(butylene terephthalate) 49 and 

poly(phenylene sulfide) 50 which usually display triple melting peaks when scanned in 

DSC, that of PEEK often exhibits only two melting peaks, TmI being noted as low 

endotherm melting peak and TmII  as high endotherm melting peak.  When three 

endotherms are observed (in polymer exhibiting a single-crystal phase), the lowest and 

middle melting peaks were attributed to the secondary and primary crystals, 

respectively, formed at the crystallization/annealing temperature prior to the scan. The 

lowest endotherm usually occurs just a few degrees above the original 

crystallization/annealing temperature.  The third and highest melting endotherm was 

associated with the melting of more stable crystals that recrystallized from the middle 

endotherm during the scan 51.  It seems the conflicting debate emerges when two 

endotherms are presented.   
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The two major hypotheses proposed to explain dual melting peaks observed in 

PEEK are: (1) the melting-recrystallization model 52-59 and (2) the dual lamellae 

population model 51, 60-74.  Considering the spatial distribution of these lamellae within 

PEEK spherulites, hypothesis (2) is further divided into two sub-models: lamellae 

insertion model 51, 61, 63-69, 71, 73, 74 and lamellae stack model 60, 62, 70, 72.  Nevertheless, in 

all cases, it is suggested that (1) the TmI is about 10-20ºC above the designated 

crystallization/annealing temperature, (2) x-ray experiments indicates only one crystal 

structure existed for either cold-crystallized (crystallize from the glassy state) or melt-

crystallized (crystallize from the melt) PEEK, and (3) ∆HmI increases and TmI shifts to 

higher temperature with increasing crystallization/annealing temperature or time. 

Blundell and Osborn 52 first reported the occurrence of dual melting endotherm 

in PEEK.  They believed that TmI is the actual characteristic melting point of the 

majority of the crystals present in the DSC sample at room temperature prior to the 

heating scan.  It is therefore associated with the melting of initial crystals formed 

during the previous isothermal crystallization.  During the subsequent scan above TmI, 

the polymer undergoes continuous melting and recrystallization processes when 

original crystals become unstable.  TmI thus accordingly marks the onset of where the 

melting and recrystallization occurs.  The TmII represents the point where the net 

difference of the ongoing competition between the melting and recrystallization passes 

through a maximum.  It is the melting of the more perfect crystals or thicker lamellae 

developed through the heating scan. 

Blundell 53 later reinforced his hypothesis by the partial melting of PEEK 

samples at three different temperatures between Tc and TmII during a heating scan.  
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One would expect a continuous change as a result of the recrystallization process if 

hypothesis (1) is correct.  Due to its systematic increase of crystal perfection during 

the heating scan, when the heating is interrupted, a crystal population of greater 

stability than the originals will be “remembered”.  During the subsequent reheating, 

the melting and recrystallization process will theoretically recur and another 

corresponding TmI’ will appear at a higher temperature than where the scan was 

stopped.  On the other hand, if hypothesis (2) is correct, no substantial change should 

be detected until TmII is reached.  The experiment results obtained are strongly in 

favor of hypothesis (1).  In the same study, it was also found that the increasing of 

heating rate shifts the position of TmI and TmII in opposite direction, which is 

consistent with other groups’ observations 54, 55, 57, 58. 

Lee et al. 54, 55 spread their research on heating rate effect on not only the cold-

crystallized samples (high supercooling), but also the melt-crystallized samples (low 

supercooling).  A noticeable difference was observed in their melting behavior.  For 

cold-crystallized PEEK samples (Figure 2.6), the heat of fusion and endotherm of TmI 

increase with increasing heating rate, while those of TmII decrease. It was proposed 

that, as the heating rate was increased, there was less time for recrystallization to take 

place, which results in a larger TmI endotherm and a smaller TmII endotherm.  The size 

and perfection of the recrystallized PEEK decreases with increasing heating rate due 

to the shorter reorganization time, leading to the decrease in TmII.  In contrast, for 

melt-crystallized samples, TmII does not change with heating rate (Figure 2.7).  It was 

believed to be related to the crystalline morphology produced at different degree of 

supercooling (high vs. low).  Due to slow crystallization, the chain conformations at
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Figure 2.6 Heat of Fusion (left) and Melting Peak Temperatures (right) vs. 
Heating Rate. 54 (The PEEK samples were cold-crystallized at 220ºC for 75 hrs.) 

 

 

 

Figure 2.7 Melting Peak Temperatures vs. Heating Rate 54 (The PEEK samples 
were melt-crystallized at - -322.8ºC for 20 hrs and - - 318.6ºC for 14 hrs.)  
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the crystal surfaces are more perfect in PEEK melt-crystallized at low supercooling 

than cold-crystallized ones.  Consequently, the reorganization process of melt-

crystallized samples is fast enough to be independent of heating rate changes.  While 

Marand and coworkers 74 observed the similar trend, they are supporters of the dual 

lamellae population model. They seem to think that significant melting-

recrystallization only exists in the primary crystals of cold-crystallized samples, while 

at most very minor reorganization took place during the heating of melt-crystallized 

samples, except possibly at very low heating rate as 5ºC/min, because the location of 

TmII is independent of heating rate. 

Lee et al. 54, 55 also proposed that TmI represents only a portion of the melting 

endotherm of the original crystals and the double melting behavior can be explained as 

the sum of four contributions: melting of most original crystals, their recrystallization, 

remelting of crystallized PEEK, and melting of residual crystalline regions.  A model, 

adapted from Rim and Runt’s deduction from poly(ε-caprolactone) 75, was modified to 

interpret the dual melting endotherm of PEEK.  According to the model, the area of 

the recrystallization exotherm equals that of the melting endotherm of the 

recrystallized material.  As demonstrated in Figure 2.8, at a low heating rate, there 

will be a large recrystallization exotherm under the melting endotherm of original 

crystals and another melting endotherm of the recrystallized materials (remelting 

peak) at a higher temperature.  The TmI endotherm is determined as the sum of the 

recrystallization exotherm and the melting endotherm of the original crystals.  As a 

matter of fact, true melting temperature can be obscured by continuous melting and 

recrystallization when reorganization is allowed.  When the heating rate is increased,
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Figure 2.8 Schematic Representation of the Melting Mechanism Proposed for (A) 
Poly(ε-caprolactone), Adapted from Rim and Runt 75 and (B) PEEK (M 

represents the melting endotherm of the original crystals; the dotted lines 
represent the recrystallization exotherm and the melting endotherm of the 
recrystallized crystals; the shaded area in B represents melting of the core 

crystalline region) 54 
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the crystals will have less time to reorganize.  The corresponding recrystallization 

exotherm as well as the remelting endotherm will both decrease in magnitude.  At an 

even higher heating rate where recrystallization is restricted, the melting of only 

original crystals will be observed.  Such a single endotherm represents the complete 

melting without reorganization of the original crystals.  Meanwhile, the effect of 

thermal conductivity of polymer will become considerable as the heating rate 

increases so that superheating phenomenon will occur.  As a result, they concluded 

that single melting endotherm, without being superheated, represent the true melting 

of original PEEK crystals that existed in the sample prior to the DSC heating scan.  

They also suggested that the reorganization process is considered to occur at crystal 

surfaces through partial melting followed by recrystallization.  The melting of the core 

took place in the much later stage, as shown in Figure 2.8 (B).  Furthermore, it was 

claimed that no evidence for the existence of dual lamellar structures in both cold- and 

melt-crystallized polymer was found with SAXS 55.  (Figure 2.9)  

The exothermic recrystallization (portrait in Figure 2.8) could not be detected 

by conventional DSC due to the fact that the extent of exothermic recrystallization is 

less than that of endothermic melting.  However, this limitation was overcome by Wei 

et al. 76 using Temperature modulated differential scanning calorimetry (TMDSC).  As 

shown in Figure 2.10, the non-reversing (NR) curves exhibit strong exothermic 

behavior.  The higher the crystallization temperature, the smaller the exothermic 

amount becomes.  At 320ºC (Figure 2.10(B)), the exothermic phenomenon is no 

longer detectable.  They hence concluded that at crystallization temperature above 

320ºC, the dual lamellae population model is the sole mechanism of double melting
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Figure 2.9 Long Period versus Crystallization Temperature for Cold-crystallized 
and Annealed PEEK 55   

 

 

Figure 2.10 TMDSC Thermograms of Isothermally Melt-crystallized PEEK at 
(A) 290ºC and 300ºC, (B) 310ºC and 320ºC for 10 minutes 76  
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peak phenomenon.  On the other hand, below 320ºC, they established a combined 

mechanism of hypothesis (1) and (2), i.e. TmI endotherm is the superposition of early 

melting of secondary crystals with almost simultaneous recrystallization, and TmII 

endotherm is the sum of perfected crystals from reorganization and the primary 

crystals.  This conclusion is in agreement with Cheng et al. 77 and Chen and Woo 69. 

Combining DSC with time-resolved SAXS and WAXS techniques, Fougnies 

et al. 57, 58, 78 were able to support the melt-recrystallization mechanism of a single 

population of crystals using cold-crystallized PEEK samples.  However, they also 

found that 57, 58, 78 high annealing temperature, around 340ºC 58, yields samples in 

which two distributions of crystals coexist.  The thicker one grows first during the 

isothermal crystallization while the thinner one forms during subsequent cooling non-

isothermally (at –10ºC/min).  On the other hand, when the samples are prepared at 

lower temperatures, there exists no significant crystallization during the cooling phase 

and the resulting samples contain only lamellae crystallized during the isothermal 

crystallization.  The analysis of correlation function of the SAXS data strongly 

supports their conclusions.  The influence of heating rate on the peak positions are 

opposite in these two ranges, as shown in Figure 2.11.   

Cebe and Hong 79, Cheng et al. 77 and Bassett et al. 80 were the first groups that 

support the hypothesis of dual lamellar population (or morphology) formed in two 

stages of crystallization, while Lattimer et al. 60 suggested that the two different 

lamellar populations have grown simultaneously.  They all observed similar tendency 

in PEEK as Blundell 53 did, such as the increasing crystallization temperature and 

heating rate effects, for both cold- and melt-crystallized samples.  Though many
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Figure 2.11 Peak Temperatures of TmI ( , ) and TmII ( , ) versus Heating 
Rate for Samples Prepared at 280ºC (filled symbols) and 340ºC (open symbols) 58 

 

authors acknowledged the existence of possible reorganization during the heating 

scan, they were not convinced that melt-recrystallization cause the origin of the dual 

melting peak.  While Cheng et al. 77 saw signs of TmI reorganization to some degree, 

Bassett et al. 80 believed that no more than a modest extent of recrystallization 

(lamellae thickening) developed within TmII itself at slower heating rate, which is 

agreed by Hsiao and coworkers 64.  Cebe 51 believed that such reorganization within 

TmII led to the constant melting temperature regardless of treatment temperature.  

Cebe and Hong 79 chose 20ºC/min as heating rate to minimize the reorganization, but 

found out that it was still not fast enough to prevent the crystals from reorganization 

into more perfect crystals during the heating scan.  However, even at heating rate of 

80ºC/min, double melting peak feature is still prominent 80 as shown in Figure 

2.12(A).  They thought reorganization should be suppressed by such a high heating 

rate because the crystallization rate above 300ºC is relatively slow.  Consequently,
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Figure 2.12 Heating Rate Effect of PEEK (A) Melt-crystallized at 310ºC for 1h 80 
and (B) Annealed at 320ºC for 1h 55 

 

they believed that the two endotherms were related primarily to the different initial 

crystal structures.  However, for a sample with similar Mw, Lee et al. 55 found two 

endotherms at 40ºC/min, but not at 60ºC/min, and determined 60ºC/min as the point 

where reorganization was diminished (Figure 2.12(B)).  Their sample was annealed at 

320ºC for 1 hr and Bassett et al.’s 80 melt-crystallized at 310ºC for 1 hr.  Since the 

crystallization rate should be relatively faster at 310ºC than 320ºC, it is theoretically 

still feasible to see two peaks at 80ºC/min.  Also at 320ºC the two peaks were closer to 

each other to start with, it could become one at a lower heating rate.  Bassett et al. 80 

substantiate hypothesis (2) by a simple direct test illustrated in Figure 2.13 (very 

similar results reported by Cheng et al. 77 as well).  Same specimens were melt-

crystallized at 310ºC for various times.  It was clear that crystallites firstly formed

 20



 

  

 
 

Figure 2.13 PEEK Melt-crystallized from 310ºC for Different Time. (A) Cooled to 
200ºC and Rescanned; (B) Scanned Directly from the Crystallization 

Temperature 80 
 

yield higher melting than those formed subsequently.  Thus, TmII cannot be formed 

from TmI.  Therefore, the two melting peaks represent two different components of the 

morphology (primary vs. secondary), which is backed by their electron microscopy 

(permanganic etching) results.  The dominant primary crystallization was followed by 

infilling growth of secondary crystallization.  Similar TEM observations were shown 

by other authors as well 71, 73, 81.  With time, the ratio of TmI and TmII increases, and 

both peaks move to slightly higher melting temperature as crystallization proceeds 77.  

However, Blundell 53 had different explanation for such observation of Figure 2.13.  

At the early stages, just after crystallization has started, the crystals are less stable and 

the recrystallization occurs immediately after the heating scan starts, giving only TmII 

observable. 
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Many groups pointed out the crystallization during cooling as another part of 

the contribution to the heat of fusion.  When the crystallization temperature is 

sufficiently high, some material will not be able to completely crystallize in the time 

available, but will do so on subsequent cooling.  The higher the temperature, the more 

contribution derived from the cooling.  It appears to be a broad melting endotherm 

below the crystallization/annealing temperature, just as pointed out by Fougnies and 

coworkers 57, 58, 78.  However, Cheng et al. 77 suggest TmI and TmII endotherms as two 

different morphology generated prior to the heating scan and crystallization during 

cooling, Tmc
 endotherm, being a third kind.  They had the same sample scanned with 

and without cooling (at –0.31ºC/min) before analysis.  Their results confirmed the 

contribution of the crystallization during the cooling, especially at higher 

crystallization temperatures, is significant.  In Figure 2.13, the distinctive contribution 

of cooling is shown at 1 min crystallization.  

Cebe and Hong’s 79 results also do not support the assignment of the high 

temperature endotherm TmII to crystals formed solely during the DSC scan (through 

melt-recrystallization).  They pointed out that the volume fraction of crystals was 

about 25-30% in the temperature range studied by Blundell and Osborn 52.  As the area 

under TmI endotherm was too small (2-4%) to account for melting of this crystal 

fraction, fairly good agreement was obtained with the crystal fraction determined from 

TmII endotherm.  Hence, they gave an alternative explanation that in such a 

temperature range of rapid crystallization investigated, secondary crystallization may 

have occurred through the formation of small, imperfect crystals between existing 

lamellae, giving rise to the small endothermic response at low temperature.  However, 
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they may fail to take into consideration the fact that TmI endotherm is actually the sum 

of the recrystallization exotherm and the melting endotherm of the original crystals, as 

clearly demonstrated by Lee et al. 54 in Figure 2.8.   

Hsiao et al. 64 based their conclusion of dual lamellae population model on 

time-resolved SAXS.  They noticed that long period derived from both Bragg’s Law 

(LB) and correlation function (LC
M) indicates two stages of increase at a transition 

temperature near TmI (Figure 2.14).  Before the melting of any crystallite, a relatively 

small thermal expansion of both the crystalline and amorphous components causes 

slight increase of the long period.  At temperature above TmI, these thinner lamellae 

will be melted away, leaving only the thicker lamellae in the stacks, as illustrated in 

Figure 2.15.  Consequently, the mean long period will increase gradually at the 

second stage of larger increase.   

 

 

Figure 2.14 Two Types of Long Period (LB and LC
M) and Lamellar Thickness 

versus Temperature 64 
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Figure 2.15 Schematic Representation of the Melting Mechanism for the Dual 
Lamellar Thickness Model (the thinner shaded bars represent the secondary 

lamellae and the thicker ones represent the primary lamellae which are 
subsequently thickened) 64 

 

Also using time-resolved SAXS plus the combination of correlation function 

and interface distribution function analysis, Verma et al. 72 used the lamellar stacks 

model rather than lamellae insertion model to interpret the dual melting behavior of 

PEEK, which is consistent with TEM observations by Lattimer et al. 60.  Their results 

indicate that the long period and the lamellar thickness rise during melting, and the 

amorphous layer thickness decreases upon heating through TmI, while for lamellar 

insertion model to be accountable, all three parameters should be expected to increase.   

 

2.3.2 Other semi-flexible polymer  

Other semi-flexible polymers that normally exhibit multiple melting peaks 

include, but are not limited to, isotactic polystyrene (iPS) 82-87, Poly(ethylene 
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terephthalate) (PET) 48, 81, 88-93 , and poly(butylene terephthalate) (PBT) 49, 94, 95.  Dual 

49, 81, 82, 88-90, 92, 94, 95 as well as triple melting peaks 48, 49, 83-87, 91, 93 were observed 

depending on the thermal history experienced.   

As mentioned earlier, the widely accepted assignment for triple melting peaks 

is secondary, primary, recrystallized primary crystals (Ta, TmI, Tm TmII) respectively.  

Such mechanism was confirmed by Lemstra and coworkers 83, 84 for melt-crystallized 

iPS, by Ahmad and Al Raheil 48,  Zhou and Clough 91 for PET, and by Kim and 

Robertson 49 for PBT.   

Nevertheless, other possible mechanisms were carefully proposed to explain 

the appearance of triple melting peaks.  Combining conventional DSC with TMDSC 

and TEM, Liu and coworkers 85, 86 concluded that, for cold-crystallized iPS, Ta was not 

originated from the melting of the secondary crystals, but associated with a 

constrained interphase between the amorphous and crystalline phase going through a 

enthalpic relaxation process during DSC heating.  Though TmI and TmII were assigned 

to two kinds of lamellar components of different thermal stability, they did not rule out 

the partial contribution of recrystallization to TmII.  

