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(ABSTRACT)

The purpose of this research was first, to investigate a polymerization method to
produce polylactides of desired molecular weights. The polymers PLA-L and PLA-DL
produced were then utilized to make blends of semicrystalline/amorphous components.
The compatibility of the blends was investigated by determining their Tg with a DSC.
However, because of the proximity of the Tg’s of the two components, a new épproach
, which utilized the effects of the “physical” aging on the the Tg peaks obtained by DSC
was considered. The results obtained by this method showed that only three blends
containing low molecular weight species were compatible. All the others, while incom-
patible, possessed a certain degree of partial miscibility.

The crystallization kinetics were investigated on thie pure PLA-L and the blends.
Two separate studies were conducted, the first on the Kkinetics of the overall
crystallization by means of an Avrami analysis, the second on the growth rates of the
individual spherulites. The kinetics of crystallization were found to decrease as the mo-
lecular weight of the semicrystalline component increased and as the PLA-DL content
in the blend increased. In some particular cases, however, a spectacular increase of the
growth rates was observed for high DL content blends. Optical microscopy showed that
under these conditions, the spherulites grown, contained large inclusions of amorphous

material.
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1.0 INTRODUCTION

1.1 Background Information On Polylactides

The polymerization of lactic acid or its dimer lactide was first achieved in 1932
by Carothers et al (1). Since then, several interesting applications have been found for
this material. It is used as a plasticizer a;nd intermediate for preparing elastomers and
foams. Its real potential, however, may be as a degradable biomaterial due to its facile
hydrolyzability. In that respect, poly-L-lactide (PLA-L) is an important polymer be-
cause its controlled biodegradability produces by-products which are non toxic in a
physiological system. |

The polymer is produced through a ring opening polymerization using

organometallic catalyst systems as shown below:

ﬁ.

CH, C. '
~ CH CH
>¢” o catalyst ro [
H™ | |_H — 0—C—C—0—-C—C
o__._cC A | Ll .
ﬁ CH, H O H O

o

‘Two different ways have been studied; the polymerization in solution or, in the bulk
phase. The former was first investigated by Tsuruta et al (2) under mild reaction condi-

tions. The monomer used was propylene oxide in solution with either dioxane or toluene
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at 80°C and 30°C. Later, Kohn et al (3) investigated the mechanism of ring opening
polymerization of lactones in solution and the influence of the type of catalyst used.
According to their results, the polymerization proceeded either through the formation
of a complex between catalyst and monomer or by the addition of strong protonic acids
acting as initiators. Moreovet, when stannous octoate was used in the reaction, no
complex formation was observed and as reported by Brode and Koleske (4), low molec-
ular weight polymer could not be obtained. The last observations support the results
found in the bulk phase polymerization by Hostettler (5,7) in which the stannous octoate
is described as a pure catalyst and the initiator can be z;ny species containing an active
hydrogen like lactic acid or water. The polymerization is initiated by a component con-
taining at least an active hydrogen that is capable, with the aid of a catalyst, of opening
the lactone ring and adding it as an open chain without forming water as a condensation
by-product. A general method of synthesis often utilized in the literature (8,9) is a bulk
phase polymerization performed at about 130°C. The monomer is recrystallized in ethyl
acetate before use, stannous octoate is used as a catalyst in a concentration of 10~¢ mole
per mole of monomer and the reaction proceeds under vacuum or inert atmosphere.
Following polymerization, the polymer can be recovered and purified from any remain-
ing lactide and catalyst by precipitation in a non solvent as methanol.

Kricheldorf (10,11) investigated the influence of non toxic catalysts as
magnesium oxide and other metal derivatives on the polymerization of optically pure
L(-) lactide. The temperatures of reaction used were 120°C, 150°C and 180°C respec-
tively. The yields of reaction increased with time and reaction temperature. Moreover, -
the racemization of the polymer increased for longer time and higher reaction temper-
atures thereby loosing its tacticity and optical purity. This last statement is very impor-

tant because it is directly related to the potential crystallizability of the polymer.
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From the previous discussion, several important parameters emerge with regard

to the polymerization of either lactide-L or lactide -DL:

¢ The monomer must be highly purified before polymerization in order to obtain high
molecular weight polymers.

e A good catalyst is stannous octoate in the éoncentration range of 10~ mole per
mole of monomer.

¢  The molecular weight is controlled by the quantity of initiator present and this
species must have at least one active hydrogen.

¢  The polymerization must proceed under vacuum to avoid traces of water which
could react with the monomer to change the concentration of lactic acid or initiator.

e  The polymerization is generally done in the bulk phase and the temperature of re-
action is 10°C above the melting point of the monomer to minimize racemization.

¢  The time of reaction at these low temperatures must be of several days to reach a
high yield.

¢ To obtain pure stable polymer, careful purification procedures must be used to

separate polymer from residual lactide and catalyst.

All the above points will be discussed further within chapter 2 under the topic of
Polymerization.

Poly-L-lactide (PLA-L) is a semicrystalline polymer which can be crystallized
from the melt or from solution. According to Kalb and Pennings (12), the equilibrium
melting temperature Tm® and the dissolution temperature, Td, in p-xylene are 215°C and
126.5°C respectively. Moreover, a greater understanding of the melting behavior of
spherulitic grown films of PLA-L was introduced by Kishore, Vasanthakumari and

Pennings (13). Annealing studies at 175°C revealed that there was an increase in melting
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temperature and heat of fusion with annealing time, suggesting an increase in lamellar
thickness. Moreover, optical microscopy showed that when the periphery of a spherulite
melts, the lamellae situated in its central part undergoes thickening, supporting the idea
of a highly complex nature of the melting process where melting and recrystallization
happen simultaneously. the characteristics of this melting process are not,. however,
unique to PLA and are common to semicrystalliné polymers.

The molecular weight characterization of PLA has been extensively investigated
by Schindler et al (8).and the results of this research have been widely quoted in the lit-
erature (9,12,13,14). Specifically, Schindler et al first polymerized PLA-L and PLA-DL
in the bulk phase according t‘o the general method described above. Then, the polymers
were hydrolytically degraded to give materials having a polydispersity of 2.0. The use of
an analytical method to determine the content of carboxylic end groups permitted the
establishment of a relationship between viscosity and molecular weight and to allow
calculation of the' Mark-Houwink parameters “ a ” and “ K ” for different solvents at
30°C. | These parameters were accurately determined in a range of number average mo-
lecular weight higher than 200,000 g/mole. With these constants, the viscosity average
molecular weights could, therefore, easily be calculated through the Mark-Houwink
equation [n] = K Mv* where [n] is the intrinsic viscosity and Mv the viscosity average

molecular weight.

1.2 Blends - Their Preparation And Miscibility Determination

The concept of physically blending two or more polymers to obtain new pro-

ducts or to modify certain physical properties of a material is attracting wide interest
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both from a fundamental standpoint as well as for potential commercial purposes. the
main routes for blend preparation are discussed below.

The preparation of a blend can be achieved according to several methods. The
first and more widely used in academic studies consists of dissolving the polymer in a
common solvent and casting a film as described by Walsh and Rostani (15). However,
for a given molecular weight and biend composition, phase separation can occur de-
pending on the solvent used to dissolve the f)olymers. When there is a large difference
between the two separate polymer-solvent interaction parameters, a two phase zone ex-
ists within the polymer/polymer/solvent ternary phase diagram as shown in Fig.1. As the -
solvent evaporates, the mixture enters, at composition A, a two phase region. When the
composition leaves this region, the separated zones are large enough and the viscosity
has increased in such a manner that complete remixing is impossible. The resulting blend
at composition C is, therefore generally inhomogeneoAus. Another possibility is that used
by Carter (16) where precipitation of a solution of two polymers in a non solvent was
carried out. Here again, the compatibility of the final blend is very much dependent on
the choices of solvent and coagulant.

The mechanical mixing of two polymers to form a blend is of great practical im-
portance in the industry. However, even if compatible, the polymers must be mixed for
long times in order to obtain homogeneity and in some cases, this can induce degrada-
tion when the mixing temperature is high. Moreover, many polymer system exhibit a
lower critical solution temperature (LCST) on heating which induces phase separation.

The ihermodynamics of polymer blends are described by the equation of the free

energy of mixing:
AGmix = AHmix — TASmix [1]
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The combinatorial entropy of mixing ASmix is always positive but very small per unit
volume due to the small number of molecules present for large moleéular weight com-
- pounds. It is, therefore, generally too small to counterbalance any positive value of the
enthalpy of mixing AHmix. This is the main reason why most of the high molecular
weight polymeric blends are incompatible according to Paul (17). One exception to this
general argument is observed for polar or ionic systems where the polymer-polymer
interaction gives negative values of AHmix which in turn leads to a negative AGmix, fa-
voring the change of state.

The Flory-Huggins solution theory (18) provides an approximation to describe

the mixing of polymers, and gives for the free energy of mixing polymers A and B:

Palnop + (1 = 9a)In(l — ¢p)

AGmix = RTV
Va Vs

+ Xap@all - (PA)] [2]

where ¢, is the volume fraction of polymer A, Vi is the molar volume of i and X,g is

an interaction parameter related to the heat of mixing. If the two polymers are of equal

molecular weight M, and density p, the interaction parameter X, can be replaced by
2p

o where Mcr is a critical molecular weight at which the curve AGmix versus volume

fraction in Fig.2 changes in concavity. Equation [2] can then be rewritten as:
AGmix = pTV| ML (g, 1n s + (1 = ) (1 = ) + 20401 = 00)|  [3]

For non polar and non ionic polymers, where no specific interaction between polymeric
chains is assumed, Mcr can be estimated as a function of the solubility parameters

3, and 8 according to the following equation:

Mcr = 2pRT(5, — 8p)° [4]
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Therefore, the free energy of mixing two polymers can be computed as a function of the
volume fraction as shown in Fig.2. This particular case illustrates the two important
parameters governing the miscibility of a blend, which are; molecular weight and re-
spective volume or weight fractions. For example in the particular case of M= 1.5 Mcr,
AGmix is negative except in the window ¢, = 0.25 — 0.75. Therefore, any blend with
0.25 < ¢, < 0.75 will be immiscible while all the blends with ¢, <0.25 or ¢, >0.75
will be miscible. |

The Flory-Huggins theory and its latest modifications accounting for free volume
effects is commonly used in the literature to predict polymer-polymer miscibility (19,20).
Now that the fabrication techniques and the basic theoretical predictions have been re-
viewed, the next point of interest is how to characterize the miscibility of any polymer
blend. Several options are available to test the ﬁliscibility of a polymeric blend. A simple
one would be optical clarity while a more sophisticatéd approach might be to determine
if there is a frequency shift of interacting functional groups as detected by Fourier
transform infrared spectroscopy. These techniques and others have been discussed by
Walsh et al (16) and MacKnight, Karasz and Fried (21) and will not be repeated here.
The only common technique utilized in this study has been the measurement of the glass
transition temperature (Tg). For compatible blends, the unique Tg observed is often

closely related to the blend composition through the well known Fox equation:

1 Wa Wg
—_— + —_— [5]
Tg Tga Tgp

where w, and wy are the weight fractions of polymers A and B, Tg, and Tgg are the glass |
transition temperatures of the two pure polymers. For incompatible blends two Tg's are

observed.
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Many methods are available to determine the Tg of polymers. Among them are;
differential thermal analysis (DTA), dynamic mechanical analysis (DMA), dielectric
measurements, dilatometry and differential scanning calorimetry (DSC). In view of the
techniques used for this research and presented in Chapter 2, only the latter technique
(DSC) is discussed. Moreover, due to its simplicity and straight forwardness, it is widely
applied and described in the literéture (22-25). The DSC thermograms are plots of the
heat capacity (Cp) versus temperature from which Tg can be defined as the intersection
point of the projection of the baseline with the tangent to the discontinuity characteriz-
ing the glass transition.

