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ABSTRACT: Molecular orientation distributions in the crystalline and amorphous regions were studied for
uniaxially oriented poly(-lactic acid) (PLLA) films using polarized Raman spectroscopy. By combining wide-
angle X-ray diffraction and birefringence measurements, the tilt angle between the principal axis of the Raman
tensor and the molecular chain axis was determined for Raman bands assigned to the crystalline regions only,
and also to those being independent of morphology. The changes of the molecular orientation distribution functions
during the drawing were analyzed in detail. The PLLA molecules in the crystalline regions were found to be
highly oriented at a draw ratio of 4.5, probably as a result of crystal rotation and crystal slip. In contrast, the
development of molecular orientation in the amorphous regions appeared to take place by pseudo-affine
deformation. The results suggest that the film needs to be stretched to draw ratios above 4.5 to achieve successful

molecular orientation in the amorphous regions.

1. Introduction

Poly(L-lactic acid) (PLLA) is a biodegradable polyester
synthesized chemically fromlactic acid monomers, which are
renewable in naturk:® PLLA has been used as a biomatefriél
owing to its biocompatibility. In addition, the packaging industry
has been investigating the potential of PLLA as an eco-friendly
material—3 owing to its renewability.

The macroscopic properties of PLLA materials depend
largely on their crystalline and amorphous microstruc-
tures’~10 and in particular on the degree of crystallinity. In
addition, the degree of molecular orientation also influences
physical properties of the material such as its mechanical
strengthf1! thermal shrinkagé® and degradation rafei! It is,
therefore, important to characterize the molecular orientation
in both the crystalline and amorphous regions of the material
in order to understand the microstructa@operty relation-
ships.

The degree of molecular orientation and their distributions
can be determined quantitatively by using the orientation
distribution function'2-14 N(¢,0,y), given by

o | |
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whereg, 6, andy are Euler angleRmnchainiS the molecular
orientation distribution coefficienbf the orderlmn, Znq(cos
0) is an expansion coefficient, ardy, is calculated for the
orderimn by,14
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A number of techniques have been used for the determination
of molecular orientation in PLLA materials. Sample bire-
fringencé® 1" and wide-angle X-ray diffractidfi 2° (WAXD)
are useful to quantify the molecular orientation averaged over
the sample and in the crystalline regions only, respectively,
whereas it is difficult to use these techniques to obtain
information about the molecular orientation in the amorphous
regions. Solid*C nuclear magnetic resonanc¢éd NMR) has
been appliett for the analysis of uniaxially oriented PLLA
films, although this technique requires costly instrumentation
and complicated data interpretati$iv3

Infrared* (IR) and Raman spectroscdfy>26 have the
potential to quantify the molecular orientation distributions in
both the crystalline and amorphous regions using vibrational
bands that correspond to these regions. While IR dichroism
measurementé can determine the molecular orientation dis-
tribution coefficients of the orddr= 2 only, polarized Raman
spectroscopd?2® can determine the coefficients of both the
ordersl = 2 and 4, which may be further useful to estintate
the coefficients of the orddr= 6. It is, however, important to
note that the orientation distribution coefficients obtained from
IR and Raman bands initially provide information about the
orientation of the dipole moment and the Raman polarizability,
respectively, and their relation to the molecular orientation is
often ignorecf!

The authors have introduced a new appréaaif using
polarized Raman spectroscopy for the study of molecular
orientation distributions in both the crystalline and amorphous
regions of polymeric materials. This method distinguishes
Raman bands assigned to the crystalline regions only from
ones that are independent of the crystalline and amorphous
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z c 7z Table 1. Scheme for the Determination of the Form of a Raman
A Tensor Obtained by Using Correlations between Polarized Raman
Scattering Intensities for Different Polarization Geometrie$?
the sign of  form of

maximum intensity the P2go Raman tilt
>y intensity? correlation value tensor angle )
lyy Ivyy> Iyz~lzz E(V) Q <45
X Ivy> 122> lyz P200 >0 A(k+) Q < 45°
X Pogo < 0 A(k*) Q > 45°
lvz Ivz> lyy~ lzz Pogo> 0 E(|||) Q < 45°
Figure 1. Definitions of the coordinates for a cylindrical Raman tensor P00 < 0 E(I) Q > 45°
(x—y—2), the molecular chain axi<), and the specimenX-Y—2). (P74 Izz> Iyy E(V) Q > 45

Izz> Iyy> Ivz P20 > 0 Ak—) Q <45
morphology of PLLA by observing the temperature dependence Paoo < 0 Alkt) Q> 45
of the Raman spectra. 21,5 signifies the polarized Raman scattering intensity for which incident

In this paper, the assignments of Raman bands to the and scgttered lights are polarized in th@xis andJ-axis directions,

morphology of PLLA were carried out prior to the study of the "€SPectively.
molecular orientation distributions of uniaxially oriented PLLA
films. Assuming that all the Raman bands have cylindrical
symmetry as a result of the helical molecular conformation of
PLLA, the tensor forms of the Raman bands and the tilt angle,

Raman tensor with cylindrical symmetry can be correl#ted
with the molecular orientation distribution coefficie®go chain
by considering their angular relationship in the following

