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Abstract

Results of the Brillouin scattering study of polycarbonate (PC) films

stretched at a temperature slightly above Tg are reported. The elastic constants
C]], C13, C33, and C44 are determined as a function of stretched ratio. Using the
affine orientational model recently developed by Wang and Cavanaugh, the orientation
narameter is obtained as a function of stretched ratio. The changes in the elastic
constants and the orientation parameter are discussed in terms of chain morphology.
The results in PC films are found to be significantly different from other polymer
films, such as poly(ethylene terephthalate) and isotactic polypropylene, recently

investigated in this laboratory. The reason for the difference is discussed.
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Introduction

Viscoelastic properties of polymers are affected by externally applied
perturbations. The external perturbations, such as stretching or extrusion, induce a
preferred orientation of nolymer chain segments along the deformation axis.

The increased chain orientation occurs in both the crystalline and amorphous
regions. In some cases, reorganization of the semicrystalline structure with
replacement of lamellae by fibrous elements may also occur. One manifestation of
this is an increase in the elastic (stiffness) constant along the axis of
stretching, but Young's modulus perpendicular to the stretching axis or shear
modulus about the axis may not be significantly affected. However, in polymers, j
such as poly(ethylene terephtha]ate)], polyethylenez, nolyamides (Nylon 6-6)],
and other semicrystaliline po]ymers3, an increase in Young's modulus with orientation i
has been found. These studies are carried out using low frequency acoustic or
ultrasonic techniques. The results may be due in part to the reorganization of the

crystal structure and in part to the stretching of many of the intercrystalline

tie molecules. In any case, a full description of the anisotropic elastic property

of the solid polymer will require separate specification of the orientation of
crystalline and amorphous regions.4
In recent years, Wang and coworkers have used the Raman and Brillouin light

scattering technique to study the effect of chain aorientation of hydrostatically

5-7 8-10

extruded rods and stretched films. Although Brillouin scattering has been

used in this laboratory during the past years mainly in the study of high frequency

viscoelasticity in amorphous polymelr's,”’]2 the development of multi-pass, high-

13 has prompted the application of the Brillouin

scattering technique to study the semicrystalline polymer solids]4

contrast Fabry-perot interferometry

Using Brillouin scattering

information about the hypersonic velocity and attenuation coefficient in a polymer
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medium which remains in thermodynamic equilibrium can be obtained. Moreover, ]

as noted previously,8 Brillouin scattering has an advantage in the study of solid

state polymers in which the shape and size of the sample are relatively unimportant. i

This reduces the amount of sample preparation efforts which were substantial in the

previous experiments. Our recent work on polymer films also demonstrates that the

hypersonic (both the longitudinal and transverse) behavior across the surface of

an extruded rod or an oriented film can be mapped accurately using a relatively

simple scattering geometr‘y.s']0 j
In this paper, we report results of the Brillouin scattering study of stretched

polycarbonate films. Due to its high impact strength and modulus characteristics,

as well as excellent thermal stability,and complete transparency, polycarbonate

S L NP

(PC) derived from bisphenol-A is one of the most important polymers suitable for
application . A detailed account of the chemical and physical properties of |

PC can be found in refs. 15-17. Brillouin scattering spectra of PC were reported

18,19 14

previously by Durvasula and Gammon and by Patterson as a function of

temperature. By comparing the Brillouin data with the ultrasonic results, Patterson

has noticed a considerable dispersion in the longitudinal phonon velocity below
the glass transition temperature (Tg=150°C). Velocity dispersion in the transverse

shear wave below Tg was also found by Durvasula and G.ammon,]9 but these authors

were uncertain about the origin of the dispersion. They even hinted a possibility

magnitude)drop of the shear velocity value above Tg, which does not appear in the

|

1

i of an error in the low frequency shear modulus data, due to a very large (two order of
‘ hypersonic shear velocity result. Another independent ultrasonic study as a function of

| temperature will be useful to resolve this uncertainty. It is hoped that efforts in

_i this direction will be carried out shortly.