The DSC method, however, can be inapplicable or even misleading in certain
cases. For example, in a two phase system, if one of the components is present in a very
small quantity, its Tg may not be detected leading to the wrong conclusion of compat-
ibility. Another possibility of error, much more important for the following results, is the
proximity of the Tg’s of the two components of the blend. When the difference between
the two Tg’s is less than 20°C , it becomes very difficult to separate them by DSC par-
ticularly if one component is of minor weight fraction. Therefore, it is necessary to use
another approach to increase the resolution. A convenient way to do this is to physically
age the blend and use the resulting accentuation of the Tg’s (if miscibility or partial
immiscibility occurred) to separate them. According to Struik (26), the development of
an endothermic peak in the DSC scan is a general feature of the physical process for
aging glassy polymers. Moreover, the increase of the peak is a function of the aging time
and the annealing temperature Ta. According to Berens (27), the closer Ta is to Tg, the
larger the increase of the peak for a given aging time. Furthermore, for a given Ta, the
Tg peak increases with storage time as illustrated in Fig.3. This latter approach will be

used to characterize blends of PLA-L and PLA-DL and will be described in Chapter 2.
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1.3 Bulk Crystallization Of Chain Folding Polymers

The occurrence of spherulitic growth in linear polymers has been widely studied
(28-30), since spherulites are one of the most common crystalline superstructure en-
countered in polymers. Moreover, the knowledge of their rate of growth and the type
of crystalline texture existing in them is of major importance for the understanding of
the physical properties of these systems. Spherulites in bulk polymers grow outward
from a nucleus. Their radial growth is generally the result of the lamellae formation
whose longest dimension lies parallel to the radial direction. These bladelike lamellae
typically have a thickness in the range of 50 to 250 angstroms and are formed of folded
polymeric chains. The overall “ bulk crystallization kinetics” of a macroscopic sample
is determined by two parameters - primary nucleation density and rate of growth of the

individual spherulites.

¢ Nucleation can be separated into two phenomena: primary nucleation (which can
be homogeneous or heterogeneous) and secondary nucleation which occurs on the
surface of a growing crystal.

¢ The rate of growth is a function of the secondary nucleation (thermodynamic in

origin) and the diffusion of the polymeric chains in the bulk.

The overall bulk crystallization kinetics are usually obtained from dilatometry

or calorimetry (DSC) as described in the following section.
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1.3.1 Crystallization Kinetics - Avrami Analysis

The crystallization kinetics are often analyzed by means of the well khown,
Avrami equation (31). The theory was developed by assuming a randomly nucleated
liquid phase where the “ germs ” (as named by Avrami) or nuclei become activated ac-
cording to a probability function P(t). Then, the growth of the solid phase was assumed
to be linear with time and no impingement situation was considered. The resulting
equation of this theoretical treatment (Eq.6) describes the volume fraction of material

transformed from the melt as a function of time.
1 — Xc(t) = exp( — Kt"). [6]

Assuming that the crystallization leads to three dimensional spherulitic growth, Xc(t) is
the volume fraction of crystals occupied by the spherulites at a given time t, n is the
Avrami coefficient, which in particular cases can be related to the dimensionality of the
growth and the type of nucleation ( heterogeneous or homogeneous). The parameter K
is a kinetic constant and is a function of the crystallizatioh temperature Tc. For three

dimensional growth with heterogeneous nucleation, the value of K is given as:

K = %nyG3 [7]

where v is the nucleation density and G the radial rate of growth of the spherulites.

The Avrami equation does not perfectly describe the bulk crystallization of
polymers (32) because at high conversions the spherulites impinge and the overall féte
of grbwth is decreased. Moreover, the Avrami exponents obtained from experimental
measurements are commonly fractional numbers as reported by Pratt and Hobbs (33).

These results are explained -by Price (34) as coming from a significant fractional com-
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ponent.of the polymer that undergoes secondary crystallization. This latter term refers
usually to the thickening of the lamellae inside a spherulite through a recrystallization
process. Another possible explanation obtained from microscopical observation of
growth rates is that the nucleation mechanism is often a combination of both heteroge-
neous and homogeneous mechanisms. Finally, according to Mandelkern (30), the value
of the Avrami coefficient n is raised by 0.5 when the growth of a developing crystal is
controlled by the diffusion processes occurring in the liquid phase.

The Avrami analysis can be performed in several ways, one of which is through
the use of depolarized microscopy (33). The crystalline fraction is then obtained through
the following equation:

Xc(t) = H (8]
where I, , I, are respectively the final and initial intensities of transmitted polarized
light. I(t) is the intensity at a given time. Dilatometry is another method commonly used
(35). Here, the weight fraction of a polymer in the crystalline state can be reached ac-
cording to the following equation:

v(t) - V)

Xc(t) =
where V? and V? represent the specific volumes of liquid and fully crystalline polymer at
temperature Tc, and V(t) is the specific volume of the system at temperature Tc and time
t. This particular technique permits one to also calculate the final degree of crystallinity.
Finally, isothermal crystallization by DSC is another common and very convenient
method as described in chapter 2. When compared, dilatometry and DSC methods
(36-38) give similar results for the Avrami coefficient n, the kinetic constant K and t,,.

or time necessary for the crystallinity to reach half of its final value.
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The usual way to perform an Avrami analysis on homopolymers from an
isothermal DSC crystallization curve is widely described in the literature (39-44). The

Avrami equation becomes:

tdQ
9Q 4
1= Xc(t)=1- I° =1 - AHO [10]
R dQ " AHo,
or
l—%=cxp(—lit") C11]

where AH(t) is the enthalpy of crystallizétion at time t and temperature Tc, and AH,, is
the enthalpy of the complete transformation (maximum crystallinity achievable) at Tc.
The time dependent enthalpy values are calculated from the thermogram obtained for
each Te. Then, a plot of Xc(t) versus log(time) which show the evolution of the
crystallization as a function of time, can be constructed. A simple transformation of the

Avrami equation gives:
log(1 = Xc(t)) = log(Xam(t)) = —Kt" [12]

and _
log( — log Xam(t)) = logK + nlogt [13]

Therefore, a simple plot of log (-log Xam(t)) versus log(time) gives the values
of log K at the intercept and n from the slope. Another common method used to calcu-
late the Avrami coeflicient n is to consider the plot Xam(t) versus time and to calculate

the slope, S, att = t,, Specifically, n is given by the relationship:

= —n(log2)!? = - 0.35n. [14]
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The last parameter of importance is the half time of crystallization, t,,. It can be -
calculated directly from the plot of Xc(t) versus log (time). It might bé stated that this
analysis is also applicable to polymer blends as shown by Martuscelli et al (38).

As we have seen at the beginning of this section, the Avrami equation contains
two important parameters in the kinetic expression for the constant K as seen in Eq.(7).
The first is v, the nucleation density while the secdnd‘ is the rate of growth G. Therefore,
the determination of G by optical microscopy gives additional information on the
crystallization Kinetics and allows to separate the relative effect of these two parameters.
The fundamental theory describing the growth rate and the techniques used for its de-

termination are discussed in the following section.

1.3.2 Crystallization Growth Rates

The classical nucleation theory of Turnbull and Fisher (45) as described by
Hoffman et al (28) and Sanchez (29) expresses the rate of growth of a lamellar crystal
according to the following equation:

E,

(kT

G = Ggexp ) exp (_TA,F— ) [15]

where AE, is the free energy barrier opposing transport of material across the interface
liquid-solid, AF* is the free energy required to create a nucleus of critical size, Go is a
constant. Assuming that the growth of the lamella occurs by nucleation at the surface
of the crystal, AF* can be written as:

_ 40‘O'eTm0

AhAT [16]

AF”
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where ¢ and o, are respectively the surface free energies of formation of the lateral and
end interfaces of the lamella crystal, Ah is the enthalpy of fusion of bulk polymer crystal,
Tm? is the equilibrium melting point, and AT is the undercooling (Tm°-Tc). The radial
growth of polymeric spherulites are the same as those of their constituent lamellar crys-
tals (46) and are commonly described in the actual literature (47) under the revised form
of equation [15]: |

UX
G = Gyexp R Yexp (

- ——B ) [17]
(Te = Tw) Tc(ATH

where B is the nucleation constant; f is the factor accounting for the change in the heat
of fusion Ah as temperature is decreased below Tm?° and is given by f = 2Tc¢/(Tm°-Tc);
U~ is the activation energy for transport of segments to the site of crystallization, T, is
the hypothetical temperature at which all the motion associated with viscous flow ceases
and is correlated to Tg.

Vansanthakumari et al (9) have studied the rates of spherulitic growth of PLA-L
as a function of Tc and molecular weighi on a hot-stage microscope. The PLA-L mate-
rials were prepared under vacuum by ring opening polymerization using stannous
octoate as initiator. It was found that the radial growth rates of the spherulites were
linear for all Tc’s. They increased as molecular weight decreased and showed a maximum
at Tc=125°C. Moreover, for all mblecular weights Mv > 150,000 , the crystallization
followed a regime II behavior characteristic of spherulitic growth. For Mv < 150,000
and Tc > 163°C, the growth of axiallites was observed which is characteristic of a re-
gime I behavior. The growth rates were in agreement with the theory and verified
equation (17). The difference in the growth dimensionality between regime [ and II is

evaluated in the parameter f8
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_ 4boo T,

. 1
regime I B Ah K (18]
2boc, T2
regime II pl = % [19]

where b is the layer thickness and k is the Boltzmann constant , all the other terms
having already been defined.

Let us now consider the case of blends containing a crystallizable component and
compatible but non crystallizable diluent. The kinetics of crystallization are reduced by
dilution of the crystallizable component at the growth surface. Indeed, the diluent is re-
jected from the growing crystal and forms a buffer zone which reduces both the diffusion
of the crystallizable polymer to the crystalline surface and the secondary nucleation.
Keith and Padden (48,49) in their classic work on isotactic | atactic polypropylene blends
found that the rates of radial spherulitic growth, at the same supercooling, were higher
for the blends containing the higher level of impurity. This surprising result was credited
to the difference in molecular weight distribution upon fractionation of the atactic
polypropylene and is not the expected result if the molecular weights of the diluent
matched that of the crystallizable species. In the recent literature (48-50), the spherulitic
growth rates in compatible blends of semicrystalline/amorphous polymers have been
described by equation [15]. However, in this particular case AF* is more correctly ex-

pressed as:

_ 4bog,  20KTclnV,
AF’ b AF’

AF”™ [20]

where V) is the volume fraction of crystallizable polymer, AF’ is the free energy differ-
ence between the supercooled liquid and the crystal of the blend and can be approxi-

mated by:
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_ AH%Tm{ - Tc)

AF’ 5
TmB

[21]

* where AH? is the perfect crystal heat of fusion of the crystallizable polymer. The second
term included in equation [20] accounts for the probability of selecting the required
nu-mber of crystalline sequences from the blend (20). This term which is of entropic ori-
gin is always positive and promotes an increase in the value of AF*. According to
Martuscelli et al (51), when the Tg of the crystallizable component ( Tg, ) is lower than
the Tg of the non crystallizable one ( Tg,, ), AF* increases. Consequently, the radial
growth rates of spherulites grown from compatible semicrystalline/amorphous polymer
blends having components of similar molecular weights will always be lower than that
of the pure crystallizable component. Moreover, th¢ effect of the diluent is more sig-
nificant at low Tc and induces larger dépressions of growth rate G. On the contrary, if
Tg. > Tg.. one might expect an increase of G due to the presence of diluent.

These statements are supported by the results of Keith et al (49). On
isotactic/atactic blends of polypropylene and polystyrene, the spherulitic radial growth

rate is decreased for a given Tc when the percentage of diluent increases.

1.4 Objectives And Justifications

The objectives of this research can be divided in three important parts: the
polymerization of PLA-L and PLA-DL, the fabrication and characterization of the
blends and the crystallization kinetics study. PLA-L and PLA-DL homopolymers were

synthesized according to a method derived from the literature. The polymerization
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method was modified and completed to allow one a good control of the molecular weight
of the final products. After the determination of their molecular weight by intrinsic
viscosity, the polymers were used to prepare blends containing PLA-L and PLA-DL.
The compatibility of the blends was investigated by determining their Tg with a DSC.
However, as seen before, the great proximity of the Tg’s of the two cor}stituents of the
blends was a limitation for the use of the method; Another approach was used to solve
this problem. The samples were “ physically ” aged in order to enhance the Tg peaks
and to allow their separation by a better resolution whenever a certain degree of in-
compatibility was present in the blend.

The experiments involved in the crystallization kinetics study apply a certain heat
treatment to the samples. According to the literature (10) and to other projects studied
in- this same laboratory, the heat treatment could induce degradation, racemization
and/or transesterification. A small complementary study was, therefore, conducted to
be sure that these processes were not taking place in the pure polymers or the blends
during the heat treatment.