Q, which is the angle between the cylindrical symmetry axis equation

of the Raman tensor and the molecular chain axis, were =

determined. The molecular orientation distribution coefficients Pioo.chain= __lo (3)
have been determined for the crystalline and amorphous regions ’ Pioo(cos€2)

of the PLLA film, to provide information about the different

deformation process for the crystalline and amorphous regions.whereQ is the so-called “tilt angle” , which is the angle between
Finally, the change of molecular orientation distributions with the cylindrical symmetry axisz{axis) of the Raman tensor and
sample draw ratio in the necked region of a uniaxially oriented the molecular chain axig{axis), and the functionBjoo(cos<2)
PLLA film was followed successfully using polarized Raman are Legendre polynomial functiohsof cos Q.

spectroscopy. Some of the Raman bands of PLLA have been assidfied*
o to its crystalline regions only. Once the tilt ang®of one of
2. Principles the Raman bands is known, the molecular orientation distribu-

The principles of polarized Raman spectroscopy for the study tion coefficients for the crystalline regions onfjipoc can be
of molecular orientation distributions in both the crystalline and determined from th@qo values for the Raman tensor using eq
amorphous regions of polymeric materials are summarized 3. Conversely, the tilt angl€ of the Raman tensor can be
briefly in the following section, and the details are given determineé? from the coefficient$io0,, which are obtaineld+¢

elsewheré? using WAXD by

2.1. Form of Raman Tensor.The axes and coordinate
system used in this study are summarized in Figure 1. The f” N(0)P,q(cos6) sin 6 do
coordinates for a cylindrical Raman tensor are given byxthe Pooc= 0 4
y-, andz-axes, with the-axis being set to be along its symmetry ' j; g N(6) sin 6 db

axis. The molecular chain axis is defined as thaxis. The
specimen coordinates are given by e Y-, andZ-axes, and
with the Z-axis being set to be along the draw axis of the film.
PLLA molecules form a 19helical structure in ther-form
crystal?®34 and the helix may be retained in the amorphous
regions as reportéelfor similar isotactic polypropylene mol-
ecules with a 3 helix. Raman tensors of a molecule with
molecular symmetryCio;3 were assumed to be cylindrically
symmetric, and they can be classifiééf into the following 5 A
four types: Ak+), A(k—), E(IIl) and E(V). _ o —f  p,= xc(l _ _:)pmc Al g
The Raman tensors are considered to be oriented uniaxially 3coéQ — 1 An An,
in the drawing direction of uniaxially oriented PLLA films, and
this can reduce the number of nonzero orientation distribution WhereAns andAn, are the values of intrinsic birefringence for
coefficients,Pa0o andPago only, to be determined. The relative  the crystalline and amorphous regions of PLLA, respectively.
intensities of polarized Raman scattering for three independentThe tilt angle< for a “morphology-independent” Raman band
polarization scattering geometries can be 83&to calculate ~ Of PLLA can be determined from the slope of the plots of the
the Pogo and Psg values for each form of Raman tensor. P2oovalues against the right-hand term in eq 5.
Subsequently, the tensor form of a Raman band can be Subsequently, th®xopaValue can be determined using the
determine@ by comparing the relative intensities with ad- following equatiori’—49
ditional information about the sign of tH& value as shown

wheref is an azimuthal angle.

On the other hand, th®q values for the amorphous regions,
Pioo.a can be determinédby combining thePjqo values for the
Raman band that are independent of the morphology, the degree
of crystallinity, y., and sample birefringence\n, using the
following relationship

in Table 1. AN = %P0, ANg + (1 = %) P20 ANy (6)
2.2. Determination of the Molecular Orientation Distribu-

tion Coefficients in Both the Crystalline and Amorphous If the Pyoo,aValue is positive, thé400 5 value could further be

Regions. The orientation distribution coefficier® oo for the estimate® from the following equation:
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P200,45P200,a_ 2)
Paoo,a= T 5 2P0n (7

2.3. The Most Probable Molecular Orientation Distribu-
tion Function. The distribution of the uniaxial molecular
orientation can be described using tmlecular orientation
distribution functior?>52N(6), which is correlated with thBoo
values by

00

N(O) = Z)(Z—H)Ploo Pioo(cOs6) ®)
= 2

Figure 2. Photograph of the necked PLLA film (final DR 4.5) by
uniaxial drawing for the study of molecular orientation distributions.

All the Pyoo values should be determined in order to know Al indicates the local areas focused on in the study.
the functionN(0), although polarized Raman spectroscopy can  1apje 2. Draw Ratios (DR), the Degrees of Crystallinity ), and

provide thePigo values for the orderb= 2 and 4 only. Estimated Birefringence Values An) in the Local Areas (Figure 2)
On the basis of information entropy thed&p*the contribu- of the PLLA Film after drawing
tions of the terms for th&o0 values of the ordershigher than area DR e AN (x10°3)
4 in eq 8 can be taken into account by replacing eq 8 to the AL 12 0.42 71
most probable molecular orientation distribution functjon A2 13 0.39 16.2
Nmp(6), which is define@®5354by the following equation A3 1.3 0.40 15.8
A4 1.8 0.41 19.3
Nio(0) = A5 2.3 0.40 24.1
P mp mp A6 2.9 0.36 30.0
eXPlAZdP20dC0SH) + AygdPs0dCOSO)] A7 33 0.41 31.6
9) A8 45 0.49 335

