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Abstract 
A DSC study was carried out of the isothermal melt crystallization kinetics of poly(L-lactic 

acid), PLLA, at 110, 115,120, 125 and 130~ The experimental data were evaluated within the 
framework of the well-known Avrami kinetic model and an extended model involving an addi- 
tional third kinetic parameter [8]. In order to perform the necessary numerical calculations, a 
number of functions built into the Mathematiea| software system were used. The results showed 
that the isothermal melt crystallization kinetics of PLLA can be described adequately by both 
these kinetic models. It should also be stressed that the kinetic model of Urbanovici and Segal 
offers a better description of the experimental melt crystallization data of PLLA than the classical 
Avrami model. 
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Introduction 

During recent decades, extensive attention has been paid to the study of 
poly(L-lactic acid), PLLA, because of its high mechanical strength, its resorp- 
tion in the human body and its non-toxicity after biodegradation. Due to its 
properties, PLLA is considered to be a useful implant material in medical ap- 
plications. 

Although a knowledge of the crystallization kinetics of polymeric materials 
is important from the aspects of both fundamental research and practical appli- 
cation, only few studies have been carried out on the crystallization behaviour 
and especially the crystallization kinetics of PLLA. A detailed study of the crys- 
taUization of lactide stereo copolymers was carried out by Fischer et al. [1] in 
order to obtain information on the crystallization behaviour of these copolymers 
with different contents of noncrystallizable DL-lactide units. The crystallization 
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behaviour of PLLA has also been investigated by Kalb and Pennings [2], who 
showed that PLLA is a semi-crystalline polymer that may crystallize both from 
the melt and from solution. Kishore et al. [3] studied the isothermal melting of 
PLLA spherulites in order to understand the melting mechanism. The depend- 
ence on undercooling and molecular weight of the morphology and crystal 
growth from the melt of PLLA was investigated by Vasanthakumari and Pen- 
nings [4]. Recently, Tsuji and Ikada [5] presented a study concerning the effects 
of annealing on the thermal properties, morphology and mechanical properties 
of PLLA films. Last but not least, mention must be made of the dynamic me- 
chanical and calorimetric investigation onto the effects of thermal treatment on 
compression-molded PLLA of different molecular weights by Migliaresi et al. [6]. 
The results indicated that initially fully amorphous PLLA matrices attained very 
high degrees of crystallinity (up to 90%) following different annealing processes. 

The present study deals with a DSC investigation of the isothermal melt 
crystallization kinetics of PLLA at five temperatures between 110 and 130~ 
The experimental data were evaluated by using the well-known Avrami kinetic 
model [7] and a new model that involves three kinetic parameters [8]. 

Experimental 
The high molecular weight PLLA (Mn=333.000gmol-1; Mw= 

737.000 g mo1-1) used in the present study was purchased from Boehrin~ 
ger Ingelheim (RS210), Germany. In order to avoid the absorption of water that 
may cause degradation at higher temperatures, the polymer was stored over ~ 
phosphorus pentoxide (P205) in a desiccator. 

The isothermal melt crystallization investigations were performed on sam- 
ples of 10_+0.1 mg of PELA by using a Perkin-Elmer DSC 7. Additionally, 
DSC measurements were Carried out with the aim of obtaining the most impor- 
tant thermal characteristics of the PLLA studied. The glass transition tempera- 
ture (Tg) and the melting peak temperature (Tin), which are dependent on the 
measuring conditions (e.g. heating rate, sample mass, etc.), were found to be 
63 and 185~ respectively, for a 10 K min -1 heating rate. These values are in 
good agreement with the data presented in the literature [2-5]. The melting en- 
thalpy (AHf) was evaluated from the area under the melting peak by using sam- 
ples crystallized at various temperatures; the resulting average value of 
5 8  J 1 g- is in satisfactory agreement with the literature data [2, 3]. 

The experiments on the isothermal melt crystallization of PLLA were car- 
ried out as follows: the samples were first melted and maintained for 20 min at 
200~ Subsequently, they were rapidly cooled down (approx. 80 K min -1) to 
the constant test temperature. Five temperatures between 1 I0 and 130~ were 
taken into consideration. At temperatures above 130~ the crystallization proc- 
ess is slow and incomplete, while at temperatures below 110~ the crystal- 
lization is fast and it is difficult to extrapolate with appropriate accuracy the 
initial part of the isothermal DSC curve, the definition of t=0  thereby becoming 
uncertain [9]. 
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Results and discussion 

The DSC study of the isothermal melt crystallization of PLLA was per- 
formed at 110, 115, 120, 125 and 130~ A typical isothermal crystallization 
thermogram for 110~ is shown in Fig. 1. The full line represents the original 
DSC curve, while the dotted line illustrates the approach to the initial part of 
the isothermal crystallization curve obtained by extrapolation. 