Based on the results of polarized optical microscopy (POM), DSC, WAXD and 

SAXS, Medellin-Rdriguez et al. 93 proposed another alternative mechanism.  They 

believed that both Ta and TmI originate from secondary crystallization, with the former 

generated at the last steps, and TmII stems from primary melt-crystallization, 

accompanying with some extent of recrystallization within its development. 

As for the case of dual melting peaks, Bell and Murayama  88 characterized 

them as folded chain versus partially extended chain crystals, while Roberts 89 
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suggested bundle-like versus chain folded crystals.  However, both propositions 

seemed to neglect the effect of thermal scanning.  Although, Kim and Robertson 49 

observed triple melting peak behavior of PBT at long melt-crystallization periods, 

only two peaks were revealed at shorter crystallization time.  The origin of these two 

peaks was credited to the melt-recrystallization model.  Qudah and Al Raheil 92 came 

to the same conclusion for PET with the evidence from SEM, which showed the 

existence of only one type of lamella within the spherulite.  Moreover, this exact 

model was also supported in iPS 82, PET  81, 90 and PBT 95 systems by different 

research groups.   

 

2.3.3 Polypropylene – PP – a flexible polymer 

PP is a simple, flexible, widely used polymer that has an apparent melting 

point similar to PLA.  The origin of its multiple melting peak is, however, very 

complex.  Either one or two melting peaks were reported in the literature depending on 

the thermal history.  The melting of PP is affected by many factors, such as molecular 

weight, molecular weight distribution, degree of tacticity, head-to-tail sequences, and 

the presence of different crystal forms.  Isotactic PP (iPP) will be the focus in this 

section instead of syndiotactic PP (sPP).  iPP is a polymorphic material with the 

tendency to crystallize into different crystal modifications such as monoclinic (α), 

hexagonal (β), and triclinic or orthorhombic (γ).  The α-crystal is most frequently 

formed during the crystallization of industrial iPP grades, while the β-crystal can also 

appear at higher supercooling.  The γ-crystal is often observed in degraded, low MW 
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PP or when it crystallizes under high pressure.  It is also found in iPP containing small 

quantities of a comonomer. 

Due to its polymorphic characteristics, a third mechanism, dual crystal 

structure model, was attempted to interpret the multiple melting behavior of iPP.  As 

shown in the optical micrographs in Figure 2.16, the light transmission measurements 

showed that, samples isothermally melt-crystallized below 132ºC, the tail TmI 

endotherm is due to the melting of β-spherulites and the broad TmII endotherm is due 

to the melting of crosshatched and radiating lamellae in α-spherulites. On the other 

hand, although double melting endotherms still appear above 132ºC, only α-

spherulites were formed.  Al-Raheil et al. 96 assigned TmI as the melting of 

crosshatched lamellae in α-spherulites, while TmII as the melting of the radial and the 

reorganized tangential lamellae.   

 

 

Figure 2.16 Optical Micrographs of iPP Samples Isothermally Melt-crystallized 
at 128ºC. (A) Showing α- and β-spherulites and (B) Showing Separate Melting of 

β-spherulites 96 
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Co-existence of α- and β-crystals also arose in the melt-crystallized iPP thick 

plates molded by intrusion 97.  A variable proportion of the α- and β-crystals 

developed over the thickness of the plates, ranging form 0% of β-crystals at the 

surface to 60vol% at the core.  DSC thermograms (Figure 2.17(right)) showed double 

melting endotherms at 155ºC and 170ºC from the core material and only one peak 

from the surface material.  Parallel examinations of the SEM and X-ray patterns 

(Figure 2.17(left, middle)) further confirmed unambiguously Aboulfaraj et al.’s 97 

postulation that the two peaks represent the melting of the β- and α-crystals, 

respectively.  Quite different contrasts were observed in SEM due to the nature of 

lamellae structure of each modification.  For the α-spherulites, lamellae are straight 

and interlocked in a crosshatched array of the radial and tangential direction and the 

corresponding etched sections are very smooth. In contrast, the β-spherulites are 

characterized as curved and twisted lamellae, making the etched surface rougher.  

Consequently, more secondary electrons emitted from rougher surface to the detector, 

resulting in dark α-spherulites and much brighter β-spherulites.   

Based on the results above, it seems quite possible to have only α-crystal 

observed for thin film samples usually used by other groups.  Among them, De Rosa 

and coworkers 98-101 not only claimed that the double endotherms were due to the melt-

recrystallization mechanism, but also proposed such a process occurred over the  

“continuum” transitions from a disordered limiting structure (α1) having 

crystallographic symmetry C2/C to a ordered limiting structure (α2) having 

crystallographic symmetry P21/C.  These two limiting structures of the α-crystal show
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Figure 2.17 Scanning Electron Micrographs (left), X-ray Diffraction Patterns 
(middle) and DSC Thermograms (right) of iPP Plate Obtained for Samples 

Taken from (a) the Surface Region; (b) the Core Region 97 
  

various degrees of disorder in the up and down positioning of the chain with α2-crystal 

having a lower free energy than the α1-crystal.  Although they have substantially 

identical X-ray spectra, only reflections with (h+k) even are allowed in the α1-crystal, 

while (h+k) uneven reflections may be present in the α2-crystal with a lower intensity 

in general.  Based on this, the ratio of α1 vs. α2 crystal was easily evaluated.    

In order to clarify any doubt about the origin of double melting endotherms, 

nitric acid etching experiments were performed by Petraccone et al. 102 on samples 

melt-crystallized at 135-150ºC.  Since the etching treatments remove the amorphous 

portions of the macromolecules as well as the folds at the crystal surfaces, the 

reorganization should necessarily be hindered.  Figure 2.18 illustrates the melting 

endotherms of the sample crystallized at 148ºC, before and after the etching.  Only one 

narrow peak was seen in Figure 2.18(B)), which substantiates the melt-
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Figure 2.18 DSC Melting Scans at 10ºC/min for iPP Sample that (A) Crystallized 
at 148ºC and (B) Crystallized at 148ºC and Subsequently Subjected to the 

Etching Procedure 102 
 

recrystallization mechanism towards the appearance of double melting endotherms.  

In addition, such a peak should correspond to the true melting of the unique species 

crystallized at Tc. 

While some groups were convinced by melt-recrystallization model, others 103, 

104 favor the dual lamellae population model.  For iPP of low degree of 

stereoregularity, Martuscelli et al. 103 attributed TmII and TmI to crystals grown during 

the primary and interfibrillar secondary crystallization process, respectively.  By 

partially melting a specimen between the two peaks, Weng et al. 104 assigned TmII to 

radial dominant lamellae and TmI to mostly tangential subsidiary lamellae filling the 

space in between the dominants.  Meanwhile, still others 105-108 suggested the 

combination of both models emerging at different temperature ranges.   
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 Yadav and Jain 105 supported melt-recrystallization mechanism for samples 

melt-crystallized under 133ºC.  As shown in Figure 2.19, only a single melting peak 

was observed at either lowest or highest heating rates.  When the heating rate was 

extremely low, almost all crystals underwent recrystallization and only TmII was 

present, similar to the case of PEEK that experienced very short crystallization time 80.  

As mentioned before, when heating rate increases, not enough time was available for 

recrystallization, then only TmI was disclosed.  Since the reorganization or 

recrystallization decreases with Tc, above certain temperature, in this case 133ºC, the 

presence of crystalline species having different degrees of crystal disorder become the 

reason behind double melting peak. 

 

 
Figure 2.19 DSC Thermogram for Melt-crystallized iPP at 111ºC, Effect of 

Heating Rate, Curve A, B, C, and D are for Heating Rate of 2,4,8,16ºC/min 105  
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Janimak et al. 106 separated two mechanisms by the degree of supercooling 

using DSC and time-resolved SAXS techniques. When the supercooling is  > 48ºC, 

only poor and imperfect crystals could have formed, melt-recrystallization model 

dominants.  For supercooling < 48ºC, two different crystal morphologies were 

recognized with different thermal stabilities and crystallization kinetics. 

Last but not least, Zhu et al. 108 also detected melt-recrystallization for samples 

melt-crystallized at Tc < 117ºC, whereas dual lamellae population developed for those 

crystallized above 136ºC.  However, in the intermediate temperature range, the 

lamellae formed were affirmed to be perfect so that only a single peak of a single 

distribution of lamellar thickness was shown with the observation of DSC, WAXD 

and SAXS.   

Finally, because of the enormous market of iPP, lots of various grades are 

available to different research groups, which make it extremely difficult to compare 

the experimental results and generalize common conclusions.  The same case applied 

to sPP 109-114, which will not be discussed here. 

In summary, it seems that different crystallization and melting events may 

occur in different polymers, due to the difference in segmental mobility, chain 

conformational defects and diffusive processes.  

 

2.3.4 Dual melting behavior of PLA 

Double melting behavior has also been observed in PLLAs.  Fischer et al. 115 

observed two distinctive melting peaks of undegraded solution-grown single crystals 

of PLA.  However, no detailed interpretation or even DSC thermograms were given.  
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Jamshidi et al. 40 found that polymers with molecular weights lower than 3000 exhibit 

weak and broad endotherms at temperatures slightly lower than the main peaks.  They 

suggested that those broad peaks be attributed to the unstable crystallized region and 

disappears with increasing molecular weight.  Again they did not perform further 

investigations.  Migliaresi et al. 116 saw possible double melting behavior (Figure 

2.20), i.e. a small exotherm just before the major melting endotherm peak in 

compression-molded PLLA, while no proper argument was presented.  They 117 also 

observed double melting in PLLA with low molecular weight (18,000), and an 

exothermic peak just prior to melting in PLLAs with higher molecular weights.  

Iannace and Nicolais 38 observed the same behavior for PLLA crystallized under 

105ºC, which they attributed to as the “cold crystallization”.  In addition, double 

endothermic peaks were often detected in PLLA fiber form 17, 118-121.  It was suggested 

that the occurrence depends largely on the initial melt-spinning and subsequent 

drawing conditions, but no further results are reported.  However, this is out of the 

scope of this research, which deals with PLLA amorphous films.   Yasuniwa et al. 122 

and Ohtani et al. 123 reported at approximately the same time their investigations in 

regard to the double-melting of PLLAs, but from different perspectives.  Yasuniwa et 

al. 122 believe that the absence of double melting in PLLA is definitely expected due to 

the mismatch of usual experimental conditions.  According to their CR-HR map 

(Figure 2.21) for PLLA sample with Mw=3×105 122, it is clear that only under certain 

combination of the cooling rate (of dynamic non-isothermal crystallization) and 

subsequent heating rate, will double melting peak emerge.  However, their research is 

limited only to non-isothermal melt-crystallization.  Ohtani et al. 123 attempted to
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Figure 2.20 DSC Thermograms for (A) Amorphous PLA40 and Samples Treated 
in the DSC up to (B) 95ºC, (C) 110ºC, and (D) 150ºC 116 

 

 

Figure 2.21 CR-HR Map of the Appearance of Double Melting Peaks of PLLA (-
- double melting peaks and - - single melting peak) 122 

 

 34



explain the structural origin of the extra exotherm also observed by others 116 by 

studying isothermal cold crystallization of amorphous PLLA samples.  They noticed a 

discontinuity in the melting temperature for samples cold crystallized at different 

temperatures, which is at 120°C.  According to their analysis of WAXD patterns 

(Figure 2.22), they speculated from the absence of (011) and (103) reflections for 

samples treated below 120°C that β-crystal formed, while α-crystal grew only for 

samples treated above 120°C. It is, however, rather questionable whether a β-crystal 

grows from the fast quenched amorphous sample, when there are no such indication so 

far in the literature other than drawing induced β-crystal 16, 17.  In contrast, Yasuniwa

 

 

Figure 2.22 Wide-angle X-ray Diffraction Patterns of Various Samples: (a) As-
prepared, Amorphous PLLA, (b) By One-step Annealing at 90°C for 20 min, (c) 

By One-step Annealing at 160°C for 1 h, (d) By Two-step Annealing (the first 
step at 90°C for 20 min, and the second step at 160°C for 10 min), and (e) Melt-

crystallized by Ambient Cooling from Melt at 200°C 123 
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122 and Fisher 115 both agreed that the double melting of PLLA stems from melt-

recrystallization.  Consequently, part of the objectives of this research is to try to 

establish a clearer view of the double melting peak behavior of bulk PLLA in terms of 

different process conditions. 

 

22..44  EEQQUUIILLIIBBRRIIUUMM  HHEEAATT  OOFF  FFUUSSIIOONN,,  ∆∆HHMM((TTMM
OO))  AANNDD  MMEELLTTIINNGG  TTEEMMPPEERRAATTUURREE,,  TTMM

OO  

2.4.1 Equilibrium heat of fusion, ∆Hm(Tm
o) 

Since polymers are normally semicrystalline, indirect methods must be used to 

evaluate the equilibrium heat of fusion of the crystal.  It can often be achieved by 

conventional extrapolation from the calorimetric measurement of heat of fusion as a 

function of the degree of crystallinity (or specific volume) derived from an 

independent measurement.  This method requires the knowledge of the specific 

volume of a perfect crystal, and a reasonably drawn baseline.   

Another method involves the melting point depression developed on the 

thermodynamic of melting in polymers by Flory and coworkers 124-126, as expressed in 

the general equation: 

1 1
T T

R
H

X
m m

o
m

A− = −
∆

ln           (2.1) 

X XA B+ = 1           (2.2) 

where XA is the mole fraction of crystallizable polymer, XB is the mole fraction of 

impurity, R is the gas constant, and ∆Hm is the heat of fusion per mole of crystalline 

mer. 127.  For small value of XB: 

–ln XA = –ln(1–XB) ≅ XB          (2.3) 
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When the polymer chain end mers are considered a special type of impurity 

due to their different chemical structure from the mers along the chain, the above 

equation turns into: 

1 1 2
T T

R
H

M
Mm m

o
m

o

n

− =
∆

          (2.4) 

where Mo is the molecular weight of two identical end mers, and Mn is the number 

average molecular weight, thus 2Mo/Mn gives the mole fraction of the chain ends.  It 

seems that the melting point depends on the molecular weight and the equation 

predicts the highest possible melting temperature occurs at infinite molecular weight.    

In the case of mixing with a diluent (solvent, random copolymer unit or 

plasticizer), it is slightly more complicated: 

1 1

1
1T T

R
H

V
Vm m

o
m

u− =
∆

( )υ           (2.5) 

where V1 is the molar volume of the solvent, Vu is the molar volume of the polymer 

repeat unit, and υ1 is the volume fraction of the diluent.  Further taken into 

consideration of the interaction between the polymer and the solvent, it becomes the 

well-known Flory-Huggins equation: 

( ) ( )2
2

1 1 ' 1 1
m m m

Rx
T T H

ν χ ν∞ 2
⎡ ⎤− = − − −⎣ ⎦∆

          (2.6) 

where Tm is the apparent melting temperature, ∆Hm is the heat of fusion per repeating 

unit, x’ is the ratio of partial molar volumes of the polymer repeating unit to the 

diluent, χ is the interaction parameter, and v2 is the volume fraction of the polymer.  
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∆Hm can be determined from the slope of ( 2
1 1 / 1
m mT T

)ν∞

⎛ ⎞
− −⎜ ⎟

⎝ ⎠
 versus (1- v2).  The 

advantage of the diluent methods is its independence of the measurement of 

crystallinity, while it encounters major difficulties such as possible phase separation 

and the requirement of same lamellar size and crystal perfection at Tm 128.  In an 

extensive study of iPP, Isasi et al. 129 implied that the melting point depression by low 

molecular weight diluents is the most reliable way of obtaining ∆Hm
o for a polymer. 

These two basic methods can give widely varying results mainly due to the 

experimental uncertainties in the determinations of the melting point and heat of 

fusion, especially in the case of multiple melting endotherms.  In general, groups that 

support melt-recrystallization model 81, 91, 114 are in favor of using TmI as the apparent 

melting temperature because it represents the melting of the original crystal before the 

heating scan.  However, based on the modified model proposed by Lee and Porter 54, 

as shown in Figure 2.8, neither true TmI nor heat of fusion could be directly 

determined from the DSC thermograms due to the continuous melting and 

recrystallization process.  On the other hand, groups backing dual lamellar population 

model 130 would prefer to use TmI and TmII as the true melting of secondary and 

primary crystal.  Nevertheless, both Cebe 51 and Hsiao et al. 64 questioned the 

eligibility of TmII being representative of true melting of the original morphology 

because it experiences lamellar thickening during the scan and contributes to 

endotherm II which may be independent of original primary crystals.   
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2.4.2 ∆Hm(Tm
o) of PLLA 

In the literature, very different ∆Hm
o(Tm

o) values of PLA were reported, 

ranging from 93.7 J/g 115 to 203 J/g 40.  Fischer’s 115 value is probably the most widely 

used in the estimation of crystallinity from DSC.  It was attained based on Flory’s 

equation for the melting point depression of random copolymers (D- and L-lactides),  

1 1 ln L
m m m

R X
T T H∞

⎛ ⎞
= − ⎜ ⎟∆⎝ ⎠

          (2.7) 

where Tm is the apparent melting temperature from TmI, ∆Hm is the heat of fusion per 

repeating unit, XL is the molar fraction of L-lactides.  Pyda et al. 131 got a similar value 

of 91J/g when he applied the Gibbs-Thomson equation to estimate the Tm
∝.  As shown 

in Figure 2.23, there may not be enough data points to encourage a reliable 

extrapolation. 