) explATRP0dC0S0) + AJiP,odcosO)]sin 6 do } o o _

In addition, fully uniaxially drawn films with different draw ratios
were prepared from the amorphous strips using the same equipment
and conditions, but changing the deformation speed to 100%/min.
By application of different amounts of elongation, uniaxially
oriented PLLA films with draw ratios (DR) between 4.2 and 27.0

where the parametefgy; can be calculated numerically under
the following constraint:

‘/:T Ninp(0)Pioo(C0s6) sin 6 do were obtained.
Pioo = - : (10) 3.2. Methods. 3.2.1. Polarized Raman Spectroscopf.Raman
j; Ninp(6) sin 6 d6 spectrometer (Raman Imaging microscope System 1000, Renishaw)

fitted with a near-IR laserA(= 785 nm, 22 mW output) was

A program was written using the “solver” function of software employed for the present study. The Raman scattered light was
Microsoft Excel, to determine the valuesAfS, andATR fora  collected through an objective lens§0, NA = 0.75), and the
given set of th eP and Paon values 00 400 intensity was recorded using a charge-coupled device (CCD) camera

200 400 :

in the backscattering geomefi§The effect of the objective lens

. . on the polarization cramblifg®-5° of Raman scattering was

3. Experimental Section assumed to be insignificant owing to the nature of the sample
3.1. Materials. PLLA granules (EcoPla 3010D, Cargill-Dow)  showing small birefringence.

were used as the PLLA material throughout this study. The granules  For the assignment of the Raman bands of PLLA to its crystalline

were melted at 198C and compression-molded into a film with  and amorphous regions, Raman spectra of the amorphous PLLA

0.4 mm thickness under a pressure of 2.8 MPa. Subsequently, arfilm were obtained at different temperatures from 25 to 200

isotropic amorphous PLLA film was obtained by quenching (at ca. The film was heated on a hot stage (THMS 600, TMS 91, Linkam),

20°C/min) in press cooled with running water. On the other hand, and held at controlled conditions={ °C) for 5 min prior to the

an isotropic crystalline film was obtained by switching off the power collection of the spectra.

and leaving the specimen in press until the temperature fell to room  For the measurement of polarized Raman scattering intensities,

temperature (at ca. 10C/h) without the water-cooling. The  polarized Raman spectra were obtained for three different polariza-

appearance of the amorphous PLLA film was transparent, while tion geometriesX(Z2)X, X(Y2X andX(YY)X (according to Porto’s

that of the crystalline film was translucent. The difference in film notatiorf%) at room temperature. The spectra were analyzed using

opacity is considered to be due to the difference in sample analytical software (GRAMS/32, Galactic), and the Raman peak

crystallinity, since differential scanning calorimetry showed 0% and was fitted to a GaussiarLorentzian functiof! to improve the

48% crystallinity for the amorphous and crystalline films, respec- accuracy of the intensity measurement. The spectrometer and its

tively. The isotropy of both the crystalline and amorphous films polarization efficiency were calibrated using a silicon crystal and

were confirmed by birefringence measurements that indicated noliquid carbon tetrachloride in order to correct the polarized Raman

sample birefringence. scattering intensity. The scattering intensity was determined from
A uniaxially drawn PLLA film was prepared by deforming the an average of five replicated measurements.
amorphous film. A 40 mmx 5 mm strip was cut from the film, 3.2.2. Wide-Angle X-ray Diffraction (WAXD). The orientation

and stretched uniaxially at a deformation speed of 10%/min at distributions of PLLA crystallites in the drawn film were studied
75 £ 0.5 °C in an air oven. When the drawing process was by means of WAXD. Ni-filtered Cu k& radiation (40 kV, 40 mA)
completed, the film was taken immediately out of the oven and from an X-ray generator (PW 1120/90, Philips) was focused on
cooled to room temperature. A photographic image of the sample local areas of the film using a collimator with a pinhole diameter
is shown in Figure 2. The local draw ratio was determined by of 0.65 mm. A flat-plate camera was employed to record the
measuring the distance between lines marked on the strip prior todiffraction patterns using appropriate exposure times.

the drawing. The film has a gradient in draw ratio (DR) from 1.2 The X-ray film negatives were scanned using a digital scanner
up to the final draw ratio of DR= 4.5 in areas ATA8, respectively, (Scan Jet ADF, Hewlett-Packard), and the images were analyzed
as listed in Table 2. using X-ray analytical software (Fit 2D, ESRJ: CcDV
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The orientation distribution coefficient of crystallitd®y, cwere
calculated from the diffraction patterns for the (110) and (200)
planes of the PLLAa-form crystals. The averaged cosine of the
angle between the crystedaxis and the filnz-axis, [¢0$6, ;[ can
be correlatet? with those of the angles between the normal vectors
of the (110) plane and thg-axis, [60S60110z[) and between the
normal vector of the (200) plane and tReaxis, [0$0,007L] by

(€050, ;0= 1 — (00,5, (050,00, (11)
since thec-axis is perpendicular to both the normal vectors of the