We have studied the hypersonic velocities in PC films stretched slightly

above Tg in various directions on the film surface. From the velocity data, we have
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determined for the first time the elastic constants C]], C33, C13 and C44 as a
function of stretch ratio . Using the affine orientation model recently developed
by Wang and Cavanaugh,s’20 we have also obtained the orientation parameter. The

21

result is then compared with that obtained using the Moseley model. We have

discussed the change in the orientation parameter in terms of chain morphology.

Experimental

Polycarbonate resin was purchased from the Aldrich Chemical Company as
amorphous clear nuggets (Mw = 20,000 to 25,000; density 1.20, Tm = 267°C;

Tg=150°C; NDZO = 1.5850). %2

Preparation of the PC film samples was similar to that

described in ref. 8. Films were melt cast in a hydraulic press, fitted with

polished heated copper plates. The films were melt cast at a temperature of 270°C

and at a pressure of 0.5 metric tons, jointly applied for two minutes. The hot

films were then quenched in ice water to maximize optical quality by increasing

the content of the amorphous phase. The PC films having a good optical quality,

unblemished surface and uniform thickness were selected for further experimentation.
The films were then uniaxially stretched in a silicone o0il bath at a temperature

slightly above Tg (152-153°C) using a manually operated puller. The draw was about

100% per minute. In addition to the unstretched film,six specimens with stretch

ratios (RS) of 1.8, 2.9, 4.1, 5.0, 6.1, and 8.1 were prepared for Brillouin scattering.
The densities of the film samples were measured with a floatation method. An

aqueous solution of calcium chloride with a density of about 1.22 g/cm3 was used.

The density of the film was found to be unaffected by stretching. At room temperature

3

(22°C), a value of 1.1983 + 0.0005 g/cm~ was measured for all film samples. This

result suggests that the presence of partial crystallization as reported by Patterson,]4

has only a negligible effect on the density, if any.
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A five - pass Fabry-perot interferometer was used to resolve the Brillouin
scattering spectra for films of various stretch ratios at several orientation
angles. The overail finesse of the optical instrument was about 55. The free
spectral range used was about 23 GHz. An argon ionlaser (spectra-physics 165) with
a single mode operation at about 4880 R was used to excite the Brillouin scattering
spectrum. The optical setup and electronics used in this work was similar to
that reported in refs. 8-10.

For the angular dependent measurement to obtain the velocity contour, the
scattering geometry as shown in Fig. 1 in ref. 9 was used. A least squares fitting

23 to the velocity contours to

program was used to fit the Christoffer equation
obtain the elastic constants and to obtain the orientation parameter as a function

of stretch ratio.

Results and Discussion

In an optically isotropic medium, the hypersonic velocity VB is related to

the Brillouin frequency shift fg (in Hz) by

Vg = fg 3y/2n sin (8/2) (nm
where ); is the incident wavelength, n is the index of refraction, and ¢ is the
scattering angle. Equation (1) needs to be modified for an anisotropic meQium.
However, the birefringence in the index of refraction in the oriented PC film is
small.[(n||-nl)/nl|] <10'3; LI and nL being the indecies paralle! and perpendicular
to the orientation axis; the sound velocity deduced for the shear wave from Eq. (])

will yield a result with an accuracy not limited by the anisotropy in the index of
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refraction, but by other factors such as the broad width and weak intensity of the
spectral peak. Nevertheless, the sound velocity from the longitudinal phonon
reported in this work is accurate to better than 1% and that from the transverse
phonon, to 5%.

It has been shown previously 8,24

that when the scattering geometry is at
90° and the film bisets the angle made by the incident and scattering beams, the

hypersonic velocity-frequency relationship given in Eq. (1) reduces to

Ve = foi//T (2)

It should be noted that in this scattering geometry, the index of refraction does
not enter Eq. (2) and for that reason it is a very useful scattering geometry
for obtaining the sound velocity by Brillouin scattering from samples whose index
of refraction is difficult to measure . All Brillouin spectra reported in this
work was obtained using this scattering geometry.

