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POLYCARBONATE AS A PHOTOPLASTIC
STRESS FREEZING MATERIAL

I, INTRODUCTION

Polycarbonate has been used by several researchers as a photo-

plastic model material. (Brinson, 1970; Cloud, 1968; Gurtman,

Jenkins, and Tung, 1966; Hunter and Schwarz, 1966, ) Some of the

physical properties of this thermoplastic which have made it a desir-

able model material are:

Transparency

Machinability

Birefringence (or double refraction) under load

Ductility and high impact strength

Dimensional stability

Creep resistance

Good heat resistance

Well defined glass transition temperature

A more complete description of polycarbonate can be found in

"Polycarbonates" by Christopher and Fox (1962), Table I taken from

this text lists some of the properties of polycarbonate.

Photoelasticity and photoplasticity (or photoviscoelasticity) are

experimental techniques of determining the stress distribution in

models of structural elements. A theoretical analysis of the stresses
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in a structural element requires a solution of the following equations:

Equilibrium

Stress strain

Strain-displacement

Compatibility

Boundary conditions

These equations involve 15 unknown quantities, Closed form

solutions are found for only very simple elements or stress distribu-

tions. In all other cases approximate numerical solutions must be

employed, An alternative solution is given by an experimental tech-

nique which leads to an experimental determination of the strains,

from which the stresses can be computed. Such a solution is especially

useful when the material is no longer elastic, i. e, the stress-strain

relationship is non-linear, It is in this area that polycarbonate has

been used as photoplastic material. (Brinson, 1970; Cloud, 1968;

Gurtman, Jenkins, and Tung, 1966; Hunter and Schwarz, 1966. )

All plastic materials exhibit time dependent properties. So, be-

fore a plastic material can be used to simulate a material which does

not exhibit time dependence (or only in a negligible way), the effect of

time must be completely determined so that the transfer of information

can be made from one material to another. The relationships between

the stress, strain, and time are the subjects of the theory of viscoelas-

ticity and it is for that reason that one needs to know the viscoelastic
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properties of polycarbonate.

A viscoelastic material is a material whose constitutive equation

is such that the stress is dependent on both strain and strain-rate.

This type of material will creep, i. e. the deformation will increase

under a constant load. And it will relax, i. e. the stress will decrease

during the application of a constant deformation. It should be noted

here that for a linear viscoelastic material the constitutive equation

can be completely determined by a creep test. The case of the mater-

ial which has a linear constitutive equation is the subject of linear

viscoelasticity.

It was noted above that one of the interesting properties of poly-

carbonate is that it is birefringent when loaded, and that polycarbonate

has been used as a photoplastic material. As the name would indicate

photoplasticity is concerned with stresses in a birefringent material

which are above the elastic limit. This report is concerned with the

non-linear stresses above the elastic limit.

There are several reasons for studying the stresses above the

elastic limit, among them, failure analysis, fatigue analysis, and

plastic design. There are techniques for including material nonlineari-

ties in the design and analysis of structural elements, however they do

not appear to be in general use, and apply primarily to simple cases.

Probably the most useful analytic analysis of nonlinear structures is

the finite element method. Przemieniecki (1968) discusses some of
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these solutions and gives many references.

There are existing experimental methods for studying complicated

structures which are not in the linear range of loading, These include

strain gages, moire methods, and photoelastic coatings. These meth-

ods are very useful in the solution of plane stress problems, or prob-

lems which can be reduced to plane stress problems.

Another experimental method of studying non-linear stress dis-

tributions is photoplasticity. This is essentially an extension of photo-

elastic techniques and consists primarily of recording the stress,

strain, and/or fringe order as a function of time, By proper calibra-

tion the fringe pattern can give the stress pattern, At the present

time most work has been done in two dimensions with a creep speci-

men. There has been only one report (Hunter and Schwarz, 1966) which

was concerned with the possibility of stress freezing beyond the elastic

limit.

This report describes tests and results conducted on polycarbon-

ate to determine its viscoelastic properties and to determine the feasi-

bility of photoplastic stress freezing.
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Table I. Properties of polycarbonate.