(110) and (200) planes. The PLLA molecules are packed in a
pseudohexagonally in the-form crystal?3:34 hence,

(€050, [€0S6.,,,0 (12)
The value ofl¢o$60;10,[can be calculated from
S 11140) cos 0 sin 6 do

(6050, ,0,0= (13)

S 111d0) sin6 do

where I1;(0) is the diffraction intensity distribution along the
azimuthal angl®. Once the value o206, z[is known, thePyq ¢
value can be calculatédby

3¢os0, - 1

3 (14)

Paoo.c=

3.2.3. Birefringence Measurement.A polarized microscope
(BH2, Olympus), which was equipped with a monochromatic filter
(A =549 nm), a Seltanont compensator and a rotational analyzer,
was employed for the measurement of sample birefringefiog (
of the uniaxially oriented films. The film thickness was measured
under the microscope after embedding the film into an epoxy resin
(Epofix, Streuer) and obtaining the film cross-section by polishing.
The film thickness and thén value were determined from an
average of five replicated measurements.

3.2.4. Differential Scanning Calorimetry (DSC).A differential
scanning calorimeter (2920 MDSC, TA Instruments) was employed
to measure the degree of crystallinigy, of each local area of the
drawn film. Heat flow of the sample was recorded between 25 and
200°C at a ramp rate of 106C/min, and an integral of the melting
endothermAH,,, was obtained to calculate the value using the
following equation

AH,

%= AR, (15)

whereAH_. is the heat of fusion (93.3 J/g) of a PLLéform crystal
with an infinite size®? They, value was determined from averaging
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Figure 3. Raman spectra of an isotropic crystalline PLLA film at 25
and 200°C.

25 and 200°C; hence, these Raman bands are considered to be
independent of the morphology of PLLA. The results are
summarized in Table 3 and are shown to be comparable with
reports in the literaturé?:424366

Figure 4 shows polarized Raman spectra of the amorphous
PLLA film for two different polarization geometries in order
to determine the depolarization ratias() of the Raman bands
using

|
Piso = I

normal

(16)

parallel

wherelpaaieandlnomarare the scattering intensities, for which
the polarization direction of the analyzed beam is parallel and
normal to that of the incident beam, respectively. phgvalue

for each Raman band is given in Table 3. For the Raman bands
assigned to the crystalline regions of PLLA, thpif, values
were difficult to determine due to their low intensities. The
values for these Raman bands were, therefore, determined from
the spectra of the isotropic crystalline PLLA film, and are given
in Table 3.

Possible tensor classes for the Raman bands of PLLA are
suggested based on thesg values, and are given in Table 3.
The current results are consistent with the literatdathough
the classes are not clear for the Raman bands witk, @alue
close to 0.75.

4.2. Determination of the Tensor Forms for the Raman
Bands of PLLA. Figure 5 shows the polarized Raman spectra
for area A8 of the drawn PLLA film for different polarization
scattering geometries. The intensities of the scattering peaks
were compared for each Raman band, and are summarized in

two replicated measurements, and the results are given in Table 2.Table 4. Peaks are overlapped with those of their neighboring

The increase in the degree of crystallinity during the drawing
process is considered to be due to anne&ffhgnd orientation-
induced crystallizatiof?

4, Results and Discussion

4.1. Assignments of Raman Bands and Their Depolariza-
tion Ratio. Raman spectra of the isotropic crystalline PLLA
film obtained at 25 and 20TC are shown in Figure 3. It can be

Raman bands for the bands at 1767, 1753, 1302, 1295, and 347
cm™; hence, it was difficult to measure their peak intensities.
The signs of thd>,00 andPagg values were calculated from the
spectra in Figure 5 for all the possible tensor forms, and are
given in Table 4.

The scheme shown in Table 1 was applied to determine the
tensor form of the Raman bands of PLLA. As a result, Raman
bands at 1457, 1099, 875, and 398 ¢énwere assigned to the

seen that the weak Raman bands at 1222, 926, 510, and 34A(k—) tensor form; those at 926 and 510 chwere assigned

cm~1 were not present at 200C. Since the melting point of
PLLA o-form crystals has been reported to be around 175

to the E(lll) tensor form; and Raman band at 1222 &mwas
assigned to th&(V) Raman tensor. Although the rest of the

°C2365 these Raman bands were assigned to the crystallineRaman bands could be assigned either to thetApr A(k—)

regions only of PLLA. This was confirmed by an observation

form, no further information was obtained to determine their

that these Raman bands increased their intensities when thdensor form.