The final step of this research was to study the crystallization of the pure PLA-L
and the blends previously prepared. The overall kinetics were studied by isothermally
crystallizing the samples within a DSC, while the growth rates were determined by using
a hot-stage microscope. The Avrami analysis performed on the overall crystallization
data provides information about the crystallinity content of the materials as a function
of time and Tc. The information provided by the growth rates and the optical
microscopy is more directed on the morphology of the spherulites grown under partic-
ular conditions. Finally, the comparison of both the overall Kinetics and the growth
rates allows the calculation of the nucleation density (N). The combination of all these
results could be of potential use to predict the final morphology of these materials when

they are processed at a given temperature for a specific amount of time.
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2.0 MATERIAL AND EXPERIMENTS

2.1 Polylactides

2.1.1 Materials

The starting monomer for the synthesis of polylactides is a dimer denoted as
lactide which is produced from the reaction of two molecules of lactic acid as shown in

the following chemical reaction:

CH c':H c‘o cH & I
3T v 3 CH C
| ~ A O ~OH A 3 N
. OH oH _ & H—-IC/C - H\/cl:/ ?
" om catalyst o EC{OH SN /C(HH
CH-C—C C~ " CH, g CH,
N
tn o o

Two different lactide monomers are available commercially, the optically pure L(-) and
the racemic DL. They can be purchased from Boehinger Ingelheim as a white, free
flowing crystalline powder. The purity of the commercial products is greater than 99%
and their melting temperatures are:

Tm of L(-) lactide = 96-97°C.

Tm of DL lactide = 124-126°C.
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Each melting temperature is very sensitive to the purity of the monomer. After
further purification to remove traces of lactic acid, the values of Tm become:
Tm of L(-) lactide = 98°C.
Tm of DL lactide = 127°C.
The polymerization of lactide can be carried out using the pure L(-) monomer
to obtain the semicrystalline polymer. Using the DL racemic monomer leads to an
amorphous polymer. As expected, the purity of the monomers plays an important role

in the polymerization reaction. Therefore, the monomer must be purified by two suc-

cessive recrystallizations under nitrogen, prior to polymerization as described below.

2.1.2 Monomer Purification

The purification procedure was identical for both the pure L(-) and the DL
monomers. The schematic of the apparatus used for the two recrystallizations is shown
in Fig.4-a. The device was heated to 45°C and charged successively with ethyl acetate
and an excess of monomer. After complete dissolution, the vessel was turned upside
down to filter the solution and was then flushed with nitrogen for a few minutes. The
recrystallization occurred on slow cooling and after several days under a nitrogen at-
mosphere. This procedure produced large crystals of lactide which were recovered after
filtering off the mother liquor to the other part of the vessel. Then, more monomer was
dissolvéd in the solution to continue the process. The crystals recovered from the first
recrystallization were dissolved 1n fresh ethyl acetate and the same procedure was fol-

lowed for the second recrystallization. After recovery, the final crystals were washed with
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ethyl ether and stored over phosphorous pentoxide in an evacuated desiccator until fur-

ther use.

2.1.3 Polymerization

The polymerizations were carried out in the bulk phase, but since they were very
sensitive to the moisture content and the purity of the monomers, they were performed
under vacuum using only sublimed monomers (described below). Moreover, as discussed
in chapter.1, Hostettler et al (6,7) had found that an initiator can be any component with
one or more active hydrogens e.g., as lactic acid. Therefore, careful control of the
quantity of lactic acid in the reactor allowed control of the desired molecular weight.
Speciﬁcaliy, the correct quantity of lactic acid was added to the reactor just before the

polymerization was started.

2.1.3.1 Sublimation Procedures

The monomer sublimation was performed in the polymeriza‘tion reactor itself.
The reactor was charged with 6 g of twice recrystallized monomer and was then con-
nected to a vacuum line providing a vacuum of 0.1 um of mercury. Then, the monomer
was sublimed by heating the bottom of the reactor with an oil bath to a temperature just
below its melting point while the upper part of the reactor was cooled with an ice bath
as shown in Fig.4-b. With this arrangement, the monomer condensed on the upper part

of the reactor. After this occurred, the catalyst and initiator were added in solution form
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to the bottom of the reactor and the polymerization started. A general method for the

polymerization is discussed in detail in the next section.

2.1.3.2 General Syﬁthesis Methodology

The catalyst used was stannous octoate at a concentration of 104 mole/mole
of monomer. The initiator used was lactic acid and the proper quantity was added to
achieve a particular molecular weight. A standardized method was followed for all the
polymer batches. The only varying parameters were the type of monomer charged, op-
tically pure L(-) or racemic DL, and the quantity of corresponding lactic acid add;:d to

the reactor. Below is given,in listed form, the stepwise procedure used:

¢  The reactor was charged with 6 g of twice recrystallized monomer and the vacuum

was established.
e The monomer was sublimed as described above.

e 1 cc of stannous octoate dissolved in dry pentane was charged and the pentane

evaporated under vacuum.

e 1 cc of lactic acid dissolved in ethyl ether was charged and the solvent evaporated

under vacuum.

¢  The reactor was separated from the vacuum line by torch sealing.
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¢  The reactor was placed in an oven for 6 days at a temperature of 10°C above the

melting point of the monomer.

¢ During the first two hours of the reaction, the reactor was shaken by hand every

20 minutes to assure homogeneity.

e  After completion of the reaction (conversion > 90%) , the reactor was broken and

the polymer dissolved in dry chloroform.

e  The polymer was precipitated in dry ethyl ether and dried in a vacuum oven at 75°C

for 24 hours.

. Finally, the polymer was stored over phosphorous pentoxide in an evacuated

desiccator.

2.1.4 Characterization

2.1.4.1 Intrinsic Viscosity

The intrinsic viscosities were measured using a capillary viscosimeter suspended
in a water bath at 30°C = 0.5. In each case, mother solutions were prepared by dis-
solving a very precise amount of polymer in chloroform. The operating method con-
sisted of charging the viscosimeter with 2 ml of polymer solution, waiting to reach a
thermal equilibrium and measuring the time needed by the solution to flow between two

reference marks. After repeating each measurement three times, other dilutions were
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prepared with chloroform. The quantities of solvent added successively and very pre-
cisely into the viscosimeter were 2, 4, 8 and 16 ml of chloroform. The flow times were
measured under the same conditions as the-mother solution. The time used for the cal-
culations was in each case, the average of three measurements made at each concen-
tration. The intrinsic viscosity, [ n ], is related to the concentration and time through the

following equations:

s

[n] = lim, ["n_cns] [22]

where

M—Ns(_(t- L
[ - ] [ c ] [23]
where 1 and 7, are the viscosities of the solution and the pure solvent respectively , C is
the concentration of the solution in g/dl, [ n ] is the intrinsic viscosity of the polymer, t
and t, are the times necessary for the solution and the pure solvent to flow. Therefore,
a single plot of ((t-ts)/C.ts) versus 1/C gives [ n ] at the intercept. The value of [ n | was

used to calculate the viscosity average molecular weight Mv by using the Mark-Houwink

equation.

[m]=KM* [24]

where K and a are the Mark-Houwink coeflicients given by Schindler and Harper (8).
They investigated the viscosity-molecular weight relationship on polylactides of
Mw/Mn=2. The values they found are shown in Table 1 and were obtained from

measurements in chloroform solutions at 30°C.
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2.14.2 N.M.R

The stereochemistry of the polymers synthesized was determined using high re-
solution C-13 NMR spectroscopy. The 50.13 MHz spectra were obtained at room tem-
perature using a Brucker WP-200 SY spectrometer. The samples were prepared by
dissolving the polymer into deuterated chloroform ( 10 % weight per volume ) while
TMS was used as the internal reference. The tacticity was determined from the fine
structure associated with the carbonyl ( C=O ) peaks.

The PLA-L isomer was identified by a single peak at 169.2 ppm, whereas the
PLA-DL analog had three different peaks at 169.1, 168.8 and 168.5 ppm assigned re-

spectively to the iso, hetero/iso or hetero/syndio and syndio triads.

2.2 Preparation Of Blends

2.2.1 Materials And Preparation

Polymer blends were prepared by mixing the optically pure L(-) and racemic DL
polylactides (PLA). Their viscosity average molecular weights are given in Table 2-a.

The list of the blends prepared is given in Table 2-b along with their arbitrary
denomination, chosen only for simplification reasons. For each blend, four compos-

itions were prepared by weight percentage.

. 90% PLA-L / 10% PLA-DL
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. 80% PLA-L / 20% PLA-DL
. 70% PLA-L / 30% PLA-DL
. 50% PLA-L / 50% PLA-DL

The blends were prepared by dissolving 1 g of the corresponding weight per-
centages of the two polymers in 50 cc of chloroform. After complete 'dissolution and
homogenization, the solutions were poured into Teflon molds and the solvent evapo-
rated at room temperature. Then, the blends were removed from the molds, dried for 24

hours at 70°C under vacuum and stored over phosphorous pentoxide.

2.2.2 Miscibility Considerations

The miscibility of the blends was investigated by studying their Tg behavior on
a Perkin Elmer DSC-4 differential scanning calorimeter. All the samples were heated
above Tg, at 70°C for 30 seconds and then brought back to room temperature. De-
pending upon the molecular weight of the PLA’s and their relative weight percentages,
the blends obtained were found to be compatible or not. In the first case they presented
a single Tg while in the second, two were observed. In the present case, however, the
problem was complicated by the proximity of the two Tg's: Tg=53°C for PLA-DL,
Tg=65°C for PLA-L as discussed in chapter 1. It was, therefore, necessary to let the
samples physically.age in order to detect a phase §eparation in an incompatible blend

as shown in Fig.5-a and 5-b. Fresh samples of all the blends were, therefore, aged for
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14 days and were run at a heating rate of 20°C/ min . The weight of the samples was in

the range of 10 mg. In all cases the DSC was first calibrated with an indium sample.

2.3 Avrami Analysis - Methodology

2.3.1 Isothermal DSC Study

The crystallization kinetics of the samples were carried out using a Perkin Elmer
DSC-4 Differential Scanning Calorimeter. The sample weights were in the range of 10
mg. The DSC was used in the isothermal mode to obtain the crystallization isotherms.
For a semi-crystalline polymer, the crystallization window lies between Tg and Tm. In
this case, Tg = 65°C and Tm = 180°C. However, the entire range of crystallization
temperatures could not be investigated because of the sensitivity limits of the instrument.
At low temperatures, the diffusion of the polymeric chains was two slow and at high
temperatures, the nucleation density was too low. Therefore, the temperature range in-
~ vestigated was between 90°C and 140°C. To obtain materials more suitable for DSC
analysis, all the PLA-L samples and the blends were pressed at 200°C for 30 seconds and
quenched at room temperature between aluminum plates which led to transparent,
amorphous thin films. The samples cut from these films were then heated to 200°C at
50°C/min and held at this temperature for 2 minutes to destroy possible residual nuclei.
Then they were cooled at 60°C/min to the chosen crystallization temperature Tc, at

which the isothermal crystallization was recorded versus time as shown in Fig.6.
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2.3.2 Analysis Of Calorimetric Data

The extent of crystallization completed at a given time Xc(t), was determined
by digitizing the isothermals and calculating the partial areas under the curve as de-
scribed earlier. The assumption made was that the fractional crystallization at a given
time is proportional to the ratio of the isothermal peak area up to that time over the
total peak area as stated by Jog et al (43). The digitizing table was connected to a
. computer and the data collected served to calculate the partial crystallinity as a function
of time, the Avrami coeflicient, the kinetic constant K and the half-time of
crystallization. The same computer programs ,shown in Appendix A, calculated the data
necessary for the plots Xc(t) versus log(time) and log(-log Xam(t)) versus log(t).