The Brillouin spectral data in all PC films were obtained using the Vv
configuaration. The Vv spectra displays clear features due to scattering from
longitudinal and transverse acoustic waves. The longitudinal and transverse waves

are in general mixed, except for the cases when the scattering vector q 1is parallel a

to or perpendicular to the orientation axis. The scattering vector q corresponds
to the phonon propagation direction.

Shown in Fig. 1 are the hypersonic velocity curves as a function of stretch
ratio obtained from the Brillouin spectral lines using Eq. (2) for various orienta-
tion angles a. The orientation angle a is defined as the angie between q and the

direction of the stretching axis. It is important to note that both the




longitudinal and transverse acoustic components are observed also in the unstretched
PC film at a = 0 and 90°. This result contrasts with the other polymer films we have

previously studied.8'10’ 20

In those films, the transverse components do not
appear in the pure mode directions (a=0° and 90°) under the same laser excitation
intensity. They appear only in the directions at which the transverse and
longitudinal modes become mixed.

For the film samples, the intensity of the QL and QT Brillouin lines associated
with the scattering vector 9 in the film face (the x-z plane, z being the stretching

25

direction of the film), it can be shown“~ that the scattering factorz6 (proportional

to the intensity) for an one-phase medium is given as function of a by

-1 .
B = (pvmfa) [(pq U, Sim+ py U cosa) cosia

(3)
+ (p33UZc05a + Pyl sina) sin<a]

when Ux and Uz are the components of the displacement eigenvector for the wave
propagating in the x-z plane. These are related to the elastic constants and the angle

a by

(cn sin2g + Cas cos?q - pvmfa) U, = [(C]3 + 044) sina C°S“]Uz (4)

where the subscript m refers to the QL or QT wave and OWn,a: is determined at each
angle. pij's are the Pockel photoelastic coefficients.

The ratio of the scattering factors 0 = 8(QT)/8(QL) has been studied in ref. 25
for polypropylene. When this ratio is plotted as a function of a, it reaches a maximum

at 45° for each film, but decreases to nearly zero at a=0° and 90°.25 Shown in Fig. 2




is the intensity ratio of Pg as a function of a« for PC films with different

stretch ratios. One notes clearly that the maximum value of oq occurs approximately

at a=45° and the value of maximum of p. increases with the drawratio consistent with

8
the result previously found in polypropylene; however, the o values for PC films

8
at a=0° and 90° are still substantial in contrast to the result found in polypropylene.
Two possible mechanisms are believed to be responsible for the large intensity

of the shear mode in the unoriented film as well as in the oriented films in the

pure mode configurations (a=0°and 90°). One is due to dynamic coupling of the
polarizability anisotropy to the shear motion in the amorphous region, simiiar to

the mechanism found to be responsible for the appearance of the transverse shear

mode in supercooled 1iquids and glasses consisting of small optically anisotropic

27-29

molecules. The other is random orientation of crystallites in the PC films

due to partial crystallization. The partial crystallinity will enhance scattering of the
shear modes. In combination with the above mentioned mechanism, shear wave is expected to
scatter light more strongly in the pure mode directions in a semicrystiliine tpan in

an amorphous film sample, despite the fact that the degree of birefringent in PC films

is not large enough to affect the values of sound velocity. Durvasula and Gamrnon]9
have estimated the strain - optical caefficient (944/p]2)2 to be about 10'2 which is
comparable to the (p44/p]2)2 value (=7 x 10'2) found in fused si]icazg, and nearly

30 Patterson has attributed

this to angular correlation of phenyl groups between neighboring chains in PC;]4 however,

two orders of magnitude larger than the value of PMMA.

it will be difficult to account for the small str;inoptical coefficient found in
polystyrene using the same mechanism. The large (p44/p12)2 value found in PC
is more likely associated with the chain rigidity due to the incorporation of the
phenyl groups in the chain backbone. [t would be useful %o study the effect of

chemical structure on the behavior of the shear mode so that the origin of the large




strain-optical coefficient in PC may be clarified.

One notes in Fig. 1 that at «=0°, the hypersonic velocity increases with increasing
RS’ approaching a plateau value at RS=5.0.On the other hand, at «=90°, the velocity
decreases with increasing RS’ also approaching a plateau value at RS=5.0.As noted above,
a=0° and 90° correspond to two pure longitudinal mode directions, despite the fact
that scattering from the shear mode also appears in these directions. However, as
shown in Fig. 1, the transverse wave velocity (observed at a=0°) is insensitive to
stretching.