molten sample was recystallized at 1°(0 for 30 min. On the

For the Raman bands for which their tensor forms are known,

other hand, the rest of the Raman bands were observed at botlthe P,y values were calculated from the polarized Rareﬁslv
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Table 3. Assignments of Raman Bands to the Crystalline and Amorphous Regions of PLLA, Their Depolarization Ratio, and Possible Class

band assignment depolarization ratio and class
Raman current Kister Qin Piso Piso possible
band (cn?) study et al4243 et al®t (amorphous) (crystalline) class clas¥
1777 Cr/Am Cr/Am / 0.22 / A /
1767 Cr/Am Cr/Am Am 0.30 / A /
1753 Am> Cr Cr/Am / 0.41 / A A
1457 Cr/Am Cr/Am / 0.83 / E AE
1302 Cr/Am Cr/Am / 0.74 / A E E
1295 Cr> Am Cr/Am / W 0.71 A E A
1222 Cr Cr/Am Cr> Am w 0.79 E E
1186 Cr/Am Cr/Am Cr> Am 0.25 / A A
1133 Cr/Am Cr/Am / 0.21 / A A
1099 Cr> Am Cr/Am Cr> Am 0.65 / A A E
1047 Cr/Am Cr/Am / 0.50 / A A
926 Cr Cr / w 0.93 E E
875 Cr/Am Cr/Am / 0.16 / A A
740 Cr> Am Cr/Am Cr> Am W 0.27 A A
713 Cr> Am Cr Cr> Am W 0.35 A A
510 Cr Cr Cr w 0.74 A E E
413 Cr> Am Cr/Am / W 0.34 A A
398 Cr/Am Cr/Am / 0.78 / AE E
347 Cr Cr / w 0.32 A A

aKey: (Cr) crystalline regions; (Am) amorphous regions; (Cr/Am) independent of morphology;>An) more significant in the amorphous regions;
(Cr > Am) more significant in the crystalline regions; (/) not determined; (W) difficult to determingith®@alue due to weak intensities.

(a)

X(Z2)x

l X(YZ)X |
Parallel m w

.. Normal H Arwd\ AN J\ a\ | ) |
1 1 1

[ T TR RS [ 1800 1600 1400 1200
1800 1600 1400 1200 1000 800 600 400 Wavenumber (cm™)

Intensity (a.u.)

Intensity (a.u.)

Wavenumber (cm)

Figure 4. Polarized Raman spectra of an isotropic amorphous PLLA (b)
film. For the parallel and normal polarization geometries, the polariza-
tion direction of the analyzed beam was either parallel or normal to
that of the incident beam, respectively.

spectra for the areas from Al to A8, and they are plotted against

Intensity (a.u.)

the local draw ratios in Figure 6. A monotonic increase of the X(ZZ)x

P-ooo Values was observed for the Raman bands at 1222, 926, X(YZ)X

and 510 cm?. This implies that in the areas of higher local

draw ratios the tensor-axis of these Raman bands become X(Yyx | | ,
oriented more toward the direction of the uniaxial drawing. In 1200 1000 800
contrast, there was a monotonic decrease oPtgvalues for Wavenumber (cm™)

Raman bands at 1457, 1099, and 398 & other words, the
z-axes of these Raman bands were tilted away from the film
drawing direction as the film was drawn uniaxially. This
suggests that theaxes of the Raman bands have their tilt angles
more than 45 away from the molecular chain axis-éxis).

4.3. Tilt Angle for the Raman Bands Assigned to the
Crystalline Regions Only. X-ray fiber patterns were obtained
for areas from Al to A8 of the drawn PLLA film, and those
for areas A2, A4, A6, and A8 are shown in Figure 7. A pair of
intense diffraction arcs in the equatorial direction were assigned
to the (110) and (200) planes, while those in the meridional
direction were assigned to the (0,0,10) and (1,0,10) planes of
PLLA o-form crystals®334 The change of these diffraction
patterns Indlcate_s that theaxes O_f the Crystallltes l?eco”_‘e Figure 5. Polarized Raman spectra for area A8 of the necked PLLA
aligned preferentially toward the film drawing direction with  fjim: (a) from 1900 to 1200 cmt: (b) from 1300 to 800 cmt; (c)
increasing local draw ratio. from 800 to 350 cm'.

Intensity (a.u.)

800 600 400
Wavenumber (cm™)
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Table 4. Ratios of Polarized Raman Scattering Intensities for the Raman Bands at Area A8 of a Uniaxially oriented PLLA Film, Acceptability
and Sign of the Pago and Pasgo Values, and the Form of Raman Tensor

Raman tensor form intensity Sigr? of P2oo, Paoo tensor form:
band (cn?) in Table 4 correlation Ak+) A(k—) E(I1) E(V) tilt angle 2)
1777 A Ivy>lzz> lyz +, + -+ / / A(k+), A(k—)
1767 A / / / / /
1753 A overlapped / / / / /
1457 E Iyy> 122> vz -+ -+ - +,N A(k—) Q > 45°
1302 AE / / / / /
1295 AE overlapped / / / / /
1222 E Iyy> vz~ 12z / / -+ +,N E(V) Q < 45°
1186 A vy > lzz~ lyz +, + -+ / / A(k+), A(k—)
1133 A lzz~Iyy> lyz -, + +, + / / A(k+), A(k—)
1099 A vy > lzz~ lyz N, N -, = / / A(k-): Q > 45°
1047 A lzz> Iyy> Iyz -+ +, + / / A(k+), A(k—)
926 E Ivz> lzz> lyy / / +, + N, N E(|||)Z Q < 45°
875 A Iz22> Iy > lyz — N +, + / / A(k-): Q < 45°
740 A Iyy> lzz> lyz +, + -+ / / A(k+), A(k—)
713 A Ivwy>lzz> lyz +, + -+ / / A(k+), A(k*)
510 A E Iyz> lzz> lyy +, N +, — +, + - N E(I): Q < 45°
413 A Ivwy> 122> lyz +, + -, + / / A(k+), A(k—)
398 A E Iyy~lyz> lzz - - = -+ N, N A(k_) Q > 45°
347 A overlapped / / / /

aKey: (/) not determined; (N) not acceptable (the value is not within the rangedd < Pyoo < 1 and—0.43 < Psqo < 1). P The peak intensity was
not obtained due to overlapping of the peak with its neighboring peak.