PROPERTY VALUES ASTM No.

Glass; transition temperature 145°C

Molecular weight >30,000

Color Transparent

Specific gravity 1.20 D792

Odor None

Taste None

Impact strength, Izod, 1/8" x 1/2" bar

Notched, 77°F 12-16
ft -lbs

D256
in notch

ft-lbs
Notched, -65 F 1.6

in notch D256

ft-lbs
Unnotched, 77°F > 60

in D256

ft -lbs
Tensile, impact 600-900 cu. in

Tensile yield strength, -25°F 12,000-13,000 psi D638

73
oF 8,000-9,000 psi D638

212
oF

4500-5000 psi D638

Tensile, ultimate strength, 73°F 9000-10,500 psi D638

Tensile modulus 320,000 psi D638

Elongation 60-100% D638

Poisson's ratio 0.38

Compressive strength 11,000 psi D695

Compressive modulus 240,000 psi D695

Flexural strength 11-13,000 psi D790

Flexural modulus 375,000 psi D790

Modulus of rigidity 116,000 psi
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Table I continued.

PROPERTY VALUES ASTM NO,

Heat distortion temperature, 264 psi 270-280
o

F D648

66 psi 270-280°F D648

Deformation under load, 4000 psi, 24 hrs.

77 F 0.2% D621

158 F 0. 3% D621

Shear Yield strength 5400 psi D732

Shear ultimate strength 9200 psi D732

Fatigue endurance limit (Wohler method),

1800 cycles/min. , 73°F, 50% RH 2000 psi

Tabor abrasion (1000g. load, CS-17 wheel) 7-11 mg/1000 cycles

Water absorbtion, 24 hr. immersion 0. 2% D570

Equilibrium 730 F 0.35%

Equilibrium 212°F 0. 58%

Water vapor permeability 3-4(10)-8 g/cm/hr/cm
2/mm

Hg

Nitrogen permeability 0.012(10)-8 cc(STP)/mm /sec/

cm2/ena Hg

Carbon dioxide permeability

Indentation hardness, Rockwell

Refractive index at 25°C

Mold shrinkage

Radiation resistance

Electron beam

Gamma radiation

0.32(10)
-8

cc(STP)/mm/sec/

cm
2/cm

Hg

M70, R118

1.586

0.005-0.007 in/ in

No significant change up to
5(10)7r dosage

Resistant to (10)8r dosage

Bulk factor of pellets 1.7

D 785

D 955
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II. LINEAR VISCOELASTICITY

It is impossible to completely describe the response of a real

structural element to the actual applied loads. The response can be

obtained only by experiment or by a theory which approximates the

real case. The degree of accuracy which the theoretical computations

will give depends on the degree to which the theoretical model resem-

bles the real structure and its loads. For example, most routine

stress analysis is conducted by assuming that the material in use be-

haves according to Hooke's Law, i. e, stress is directly proportional

to the strain. This assumption is very good in some cases, and is the

basis of the design of many of our finest structures. However, Hooke's

Law assumes that the response to the load is instantaneous. Real

materials do not behave instantaneously but have a delayed response.

The most obvious example of this delayed response is the phenomenon

of creep.

Thus it is desirable to replace Hooke's Law with the actual con-

stitutive equation of the material in the stress analysis. Each mater-

ial behaves differently, and there is a great diversity in the behavior

of structural materials, such as, metals, plastics, soils, concrete

and wood.

There have been several mathematical models which are used to

describe actual material behavior (FlUgge, 1967), Among these models
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are linearly elastic, ideally plastic, and viscoelastic models. The

viscoelastic model describes many aspects of the behavior of metals

and of plastics. For this reason viscoelasticity has been chosen as

the mathematical model in this report.

A uniaxial stressed viscoelastic material can be described by a

combination of springs and dashpots. The springs are assumed to

have instantaneous elastic response, i, e. the deformation is directly

proportional to the applied load. The dashpots are assumed to be

strain-rate dependent, i. e, the stress is directly proportional to

strain-rate.

