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Abstract

The object of the present investigation was to find why materials
are Birefringent under stress. Polystyrene which has a very low photo-
elastic effect, and Columbia Resin which has a high photoelastic effect
were chosen as the experimental materials, These materisls were rende-
red into thin films by machining and polishing techniques and were later
stressed using a specially designed and constructed straining wnit. The
changes in the absorptions of an infrared beam by individual atomic groups
were computed by first obtaining the infrared sbsorptionespectra of Poly-
styrene and CR - 39 under stress using a Perkin-Elmer Infrared Spectro-
Photometer. It was found that the C - H aromatic does not contribute
appreciably towards the change in absorption in Polystyrene and CR - 39;
also there is a somewhat greater absorption in Polystyrene dus to C - H
aliphatic group than in CR - 39, thus leading to the surmise that stress
birefringence in Polystyrene might be due to the presence of a vibrating
growp like C - H aliphatic. JFurther, the change in the absorption due
to C - H wagging in the case of CR = 39 is remarkably high compared with
that due to the same group in Polystyrene. It seemed probable that the
C - H aliphatic influsnces the behavior of Polystyrene under stress and
the C - H wagging 1is a deciding factor in CR -~ 39, The high photo=
elastic dehavior of CR - 39 compared with Polystyrene could be due te
1) lack of the presence of heavy groups like benzeme rather too close te
other relatively small groups like C - H and 2) the presence of additional
groups 1ike C =« 0, C=2C, C~-0, C - C,
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Statement of the predlem

The ebject ef the present investigation is te find why materials
are birefringent under stress; in ether werds te find a relatien
botwoen the dehavior eof the molecules under stress and mechanical b»i-

refringence,







Historical Sketch

An experimental investigation ef the eptical properties of eertain
transparent solids in 1816 led David Brmtorl to the discovery that the
foreed deformation of a transparent solid alters its eptical properties.
Ho fownd that an optically isetropic tramsparent selid decomes optically
anisetrepic wvhen subjected to external loads, and the degree of eptical
anisetrepy is preportienal to the defermation of the material., Polari-
s0d 1light transmitted through a piece of glass under stress exhibits a
Wrilliant celer pattern. Brewster suggested that these celer patterns
might serve fer the measurement of stresses in engineering structures
such as masonry bridges, a glass model being examined in polariged
1light under various loading conditiens. This suggestion went unheaded
Wy engineers at the time, Comparisons of the coler patterns with sma-
lytical solutions were made by the physicist Maxwell®. The suggestion
wes sdepted much later Wy O. Wilson® in a study ef the stresses in a
beam vith a concentrated load and by A. Nesnager® in am investigatien
of arch bridges. The method was develeped and extensively applied Wy
3. G cohrs who introduced celluloid as the model material

Brewster's discovery becams one of the useful subjects for investi-
gation and development during the present century., The application of
this optical property ef transparent selids to experimental stress
analysis has been given the name of Photeelasticity. Today photo-
elasticity has grown te the full stature ef a powerful technical inst -

rument for quantitative stress analysis which for two dimensions, at







least, exceeds many ether methods in reliability, scope and practicability.
There is hardly any methed Wy which the complete exploration of principal
stresses, let alone the stresses on free boundaries, can be determined
with the same speed and accuracy and at such a surprisingly emall cost

as the photeslastic methed., Nor is there a method vhich has the same
visual appeal and covers the whole stress field with one pattern,

A oritical obdservation shows that the materials which exhidit pho-
toelastic effect are essentially high pelymers and are sometimes called
plasties. We Know, that there are a numbder ¢f plastics in the market
today eo.g. Bakelite, CR - 39, Catalin, Fosterite, Polystyrene, Cellulose
acetate, Pelymethyl methacrylate and so oen; dut enly a few of them -Q-
tiefy the requirements of a good photoelastic material and hence eould
%6 used in the preparatien of the models for stress analysis. The
characteristics of an ideal photeelastic material ecould be summarized
as follews;

a) Gptical transparency

D) Optical sensitivity te deformation

c) Strict adherence to Hooke's law

d) TFreedom from aging effects

o) TFreedom from initial internal stress

£) BElastic and eptical isotropy and homogeneity

€) Machinibdility

h) Constancy of properties during moderate changes in temperature smd
treatment

1) Reasonable price






Needless te say none of the materials thus far investigated meets
all these requirements., In fact very few of the materials that are
available for the construction of photoelastic model are mere than par-
tially satisfactery. Two of the mest satisfactory are 1) a special
type of Bakelite, designated by the number BT - 61 - 893 and 2) the
Pittsburgh Plate Glass company product CR = 39, nowv produced by the
Homalite Company ef Wilmington, Del, There are several other mate-
rials of a similar nature that are fairly satisfactory. Oelluleid
has been an ¢ld standby for years.

In the fellowing pages an attempt has been made to explain why
matorials are bdirefringent under stress; or, in ether words, wvhat 1l‘
the mechaniem of artificial deuble refraction in materials under stress?
Directly er indirectly this problem has been under investigation since
about 1920, some of the research workers in the field being Kulm and
orun’, Trelear’, Ruda®, Gurnee®, and Andrews'0 vho tried to ansver the
why of artificial double refraction in materials under stress. The
eptical anisotrepy of a randemly linked chain, Fig. 1, has been theo-

retically worked out by Xuhn and Grun. They arrived at the equation

Y
olag= o, - |\, - & | — ?_C__/_’ﬂ_l-)
2 | 2 - (1)
L7 (/i)
where o¢, and °(2. are the electronic polarigzabilities, parallel amnd
perpendicular, respectively, to the individual links; o5 and o«

are the tetal electronic polarizabilities parallel and perpendicular,
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(a) Random Chain (b) Zig-Zag Chain

Fig. 1. The Random and Zig-zag Chains.



respectively, to the vector 'r! Fig. 1 (a); 'n' is the number of links
in the chain; 'r! is the straight line distance between the ends of
the chain; 'L' is the length of each link; and o, is the imverse
Langevin function,

Yor a gzigzag chain of 'n' linkg, a pertion of which is shown in

Pig. 1 (b), it cen be shown from standard optical theory that

(o(,—-oa,) = (O(\"O(z.) Y'\- % Sfm‘e] (2)

In the derivation of this equation, the zigzag chain is assumed to
have free retation about the 'r! vecter. This introduction of three=-
dimensional character is necessary in erder to make a comparison bet-
ween oqs. (1) and (2). It 4s also assumed that in any extension of
this sigsag chain the bond angles all change in the same mamner; eq.
(2) may also bde written as

(o(;- O(x) = ""C"‘""‘JEU‘VS‘ “2.:\

Treloar's work was an extension of Kuhn and Grun's theeretical
studies. B plotted the relative polarizatien anisotropy referred to
the cempletely extended chainm, (o( 2" 0(,‘) /n @l\-u,)again-t the ex-
tension (r/nL) for the randem coil and the zigzag chain., Gurnee
attempted to put erientation on a quantitative bdasis. He started
with the leorensz-leorentz equation






n-t ) M AT

o— —_— =
w2 | 3
where n = refractive index,
M = molecular weight,

ol electronic polarizibility,
N = Avegadro's number,

and f = density;

The relation between birefringence and polarization anisotropy which .