The change of hypersonic velocities with stretching is more clearly illustrated
in terms of polar plots of the sound velocity versus the sound progation direction.
Shown in Fig.3 are the polar plots for an uastretched (RS=I.0) and for a stretched

(Re= 5.0) film. The polar plot shows two concentric circles in the unstretched

S
film, indicating a perfect acoustic isotropy for both the longitudinal and transverse

waves on the film surface. However, the circles are distorted in the stretched fiim,

as shown in the RS=5'0 film. Maximum quasi-longitudinal and quasi-transverse sound

velocities are found at o=45°; the velocities at a=0° are larger than those at «=90°.
The shape of those velocity contour maps is associated with the change of

elastic constants of the films as a result of stretching.
23

This can be analyzed in
terms of the Christoffel equation™ for the propagation of acoustic waves in an

anisotropic medium. The elastic constant matrix for an uniaxial oriented sample is

given by _ —W
]

T LI P R

| ;

C]1 €3 0 0 ) !

= C o} 0 o

Cij 33 (5)
Cg © 0

()
-
-

o

r____..‘
(%]
(o]
|01
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where C66 = % (C]] - C]Z)‘ The Christoffer equation which relates the velocities
and elastic constants for the acoustic waves propagating on the film surface is *

given by9

2 = 2 2 + 2 2 2
20V, 2 = (Cqqe? + C33 2,2 + Cpp) 2 ((Cqqn,2 + C332.2 + Cyp)

- 2 2 2 2Y _ o 2, 2 213
BL(Coy 2,2+ Cpq 2,2)(Cpq 2,2 + C33 2,2) = 2, 20,2 (Cpg + Cpp)? )

liitentln i

where L, = qx/ = sin a and 2, = qZ/lql =C0sa, are the direction cosines of the

]
scattering vector in the film. The quagilongitudinal (QL) and quasitransverse (QT)
phonons are associated with the plus and the minus roots, respectively. Knowing the 1
density data and the hypersonic velocities as a function of a, one can calculate h
the elastic constants as a function of RS using Eq. (6). We have used a least squares

computer fitting the program to include all experimental data in this calculation.

The results for elastic constants C]], C33, C]3 and C44 obtained from the calculation

are shown in Fig. 4 and also in Tabie I. The elastic constant c66 (or C12) is not
shown as it cannot be determined by the Brillouin scattering technique.

Although the behavior of the elastic constants in the PC films as the films

8,9,20

are stretched is similar to that found in other polymer films, there are some

significant differences. For example, although the C33 values for the unstretched poly-
(ethylene terephthalate) (PET) and polypropylene (PP) films are lower than that for the PC
film, as those films are stretched to R5=5.0 they become 4-5 times greater than the values

of the unstretched films. On the other hand, the C33 value for PC only increases 23% 1

10 2

from the unstretched value at 6.48 x 10 = dyne/cm™ to the maximum value for the film

stretched to RS=5.0 at 7.95 X 1010 dyne/cmz. More interestingly, above RS=5.0,

C33 shows a decrease rather than an increase found in other films -
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The behavior of the elastic constants in the stretched films is closely
associated with the increased chain segment orientation. A simplified model proposed
by Moseley has related the sonic velocity of the oriented polymers to the orientation

parameter <P,> by 21

<Py> = 1 (3cos2e-15= 1-(C33U/C33)(o/oo) (7)

N

where C33u and o° are the elastic constant and density of the unextruded sample,
respectively. The orientation parameter calculated according to Eq. (7) is shown
in Fig. 4 and also in Table II (designated as f) as a function of stretch ratio.