There are several types of viscoelastic materials depending on

the number and the arrangement of the springs and the dashpots,

Table II gives a list of the more basic viscoelastic materials. There

are an infinite number of viscoelastic materials. The constitutive

equations of these materials are linear if the stress in the spring is

directly proportional to the strain and if the stress in the dashpot is

directly proportional to strain-rate.

It can be seen from Table II that all of the materials are series

combinations of the elastic solid, the viscous fluid, and the Kelvin

solid. Thus if we can establish the strain as a function of stress and

time for these three materials, then we can obtain the strain for any

other material by adding the strains of its series components. For

example, the strain of the four element fluid is the strain of an



Table II, Viscoelastic materials.

NAME MODEL CREEP EQUATION

Elastic Solid

Viscous Fluid

Maxwell Fluid

Kelvin Solid

3-Parameter Solid

3-Parameter Fluid

4 -Parameter Fluid

k

k

k

ki
k

2

ci

r-vn
mi 2

k
1 2

k

0-

k

E =
0-

) t
c

E
1 t
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k
E
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k- [ 1 e ct]

k2
0- 0- ect]T
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t
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E [ 1 e 2

cl k k2-t
0 0 O

E = k + k [1 e 2 I + (T )t
1 2 3
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elastic solid, plus the strain of a viscous fluid, plus the strain of a

Kelvin solid, The following is the derivation of the strain for an

applied dead weight.

Elastic Solid

Viscous Fluid

0
E

0- = CE

de = dt
C

If the initial strain is zero

Kelvin Solid

Let

0
E = t + E

E = t
C

= cEC + Icek

E (0) = 0

U + V

cu + ku = 0

u(0) = u0

( 1 )

(2)

10
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and

cv + kv = 0

v(0) = v0

()-
Now let v(t) = + z(t) (3)

So cz + kz = 0 (4)

z(0) = zo (5)t
Solving (1) and (2) u(t) = uoe c

Similarly for (4) and (5) z(t) = z e c
t

0

k t
Combining (3) and (6) v(t) = + z

0
e c

So
Or

k
E (t) k + (uo + z0)e c

t

e (0) k + (u
0

+ z0) = 0

E (t) ITO- [1 e

(6)

Table II also gives the equations for the strain of the materials

shown.

An important principle of linear viscoelasticity is the Time-

Temperature Equivalence Principle (Alfrey and Gurnee, 1967). This

Principle essentially says that a deformation that occurs at a certain

temperature will occur faster at a higher temperature. In other
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words, a long duration creep test at a low temperature can produce as

much deformation as a shorter creep test at a higher temperature.

Specifically, this principle states if some quantity which is a function

of time and temperature is plotted against the logarithm of time, then

the only effect of temperature is to shift the entire curve along the log

time axis. Figure 1 shows an example of the Time-Temperature

Equivalence Principle for the creep of a four-parameter fluid. It can

be seen that as the temperature increases the curves shift to the left.

The amount of shift is determined by experiment. One experi-

mental relationship is due to Williams, Landel, and Ferry (1955), and

is given by

K
1
(T/Tr)

log(t /tr) = Kz + (T Tr)

where t is the physical time to observe some phenomenon at the

temperature T oK, compared to the time, tr, at a reference tempera-

ture T. Materials which obey the Time-Temperature Equivalence

Principle are known as thermorheologically simple materials.
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III. BASIC OPTICS AND TECHNIQUES

Photoelasticity is an ex.)erimental technique of determining the

stress distributions in structural elements. This method can be used

to study uniaxial, biaxial, and triaxial states of stress in elements

with complicated geometries and loadings (static as well as dynamic)

for which analytical solutions can not be easily found. The technique

consists of machining a model of the structural element out of a trans-

parent material which is birefringent when stressed, loading it, and

then observing it with a so-called polaris cope. Light entering a bire-

fringent medium is refracted into two plane-polarized components

traveling at different velocities, thus introducing a phase difference,

or a retardation, between the two components. This phase difference

is utilized in the polariscope to produce an interference pattern. This

interference pattern or fringe pattern can be related to the stress in

the model.

