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&BSTRACT

The elastic constants Cil,C 33,C4 4,C1 3 of oriented poly(propylene)

films are measured with Brillouin scattering and are compared with the

elastic constants obtained from extruded poly(propylene) rods. The

photoelastic constants P1 2, P1 3 and P31 of the extruded rod samples are

measured by comparison to a poly(methylmethacrylate) reference scatterer.

In the film samples, the relative values of the photoelastic constants

Pll P33' P13 and P31 are measured by comparison of the quasilongitudinal

and quasitransverse intensities at several directions of sound propagation.

Within the experimental error, P1 3 ' P31 and P12 are found to be unaffected by

extrusion or stretching. P11 and P3 3 are found to change in relation to

P51 in the film samples. The results are interpreted by considering the

chain morphology and the theory of photoelastic interaction. The changes

in the Brillouin intensities are due to changes in the elastic

constants rather than due to the photoelastic constants.



INTRODUCTION

With the development of the multiuass Fabry-Perot interferometer'

Brillouin light scattering has become a useful technique for measuring

2 4the elastic properties of opaque polymer rods and polymer films ' . The

frequency of the acoustic phonon as measured with the Brillouin light

scattering technique is of the order of 10 GHz, thus making Brillouin

scattering a complementary method to ultrasonic studies.

Polymer solids can be oriented by processes such as mechanical

stretching or hydrostatic extrusion to improve their mechanical and

optical properties. These processes induce elastic deformation as well

as forcing the polymer chains to assume a preferred alignment along a

particular axis of the solid. The anisotropic elastic properties of

oriented polymers are a result of this chain alignment.

In hydrostatic extrusion a zylindrical billet is forced through a

heated die by strong hydrostatic pressure. In diawing, a tensile load

is applied to the ends of a polymer film which causes the film to stretch.

Both methods are known to cause an increase in the elastic stiffness along

the orientation axis, ' but they do not give identical effects. A qual-

itative comparison of the morphology created by the two deformation pro-

cesses can be made when all of the elastic constants are known for different

degrees of orientation and when samplas oriented by both processes have

been studied.

The Brillouin light scattering intensity is related to the photcelastic

tensor components of solid samples. The photoelastic constants describe

the effect of small elastic deformations on the refractive indices of the
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material.7 Thus, it is of interest to look for changes in the photoelastic

tensor due to orientation which could then be used to obtain additional

information regarding the morphology of the deformed samples.

We have measured the photoelastic tensor components in extruded poly-

propylene rods using toluene and poly(methylmethacrylate) as the reference

scatterers. We have determined the relative photoelastic constants p11 ' P3 3'

P13 and P31 in the film samples. The results are used to compare the dif-

ferent morphology produced by the extrusion and drawing processes, and to

explain the changes in the spectra due to these deformation processes. We

have also measured the elastic constants of polypropylene films drawn to

various stretch ratios, and compare the results with the extruded rods.

The elastic constants of extruded rods and their connection to the orienta-

tion order parameter <P2(cosO)> have already been 
reported. 3'4
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EXPERIM4ENTAL

Polypropylene (PP) films were pressed in a hydraulic press fitted with

plates heated to 270*C. The films were melt quenched to limit their crystal-

linity. Rectangular pieces of film were drawn with a manually operated film

puller in a water bath at 80*C. The draw ratio was measured by the separa-

tion of marks on the films before and after stretching. Films with draw

ratios of 1.0, 3.4, 4.6, 5.8 and 7.3 were prepared. The films were mounted

in frames for the light scattering experiments. All film samples are

similar in optical quality, being semi-transparent.

3
The hydrostatic extrusion of PP is described previously. The unextruded

sample is opaque and thus unsuitable for the elasto-optic study. The extruded

samples range in optical quality from translucent at lower ratios to trans-

parent at the highest ratios.

The densities of the film and rod materials were measured in a density

gradient column. Both the film and rod densities are found to be unchanged by

the deformation processes. The density is .888 g/cm 3 for all samples.

The average index of refraction of the PP samples was determined from

the angle of critical reflectance at the base of a prism.4 Extruded rods
8

of PP can have a birefringence of about .03 at high extrusion ratios.

However, the present refraction index determination method is not sensitive

to the birefringence and we have found that each sample has an index equal

to 1.49. Thus, assuming this value of birefringence, the errors from our

measurements(of sound velocity)will be less than 2%.