In order to derive £q. (7), Moseley has assumed that acoustic waves propagate
in an oriented fiber in a way similar to the current conducted through parallel
Circuits and that for an oriented sample, C43>>Cyy- However, even though the Cas
value may be several times larger than the CTT value, the maximum C33 value for
highly oriented polymer (<P,>=1) is far from infinity to be
neglected. Furthermore, the propagation of sound waves cannot be treated
in a manner like current flowing in a parallel electronic circuit. Assuming that affine

orientation of polymer chains occur when the films are stretched, i.e., the combined

intermolecular effect such as partial crystallization and chain reorientation can
be approximated as the rotational transformation of the strain tensor, Wang and
Cavanaugh have shown that the elastic constants C]], C33 and C13 of an oriented film

are regorously related to the orientation parameter <P,> by6

C.” = ()\+2u)(]-<P2>) + C.”° <P,> (8) :
C33 =z ()‘+2u)(]-<P2>) + C33° <P,> (9)

and
C]3 = u(]-<P2>) + C13° <P2> (10)
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where ) and u are the two Lame constants for the unoriented isotropic films;
Ciy°s C33° and C,,° are the elastic constants of the oriented films when <P,>=1.

One notes in Fig. 4 that Cn of the stretched film is less than C]]u. where
Cnu (=2+2u} is the Cn (or C33) value of an unoriented film. On the other hand,
as the film is stretched, C33 becomes greater than {(i+2u).

To obtain the orientation parameter from the experimentally determined elastic
constants using Eqs.(8) - (9), we need to determine the intrinsic elastic constants
C]‘°, C33° and C]3° for the perfectly oriented units. To do this, we set C]]°=A Cnu
and C33°=B C11“, where A and B are fitting parameters which are less and greater
than unity, respectively. According to Ref. 20, the C13° values are related to

C]]° and C33° by

° = 15 _3,. .
Equation (11) is the result of Eqs. (8) - (10), together with the

assumption that C44 remains uncharged as the films are stretched, i.e. C44° = u.
This is justified by the present experimental result (see Fig. 3). Having obtained
Eq. (11), we then make an initial guess of the values A and B. The A and B values,
along with the measured unoriented elastic constants, determine a full set of initial
constants for the calculation. The value of <P,> for each sample can then be
calculated according to Eqs. (8) - (10) and a least squares program. The calculated
C]], C33 and C13 values are compared with the experimental results; the process is
repeated, varying A and B so that the difference between the experiment results and
the calculated values is minimized.

The orientation parameters <P,> calculated according to this method are shown

in Table II and also plotted as a function of stretch ratio (RS) in Fig. 5. One
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notes that for all stretched films, the <P,> value calculated using the method of
Wang and Cavanaugh is always less than that obtained by Moseley's model (Eq. ( 7)).
Clearly Moseley has overestimated the value of C33° in his theory.

The best values calculated using Egs. (8) - (10) are also plotted in Fig. 4

e R ki MR e i Mcemn o -

as well as tabulated in Table I. Except for a small discrepancy in the C]3 values i
at large RS values, they compare well with the experimental values. The small
discrepancy in C]3 indicates the orientation of‘PC films is not completely
affine. However, in view of the C]] and C33 results, the

agreement between theory and experiment is sound. Not only is the decrease in 1

C]] accounted for, but also the increase as weil as the subsequent decrease of
C33 at RS;S.O are correctly predicted by the theory, thus indicating that the
variation of the elastic constants of the stretched PC films is mainly due to the

induced orientation of the polymer chains. However, comparing with other polymer

9 7,9,10

films such as PET™ and PP films, the induced chain orientation in PC is quite

small. In the present PC films, at Jow RS.<P2> increases slowly with increasing RS’
reaching a saturated value of about <P,>= 0.1 at R¢ = 5.0.

Like the PET films,3'*32

16,17

the PC film may be oriented and crystallized by

stretching. The induced chain orientation of stretched isotactic polypropylene

7 33

films is well known,
3

although the stress-induced crystallization is negligible.