The photoelastic data needed to conduct a stress analysis on the

isoclinics (loci of constant principal stress direction), isochromatics

(loci of constant principal stress difference), and a method to separate

the principal stresses. Two such methods will be discussed here, the

shear difference method and the oblique incidence method. The re-

mainder of this chapter will be spent in discussing birefringence,

photoelastic optical mechanical relations, polariscopes, and some
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techniques of obtaining photoelastic data.

Birefringence

Birefringence, or optical anisotropy, can be visualized in

terms of an index of refraction ellipsoid, shown in Figure 2. Any

radius (ON) represents the direction of light propagation. The semi-

axes OD and OE are in a plane perpendicular to ON and are propor-

tional to the indices of refraction of the two components of the light-

wave with planes of vibration DON and EON. The retardation between

the two components can be computed as follows,

At = t
1

t
2

b/c = d/V1 d/V2

8 = d(c /V1 c/V2)

8 = d(n1 - n2)

R = 5/X

Optical-Mechanical Relations

In photoelasticity the loads and deformations are linearly related

byHooke's Law, Also it has been shown that the birefringence is

linear with the stress and the strain. The most prominent relation

is the so-called stress-optic law:

n = ct(CTi - 02) ( 1 )



Also used is the strain-optic law

n = c
1

t( E
1

Polariscopes

(2)

15

There are two types of polariscopes, plane polariscopes and cir-

cular polariscopes. The plane type will be discussed first.

Plane Polariscope. Figure 3 shows a plane polariscope. The

operation is briefly as follows. Unpolarized light passes through the

polarizer and becomes plane polarized. The light then passes through

the double refractive model and becomes doubly polarized. The light

passes through the analyzer and becomes plane polarized again. Figure 4

shows the planes of vibration of the light at various points of the plane

polariscope. The equations for the magnitude of the light vector as it

passes through the polariscope are given below.

D = a cos (cot)

ZTry
= 2rrf

X.

Resolving the light vector into the principal planes:

W1 = D cos 0

W2 = D sin 0

And with the phase difference due to the birefringence the components

become:

W
3

= a cos() cosw(t-t 1)
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W4 = a sine coso)(t-t )
2

Since the analyzer is perpendicular to the polarizer, the component

waves transmitted by the analyzer are

W5 = a sine cos° cosco(t-t 1)

W6 = a sine cos e cosco(t-t 2)

Combining algebraically
t

1

2

-t
W7 = a sin 20 sin-2 (t

1
-t

2
)sinco(t ))

The light intensity is given by

I
2 2 2 (.)

= 2a sin 20 sin
2

(t
1 -t 2)

For extinction, I = 0. Two cases exist (1) sin 20 = 0. This means

0 = 00 or 90o and corresponds to points of constant stress directions

known as isoclinics. (2) sinl(trt2) = 0. This means 2 (trt2) = 00

or 1800 and correspond& to loci of constant retardation known as iso-

chromatics.

Circular Polariscope. The dark regions corresponding to the

isoclinics can be eliminated by the inclusion of two quarter-wave

plates in the system. These plates are made from double refractive

materials and of such thickness that the phase difference is a quarter

of the wave length. The axis with the leading component is the fast axis

and the other axis is known as the slow axis. Figure 5 shows a circular
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polariscope and Figure 6 shows the plane of vibration at various points

in the polaris cope, Now let us consider what happens to the light as it

passes from the source past the analyzer. The beam leaving the polar-

izer is

W1 = a sinwt

This can be broken into the components which impinge on the first

quarter wave plate

aW2 = sinwt
q2

a
W = sinwt

3

(Fast Axis)

(Slow Axis)