Gurnee arrived at is as fellows:

(me-md) = LT Nf (“ +2)Cz°‘)

where n 1s the arithmetic average of n_and n_.

BRudd and Andrews probably found seme difficulties to devige meth-
ods for the loading of thin filaments which they use& and hence they
tried to investigate the relation between birefringence and internal
stress in oriented filaments during retraction., They found in their
experiments that a fairly linear relation existed between internal
stress and birefringence,

It has been observed that the previous workers in this line, who
derived some relations between optical anisetropy and stress and have
developed some experimental techniques towards the finding ef eptical
anisotropy with change in the magnitude of stress really did not explain
the mechanism of birefringence in the so called photoelastic materials;
i.e., having been given a certain photoelastic material how can one

relate the optical anisotropy with the molecular deformation? Further,

vhat is this deformation made up of? Is it a change in the bond angle?






or, is it a change in bond length? or, could it be a change in the
amplitude of vibration of a pair of atoms inside the molecule?! The

object of the present investigation is to soive the above questiens,






Background Theory

The application of photoelasticity requires some familiarity with
not only the fundamental cencepts of mechanics of solids but alse seme
optical theery as it is related to stress analysis. In both areas
the theory hu been well developed, The following two sections give
some of the fundamental concepts of the optical theory in photoelastic

regearch and the theory of erientation and double refraction in polymers.

Optical theory as applied te stress snalysis

A material is said to be double refracting if an incident plane
pelarized light ray is broken up into two component rays as it passes
threugh the material, The resolution of the light ray is illustra-
ted in Fig. 2, where OC is the meidént ray and OA and OB are the
component rays.

If a polarizing element called the analyzer is placed with its axis
perpendicular to the original axis of polarization the light ray pase—-
ing threugh the analyzer will have a magnitude represented by the dif-
ference of the two vectors GA'end OB', The displacement of the come
ponent OA in the OA direction at any time t can bde written as

oA = 0C .nfé-u(wa-e) (1)
and the displacement ef OB in the OB direction as
OB = OC ocos P ein (vt+E) (2)

where w is the angular velocity and € 41ig the phase angle.






Axis of the incident
polarized light.

Analyzer axis

o —
P
> |[—— - ——

Fig. 2, Resolution of plane polarized light ray.
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The magnitude of the resultant light ray emerging from the analyzer

is R = 0C |1nJ3 sin (wtl-\—e) cos J’-‘» - 0C eoc[’ssin (wt2+€)
. linP
or, R = (00/2) sin 2 f>| sin (wtl-ré ) - sin (wbz + € a (3a)

where the times ¢, and t, are the times taken by the components of
the resultant light ray in passing through the matdyiea:, In solids
the velocity is dependent on the magnitude of the principal stresses.
Equation (3a) indicates that there will bde no light transmitted
under the following two conditions:
(1) Vhen sin 2 IB = 0. This condition is satiéfied if the plane of
polarization coincides with either of the planes containing the OA or
OB vectors. A dark spot will appear in the material wherever this
condition is satisfied and the locus of these points is called an
%isoclinic", Tor solids it has been well established that the inci-
dent light ray is resolved into components the principal stress direc-
tions and therefore the directions of the principal stresses can be

determined from the isoclinics.

(2) Wnen sin (wt) +€ ) = sin (wt, + € ) (4)
This condition is satisfied if
(wt1+é ) = (vt2+€+2n’“') (5)
vhere n is an integer, The relationship between tl and t2 can be
written as
tl = t2+ At ()

wAt = 2n) (7)
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as the necessary condition for extinction., Since
? = 2T/w = AJe (8)
Bquation (7) can also be written as
c At = n]A (9)
The term ¢ At is the relative retardation between the component rays
as they pass through the body. One of the fundamental theorems in solid
photoelasticity is the relationship between the retardation and the
principal stresses
c At :Kd(sl-sz) (10)
Substitution of equation (10) into equation (9) gives
Ka(s;-8) =a A (11)
Therefore when the difference in the principal stresses is such
that equation (11) is satisfied extinction of the emergent light ray
will b6 accomplished. If the incident light ray is monochromatic
i.e.the wave-length is a constant for each integral value of n, a
series of black spots will be formed in the image of the specimen
wherever equation (11) is satisfied. The loci of these points are
called "fringes", If the incident light ray is white light the
stressed areas in the specimen, as viewed through the analyzer, will
appear in colors as oertain components of the white light are extin-
guished., TUpon proper calibration the colors can be related to the
difference of the principal stresses. <Fach line of a single color is

called an "igsochromatic®
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It is apparent that a doubly refracting material when sudjected
to a stress will produce both isoclinics and isochromatics. How-
ever, the isoclinics can be removed by using circularly polarized
light,
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Strains in the case of a Linear Chain molecule subjected

to external load

let a tensile force P be applied to a chain molecule parallel to
its axis (Fig. 3). There will result an elongation of the chain due
to both stretch of the valence bonds and the opening of the valence
angles. These separate effects as they pertain to a single repeat-
ing unit are:
a) Elongation of the Repeating Unit due to Stretching of valence Bonds:
Let the bond length be Li and the bond angle be o, as shown in Pig. 3.
Let A Il.1 be the elongation in the bond length due to a load P acting
in the direction of the arrow shown in the figure. If we denote the
interatomic force constant for the bond under consideration by ki’

then
AL = [_r cos 9,3/1:1

Now the contribution of each A I.1 to the elongation along the axis of

the chain will de

(ALD’ = Pcosg JR: . Co—sGL

In erder to facilitate the analysis a little bit let us treat the
repeating distance along the chain as consisting of a number of seg-
ments in series, each of the segments in turn consisting of a few

valence bonds. Then the elongation of the jth segment will be given

by ( ! 2
(A\_)} -z (aL,)=" L -cet,



R _of

o sl




Fig. 3. Definition of valence and axial angles.
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and finally for the total elongation along the chain axis due to

stretching only we have the expression
/
- AL ).

b) ZElongation of the Repeating Unit due to Opening of Valence Angles:
The Fig. 4 represents the geometry of the opening of the valence angles.
As is apparent in the figure the oponi.ng' of the valence angles may be
accomplished by the application of torques to the velence bonds in such
a way as to decrease the angles O‘i‘ Such torques are supplied by the
components of P perpendicular to the particular valence bhonds. The
valus of each such component is P sin 8.