Nijenhuis et al. 132 reported ∆Hm
o(Tm

o) to be 100J/g for a slowly polymerized, 

ultra high crystalline, high MW nascent PLLA polymerized with catalyst Zn(DMH)2, 

other than the traditional Sn(Oct)2.  A value of 106 J/g from a MS thesis 133 was used 

by Sarasua et al. 39 to calculate the degree of crystallinity from DSC.  Although Cohn 

et al. 134 did not explicitly state the ∆Hm
o(Tm

o) value, it could easily be back-calculated 

from their calculation of calorimetric crystallinity as about 148 J/g.  However, no 

explanation on the source of such value was provided.  Jamshidi’s 40 ∆Hm
o(Tm

o) value, 

203 J/g, is more than double the Fischer’s value (3.5Kcal/mol vs. 1.6Kcal/mol).  By 

examining the Tm of a series of PLLAs with different MW, the plot of Tm
-1 against Mn

-

1 is expected to give a straight line according to Flory’s equation,  
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Figure 2.23 Apparent Melting Temperature vs. Inverse Lamellar Thickness of 
PLA Crystallized at Different Temperature 131 

 

1 1 2 o

m m m n

RM
T T H M∞ − =

∆
          (2.8) 

where Tm
∝ is the Tm at infinite MW, R is the gas constant, Mo is the MW of the repeat 

unit, and ∆Hm(Tm
o) is the heat of fusion per mole of the repeat unit.  However, it 

seems from Figure 2.24 that such a relationship holds approximately well only for 

PLLAs with relatively high MW.   

 

2.4.3 Equilibrium melting temperature, Tm
o 

The definition of the equilibrium melting temperature has not been unified so 

far.  Technically, three different definitions are currently in use.  The first definition of 

equilibrium melting temperature is, according to the Flory’s equation mentioned 

above, the highest melting temperature reached at infinite molecular weight.  The 

second definition is based on the thermodynamic of polymer crystallization, or Gibbs-

Thomson equation: 
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Figure 2.24 Tm
-1 vs. Mn

-1 for PLLA 40 
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          (2.9) 

where l is the crystalline lamellar thickness,  σe is the lamella folding surface free 

energy, ρ is the density of the crystalline phase and ∆Hm is the heat of fusion per cubic 

centimeter.  Here the Tm
o is evaluated by measuring the melting temperatures of well-

defined, small crystals and extrapolating to infinitely thick crystalline lamellae (1/l 

→0), or extended-chain crystal.   

Most commonly the equilibrium melting temperature is derived from 

Hoffman-Weeks 135 equation, where the relationship between melting temperature and 

crystallization temperature from the melt holds: 

( )[ ]T T Tm m
o

c= − +2 1 2β ) / β           (2.10) 

where β indicates the fold length in multiples of the primary, homogeneous nucleus.  

When this curve intersects with curve Tm = Tc, Tm
o is determined from the 
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intersection.  They defined Tm
o as the melting point of an assembly of crystals, each of 

which is so large that surface effects are negligible and that each such large crystal is 

in equilibrium with the normal polymer liquid. 

 

2.4.4 Tm
o of PLLA 

The equilibrium melting temperature of PLLA is reported in the literature to be 

215°C 32, 207°C 33 131 and 184°C 40.  Kalb 32 and Vasanthakumari 33 applied Hoffman-

Weeks equation to calculate their Tm
o.  Their samples are first melted at 10°C - 15°C 

higher than the apparent melting temperature of the materials and then cooled down 

rapidly to the isothermal crystallization temperatures.  Kalb 32 suggested a ±10°C 

fluctuation because the influence of lamellar thickening had been neglected.  Both 

their plots are illustrated in Figure 2.25 and 2.26, respectively.  Jamshidi 40, however, 

obtained Tm
o = 184°C along with ∆Hm

o from Flory’s equation, as in Figure 2.24.  
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Tm=Tc

Figure 2.25 The Melting Temperature of PLLA as a Function of the 
Crystallization Temperature from DSC, 5°C/min 32 

 

 

 
Figure 2.26 The Melting Temperature of PLLA as a Function of the 

Crystallization Temperature from DSC, 8°C/min, 5°C/min, 4°C/min from Top 33 
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CCHHAAPPTTEERR  33  MMAATTEERRIIAALLSS  AANNDD  EEXXPPEERRIIMMEENNTTAALL  MMEETTHHOODDSS  
 
33..11  MMAATTEERRIIAALLSS  

PLLA white virgin powder with less than 1% D-isomer was provided by 

Purac.  The number and weight average molecular weight are 192,000 and 335,000, 

respectively.  The PDI is narrow at 1.74.  Amorphous films were compression-molded 

in a Wabash hydraulic press unit equipped with heating plates.  Dried powders were 

sandwiched between a layer of Kapton film and then a layer of stainless steel platen on 

each side.  It was first pressed at 225ºC, approximately 30°C higher than its apparent 

melting temperature, for 5 minutes without applying any pressure to ensure the 

completion of melting and the equilibrium of temperature.  Then a load of 1.5 tons 

was applied for another 5 minutes before immediately removing and cooling in an ice-

water bath.  The WAXD (Figure 3.1) and density measurements confirmed its 

amorphous and unoriented state.  The transparent films of approximately 0.3mm thick
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Figure 3.1 WAXD of Amorphous PLLA Film 
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were stored in a desiccator until further treatments were undertaken.  The resultant 

number and weight average molecular weights of the amorphous film are 156,000 and 

285,000, respectively.  And the PDI become slightly higher as 1.82.    

Figure 3.2 shows the DSC thermograms of both raw PLLA and PLLA in 

amorphous film.  It is noticeable that the glass transition temperature, Tg, and the 

melting temperature, Tm, have decreased significantly after the film fabrication 

process.  For comparison, another PLLA pellet m sample (PLLA-C, Mn=91.6k g/mol, 

Mw=203k g/mol) from Cargill, Inc. was fabricated into films through the same 

procedure mentioned above, except that the temperature used was 200°C, which is 

also 30°C higher than its apparent melting temperature.  Both Tg and Tm do not show 

considerable changes before and after, as in Figure 3.3.  Interestingly, when we 

further examine the molecular weight changes before and after the fabrication 

procedure for both PLLAs, it turned out that Mn dropped 18% for PLLA, while 47% 

for PLLA-C.  It suggests that the thermal degradation during the fabrication did not 

cause substantial reduction in Tg and Tm for PLLA.  It is probably due to the presence 

of much thicker crystals in the powder PLLA samples.  When quenched into 

amorphous films and then heated up in DSC, the crystals formed during the cold 

crystallization are smaller, resulting in reduction in Tg and Tm.  Moreover, although Tg 

is associated with short-range order, while Tm with long-range order, such molecular 

motion should have affected Tm as well as Tg.  As a matter of fact, the effect is almost 

the same, because the ratio between Tg and Tm (Tg/Tm) is the same before and after the 

film fabrication, which is 0.74.   
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Figure 3.2 DSC Thermograms of Raw and Amorphous Films of PLLA, 10°C/min 
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Figure 3.3 DSC Thermograms of Raw and Amorphous Films of PLLA-C, 

10°C/min 
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33..22  CCRRYYSSTTAALLLLIIZZAATTIIOONN  AANNDD  PPAARRTTIIAALL  MMEELLTTIINNGG  PPRROOCCEESSSSEESS  

PLLA can be crystallized either from the amorphous (glassy) state (cold-

crystallization) or from the melt (melt-crystallization).  Both cold-crystallization and 

melt-crystallization, as well as partial melting processes are achieved in the chamber 

of a Mettler DSC821e under controlled nitrogen purge at 200ml/min to prevent 

oxidation of the specimens.   

  

3.2.1 Crystallization from the glassy state (cold-crystallization) 

Isothermally cold-crystallized samples were placed in the DSC chamber which 

already reaches the designated temperature, Tcc.  Upon finishing the crystallization for 

tcc, each sample is quenched into ice-water bath immediately to preserve its 

crystallization state and prevent it from further crystallization. 

Non-isothermal cold-crystallization was simply studied by heating the original 

amorphous film from 25°C to 200°C via different heating rates.  

 

3.2.2 Crystallization from the melt (melt-crystallization) 

Isothermally melt-crystallized samples were first heated from 25°C to 210°C at 

10°C/min and then held at 210°C for 5 minutes to ensure complete melting.  The melt 

was cooled at -20°C/min, where no crystallization would occur, to a designated 

temperature, Tmc.  After holding a predetermined crystallization time tmc, each sample 

was quenched into ice-water bath immediately to preserve its crystallization state and 

prevent it from further crystallization. 
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Non-isothermally melt-crystallized samples were also heated from 25°C to 

210°C at 10°C/min and then held at 210°C for 5 minutes to ensure complete melting.  

The sample was then cooled from 210°C to 25°C at different cooling rates. 

  

3.2.3 Partial melting 

Partial melting examination was only performed on samples isothermally cold-

crystallized at 100°C for 60 minutes.  Each sample obtained was heated from 25°C to 

a certain temperature, Tpm, at 10°C/min in the DSC chamber before immediately being 

transferred into ice-water bath to memorize its crystallization state at temperature Tpm.  

The selection of Tpm is clearly presented in Figure 3.4.   

 

 
Figure 3.4 DSC Thermogram of PLLA-CC100-60min, Partial Melting Performed 

Where Marked (a) 120°C (b) 130°C (c) 140°C (d) 150°C (e) 155°C (f) 160°C (g) 
165°C (h) 170°C (i) 175°C 
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33..33  DDIIFFFFEERREENNTTIIAALL  SSCCAANNNNIINNGG  CCAALLOORRIIMMEETTRRYY  ((DDSSCC))  

The melting behavior of crystallized samples was also achieved on the Mettler 

DSC821e under controlled nitrogen purge at 200 ml/min to prevent oxidation of the 

specimens.  Both isothermally cold- and melt-crystallized samples, plus those partially 

melted samples, were heated from 25°C to 200°C at 10°C/min unless otherwise stated.  

Non-isothermally melt-crystallized samples were also heated up from 25°C to 200°C 

at different heating rates to assess the appearance of double melting peaks. The 

temperature and heat flow were constantly calibrated by high purity indium standard 

(∆H=28.45J/g, Tm(onset)=156.61°C).  Care has been taken to carefully match the 

weights of the aluminum sample and reference pans to minimize its effect on heat 

capacity difference.  Relatively small sample mass (5.55±0.05mg) consisting of flat 

single layer polymer film was used to minimize the effect of thermal conductivity of 

polymers and reduce the temperature gradient.  

Thermal transitions were determined by peak positions.  The degree of 

crystallinity was conventionally calculated according to Equation 3.1, where 

∆Hm(Tm) is the enthalpy of melting measured at melting temperature Tm, ∆Hc(Tc) is 

the enthalpy of crystallization measured at crystallization temperature Tc, and 

∆Hm(Tm
o) is the enthalpy of fusion per mol of repeating unit of the infinite size perfect 

crystal/the totally crystalline polymer measured at the equilibrium point, Tm
o, which 

was taken as 93J/g  115. 

( ) ( )
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H Tc h
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∆
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33..44  TTEEMMPPEERRAATTUURREE  MMOODDUULLAATTEEDD  DDSSCC  ((TTMMDDSSCC))  

Traditional DSC measures the heat absorbed or released by a sample as it goes 

through different thermal transitions.  These measurements have provided valuable 

information regarding the physical and chemical changes that involve endothermic or 

exothermic processes, or changes in the heat capacity.  TMDSC was first introduced 

by Reading 136 in 1993, and since vastly developed and understood 137-141.  The 

principle of TMDSC is to superimpose a low frequency temperature oscillation on the 

linear or isothermal temperature programs often found in conventional DSC.  That is, 

if a conventional heating program is T T bto= + , a corresponding TMDSC heating 

program becomes T T bt B to= + + sin( )ω , where To is the starting temperature, ω is 

the frequency, b is the heating rate, and B is the amplitude of temperature modulation.   

The general response of both conventional DSC and TMDSC can be expressed 

as: 

dQ
dt

C dT
dt

f t Tp= + ( , )  (3.2) 

where Q is the amount of heat absorbed or released, Cp is the thermodynamic heat 

capacity, T is the temperature, and f(t,T) is a function of time and absolute 

temperature.  This equation clearly shows that the total heat flow, dQ/dt, which is the 

only heat flow measured by conventional DSC, is composed of two components: the 

reversing heat flow component that is relates to the sample’s heat capacity and the rate 

of the change of the temperature, and the non-reversing heat flow component that is 

governed by kinetically driven processes such as physical or chemical transformations.  

Fourier transformation analysis is usually used to separate the experimental heat flow 
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into the heat capacity related (reversible) and kinetic (non-reversible) heat flows.  

Typical reversing events are glass transition and crystalline melting, and examples of 

non-reversing events are cold crystallization, evaporation, thermoset cure and 

decomposition. 

The major advantages that TMDSC has over conventional DSC include 

improved resolution, enhanced sensitivity, and capability to differentiate overlapping 

phenomena 136, 140.  In conventional DSC, resolution and sensitivity always have to 

compromise each other.  However, since TMDSC is subjected to two heating rates, a 

faster periodic one assures good sensitivity, and a slower underlying ramp good 

resolution.  The reversing heat flow is great for quantifying the glass transition 

because it separates the glass transition entirely from other non-reversing thermal 

events such as enthalpy relaxation and crystallization.  It is also an excellent tool to 

study multiple melting phenomena in that exothermic events are completely absented 

from the reversing signal and detected only in the non-reversing signal.  

Unfortunately, endothermic melting behavior can contribute to both reversing and 

non-reversing signals and TMDSC fails to distinguish.  The relative fractions depend 

on the experimental conditions and the types of crystals present.      

A TA Q1000 temperature modulated DSC and its universal analysis software 

were used for TMDSC analysis.  Throughout the investigation, the underlying heating 

rate is 1ºC/min with modulation amplitude of 0.5ºC and modulation period of 60s.  

Aluminum sample pans are kept virtually the same weight and the sample weight is 

approximately 5.55±0.05 mg.  Calibrations for cell resistance and capacitance, cell 

constant and temperature were routinely performed according to TA preset program 
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with empty pans, sapphire and indium standards, while the heat capacity calibration 

constant for the modulation calibration was done using a standard sapphire sample 

before each scan.   

 

33..55  TTHHEERRMMOOGGRRAAVVIIMMEETTRRIICC  AANNAALLYYSSIISS  ((TTGGAA))  

Thermogravimetric analysis is a thermal analysis technique that measures the 

weight (mass) changes of a substance as a function of temperature and/or time.  

Typical results of TGA of polymers can reveal degradation temperatures, moisture 

contents, residual solvent levels, and material compositions.  

A sample is first placed into a tared 900µl aluminum oxide cubicle, and then 

carefully positioned in Mettler TGA/DSTA851e that is equipped with a sensitive 

microbalance assembly.   Once the sample is enclosed in the high temperature furnace 

and heating program starts, the balance continuously measures and records the weight 

changes.  In our research, TGA of amorphous film is scanned from 25 to 600°C at a 

heating rate of 10°C/min, also holding isothermally at 210°C for 240 minutes.  Each 

scan is performed under 80ml/min nitrogen purge.  Indium/Aluminum was used to 

calibrate over the whole temperature range.   

 

33..66  DDYYNNAAMMIICC  MMEECCHHAANNIICCAALL  AANNAALLYYSSIISS  ((DDMMAA))  

Dynamic mechanical analysis measures the stress, strain and their phase angle 

(δ) of materials while they are subjected to a sinusoidal stress.  It is particularly useful 
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for measuring transitions in polymers that cannot be detected by other techniques, and 

studying polymer blends. 

Dynamic mechanical analysis was carried out in tensile mode on the 

Rheometric Scientific DMTAV operated with the 1Hz frequency and temperature 

ramp from 30°C to 140°C at 1°C/min.  The spring constant was always calibrated 

before each measurement.  Films are cut in the form of strip about 7mm in width.  

Strain is set to be 0.1%.   

 

33..77  SSMMAALLLL  AANNGGLLEE  XX--RRAAYY  SSCCAATTTTEERRIINNGG  ((SSAAXXSS))  AANNDD  WWIIDDEE  AANNGGLLEE  XX--RRAAYY  
DDIIFFFFRRAACCTTIIOONN  ((WWAAXXDD))  

 
Samples taken out of the DSC pans can be examined in the Molecular 

Metrology SAXS/WAXD system as is.  This system is equipped with a monochromic 

CuKα (1.5418 Å) x-ray source, a three-pin-hole alignment and a two-dimensional 

detector. It normally operates at 45kV and 0.66mA and the beam size is ~30µm.  The 

sample-to-detector distance is 1.5m for SAXS measurement.  A Matlab program was 

designed and provided by the manufacturer for analysis purpose.   Lorentz corrected 

intensity is then plotted against q and the long period (Lmax) and corresponding 

lamellar thickness (lc) are calculated by the following equations, where Xc,h is the 

degree of crystallinity derived from DSC. 

L
qmax

max

=
2π  (3.3) 

l L Xc c= ×max  (3.4) 
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This system also has the capacity of recording WAXD patterns onto reusable 

Fuji image plates, where the sample-to-film distance is 36.52mm.  The image plate 

can be scanned in a FujiX BAS-1800II image analyzer and the resultant image then 

deconvoluted to a 2θ vs. intensity plot using a Polar program.  All curves were 

normalized and shifted for better presentation. 

 

33..88  GGEELL  PPEERRMMEEAATTIIOONN  CCHHRROOMMAATTOOGGRRAAPPHHYY  ((GGPPCC))  

The molecular weights of the samples were analyzed using a Polymer Labs 

GPC-220 size exclusion chromatograph.  It contained three Polymer Labs PLgel 10µm 

MIXED-B columns running chloroform as the solvent at a flow rate of 1ml/min at 

40°C.  Polystyrene standard was used for calibration purpose.  The analysis was 

performed using Precision Detector Cirrus software.    