An example of the ahalysis method is developed below and schematized in Fig.7.
The starting point is the isothermal curve which is digitized to give a data file containing
20 coordinates points plus the total time in minutes needed to obtain the curve as re-
ported in Fig.8. The time value is used to transform the X-coordinate, originally in
inches to a t;me scale in minutes. Then, the computer program creates 2 files of output
as shown in Fig.9-a and 9-b. The Avrami coefficient was calculated by the two usual
methods and the logarithm of the kinetic constant K as explained in chapter 1. The
second file contains 3 columns of data which are respectively, log(time) in minutes, the.
crystalline fraction Xc(t) and the double logarithm of the amorphous fraction. The t_hird
column contains only 12 data points because the last point were removed to avoid de-
viation from the theory due to the spherulitic impingement. The type of graphs obtained
from these data are shown in Fig.10-a and 10-b. Finally, another program is used to

calculate t,, , the time at which the crystallinity has reached one half of its final value.
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This same procedure was repeated for each particular Tc and for each PLA-L sample

or blend.

2.4 Crystallization Growth Rates - Methodology

The crystallization of the polylactides or the blends occurs in the spherulitic
mode. Therefore, the measurement of the growth rate of the spherulites as a function
of the time gives fundamental information about the nucleation of the polymeric chains
into the crystal phase. This parameter is a part of the overall kinetics studied by the DSC
and it permits one to differentiate the two important phenomena leading to
crystallization which are the nucleation density and the spherulitic growth rates. More-
over, the direct visual observation of the spherulites also reveals their possible

imperfection due to phase separation.

2.4.1 Optical Microscopy And Growth Rates Determination

The samples used for the microscopic study were cut from the film used from the
DSC work. All the observations were made on a Zeiss optical microscope equipped with
a 35 mm camera and a Leitz hot-stage. The hot stage was calibrated before use with
organic (naphthaléne) and mineral (sodium nitrate) crystalline compounds of known
melting points (Tm). The samples were placed between microscope glass slides, heated

at 200°C for 2 minutes and then cooled down rapidly to the required Tc. The relatively
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short time spent at 200°C to erase the previous nuclei was justified by using amorphous
films to start with and by the desire to avoid or minimize degradation. All the samples
were used only once and the measurements were made in the middle of the samples to
avoid any problem of surface nucleation (where hemispheres are grown instead of
spherulites) or degradation in the periphery of the sample. The range of Tc’s values in-
vestigated was 100°C-150°C. Below 100°C the nﬁcleation density was too high to allow
differentiation of the spherulites and, above 150°C, their shapes were too irregular and
diffuse. Furthermore, when low supercooling temperatures were used, the samples were
nucleated at lower temperatures and then returned to the required Tc. This artifact
showed no influence in the growth rates measured when compared with samples
nucleated at the correct Tc after a very long induction time. It was only used to accel-
erate the nucleation which is almost nonexistent at temperatures close to 150°C.

In each case a portion of the film was chosen to be photographed. A timer was
started when the first picture was taken. Then, a series of 4 to 6 pictures were taken at
predetermined intervals of time. After film processing, the series of pictures correspond-
ing to a given Tc were examined. One or more spheruli;es were chosen and followed
through the series of pictures, its diameter carefully measured and reported versus time

as shown in Figs.11-a, b, c, d. Several advantages of this method are listed below.

1. Eliminates the need to center a spherulite on the graduated scale printed on the mi-

croscope ocular . This procedure always increased the observation time.

2. Several spherulites can be measured on the same picture to increase the accuracy

of the results.

3. The pictures can be enlarged at will. That is very useful when using high super-

cooling temperatures where the nucleation density is very high.

MATERIAL AND EXPERIMENTS 29



The values of the diameters were plotted versus time which provided straight
lines whose slope was the rate of growth (G). The values of these slopes were then used
to obtain the curves of growth rates versus Tc. At this stage of the method, the problem
remaining is the transformation of the values obtained into appropriate units:
microns/minute. A convenient way to do this was to simply take a picture of a 0.5 mm
mark:er on the microscope using the same lens as Vfor the spherulitic observation and to
develop it at the same magnification as the other pictures. Then, a simple measurement
of the marker on the picture permitted the calculation of the growth rates of the radius
of the spherulite in pm/min. The error introduced by this method was determined by

calculating the relative error:

AE = AS/S [25]

where AS is the maximum difference in the slope obtained by the measurement of § dif-
ferent spherulites on the same picture and S is the average of the 5 slopes. The values

obtained showed a relative error no larger than 6%.
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3.0 RESULTS AND DISCUSSION

3.1 Polymerization Results

3.1.1 Control Of Molecular Weight

As described in chapter 2, the precise control of the quantity of initiator (lactic
acid) present in the polymerization reactor allows one to achieve variable yet controlla-
ble molecular weights. The total quantity of lactic acid present during the

polymerization is, however, from two sources:

¢ The quantity left into the reactor after sublimation.

¢ The quantity added directly prior to polymerization.

Since the polymerization reaction was always repeated following the same rou-
tine, the quantity of lactic acid remaining in the reactor after sublimation was assumed
to be constant and was determined by polymerizing the monomer without adding any
extra initiator. This reference sample had an average viscosity molecular weight,

Mv=935,000 g/mole and was used to back calculate the concentration, C, of lactic acid
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initially present. The details of the calculation are shown in Appendix B and lead to the
value of C equal to 2.90 x 10-¢ mole/mole of monomer.

Since the goal was to synthesize polymers haviﬁg a wide range of molecular
weights, quantities of initidtor to be added in each particular case were calculated con-
sequently. These values are also determined and presented in Appendix B. The viscosity
molecular weights intended, M,, and obtained, M,, for both PLA-L and PLA-DL are

shown in Table 3. From this table, the calculation of the error obtained through
[Min — I\IIob:l

10% , showing a good control and reliability of the method of polymerization. The only

polymerization is: E = x 100. The error E does not exceed in general
exception is observed for the PLA-L sample (Mv= 290,000 g/mole) where E = 16%.
This fluctuation can be explained by problems encountered with the diffusion vacuum
pump at the time of polymerization leaving a vacuum of 0.5 pm of mercury instead of
the usual 0.1 pm. The quantity of lactic acid left in the reactor was, therefore, larger

than planned.

3.1.2 Polymer Characterization

All polymers were characterized before using them for the blend preparation or
for the kinetics studies. The molecular weights were determined by intrinsic viscosity
measurements as described in chapter 2 and according to the method of Schindler et al
(8). The Mark-Houwink coefficients given in Table 1, have been determined and tested
only in a range of number average molecular weight higher than 200,000 g/mole. In the

present case, however, and based on evidence from GPC measurements collected by
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Carter (16), the decision was made to extend the method to lower molecular weight
samples.

Another important characteristic with regard to crystallization kinetics, was the
stereochemistry of the polymers. According to the experimental conditions (ie: temper-
ature), we do not expect any racemization of ' the L-lactide to take place during
polymerization. However, two samples of PLA-L and PLA-DL} were tested using high
resolution C-13 N.M.R spectroscopy. The spectra obtained are shown in Fig.12. Figure
12-a clearly exhibits a unique carbonyl peak at 169.2 ppm for PLA-L proving that no
racemization had taken place to alter the stereoregularity of the polymeric chains. On
the other hand, Fig.12-b shows three different peaks ( 169.1 ppm, 168.8 ppm, 168.5 ppm)

characteristic of the PLA-DL stereochemistry as explained in chapter 2.

3.2 Characterization Of The Blends

In the following sections, the blends are identified as B#-Y/Z, where B# denotes
a specific numbered blend as shown in Table 2-b and Y and Z are the weight percent-
ages of PLA-L and PLA-DL respectively.

After fabrication, the blends were characterized with respect to miscibility. The
Tg of the different mixtures were studied by DSC on samples “physically” aged for 14
days as explained in chapter 1 and 2. The aging effect which creéxtes an endothermic peak
on the Tg transition as displayed in the DSC thermograms, allows one to establish an
index of blend compatibility. The state of compatibility for all the blends is summarized

in Table 4 and shows that only three blends were found compatible: B1-90/10, B1-80/20
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and B1-70/30. Their DSC thermograms are shown in Fig.13-a. The last blend of the
series, B1-50/50 is incdmpatible as shown by the double Tg observed in Fig.13-b.

From Fig.13-a we observe a shifting of the Tg transitions from higher to lower
values as the PLA-DL content increases. However, the shifting of the Tg does not fol-
low the equation of Fox (Eq.5) and the Tg appears to be lower for the blend B1-80/20
than for the blend B1-70/30. This surprising resu.lt was verified by preparing the blends
again with polymers from the same batches. The results obtained with the new samples
displayed the same behavior with respect to the shifting of the Tg.

In an atteﬁapt to explain the state of compatibility obtained in the blends pre-
pared by casting films from solutions, one might consider the existence of a two phase
zone in the ternary diagram PLA-L/PLA-DL/CHCI; as given earlier in Fig.1. Although
this diagram represents a thermodynamic equilibrium situation, it may be used to follow
the concentration of the solutions upon solvent evaporation. Then, a kinetic argument
can be developed to explain the compatibility behavior observed in the final state of the
blends (no solvent left). Considering that all the blends were prepared following the
same procedure (same initial concentration in CHCl; and same rate of evaporation of
the solvent), a governing factor of the final miscibility state of the blends might be the
time necessary to go from A to B and cross the two phase region shown in Fig.1. An-
other important parameter which controls the kinetics of mixing and demixing when the
solution goes through a two phase region, is the viscosity of the mixture. The aboYe
concepts can be applied to the blends Bl and their hypothetical equilibrium ternary di-
agram displayed in Fig.14. In this figure, the lines AB, AC, AD and AE represent the
changes in solution concentration as thé solvent evaporates. For the compositions 90/10
and 80/20, the lines AB and AC do not cross the phase separated zone. The corre-
sponding blends are therefore completely miscible and their Tg decreases as the PLA-DL

content increases. For the 70/30 composition, the line AD crosses the two phase region
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but the time necessary to go from “ a ” to “ b ” is relatively short and the phase sepa-
rated domains ought to be small (far from equilibrium) when the mixture reenters the
one phase region. Moreover, the molecular weight of the components of Bl are low
enough to favor the kinetics of remixing and allow the achievement of miscibility before
the viscosity of the mixture becomes high enough to freeze the molecular motion. From
the DSC results, it is assumed that the miscibiiity is achieved in the final state for
B1-70/30. However, its Tg is higher than that of B1-80/20. This might be explained by
assuming an imperfect remixing with small inhomogeneous regions within the blend
B1-70/30. Finally, B1-50/50 needs a longer time to go from concentration “ ¢ ” to “ d
”. The phase separated domains have more time to grow and approach the
thermodynamic equilibrium. When the composition reaches “ d ”, the remixing starts
but the viscosity becomes quickly high enough to limit it. The blend is, therefore, inho-
mogeneous in its final state and shows two Tg values in Fig.13-b. Partial miscibility
does, however, exists to some extend since the two Tg peaks corresponding to the L and
DL phases do not appear at the same place that those of the corresponding
homopolymers PLA-L and PLA-DL. The shifting of the two peaks of the blend
B1-50/50 is showﬁ in Fig.15.

In order to support the above proposed concepts, the three compatible blends
were ez(amined by Fourier Transform Infrared Spectroscopy (FTIR) to study the possi-
ble shifting of the absorption peak of the carbonyl group ( C=0 ) bond appearing in
the region of 1760 cm~! . However, the spectra obtained from the three different com-
positions (90/10; 80/20; 70/30) are similar as observed in Fig.16 and do not show any
significant displacement of the carbonyl absorption peak from one blend to another.