Iet 44 be the "angular® force constant, i.e., the force per cm
required to move a mobile atom in a direction perpendicular to the
bond direction, as from A to B in Fig. 4. It can be seen from Fig. 5
that AB = LiAO’_ ad d1AB =diL1A01,
wvhere Li is the internuclear bond distance, and Aoi is the change in
the angle 91' In equilibrium the resisting force for the atom in
position B is

di 1‘1691 = Psin 6
(P sin @,) /411

Referring to Figs. 4 and 5§ the contridbution of each displacement

or, IliAei

to elongation along the chain axis will be

(AL) - sBeing, = (»ein®0,)/a,






Axis

2"

Fig. 4. Geometry of opening of val®nce angles.
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) Li)T \
Q.
| TaN
B
Fig. 5. Contribution of angular displacement of an atom

from A to B to the elongation along the chain axis.
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Then for the Jth segnent the elongation will de

2+
I

b1y = (AL) P sne,

[
-

and finally, for the total elongation along the chain axis due to

opening of valence angles we cen write the following equation:

n
(A1) = z‘r ( AL)y
c) Total elongation of the repeating unit will be given by summing
the elongations dus to stretching of the bonds and opening of the
valence angles. Thus the expression for the total elongation A I is

(aL) = (L) + (aL),

1 A sure.
=BT e
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The Theory of Infra-red Spectra

The atoms of any molecule, when they are not at the absolute
gero temperature, are in a state of constant oscillation about their
equilibrium positions; and the amplitudes of these oscilletions are
of the order of 107> to 10710 em. Their frequencies sre high and are
of the order of ].()"]'3 to 1314 cycles per second. One could expect a
direct relationsh.;gp to exist between the vidbrations of the atoms with-
in a molecule and their effects on infrared beam incident upon them
on account of the reason that these frequencies are of the same order
of magnitude as those of infrared radiations. Actually those mole-
cular vibdbrations which are accompanied by a change of dipole moment,
so-called "infrared active” vibrations, absorb, by resonence, all or
part of the incident radiation, provided the frequencies of the latter
coincide exactly with those of the intramolecular vibrations.
A concept of the dipole moment is given in the following lines.

If a neutral molecule or atom is placed in an electric field, the
charged particles in the molecule or atom are affected bty the field.
The electrons are attracted to the positive side, and the positive
particles are attracted to the negative side of the field, If the
charge centers can be displaced, then a dipole has been induced and
the atom or molecule is n,id to have been polarized. 1In general, the
—Jegree of polarization is proportional to the strength of the applied

am=~jp]ld and proportionality factor is dependent on the structure of the

Weygocul®-
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Some molecules, by virtue of their structure, have a built-in
displacement of charge, whereas some other molecules do not have their
positive and negative charges displaced unless the molecules are sud-
Jected to an external electric field. The charge displacement that
occurs without an external field is termed a permanent dipole.

A molecule coataining a permanent dipole is termed a polar molecule,
The preduct of the displaced charge and the distance of displacement is
termed the dipole moment and is a vector quantity. Permament dipole
molecules, when subjected to an electric field, attempt to align them-
selves parallel to the field, and the degree of alignment is a func-
tion ef the field strength and the temperature. Temperature acts to
prevent alignment by producing thermal motion. Permanent dipoles
can be additionally polarized by the applied field, bdut the extent is
small compared to the permanent displacement.

If a sample of molecules of a single kind is irradiated in succes-
sion Wy & series of monochromatic bands of infrared beam, and the per—
centage of light transmitted is plotted as a function of either wave
length or frequency, the resulting graph may bde interpreted in terms
of intramolecular vibrations. At the outset these atomic vibrations
seem to be very complicated, but by detailed analysis it is possidle
to show that these motions happen to be the gummations of a number of
simple oscillations. Each of these simple vibdrations is referred to
as a "fundamental® or "normal" mode of vibration. One could prove

mathematically that a nonlinear molecule containing 'n! atoms possesses
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3n - 6 such normal modes, whereas a linear molecule possesses 3n - 5,
Carbon dioxide, 002. is an example of a linear molecule, ©On the
other hand methans @H, is a non-linear molecule, 002 and formal=-
dehyde can be schematically represented as in Figs. B(a) and 6(b).

A normal mode of vibration is defined as a mode in which the
coenter of gravity of the molecule does not move, and in which all of
the atoms move with the same frequency and in phase., Each normal
mode can eccur without affecting the others. It is possidle for all of
the vibrations 3n - 6, or 3n - 5, as the case may be, to occur simul-
taneously and yet for each one to retain its characteristic frequency.
Infrared spectral studies therefore, constitute an analysis of the
mechanics of the molecule.

In order to get a picture of a normal vibration let us take the
case of a mechanical model. A benzene moleculs is conventionally
represented as in FYig. 7. It can be constructed to bring out the
mechanical analogy by using weights in the ratio of 12 to 1 for the
Carbon and Hydrogen atoms, respectively, these weights held in proper
orientation by suitable springs. Suppose further that the carbdon-
hydrogen springs are now stretched slightly thy moving each of the six
pairs of weights so that the hydrogens are moved 12 times as far from
the equilibrium positions as the cardbons and in epposite directioms.
If, now, the weights are released simultaneously, a vidration will
occur in which the weights move back and forth along the connecting
springs or bonds., The center of gravity of the whole model remains
at rest and the weights move only along the line of the connecting



Fig. 6 (a) Linear molecule of CO2 (carbon dioxide).
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( as in bakelite, for example )
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Fig. 6 (b) non-linear molecule of
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Fig. 7. Benzene molecule ( C6 86 )
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springs, since no original impetus was given to the weights in any
other direction. This is a characteristic vibration of the model
and it does not excite any other vibration in the model, Turther,
the stretching motion is quite analogous to one of the 3n - 6, or,
30 normal modes of the benzene molecule., Another bengene vibration
can be visualized readily by pulling the six carbon weights slightly
above the plane of the model while the hydrogen weights are pulled
twelve times as far below and then releasing all twelve weights sim-
ultaneously. It is possible to demonstrate several other charac-
teristic vidrations of the bengene molecule proceeding on similar
1lines.

Let us imagine, for example, that the mechanical model is given
& blovw with a hanmer, At first sight she weights seem to b»e per-
forming a complicated motien having no apparent relation to the indi-
vidual modes of vibration referred to above, However, if this spp-
arently randem motion is phetographed with a strobosocopic camera
ad justed successively for each of the frequencies of the normal modes,
each of these modes will be found to be faithfully performed by the
weights.

An infrared spectrometer plays the same role with respect to the
actual benzene molecule as the stroboscope does to the medel, Thus,
%y measuring the frequencies of the infrared radiation absorbed by a
substance the spectrometer determines the characteristic mechasnical
frequencies of its molecules. Since these molecular frequencies are
functions of the atoms themselves, that is, tha masses, the spatial

arrangement, the valence forces, and to some extent the intermolecular
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forces, the value of the infrared spectroscopic information is obvious.