The spectrometer consists of a piezoelectrically scanned 5 pass Fabry-

Perot from Burleigh Instruments. The incident light is from an Ar ion laser

at 4880 X and made single frequency with an intercavity etalon. The angle

goo,
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of the incident beam to the collection optics is 900. The scattered light

is detected by a refrigerated photomultiplier tube and the signal current

is amplified by a picoammeter and displayed on a chart recorder. The in-

cident polarization is set by a polarization rotor mounted on the laser

head. The scattered polarization is chosen with a schlieren-free calcite

Glan-Thompson polarizer.

To determine the sound velocity contours in the films, the films are

mounted on a goniometer which allows rotation of the films. The film

scattering geometry is similar to that used for the poly (ethylene tereph-

thalate) film study,and is shown in Fig. l. The angle a measured with the

goniometer is defined as the angle that the scattering vector (q) makes
t

with the z axis (stretch direction) of the film. Thus when a - 90, q is

along the x axis. The y axis is perpendicular to x and z.

For the photoelastic tensor determination of the extruded rods two

samples from each extrusion ratio were cut on a diamond wheel saw. The

face geometries are illustrated in Fig. 2.

A poly(methylmethacrylate) (PMM) cube is used as a reference scat-

terer for determining the photoelastic constants of PP. Faces in a P.M

block were cut at 90* to one another and polished to a .5u finish. The

photoelastic constant Pllll for this sample was determined by comparison

with a toluene sample whose scattering efficiency is well known. 9 The

PMM is used as a reference here rather than toluene since PM1 resembles

PP closely in physical and optical properties. The index of refraction

of PP and of PM/ are nearly the same: np P 1.49, npMH - 1.50. Thus the

correction for internal reflection of scattered light at the sample to air

interface is nearly the same in each sample. The external solid angle

of collected scattered light will also be nearly the same in each sample.
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The scattered intensity from PMM is of the same magnitude as from PP so they

can be compared conveniently. Our photoelastic coefficient P for PMM is

equal to .271.

To compare the scattered intensities of the two samples, the sample

is replaced by the reference during the spectrum scan. This minimizes the

spectrometer disturbance. The scattering intensity is the integrated in-

tensity and is measured from the area under the Brillouin band.

The PP rod samples of lower extrusion ratio tend to attenuate the

laser beam and can depolarize the light as it exits the sample. Therefore,

the focussed incident beam is kept as close to the exit surface as possible

and the scattered light is collected from the region as close to the

entrance face as possible.

RESULTS AND DISCUSSION

Figure 3 shows the Brillouin spectra of the R = 3.4 and R = 7.3
s s

films where a - 45* . The high frequency band is the scattering from the

quasi-longitudinal (QL) wave and the low frequency one is the scattering

from the quasi-transverse (QT) wave. Note the increase in the QT scat-

tered intensity at higher draw ratio. There are additional Brillouin

components present in the spectra. They are due to the internal reflection

in the film samples, as has been described previously.
5

In a birefringent medium the hypersonic velocity V is related to

the Brillouin frequency shift, fB' by:

2 2 _Vs M fB X / (n - 2n nacos 0) - fB/q (1)

where is the incident wavelength and 0 is the scattering angle nuand nu'

are the indices of refraction along the incident and scattered directions.

For the scattering geometry illustrated in Fig. 1 where the film bisects

161
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the 900 laboratory scattering angle, Equation (1) simplifies to
2:

Vs T fsB ia 1 2 (2)

This simplification is convenient for studying the polymer films

where it is difficult to measure the refractive index, since

in this geometry it is unnecessary to know the variation of refractive

index to determine the sound velocity.

A uniaxial deformation process such as stretching or extrusion

changes the symmetry of an unoriented isotropic solid to a uniaxial or

the equivalent hexagonal symmetry. These oriented polymer samples

possess the elements of the high symmetry Hlclass. The elastic constant

tensor for hexagonal symmetry has the form1
0:

C C 0
11 12 13

C12  C11  C13

C13  C1 3  C33
ijkl 33 (3)

44

C44

0 C66

and the photoelastic tensor:

Pll P12 P13

P12 p1l P13 0

P31 P31  P33

44

P44

0 P66

where C66 - (C11 - C1 2 ) and P 6 6  (pl - P 1 2 ) " The contracted subscript

notation 7 of Voight is used for both Cijkl and pijkl"
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If the elastic constants tensor is substituted in the equations of

motion (neglecting the damping) for a solid, we obtain the Christoffel
11

equation for hexagonal symmetry -i
(Cz2+Cz2 +Cz2 )-V2 'C + C66)z z (C3 + C )z £ U

11 C66 y+ C44 z()2 6 y1 44 x z JxJ
(Cz2 + z2 + Cz 2 ) PV2 (C +C)z z =

(C z£2 £ L2 + C z 2 2P(C 6£ + 1 1  44x 44 33L symmetric) (C44  + C44 y 33 _v Z (5)

where P is the density, V is the velocity of the sound wave, the Uk are the

particle displacement components and the ik are the direction cosine components of scat-

tering vector g along the x, y and z axes. The amplitude of q is defined in Eq. (1).