The evolution with time of the crystallinity can be estimated by using the de- 
gree of crystallization, a, expressed by the ratio 

a ~" /~r-/t/ /~oo ( 1 ) 

where 
t 

AHt = ~(d Q/dt)dt 
o 

and 

(2) 

cO 

AHoo = I(dQ/dt)dt 
o 

(3) 

dQ/dt being the respective heat flow. AHt is the partial area between the DSC 
curve and the time axis at time t, while AH| is the total area and corresponds in 
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Fig. 1 Isothermal DSC curve obtained during melt crystallization at 110~ the full l ine ( - - )  
depicts the original DSC curve, and the dotted line ( . . . .  ) the extrapolation to the in- 
itial part of the isothermal crystallization curve 
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fact m the overall heat of crystallization. It is very important to emphasize that 
the degree of crystallization, o~, is not similar to the degree of crystallinity, 
which is the fractional extent of crystallinity of the polymer sample. In contrast, 
the degree of crystallization corresponds to the crystalline volume fraction de- 
veloped at time t [10]. The numerical integration was performed by using the 
'Nlntegrate' function of the Mathematica| software system [11-13]. Figure 2 
presents the experimentally obtained a vs. t data for the isothermal crystal- 
lization of PLLA at the temperature used in this study. 
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Fig. 2 Experimental data on the isothermal melt crystallization of PLLA at the temperatures 

used in this study 

The kinetic study of the experimental data was performed by using the well- 
known Avrami approach [7-10, 14-16, 20] and also a new kinetic model involving 
an additional, third kinetic parameter [8]. According to the Avrami model, the time 
dependence of cz can be described by the following kinetic equation: 

-In(1 - c~) : (kz)" (4) 

or 

cx = 1 - exp[-(kt)"] (5) 

where k is the temperature-dependent rate constant and n is the Avrami expo- 
nent. At this point, it should be mentioned that many papers consider the com- 
posite rate constant, i.e. K=k n, instead ofk [9, 10, 14-16]. However, we prefer 
to use k because its dimension is time -1 and it does not depend on the value of 
n, whereas the dimension of K is time-", and it depends on the value of the 
Avrami exponent. In a further paper, we intend to discuss in detail the use of k in- 
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Avrami exponent. In a further paper, we intend to discuss in detail the use of k in- 
stead of K. The new kinetic equation is in fact a generalization of the Avrami 
model [8]. In this case, the relationship between a and t can be expressed as 
follows: 

[(1 - ( / . ) l - r  _ l]/(r - 1) = (kt) n (6) 

o r  

ct = 1 - [1 + (r - 1)(kt)~ 1/(1-~ (7) 

where k and n have the same meanings as in Eq. (4) and r is a parameter that 
satisfies the condition r>0. It should also be mentioned that, at limit for r ~ 1, 
Eq. (6) becomes identical with the kinetic equation corresponding to the 
Avrami model [8]. 

Since both models describe sigmoid shaped ot vs. t curves, it is important to 
determine amax, i.e. the value of the degree of crystallization corresponding to 
the maximum value of the crystallization rate, by using the condition 

(d2a/d?)m x = 0 (8) 

which leads after the performance of the detailed calculations [8] to 

Ctm, x = 1 -- exp[(1 - n)/n] (r = 1); Avrami model (9) 

ctm.x = 1 - [(n + r - 1)/(nr)] u(~-l) (r ;~ 1); new model (lO) 

The kinetic parameters were evaluated by fitting the experimental data to the re- 
spective kinetic models. As relationships (5) and (7) describe nonlinear func- 
tions, the 'NonlinearFit '  function of Mathematica | was used [17, 18]. The 
goodness of the fit can be assessed by 

N 

S = 1/N~-~(o~r i -  Ot, exp, i) 2 (11) 
i = l  

N 
where 2. (ctc,lc, i - ~xexp.~) 2 is the residual sum of squares, N is the number  of ex- 
perimerkal data points, Ctexp is the experimental value of the degree of crystal- 
lization and ctca~ is the value obtained by the fitting procedure. The smaller S, 
the better the fit. The number of experimental data points was in every case 
N = 3 0 .  Table 1 shows the values of the kinetic parameters (k and n) and of S 
corresponding to the Avrami model, while the values of the kinetic parameters 
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Fig. 3 Comparison between the values of S relating to the Avrami model and the new kinetic 
model 
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ing to the Avrami model and the new kinetic model (Eq. (7)); the coordinate of o~ for 
the new model is shifted by +0.2  