 

33..99  DDEENNSSIITTYY  GGRRAADDIIEENNTT  CCOOLLUUMMNN  ((DDGGCC))      

According to ASTM D1505 – “Standard Test Method for Density of Plastics 

by the Density Gradient Technique”, water-sodium bromide liquid systems targeting 

density range from 1.00 – 1.41 g/cm3 was selected because the density of PLLA is 

around 1.25 g/cm3.  A high-density solution and a low-density solution of water and 

sodium bromide was prepared according to the desired testing range, which is 1.24 – 

1.28 g/cm3 in this case.  A density column with smooth gradient was made by pouring 

these two solutions gradually.  A Haake N3-R constant-temperature circulator was 

connected to the column, maintaining it at 23 ± 0.1ºC.  Four standard glass beads of 

density of 1.245, 1.255, 1.265, 1.275 g/cm3 were placed into the column for 
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calibration.  The equilibrium position was recorded after 24 hrs and a linear calibration 

plot of height versus density was generated.  Then samples were wetted in the low-

density solution first before putting them into the density gradient column.  Height 

positions of samples were read off the scale of the column after 24 hrs equilibrium and 

the density value was converted from height measurements according to the 

calibration plot in Figure 3.5.  In order to calculate the equilibrium heat of fusion, 

prior knowledge of the density of 100% crystalline PLLA is also needed.  Here we 

used ρc = 1.2762 g/cm3 based on our previous research 7.   

y = 0.0005x + 1.2386
R2 = 0.9998

1.24

1.245

1.25

1.255

1.26

1.265

1.27

1.275

1.28

0 20 40 60 80 100

Height (cm)

D
en

si
ty

 (g
/c

m
3
) 

 

Figure 3.5 Calibration Curve of the Density Gradient Column for PLLA 
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CCHHAAPPTTEERR  44  SSAAMMPPLLEESS  CCRRYYSSTTAALLLLIIZZEEDD  FFRROOMM  GGLLAASSSSYY  
SSTTAATTEE  

 
44..11  NNOONN--IISSOOTTHHEERRMMAALL  CCRRYYSSTTAALLLLIIZZAATTIIOONN  FFRROOMM  TTHHEE  GGLLAASSSSYY  SSTTAATTEE  

When the amorphous film is heated up in the DSC from 25ºC to 200ºC at 

10ºC/min, a Tg at 62ºC followed by a double cold-crystallization peak at TcI=112ºC 

and TcI’=119ºC is observed, as illustrated in Figure 2.4.  Double cold-crystallization 

is not observed when heating rate is lower (1, 2.5 and 5ºC/min) or higher (20ºC/min), 

as shown in Figure 4.1.  Another exotherm, TcII appears just prior to the final melting.  

While the position of TcII and Tm remains virtually the same, ∆HcII decreases with 

increasing heating rate.     
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Figure 4.1 DSC Thermograms of Amorphous PLLA Film Scanned at Different 
Heating Rates 
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The observation of TcI’ is possibly due to the onset of melting and 

recrystallization of the unstable crystals that begins before the cold-crystallization is 

even completed.  The double cold-crystallization peak is therefore the net effect of 

cold-crystallization and melt-recrystallization of the unstable crystals formed during 

the original cold-crystallization.  This is especially pronounced when our PLLA has 

high molecular weight and a narrow PDI, where most polymer chains consist of quite 

long sequences.  At lower heating rate, as shown in Figure 4.1, the cold-crystallization 

had longer time to complete and the crystals formed are more stable, so that the onset 

of melt-recrystallization would not have strongly competed with the cold-

crystallization and recrystallization only occurs in TcII.  On the other hand, at higher 

heating rate, the initial crystals are less stable and begin to recrystallize immediately 

during the cold-crystallization, appearing as an overall broad peak and there will be no 

TcII peak.  Migliaresi et al. 117 have observed similar shape in cold-crystallization peak 

in PLLA with high molecular weight (Mw=425,000 g/mol) as well.   

Temperature modulated DSC of the amorphous film was conducted at 

1°C/min, as seen in Figure 4.2.  The red curve is the total heat flow vs. temperature, 

which is consistent with the regular DSC scan at the same rate shown in Figure 4.1.  

The green curve represents the reversing heat flow vs. temperature.  When plotted in 

the same scale with total heat flow and non-reversing heat flow, the details of this 

curve are obscured.  When plotted on an expanded scale in Figure 4.3, a sharp Tg at 

60°C is observed, along with a small exothermic signal occurring around 96°C.  This
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Figure 4.2 Total, Reversing, Non-reversing Heat Flow of Amorphous PLLA Film 
vs. Temperature at 1°C/min, with 0.5°C Amplitude and 60s Period from TMDSC 

 

 
Figure 4.3 Reversing Heat Flow vs. Temperature from Figure 4.2 
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exothermic peak cannot be regarded as due to crystallization, which is a non-reversible 

process.  Instead it is a slight shift of vibration heat capacity due to an increase of 

crystallinity during the cold-crystallization, which is followed immediately by the 

onset of melting.  Two melting peaks, located at 158.35°C and 175.36°C, are 

observed, the first one being the melting of unstable crystals.  Finally, the blue non-

reversing curve represents the difference between the total and reversing heat flow.  It 

shows an enthalpic relaxation at 59.03°C, which is related with the relaxation of strain 

accumulated during the quick quenching process of making amorphous film.  An 

exotherm, TcII, occurred at 158.35°C, corresponding to the first melting peak, TmI, in 

reversing curve.  This indicates that the melting and recrystallization take place almost 

simultaneously.  Final non-reversing melting occurred at 178.62°C.  Standard DSC 

only reveals the offsetting of endothermic and exothermic signals.  When 

recrystallization overwhelms melting, only an exothermic peak, TcII, is shown, as in 

our amorphous PLLA film, i.e. instead of showing TmI+TmII, TcII+TmII appears in the 

DSC curve.  Such obscurity is overcome by TMDSC analysis.  Also the coexistence of 

crystallization and reorganization during melting can lead to a degree of reversibility 

in the melting as presented in the reversing component of the melting peak.  Overall, 

at heating rate 1°C/min, even the onset of melting and recrystallization occurs before 

the crystallization is completed, as shown in Figure 4.2 the overall extent is not 

significant enough to cause the appearance of double cold-crystallization as is 

observed at heating rate 10°C/min.  
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DMA data acquired at the same heating rate, 1°C/min, is shown in Figure 4.4.  

Both the storage modulus and tanδ curves clearly exhibit the relaxation associated 

with only one glass transition at about 68°C, which excludes the existence of two 

different amorphous states in the starting material.  The modulus also increases in the 

range 85°C-100°C due to the development of crystallinity.  Of particular significance 

is the presence of a small, but repeatable peak in the tanδ curve at about 95°C. This 

recorded peak temperature is in line with the distinguished heat capacity change 

observed at 96°C in TMDSC shown in Figure 4.3, which indicates the onset of the 

melt-recrystallization.  It changes the overall crystallization rate, or the rate of 

modulus or crystallinity enhancement.   

 

 
Figure 4.4 DMA of PLLA Amorphous Fil at 1°C/min Ramp and 1Hz Frequency 

in Tensile Mode 
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A quick look at crystallization rate (t1/2) as a function of crystallization 

temperature in Figure 4.5 shows the maximum crystallization rate occurs around 

100°C.  This is in close agreement with 105°C reported by other groups 35, 38.  It seems 

that from 96°C to around 100°C in Figure 4.4, E’ is still on the rise despite the onset 

of melt-recrystallization process.  The overall crystallization rate (cold-crystallization 

plus recrystallization) in this range is faster than the rate of melting of metastable 

crystals, although the melting slows down the development of E’.  Above 100°C, as 

the overall crystallization rate starts to decrease, E’ drops gradually as temperature 

continues to rise.   
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Figure 4.5 Crystallization Rate vs. Crystallization Temperature of PLLA 
Amorphous Film 
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In addition, the suggestion by Yang et al. 46 on the possible origin of double 

cold-crystallization from the lowered surface energy of crystallization due to moisture 

does not seem to apply to our PLLAs, which is securely stored in the desiccator.  This 

can be proved from Figure 4.6, where no peak is detected around 100°C in the first 

derivative curve.  Therefore TGA of the amorphous film shows no significant weight 

loss from the moisture content. 

Using simultaneous SAXS and WAXS and Avrami parameter analysis, Mano 

et al. 142 concluded 3-D growth during the non-isothermal cold crystallization for the 

amorphous PLLA, although an imperfect crystallization process was involved at early 

times (n<3).  This is similar to what Lu et al. 45 found for PET fibers, which they used 

to explain the double cold-crystallization phenomena.  However, the adaptation of 

Avrami equation to study non-isothermal events is still somewhat debatable. 
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Figure 4.6 TGA Thermogram of PLLA Amorphous Film and Its First Derivative 
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44..22  IISSOOTTHHEERRMMAALL  CCRRYYSSTTAALLLLIIZZAATTIIOONN  FFRROOMM  TTHHEE  GGLLAASSSSYY  SSTTAATTEE  

4.2.1 Samples crystallized at different temperature for 1 hr 

In order to examine the effect that cooling (quenching into ice-water) might 

have on the subsequent DSC scans, selected samples were heated directly from Tcc to 

200°C at 10°C/min for comparison.  As illustrated in Figure 4.7, there is no 

distinctive variation between these two different procedures in the temperature range 

of interest.  There is no extra endotherm caused by possible crystallization during the 

cooling, as observed and reported in other polymer systems 57, 58, 77, 78, even when Tcc 

is fairly close to the Tm.  Thus, the possibility of TmI of double melting peaks that 

stems from crystallization during cooling can be safely ruled out. 
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Figure 4.7 DSC Thermograms of Isothermally Cold-crystallized Samples with 

Different Procedures  (Procedure I: heating from 25°C to 200°C after quenching, 
and Procedure II: heating directly from Tcc to 200°C, at 10°C/min.  From top to 

bottom, Tcc is 90°C, 110°C, 130°C and 150°C) 
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After each amorphous PLLA film is cold-crystallized at different temperatures, 

from 80°C to 160°C with an increment of 10°C, for 1 hr, their subsequent DSC 

thermograms are illustrated in Figure 4.8 and the temperatures of the major effects are 

summarized in Table 4.1.  The crystallization did not complete in 60 minutes at 80°C 

(PLLA-CC80), showing a broad exothermic cold-crystallization peak, TcI, above the 

baseline, which is substantially less intense than the cold-crystallization peak in the as-

pressed amorphous film, as in Figure 2.4.  The curves of PLLA-CC80, 90 and 100, 

also exhibit the second crystallization peak, TcII, just prior to final melting, TmII, as 

confirmed previously by TMDCS analysis.  (TmI is not shown in conventioanl DSC 

after treatment at these temperatures because the net effect of melting and 

recrystallization is exothermic instead of endothermic.)  TcII serves as a distinctive 

indicator of the intensive melt-recrystallization process the sample is experiencing 

during the heating scan due to the continuous reorganization of ill-formed crystals.  

The melting and recrystallization of imperfect crystals starts almost simultaneously 

and so competitive to each other that TmI does not show up at all, which is only 

detected by TMDSC, as demonstrated previously in Figure 4.2.  The TcII peak 

temperature gradually moves from 156.45ºC to 157.93ºC to 161.44ºC, while ∆HcII 

decreases slightly, as the recrystallization subsides with slightly more stable initial 

crystals formed at a higher treatment temperature.  However, such change is not 

obvious compared with what have been observed in other polymers, which is probably 

due to the close competition between melting and recrystallization of PLLAs.     
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Figure 4.8 DSC Thermograms of PLLA Cold-crystallized at Different Temperature for 60 minutes, 10°C/min
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Table 4.1 Summary of Observed Thermal Effects of PLLA Cold-crystallized at 
Different Temperatures for 1 hr  (ºC) and the Degree of Crystallinity 

 
 TcI TmI TcII TmII Xc,h (%) 

PLLA-CC80 100.93 - 157.10 176.76 33.9% 
PLLA-CC90 - - 157.93 177.58 43.9% 
PLLA-CC100 - - 161.44 178.59 48.3% 
PLLA-CC110 - 168.06 - 179.98 53.7% 
PLLA-CC120 - 175.97 - - 54.5% 
PLLA-CC130 - 177.92 - - 58.1% 
PLLA-CC140 - * - 181.08 65.0% 
PLLA-CC150 - * - 184.75 66.4% 
PLLA-CC160 - * - 187.64 65.4% 

* a small shoulder precedes the final melting. 

 

The DSC scan of PLLA-CC110 shows apparent double melting peaks at 

TmI=168.06ºC and TmII=179.98ºC, with the ∆HmII significantly larger than that of 

∆HmI.  Most crystals formed at 110°C can still be unstable and underwent melt-

recrystallization process.  However, the crystals formed are relatively more perfect and 

the recrystallization process slows down.  Consequently, in the competition of melting 

and recrystallization of the imperfect crystals, the rate of melting finally overwhelms 

that of recrystallization at this stage, showing TmI+TmII.  It is noteworthy that the 

small yet observable TmI does not appear at 10-20ºC above crystallization temperature 

as reported in many other polymers that go through multiple melting, but almost 58ºC 

higher than its Tcc.  This could be due to the competition between the melting and 

recrystallization being so close that the melting does not have absolute advantage until 

much higher temperature is reached where recrystallization rate eventually slows 

down.  TmII of samples cold-crystallized from 80ºC to 110ºC increases, so does the 

crystallinity, as more prefect crystals are generated during the heating scan.   
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DSC curves of samples treated at Tcc=120ºC and 130°C shows only a single 

melting peak, TmI, indicating the complete melting of original crystals without 

reorganization at 10°C/min.  For samples crystallized at elevated Tcc (140, 150, and 

160°C), a broad shoulder appears before the major melting.  The higher the cold 

crystallization temperature, the more obvious this shoulder becomes.  This appearance 

of such double melting curve is most likely due to the existence of dual lamellar 

population in these cold-crystallized samples, which will be further confirmed by 

SAXS patterns.  Also, at high cold crystallization temperature, the crystals formed are 

thicker and more perfect, leading to significant increase in the final melting 

temperatures.  In fact, the final melting point of samples cold-crystallized at 160ºC 

reaches 187.64ºC, almost 10ºC higher than that of the original amorphous PLLA films 

after cold-crystallization during the DSC scan. 

  As we recall, the DSC curve of PLLA amorphous film has “cold-

crystallization” peaks, TcI and TcI’, at around 112ºC and 119°C, as in Figure 2.4.  

Taking that into consideration, it seems that samples treated between the glass 

transition temperature and cold-crystallization temperatures of the amorphous film, 

produce poorer, less stable crystals.  During the subsequent heating scan, most of these 

poor crystals undergo a continuous melt-recrystallization process to form larger 

crystals with better perfection; the existence of exothermic TcII serves as strong 

evidence.  On the other hand, when treated between cold-crystallization temperatures 

and the melting temperature of the amorphous film, the crystals formed are more 
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perfect so that TcII is not observed, but a single melting temperature, TmI, at 

10°C/min. 

Ohtani et al. 123 recently reported TcI, TcII from their amorphous PLLA with 

molecular weight of 100,000 g/mol.  They also observed a discontinuity at 120°C 

when the major melting points of treated samples are plotted as a function of the 

corresponding cold-crystallization temperatures.  Here major melting point is 

described as the strongest peak of each DSC curve.  Admittedly, their overall 

observations are very similar to ours regardless of the difference in molecular weights, 

if we plot only the major melting peak against Tcc and overlook the possible melt-

recrystallization event, as in Figure 4.9.  We believe the discontinuity is due to the 

inconsistency of melting points plotted.  That is, due to the continuous melt-

recrystallization, the major melting points plotted for samples cold-crystallized below 

120°C is actually TmII, while that plotted for samples cold-crystallized at 120°C is 

TmI. 

From their wide-angle x-ray patterns Figure 2.22, Ohtani and coworkers 123 

claimed that when amorphous PLLA was crystallized at a temperature below 120°C, 

crystallites of the β-form formed based on the absence of reflection (103) and (011), 

and when annealed at a temperature higher than 120°C, crystallites of the α-form 

grew.  Thus, TcI was attributed to cold-crystallization of the β-form, and TcII was 

caused by the phase transition of the β-form to a more stable form.    Although they 

also claimed that the DSC curves are complicated, e.g., a multiple endothermic peak 

exists on annealing in the temperature range from 105°C to 120°C, and a shoulder
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Figure 4.9 Major Melting Temperature as a Function of Cold-crystallization 
Temperatures of Cold-crystallized PLLAs 

  

appears around the melting peak by annealing over 120°C, their focus was said to be 

just on the major melting points.  As a result, they observed a sudden drop of Tm at 

Tcc=120°C before it increases again, which they claim is due to different phases below 

and above the temperature of 120°C.   

β- crystal modification of PLLA was first prepared by Eling et al. 17 in fibers 

solution-spun from semidilute toluene and then hot-drawn to high draw ratio and 

temperature close to Tm.  At low draw ratio, fiber consists almost exclusively of α-

crystal.  Leenslag and Jennings 143 and Hoogsteen et al. 16 both achieved fibers with 

only β-crystal by hot-drawing solution-spun PLLA fibers at certain extreme 
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conditions.  They also reported that fibers consisting of β- crystal modification alone 

could only be prepared by the drawing of solution-spun fibers of high molecular 

weights under drawing conditions leading to inhomogeneous draw.  In spite of that, 

Sawai et al. 144 recently prepared oriented PLLA rods consisting of only β-crystals by 

solid-state extrusion of billets containing only α-crystals.  It seems so far that the β-

crystals are mostly achieved when the samples were highly oriented.  With exception, 

Brizzolara et al. 12 had tried to simulate the powder patterns of both α- and β-crystals, 

but their proposed lattice constants were very different from others.  Therefore, there 

is no existing report on β-crystal observed in bulk PLLA and in the absence of 

deformation.  Based on the above literature, we could not comprehend the possibility 

that β-crystal simply forms in the fast quenched amorphous PLLA film without 

applying high temperature and high tension.    