The beams leave the quarter wave plate with a 90o phase difference

a Tr a
W4 sin (w

2 N/2
t + ) cos wt

,r2

aW5 = sinwt
Nr2

These equations are parametric equations of a circle, indicating that

the light is circular polarized. If the principal axis makes an angle of

p with the F-axis of the model

So

W6 = W
4

cos 13 - W5 sin p

W7 = W
4
sin p W

5
cos p

a
W,

b 2
= cos (wt +



1 8

aW7 -
N2

sin (w t +

Leaving the model there will be an additional phase difference, so we

have

W
8 -2

- cos (wt + (3 a)

aW9 = sin (wt + (3)
N-2

In the components of the second quarter wave plate

W10 =
2 Nr

cos 13cos(wt + p - a) + a
z

sin 13 sin (wt +
Nr

W11 = a sinpcos (wt + (3 a) + a cos f3sin(wt + (3)
N-2 Nr2

and leaving the second quarter wave plate we have

W
12 r2

a cos pcos (wt + p - a) + a-- sin psin (wt + (3)
N-2

W
13 -2

a sin p sin (wt + (3 -a) + a cos p cos (wt + (3)
N-2

If the analyzer is perpendicular to the polarizer the light leaving the

analyzer is given by
a

W
14 2

= a sin °2- sin (wt + 2P - -2-)

and the intensity is given by

For extinction

2 2a
I = 2a sin 2

a = 2N-n-
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Thus extinction is only a function of retardation and not a function of

the stress directions; we have eliminated the isoclinics.

In the manner described above, a circular polariscope can ob-

tain the integral fringe orders. We can obtain the half order fringes

(1/ 2, 3/ 2, 5/ 2, etc. ) by rotating the analyzer 900. In other words,

if the axes of the polarizer and the analyzer are parallel the condition

for extinction is

1a = 2(N
2

) Tr

If the point in the model has a fringe order which is not an inte-

gral multiple of 1/ 2 we must have additional methods to establish

the exact fringe order. Two such methods have been used in the data

reduction in this report, and will now be described: the constant field

linear compensator and the Tardy compensation method,

Constant Field Linear Compensator

As shown in Figure 7, the constant field linear compensator con-

sists of two birefringent wedges, one stationary and one movable, both

exhibiting the same gradient, but of opposite signs. By moving I with

respect to II in Figure 7 the thickness and thus the birefringence can be

adjusted. The compensator axes (x, y) must be aligned with directions

of principal stress. The procedure is to determine the direction of

principal stresses with a plane polariscope and then switching to a
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circular polariscope. The compensator is placed such that its axes

are aligned with the principal stress directions in the model. If

0- - 0 > 0 then the compensator's birefringence will add to that of the
x y

model; if 0 - 0 < 0 then the compensator's birefringence will sub-
x y

tract from that of the model.

Shear Difference Method

Suppose that in Figure 8 OX is a line in a model along which it

is desired to calculate the normal and tangential stresses; OY is the

axis at right angles to OX. Then it can be shown from an equation of

equilibrium that
N

aT
0- = xy dx
xN x0 ay

0

where 0-
0 N

and 0 are the stresses at 0 and N respectively,
x x

parallel to the X-axis and T is the shearing stress parallel to this
xy

axis at any point.

It is clear that this equation can be dealt with by a step-by-step

integration process, provided that aT /ay, i, e, the rate of change of
xy

T in the Y-direction, can be calculated from the photoelastic data.
xy

This can be done approximately by calculating T at points along the
xy

auxiliary lines AE and BF, which are parallel to OX and distant Ay/2

on either side of it, from the expression
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T = 1 (6 g )sin 20xy 2 p q

whe e 0 is the angle measurA. clockwi6e between the normal to OX,

and the maximum principal stress 0". Then at a typical point on ON

(T ) (Txy xy C xy ) D

a y Ay Ay

where C and D are the corresponding points on AE and BF.