A pertinent question that comes to one's mind, at this stage, is
whether there is any possibility of a mathematical calculation of the
normal modes of vibration. Such a calculation, if successfully
completed, should make possible a unique determination of the struo~
trure ef the moleculs in question. The correct structure of the
molecule would obviously be that whose calculated frequencies cor-
respond exactly to those observed in the experimental spectrum, From
a theeretical stand-point of view the expected frequencies can be
calculated, provided the strengths of the individual interatomic forces
are known; but, the complexity of such calculations would be aug-
mented with increage in the number ef atoms and their geometrical
arrangement ;

When there is an increase in the complexity of the structure of a
melecule a mathematical calculation might be considered to be almost
an impossibdility till receatly. With the help of the electronic
digital computers it might be pessible today te handle such mathe-
matical calculations., There aresaso other methods that are used
when the molecules are quite complex, in order to correlate the charac-
teristics of an observed spectrum with the structure of the melecule.
Considerable success in this direction hag-been achieved by a purely
empirical approach.

For the purpose of understanding the basis for such an empiriecal

method, let us resort again to a discussion of mechanical molecular
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models., ILet the model of the molecules contain only one C - H bond
as in the case of chloroform, C1,CH (Fig. 8). 1If the C - H spring
is stretched and released, the carbon and hydrogen weights vidrate
rapidly with a characteristic frequency. The chlorine wdights, on
the other hand, are so heavy they are almost totally umable to follow
the vibrations, It is true, at least to a first approximation, that
the observed stretching is a characteristic of the C - H spring (or
bond) and the masses of these two atoms, and is practically indepen~
dent of the rest of the molecules, Similarly, a bdending or defor-
mation can be studied by displacing the hydrogen weight in a direo-
tion normal to the axis of molecular symmetry and then releasing it.
Again the cardon and hydrogen weights will move characteristically
with the remaining weights practically at rest. 7From the above eb-
servations we arrive at the idea, that to the extent that atomie
foroces between a carbon and hydrogen atom are a fumdtion of these

two atoms alone, the presence of C - H linka.ges in a molecule will
cause at least two infrared absorptions which are practically inde-
pendent of the atomic constitution of the rest of the molecule, The
truth of this has been well established experimentally.. A& study of
hundreds ef molecules entaining C = H linkages has shown an absorp=~
tion at a frequency around 2900 em ! (0 -H stretching) and another
around 1450 cm © (C - H bending). One could £ind out with the help
of a high resolution spectrometer that these 0 - H frequencies are
influenced slightly by the relation of the C - E linkage to the mole-

cules as a whole, Also the exmct frequency value of these absorp-
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tion bands may bde used to indicate the degree of saturation of the
carbon atom to which the H is attached or whether the C - H occurs
in a CH, 032. or Cﬂsgroup.

Although the mathematical spproach has been of great valus when
applied to simple or highly symmetrical molecules, most of the infor-
mation derived from infrared spectra is odtained by the application
of the empirical method. It consists of comparing the spectrum of
an unknown molecule with the spectra of several other molecules haw-
ings a common atomic group. By a process of elimination it is often
possidble to find an absorption band whose frequency remains coamstant
throuwghout the series. The presence of an absorption bdand, in an
unknown molecule, at this frequency msy reasonably form the basis
for a guess that the particular atomic group is present. In this
type of an empirical pproach for identification ffem the spectral
distribution curve, success is guaranteed only with constant
spplication.

It mst not be assumed from this discussion that it is, or
will be, possible to ascribe every observed absorption to a speci=-
fic grouwp of atoms. Indeed, if this were true it would make more
difficult the possibility of differentiating clearly between igo-
meriec compounds. In fact, one could correlate in this manner very
fev of the observed bands. Most of the observed bands arise from
normal modes of vibration which are characteristic of &he molecule
as a whole, However, bShese general absorption bands are Bighly
sengitive to structural changes, smd hence furnish us with a "finger
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print® of the molecule. ©Only en account of this it is possibdle
to carry on the analysis of isomeric mixtures and other closely
related compounds.

It is very important to remember, at this stage, that the
nermal modes of a molecule do not account for all of the absorp-
tion bands observed in its infrared spectrum. FYor example, in
the far infrared there are absorptions caused dy the slower rota-
tions of the molecules or the massive lattice vidbrations of cry-
stals, TFurther, throwghout the whole infrared region absorp-
tions frequently eccur at integral multiples fovertone bands)
of the fundamentals, or at frequencies which are equal to the
sum or difference (combination bands) of fundamentals. These
bands in general absord very much less strongly than do the funda-
mentals and consequently must be studied with thiclker samples.
Since they are so sengitive to the over-all molecular structure, they
can sometimes be used more for successfully accurate fingerprint-
ing of melecules snd for the analysis of mixtures than the funda~

mental absorptions.
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Molecular Structure and Mechanical behavior of a Polymer

Polymer is the name given to a number of monomers bound together
chemicelly. Monomer is the bdasic unit representing the molecule of
a hydrocarbon., The gross chemical equation for the polymerization

process is the rather simple one

n (02 34) —p (02 H4)n
wvhere n represents the (average) degree of polymerization. The
abdbove hydrecarbon is called Polyethylene, Similarly the polymeri-
gation relation in the case of Polystyrene can bde represented as
follows:

n(ceﬂa) —» (C_H)

8 g'n
There is a large diversity in the mechanical properties of high

pol;-or:. Differens polymers have different atomic arrangements in
the molecule and differences in the molecular architecture. MNany
polymers are hard glassy solids; others are rubbery or jelly-like
or fibrous. The factors that govern the mechanical properties of
these polymers can be listed as follows:
1. Chemical composition of the polymer
2. Molecular architecture of the polymer chain
3. Extent of crystallization

Chemical composition refers to the monomer that repeats itself to
make up the polymer. Polystyrene and polyethylene, for example, can
be represented as in Figs. 9(a) and 9(d).
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Fig. 9 (b) Polyetylene
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Further the benzene ring is replaced by the chlorine atom in
the case of polyvinyl chloride as shown in Fig. 10, In the case
of some of the polymers like polyesters, polyamides, polysiloxanes
ote,, atoms other than carbon are contained in the chain itself;

The term molecular architecture refers to the molecular weight,
molecular configuration, degree of cross-linking and so on, TYor
example polystyrene of molecular weight 50,000 and polystyrene of
molecular weight ef 100,000 have different molecular architecture
even though they have the same chemical composition.

The third structural feature refers to crystallinity; 4i.e. the
perfect regularity of the chain structure with exact repetition of
the monomer units. In high polymere the phenomsnon of crystalliza-
tion is somevhat different from that obeserved with lower molecular
weight materials; the dimensions of the crystallites formed are much
smaller than the chain length of the macromolecule. Tims, any one
chain may thread its way through several crystallites and several
intervening amorphous recions, The regult is always a poly crystal-
line mass, with the crystallites imbedded in an smorphous matrix.