All the other blends are incompatible and display two Tg values. An example

of this behavior is shown in Fig.17 for the blend B2. From Fig.17, we observe that the

90/10 composition shows a shoulder on the Tg peak indicating the phase separation of
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the small amount of PLA-DL. For the 80/20 and 70/30 compositions, this shoulder in-
creases to form a real separated peak for the last composition of 50/50. This increase is
directly related to the PLA-DL composition content of the blend and does not reflect
any change in phase separation. The use of fresh samples, without any “physical” aging
effect is illustrated in Fig.18 with samples of the same B2 blends. The figure clearly
shows the limitations and the potential to report xﬁisleading results of this approach due
to the fact that at this early aging times, it is difficult to differentiate the two Tg'’s of the
lbw DL content blends. The general arguments developed earlier and applied to the
blends Bl may be used to explain the final miscibility state of all the blends. Moreover,
the different results obtained from one blend to another ought to be accounted for by
the differences in Mv of the polymers used. In all cases, the peaks of the double Tg ap-
pear to be shifted with respect to the Tg values of their corresponding pure
homopolymers. This is shown in Fig.19 where B4-50/50 displays a double Tg at tem-
peratures above the Tg of the pure PLA-DL component and below the Tg of the pure
PLA-L component. The latter observatioﬁ tends to support the existence of partial
miscibility, more or less pronounced in'all the incompatible bl;nds studied. Finally, one
must be aware that each polymer used in the blend fabrication has a polydispersity of
2.0 which implies a distribution of molecular. weights rather than a single value. There-
fore, one must realize that the phase equilibrium ternary diagrams used above are in re-
ality complicated by the existence of this distribution. In fact, the blends in solution do
not behave like a ternary mixture but like a multicomponent mixture containiné several
PLA-L and PLA-DL species of different molecular weights. The existence of a fraction
of small molecules in all the PLA synthesized might be responsible for the partial

miscibility present in all the blends.
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3.3 Thermal Effects On The Samples

Before studying the crystallization kinetics with either the DSC or the hot-stage
microscope, the samples were cut from amorphous films, heated to 200°C for 2 minutes
and quenched to room temperature to remove ady possible though improbable existing
crystalline structure and to obtain completely amorphous samples. This thermal pre-’
treatment could also affect the samples in three different ways. Specifically, the processes
of degradation, racemization of the pure PLA-L and transesterification could influence
the reSults of the crystallization kinetics study if any one of these occurred. Eéch of these

topics will be addressed separately.

3.3.1 Degradation

The process of degradation would be expected to lower the molecular weight of
samples and also possibly create cyclic compounds, thereby, disturbing the kineticsAof
crystallization. It can be avoided or at least minimized by melting the samples at tem-
peratures not far above Tm, by keeping the samples under a nitrogen atmosphere during
the heating step and by minimizing the time of fusion.

. The present research was carried out fulfilling those three requirements. The
samples were never heated above 200°C (Tm= 180°C), all the experiments with DSC or
‘hot-stage microscopy were performed under nitrogen and the time of fusion was in all |
cases 2 minutes. Under these conditions and according to the results of Carter (16) on

the molecular weight of samples before and after thermal treatment, it is assumed that
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no significant degradation of the polymers took place during the thermal treatment

preceding kinetics studies.

3.3.2 Racemization

According to Kricheldorf et al (10,11), the use of: certain organometallic catalysts
induces racemization at high temperatures. This-phenomenon introduces changes in the
stereoregularity of the polymeric chains and, therefore, influences the crystallization. An
easy way to detect racemization is to study the melting point of the samples. According
to Mandelkern (30), when the inversion of configuration occurs in a linear polymeric
chain, even on small percentages of monomer‘ units, the melting point can be depressed
by as much as 40°C.

In the present case, the polymers were made free of residual catalyst by precipi-
tation into a non-solvent. However, as a precaution, the variation of the melting point
(Tm) of PLA-L (Mv=23550,000 g/mole) was investigated after annealing three samples
at 200°C for 2, 10 and 20 minutes respectively. The melting points obtained by DSC
with a heating rate of 10°C/min are given in Table 5-a and show no change of Tm’s
values with annealing time. Therefore, it is assumed that there was no problem of

racemization occurring during the heat treatment up to 200°C.
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3.3.3 Transesterification

Another project carried out by Subramanian in this laboratory and dealing with
PLA blends allows the author to state that transesterification occurs in PLA-L/PLA-DL
blends containing stannous octoate when these are annealed at 200°C for several min-
utes. The possibility of transesterification occurring in the samples used for this research
during such thermal pretreatment was investigated on two different blends: B1-80/20
which is a miscible blend where the molecules of PLA-L and PLA-DL are in close con-
tact and B3-50/50 which is immiscible but with a high content in DL. The melting points
of these blends were studied by DSC at a heating rate of 10°C/min on samples not
annealed, annealed 2 minutes and 10 minutes respectively, at 200°C. The Tm values are
reported in Table 5-b and do not show a significant change, supporting the conclusion
that transesterification does not take place in the samples when placed under the heat

treatments discussed above.

3.4 Overall Crystallization Kinetics

3.4.1 Isothermal DSC Results

The isothermal crystallization of a polymer or a blend, appears on a DSC curve
as an exothermic peak. Figure 20 shows an ensemble of curves recorded from the same
polymer PLA-L (Mv = 290,000 g/mole) at different crystallization temperatures, Tc..

From the figure, one sees that the broadness of the peak and the induction times are
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function of Tc. Moreover, the ordinate scale being at the maximal possible sensitivity,
it clearly appears that Tc values above 140°C and below 90°C cannot be used for the
analysis because the crystallization peaks are too broad and low to be accurately de-
tected i.e., it is difficult to specify an accurate baseline.

All the isothermal peaks are not shown because thé same tybe of DSC response
curves was observed for all the polymers and blends tested. The limit of the Tc range
which could be utilized was also the same in general (90°C < Tc¢ <130°C or 140°C)
with the exception of a few cases: B1-70/30 which gave a flat line at Tc = 90°C and
B2-50/50 which gave the same response at Tc = 100°C and Tc = 90°C. In both cases,
these samples were close to their Tg and hence in a region where crystallization was
controlled by the diffusion of the molecules. Furthermore, the two blends have a high
PLA-DL content and hence a low diffusion rate which greatly spreads the time scale
over which the crystallization occurs thereby making the DSC peak too broad to be ac-

curately determined.

3.4.2 Results Of The Avrami Analysis

The Avrami plots (Xc(t)versus log(t) and log(-log Xam) versus log(t) ) for PLA-L
(Mv = 290,000 g/mole) are given in Fig.21. Each curve corresponds to a particular Tc
and is obtained through the digitalization of the crystallization peaks shown in Fig.20
and the use of a computer program (Appendix A). Again, the curves are not presented
because the main features of these graphs are the same for all the polymers and blends
studied. Figure 21-a shows an ensemble of sigmoids which describe the evolution of the

crystallinity content as a function of time. The lower part of the curves characterizes the
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induction time or time necessary to form the primary nuclei which will start the
crystallization. Figure 21-b exhibits straight lines and, thereby, proves that the
crystallization follows the Avrami equation (Eq.6, 13) given in chapter 1. The interesting
feature of this graph is the the change observed in the slopes of the lines which become
steeper as Tc moves from 90°C to 140°C and, suggests that the nucleation mechanism
is evolving from heterogeneous to homogeneous. This suggestion is supported by Fig.22
where two optical micrographs of PLA-L (Mv= 65,000 g/mole) taken at Tc=110°C and
140°C respectively, are shown. The figure clearly shows spherulites of uniform sizes at
Tc=110°C versus mixed sizes at Tc=140°C. This is a general tendency of all the ma-
terials tested and is better seen in Table 6 where all the \}alues obtained for the Avrami
coefficient are reported. Those values are not integer as predicted by the classical theory
(Chapter 1). Moreover, they are lower than expected from the classical theory which
predicts values of the Avrami coefficient of 3 and 4 for the three dimensional gréwth of
spherulites with pure heterogeneous and homogeneous nucleation respectively. Even if
one considers diffusion controlled crystallization at high supercoolings as seen in chapter
1, the values of the Avrami coefficient are still below the theoretical expectations. Ac-
cording to Price (53), the major difficulty arises because equation [9] applies only to a
constant volume situation. The common approximation of replacing volume by weight
into the equation can be responsible for an error up to 0:3 in the Avrami coefficient.
Other sources of error can arise from the deviation from the assumptions made in the
initial theory as discussed by Hillier (54). In particular, constant growth rates, no
impingement of spherulites and random nucleation.

From optical microscopy applied to these systems and described in the folloWing
sections, the growth rates were proven to be constant with time. The two other factors

are related because an oriented nucleation creates impingement even at the beginning

of the crystallization. In this case, the last part of the crystallization DSC isotherm is
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not considered in the calculations of n to avoid impingement problems. The small
thickness of the samples can, however, reduce the value of n by increasing the proba-
bility of nucleation at the surface and, therefore, the truncation of spherulites. The last
problem detected by optical microscopy is the presence of residual orientation of
nucleation in the samples, even after the thermal pretreatment. This phenomenon arises
from the way the samples are pressed (low température, short time) to avoid degrada-
tion. It is observed at high supercoolings and disappears as Tc incréases contributing
thereby, to the general increase of n with Tc observed in Table 6. This last argument
along with the considerations on the thickngss of the sample can explain why the values
of the Avrami coefficient n are lower than predicted by theory.

The values of the kinetic constant, K calculated from the double logarithmic
plots are displayed in Table 7. These value_s were used to create graphs (log K versus
Tc) as shown in Fig.23 for the B4 blends. The general shape of the curves is parabolic
with the maximum at Tc = 110°C. These curves are characteristic of the expected
crystallization kinetics and their shape is directly related to the curves of't,, versus Tk,
described in the following pages. When observed in more detail, the three curves corre-
sponding to 90/10, 80/20 and 70/30 compositions appear almost identical. This can be
explained by the existence of phase separation in the mixtures. Indeed, when more
}PLA-DL is present, the zones rich in DL may simply become larger without perturbing
the kinetics of the L regions. The 50/50 composition shows a decrease in the kinetics,
especially in the nucleation controlled area of the curve (closé to Tm). A satisfactory
explanation can be provided by the mechanism of phase separation described earlier and
illustrated in Fig.14 which holds here. However, due to the high molecular weight of the
DL species, the two phase region of the equilibrium phase ternary diagram ought to be
larger and the viscosity of the mixtures is higher for a given concentration than for the

B1 blends. These two factors may be responsible for the phase separation observed at
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all compositions, even for the B4-90/10 blend. For the 50/50 composition, the partial
mixing is less pronounced and some small domains of L material may stay enclosed
within the bulk of DL material. Since these small domains are isolated from the bulk of
the L material, the average value of the diffusion is reduced and consequently, the
overall kinetics decreases more than expected when going from 30% to 50% DL.

The most interesting result with respect toA practical applications is the variation
of the half-time of crystallization, t,, with Tc. The results for the pure PLA-L polymers
are st;own in Fig.24. All the curves are parabolic with a minimum near 100°C for higher
molecular weights and 110°C for the lower ones. The parabolas tend to open-up when
going from low to high molecular weights, especially in the nucleation controlled zone.
That suggests there may be a higher nucleation density at Tc > 120°C for higher mo-
lecular weight species, which increases the overall bulk conversion kinetics.

The crystallization half-times for the blends Bl, B2, B3 and B4 are given in
Figs.25-28 respectively. Figure 25, for the series Bl, shows a major difference of the
curves in the nucleation controlled part of the curves. A decrease in the kinetics is ob-
served for the three miscible blends as the ‘.DL content increases and there is a very wide
gap between the 80/20 and the 70/30 compositions for high supercooling temperatures.
This may result from the diluent effect of the DL component into the blend combined
with a sharp decrease of the nucleation density at low supercoolings. The 50/50 blend
shows a behavior similar to the 70/30 at low supercoolings suggesting no change with
respect to nucleation density. However, the kinetics are accelerated for high super-
coolings because the phase separation occurring in the B1-50/50 blend leaves regions of
pure PLA-L where the diffusion of the L-chéins to the surface of the growing crystals
is easier.

The blends B2 and B3 are incompatible for all compositions and the diluent effect

of PLA-DL is not very pronounced for the first three curves as seen in Figs.26-27. The
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wide gap observed between the 70/30 and 50/50 compositions in those two blends and
especially for B2, is explained by the kinetics arguments discussed earlier which describe
the phase separation upon solvent evaporation. For the 50/50 composition, PLA-DL
is believed to form an almost continuous separated phase with inclusions of PLA-L do-
mains of different sizes which should be related to the molecular weights of the two
components. If the PLA-L domains are small, thé probability to form nuclei decreases
and the consequence on the overall kinetics appears as a considerable decrease, espe-
cially in the region of low supercoolings. On the contrary, the B4 blends with the larger
difference in molecular weight of their components are not expected to form any inclu-
sion of PLA-L within the PLA-DL bulk material (mainly because of the high mobility
of the “small” PLA-L molecules). Only well defined zones of PLA-L and PLA-DL are
present, both of them containing small inclusions of the other polymer as explained be-
fore. Therefore, no major decrease of the Kinetics is observed from B4-70/30 to B4-50/50
as shown in Fig.28.