In our study, however, regardless of the presence of single or double melting 

peak, all the X-ray patterns of each sample indicate the existence of mainly α-crystal, 

as demonstrated in Figure 4.10.  Detailed indexing can be found elsewhere 7.  Using 

simultaneous WAXD and SAXS measurements, Mano et al. 142 were also able to 

observe α-crystals during non-isothermal cold-crystallization of amorphous PLLA 

over 90°C.  Four major peaks detected are 2θ=16.5° (200)/(110), 2θ=18.5°(203), 

2θ=23.9° (015) and 2θ=14.8° (010) with descending relative intensity.  Figure 4.10 

shows very little detail, except for the two main peaks, for samples that were 

conditioned at Tcc<110ºC, whose DSC thermograms coincidently exhibit an obvious 

exothermic peak, TcII, prior to final melting.  At Tcc=110ºC, peaks such as (103),
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Figure 4.10 WAXD Patterns of PLLA Cold-crystallized at Different Temperature for 60 minutes 
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(011) and (211) start to show.  As Tcc continues to increase, more reflections start to 

show and their intensities continue to develop as the crystallinity increases.  It seems 

that crystals formed at Tcc>110ºC are more perfect compared with those formed at Tcc 

<110ºC.  Meanwhile, the absence of (103), (011) reflections may occur just because 

crystals formed at lower temperature are so small that their peaks have faded into the 

background; and not an indication of β-crystals as suggested by Ohtani et al. 123.  

Interestingly though, as the peak intensities continue to increase, the full width half 

maximum (FWHM) of the peaks do not show any noticeable changes, i.e. the 

perfection of the crystals is not simply a matter of crystal size as indicated by the 

WAXD peak breadths.  This suggests an increasing crystallinity with increase in Tcc, 

as confirmed also by DSC results listed in Table 4.1.  Also note that TcII appears even 

when the crystallinity is close to the neighborhood of 50%. 

Although we do not completely agree with Ohtani et al. 123 that β-crystal 

formed when crystallized below 120°C, we do not exclude the possibility of the 

formation of a mixture of α-crystals and crystals in another form in the cold-

crystallized PLLA films.  A close examination of Figure 4.10 reveals a peak at around 

2θ=24.5° that remains almost unchanged in intensity while other peaks keep 

developing with increasing treatment temperatures.  It is worth pointing out that such a 

peak is also observed by Ohtani et al. 123, as in Figure 2.22(b).  The exact nature of 

this peak is not clear at this time.  Based on detailed indexing from Hoogsteen et al. 16, 

there is no strong peak of β-phase that would appear at this particular 2θ location.  

Therefore, we would call it δ-crystal just to distinguish it from other reported crystal 
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structures.  This may just be a distorted form of α-crystal, although not reported 

previously.  Our best presumption is that there exists the mixture of major α-crystals 

and limited δ-crystals in the cold-crystallized samples, and the amount of δ-crystal 

does not change with temperature.  It seems that such δ-crystal exists even when 

treated at a high temperature as 160°C, so that the transformation from δ-crystal to α-

crystal in subsequent DSC scan would not be possible as least below 160°C.  Whether 

the transformation takes place above 160°C is not clear to us at this time.     

      SAXS patterns derived from the same samples used in WAXD are detailed 

in Figure 4.11 and Table 4.2.  Long period is calculated from the peak positions.  

Multiply it by the DSC crystallinity, the crystalline thickness is also obtained.  It 

seems, in Figure 4.12, that both long period and crystalline thickness first increase 

slowly when the cold crystallization is low, and then increase substantially at higher 

cold crystallization temperatures.  At higher cold-crystallization temperature, e.g. 

PLLA-CC160, another long period is observed at a higher q value, indicating the 

existence of possible dual lamellar population structure.  This observation corresponds 

to the broad shoulder that was seen in the DSC curves of the same sample.  It is 

interesting that the first obvious long distance developed in samples cold-crystallized 

at 100°C for 60 minutes, and no periodic structure developed for samples treated at 

80°C and 90°C.  This is in spite of the fact that there is substantial crystallinity 

developed as demonstrated in Figure 4.10 and Table 4.1, where the crystallinity 

reaches approximately 44%.  This could be due to the scattering of a large number of 

very small crystals that do not form periodic lamellae structure. 
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Figure 4.11 Lorentz Corrected SAXS of PLLA Cold-crystallized at Different 

Temperature of 60 minutes 
 

Table 4.2 Lorentz Corrected Long Period and Lamellae Thickness of PLLA 
Cold-crystallized at Different Temperatures for 1 hr 

 
 qmax(Å-1) Lmax (Å) lc (Å) 

PLLA-CC80 - - - 
PLLA-CC90 - - - 
PLLA-CC100 0.028131 223.35 107.90 
PLLA-CC110 0.028645 219.35 117.88 
PLLA-CC120 0.028656 219.26 119.56 
PLLA-CC130 0.027256 230.52 134.00 
PLLA-CC140 0.025173 249.60 162.24 
PLLA-CC150 0.022408 280.40 186.35 
PLLA-CC160 0.019104 328.89 215.03 
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Figure 4.12 Long Period and Crystalline Thickness as a Function of Cold 
Crystallization Temperature of Cold-crystallized PLLAs 

 

4.2.2 Samples crystallized at 80°C for different period of time 

The appearance of the DSC thermograms of PLLA films treated for different 

period of time at Tcc=80ºC, as shown in Figure 4.13.  A TcII is observed just prior to 

the final melting, which presents close similarity to the samples treated at 70°C by 

Ohtani et al. 123.  Samples treated for less than 90 minutes are not completely 

crystallized, resulting in a broad cold-crystallization peak, TcI, in the subsequent 

heating scan.  The longer the annealing time at 80°C is, the smaller the ∆HcI, as 

expected.  When treated for longer than 90 minutes, TcI disappears due to the 

completion of crystallization, TcII, however, still appears consistently.  The 

quantitative values that can be obtained from the DSC scans in Figure 4.13 are 
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Figure 4.13 DSC Thermograms of PLLA Cold-crystallized at 80ºC for Different Period of Time, 10°C/min  
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presented in Table 4.3.   The WAXD patterns, Figure 4.14, also show a gradual 

increase of crystallinity with annealing time, consistent with the DSC results in Table 

4.3.  WAXD patterns remain virtually the same when tcc>75 min, as the crystallinity 

levels off.  The two major peaks develop with crystallization time up to around 60 

minutes and then remains the same when treatment time prolongs, so does the minor 

peak located at 2θ=24.5°, which we temporarily associate with so-called δ-crystal.  

SAXS of these samples (Figure 4.15) does not show any maxima, indicating 

no periodic arrangement of the crystals even after the sample is treated for 600 

minutes, regardless of the strong scattering signals. However, the relative intensity of 

the scattering does increase with tcc, as a result of the increase in crystallinity. It seems 

cold-crystallization at 80ºC does not develop a long period or yield perfect crystals, no 

matter how long it is treated or whether the crystallization is completed.   

It is also interesting that TcI, TcII and TmII all decrease very slightly with 

annealing time.  In fact, during the annealing at lower temperatures, samples are

 

Table 4.3 Summary of Observed Thermal Effects of PLLA Cold-crystallized at 
80ºC for Different Period of Time  (ºC) and the Degree of Crystallinity 

 
 TcI TmI TcII TmII Xc,h(%) 

PLLA-CC80-15min 104.62 - 157.75 178.29 10.4% 
PLLA-CC80-30min 105.13 - 158.61 178.47 21.1% 
PLLA-CC80-45min 102.62 - 156.94 177.14 24.8% 
PLLA-CC80-60min 100.93 - 157.10 176.76 33.9% 
PLLA-CC80-75min 99.10 - 156.11 176.61 36.5% 
PLLA-CC80-90min - - 156.12 176.94 40.4% 
PLLA-CC80-120min - - 156.27 176.90 42.2% 
PLLA-CC80-180min - - 155.44 176.91 39.4% 
PLLA-CC80-600min - - 155.78 175.95 38.5% 
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Figure 4.14 WAXD Patterns of PLLA Cold-crystallized at 80ºC for Different Period of Time 
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  It is, so far, clear that temperature is a much more crucial factor to 

crystallization than time.  Further investigation of samples cold-crystallized at 90°C or 

100°C show qualitatively similar DSC profile with increase in tcc.  It is not until Tcc 

reaches the neighborhood of 108°C that qualitative changes of appearance can be 

observed on subsequent DSC scans within the tcc range studied (Figure 4.16).  When 

treated at Tcc=110°C at 60, 240, and 600 minutes, the DSC thermograms in Figure 

4.17 again show consistency with the assumption of melt-recrystallization, i.e. as tcc

partially crystallized.  These crystals then act as nucleus in the subsequent scans.  

When annealing time increases, more of such crystals would form, which speeds up 

the crystallization kinetics, leading to the decrease of crystallization temperature, TcI.   

With the lowering of TcI, crystallites of less stability can be expected and TcII and 

TmII decrease accordingly. 

Figure 4.15 SAXS Patterns of PLLA Cold-crystallized at 80ºC for Different 
Period of Time  
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Figure 4.16 DSC Thermograms of PLLA Cold-crystallized at 108°C for 15, 120 

and 600 minutes 
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Figure 4.17 DSC Thermograms of PLLA Cold-crystallized at 110°C for 60, 240 

and 600 minutes 
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increases, ∆HmI increases while ∆HmII decreases, although the changes in TmI and 

TmII are marginal.  Obviously, crystals formed at longer treatment time are more 

stable, resulting in less recrystallization during the heating which encourages the 

melting of more original crystals and less reorganized crystals during the DSC scan. 

 

4.2.3 Heating rate effect on samples crystallized at 100°C and 120°C for 1 hr 

Heating rate effect is a common measurement to test the existence of melt-

recrystallization phenomena.  According to the melt-recrystallization mechanism, it 

can be expected that ∆HmI increases and TmI shifts to a higher temperature, while 

∆HmII decreases and TmII shifts to a lower temperature with the increasing heating 

rate, provided TmI is associated with the originally formed crystal and TmII is due to 

the melt-recrystallization.  This is due to constraint imposed on reorganization process.  

Ideally, TmII would completely vanish at certain heating rate when recrystallization is 

totally inhibited.  

The effect of heating rate on double melting behavior was studied on PLLA-

CC100-60min samples at heating rate 2.5, 5, 10, 20, 30, 40, and 50ºC/min.  All the 

DSC thermograms are normalized and shifted for better presentation, as illustrated in 

Figure 4.18.   Figure 4.19 displays selected individual scans so as to give a more 

distinctive exhibition of the changes that occurred with the rising heating rate, which 

could not be seen clearly in Figure 4.18 due to the scale factor.  As seen in Figure 

4.19, as the heating rate increases, ∆HmI increases very slowly yet noticeably, 

although TmI itself is difficult to determine at lower heating rates.  TcII increases
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Figure 4.18 DSC Thermograms of PLLA-CC100-60min Scanned at Different Heating Rate 
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Figure 4.19 Selected Individual DSC Thermograms of PLLA-CC100-60min Subject to (a) 2.5ºC/min, (b) 20ºC/min, (c) 
50ºC/min, and (d) 80ºC/min Heating Rate  
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gradually up to the heating rate of 30ºC/min, and then tends to level off, while ∆HcII 

decreases slightly from about -7.5 J/g to -0.5J/g with the rising heating rate up to 

50°C/min.  Both observations from TmI and TcII seem to be consistent with the 

suggestion of melt-recrystallization mechanism.  As heating rate increases, there is 

less time for the samples to recrystallize, causing ∆HmI to increase, TcII to occur at a 

higher temperature, and ∆HmII to decrease.  TmII, however, took the opposite direction 

to that expected.  Instead of decreasing with increasing heating rate, it increases very 

gradually (within 3°C).  This is not altogether surprising though considering the effect 

of superheating at elevated heating rate.  When the projected decrease of TmII is 

relatively small, its net effect with superheating could easily overturn the trend we 

anticipated.    

It is expected that continuous increase of heating rate will eventually 

completely inhibit the recrystallization, leading to only one melting peak.  However, at 

heating rate as high as 80ºC/min, double melting still exists, as shown in Figure 

4.18(d), which suggests that the recrystallization of PLLA needs very low energy to 

initiate and it starts almost instantaneously whenever imperfect crystals exists.  Also 

the rate of melting and that of recrystallization are still competitive at such a high 

heating rate. 

The heating rate effect is more evident in PLLA-CC120-60min samples, as 

shown in Figure 4.20.  At heating rate lower than 10°C/min, distinctive double-

melting phenomena are observed.  Individual DSC thermograms of lower heating rate 

scans are revealed in Figure 4.21.  At heating rate 1°C/min, ∆HmII is more prominent
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Figure 4.20 DSC Thermograms of PLLA-CC120-60min Scanned at Different Heating Rate 
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Figure 4.21 Selected Individual DSC Thermograms of PLLA-CC120-60min Subject to (a) 1ºC/min, (b) 2.5ºC/min, (c) 

5ºC/min, and (d) 10ºC/min Heating Rate  
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than ∆HmI.  As heating rate increases to 2.5°C, ∆HmI becomes larger than ∆HmII.  

Further increase of heating rate to 5°C results in the domination of ∆HmI over ∆HmII.  

Moreover, during the process of rising heating rate, TmI gradually increases while TmII 

decreases; though the extent is very slight, which seems to be characteristic to this 

PLLA.  Eventually, when heating rate turns to 10°C/min, only ∆HmI is observable.  

When heating rate exceeds 10°C/min, only one peak is present, and the peak 

temperature gradually increases as superheating becomes more and more severe with 

increasing heating rate. Therefore, TmI=175.97ºC is the closest approximation of the 

actual TmI of the original crystals formed at 120°C after 1 hr treatment.  In principle, 

the actual TmI of a sample can be determined by changing heating rate until a single 

peak first appears free of superheating.   

All the above observations fit the description of the alleged melt-

recrystallization mechanism.  It is noteworthy that double melting peaks finally merge 

to a single peak when heating rate is 10°C/min.   Looking back on the case of PLLA-

CC100-60min, we believe that the reorganization process is so fast when tremendous 

amount of small imperfect crystals are formed under that condition that even when 

heating rate reaches 80°C/min, the driving force of recrystallization is so high that it 

still could not be prevented. 

 

4.2.4 Molecular weight effects on the double melting of PLLA 

In addition to what is already covered, the molecular weight effect on the 

double melting behavior was also studied.  Samples were prepared by holding the 
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original PLLA film at 210°C for different periods of time before quenching to ice-

water mixture.  The molecular weights were then determined by GPC.     

The molecular weight effect on multiple melting behavior has been studied on 

different polymers, such as PEEK 57, PET 93, iPP 145, 146 and PBS 147.  Fougnies et al. 57 

suggested that the reorganization of the lamellae is strongly hindered for high 

molecular weight samples due to the presence of chain entanglements that lower the 

rate of recrystallization considerably.  Medellin-Rojdriguez et al. 93, on the other hand, 

believe that the higher entanglement density that results from an increase of molecular 

weight increases the fraction of initially rejected chain sections and therefore the 

amount of secondary crystallization.  So that the second melting endotherm increased 

at the expense of the third one as the average molecular weight was increased.    

Jamshidi et al. 40 observed weak double melting peaks for PLLAs with molecular 

weights lower than 3,000.  They suggested that those broad TmI peaks be attributed to 

the unstable crystallized region and disappears with increasing molecular weight. 

As shown in Figure 4.22, although considerable original mass (72%) was 

retained after 240 minutes holding time at 210°C, according to TGA, the molecular 

weights deteriorate much faster.  After 60 minutes, the original molecular weight is 

reduced by about 80%.  The degraded samples of various extents were then scanned in 

the DSC from 25°C to 200°C with 10°C/min, as demonstrated in the thermograms in 

Figure 4.23.  All the samples were initially amorphous, showing net crystallinity close 

to 0%.  Tg continues to drop as the molecular weight decreases, as tabulated in Table 

4.4.  Meanwhile, TcI decreases and becomes narrower as shortened molecular chains 

facilitate the cold-crystallization.  Double melting behavior is not so obvious when
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Figure 4.22 Molecular Weight (GPC) and Mass (TGA) Changes for PLLA Held 
at 210°C for Different Period of Time 
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Figure 4.23 DSC Thermograms of PLLA with Different Molecular Weights 
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Table 4.4 Glass Transition, Cold-crystallization and Melting Temperatures of 
PLLA Amorphous Samples with Different Molecular Weights 

 
 Mn (g/mol) Tg (°C) TcI (°C) TmI (°C) TcII (°C) TmII (°C) 

PLLA-H0min 156k 57.64 107.32 - 160.93 177.68 
PLLA-H15min 116k 56.41 105.99 - 161.55 175.78 
PLLA-H30min 59k 56.25 103.00 157.73 161.18 173.93 
PLLA-H60min 31k 55.43 97.06 159.36 - 171.41 
PLLA-H90min 17k 53.89 94.76 159.64 - 167.99 
PLLA-H120min 16k 52.99 93.31 159.10 - 166.00 
PLLA-H180min 11k 49.65 92.71 156.80 - 162.58 
PLLA-H240min 9k 48.65 92.96 154.64 - 159.91 

 

molecular weight is still high.  TcII is still showing if the sample has only been 

degraded for 30 minutes or less, which, as we already established, is due to the close 

competition between melting and recrystallization, as well as the low quality of the 

crystals formed.  When degraded at longer times, double melting becomes more 

obvious and the ratio between ∆HmI and ∆HmII increases with it.  At the same time, 

the melting peaks, TmI and TmII, gradually decrease and broaden.  High molecular 

weight PLLA, which has longer chain length, would contain more chain 

entanglements upon quenching.  When heated up subsequently at the same rate 

10°C/min, the limited chain mobility of higher molecular weight PLLA would 

crystallize to relatively less perfect crystals even at a higher TcI.  These crystals would 

have a stronger tendency to go through reorganization.  However, the rate of both 

melting and recrystallization is highly restricted by the chain mobility as well.  Thus, 

the double melting is actually not easily recognized until Mn drops to the 

neighborhood of 30,000. 