The crystallites may be randomly dispersed as in Pig. 11(a) or parti-
ally oriented as in Fig. 11(b) depending on the past history of the
sample,

It is also kmown that in the case of tissuve elasticity, since
most animal tissues contain a high proportion of water, the water

content also plays an important part in deciding the mechanical
behavior.
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Thus the difference in the physical properties of the polymers
can be attributed to the variations in one or all or even some of
the factors mentioned above., It may be worth while here to conpi-
der the variations obtainable within a single chemical composition
with veriation in molecular architecture and crystallinity. The
molecular weight and the degree of branching can be independently
controlled by the polymerization conditions. The degree of dranch-
ing in turn determines the crystallinity; consequently polyethylene
can be prepared with wide variations in crystellinity and molecular
weight, with corresponding variatione in physicel properties.

It 1s suggested that the chemical composition, and the tempera-
ture either individually or both have a predominanh effect on the
resulting orientations and hence anisotropy of the molecules under
stresses. Different materials under the same conditions of strese
could exhibit different polarizabilities on account of their having
different bond angles and bond forces. Secondly, in a particular
chemical composition the flexibility of the atoms could be either
increased or decreased by he introduction of an additional atom te
either increase the stiffness or decrease it. TFurthermore, these
bond forces and bond angles are different between the different atoms
of the same molecule, which would regult in, under stresses, different
orientations, ¥ow in order to be able to find out the effect of
these orientations on the artificial double refraction of a certain

polymer under stress it would be a more thorough investigation if one
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could find out to what extent each atomic group has been deformed
under the particular stress than speaking of the orientation of
the molecule as such. The changes in the individual atomic groupe
could be studied by taking an infrared absorption spectrum of the
particular polymer under stress. So one could hope to get a clear
picture of the changes in the constitusat atomic pairs which could

later be related to the stress birefringence.
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Description of the Photoelastic apparatus

The apparatus for the Photoelastic Experiments consists essen-
tially of the projection system, the optical alignment guides, pola-
riger and analyzer combination, the straining frame and accessories.
The projection system:

It consists of a double convex lens of about 3,5 ft focal length
mounted on a stand WEEEEEEENEEIVENE, so as to enable the operator
to adjust it on the guides &t will, The lens projects the image on
to a drawing board fixed to a wall. This would fadilitate the visual
observation as well as the plotting of isoclinics on a sheet of paper
attached to the drawing board,

The Optical Alignment guides and Accessories:

A schematic diagram of the optical parts in the photoelastic work
is given in Jig. 1. The alignment guides are a pair of mild steel
rods 2% ft long and 3/4" dla. They are set parallel on a wooden
Platform at a distance of 7,5", At one end of the guides there is
2 dual lightcsource enabling the operator to choose white light or
.mercury light at will, To protect the lamps fvem getting excessi-
vely hot a fan is also provided clese by. The polarizer and analy-
zer are built in a cast iron freme in a crossed position., A condens-
ing lens is also built into the seme frame. A peir of quarter wave
plates ecould be m:o;-ted between the polarizer and analyzer combination
at will and they are held in position with the aid of flexible metal
strips provided on the casting itself.
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The Straining freame:

The straining frame consists of a pair of alluminum annular
rings set parallel with a separation of 3/4 inch and fixed to a
steel tubing between the guides, A pair of bent alluminum plates
are held in position on either side of the circular frame with the
help of small pins., An alluminum frame whose shape is shown in
Fig. 18 could be inserted into the space betwesen the circular rings
and held in position withthe help of slotted rod and pin. A long
rectangular (23" x 1" x 1") aluminum beam passes through a metal
tubing held rigidly in position between the guides on to the plat-
form by means of end flanges. One end of this beam carries a
henger and is held by means of a screw support on the other end, At
about half its length the beam is supported on a pin inside the metal
bubing. The screw support referred to above could be used to set the
beam horizontal initially.
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Determination of Stress-Optic coefficient

Polystyrene

A polystyrene beam 5 (5/8)" x (5/8)" x 3" ie cut out of a !
thick large polystyrene gsheet, It Was then held in position foi'
producing pure bending in the center portion as shown in FPig. 14.
A load of 90# was added to the hanger and the appearance of a
fringe on the screen s noted, We notice here that a load of as
much as 90 # was necegsary to produce even one fringe on the screen
on account of the fact that polystyrene is a poor photoelastic
material. The monochromatic light used for obtaining the isochro-
matic was mercury green 5461 A,

. C
The stress-optic ooefficicntl is calculated from the formula

c- £ L

?'n T

vhere n is the fringe order, t is the thickness of the specimen, and
M¥/1 is the stress on the boundary in which y is half the thickness
of the beam. The stress-optic coéfficient for polystyrene obtained

in this experiment is 422 1bs./in.2/fringe/in.

CR- 39
A CAR - 39 (Columbia Resin 39) beam of the same dimensions as in
the previous experiment ¥as cut out of a large 3* thick sheet. The
experiment was repeated in this case also for ti:e purpose of finding

the strese~optic coefficient of C R - 39, A 60 # load was found to
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produce as many as 4 fringes, The value for C B - 39 obtained in

2
this experiment is 86.5 1lbs./in. /fringe/in. The calculations are
shown belew:

Polystyrene
Test specimen ......... 5(5/8") x (5/8%) x 3"
ceeeenes . 5461 A -
My/1 =

90 x 0.6 xjslm)
= (5/8)® x (1/12)

(Load for one fringe was 90 #)

¢ = (t/20).(My/1)
= 422 1bs/in’/fringe/1in.
CR- 39
Test Specimen ........ 5(5/8%) x (5/8") x }*
Load 60 # '
Bending moment M 60 x (3/4) 1b. ine.
Tringes per 1" 4

Stress-Optic coefficient c

c

(t/2n).(¥y/1)
% x (1/8) x 60 x (3/4) x(5/16) x 12 x

1% x (5/8)3

= 86,5 1bs/in°/fringe/in.
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The Straining Unit for Loading the films

A special type of straining unit has been designed and construc-
ted in eorder to facilitate the loading of very thin films of about
five thousandths inch thicknees. A sketch of the wnit is shown in
Fig. 1§. It consists of a steel base B 6" x &" x 1" and carries a
vertical steel post V 6" long and 1" gquare section on one end of the
base. A clamping screw C from the side of the base ensures firm
positioning of the vertical post., A rectangular strip of steel P,
6" x 4* x 1/8%, 1s fixed on to the top of the vertical post by means
of a screw 01. A thumb screw S passes through a hole in the hori-
zontel steel plate at a distance of 1" from the center line of the
vertical pillar, The bottom of the thumb screw rests on a flat
bar H projecting from the vertical post and held in position by
means of a damping screw C, as shown in Pig. 1. A long steel bolt
I.l passes through a hole near the free end of the horizontal plate
and is clamped on to it at any desired position of its length by means
of clamping nuts C, and cs. The steel bolt carries at one of its
ends an inverted U shown in the figure. A pair of steel flats AA 1"
x $* x 1/8", intended for the purpose of gripping the test f£ilm, are
held in the ineide of the U by mesns of a 1/8" steel pin passing
through the sides. Another vertical bolt I.z rising from the base
carties a similar U at its top. A similar pair of steel grips as
mentioned above are held in the inside of the U by means of a steel pin
passing through the sides.