The sound velocity contours of the quasilongitudinal (QL) and quasi-

transverse (QT) waves measured from the Brillouin spectra at different

propagation directions in the films are plotted in Fig. 4. To obtain the

elastic constants 5 C1i, C3 3, C44 and C13 from these sound velocity contours,

we used a least squares computer fitting routine to fit our experimental

points to Eq. (5) for the case where the propagation direction is in the

x-z plane:

2= 2 2 ±2 2 2 2 22V = (Cl 1 zx + C 33 z z + C44 {(C11 zx + C33 z + C44 ) -4[(C x + C44 )

(C 3 3 z 
+ C4 4  z 2 z (C13 + C4 4 )] (6)

where the + and - roots correspond to the QL and QT waves, respectively, an4

the components Z = sin a, Z = cos a are measured from the goniometer;
x z

The solid curve through the data points in Fig. 4 is the

fit to Eq. (6).

The elastic constants Cill C33P C44 and C13 obtained from the fitting

are plotted versus draw ratio in Fig. 5. The largest change is seen in C33

which increases linearly with deformation ratio. C decreases as the undrawn

film is first stretched and then stays constant at higher draw ratio. C44

is unchanged by orientation and C13 increases linearly with deformation.

13!
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Comparison of the elastic constants of the stretched films with that of

extruded rods (Ref. (4) ) are also given in Fig. 5. For poly(propylene) the

draw ratio defined according to the linear dimension of the films is quanti-

tatively equal to the extrusion ratio of the extruded rod, as the volume of

polypropylene remains unchanged by deformation. However, the trends of the

elastic constants here are different from those in the films. The increase

in C33 of the extruded rod with deformation ratio is non-linear, and CII

decreases with deformation ratio. C44 is again constant and C1 3 appears to

decrease slightly with extrusion.

It is apparent that PP responds differently to the two deformation

processes. The magnitude of change in C is larger in the stretched film
33

which would indicate that the chain extension in the deformation direction

is greater in the oriented films. The trend of C13 is different in the

film and rod samples. C13 is a measure of the efficiency of a compressional

stress along the x axis for creating a strain along the z axis. An increase

in C13 with deformation suggests that the chains are extended in the stretch

direction. A decrease in C1 3 suggests that the polymer chains are folded by

extrusion so that short segments rather than a full extension of the chain

are aligned along the extrusion axis. The linkage between a stress along x

and the resultant strain along z is weakened by the presence of folds in the

chains.

It should be noted that the error in measurement of C13 in the rod samples

is much larger than in the film samples. It is possible to increase the ac-

curacy of measurement for the rod samples by cutting flat slices of the

extruded rods so that the slices contain the z axis then studying these

samples in the same manner as the films. Since the LAM bands present

at low frequency in the Raman spectrum of polymer samples is a sensitive
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indicator of the distribution of chain lengths in polymers,1 2 '1 3 studies of

the change in the lineshape of the LAM bands will provide useful information

about the chain folding process as revealed in the change of C1 3. We plan

to carry out further studies of extruded and stretched polymers using both

of these techniques.

The photoelastic tensor is defined by the change in the inverse dielectric

tensor 6el as (the summation convention with repeated indexes indicating

summation is implied throughout this paper)

-e 1)Uk (7)
(6k-i ij - Pijkl Mx(7auk

where - is the displacement gradient associated with the sound wave. The

photoelastic tensor PiJkl is symmetric with respect to i and j but not neces-

sarily symmetric with respect to k and 1, due to the contribution of rotations of

14
the volume element in an optically anisotropic medium. For hexagonal symmetry,

the components that are affected by this condition are P232 3 and P23 32 ' which

in contracted notation corresponds to P44 and P4 . However, in the present

work the scattered intensity of the shear wave from which P4 4 and P44 would be

measured is below our detection limit.