1.0 \Va v 7
| (a) % 926 cm’
v

05 -7
1222 cm™

v o0 ©
0o N g g 8 1099‘;6,,,-1

1457 cm™

P200

_0.5 1 I 1 | 1 I 1
1 2 3 4 5

Local draw ratio

1.0 .
510 cm’
(b) o
(o)e}
05
< (@ © 875cm”
Ry o ® (m| O
0.0 ADB AA A
I 398 cm™
0.5 L | L | L | I
1 2 3 4 5
Local draw ratio
Figure 6. Relationship between local draw ratio and g, value Figure 7. X-ray fiber patterns for the local areas of the necked PLLA

determined for the Raman bands of the necked PLLA film: regions of film shown in Figure 2: (a) A2, DR= 1.3; (b) A4, DR= 1.8; (c) A6,
(a) high wavenumber or (b) low wavenumber. Error bars are superposedDR = 2.9, (d) A8; DR= 4.5. The uniaxial drawing direction of the
for the plots at DR= 2.3. film is vertical.

From the diffraction pattern for the (110) and (200) planes  4.4. Tilt Angle for the Morphology-Independent Raman
of the PLLA a-form, the crystallite orientation distribution  Bands of PLLA. The tilt anglesQ were also determined for
coefficient P, c Was calculated using egs 13 and 14 for each the morphology-independent Raman bands of PLLA at 1457,
area of the drawn film. ThB,q0 cvalues are correlated in Figure 1099, 875, and 398 cm.
8 with theP,gp values determined for the Raman bands assigned The sample birefringenceA) must be known in order to
to the crystalline regions only. TH&q value for Raman band  calculate the angl€ using eq 5. However, it was difficult to
at 1222 cm* was found to be proportional to thi®go cvalues. measure the\n values in the necked regions, since the path
Although theP,qo values for both Raman bands at 926 and 510 difference changed not only with the average molecular orienta-
cmt are scattered, they were assumed to be related linearly totion but also with the sample thickness. Instead,Alnevalues
the correspondindP,oo c Value based on eq 3. The tilt angles for fully uniaxially oriented films with different sample draw
for these Raman bands could be determined from the slope ofratios were measured. Thgo values for the Raman band at
their linear correlations using eq 5, as summarized in Table 5. 875 cnt?! of the uniaxially oriented films are related to th(érDV
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Figure 8. Comparison between th,q, values determined for the
Raman bands assigned to the crystalline regions only andihe
values determined from X-ray fiber patterns for the local areas of the
necked PLLA film. Error bars are superposed for the plots at®R
2.3.
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Figure 9. Relationship between the values of sample birefringence
for the fully drawn PLLA films with different sample draw ratios and
their Py values determined for the Raman band at 875%m

Table 5. Tilt Angles (2) for the Raman Bands of PLLA

assignment Raman band (cih Q (deg)
crystalline 1222 452

926 0+ 21

510 18+ 13

morphology-independent 1457 &10.5

1099 60+ 0.2

875 44+ 0.3

398 57+ 0.3
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Table 6. Physical Characteristics of Melt-Spun Fibers Studied by
Schmack et al*6.17

DR An@ x 103 21 P200,& P200,4

4.0 18.04 0.186 0.948 0.459
4.5 19.50 0.197 0.957 0.505
5.0 21.10 0.220 0.967 0.533

apetermined by birefringence measureméribetermined by DSC.
¢ Determined by WAXD A Determined from the amorphous halo of the
WAXD profile.1”

0.105
3 n..g 0.100 —
N
0.095 | | L | |
1.9 2.0 21 22
1-7. ono.a

P,

200,¢

e

Figure 10. Relationship in eq 18 for the data obtained from melt-
spun PLLA fibers reported by Schmack et'@t!

Figure 11. Correlations given by eq 5 for the necked PLLA film with
respect to the morphology-independent Raman bands.

For each Raman band, the right-hand term in eq 5 is plotted
against theP,qo value for each local area of the drawn film in

An values in Figure 9, since this Raman band is independent Figure 11. The plots show a linear correlation that extrapolates

of the morphology of PLLA. ThePyq value was found to
increase in proportion to than value, following an equation
of the form,

Pygo= 6.8An a7
Using this equation thé\n values for the local areas of the
drawn film were estimated from theR,qo values for the 875
cm~! Raman band, and they are given in Table 2.

In addition, the values of intrinsic birefringence for the
crystalline Ang) and amorphous regiong\(,) of PLLA can
be calculated from the following equatigh?’