The Straining Unit

Fig. 14.
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Each grip has a set of three holes 1/8" diameter drilled sym-
metrically in it; the center hole is intended to take in the steel
Pin passing through the sides of the U, and the two outer holes to
takes in small brass screws and nuts for clamping the test film tightly
in between the grips.

The load measuring device includes four SR - 4 strain gages
mounted on the horizontal steel plate, They are connected to a
strain indicater which is later calibrated, The four gages are
intended not only to augment the output but also provide the neces~

sary temperature compensation. The straining unit was designed to
be used with a maximm load of 5 lbs.

Calibration of the Straining Unit

An SR - 4 strain indicator was connected to the strain gages.
The upper portion of the gripping wnit was set in position along
with small steel grips AA held inside the U by means of the steel
pin., The strain indicator is adjusted to zero (i.e. null deflec-
tion in the galvanometer after choosing the preper scale and gage
factor). In the present experiment the gage facter of the gages
wvas 1,97. A load of 3 1b was added to the wpper gripping device
and the deflection in the strain indicator was noted., The dridge

was balanced for null deflection and another #1b load was added

agedn, This experiment was done up to a 4 1b load amnd each time
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the strain indicator reading is noted. Jt was observed that a
load of % 1b produced an output of 30 micro-inches per inch on the
strain indicator. VWhile working with the straining unit every
care was taken to see that the strain gages are protected safely.
The strain indicator was calibrated for different loads ad the
readings are shewn in tadle 1, A graph #es drawn showing the re-
lation between the load and the strain indicator output.

Table 1.

Strain Indicator Calibration

Reading of the indicator

Ioad
Loading Unloading
0 1320 1320
3 1» 1290 1290
11b 1260 1260
13 v 1230 1230
2 1200 1200
23 " 1170 1170
3 " 1140 1140
3 v 1110 1110
4 " 1080 1080

Strain indicator output for 4 1 = 30 micro-inches per inch
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Preparation of the film

The preparation of the test film for taking the infrared absorp-
tion spectra seemed to be the most difficult part of the experiment.
It has to be very thin, of the order of about 2 to 3 thousandths inch
thick, There are twe methods of obtaining such a thin film for infra-
red work, One is to dissolve the given polymer in a suitable sol-
vent and pour it in thin layers on a flat glass piece and let the
polymer dry up. But this method ef preparation has the draw back
that the heat of polymer (as some heat is required to melt the pla-
stic) during the precess of codling eould affect the polymerization
besides inducing thermal stresses. Of course the latter osn de
removed by annealing but the changes in polymerisgation are to be
guarded against. The second method of obtaining the polymer film
is to take a piece of the given plastic from a thick sheet 4 thick
and attempt to thin it down to the required extent., This 1e not
80 easy as it is mentioned here; and it also makes one think if it
is not g rather an edd precedure. It is well known to the photo=
elasticians in the engineering field that a " thickness is good
size for photoelastic work, In the present investigation as it
is desired to correlate the photoelastic effect with the infrared
absorptions it is but obvious that one choeses a $* thick piece for
photeelastic studies. TFurther, to make sure that the directional

properties of the plastic do not have any effect in the experi-
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mentation one has to use a similar piece cut in the same direction from
the original thick plastic sheet for the purpose of machining; and

1t 1s a successful machining that could ensure a satisfactory infra-
red resolution spectrum,.

A plece of the plastic 3' x 1* x 4" was cut from the large 3"
thick sheet in the esme direction as the pleces for photoelastic work
were cut, This piece was then fixed on the bed of the milling ma-
chine with the help of scotch tape. In using this scotch tape for
fixing the specimen on the bed of the milling machine the following
procedure was adopted. The adhesive side of :he tape is first
attached to the plastic piece and then the top layer of the non-
adhesive side of the tape 1s carefully peeled off so that one could
get another adhesive side of the tape, The bed of the machine is
carefully cleaned with a piece of clean cotton cloth and then the
plastic was set on it flat, The adhesive side of the tape would
stick to the bed md would facilitate the firm fixing of the spedi-
men, In the case of polystyrene a 5/16" double flute end mill
driven at 2450 rpm #as used and the machining job was done using the
automatic drive. In the case of Columbia Resin which is a rather
brittle material it was found that specially ground 1" fly cutter
could yield better results. The speed was the same as before. No
coolant was found to be necessary in either case but an eccasional

cleaning up of the surface being machined with a small paint brush
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using a little oil would ensure a better machined surface.

It was found that it is not a good practice to start large cuts
from the begining, as it would result in excessive heat in the pla-
stic and would melt besides sticking to the cutting edge. The
following scheme was used in the process of machining, A twenty
thousandths inch thick layer was removed each time for fiwe times:
then a 10 thousandths layer was removed for another 10 times; lastly
a layer of 2 thousandths thick was removed each time till the desired
thickness of the film was obtained. Extreme care was taken in re-
Boving the film from the bed of the machins, A blunt razor blade
carefully advanced longitudinally underneath the surface of the film
vas found to be satisfactory for the particular job,

The specimen was then fixed on a narrow portion on all the
four sides on apiece of flat of cold rolled steel using scotch tape.
The surface was then polished with what is commercially known as
rlexi glass polish, The polishing business seemed to be a special
technique in itself which should be mastered with constant practice.
On the whole the preparation of the film for the infrared spectral
studies seemed to be a machinist's cum artist's job., It is only
with a constant practice on this job that a reasonably satisfactery
f1lm could be produced.
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Description of the Infrared Spectrophotometer

A drief description of the Perkin-Blmer Infrared Spectrophoto-
meter used in the present investigation is given bdelow.

The basic instrument consists of a single wnit, 40" long, 20"
wide and 23" high, A seperate external amplifier is also provided,
The main instrument consists of two separate mountings with a 6%
clearance in between intended for accomodating the samples and refe—
rences. The source and source focussing mirrors are under the right
hand cover and the photometer umit, monochromator and detector are
provided on the left hand side. The recording drum and the wave-
length drive are mounted on top of the monochromator cover. The
main control knobs are provided on the cover on the right hand side
with additional controls on the front side of he base or chasis.