 

 90



4.2.5 Partial melting of samples crystallized at 100°C for 1 hr 

The DSC thermogram of PLLA cold-crystallized at 100ºC for 60 minutes 

(PLLA-CC100-60min) shows TmI (very slightly), TcII and TmII, as in Figure 3.4, thus 

is a good condition to study the partial melting behavior of PLLA in order to help 

understand the origin of double-melting in PLLAs.  Different temperatures are chosen 

to perform the partial melting, which are indicated in Figure 3.4. 

Figure 4.24 shows the overall DSC thermograms of PLLA-CC100-60min after 

partial melting at different temperatures.  After partial melting in the range 120 – 

155ºC, TcII still exists in the subsequent DSC scans, with TmI as a small but broad 

peak underneath the baseline, showing that the continuous recrystallization still 

persists from where it was interrupted.  When partially-melted at 160ºC, i.e. almost at 

the peak of the recrystallization peak (see Figure 3.4), double melting peak becomes 

obvious, again indicating reorganization process.  Beyond 160ºC, the subsequent DSC 

thermogram only shows one sharp peak.  As 165ºC is near the end of TcII or the melt-

recrystallization, the crystals are close to perfection, and that is probably why only a 

small shoulder was shown prior to the melting.  TmII remains constant for samples that 

partially crystallized below 165ºC, as shown in Table 4.5, indicating the perfection of 

crystals formed under these partial melting conditions are virtually the same.  When 

partially melted at more elevated temperature, no recrystallization exists, but crystals 

thicken, resulting in a bit higher melting temperatures. 

The thermograms of PLLA-CC100-p120C, PLLA-CC100-p130C, and PLLA-

CC100-p140C are similar, so are their WAXD patterns, as demonstrated in 

 91



-30

-25

-20

-15

-10

-5

0

25 50 75 100 125 150 175 200

Temperature (ºC)

H
ea

t F
lo

w
 (m

W
)

PLLA-CC100-p120C

PLLA-CC100-p175C

PLLA-CC100-p170C

PLLA-CC100-p165C

PLLA-CC100-p160C

PLLA-CC100-p155C

PLLA-CC100-p150C

PLLA-CC100-p140C

PLLA-CC100-p130C

 
Figure 4.24 DSC Thermograms of PLLA-CC100-60min Partially-Melted at Different Temperature 
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Table 4.5 Summary of Observed Thermal Effects PLLA-CC100-60min Partially 
Crystallized at Different Temperature  (ºC) and the Degree of Crystallinity 

 
 TcI TmI TcII TmII Xc,h (%) 

PLLA-CC100-p120C - trace 160.94 178.58 49.4% 
PLLA-CC100-p130C - trace 160.62 178.94 49.3% 
PLLA-CC100-p140C - trace 161.44 178.59 48.9% 
PLLA-CC100-p150C - 154.38 161.45 178.60 49.9% 
PLLA-CC100-p155C - 158.69 162.61 179.11 49.1% 
PLLA-CC100-p160C - 164.40 - 178.44 54.0% 
PLLA-CC100-p165C - shoulder - 178.74 55.9% 
PLLA-CC100-p170C - - - 180.04 57.2% 
PLLA-CC100-p175C - - - 181.44 59.2% 
 

 

Figure 4.25.  From the shape of TmI and TcII, it seems that recrystallization occurs 

almost at the same temperature range, while TmI increases with the partial melting 

temperature, about 4ºC higher than Tpm.  It indicates the gradual improvement of 

perfection of the crystals formed at that particular temperature during the heating scan 

of PLLA-CC100-60min.  From both WAXD patterns in Figure 4.25 and DSC results 

listed in Table 4.4, the crystallinity increases when partial melting goes through the 

exothermic peak TcII, which is a quite typical observation for materials that 

experience melt-recrystallization during the heating.  It is also interesting to see that 

the peak at 2q=24.5°C, or the δ-phase, persistently exists in all the partially-melted 

samples even when at 175°C.  This further assures that no transition from δ-phase to 

α-phase takes place over the recrystallization, TcII, region. 

The Lorentz corrected SAXS pattern (Figure 4.26) shows that the scattered 

intensity first increases gradually without much change in the long period.  Beyond 

155°C (Table 4.6, Figure 4.27), the long period rises much more rapidly and so does 

 93



0

5

10

15

20

25

30

35

40

45

50

55

60

5 10 15 20 25 30 35 40 45 50

2 Theta

In
te

ns
ity

PLLA-CC100-p120C

PLLA-CC100-p170C

PLLA-CC100-p165C

PLLA-CC100-p160C

PLLA-CC100-p155C

PLLA-CC100-p150C

PLLA-CC100-p140C

PLLA-CC100-p130C

PLLA-CC100-p175C

 
 

Figure 4.25 WAXD Patterns of PLLA-CC100-60min Partially-Melted at Different Temperatures 
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Figure 4.26 Lorentz Corrected SAXS of PLLA-CC100-60min Partially Melted at 

Different Temperatures 
  
 

Table 4.6 Long Period and Lamellar Thickness of PLLA-CC100-60min Partially 
Melted at Different Temperatures  

 
 qmax (Å-1)  Lmax (Å) lc (Å) 
PLLA-CC100-p120C 0.028131 223.35 110.31 
PLLA-CC100-p130C 0.027491 228.55 112.75 
PLLA-CC100-p140C 0.026909 233.50 114.18 
PLLA-CC100-p150C 0.026392 238.07 118.68 
PLLA-CC100-p155C 0.025697 244.51 119.96 
PLLA-CC100-p160C 0.023437 268.09 144.79 
PLLA-CC100-p165C 0.022569 278.40 155.57 
PLLA-CC100-p170C 0.021180 296.66 169.60 
PLLA-CC100-p175C 0.020139 311.99 184.54 
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Figure 4.27 Lamellar Long Period as a function of Partial Melting Temperatures 
of PLLA-CC100-60min 

 

the lamellar thickness.  Hsiao et al. 64, who observed similar trend in PEEK, believed it 

is a sign of two different lamellar thickness.  However, that could not have explained 

the existence of the exotherm between the two melting endotherms.  We believe that 

below 155°C, the reorganization is in the form of gradual yet continuous crystal 

perfection due to the close competition of melting and recrystallization.  Then from 

155°C to 165°C, recrystallization overwhelms melting; giving reorganization a big 

boost and the long period shows substantial increase.   Then the lamellae thicken at 

even higher temperature before it eventually melts.  
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44..33  SSUUMMMMAARRYY  

Melting behavior of poly(L-lactic acid) film crystallized from glassy state, 

either isothermally or non-isothermally, was studied by DSC, TMDSC, WAXD, and 

SAXS.  Double cold-crystallization peak of amorphous PLLA film occurs when melt-

recrystallization initiates before cold-crystallization of the metastable crystals even 

finishes, and its extent is strong enough to compete with cold-crystallization at heating 

rate 10°C/min.  The overall appearance of the curve represents the combination of 

cold-crystallization during the heating, and the instant melting and recrystallization of 

these unstable crystals.   

TmI of the double melting peak, mostly masked by an exothermic peak, TcII, 

before final melting.  This gives the appearance of only TcII+TmII, instead of being 

two obvious endotherms TmI+TmII.  This result is due to the close competition 

between melting and recrystallization.  The occurrence of double melting is a function 

of crystallization temperature, crystallization time, heating rate, and molecular weight.  

It occurs in samples isothermally cold-crystallized below 120°C, even when the 

crystallization is essentially completed in 60 minutes above 80°C, and the resultant 

crystallinity reaches as high as about 50%.  This is due to the formation of a large 

amount of small and imperfect crystals at lower crystallization temperature, which do 

not even form periodic lamellar structure.     

Temperature is proven to be a more significant factor than time with regard to 

improving crystal perfection and removal of double melting.  Both heating rate and 

partial melting tests confirmed the mechanism of melt-recrystallization being the 
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cause of double melting for samples cold-crystallized below 140°C.  For samples 

cold-crystallized above 140°C, the appearance of double melting is due to the 

existence of a dual lamellar population.   

Although multiple evidences support the melt-recrystallization theory, we still 

hold the reservation that it might not be the sole mechanism responsible for the double 

melting of amorphous PLLA films.  A possible δ-phase, which may have mixed with 

α-phase, could also contribute to the double melting as have been suggested similarly 

by Ohtani et al. 123, although from our observation, the transformation from δ-phase to 

α-phase at elevated temperature seems unlikely. 

At the same heating rate, the double melting behavior is not as prominent for 

high molecular weight PLLA as for lower ones, due mainly to the larger amount of 

entanglements that existed in the amorphous state that restrain the chain mobility, 

which consequently slows the rate of both melting and recrystallization.  
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CCHHAAPPTTEERR  55    SSAAMMPPLLEESS  CCRRYYSSTTAALLLLIIZZEEDD  FFRROOMM  TTHHEE  MMEELLTT  
 
55..11  NNOONN--IISSOOTTHHEERRMMAALL  CCRRYYSSTTAALLLLIIZZAATTIIOONN  FFRROOMM  TTHHEE  MMEELLTT  

5.1.1 Samples crystallized at different cooling rate 

The DSC thermograms of dynamic cooling of PLLA melt at different rates, 

from -0.5°C/min to -20°C/min, to room temperature are shown in Figure 5.1.  Each 

curve is normalized according to the heating rate and then shifted for better 

presentation.  The curves of PLLA-CR0.5 and PLLA-CR1 are not as smooth as the 

rest of the curves due to the limitation of sensitivity of the equipment at such low 

cooling rates.  In each DSC curve exhibiting crystallization, only a single exothermic 

crystallization peak, Tc, appears, which suggests a single crystallization process during 

the dynamic cooling procedure.  Therefore, the distribution of the crystallites size in 

such a melt-crystallized sample is believed to be unimodal instead of bimodal.  

Consequently, the occurrence of double melting peaks during the subsequent heating 

scan should not be associated with the possibility of bimodal size distribution of the 

crystallites.   

As expected, the crystallization temperature decreases with increasing cooling 

rate; so does the crystallinity calculated from DSC using Fischer’s 115 value of 93 J/g 

for 100% PLLA crystal, both of which are listed in Table 5.1.  Tc decreases faster at 

first as the cooling rate increases from PLLA-CR0.5 to PLLA-CR3, and then becomes 

stable around 102°C when cooling rate is over PLLA-CR4.  Meanwhile, the width of 

the peak also becomes broader and a definite Tg starts to show around 60°C as the 

cooling rate increases in comparison to the molecular motion.  It seems that the growth
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Figure 5.1 DSC Thermograms of Non-isothermal Melt-crystallization of PLLA at 
Different Cooling Rates 

 

 
Table 5.1 Crystallization Temperature, Crystallinity, Long Period, Lamellar 

Thickness of Non-isothermal Melt-crystallized PLLAs from Different Cooling 
Rates 

 
 Tc (°C) Xc,h (%) Lmax (Å) lc (Å) la (Å) 

PLLA-CR.5 125.68 62.7% 169.88 105.51 63.36 
PLLA-CR1 115.62 51.7% 182.75 94.48 88.27 
PLLA-CR2 108.03 40.7% 201.02 81.82 119.21 
PLLA-CR3 102.80 31.6% 199.91 63.17 135.74 
PLLA-CR4 102.24 19.2% 231.95 44.53 187.41 
PLLA-CR5 101.96 12.1% 229.01 27.71 201.30 
PLLA-CR10 101.83 2.8% - - - 
PLLA-CR20 - 0.0% - - - 
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rate decreases faster than the nucleation rate increases, resulting in an overall decrease 

of crystallization rate.  Consequently, a significant drop in Tc, from 125°C to 102°C 

was observed as the cooling rate rises.  The drop of Tc is accompanied with declining 

crystallinity values, as well as the generation of smaller and more imperfect crystals in 

these melt-crystallized samples.  As crystallinity continues to drop with increasing 

cooling rate, it was not until it reached -20°C/min (PLLA-CR20) that the crystallinity 

becomes zero percent or completely amorphous, which is consistent with the WAXD 

crystallinity as estimated from the diffraction patterns in Figure 5.2.  As the cooling 

rate increases, the intensity of two major peaks, (110)/(200) and (113)/(203), 

noticeably decreases, while losing details in other minor peaks, such as (103), (011), 

(211), etc.  Eventually, only an amorphous halo is shown when the cooling rate 

reaches 20°C/min, which is the cooling rate that will be used in isothermal melt-

crystallization when the sample is cooled from the melt to the designated 

crystallization temperature, Tmc.  It is noteworthy that all WAXD patterns are 

consistent with the α-crystal modification of PLLA, although the weak peaks fade into 

the background at higher cooling rate.  Also included in Table 5.1 is the lamellar 

thickness of these samples calculated from long periods obtained from SAXS 

measurements and the crystallinity obtained from DSC.  As illustrated in Figure 5.3, 

the thickness of crystalline phase decreases while that of amorphous phase increases, 

both linearly as a function of increasing cooling rate.  The SAXS shows no peak for 

samples melt-crystallized at PLLA-CR10 and PLLA-CR20, but still shows a weak yet 

detectable peak at PLLA-CR5, which yields 12.1% crystallinity in DSC.  As we recall
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Figure 5.2 WAXD Patterns of Non-isothermally Melt-crystallized PLLA at Different Cooling Rates
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Figure 5.3 Crystalline and Amorphous Thickness of PLLA Melt-crystallized 

Non-isothermally at Different Cooling Rates 
 

in the previous investigation of cold-crystallized samples, samples cold-crystallized at 

80°C, PLLA-CC80-time, no matter how long it is crystallized, or whether the 

crystallization completed, SAXS shows no periodicity even when crystallinity reaches 

as high as 40% and the scattering is strong.  According to Tc, most of the PLLA-CR 

samples are crystallized above 100°C, which gives rather perfect crystals that forms 

lamellae structure regardless of limited crystallinity. 
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5.1.2 Heating rate effect on double melting of non-isothermally crystallized 
samples 

 
After non-isothermal melt-crystallization at different dynamic cooling rate, 

samples are heated up again to 200°C at different heating rate to examine the 

appearance of double melting phenomena.  It is noticed that within all the scans, only 

a few of them showed distinctive double melting peaks, TmI+TmII, which is indicated 

as “ ” in Table 5.2.   Most of incidences do not show very obvious double melting 

phenomena.  Instead, an exothermic peak, TcII, is shown just prior to the final melting 

TmII, TcII+TmII (TmI does not show because recrystallization overwhelms melting).  

This condition is marked as “X” in Table 5.2.    

Double melting peaks appear in DSC curves of PLLA-CR0.5+HR1, PLLA-

CR0.5+HR5 as shown in Figure 5.4.  When heating rate is 10°C/min, TmI becomes so 

dominant that TmII is observed only as a shoulder.  TmI increases with heating rates, 

while TmII decreases, but only very slightly.  However, the ratio of ∆HmI and ∆HmII 

increases significantly with increasing heating rates, which is consistent with the 

mechanism of melt-recrystallization.  It is suggested by the melt-recrystallization

 

Table 5.2 The Occurrence of Double Melting Peaks in the Subsequent Heating 
Scans of Non-isothermally Melt-crystallized PLLAs at Different Cooling Rates 

 
 CR0.5 CR1 CR2 CR3 CR4 CR5 CR10 CR20 

HR1  X X X X X X X 
HR5  X X X X X X X 
HR10   X X X X X - 
HR20 -  X X X X - - 
HR30 - - X X X X - - 
: TmI+TmII 

X: TcII+TmII 
- : TmI only 
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Figure 5.4 DSC Heating Scans at Different Heating Rates after Non-isothermal 

Melt-crystallized at 0.5ºC/min  
 

model that small and imperfect crystals change successively into more stable crystal 

through the melt-recrystallization mechanism.  Because melting and recrystallization 

are competitive in the heating process, recrystallization is suppressed by higher 

heating rates.  Thus, there are less recrystallized crystals formed (reduced ∆HmII) with 

less quality (lowered TmII), while more original crystals melt (increased TmI and 

∆HmI).  And eventually when the heating rate is high enough to completely inhibit the 

recrystallization, only one melting peak will be observed, as in the case of PLLA-

CR0.5+HR20 and PLLA-CR0.5+HR30.  The peak temperature is higher than the TmI 

of PLLA-CR0.5+HR10 due to superheating. 

Figure 5.5 shows an apparently different appearance of the DSC curves for 

samples heated at different rates after being cooled at 1°C/min from the melt.  It seems
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Figure 5.5 DSC Heating Scans at Different Heating Rates after Non-isothermal 
Melt-crystallized at 1ºC/min 

 

that when heated up at 1ºC/min (PLLA-CR1+HR1), 5ºC/min (PLLA-CR1+HR5), and 

10ºC/min (PLLA-CR1+HR10), an exothermic peak, TcII was observed just before the 

melting, TmII.  Although only single melting peak is observed, the existence of small 

exothermic peak suggests the close competition of simultaneous melting and 

recrystallization processes and that TmI is just too weak and broad to be observed.  The 

changes in TmI and TcII are really gradual and insignificant unless viewed in different 

scales, as in Figure 5.6(a)-(c).  The melting slowly overpowers recrystallization as 

heating rate increases.  At heating rate of 20ºC/min, double melting of almost equal 

size peaks appears, while TcII disappears.  At even higher heating rate of 30°C/min, 

two peaks overlap so severely that only TmI is observed.   
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Figure 5.6 Individual DSC Thermographs of (a) PLLA-CR1+HR1, (b) PLLA-

CR1+HR5, and (c) PLLA-CR1+HR10 with Baselines 
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For samples non-isothermally melt-crystallized at cooling rate 2°C/min, 

3°C/min, 4°C/min and 5°C/min, similar trends are observed within slightly different 

extent.  All DSC curves of these samples show no obvious double melting peak is 

observed at any heating rate, but a TcII prior to the TmII, as in the representative 

Figure 5.7.  The size of TcII decreases with the heating rate, sharing the same 

characteristic as demonstrated in Figure 5.6(a)-(c), which implies the weakening of 

melt-recrystallization mechanism.  Meanwhile, TcII increases slightly from 160ºC to 

165ºC with increasing heating rates, while TmII decreases, but just barely; it is almost 

constant around 179°C within experimental errors.   