In carrying out the calculations it is convenient to plot curves of

(g - C-) and 0 across the auxiliary lines from the fringe pattern and

isoclinics; from these, T across the lines may be calculated and
xy

subtracted graphically to give AT . If Ex and Ay are made equal,
xy

Ax /Ay = 1 in the equation with consequent saving in arithmetic. Start-

ing from point 0, where g is known, this stress is calculated by

summing AT from point to point.
xy

The normal stress across the section is obtained now from the

relation

= U ± 6 ) 2 4 T
2

xy

The plus before the quantity under the square root sign is used if CT

is algebraically greater than 0-, and vice versa. The normal stress,

0-, is greater than g at any point if the direction of the major prin-
t'

cipal stress, 0-, makes an angle of less than 45o with U, The signs

of e, Ax, Ay, and AT must conform to the convention of Figure 9 and
xy
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considerable care is necessary to avoid errors due to wrong sign,

Ob''que Incidence Method

This method for the determination of the separate principal

stresses is of particular interest as it is a purely optical procedure

using only the normal photoelastic polariscope and a device which per-

mits the rotation of the model about an axis in its own plane.

It will be recalled that the relative path retardation at any point

in a model is given by

r = C(0 0- )d
P q

or alternatively, the fringe order is
(0 - 0- ) d

P qn =
f

where f is the stress necessary to produce a first-order fringe in a

plate 1 inch thick. If we put

0- d 0- d
-2 and n2

then

n = n1 n2

Suppose that the model is rotated through an angle 0 about an

axis parallel to the direction of the principal stress 0-, as indicated

in Figure 10, the principal stresses in the plane perpendicular to the
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direction of the light beam will then be 0- and 0- cos
2e and the light

p p

travels through a thickness d/cos e. The fringe order observed under

this condition will then be

Since

we obtain

6 - 0- cos 20

P q h
n

0 f cos e )

n1 n2 cos 20

n1 -

n2

cos 0

n = n1 - n

cos 0 (n
0

- n cos e)

sin20

n cos e n

2sin 0

6 and 0- can then be found from the relations 0- = nlf/d and 0- =-

ID q p q

n
2
f/d. If the model is rotated about the axis of the principal stress

0- , corresponding relationships are obtained, namely,
q

n1 = n n' cos 0

cos 0 (n cos 0 n' )
n2

sin20

where n' is the observed fringe order for oblique incidence. This

provides a convenient method for the determination of the separate
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principal stresses. It is most easily used in conjunction with frozen

stresses since this avoids the complications which may arise if the

loading gear has to be rotated with the model. There will also be

some limitation of the method where the fringe spacing is close in rela-

tion to the thickness of the model.

Tardy Compensation

The whole system of polarizer, analyzer, and quarter-wave

plates is rotated until the axes of the polarizer and the analyzer are

parallel to the directions of the principal stresses at the point of inter-

est. The fringe orders on both sides of the point are established.

Rotate the analyzer clockwise until a fringe comes over the point and

read the angle, c4

If a lower order fringe moves to the point, then N = M +
180

but if a higher order fringe moves to the point then N = M 180

where N is the exact fringe order and M is the value of the moving

fringe.

Stress Freezing

One of the most useful photoelastic techniques is that of stress

freezing or locking in the stresses. The technique is used to produce

a permanent fringe pattern in the model, even after the removal of the

loads. Once the pattern is frozen, the model can be cut into pieces
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without disturbing the fringe pattern in the various parts.

The so-called multiphase theory of plastics is adequate for des-

cribing the phenomenon of stress freezing according to Kuske (1962).

Consider the material as consisting of several materials or phases,

each of which has a different softening temperature, The elastic

material, or phase, is thought of as a frame and not very temperature

sensitive. The plastic phase is thought of as a filler for the frame,

and is quite temperature sensitive near the transition temperature be-

tween the glassy and the rubbery phases,

If the model is loaded at a relatively low temperature and then

subjected to a thermal cycle the deformations of the elastic phase will

be locked in by the plastic phase. As the temperature increases, the

load which was originally shared by the elastic and plastic phases is

transferred to the elastic phase because of the softening of the plastic

phase. Consequently, the deformations are larger at the higher temp-

eratures than at the low ones, It should be noted here that Kuske

states that chemists question the multiphase nature of plastics. Thus

it is felt that this theory is only a description of the stress freezing

phenomenon and should not be taken as a mechanism of the phenomenon.