The counters reading wavelength and glit width directly in microns
are visidle through windows in the cover on the left side. An
opaque shutter for each beam is pivoted on the side of the small
cover on the right,

The optical system of the Infrared Spectrophotometer is shown
in Fig. 1§. Two beams of light from the same source S , 8re brought
to two separate foci by two pairs of mirrore, M, & 1(3, and Mz& M4,
one beam §, passing through the sample C, and the other R, through a
reference X. These two beams are then combined by a rotating sector

mnirror, )(7. that transmits one beam and reflects the other into the
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same direction as the transmitted beam. The composite beam
passes through a monochromator to a detector, If the two beams
are equal in intensity no output is observed from the detector. If
the beams have unequal intensities a pulsating voltage appears pro-
portional to the difference in intensity. This off balance vol=
tage after necessary amplification is used through an intermediate
pawer stage to actuate a pen servo motor. Actually when the twe
beams are balanced, the detector sees no change in the radiation
incident upon it, The moment an unbalance occure between the sample
beam and reference beam, a 13 cycle alternating voltage is developed
which ie amplified by the preamplifier. The first-staze transformer
in the preamplifier steps up the voltage approximately 300 times and
from thence the signal is amplified until a high enough voltage is
attained so that the signal can be separated from its 13 cycle car-
rier., At thies stage, the phase and amplitude of the signal are
determined and this eignal is filtered and fed into the 60 cycle modu-
lator and powver stage, the signal form which actuates the pen servo
motor,
The Nernst Glower Source

In the Perkin-Elmer instrument a Nernst glower is used as the
source ,8,, of infrared radiation., It is meunted on m easily re=-
Rmovable base between two ceramic posts that are wound with platinum
wire for preheating and starting. The two pairs of concave mirrors,

"1 and M_, M_ and M , form two identical images, I. and I , of the
3’ 2 4 1 2
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source, each magnified to twice its original size. The first two
Ml and uz are placed close together to permit taking light from
the same part of the source for the reference and sample beams.
They also help to make the instrument more compact and increase the
amount of free space available for samples. Two so0lid shutters on
the outside of ke source housing permit closing eff either or beth
beams independently. Nernst glower has several important proper-
ties, like long life, high operating temperature, good dblack body
characteristics, etc., which make it ugeful as a source of infrared
radiation,
The Photometer Section

The images formed by the first two paire of concave mirrors are
inside the main spectrometer cover. At the image 12. in the re~
ferenoe beam, there is a moving multiple wedge type of diaphragm,¥,
that rolls in and out of the optical path to change the amount of
light transmitted. A separate control provided in front of the base
of the instrument would enable this wedge to be moved so as to enable
the operator to adjuet the percentage of light transmitted thus con-
trolling the position of the pen on the drum., After passing through
the two apertures the two divergent beams are reflected by plane

mirrors, ll5

n_’. The sample bdeam is reflected from the sector mirror and the re=-

, Hs. and M , to opposite sides of a rotating sector mirror
8

ference beam trangmitted by it. The concave mirror l(g is calculated
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to be free from astigmatiem at 8° off axis and 1:1 megnification in

order to avoid blurring of the imege., A flat mirror “10’ throws

the image of 11 end I2 on the entrance slit 81 of the monochromator.
The two field lenses I.1 and I.z are made of potassium bromide.

They throw images of M_ and M 4 on Hg and also serve as windows in

3
the monochromator cover. Pr, (Fig. 1§) is a rock salt prism mounted
on removable table. This prism ssrves as he monochremator. The
small mirror, Myz, behind the prism compensates the wavelength

scale for change of refractive index due to temperature variation.
The collimator, Mll' is a concave mirror 80 mmn in diameter, 27 cm in
focal length, parabolized 18° off axis. It is corrected to about a
quarter wavelength of sodium light, giving a visual resolving power
of better than 6A at the D lines with two traversals of aa light flint
prism, Its mounting has screw adjustments for focus and for the

horizontal and vertical angle adjustment,

The Recorder
The Recorder in the Perkin-Elmer spectrohotometer is designed
to have the following properties:
1, Coupling of the scanning system amd recorder such that the recor-
der is unaffected Wy changes in scenning speed,
2. High reproducibility of recording,
3. B8tandard size sheet charts to eimplify filing procedures.

4, Allowance for wide range of scanning speeds.
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5. Allowance for adjusting the abscissa to spread out spectra.
6. Compact construction,

The recording drum turns upward in front so that a good length
of spectrum is clearly visidle to the operator immediately after it
is recorded, The recording chart is held on the drum by two pairs
of epring-loaded clips which clamp the ends of the paper in pesition.
The zero transmission point recorded by the pen may be aljusted to
coincide with the zero on the recorder paper by unclamping the pen
from its drive cable and moving it. On the left of the recorder are
located the scanning motor, scanning pulley system, and the scale
change gears, The motor speed is controlled by a knod on the main
control panel. Large reductions in scanning spped cean be accomp-
lished by changing (1) the pulley belts (2) the change gear and
(3) by varying the PEN SPEED control. A separate wheel provided at
the 16ft side of the recorder called as the "inching whee2 " permits
the operator to move the scanning system a small amount without dri-
ving the system electrically,

The observations and results for Polystyrene and Columbia Resin
at zoro’z #’and 4 # load are shown below in tables 2 to 5., The
tables are computed using the infrared absorption graphs at the above

mentioned loads., These graphs are obtained with a Perkin-Elmer
Infrared Spectrophotometer,
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Results:

Table 2
Material .......... Polystyrene
rh&" 00000 30116-

Sample size ........ 2(5/16)" x (3/4)" x 0.008*

Reference ........ " " x 0.005*
frequency
Vidrating group in percentage absorbance per 0.003"
microns thickness
zero psi. 333 psi. 666 psi.

C - H aromatic 3.35 29 28.5 28

C - H aliphatic 3.5 3 29 29

C - H wagzing 6.85 40 39 39

0 - H aromatic
out of plane
vibrations 13,5 13.5 13.5 13.5
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Polystyrene (contd.)

sml‘ ® 00000 o.me. tmck

Reference ........ 0.005" "
Table 3
frequency
Vibrating group in percentage absorbance per 0,001%
microns thickness
goroopsi. 333 psi. 666 psi.
C - H aromatic 3.35 4.4 23.9 23.5
C - H aliphatic 3.5 26 24.4 4.4
C - H wagging 6.85 33.6 32.8 32,8

C - H aromatic
out of plane
vidrations 13.5 11.3 11,3 10.5
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Tabdble 4

Haterial ........ Columbia Resin CR - 39,

rh”. XX XYY ¥ soj-’-d

Sample 1(5/8)* x (3/4)* x 0,007"
Referencse .... " " x 0,006"
frequency
Vidrating group in percentage absorbance per 0,002"
microns thickness

gero psi. 380 psi. 760 psi.

0H 2,86 35 35 37

C - H aromatic 3.35 27 26 26

C - H aliphatic 3.65 30 30 30.2

cC=0 5.55 43 42 42

c=-0 5.9 35 39 38
=¢ 6.2 45.5 46.5 48

C - C aromatic 6.4 46,5 45.5 48

g - g wegging 6.8 to 12.0 variable froml® to 40

C - H out of plane

¥ibdrations 12,45 27.5 30 28,5

Bengene out of
plane vibrations 13.2 30 32 31,5
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Table 5
C R - 39 (contd.)
Sample ....... 0,007" thick
Reference ..... 0.005" "

frequency
Vibrating group in percentage absorbdance per 0,001%

microns thicimess

gero psi. 380 psi. 760 psi.