All the above results are explained by phase separation considerations but again,
one must remember from DSC that the determination of the Tg’s indicated that all the
blends possess a certain degree of partial miscibility. This limited miscibility most prob-
ably occurs at the contact zones of the L and DL regions. Therefore, it is suspected that
the sharpness of the interfacial regions is directly related to the extent of partial
miscibility in the particular blend considered.

Up until now, the results discussed emphasize the effect of the blend composition
with respect to the overall kinetics of crystallization. Another approach of the problem
is to discuss the influence of the molecular weight of both L and DL components by
comparing the results exhibited in the different figures.

The effect of PLA-DL molecular weight is observed when directly comparing the

two blends Bl and B4 having the same PLA-DL content but where Bl contains PLA-DL
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of Mv=60,000 g/mole and B4 contains PLA-DL of Mv= 530,000 g/mole - see Fig.29.
The most obvious difference comes from the different degree of miscibility of the re-
spective components of the two blends which increases the diluent effect of PLA-DL and
reduces the overall kinetics of all the compositions investigated in the particular case of
the B1 blend. Therefore, the influence of the DL content is very important for the Bl
blends while it is quite minimal for the B4 blendé. Indeed, for the B4 blend, due to the
great difference in molecular weight of the two species, the interfacial regions are likely
well defined and hence an increase in DL content does not increase the specific contact
area between the two species. The kinetics are, therefore, not sensitive to the DL content
and the curves in Fig.28 are almost identical. For the Bl blend, any addition of PLA-DL
is crucial because it increases the interaction region of the two species and reduces the
kinetics, at least until phase separation occurs.

The effect of the PLA-L molecular weight is_deduced by comparing B3 and B4
respectively in Fig.30. In both cases, the systems are phase separated but the presence
of PLA-L of lower molecular weight for B4, increases the overall kinetics. The main
difference obtained for the two sets of cﬁrves comes from the difference in the
crystallization behavior observed between the two pure PLA-L polymers. This explains
the lowering of the right hand part of the curves for B3 compared to B4. The other
important difference between these two figures is the wider gap separating the 50/50
curve from the others for the B3 systems. That can be explained by molecular weight
considerations. In the B3 blends, the molecular weights of the two species are similar aﬁd
very high, possibly creating larger boundary regions with more L-DL interactions than
in the B4 blend. This last statement is, however, only a speculation which could explain

the behavior of the blend but which is not verified by any experimental result.
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3.5 Spherulitic Growth Rates

3.5.1 Growth Rates Determination

The growth rates were determined by measurements from the series of optical
micrographs obtained during crystallization as explained in Chapter 2. The diameter of
spherulites grown from PLA-L (Mv=25,000 g/mole) is reported as a function of time
for différent Tc’s in Fig.31. For each Tc a straight line is obtained, showing the linearity
of the growth rate with time. Moreover, the slope of these lines increases up to a maxi-
mum obtained at Tc=120°C and then decreases as Tc continues to increase. The accu-
racy of the method is determined by measuring the evolution of several spherulites in the
same picture. The results obtained for five of them grown from PLA-L (Mv=635,000
g/mole) at Tc = 130°C are shown in Table 8. This example of the relative error calcu-

lation due to the method is given by eq [25] (chapter 2) which gives in this particular

case:
F=G TG -(1-62}3— +G<43)4 T Ga/s [26]

and
E=-2L 100 = 2pec. [27]

4.90

The same process was followed for all the samples studied. The graphs of G
versus Tc, which characterize the final results of these calculations are reported-in the

next section.
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3.5.2 Growth Rates Plots

The radial growth rates (G) of spherulites grown from PLA-L having different
molecular weights are reported in Fig.32. All the Eurves display a parabolic shape with
a maximum at Tc=120°C (different than the half-time maximum: 110°C). For a given
Tc, G decreases dréstically from Mv=25,000 to 65,000 g/mole and continues to decrease
but more slowly as the molecular weight increases. The viscosity of the polymers
through the free energy of transport (term U* in Eq.[17]) is believed to be mainly re-
sponsible for the great changes in G for the low molecular weight materials. The results
of the growth rate studies for the blends Bl, B2, B3 and B4 are shown in Figs.33-36 re-
spectively which display in all cases the same general behavior.

Figure 33 exhibits some unusual features. As expected from the earlier discussion
regarding blend miscibility and Tg shifting, the mixture B1-80/20 displays the lower val-
ues of G well below B1-70/30 and even B1-50/50. This unique effect is explained as be-
fore by considering that the best miscibility is achieved for the 80/20 composition. The
other three compositions show a decrease of G as the content in DL and its diluent effect
increases.

The results for the B2 blend are shown in Fig.34 and are quite difficult to inter-
pret. In this case, one deals with incompatible blends and the argument of diluent effect
coming from the presence of PLA-DL material does not apply. On the contrary, from
the figure, G increases with DL content at low supercoolings. This behavior could result
from the inclusions of PLA-DL into the spherulites and from the continuation of growth

around these zones. The inclusions of PLA-DL are apparent in Fig.37 where two
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spherulites of B2-70/30 and B2-50/50 grown at Tc=140°C show a very irfegular and
diffuse shape with black spots of what the author believes to be amorphous material.

At high supercoolings, the curves come very close together because at these low
temperatures, the controlling step is diffusion. The higher viscosity of the blends reduces
the diffusion and increases the selec;tivity of the crystallization which forms spherulites
containing no DL domains and displaying a well aeﬁned maltese cross between crossed
polarizers as seen in Fig.38.

The central part of the curves in Fig.34 shows abnormally high values of G for
B2-70/30 and B2-50/50. The measurements were repeated on several samples and no
consistent values were obtained for Tc=120°C and 130°C. The values reproduced in
Fig.32 are the average obtained from measurements made on three different samples.
The degree of the variation in the G values at these crystallization temperatures, reached
50% for B2-70/30 and 30% for B2-50/50. This inconsistency in the results, may reflect
the non homogeneity of the blends with large zones rich in DL containing more or less
inclusions of L, varying in size and number from sample to sample. For these Tc values,
the growth rates are a maximum by combination of secondary nucleation and diffusion
effects and depending on the composition of the particular sample tested, more or less
DL material is included into the spherulites. This is shown by Fig.39 and may help ex-
plain the disparity and inconsistency of these specific results.

The blends B3 displays a more rational behavior in Fig.35 with a decrease in G
as the PLA-DL content increases. The decrease is, however, greater for lower contents
in DL, where the diluent effect of the amorphous component is enhanced. Then, the
curves become almost identical as the DL content increases because for a phase sépa-
rated system, the diluent effect due to the presence of DL material appliés only at the
interfacial zones where partial miscibility exists. Indeed, only 10% of PLA-DL creates

contact zones with PLA-L but as the percentage increases to 20, 30 and 50, the DL do-
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mains become larger and the corresponding increase in the specific contact area between
L and DL materials becomes less.

The results obtained for the B4 blend are displayed in Fig.36 and show similar
values of G for the compositions 90/10, 80/20 and 70/30, supporting again the assump-
tion of phase separation well achieved in these particular blends. On thé other hand,
B4-50/50 gives slightly lower values of G for all .crystallization temperatures, showing
some kind of diluent effect due to the high content of PLA-DL. This behavior can be
explained by the same argument developed for the log(K) versus Tc plots. The relatively
high value of G for B4-50/50 at Tc= 140°C corresponds to the formation of “fuzzy”

spherulites containing DL material as seen in Fig.40.

3.6 Comparison Between Overall Kinetics And Growth Rates

The comparison of the overall kinetics and growth rates results gives a comple-
ment of information to better understand and interpret the behavior of these materials.
The major difference observed when comparing the t,, versus Tc curves to the growth
rates is the gap of approximately 15°C between the respective maximum rates curves.
In the growth rate case, the kinetics are controlled by the diffusion of chains to the
growing crystals, while in the overall kinetics, the contribution of the primary nucleation
parameter is added. This parameter, predominant at high supercoolings, shifts the curves
to lower Tc values.

The influence of molecular weight on PLA-L crystallization kinetics is very dif-
ferent when comparing Fig.26 and Fig.32. It is much more pronounced for the growth

rates, suggesting an increase in nucleation density as molecular weight goes up which
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reduces the differences for the overall kinetics. Indeed, the knowledge of G and t,,, allows
one to calculate the nucleation density, N, according to the relationship given by

Icenogle (39):

N = (3 log2)/ 4nG’t} [28]

For the PLA systems, however, N can be calculafed only between Tc equal 110°C and
130°C. The limits of N calculation are fixed by the intersection of the Tc ranges utilized
for both the determination of G and t,, The calculation of N at Tc equal 120°C was
performed for pure PLA-L. The results are given in Table 9 and confirm that N in-
creases as the molecular weight increases.

This particular case illustrates the importance of both results, growth rates and
overall kinetics. Their combination allows one to determine the nucleation density which
is of great importance when it comes to achieve a particular set of physical propertics.
Indeed, the mechanical properties (Young’s modulus, ultimate strain) of a material are
not only a function of its level of crystallinity but also of the size and specific number
of the crystalline superstructures.

When considering the blend B1, the slowest kinetics correspond to B1-70/30 for
the t,, versus Tc curves and B1-80/20 for the G versus Tc curves. This inversion is only
explainable if the nucleation density is a function of the composition and reaches a
minimum for 70/30 which overcompensates the diffusion problems encountered in the
80/20 blend.

The results obtained for the blends B2 and B3 support the earlier assumption of
large phase separated regions of PLA-DL with inclusions of PLA-L for the high com-
positions in DL. Indeed, an enormous decrease in nucleation density for these compos-
itions is deduced by comparing Figs.28-29 and Figs.34-35 respectively which is

responsible alone for the decrease in the overall kinetics. The blend B4 does not exhibit
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such a drop in nucleation density because of its more pronounced phase separation as
explained before. Therefore, the small increase in t,, observed for B4-50/50 in Fig.30 is

only due to the corresponding decrease observed for G and shown in Fig.36.
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4.0 CONCLUSIONS AND FUTURE

RECOMMENDATIONS

The polymerization of PLA-L and PLA-DL was achieved by using a reliable
polymerization method which allows a quite good control of molecular weight. More-
over, the stereochemistry of the final products was well defined and only a function of
the starting monomer. As a future work, one may recommend to study the effect of a
hydroxyl initiator (alcohol) on the polymerization. The replacement of the carboxilic
group of the lactic acid by a hydroxyl will probably increase the thermal stability of the
resulting polymers.

Blends of PLA-L and PLA-DL of different molecular weights and compositions
were prepared by casting films from chloroform solutions. A method to test the com-
patibility of the blends was developed. The approach was to use the physical aging effect
on the Tg blends to differentiate the two peaks of an incompatible blend. Even though,
it was possible to establish the relative compatibility of the blends, the¢ technique is not
sensitive eilough to follow the degree of phase separation. More work is necessary in
the solid state NMR field to understand and verify the mechanism of amorphous phase
separation that has been described in chapter 3. .Another interesting area of future
studies is the determination of the phase equilibrium ternary diagrams for different mo-
lecular weights of PLA-L and PLA-DL. This knowledge would perhaps allow the pro-

duction of compatible blends of higher molecular weights.
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The overall crystallization kinetics of the pure PLA-L and its blends with
PLA-DL were studied by means of an Avrami analysis while the growth rates were in-
vestigated by studying the growth of individual spherulites. The results obtained show
the that growth rates are primarily influenced by molecular weight, while half-times of
crystallization are more composition dependent. The diluent of PLA-DL is much more
effective for the compatible blends. However, it also appears in the half-times of
crystallization for the incompatible blends with high contents of PLA-DL. The
morphology of the spherulites was studied by optical microscopy. For some high DL
content blends, inclusions of PLA-DL into the PLA-L spherulites were detected through
the presence of black spots (non crystalline regions). The change in spherulitic
morphology with blend composition and crystallization temperature should be investi-
gated by developing an etching technique and using scanning electron microscopy.
Moreover, the simultaneous comparison of spherulitic morphology, physical properties
(modulus) and hydrolysis under mild conditions (ambient atmosphere) is an interesting
area which may permit one to investigate possibilities of new potential applications.