1—y.P
An Xec ZOO’aAna—i- An,
XcP200.c Xe  Paooc

(18)

Data for melt-spun PLLA fibers reported by Schmack .

to the origin for all the Raman bands. Their tilt angfesvere
calculated from the slopes of the correlations, and are given in
Table 5.

4.5. Deformation Model for the Crystalline and Amor-
phous Regions of the PLLA Film During Uniaxial Deforma-
tion. Now that the tilt angles for the morphology-independent
Raman bands are known, it was possible to determine the
P200 chainvalue for each area of the drawn PLLA film by using
eq 3.

Figure 12 shows the relationship between the local draw ratio
and theP,gp chainvalue obtained from each Raman band. The
P200,chainvalue increased with an increase of the local draw ratio,
and the results were consistent for all the Raman bands except
for the 398 cmi! band. The large scatter of the data for the 398
cm~1 band was considered due to its high tilt angle of 6.8
eq 3, the coefficient of thB,oo value is divergent a2 = 54.7;
hence, a small discrepancy in the measurement d?ifieralue

are shown in Table 6, and eq 18 was applied for these data asfor the 398 cmi! band could cause a significant error for the
shown in Figure 10. From the slope and the intercept of the determination of the angl and theP2qo chainvalue.

linear correlation, theAn. and An, values for PLLA were
determined to be 0.0207 and 0.0587, respectively.

The second order of the orientation distribution coefficient
for the amorphous region$4u ) was calculated using eq 8DV
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Figure 13. Relationships between local draw ratios andRhg .values

for the necked PLLA film determined by polarized Raman spectroscopy.
The Pgocvalues and &,q0 curve based on pseudo-affine deformation
model, Paoo p-aff, &re superposed.

Figure 14. Molecular orientation distribution functiondNgy(6)) in

the (a) crystalline and (b) amorphous regions for the local areas of the
necked PLLA film. The angl® = 0° corresponds to the direction of
sample drawing.

for each local area of the drawn PLLA film, and is shown in
Figure 13. Because of the lack of accuracy of Ego value
for the 398 cm! Raman band, the results are given only for the Paoo,avalue was estimated using eq 7. Th&gy and P4oo
the Raman bands at 1457, 1099, and 875 crAlthough the  vajues were employed to determine the coefficiedf§ using
Paoo.avalues were shown to be more scattered in the areas witheqs 9 and 10 for both the crystalline and amorphous regions.
lower local draw ratios, thBxp0,avalues determined from each  The results are summarized in Table 7.
Raman band are reasonably comparable with each other. The parts a and b of Figure 14 show the most probable molecular
P200,c values for the corresponding areas of the drawn PLLA orientation distribution functions for the crystallinBi{, {6))
film are also superposed in Figure 13. It can be seen that thegng amorphous regiondNg, £6)), respectively, for the local
molecular orientation in the crystalline regions was highly gareas of the drawn PLLA film. For clarity, the functions are
developed at a draw ratio around 3.5. In contrast, the develop-shown only for the areas A2, A4, A6, and A8, and they are
ment of molecular orientation in the amorphous regions was compared to that of an isotropic distribution. In Figure 14a, the
found to be slower than that in the crystalline regions. function Ny {0) increased its height # = 0° with increasing
The most probable molecular orientation distribution functions the local draw ratio, while the peak width became narrower.
Nmp(0) for both the crystalline and amorphous regions were Since the angled = 0° corresponds to the axis of sample
further determined using the corresponding coeffici®aggand drawing, this indicates that the molecules were oriented more
Paoo- The Pagoc and P4ooc values at each area of the sample toward the drawing direction. In contrast, the molecular orienta-
were calculated from averaging the values for the Raman bandstion distributions in the amorphous regions shown in Figure
at 1222, 926, and 510 crhusing eq 3. Thé>,q0 avalues were, 14b were much broader than those in the crystalline regions.

on the other hand, calculated from an average of those for the
Raman bands at 1457, 1099, and 875 &im Figure 13, and

Table 7. Molecular Orientation Distribution Coefficients Pioo and the Corresponding CoefficientsAgh for Both the Crystalline and Amorphous
Regions at Local Areas of the Uniaxially Oriented PLLA Film

crystalline amorphous

area DR P200,c Paoo,c Ao Ao P200,a P4o0o,a o00.a Wi

Al 1.2 0.253 0.260 0.592 1.663 0.147 —0.039 0.759 —0.442
A2 1.3 0.413 0.203 1.497 0.732 0.193 —0.043 1.017 —0.553
A3 13 0.349 0.515 —0.071 4.185 0.416 0.008 2.452 —0.950
A4 1.8 0.519 0.376 1421 1.710 0.456 0.031 2.768 —1.002
A5 2.3 0.706 0.643 1.091 3.855 0.459 0.033 2.802 -1.012
A6 2.9 0.892 0.799 1.534 5.643 0.573 0.128 3.851 —1.128
A7 33 0.905 0.869 —0.378 10.10 0.680 0.261 5.331 —1.261
A8 45 0.933 0.902 14.12 10.85 0.819 0.509 8.648 -1.321

Ccbv
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A amorphous region so-calledcritical resolved shear stre€8 (CRSS), which is the
> crystallite lowest stress to cause slip in the crystallites on a certain crystal
§ * plane, the shear stress built-up will be relieved by crystallite
s \ / slip. The crystallite slip and rotation promote rapid orientation
5 of crystallites toward the film drawing direction (stage Il, DR
§ = 2—3.5, Figure 15c), while the amorphous regions continue
g with pseudo-affine deformation. As a result, the crystallites could
o \ N . .
a become highly oriented by DR= 3.5, and the molecular

V orientation in the amorphous regions still progresses at higher

(@) (b) (©) (d) local draw ratios (Stage Ill, DR 3.5, Figure 15d).