Except for those samples cooled from melt at less than 2°C/min, a cold 

crystallization peak, TcI, and glass transition temperature, Tg, start to show in the 

subsequent heating scans for those samples obtained at higher cooling rates, as seen in 

Figure 5.7.  TcI moves to higher temperature and becomes broader with increasing 

heating rate.  For PLLA-CR3+HR30, TcI is only observable in enlarged view in 

Figure 5.8, although the temperature is difficult to determine.  As the cooling rate 

continues to rise, the size of resultant TcI increases accordingly when more crystals 

resume crystallization during the heating process.   

When non-isothermal cooling rate further increases to 10°C/min and 

20°C/min, the crystallinity is close to zero.  The resultant curves of heating rate effect 

(Figure 5.9) are virtually the same as those obtained for original amorphous films, 

shown in Figure 2.4.  The double cold-crystallization, TcI and TcI’, occurs as well, 

which was believed to be the net effect of cold-crystallization and the onset of melt-
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Figure 5.7 DSC Heating Scans at Difference Heating Rates after Non-isothermal 

Melt-crystallization at 3ºC/min 
   

 
 

Figure 5.8 DSC Thermograph of PLLA-CR3+HR30 
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 Figure 5.9 Second DSC Heating Scan at Difference Heating Rate after Cooling 

Down from the Melt at 10ºC/min 
 

recrystallization.  When heating rate is over 20°C/min, double melting behavior is no 

longer detected.  

Overall, our results seem similar to the findings of Yasuniwa et al. 122, who 

used a PLLA with molecular weight 3×105 and in the form of pellets.  They claimed 

that the appearance of the double melting peaks depends largely on matching cooling 

rate and heating rate, which is beyond the usual experimental conditions, and is the 

reason why it was not reported earlier.  Their CR-HR map shows two areas that 

double melting is observed, one being “low CR + low HR” combination, which is 

recognized from heating rate lower than 3°C/min, and the other being “high CR + high 
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HR”.  They relate the first combination to melt-recrystallization, while they did not 

study the second group due to the broadness and overlapping of the peaks, and the low 

quality DSC curves.  However, they have considered the cases where a TcII occurs 

prior to TmII, TcII+TmII, as single melting, not as a non-typical double melting 

behavior, where TcII overwhelms TmI and can only be separated in TMDSC.  As a 

result, in our study, under many CR+HR combinations, although we may not observe 

the distinctive double melting phenomena, PLLA still undergoes continuous melt-

recrystallization procedure, and shows TcII+TmII instead.  It seems, in general, the 

same sample would go through TcII+TmII at a lower heating rate, then at a higher rate, 

TmI+TmII.  Eventually, at an even higher heating rate, the disappearance of double 

melting.   

  Also from our observation, it is observed that even though crystallization can 

be completed at about 40% crystallinity (PLLA-CR2) without obvious cold 

crystallization peak showing in the subsequent heating scan; the crystals are still not 

perfect enough to avoid melt-recrystallization to take place.  Even when the initial 

crystallinity reaches as high as 63% (PLLA-CR0.5), the samples still went through 

reorganization when heated up below 10°C/min, trying to reach an even more perfect 

state.  When cooling rate reaches 10°C/min and 20°C/min, if the heating rate is also 

high, then no double melting is observed, possibly covered under the very broad cold-

crystallization process.   
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55..22  IISSOOTTHHEERRMMAALL  CCRRYYSSTTAALLLLIIZZAATTIIOONN  FFRROOMM  TTHHEE  MMEELLTT  

5.2.1 Samples crystallized at different temperatures for 1 hr 

The overall DSC thermograms of PLLAs isothermally melt-crystallized at 

different Tmc are demonstrated in Figure 5.10 and the temperatures of the major 

effects are tabulated in Table 5.3 (the crystallinity values listed are approximated by 

dividing ∆HcI, ∆HcII, and overall ∆Hm with Fischer’s value of 93 J/g 115 for ∆Hm
o).  

Tmc is also chosen from 80ºC to 160ºC with an increment of 10ºC as its cold-

crystallization counterpart in section 4.2.1.  The appearance of Figure 5.10 presents 

great similarity to Figure 4.8, which dealt with isothermal cold-crystallization 

samples, except for the curves of PLLA-MC140, 150 and 160 whose crystallization 

does not complete within 60 minutes in the case of melt-crystallization.  This 

difference from its cold-crystallized counterpart is due to the fewer nuclei existing in 

the melt-crystallized samples, which results in slow crystallization kinetics at high 

temperatures.  ∆HcI of PLLA-MC80 is significantly samller than that of PLLA-CC80 

(13.2% vs. 33.9% crystallinity) for the same reason.  The rest of the curves, i.e. PLLA-

MC90, 100, 110, 120 and 130 exhibits close resemblance to their cold-crystallization 

counterpart, in terms of percentage crystallinity, peak temperatures, the discontinuity 

at 120°C, as well as the progress in the change of peak characteristics.      

The crystallization of PLLA-MC80, 140, 150, 160 does not complete in 60 

minutes, showing a clear glass transition peak, Tg, a broad exothermic “cold-

crystallization” peak, TcI, and a second exothermic crystallization peak, TcII, just prior 

to the final melting.  It is interesting to note that although ∆HcI of PLLA-MC80 is
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Figure 5.10 DSC Thermograms of PLLA Melt-crystallized at Different Temperatures for 60 minutes, 10°C/min
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Table 5.3 Summary of Observed Thermal Effects of PLLA Melt-crystallized at 
Different Temperatures for 60 Minutes  (ºC) and the Degree of Crystallinity 

 
 TcI Xc,TcI TmI TcII Xc,TcII TmII Xc,h

PLLA-MC80 103.47 25.8% - 158.94 5.2% 177.91 13.2% 
PLLA-MC90 - - - 158.82 5.0% 178.66 40.0% 
PLLA-MC100 - - - 161.44 5.1% 179.20 48.2% 
PLLA-MC110 - - 169.87 - - 181.50 53.8% 
PLLA-MC120 - - 177.14 - - - 54.9% 
PLLA-MC130 - - 179.06 - - - 59.3% 
PLLA-MC140 105.99 31.5% - 161.41 1.2% 179.46 17.6% 
PLLA-MC150 107.17 42.0% - 162.42 2.5% 179.48 4.7% 
PLLA-MC160 107.68 45.1% - 162.78 3.2% 179.32 1.2% 

 

smaller than that of others, its ∆HcII is actually larger, as listed in Table 5.3 as well.  

This confirms our previous finding that temperature plays an important role in the 

crystallization of PLLA, even when less crystallization took place at higher treatment 

temperatures, the resultant crystals are still more perfect due to high chain mobility 

and less recrystallization in the subsequent heating scans.   

The DSC scans of PLLA-MC90 and 100 also reveal crystallization peak TcII 

although the absence of TcI suggests the completion of crystallization before the 

heating scan.  This observation further supports what we found before in the samples 

obtained through non-isothermal melt-crystallization at slow cooling rates like -

0.5°C/min, -1°C/min, and -2°C/min.  That is, no matter whether the crystallization is 

completed or not under the treatment conditions, as long as the crystals formed retain 

certain extent of imperfection, TcII or double-melting will by all means show up 

during the subsequent heating scan as a result of the emergence of the continuous 

melt-recrystallization process.  
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The curve of PLLA-MC110 shows close similarity to that of PLLA-CC110, 

i.e. double melting is clearly observed, with TmI and TmII at 169.87ºC and 181.50ºC, 

respectively.  Also ∆HmII is significantly larger than ∆HmI.  At Tmc=110ºC, due to the 

enhancement of crystal perfection at this temperature, less amount of reorganization is 

needed.  The peak temperatures are a bit higher than its cold-crystallized counterpart 

because more perfect crystals usually form from the melt than from the glassy state at 

the same temperature and duration.  TmII of samples melt-crystallized from 80ºC to 

110ºC increases, as more prefect crystals are generated during the heating scan.   

When treated at Tmc=120°C, the melt-recrystallization is largely limited at 

10°/min heating rate due to the perfection of original crystals, so that only a broad 

shoulder was vaguely observed to the right of the main melting peak, TmI.  As 

treatment temperature reaches 130°C, only a sharp single melting temperature is 

detected where melt-recrystallization can be considered as finally suppressed. 

It is noteworthy that the discontinuity Ohtani et al. 123 observed at 120°C, when 

only major melting points of treated samples are plotted as a function of the 

corresponding cold-crystallization temperature, is observed not only for our cold-

crystallized but also melt-crystallized samples if plotted in the same manner as in 

Figure 5.11.  Based on their wide-angle x-ray patterns, they believe β- and α-crystals 

formed below and above 120°C, respectively.  They have attributed TcI to cold-

crystallization of β-form, and TcII to the phase transition to a more stable crystal form.     

No matter how complicated the thermal events involved, our WAXD patterns 

of each crystallized sample still indicate that they can be explained on the basis that
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Figure 5.11 Major Melting Temperatures as a Function of Isothermal Melt-

crystallization Temperatures of PLLAs 
 

mainly the α-crystal form exists, though the crystals are more imperfect at higher and 

lower temperatures compared to that formed in the neighborhood of 130°C, as 

illustrated in Figure 5.12.  PLLA-MC150 and 160 are almost amorphous from the 

WAXD patterns, which is consistent with their low crystallinity values estimated from 

DSC.  Combined with Figure 5.10, it seems that when (103), (011), (211) peaks are 

not at all distinguished, in the case of Tmc<110ºC or Tmc>140ºC, the imperfect crystals 

formed would experience melt-recrystallization, showing distinctive recrystallization 

peak, TcII, prior to final melting, TmII, in DSC scans.  The melting and 

recrystallization of imperfect crystals start almost simultaneously, and recrystallization 

overwhelms melting so that TmI does not show up at all.  These observations are all in 

agreement with its cold-crystallization counterpart.  The peak at 2θ=24.5° still seems
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Figure 5.12 WAXD Patterns of PLLA Melt-crystallized at Different Temperature for 60 minutes  
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to persistently appear as in the cold-crystallization samples, and its intensity does not 

change as melt-crystallization temperature increases except when the crystallinity is 

close to zero.  This suggests the possibility of the presence of δ-phase in some of the 

melt-crystallized samples as well.  

However, when we examine the patterns of PLLA-MC140 and 80 closely, with 

similar crystallinity values reflected in DSC, PLLA-MC140 actually shows a bit trace 

of (103), (011), (211) peaks, while PLLA-MC80 shows none.  This indicates the 

perfection of crystals is better when formed at higher temperature, which is consistent 

with the corresponding SAXS results, as shown in Figure 5.13 and Table 5.4.  While 

the periodicity is clearly revealed for PLLA-MC140, no long period exists for PLLA-

MC80.  This latter feature is similar to that observed for the PLLA-CC80 sample. 

 

5.2.2 Samples crystallized at 140°C for different period of time 

DSC thermograms of samples isothermally melt-crystallized at 140°C for 

different period of time are presented in Figure 5.14.  The crystallization does not 

complete if tmc<120min, as indicated in the broad “cold-crystallization” peak, TcI, in 

Figure 5.14.  And the longer the tmc is, the smaller ∆HcI is, as expected.  ∆HcII 

decreases as well, although very insignificantly.  However, TcII is only observed in 

samples treated for 60 minutes or less and sample treated for 75 minutes shows only a 

vague double-melting peak below the baseline, which is not so clear due to the scale 

of the figure.  A separate Figure 5.15 shows the detail.  Meanwhile, TmII increases 

gradually from 178ºC to 183ºC with increasing tmc as seen in Table 5.5.    The WAXD
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Figure 5.13 Lorentz corrected SAXS of PLLA Melt-crystallized at Different 
Temperature for 60 minutes  

 
 

Table 5.4 Long Period and Lamellar Thickness of PLLA Melt-crystallized at 
Different Temperatures for 60 minutes  

 
 qmax (Å-1) Lmax (Å) lc (Å) 

PLLA-MC80 - -  
PLLA-MC90 - -  
PLLA-MC100 0.028304 221.99 107.00 
PLLA-MC110 0.02831 221.94 119.29 
PLLA-MC120 0.028309 221.95 121.85 
PLLA-MC130 0.027083 232.00 137.58 
PLLA-MC140 0.024662 254.77 44.84 
PLLA-MC150 - - - 
PLLA-MC160 - - - 
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Figure 5.14 DSC Thermograms of PLLA Melt-crystallized at 140ºC for Different Period of Time, 10°C/min  
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Figure 5.15 DSC Thermogram of PLLA-MC140-75min 
 

Table 5.5 Summary of Observed Thermal Effects of PLLA Melt-crystallized at 
140ºC for Different Period of Time (ºC) and the Degree of Crystallinity 

 
 TcI  TmI  TcII TmII Xc,h (%) 

PLLA-MC140-15min 104.82 - 160.90 178.28 0.0% 
PLLA-MC140-30min 105.17 - 161.09 177.97 2.8% 
PLLA-MC140-45min 105.34 - 160.92 178.31 7.7% 
PLLA-MC140-60min 105.99 trace 161.41 179.46 17.6% 
PLLA-MC140-75min 105.31 trace - 179.31 24.9% 
PLLA-MC140-90min trace - - 180.12 47.3% 
PLLA-MC140-120min trace - - 180.41 57.7% 
PLLA-MC140-150min - - - 180.57 65.9% 
PLLA-MC140-300min - - - 181.36 69.2% 
PLLA-MC140-600min - - - 183.16 75.4% 
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patterns of these samples, Figure 5.16, show almost no crystalline peaks when treated 

less than 45 minutes.  The crystals start to develop when treated over 60 minutes, it 

seems the longer the tmc, the more perfect the crystals get judging from the 

development of peaks like (103) (011) and (113)/(203).  SAXS data from these 

samples, Figure 5.17 and Table 5.6, are also in agreement with the development of 

crystal perfection over time.  One important observation is that, at tmc=90 and 120min, 

even though crystallization is not completed, the crystals are perfect enough to give 

sharp WAXD peaks and most of all, showing no TcII.  That is, although the 

crystallization is not completed within time allowed, the crystals are perfect enough 

not to undergo reorganization process during heating.    

From the SAXS data, Table 5.6, it is clear that once a long period is 

established at certain crystallization temperature, it does not change appreciably with 

treatment time, tmc.  Crystal thickness, on the other hand, increases rapidly with tmc, 

while at the expense of amorphous layer thickness.  This, of course, is consistent with 

the rapid increase in crystallinity shown in Table 5.5. 

 

55..33  SSUUMMMMAARRYY  

When PLLA is non-isothermally crystallized from the melt at different cooling 

rate, only a single crystallization peak is observed, which ensured the unimodal size 

distribution of crystals in the resultant samples.  The study of heating rate effect on 

these samples suggests that double melting, although often hidden as non-typical 

TcII+TmII, occurs under many experimental conditions, even when initial crystallinity 

of the sample is already fairly high.    
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Figure 5.16 WAXD Patterns of PLLA Melt-crystallized at 140ºC for Different Period of Time  

 123



 

0

1

2

3

4

5

6

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

q(A-1)

q2 *I(
q)

PLLA-MC140-15min
PLLA-MC140-30min
PLLA-MC140-45min
PLLA-MC140-60min
PLLA-MC140-75min
PLLA-MC140-90min
PLLA-MC140-120min
PLLA-MC140-150min
PLLA-MC140-300min
PLLA-MC140-600min

 
Figure 5.17 Lorentz Corrected SAXS of PLLA Melt-crystallized at 140ºC for 

Different Period of Time  
 
 

Table 5.6 Lorentz Corrected Long Period and Lamellar Thickness of PLLA 
Melt-crystallized at 140ºC for Different Period of Time  

 
 qmax (Å-1)  Lmax (Å) lc (Å) 
mPLLA-MC140-15min - - - 
mPLLA-MC140-30min - - - 
mPLLA-MC140-45min 0.025005 251.28 19.35 
mPLLA-MC140-60min 0.024662 254.77 44.76 
mPLLA-MC140-75min 0.025347 247.89 61.65 
mPLLA-MC140-90min 0.02552 245.21 115.43 
mPLLA-MC140-120min 0.025867 242.90 140.13 
mPLLA-MC140-150min 0.025357 247.79 165.87 
mPLLA-MC140-300min 0.025512 245.28 170.33 
mPLLA-MC140-600min 0.024826 253.09 190.85 
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At low crystallinity as 12% for PLLA-CR5, SAXS presents lamellar 

periodicity, while in contrast, PLLA-CC80-time samples that have crystallinity up to 

40% do not possess it.  This is due to the small size crystals formed at lower 

temperatures that is so scattered that lamellar structure cannot be established.       