The overall crystallization Kkinetics mainly reflected by the results of
crystallization half-times provide useful information with regard to polymer processing
applications. Therefore, given a particular set of conditions relative to the material
processed (molecular weight, composition of the blend, temperature and processing
time) one may be able to predict the crystallinity content of the final material. On the
other hand, the growth rates provide information on the morphology of the samples, (i.e:
perfection of the crystalline superstructures grown). The use of both results may, there-
fore, be useful to optimize a set of processing parameters in order to achieve a particular

morphology and the corresponding physical properties.
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5.0 Tables And Figures

Table 1: Mark-Houwink coefficients K and a for PLA-L and PLA-DL in
chloroform at 30°C. From Schindler and Harper (8).

Polymer PLA-L PLA-DL
a 0.73 0.77
K (10%) 5.45 2.21
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Table 2-a: Viscosity average molecular weight of PLA-L

and PLA-DL samples.

PLA-L 65,000 290,000 550,000
PLA-DL 60,000 240,000 530,000

Table 2-b: Sample labelling and molecular weight data of the

blends used.

Denomination PLA-L : My PLA-DL : Mv

Bl 65,000 60,000
B2 290,000 240,000
B3 550,000 530,000
B4 65,000 530,000
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Table 3: Viscosity average molecular weight of PLA-L and PLA-DL

synthesyzed.

Polymer Myv intended My obtained

PLA-L 20,000 25,000

60,000 65,000

250,000 290,000

500,000 550,000

PLA-DL 60,000 60,000

250,000 240,000

500,000 530,000
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Table 4: State of compatibility of the blends prepared. Y denotes

compatible while N denotes incompatible blends.

Blend | BI B2 B3 B4
Composition
90/10 Y N N N
80/20 Y N N N
70/30 Y N N N
50/50 N N N N
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Table 5: Melting points after different annealing times at 200°C.

a) PLA-L(Mv= 550,000), b) blends B1-80/20 and B3-50/50.

Annealing 2 min 10 min 20 min
time
Tm°C 178 178 178
Annealing 2 min 10 min 20 min
time
B1-80/20 178 178 177
B3-50/50 178 178 177
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Table 6: Avrami coefficient n obtained from DSC isothermals for pure

PLA-L and blends B1, B2, B3, B4 as a function of Tc.

TcC
Sample 90 | 100 | 110 | 120 | 130 | 140
PLA Mv=25000 | 2.1 | 24 | 24 | 24 | 26 ;
PLA Mv=65000| 26 | 25 | 28 | 30 | 30 .
PLA Mv=290,000] 28 | 27 | 27 | 33 | 32 | 33
PLA Mv=550,000] 3.5 | 25 | 27 | 31 | 35 | 35
B1-90/10 27 | 23 | 30 | 35 | 36 | 36
B1-80/20 31 | 29 | 34 | 34 | 37 ;
B1-70/30 - ; 35 | 35 | 36 ;
B1-50/50 3.1 | 30 | 33 | 30 - .
B2-90/10 25 | 22 | 26 | 32 | 32 | 38
B2-80/20 30| 31 | 33 | 35 | 32 | 29
B2-70/30 24 | 26 | 27 | 33 | 32 ;
B2-50/50 . ; 29 | 28 | 32 .
B3-90/10 24 | 23 | 29 | 30 | 3.1 -
B3-80/20 30 | 26 | 28 | 30 | 30 | 29
B3-70/30 30 | 30 | 28| 32 | 33 | 30
B3-50/50 29 | 30 | 26 | 30 ; -
B4-90/10 . 23 | 27 | 25 | 34 | 35
B4-80/20 24 | 24 | 22 | 33 | 31 ;
B4-70/30 23 | 22 | 23 | 29 | 29 .
B4-50/50 28 | 30 | 31 | 35 | 35 .
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Table 7: Kinetic constant (- log K) obtained from DSC isothermals for pure

PLA-L and blends B1, B2, B3, B4 as a function of Tc.

Tc°C
Sample 90 100 110 120 130 140
PLA Mv=25,000 | 3.97 1.75 0.88 3.33 7.18 -
PLA Mv=65,000 | 4.95 2.73 1.90 | 5.93 8.38 -
PLA Mv=290,000| 7.75 4.16 3.85 7.05 8.04 10.50
PLA Mv=3550,000| 9.06 3.33 3.51 5.73 8.08 10.07
B1-90/10 7.02 3.25 4.26 6.61 10.10 | 11.01
B1-80/20 8.02 4.32 6.39 7.98 9.21 -
B1-70/30 - - 7.45 8.89 12.34 -
B1-50/50 9.13 5.92 6.97 | 1.77 - -
B2-90/10 7.25 3.99 5.12 5.59 8.81 11.71
B2-80/20 9.42 5.60 6.38 8.49 8.37 8.65
B2-70/30 7.08 5.66 5.59 8.79 8.60 -
B2-50/50 - - 9.00 7.62 8.20 -
B3-90/10 6.03 3.20 4.46 5.94 7.93 -
B3-80/20 8.79 3.91 4.73 6.26 7.11 7.24
B3-70/30 7.57 5.12 5.22 7.26 8.96 9.27
B3-50/50 7.03 6.50 6.42 7.91 - -
B4-90/10 - 2.87 2.16 4.65 9.77 12.65
B4-80/20 5.54 2.71 1.56 6.39 7.80 -
B4-70/30 5.24 2.62 2.50 5.54 7.65 -
B4-50/50 6.18 4.42 4.39 7.99 10.51 -
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Table 8: PLA-L (Mv = 65,000 g/mole) crystallized at 130°C:

a) diameter of § different spherulites (mm) versus time (s).

time D, D, D, D, Ds
0 14 12 11.5 13 15
60 20 17.5 17 19.5 21
150 29 27 26 29 30
300 43 41 41 43 44
450 57 58.5 55 57 58.5
b) radial growth rates (microns/min) for the 5 previous spherulites.
G, G, G; Ga Gs
4.83 4.92 4.93 4.93 4.88
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Table 9: Nucleation density, N, of PLA-L crystallized at 120°C.

PLA-L : Mv(g/mole) N (#/mm?)
25,000 5,500
65,000 10,300
290,000 11,400
550,000 24,400
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Solvent

~olymer 1 | Polymer?

Figure 1. Hypothetical ternary diagram: System containing two polymers in a commom solvent and
displaying a twophase region.
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Figure 2. Free energy of mixing and component terms of polymers A and B with the same molecular
weight M.: The curves where computed from equation (3). From Paul (17).
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TEMPERATURE

Figure 3. DSC thermograms showing the physical aging effect on the Tg: Influence of the time at a
given storage temperature, tg < t; < t; < t3
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Figure 4.  a) Recrystallization vessel; b) Sublimation of the monomer.
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TEMPERATURE <C) osc

Figure 5. DSC thermogram showing the Tg of a blend containing 80% of PLA-L(Mv= 135,000) and
20% of PLA-DL(Mv=135,000): a) sample aged 2 days; b) sample aged 14 days.
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Figure 6. DSC curve showing the isothermal crystallization of the B4-80/20 for a Tc of 120°C
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Figure 7. Scheme of the analysis method.
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38.8

Q. Q00 ) 0. QQO0
0.2700 ©0.1200
0.4700 00,2700
0.7600 (0.4000
1.0000 0.5100
1.2500 0.6300
1.8200 0.6800
1.7000  0.7300
1.9000  0.7400
2.0900 0,.7300
2.3200  Q0.7200
2.9100 0,6900
2.7300  Q.6T00
2.9900 0.5300
J.2800 0.4400
F.S5300  0.3000
T.8Z300 Q.2000
4.1100 0.1100
4.4400 O, 0800
4,7300 0.0000

Figure 8. Digitized data from an isothermal DSC curve used as an input file for the Avrami analysis
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TEMPERATURE = 30°¢c

AVRAMI = 2.18
BYRAMI = 2.14
LOG(K) = -—4.95

FINAL AVRAMI = 2.7

logit] Xc log[-log(Xam])
0.065429449 0.00818247% -4, 801663400
0.619739711 0, 027980888 ~Z.565710070
1. 100325580 0.076950312 -2. 524826050
1.374762540 0. 132106006 —-1.954144480
1.597906110 0.204081178 -1.477277760
1.793473240 0.293406308 -1. 057567600
1.905390740 0.357501924 -0.815560162
2.016616820 0.431749880 - -0. 570586920
2.111927030 0.503245413 -0.357161880

2.216329370

2.2930458%0 0.656287313 0.0657393=
2.379064360 0.729626000 0.2684603Z3
2.4700365190 0.805793583
2.562605860 0.87683439%
2.641710280 0.927292824
2.717627530 0.962649047
2.788186070 0.9843569728
2.8685416530 0.99707043Z2
2.928688030 1. 000000000

Q. 3588630557

=0.118486702

Figure 9. Output data fom the Avrami analysis of an isothermal DSC curve: a) results for the
Avrami coefficient n and the logarithm of the kinetic constant K; b) data for the Xc versus
log(time) (min) and log(-log(Xam)) versus log(time).
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Figure 10.  Avrami plots of tﬁe blend B4-70/30 for several Tc’s as listed under each plot: a) Xc versus
log(time) (min); b) log(-logXam)) versus log(time) (min).
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Figure 11.  Optical micrographs of spherulites from the blend B2-50/50 at Tc = 120°C and for
times: a)t = 0s;b)t = 60s;c)t = 120s;t = 180s.
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Figure 12. CI3-NMR spectra of PLA-Land PLA-DL: a) The carbonyl peak ol PLA-L appears as

a singulet at 169.2 ppm ; b) The carbonyl peak of PLA-DL appears as a triplet at 169.1,
168.8 and 168.5 ppm.
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Figure 13. DSC thermograms of aged B1 blends: a) B1-90/10, B1-80/20 and B1-70/30 show a single
Tg. b) B1-50/50 shows two distinct Tg’s.
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Figure 14.

Hypothetical ternary phase diagram for the blends Bl: The diagram shows a two phase
region. The lines AB, AC, AD and AE represent the paths followed by the concentrations
of solutions of B1-90/10, B1-80/20, B1-70/30 and B1-50/50 respectively as the solvent
evaporates.
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Figure 15. DSC thermogram comparing the Tg’s of pure PLA-DL (Mv=60,000), B1-50/50 and pure

PLA-L (Mv=65,000): - a) PLA-L b) B1-50/50 c) PLA-DL.
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Figure 16.  Fourier Transform Infrared spectra of the Bl blends: - a) B1-90/10 b) B1-80/20 c)
B1-70/30.
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C
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P 70/30 0/50
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Figure 17. DSC thermograms of B2 samples aged 14 days: All the compositions are incompatible
and exhibit a double Tg. ‘
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Temperature

Temperature

Figure 18. DSC thermograms of B2 fresh samples: The incompatibility of the blends is not detect-
able in this case because the Tg’s are to close to be separated. B2-90/10 shows a single Tg,
B2-80/20 and B2-70/30 display a small shoulder on the Tg transition, B2-50/50 is the only
one diplaying two Tg's.
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Figure 19. DSC thermogram comparing the Tg’s of pure PLA-DL (Mv= 65,000), B4-50/50and pure

PLA-L (Mv=530,000):
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Figure 20. DSC crystallization isotherms of PLA-L(Mv=290,000) at different crystallization temper-
atures: a) Tc=90°C; Tc=100°C. b) Tc=110°C; Tc=120°C Tc=130°C; Tc=140°C

Tables And Figures

82



CRYSTALLIZATION

PLA-L 290K

LOG(TIME (MIN))
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Figure 21.
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Avrami plots of PLA-L(Mv=290,000) ) at different crystallization temperatures:
versus log(time). b) log(-log(Xam)) versus log(time)

a) Xc
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Figure 22.  Optical micrographs of PLA-L (Mv=65,000): a) At Tc = 110°C, the spherulites display
a uniform size; b) at Tc = 140°C, the spherulites are of different sizes.
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Figure 23. Kinetic constant log(K) versus Tc for B4 blends.
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Figure 25. Crystallization half-times versus Tc of the Bl blends.
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Figure 26. Crystallization half-times versus Tc of the B2 blends.
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Figure 27. Crystallization half-times versus Tc of the B3 blends.
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Figure 28. Crystallization half-times versus Tc of the B4 blends.
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Figure 29. Effect of the PLA-DL molecular weight on the crystallization half-times: a) blends B1,
b) blends B4.
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Figure 30. Effect of the PLA-L molecular weight on the crystallization half-times: a) blends B3, b)
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Figure 32. Radial spherulitic growth rates against crystallization temperature of PLA-L