The evaluated kinetic parameters can be inserted into Eqs (5) and (7) in or- 
der to generate theoretical c~ vs. t curves. Figure 4 presents the experimental 
vs .  t data points for T= 125~ and the calculated o~ vs.  t curves (full line) corre- 
sponding to the Avrami model and the new three-parameter model, respectively. 
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Table I The values of the kinetic parameters and S corresponding to the Avrami model 

TI~ C n k / s -I S 

110 2.7611 2.3972x10 -3 5.5729x10 ~ 

115 2.9577 2.2235x10 -3 8.4981xI0 ~ 

120 2.8074 1.9344x10 -3 4.1443• ~ 

125 3.1083 1.4171• q 1.7818x10 ~ 

130 3.0764 7.1962x10 ~ 1.4745x10 ~ 

Table 2 The values of the kinetic parameters and S corresponding to the new model described by 
Eq. (7) 

TI~ r n k /s  -t S 

110 1.0636 2.8394 2.4301x10 ~ 8.8108x10 ~ 

115 1.0742 3.0546 2.2566x10 q 2.1794• ~ 

120 0.9938 2.7996 1.9318x10 q 3.6693x10 ~ 

125 1.1197 3.2773 1.4492x10 ~ 2.8581• ~ 

130 1.0998 3.2162 7.3348x10 q 2.1468• ~ 

Table 3 The experimental(exp) and ealeulated(cale) values of the degree of crystallization 
corresponding to the maximum crystallization rate 

T/~ t~x/min OtmJexp ~ x / e a l e  ~ x / e a l e  

Eq. (9) Eq. (I0) 

110 5.87 0.4681 0.4716 0.4624 

115 6.43 0.4732 0.4841 0.4733 

120 7.41 0.4803 0.4747 0.4756 

125 10.25 0.4823 0.4925 0.4753 

130 20.01 0.4740 0.4908 0.4764 

The theoretical Otm,x values corresponding to the maximum crystallization 
rate were calculated for both kinetic models by using Eqs (9) and (10), respec- 
tively. They are compared with the experimentally obtained values in Table 3. 

The data presented in Tables 1-3 permit the following conclusions. 

1) From a consideration of the values of S, it can be concluded that both the 
Avrami model and the new kinetic model satisfactorily describe the isothermal 
melt crystallization of PLLA. However, as expected, the accuracy is better for 
the latter model, which involves three fitting parameters instead of the two of 
the Avrami model. The O~max values calculated by using relationships (9) and 
(10) are in good agreement with the experimental data. It is worth mentioning 
that, except for T= 110~ the values of Otm~x determined by using relationship 
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(10) agree better with the experimental am,x than those calculated by using re- 
lationship (9). 

2) For both models, the values of the Avrami exponent (n) are centred for all 
five temperature around a value of 3. According to the literature, n=3  corre- 
sponds to homogeneous nucleation and two-dimensional linear growth of the 
nuclei during crystallization [14]. 

3) Except for the value at T= 120~ the values of parameter r of the new 
model are centred around an average of 1.09. 

4) For each temperature, the value of the rate constant (k) corresponding to 
the Avrami model are very close to the values of the rate constant obtained with 
the new model. 

5) The value of the rate constant (k) decreases with increasing temperature. 
Such a dependence is in contrast with the Arrhenius approach, which assumes 
an increase in the rate constant with increasing temperature [19]. The literature 
includes some attempts to explain such a variation of the rate constant of the 
crystallization of polymers [14-16, 20-22], but a widely accepted theory has 
not yet been developed. Figure 5 shows the values of Ink as a function of tem- 
perature for both kinetic models. A detailed discussion of the temperature depend- 
ence of the rate constants of crystallization will be presented in a later paper. 
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Fig. 5 Variation of Ink with temperature for both kinetic models 

Conclusions 

A DSC study of the isothermal melt crystallization kinetics of PLLA is pre- 
sented. The kinetic analysis of the experimental data obtained was performed by 
using the Avrami model and a new kinetic model involving three kinetic pa- 
rameters. It was shown that the isothermal melt crystallization kinetics of PLLA 
can be described satisfactorily by using these kinetic models and that the new 
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kinetic model offers a better description of the experimental data than the clas- 
sical Avrami kinetic model. The values of the Avrami exponent, n, were found 
to be about 3 for both kinetic models, suggesting homogeneous nucleation and 
two-dimensional linear growth of the PLLA nuclei. 
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