In the freezing method, a model which is loaded at a high temper-

ature will remain deformed after cooling because the elastic phase is

kept in its state of deformation by the plastic phase which has changed

its shape to coincide with that of the elastic phase. In addition to
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locking in the deformations it has been found that the fringe pattern is

also locked in, and remains even after the load has been removed.

Although the fringe pattern is frozen into the model, it is quite difficult

to establish the three dimensional stress pattern by photoelastic tech-

niques alone.

Stress freezing techniques have been used to study three dimen-

sional stress distributions, and to study dynamic stresses due to rota-

tion (Frocht, 1941).
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IV. NON-LINEAR PHOTOMECHANICS

The study of optical mechanical relations to describe non-Hook -

can materials is known by several names: elastic-plastic photoelastic-

ity, photoviscoelasticity, and photoplasticity. The latter name is used

in this report.

As in photoelasticity, the photoplastic relationships between the

birefringence and the loads and deformations which cause the bire-

fringence are based on empirical evidence rather than theoretical pre-

dictions. The experimental data available in a birefringent material

includes the applied loads, the observed deformations, the isoclinics,

and the isochromatics. The resulting relationship between the loads

and the deformations is known as the constitutive equation and is differ

ent for each material. The relation between the loads and the deforma-

tions, and the optical properties is known as the optical-mechanical

relationship. Once these two relations are known, the stress and strain

fields can be determined from optical data alone.

In non-linear photomechanics there is no simple optical-mechan-

ical relationship because the stress is not uniquely determined by the

strain, but depends upon the loading history. Thus we must begin by

assuming that the birefringence is some non-linear function of both

stress and the strain. The first problem to be solved by photoplasticity

is the determination of the optical-mechanical "law" which applies to
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the particular circumstances.

At the present time the work in photoplasticity is concentrated

in three main areas: Birefringent Coatings; Mathematical Models;

and Experimental Observations,

The study of elastic-plastic deformations on the surface of actual

structural elements which have been loaded beyond the elastic range

has been studied in detail by using birefringent coatings (See for ex-

ample, Dixon, 1962). This method is very good, and perhaps the best

method of studying the two dimensional case. A large amount of work

has been done concerning the redistribution of stresses near areas of

high stress concentration. The main advantage of this method is that

while the model material is stressed beyond its elastic limit,

the birefringent material is not, and the usual photoelastic techniques

can be employed. The main disadvantage of this method is that it is

restricted to surface strains°

The theoretical studies such as those of R. Do Mind lin (1949)

and E, H. Dill (1964) study the relationships between the index of re-

fraction, stress, and strain. These studies are very interesting, how-

ever, there are some restrictions which are too severe for some

engineering applications, such as linear viscoelasticity or no flow in

the material.

Included in the theoretical studies is the general theory of linear

viscoelasticity, as discussed in Chapter IL While it is not concerned
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with birefringence, it is the basis of the mechanical properties of

photoplastic materials in the most theoretical studies.

The majority of the work in photoplasticity has been concerned

with experimental observation. The experiments have been conducted

on many materials and include the following tests:

A. Creep Tests

B. Stress Relaxation Tests

C. Constant Strain Rate Tests

D. Stepwise Loading Tests

E. Cyclic Strain Tests

Generally the tests are of the following form. A loading scheme

is established so that each specimen will have the same history. In

this manner the stress is unique to the strain because the load history

is known exactly. Next, the tests are conducted and the fringe order

is observed as a function of the variables° These tests are conducted

in order to develop an optical-mechanical relation which can later be

applied to more general problems.

The tests mentioned above are almost self explanatory, so their

description will be brief. In creep tests the fringe order and the elon-

gation, due to a constant load, are measured as a function of time.

In stress relaxation tests the fringe order and the stress, due to a

constant deformation, are measured as a function of time. In the con-

stant strain-rate tests the stress, strain, and the fringe order are
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measured as a function of time, In the stepwise loading tests the

model is loaded in increments, If the material behaves linearly and if

the data are recorded at particular times after adding or removing an

increment of load the data can be used for the linear portion of the

stress-strain-birefringence relationship. In the cyclic strain tests

the fringe order and the stresses are recorded as a function of time in

order to establish magnitudes and phase angles in relation to the peri-

odic strain. This type of test is also used to study wave propagation

in birefringent materials.