The integrated intensity of the Brillouin scattered light associated

with the acoustic phonon with scattering wave vector q, excited with incident

polarization e and scattered polarization , is given by

I , (q) = A <16c ,(q) 2> (8)

where A is a constant and 6E is the fluctuation in the dielectric constant

tensor, given by:

6c ,4' (q) e • iar 6Cuu , ( r ) d3r (9)

The 5 tensor is related to the E -1 tensor by

= -
°

, (6k-I) (10)

14 J
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where c° is the equilibrium dielectric tensor e i and e j and are related

to the principal refractive indices

C0  n 2e ;(1
2

1 .i - i ;(I

e is the component of the polariztion vector e projected along the

ith principal axis; ni are the principal refrtctive indices. Using Eqs. (7),

(9), (10), and (11) we can rewrite Eq. (8) as

I (q) - A n2 n2 e e 2 >  (12)

where:

B -P Uq(13)ij ijkl Uk q1

We define the scattering factor 6!, as: 2
2 a

1 n .. e ,,j<[Bij>%.,-t% 4(14)
n n , pV2

where n and n , are respectively the index of refraction associated with the

incident and scattered radiation. The scattering factor determines

6
the intensity of a given Brillouin 

band.

Four scattering geometries are used to measure the photoelastic tensor

components in the rod samples. These geometries are illustrated in Fig. 2,

along with the respective scattering factor expressions calculated from Eq. (14).

The photoelastic tensor components are then determined by fitting the experimental

relative intensity results to Eq. (14). The result for the photoelastic tensor

components which we have obtained for the various extrusion ratios are plotted

versus extrusion ratio in Fig. 6. One notes that the values of P13 and P31 are

not equal; furthermore, the values of P1 3, P3 1 and P2 are seen to be unaffected

within the experimental error by the extrusion process. PlI, p3 3 and P66 should

in principle be measurable from the rod samples, however, due to the weak de-

polarized intensity, the uncertainty in these values is quite large.

For the film samples the intensity of the QL and OT Brillouin lines for

scattering where q is in the x-z plane, is determined by the scattering factor



(neglecting the birefringence)

$m  (PV2  )- [(P U sine + p U Cosa) cos 2M a,1 x PI3 z .

+ (P33 Uz Cosa + P31 Ux sine) sin 2C). (15)

The U and U are the displacement eigenvectors of Eq. (5) which for wavex z

propagation in the x-z plane of the sample are given by:

2 2 2
(C11 sin a + C4 4 cos a -PV m,) Ux = [(C13 + C4 4) sine cose)U z • (16)

The subscript m refers to the QL or QT wave and pV is determined at each angle,

a, in the film.

The ratios of the QL and QT scattered intensities can be experimentally

determined from the film spectra at several angles in the x-z plane of the

film. The ratio of the scattering factors a(QT)/B(QL) are plotted versus angle

in Fig. 7. The ratio 8(QT)/5(QL) reaches a maximum at a z 450 for each drawn

film. The value of maximum a(QT)/S(QL) also increases with the draw ratio.

The relative values of PlIl P3 3' P1 3 and P3 1 are extracted

from the intensity ratio data by forming the ratio of KQT)/ (QL) from Eqs.

(15) and (16). We then determined the values of the pij which best fit this

equation to the experimental ratios-using a least squares computer fitting

program. The solid curves in Fig. 7 are the curves fitted to the experimental

data points.

The relative values of the piJ from the fitting are plotted versus draw

ratio in Fig. 6. The values of pill P33 ' and p13 are shown relative to p31

since the experimental values of p31  shows the least variation in the

rod samples. The relative value of p33 increases with the degree of deformation

to a draw ratio of about 5, whereas the relative value of p11 decreases slightly.

The relative value of p1 3 follows the value of p31' which is held as a reference.

We estimate the error in measuri o. the relative photoelastic constants

in the film samples to be about 10% and the error in the rod sample measure-
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ments to be about 15%. The increase in P33 as well as the decrease in P11 as

observed in the films are greater than the experimental uncertainty limits.

In the rod samples there is no change in the photoelastic tensor components

p1 3 ' p31 ' and P12 within the experimental error. The relative value of P31

and P13 in the films also does not change with stretching. We conclude there-

fore that stretching of a polymer sample causes a small increase in P33 and

a smaller decrease in Pill while the values of P12' P1 3' and P31 are unaffected

by the deformation.

The theory of the photoelastic interaction in non-ferroelectric media

has been formulated by Nelson and Lax. 15 The photoelastic susceptibility

of the symmetric part of the photoelastic effect is given by a sum of 3 terms.

The first term is from the change in the number of oscillators per unit

volume due to compression and dilation effects from longitudinal acoustic

waves. Since stretching or extrusion does not affect the density of PP

this term is not expected to vary significantly with degree of chain

alignment. The second term arises from a direct mixing of the optic and

acoustic fields. There are two cases to be considered here: 1) the acoustic

and optic waves share a common internal coordinate. In this case, the

contribution to the photoelasticity arises from the deformation-altered

resonant frequency. This term will be affected by the polarizability of

the microscopic units along the x and z axes of the samples and the effects

of this term are expected to appear in Pl1 and P33. 2) when the acoustic

and optic fields do not have a common internal coordinate, there is a

contribution from the deformation-altered oscillator strengths arising

from the optic and acoustic field interaction. This term applies to P13 '

P31 ,and P12. Since these quantities do not change with the degree of

chain alignment the interaction of the optic and acoustic fields is not
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significantly affected by the degree of chain alignment. We shall not con-

sider the third term in this discussion since it is an indirect effect and

of higher order.