Figure 15. Deformation model for the crystallites and amorphous 5. Conclusions

Eg%oﬂslg’.f(tgf ST;‘&‘:‘ |f&',g“é”{'f%”&ﬁg;gkﬂ?g:gg} é?r)egg ;ngg:svtvat%% Molecular orientation distributions in the crystalline and

CRSS; (c) stage Il (DR= 2—3.5) where the shear stress is above the amorphous regions were studied for a drawn PLLA film by
CRSS; (d) stage Ill (DR 3.5). Arrows indicate the directions of shear means of polarized Raman spectroscopy. Raman bands of PLLA

stresses. were assigned as being either from the crystalline regions only
or as being morphology independent by analyzing their tem-
perature dependence. The tensor forms of the Raman bands were
determined by comparing their relative intensities in polarized
Raman spectra based on the assumption that all the bands have
cylindrical symmetry.

Raman bands at 1222, 926, and 510 &mvere suitable for
the study of molecular orientation distributions in the crystalline
regions only. The tilt angl€ was determined from the second
order of the molecular orientation distribution coefficidbg
for each Raman band in association with the results of WAXD.

The development of molecular orientation in a material during
its uniaxial deformation can be described by using the so-called
pseudo-affinedeformation modet?:68 This model, developed
originally for rubber, was considered to be suitable for the
current sample, where plastic flow of the material might occur
for high strain deformation. According to the pseudo-affine
deformation model, the orientation angles of a unit bef@§ (
and after uniaxial drawing®’) can be relatéd to each other
with respect to the sample draw ratid, by

_ A3 , It was possible to derive tHeyxgo value for the crystalline regions
tan® = A”*an® (19) (P200,9 after correcting thd,q0 value for the Raman band for
On the other hand, sample birefringence can be refatedhe its tilt angle Q.
intrinsic birefringence of the samplan,, and the value\ by The Raman bands at 1457, 1099, 875, and 398'anere
studied closely in order to determine the molecular orientation
Ang 3 3A %05 N2 distribution coefficients in the amorphous regions. The tilt angle
An= 2 1— A3 N 1- A—s)s/z -1 (20 Q for each Raman band was determined in combination with

the results of birefringence measurements, which enabled the

where theAn, value is regarded as the sample birefringence P.oo values for an average of molecules in the crystalline and

for perfect molecular orientation, which may be determined by @Morphous regionsPgoo chaid to be calculated, in addition to
those in the amorphous regions onBxdp 9. At a local draw

An, = yAn.+ (1 — y)An, (21) ratio of above 2, molecular orientation in the crystalline regions
was found to progress more rapidly than in the amorphous
Using egs 6 and 21, eq 20 can be arranged to givePtye regions. This is considered due to the occurrence of crystallite

value for the pseudo-affine deformation mod@lgo p-as, as slip and rotation, while the molecules in the amorphous regions
are stretched under the pseudo-affine deformation.
1A% +1 3A%cos AT Both theP,o and P4 values for the Raman bands assigned
P200,p-aif = 2 AS—1 - (A3 _ 1)3/2 (22) to the crystalline regions only were corrected for their tilt angle

Q in order to determine the most probable molecular orientation

A curve of thePago p-arf Values calculated using eq 22 was  distribution functionsNmy(6) for the crystalline regions. By
superposed with those determined by polarized Raman spec-estimating theP4q value for the amorphous regions by only
troscopy in Figure 13. Th®x00 4 values were consistent with  Using thePxgo,avalue, it was possible to determine the functions
the Paoop-arf Curve. This suggests that the development of Nmg(6) for the amorphous regions only. It was found that PLLA
molecular orientation in the amorphous regions of the PLLA molecules in the crystalline regions were oriented preferentially
film follows the pseudo-affine deformation mechanism during toward the film drawing direction even at a low draw ratio of
uniaxial drawing. On the other hand, tRegy ¢ values follows around 2. In contrast, the molecular orientation in the amorphous
the P2oo p-af CUrve at DR< 2. Above this local draw ratio, the regions was shown to be much less significant than that in the
Paoo,cvalue increased more rapidly than ®go p-ar value. This crystalline regions. The result suggests that successful molecular
deviation of theP,po ¢ value from thePago p-af Value may be orientation in the amorphous regions of the PLLA film may
explained by considering the occurrence of crystal rotation and only be achieved when the film is stretched to draw ratios above
crystal slig®72 as shown schematically in Figure 15. 4.5.

When the PLLA film is stretched, crystal lamellae experience Acknowledgment. The work was supported by Four Square
a longitudinal tensile stress, which causes shear stresses in thg51 Division of Mars.U K., Ltd. One of the authors (M.T.) is,
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