0H 2.86 31l.5 31,5 35
C - H aromatic 3.35 24,3 23.4 23.4
C - H aliphatic 3.66 14 a7 27,18
C=0 5.55 38,7 37.8 37.8
C«0 6.9 3.5 36.1 4.2
cw=C 6.2 40.9 40.9 43.2
C - C aromatic 6.4 40.9 40,9 43,2
g - gvagfing 6.8 to 12.0 varisble from 9 15 36.
C - H out of
pleame vibrations 12,45 24.8 27 25.6

Benzene out of
Plane vidrations 13,2 14 28,8 28,4
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Discussion of results

Polystyrene is a thermoplastic. Its chemical formula is (°333)n-
Fig. 10 shows a representative portion of a polystyrene chain, It
consists of linear chain molecules with cnz - CH in the chain length
and the benzene ring at right angles to the length of chain, In the
Jast literature it has been established that there are characteristic
high absorptions for infrared beam for some of the vibrating groups.
Thus, for example, C - H aromatic has been studied and it always seemed
%o have a high absorption peak due to stretching at 3.3 microns, which
is called an "infrared active" vibration resulting in a change of
dipole moment.

Tig. 1§ shows a representative portion of a C R = 39 molecule,

It oconsists of a benzene ring with symmetrically plaped parallel
chains 0f C - O~ CH; - C = CE,. Its chemical name is dialyll
pthallate, and is a thermosetting resin, Resin is the name given
to a polymer either thermoplastic or thermoset., A thermoplastic
melts on heating but a thermoset starts melting first but on contin-
ued heating it sets itself and becomes rigid with an additional chae
racteristic of forming innumershle numer of cross-linkg. There are
some common groups, however, between polystyrene and CR - 39, namely,
C - K aromatic, C - H aliphatic, C - H wagging, and C = H in the
benzene ring. The additional vibrating groups in C R - 39 are C = 0,
¢C-0,C=C, C=-C., The tabular statements given on pages §8 znd
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59 show numerically the differences in percentage absorptions of the
infrared beam. C - H aromatic in polystyrene contributes an amount
of 0.5 per cent towards the change in absorptién at 333 psi. and 0.9
percent towards the change in absorption at 666 psi. ©On the other
hand C = H aromatic in O R - $9 contributes sn amount of 1.1 per cent
towards the change in absorption at 380 psi and also at 760 psi.
Considering next C - H aliphatic vibrating group it contributes 1.6
por cent to the change in absorption in polystyrene and a maximum
change of 0,18 per cent at 760 psi in C R = 39, This might mean
that the vibrating group C - H aliphatic undergoes greater change in
dipole moment in polystyrene with consequent increase in the absorp—
tion of incident beam, However, the changes in ¢ - H aromatic 0.9
and 1.1 in polystyrene and C R - 39 srespectively, do not differ much
thus leading to surmise that they do not wndergo appreciable varia-
tion with stress. In other words he change in the intra~molecular
activity with stress in polystyrene snd C R = 39 due to the C - H
aromatic group is negligible; alsgo the change in the intra-molecular
activity due to 0 - H aliphatic in polystyrene which is 1.6 per cent
in terms of absorption might mean that any phenomenon associated with
stress in polystyrene could be #ore due to the presence of a C - H
aliphatic group.

Turning now to the C - H wagging in polystyrene we notice that
there is a change in absorption of only 0.8 per cent at both 333psi
and 666 psi in polystyrene, whereas there is a change in absorption
of 9 to 36 per cent in the case of C R -~ 39. This change obviously
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is quite a bit and it seems that there is huge intra~-molecular
activity dues to C - H wagging in Columbia Resin resulting in a large
absorption of the incident infrared beam with increase in stress.
Lastly we have the out of plane deformations of the benzene ring at
about 13.5 microns. The change in percentage absorption in the case
of polystyrene is rero at 333 psi and 0.8 at 666 psi. The changes
in C R - 39 arecl,.8 at 380 psi and 1,4 at 760 psi. Actually there
is & greater abserption of the incident beam in the case of C R - 39
than in the case of polystyrene.

Begides there are other groups like 60=0, 6 -0, C=C, C - C
in CR =~ 39, The tabular statement on page 59 shows that the
changes in the intensities of the incident infrared beam are not
much in comparison with those of C = H wagging in C R - 39, Actually
there is a decreage in absorption of 0.9 at both 380 psi and 760 psi
for C = 0 and &n increase in absorption of 3.6 at 380 psi and 2,7 at
760 psi for the vibrating group C -~ O, The groups 0 =2 C and C - C
practically contribute the same change in absorption with lead, &.0.

about 2,3 per cent increase in absorption 760 pei.
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Conclusion

From the previous discussion we conclude that the C - H aro=-
matic does not contritute appreciably towards the chsnge in absorp-=
tion in polystyrene and CR - 39; and there is also a fairly greater
absorption in polystyrene dus to C - H aliphatic group than in CR -
39 thus leading to a surmise that stress birefringence in polysty-
rene might be dus to the presence of a vibrating group like C - H
aliphatic. However, the change in the percent absorption dus to
C - H wagging in the case of CR - 39 is remarkmbly high compared
with that due to the same group in polystyrene, Taking now a
look at Fig. 16 showing the structure of polystyrene amnd also FPig.
17 showing that of CR - 39 it seems probable that the OH aliphatic
group influences the behavior of polystyrene under .tr“eu; and
also the fact that the absorption of the CH aliphatic is very little
(1.6 per cent) could be due to the presence of a heavy benrene ring.
Presumadly, if the C - H bond is stretched and released, the carbon
end hydrogen wdms vibrate rapidly with a characteristic frequency
and the amplitude is influenced by the presence of a heavy benzene
ring close to it, But on account of the lack of such a heavy ring
near the CH group in CR - 39 a greater amplitude of vibration could
be possidble which is revealed in the C = H wagging resulting in a
greater dipole moment change and thus giving rise to relatively

large absorptions of incident infrared beam for CH wagging.
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Also the presence of the additional groups liks C -0, C - C
contribute slightly towards the absorptions with stress in CR - 39,
This could be possibly due to the fact that these groups are rela=-
tively smaller compared with the benzene ring and hence could follow
the vibration much better,

The discussion given in the previous pages with the concluding
remarks above based on the marked difference 1.nvtw infrared spectrum
of CR = 39 for different loads from the spectrum of polystyrene
leads one to the surmise that the high photoelastic behavior of
CR = 39 compared with polystyrene could be due to 1) lack of the
presence of heavy groups like benzene rather too close to other
relatively small groups like CH, and 2) the presence of additional
groups like C= 0, 0 =C, C -0, C - C.
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