From the results collected so far, it becomes clear that the occurrence of double 

melting (including the cases that only TcII+TmII is shown) only depends on the 

perfection of the crystals formed during the crystallization stage.  It is not affected by 

whether the crystallization is completed or not within designated time indicated by the 

appearance of cold-crystallization peak TcI.  In some cases, TcII appears even when 

the crystallization is completed (e.g. PLLA-MC90, PLLA-MC100).  Or in other 

instances, TcII disappears even when the crystallization is not completed (PLLA-

MC140-90min, PLLA-MC140-120min). It is also not affected by the initial 

crystallinity, e.g. PLLA-CR0.5 sample reaches 63% crystallinity but still undergo 

melt-recrystallization process and shows double melting.  In general, crystals of higher 

perfection will form when crystallized under higher temperature and prolonged period 

of time.  As a result, melt-recrystallization will be avoided during the subsequent DSC 

scans.  
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CCHHAAPPTTEERR  66  EESSTTIIMMAATTIIOONN  OOFF  EEQQUUIILLIIBBRRIIUUMM  MMEELLTTIINNGG  
TTEEMMPPEERRAATTUURREE  AANNDD  HHEEAATT  OOFF  FFUUSSIIOONN  OOFF  PPEERRFFEECCTT  

CCRRYYSSTTAALL  
 
66..11  GGIIBBBBSS--TTHHOOMMSSOONN  MMEETTHHOODD  FFOORR  EEQQUUIILLIIBBRRIIUUMM  MMEELLTTIINNGG  TTEEMMPPEERRAATTUURREE,,  TTMM

OO  

According to Gibbs-Thomson equation, the intercept of the plot of melting 

temperature versus the reciprocal of the crystal thickness, lc, determines the 

equilibrium melting temperature, Tm
o, directly, when the fitted line is extrapolated to 

infinite lamellae thickness.  Figure 6.1 shows data for PLLA samples that were either 

melt- or cold-crystallized at different temperatures plotted in this fashion (related data 

of PLLA-CC110 ~ PLLA-CC160 and PLLA-MC110 ~ PLLA-MC130 are listed in 

previous chapters).  TmI is picked as the apparent melting temperature for the 

calculation.  The resultant Tm
o is approximately 207°C.  Although the value is 

consistent with the literature values, even the same as Pyda’s value 131 that was 

derived from the same method with only 4 data points, the data scattering is 

noticeable.  This leads to an uncertainty in the value of Tm
o of about ±3 degrees.  

 

66..22  HHOOFFFFMMAANN--WWEEEEKKSS  MMEETTHHOODD  FFOORR  EEQQUUIILLIIBBRRIIUUMM  MMEELLTTIINNGG  TTEEMMPPEERRAATTUURREE,,  TTMM
OO  

Hoffman-weeks equation is usually the most convenient approach to estimate 

the equilibrium melting temperature, Tm
o, from a series of melt-crystallized samples.  

Recrystallization is known to raise the apparent melting temperature, ultimately 

leading to the underestimation of Tm
o.  Consequently, difficulty arose due to the melt- 

recrystallization that existed in most of our melt-crystallized PLLA samples, so that 

we carefully chose the samples melt-crystallized at 115°C, 120°C, 125°C and
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Figure 6.1 Apparent Melting Temperature vs. Inverse Lamellar Thickness of 

PLLA Melt- and Cold-crystallized at Different Temperatures 
 

130°C, under which temperatures the recrystallization effect is believed to be minimal.  

According to Figure 6.2, the estimated Tm
o ≅ 201°C, which is fairly close to the value 

proposed by Vasanthakumari and Pennings 33 shown in Figure 2.25 and our value 

derived from the Gibbs-Thomson method.  The β value is 1.66, which is in agreement 

with the theoretical expectation 135.  However, the fact that β value is greater than 

unity indicates that possible secondary effects such as recrystallization and chain 

mobility still persist, but to a limited extent.  As a result, Tm
o can be slightly higher 

than 201°C.   
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Figure 6.2 The Apparent Melting Temperature of PLLA as a Function of the 

Melt Crystallization Temperature from DSC, 10°C/min 
 

Alternatively, we also used a series of cold-crystallized samples (Tcc = 110°C - 

160°C) to plot the Hoffman-Weeks relationship and estimate Tm
o, although this 

approach is rather unconventional. As demonstrated in Figure 4.8, TmI occurs for all 

the isothermally cold-crystallized samples treated above 110°C.  With 6 sufficient data 

points plotted in Figure 6.3, the estimated Tm
o = 204.5°C and β=1.37, which is also 

close to the literature value 207°C that was derived by Vasanthakumari and Pennings 

33 from melt crystallized samples and from our own Gibbs-Thomson analysis.  It 

seems that in the case of our amorphous PLLA films, both results from the cold-

crystallized or melt-crystallized samples yielded estimation that is in reasonable 

agreement.   

 128



y = 0.364x + 303.72
R2 = 0.9592

400

420

440

460

480

500

380 400 420 440 460 480 500

Crystallization Temperature (°K)

A
pp

ar
en

t M
el

tin
g 

Te
m

pe
ra

tu
re

 (°
K

)

Tm=Tc

 
Figure 6.3 The Apparent Melting Temperature of PLLA as a Function of the 

Cold Crystallization Temperature from DSC, 10°C/min 
 

66..33  FFLLOORRYY  MMEETTHHOODD  FFOORR  EEQQUUIILLIIBBRRIIUUMM  MMEELLTTIINNGG  TTEEMMPPEERRAATTUURREE,,  TTMM
OO    

We also attempted to determine Tm
o based on variation of Tm with different 

molecular weights.  As described in section 5.3, a series of PLLA samples with 

different molecular weights was prepared by holding the original PLLA sample at 

210°C for different period of time before quenching into ice-water mixture.  The 

molecular weights of these samples were determined by GPC.  The reciprocal of 

apparent melting temperature was then plotted against the reciprocal of number 

average molecular weight according to Flory’s equation, as shown in Figure 6.4.  TmI 

was selected for the construction of the plot, but TmII is also plotted for reference 

purpose.  Tm
o derived from TmI is 161.6°C for PLLA with infinite molecular weight,
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Figure 6.4 1/Tm vs. 1/Mn for PLLA  

 

which is similar to the value of Fischer et al. 115 and is considerably lower than the 

value obtained from either the Gibbs-Thomson extrapolation or the Hoffman-Weeks 

method.  Thus, there appears to be major inconsistencies between values obtained 

between the latter two methods and methods based on Flory’s equation.  Also notice 

that the value derived from TmII is 181.4°C and close to Jamshidi et al.’s 40 result, but 

still significantly lower.  At present we are uncertain what the cause of these 

inconsistencies is.         

 

66..44  SSPPEECCIIFFIICC  VVOOLLUUMMEE  MMEETTHHOODD  FFOORR  EEQQUUIILLIIBBRRIIUUMM  HHEEAATT  OOFF  FFUUSSIIOONN,,  ∆∆HHMM
OO  

One of the most conventional methods to obtain ∆Hm
o is based on the linear 

relationship between heat of fusion measured in DSC and the specific volume of the 

same sample measured in DGC.  The series of samples acquired from non-isothermal 
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melt crystallization had quite a spread in crystallinity values according to DSC results 

listed in Table 5.1.  Heat of fusion from PLLA-CR series is thus plotted as a function 

of specific volume in Figure 6.5.  As the crystalline density is 1.2762 g/cm3, based on 

the unit cell dimensions 7 from our previous research, the corresponding specific 

volume of 100% crystalline PLLA is 0.78358 cm3/g.  Extrapolating to this value, the 

heat of fusion turns out to be 90±4 J/g, which is consistent with the frequently quoted 

value of Fischer et al. 115 determined by a different method as discussed below. 

 

66..55  FFLLOORRYY  MMEETTHHOODD  FFOORR  EEQQUUIILLIIBBRRIIUUMM  HHEEAATT  OOFF  FFUUSSIIOONN  ,,  ∆∆HHMM
OO  

A second method to determine ∆Hm
o is based Flory’s theory, as detailed in 

section 2.4.1.  Fischer et al. 115 obtained their value from a series of copolymers with
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Figure 6.5 Heat of Fusion as a Function of Specific Volume for Samples that are 
Non-isothermally Cold-crystallized at Different Cooling Rates 
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different L-isomer content.  Moreover, their value is calculated from TmI instead of 

TmII.  Their original plot is hereby shown in Figure 6.6.  An attempt to replot their 

data (Table 6.1) yields slightly different results.  As we notice, their figure does not 

include all the 9 data points collected under supercooling 20°C condition, but only 6.  

Figure 6.7 is a reproduction with all the 9 data, plus 5 data points collected under 

supercooling 9°C.  Figure 6.8, on the other hand, uses the exact 6 points in that paper.  

The one point with the largest deviation from the straight line from the supercooling 

9°C series is also omitted.  The calculated equilibrium heat of fusion and melting 

temperature from each curve are tabulated in Table 6.2.  It seems that under 

supercooling 20°C, the data have less deviation than 9°C, and the values yielded are 

consistent.  However, Tm
o estimated from this method is about 164°C, which seems to 

be significantly smaller than literature values, and the value obtained in the present 

research. 

However, it is noteworthy that Fischer et al. 115 had admitted that although the 

∆Hm
o is in reasonable agreement with the value 81.2 J/g obtained from the DSC 

curves of the crystal by extrapolation to infinite crystal thickness, the application of 

Flory’s equation to the above solution grown single crystals is rather meaningless.  

They claimed that Figure 6.6 simply demonstrates that this type of plotting is rather 

unspecific with regard to the supermolecular structure and that the melting behavior of 

solution grown crystals is similar to that of the bulk materials.  Regardless of this 

comment, ∆Hm
o = 93 J/g is still the most popular value being used to calculate the
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Figure 6.6 Plot of 1/TmI vs. lnXL for the Single Crystals Obtained at 20°C 
Supercooling 115 

 

Table 6.1 Characteristic Data of the Lactide Copolymers, Data of Fischer et al. 115 
 

XD (%) XL (%) Tc (°C) ∆Tu (°C) Tm (°C) 
0.6 99.4 88 20 165.6 
1.15 98.85 83 20 160.9 
2.4 97.6 78 21 159.1 
2.75 97.25 75 21 156.2 
3.65 96.35 73 20 155.2 
5.2 94.8 69 20 153.0 
5.7 94.25 65 20 149.3 
7.5 92.5 57 20 146.1 
10.3 89.7 49 20 139.5 

     
0.6 99.4 99 9 166.4 
2.75 98.85 65 9 163.3 
5.2 94.8 80 9 157.5 
7.5 92.5 68 9 153.2 
10.3 89.7 60 9 138.8 
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Figure 6.7 Plot of 1/TmI vs. lnXL for the Single Crystals Obtained at 20°C and 

9°C Supercooling Using Fischer et al.’s Data 115 
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Figure 6.8 Modified Plot of 1/TmI vs. lnXL for the Single Crystals Obtained at 

20°C and 9°C Supercooling Using Selected Fischer et al.’s  Data 115 
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Table 6.2 Equilibrium Heat of Fusion and Melting Temperature Calculated from 
the Slopes and Intercepts of Curves in Figure 6.7 and 6.8 

 
Supercooling ∆Hm

o(KJ/mol) ∆Hm
o(Kcal/mol) ∆Hm

o(J/g) Τm
o（ °C) 

20°C Fig6.7 6.33 1.51 87.9 164.8 
9°C Fig 6.7 5.82 1.39 80.8 170.5 
20°C Fig 6.8 6.62 1.58 91.9 164.3 
9°C Fig 6.8 8.26 1.98 114.7 168.0 

 

degree of crystallinity of PLAs, and is in fact close to what we determined from ∆Hm 

vs. specific volume extrapolation.    

In section 6.3, we attempted to calculate the Tm
o of PLLA with infinite 

molecular weight.  ∆Hm
o can also be estimated from each slope of Figure 6.4 as 146.4 

J/g and 89.2 J/g from TmI and TmII, respectively.  This again shows the ambiguity to 

which the use of this approach can lead.     

 

66..66  SSUUMMMMAARRYY  

Because of the good agreement between the value of Tm
o determined from both 

the Gibbs-Thomson and the Hoffman-Weeks equations, we believe that the 

equilibrium temperature is fairly well established at 207±3°C.   

The value of ∆Hm
o obtained from ∆Hm as a function of specific volume is 90±4 

J/g, which is similar to the frequently quoted Fischer’s value of 93 J/g.   

The Flory method did not yield good estimations of either Tm
o or ∆Hm

o.  It 

seems Gibbs-Thomson and Hoffman-Weeks methods are better for the estimation of 

Tm
o for our PLLA.  The specific volume method may also have an advantage over 

Flory method in cases that might otherwise be confused by double melting peaks, 
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provided 100% crystalline value is available with confidence.  However, the exact 

reason for the evident deviation of results using Flory method remains uncertain at 

current time. 
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CCHHAAPPTTEERR  77    SSUUMMMMAARRYY  AANNDD  CCOONNCCLLUUSSIIOONNSS  
 

The double melting behavior, which is often observed in semicrystalline 

polymers, of PLLA was investigated under various crystallization conditions: 

isothermal and non-isothermal crystallization from both the glassy state and the melt.  

Heating rate effect and partial melting were also studied to help elucidate the origin of 

double melting behavior.  Meanwhile, the estimation of equilibrium melting 

temperature, Tm
o, and equilibrium heat of fusion, ∆Hm

o, was also performed. 

Both the crystallization procedures and the subsequent melting were performed 

in a DSC cell with controlled temperature programs.  WAXD and SAXS analysis were 

applied to the DSC crystallized samples to better understand the structural correlation 

with the double melting peaks.  TMDSC was also used to separate the reversing and 

non-reversing thermal events, which are otherwise mixed in conventional DSC. 

Upon non-isothermal cold-crystallization of original amorphous PLLA film at 

10°C/min, a double cold-crystallization peak, labeled TcI and TcI’, appears at around 

112°C and 119°C, respectively. Based on the analysis of DMA and TMDSC, the 

exhibition of this unconventional double cold-crystallization peak is believed to be 

associated with the net effect of conventional cold-crystallization and competing melt-

recrystallization initiated a few degrees after the cold-crystallization.  Another 

exotherm, TcII, appears just prior to final melting when recrystallization overwhelms 

the melting of metastable crystals.   

 After various thermal treatments, up to two melting peaks were observed.  

Under many conditions, it is attributed to the melt-recrystallization process during the 
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heating in DSC.  Without the help of TMDSC, the double melting endotherms, 

TmI+TmII, are not often observed, due to the overlap of TcII and TmI, which makes the 

observation and interpretation difficult.  Instead, TcII+TmII will appear.  Such an 

observation is more prominent when the molecular weight is high.      

Non-isothermal melt crystallization at different cooling rates exhibit only a 

single crystallization peak, excluding the existence of bimodal crystal size distribution 

in the resultant samples.  Subsequent heating scans showed that the non-typical double 

melting occurs in many cases for PLLA melted under different heating rates, even 

when initial crystallinity of the sample is already fairly high. 

The study of heating rate effect supports the assumption of melt-

recrystallization during DSC scans.  When the recrystallization process is suppressed 

by the increasing heating rate, ∆ΗmI grows at the expense of ∆ΗcII and ∆ΗmII, 

although the changes of TmI and TmII are difficult to detect.  At lower crystallization 

temperature, the recrystallization is so active that double melting persists at heating 

rate 80°C/min.  For samples crystallized at higher temperature, recrystallization in the 

subsequent scan is hindered at higher heating rates so that only a single melting 

endotherm appears. 

Partial melting study further supports the postulation of melt-recrystallization.  

When crystallinity develops through the TcII region, subsequent scans of partially 

melted samples indicates the continuous reorganization from where it was interrupted.   

PLLA is prone to recrystallization.  Melt-recrystallization of metastable 

crystals is believed to be the most probable origin of double melting in PLLA based on 

our observations.  The occurrence of double melting depends largely on the perfection 
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of the original crystal after treatment, not the initial crystallinity, nor the completion of 

crystallization.  In fact, judging the completion of crystallization from the 

disappearance of cold-crystallization peak, it seems even when the crystallization is 

not completed in some cases, as long as the crystals formed are more perfect and more 

stable, only a single melting peak was detected.  In other cases, regardless of the 

completion of crystallization during the heating scan and relatively high crystallinity 

values, the crystals were small and ill-formed so that they would, by all means, 

experience reorganization during the subsequent heating and fail to show structure 

periodicity in SAXS.  However, when samples are cold-crystallized at high 

temperature, dual lamellar population may exist in the samples and lead to the 

appearance of double melting peaks as well.     

In WAXD patterns, a peak at 2θ=24.5° does not seem to develop as other 

reflections when the crystallization temperature increases and crystallinity rises.  We 

thus do not exclude the possibility that a new crystal phase, δ, could have been mixed 

with the major α-phase and also contributes to the origin of double melting in PLLA, 

although the transition from δ-phase to α-phase at elevated temperature seems 

unlikely.   

Finally, the estimated equilibrium melting temperature, Tm
o, is 207±3°C from 

both Gibbs-Thomson and Hoffman-Weeks equation, and is in agreement with existing 

literature.  The equilibrium heat of fusion, ∆Hm
o, of PLLA was determined from 

extrapolation of the heat of fusion versus specific volume to be 90±4 J/g, which is 

consistent with the frequently quoted value, 93 J/g.  This method seems to be a better 
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method for the estimation of ∆Hm
o for PLLA, provided the 100% crystalline density is 

reliable.  On the other hand, Flory method is rather questionable in the determination 

of these equilibrium values of PLLA.   
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CCHHAAPPTTEERR  88  FFUUTTUURREE  RREESSEEAARRCCHH  
 

Current research has explored the double melting behavior of amorphous 

PLLA film and its possible origin, in terms of different crystallization conditions.  A 

brief investigation of molecular weight effect was also conducted.  In order to have a 

more thorough understanding of this phenomenon in PLLAs, studies can be extended 

to areas as follows. 

1. A series of samples with similar molecular weight, but different 

polydispersity; 

2. A series of samples with similar polydispersity, but different molecular 

weights; 

3. A series of samples with similar molecular weight and polydispersity, but 

different levels of D-isomer content; 

4. A series of uniaxially stretched film with different stretch temperatures and 

ratios; 

5. A series of bi-axially stretched film with different stretch temperatures and 

ratios; 

6. A series of as-spun fibers with different spinning parameters such as 

temperatures, take-up speeds and feed; 

7. A series of drawn fibers with different draw ratios and temperatures. 

As a result, one will acquire a better picture regarding the conditions that 

multiple melting would occur, the possible origins in connection with different forms 

(film, fiber, etc.).   
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