94



)

(MICRONS /MIN

=

GROWTH RATE

04

BLEND COMPOSITION

90-10
80-20
70-30
50-50

]
a
x

70

Figure 33. Radial spherulitic growth rates against crystallization temperature of the Bl blends
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Figure 34. Radial spherulitic growth rates against crystallization temperature of the B2 blends
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Figure 35. Radial spherulitic grthh rates against crystallization temperature of the B3 blends
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Figure 36. Radial spherulitic growth rates against crystallization temperature of the B4 blends
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70 /30

50 /50

Figure 37. Optical micrograph of spherulites of B2-70/30 and B2-50/50 grown at Tc= 140°C:
fuse shape with black spots of amorphous DL inclusions.
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Figure 38. Optical micrograph of spherulites of B2-80/20 grown at Tc=110°C: Regular shape and
characteristic maltese cross.
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120 °c

130 °C

Figure 39. Optical micrograph of spherulites of B2-70/30 grown at Tc=120°C and Tc= 130°C:
More or less black spots or DL material are included according to the starting sample.
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Figure 40. Optical micrograph of a spherulite of B4-50/50 grown at Tc=140°C: Irregular shape
and no distinct fibrillar morphology apparent.
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Appendix A. Computer Programs

A.1  Avrami-log(K)-Data For The Double log Plots

CCCCCCCCCCCCcCccCcCccececceceecececececocececeeececceceeececceceeeccoeeeceeeeee
C THIS IS A PROGRAM TO FERFORM A STUDY OF EINETICS OF C

C CRYSTALLIZATION BY AN AVRAMI AFFROACH, USING TWO c
C METHODS THE LOG(-LOG(XAM)) FLOT AND THE SLOFE AT 1/2 C
C TIME FOR CRYSTALLIZATION METHOD. (s

(S e o e e 1 1 7 51 1 7 1 1 o o o o o 1 1 1 1 1 1 1

CCCCCCCCCCCCCCCCCCCCCCCECCCECCCCCCCCCCECCCCCCCCCCCCCtCCCeahn
VARIABLE DEFINITION.

X(30)=INPUT DATA (X COORDINATE)

Y(30)=INPUT DATA (Y COORDINATE)

T(30)=X(30) CORRECTED TO TIME SCALE

S(30), AREA(ZI0) USED TO CALCULATE THE PARTIAL AREAS
XAMOR (30) ,P(30) USED TO CALCULATE THE AVRAMI EXFONENT

AR (30) USED TO CALCULATE N IN THE SECOND METHOD

o 0y 00 0 Y03 3 3 3 3 0 0 0 3 3 0 0 I 1 0 3 0 3 3
REAL AR (30),X1{(30),Y1(30), T(30),5(30) ,AREA (30) , XAMOR (30) ,F (Z0)
REAL Z(30),Y(30) :

READ (2, X) KO
CCCCCCCCCECCCCCCCECCCCCeCCeeerCtCCCCCCCCCCCECCCCCCCCECCEeCtit
TRANSFORMING X VARIABLE INTO A TIME VARIAELE

Cceeceoeecceocececceccecececceccceccccccccccceccecccceccecccccccecceceecoecee
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K=1
READ (7, %) X1 (K)

fo=h+1

IF(K.GT.21)60T0OZ0

READ (3, ¥) X1 (K), Y1 (K)
T(K=1)=X1(1)%X1(K) /9.8125
Y (K~1)=Y1 (K)

K=K+1

GOTO10

CONTINUE

CCCCCCCCCCCCCCCCCCCCCCCCCCQCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

CALCULATING FARTIAL AREAS

CCCCCCCCCCCCCCCCCCCCecececcecceeececerecececcececcccecceccccecccccececceao

AREA (1) =0,

I=2

IF(1.6T7T.20)6G0T0490
S(DH=(T(D)~-T(I-1))X(Y(I)+Y(I-1)) /2.
AREA(I)=AREA(I-1)+5(I)

I=1+1

GOTO30

CONTINUE

CCCCCcCeeeeeceeececeececeeceeceCeccecceccCcecececceceeccecccccccccocccccceon

WRITING THE OUTPUT FOR THE LOG(XAM) VB LOG(TIME) FLOT AND FOR

- Som e ALIh T T SIS T e e e emmmm——

THE DOUELE LOG PLOT.

CCCCCCCCCCCCCcCccecececccececoecececececcccccccccececececeeececeeceececreeeeeceee

DO4S M= 2,19
XAMOR (M) =AL0G (-ALOG (1-AREA (M) /AREA (20)))

CONT INUE

D060 J=2,13
WRITE(5,800)K0,ALOG(T(J)) ,AREA (J) /AREA (20) , XAMOR (J)
CONTINUE

D070 L=14,20
WRITE(S,900) KO, ALOG (T (L)) , AREA{L) /AREA (20)

CONTINUE

CCCCCCCCcCCeececcccececececcccccceccececeereoeeecececececccececeecrecoeeceecece
CALCULATING THE AVRAMI EXFONENT N.

{0 o ] 1 o i 1 o 0 4 2 7 o
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WRITE (4, 1000)KOQ

SLOPE=0.

DOBO N=3,12

FINY= (XAMOR (N)=XAMOR (2)) / (ALOG (T (N) ) —ALOG (T (2)))
SLOPE= SLOPE+F (N)

CONT INUE

AVRAMI=SLOPE/10.

WRITE (4, S00) AVRAMI

CCCCCCcceocecececceccccecCCCCcCceceeceececoeeeeeececeeeeeeceeeeeeeeecocoeeeaee
CALCULATING THE AVRAMI EXFONENT N BY THE SECOND METHOD
(30 0% B ] 0 ] 1 ] i o ] o o o ] ] o ] o o O ] o ] o 1 i ] o 1 4 o L ]

L1=2

AR(L1)=1-AREA(L1) /AREA (20)

IF(AR(L1) .LE.0.5) GOTO100

Li=L1+1

GOTO 90
SLO=(AR(L1)-AR(L1-1))/(ALOG(T(L1))-ALOG(T (L1-1)))
BVRAMI=-SL0O/0. 35

WRITE (4, 600) BVRAMI

{0 10 0 0 0 1 o

c

CALCULATING THE INTERCEFT

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC(CL(CFLFtM

500
600
700
800
OO
1000
1200

DELTAH=0.
DO110 I3=2,12

Z(IZ) = XAMOR(I3)-AVRAMIXALOG(T(IZ))
DELTAH= DELTAH+Z (I3)

CONT INUE

YNTER=DELTAH/11.

WRITE(4,700) YNTER

AVERAG= (AVRAMI+ BVRAMI) /2.

WRITE (4,1200)AVERAG

STOF

FORMAT (20X,” AVRAMI = °, F6.2)
FORMAT (20X, " BVRAMI = °, Fb.E)
FORMAT (20X, " LOG (K) * Fb.

FORMAT (1X, I3, 2X,3(F16.9,2X), 15x>
FORMAT (1X, I3,2X, 2(F16.9,2X) , 33X)
FORMAT (25X, * TEMFERATURE : *,I3)
FORMAT (20X,° FINAL AVRAMI = ° ,F3.1)
END

W
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A.2 Crystallization Half-Times

aoooooaooonooonn

cooooooon

10

o

nToonooOoaonN

VARIABLE DEFINITION.

X1 (30)=INFUT DATA (X COORDINATE)

Y1(30)=INPUT DATA (Y COORDINATE)

T(30)=X(30) CORRECTED TO TIME SCALE

Y (30)=Y1(30) CORRECTED TO THE RIGHT INDICE

S(30), AREA(30) USED TO CALCULATE THE PARTIAL AREAS
XC(30) USED TO CALCULATE THE HALF-TIME

XF(30) FINAL VALUE OF THE AREA AFTER ITERATIONS

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCoeeceeecoecteeecee

REAL X1 (30),Y1(30),T(30),S(30),AREA(I0) , XC{I0) , Y (I0) , XF (30)
] {01 00 {1 I I 1 3 0 I 0 1 0 0 {0 {1 B B X B A o L
TRANSFORMING X1 VARIAELE INTO A TIME VARIAELE

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeCCLCeCCCCCCCCCeret

K=1

READ (2, %) LO
READ (3, %) X1 (K)

K=kK+1
IF(K.GT.21)60T0O20
READ (T, %) X1 (K)Y Y1 (ED)
T=1)=X1 (1) XX1(K)/9.8125
Y (K=1)=Y1(K)

K=K+1

GOTO10

CONTINUE

CCCCCCCCCCceeCcCcecececececcecececoecececcececececececoccececeecocececececececcceecececeeecce
CALCULATING FARTIAL AREAS

CCCCCCCCCcceecececeeececeececececeeeececececececoeeccececccecceccccccccccceeccceo
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60

70

AREA(I)—U.
1=2

IF(I1.GT.20)G0T040

S(D=A(T(D-T(I-D))X(YLD)+Y(I-1)) /2

AREA(I)=AREA(I-1)+5(I)
I=I+1

GOTO3O

CONTINUE

FINDING Ti/2 FOR CRYSTALLIZATION

XC EQUALS 1/2

(o] 10 ] 1 0 1 1 0 0 1 0 o ] o i O Y I S O

THE HALF FOR WHICH

{04 i 7 s o 0 % 0 0 0 o

J=2
XC(J)=AREA (J) /AREA (Z20)
CRIST=XC(J-1)

SLOFPE=(XC(J)=XC(J-1)) /(T (I)-T(J-1))

TF=T(J-1)
IF(XC(J).GE.0.5) GOTO60
J=J+1

G0TOSO

CONTINUE

L=1

XF (L) =CRIST+SLOFEXQ.01XL
TIME=TF+0.01 %L
IF(XF(L).GE.0.5) GOTO80
L=L+1

GOTO70

CONT INUE
WRITE(4,100)L0O, TIME
STOP

FORMAT (1X,14,10X,F6.3)
END
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Appendix B. Calculations Of Initiator Amount

The intrinsic viscosity obtained for the PLA-L reference sample was
[n] = 12.44 dl/g. Using the Mark-Houwink equation and the corresponding parameters,

one obtains:
12.44 = 545 x 10”4 Mv>"3 [B-1]
and

Mv = 935,000g/mole (B - 2]

According to Schindler et al (8), for PLA-L samples having a polydispersity of 2.0 (which
is verified when using the present polymerization method), the relationship between

‘number average and viscosity average molecular weights is:

Mv _ ' -
o 1.88 X [B - 3]

Therefore, one obtains Mn=497,000 g/mole and the degree of polymerization , DPn,
equal to 3449. The concentration of initiator present in the polymerization reactor is

deduced from the inverse value of DPn.

= —l—n— = 2.90 x 10~ *mole/mole [B - 4]
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The corresponding weight of lactic acid for the polymerization of 6g of lactide monomer

is calculated below.

M (lactide)=144.1 g
M (lactic acid)=90.1 g

e Moles of monomer

6  _ -
Mpn 1941 0.0416mole [B - 5]

¢ Moles of lactic acid present

M; = 0.0416 x 2.9 x 10™% = 1.21 x 10™° mole (B - 6]

¢ Weight of lactic acid present

W, =121 x107° x 90.1=11x 1073g [B - 7]

The following results present an example of the calculation of the quanti.ty of
lactic acid being added in the reactor to achieve PLA-L (Mv= 60,000 g/mol). Knowing
that Mv=1.88Mn, Mn is equal to 32,000 g/mole. Moreover, neglecting the end groups
influence of the lactic acid, one obtains DPn=222 and the concentration necessary of
lactic acid i)ecomes: C = 45.05 x 10~*mole/mole The weight of lactic acid necessary to

polymerize 6g of lactide is then:

0.0416 x 45.05 x 10™% = 1.87 x 10™*mole [B - 8]

and

1.87 x 1074 x 90.1 = 16.9 x 10”3 [B - 9]
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Since the weight of lactic acid left after sublimation is 1.1 x 10-3g (from the reference
sample above), the weight to be added in the reactor is 15.8 mg.
The calculations corresponding to the other molecular weights are similar. The

results are listed below.

Myv intended Lactic acid added (mg)
20,000 49.5
60,000 15.8
250,000 3.0
500,000 0.9
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