In PET, Mirra and Stein~ have shown that the films stretched above T_ develop a rod-

like superstructure oriented in the direction normal to stretching. zowever. as

noted above in both the PETGand the isotactic PP fi]ms%othe elastic constant C33
increases to 4 - 5 times its unstretched value at RS=5.0, whereas in the PC film it
only increases about 23% of the initial value. This comparison suggests that there

is a fundamental difference betwen the morphology of PC films and that of PET, despite

the fact that the phenyl group in PET is also ircorporated into the chain backbone.
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Apparently, the stress-induced chain orientation in semicrystalline polymers
depends to a large degree on the tie molecules in the amorphous phase. At low
RS’ the stress - induced chain orientation in PET and in PP occurs in the amorphous
region with the inter-lamellae strands or tie molecules connecting the neighboring
lamellae in the direction of elongation. Clearly, this does not occur in the
stretched PC films. In other words, the stress-induced crystallization in amorphous
PC does not result in a superstructure like PET. Crystallization only occurs
randomly at a local scale. As & result, no spherulite-like aggregate is present
in PC to facilitate the orientation of the inter-lamella tie molecules. The
difficulty in forming the spherulite structure in PC may be due to its rigid chain
backbone.

Finally, one notes that Poisson's ratio (o) and Young's modulus (E) of the
unoriented film can be readily obtained from the present data. According to the

expressions:23

1 u u u u
2 (O - 2Ggg )Gy - Cgp) (12)

and

m
)

=2 c44” (1+0) (13)

The value of ¢ found in this study is 0.382, which agrees well with that reported in
refs. 14 and 17. However, Young's modulus E calculated according to Eq. (13) in the
present work is equal to 3.38 X 1010 dyne/cmz. This is 35% higher than the 2.5 X 10]0
dyne/cm2 value measured at low frequency (reported in refs. 17 and 34).This difference

suggests that considerable frequency dispersion may be present in the PC film above Tg.
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Table [
The elastic constants (in unit of dyne/cm2 X 10]0) as a function of stretch
ratio RS for polycarbonate films.
(a) Experimental values
{b) Calculative values according to the model reported in
Ref. 20.
R C 11 cl 3
) {a) (b) (a) (b) {a) (b) {a) {b]
1.00 6.45 6.45 6.48 6.46 1.22 1.22 4.02 3.40
1.80 6.27 6.31 6.81 6.91 1.27 1.22 3.88 3.90
2.92 6.14 6.17 7.37 7.37 1.25 1.22 4.08 3.80
4.06 6.06 6.09 7.69 7.63 1.27 1.22 4.09 3.74
5.00 5.78 5.91 7.95 8.21 1.27 1.22 4.03 3.61
6.14 5.84 5.95 7.81 7.85 1.24 1.22 4.01 3.59
8.14 5.90 5.98 7.34 7.78 1.26 1.22 3.89 3.61




Table I!I

The orientation parameter as a function of stretch ratio RS for polycarbonate

films. o
<P,>: Values according to Ref. 20. ?
i
1
f : The values according to Moseley's mode].21 )
b

RS 1.0 1.8 2.9 4.1 5.0 6.1 8.1
<P,> 0.00 0.03 0.05 0.06 0.10 0.10 0.09 ]
£ 0.00 0.05 0.12 0.13 0.19 0.17 0.16 :




Fiqure Captions

Figure 1 The hypersonic Velocities (VS) of polycarbonate films at the room
temperature potted as a function of stretch ratio RS for the different
film angles o (0°, 30°, 50°, 90°).

(L): Longitudinal wave - (T): Transverse wave

Figure 2 The ratio of scattering factors for the QT and QL modes plotted as a

function of a for several stretched films. O : R¢=8.1; ¢@: R¢=5.0;
0: RS=2.9; A RS=].9; o: RS=1.0.

Figure 3  Polar plots of sound velocities in polycarbonate films versus the sound
propagation direction for two films (RS=1.0 and 5.0) S. D. is the
stretch direction. @ : experiment data. ——: fit to the Christoffel
equation.

Figure 4 Elastic constants c]], C33, C]3, and C44 of polycarbonate films are
plotted versus the stretch ratio (RS). The solid points are the
measured values; open points are the fit to the theory (see text]).

Figure 5. The orientation parameter plotted as a function of stretch ratio (Rs):
@ The total orientation paramer f, according to the Moseley model.
O The orientation paramer <P,>, according to the model by Wang and

Cavanaugh6 (see text).
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