It is now apparent that the photoelastic constants are not the factors

which cause the changes in the Brillouin scattering intensity as the polymer

samples are uniaxially deformed. In the expression for the scattering

factors for QL and QT wave propagation (cf. Eqs. (15) and (16) ) we see the

scattering factors are also affected by two other variables: the component

of the unit displacement vectors; u, and the "directional" elastic constant,

pV2 . Each of these variables is a function of the four elastic constants and

hence changes with the degree of deformation.

Shown in Table I are the unit displacements for sound propagation along

(1 0 1) (a - 450) in the oriented films for QL and QT. There is a change

in the displacements due to the changes in the elastic constants. The

changes in the particle displacement vectors are thus one of the factors that

cause the variation of scattered intensity from the QL and QT waves.

2The directional elastic constant, pV a, is a variable which also changes

with deformation ratio. To find the effect of the change of this variable

one can study a phonon which propagates in a pure mode direction. For the

pure longitudinal mode direction the displacement is in the direction of

propagation, and thus the displacement for this phonon will not be affected

by deformation.

Table II lists the intensity ratio of the PP sample and the PMM standard

for each sample. There is an increase with extrusion ratio in the scattered

intensity from the (1 0 0) phonon. In this case, the increase in intensity

is due to the change in C i, which according to Fig. 5 decreases with extrusion

ratio. Since C is in the denominator of the scattering factor (cf. Eq. (15)),
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the increase in the scattered intensity at higher deformation is associated

T'ith the decrease in this elastic constant.

In conclusion, it appears that different kinds of morphology are produced by

stretching and extrusion of PP. The elastic constants of the film samples

are affected more by the extended chains whereas the change in the elastic

constants of the etruded samples suggests that short-segment alignment and

chain folding are the dominant feature in the morphology of the extruded

samples.

The photoelastic constants p1 1 and p3 3 affected by stretching in the

films. The changes are due to a resonant interaction between the optic and

acoustic fields through the polarizability of the oriented polymer. The

photoelastic constants P12' P13 ' and P31 are unaffected.by orientation. The

intensity changes in the Brillouin spectra are due mainly to the change

in the elastic constants which appear in the particle displacements, rather

than to the change in the photoelastic constants.
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FIGURE CAPTIONS

1. The film scattering geometry used in the present study. The angle a is

defined as the angle between the scattering vector and the stretch axis

of the film.

2. The face geometries used in the determination of the photoelastic tensor

components for rod and film samples.

3. Brillouin spectra of the film stretched to R - 3.41 and R - 7.3 at a - 45* .

s s

4. Sound velocity contours of the quasilongitudinal (QL) and quasitransverse

(QT) waves plotted in polar coordinates measured from the Brillouin spectra

at different propagation directions.

5. The elastic constants of poly(propylene) films plotted as a function of

draw ratio. The elastic constants of extruded rods reported in ref. 3

are also included for comparison. Solid points - stretched films, open

points - extruded samples.

6. The photoelastic constants plotted versus deformation ratio:

a) film samples - P3 3 A - Pll 0 - P31 0 - P13

b) extruded samples - 33 [ - Pl2 0" P0 3

The estimated error is indicated for each sample type.

7. Ratio of the scattering factors for the quasilongitudinal and for the

quasitransverse acoustic modes. 0 - R - 7.3 0 - R - 5.85 s

N - R - 4.6 A - R - 3.4. The solid curves are calculated from
t p

the i values.



Catons (cent)

Table I: The unit displacement vectors at A= 45* in the stretched samples;

Ris the stretch ratio.

Table 114 The intensity ratio of the longitudinal (1 0 0) phonon in extruded

PP to the PMM. standard; RE is the extrusion ratio.



Table I

Quasilongitudinal Quasitransverse

R U U U U
S x z x z

1.0 .7071 .7071

3.4 .4081 .9129 -.9129 0.4081

4. .3636 .9316 -.9316 .3636

5. .3196 .9476 -.9476 .3196

7.3 .2780 .9606 -.9606 .2780



Table II

3.0 .996

3.4 .952

4.8 1 .20

6.3 1. 4o
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