In general, the above tests are concerned with the time effects,

e, an optical-mechanical-time relation. These tests can produce

much information concerning the behavior of the material being studied,

The methods developed will be useful in studying two dimensional

stress distributions, However, there are two problems which could be

overcome if a stress freezing technique could be developed.

1. The fringes move with time. Thomson and Frocht (1961)

indicate that during their tests the isoclinics and isochro-

matics moved too rapidly to make accurate measurements.

It would seem that this problem could also be overcome by

proper photographic techniques,

2, Three dimensional stress distributions can not be studied.
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The investigators using the above techniques have attempted to

solve some simple two dimensional problems, however photoplastic

techniques have not been applied to practical engineering problems. At

the present time photoplasticity is concerned with phenomenological

investigations.

In the next few paragraphs the past uses of polycarbonate in

photoplasticity will be discussed,

Gurtman, Jenkins, and Tung (1965) studied polycarbonate as a

possible photoplastic material. They studied uniaxial and biaxial

stress fields at room temperature. They found that the birefringence

was a linear function of the principal strain difference for vanishingly

small strain rates and that the isoclinics were found to align them-

selves with the principal stress directions. The tests were creep,

stress relaxation, constant strain rate, and constant load rate, and

perforated plate tests.

Hunter and Schwartz (1966) studied, experimentally, the stress

distribution in the vicinity of simulated cracks. The study utilized

the frozen stress and creep characteristics of polycarbonate and epoxy.

During the study, the two polymers were subjected to various thermal

cycles, the maximum temperat Lres of which were significantly below

the critical temperature., For each material an effective stress-strain

curve and a fringe order vs, strain curve were developed. The epoxy

was then used to study the simulated cracks,
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Cloud (1968) studied the optical creep properties and the stress-

strain-birefringence characteristics of polycarbonate. Also investi-

gated was the elimination of residual stresses by annealing. Cloud

obtained a linear stress-fringe order relationship by using infrared

radiation.

Brinson (1970) used polycarbonate to study plastic-zone sizes and

displacement of cracks. His report is not of much interest to us and

is included only for completeness.

Photoplastic Stress Freezing

At the present time, most of the techniques of photoelasticity

have been extended or studied in the range of stresses beyond the

elastic limit. However, one important technique has not received

much attention - stress freezing. The only other report which deals

with stress freezing is the report by Hunter and Schwarz (1966), It is

felt that the reason that stress freezing has received so little attention

is that in addition to all the difficulties associated with non-Hookean

behavior there is the problem of the temperature cycle. The princi-

ple behind photoplastic stress freezing is as follows.

If the model is loaded and then subjected to a thermal cycle

creep will occur. Utilizing this creep feature results in an effective

stress-strain curve that has non-linear characteristics. The effective

stress-strain curve refers to the relation between the applied stress
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and the frozen deformation. Note that the amount of strain depends

not only on the stress, but also on the temperature and the duration of

the thermal cycle. Thus for each effective stress-strain curve a

temperature and a time duration must be specified. If a simple tensile

specimen experiences a given stress level, g, at room temperature

and then is subjected to the thermal cycle while under load, the result-

ing strain is composed of the elastic strain at maximum temperature

and the strain resulting from creep which takes place during the thermal

cycle. For successive tests with 61 > (-1
2

> (T
3

the resulting strains

El > E
2

> E3 are frozen into the material. Note that they are unique,

e. for each stress there is a strain. Also corresponding to a stress

strain point is a fringe order. Thus we have an effective, non-linear,

optical-mechanical relationship which relates stress, strain, and

birefringence for a certain temperature and time duration.

In regard to the isoclinic parameters, Frocht and Thomson

(1958) have shown in celluloid that for all practical purposes the iso-

clinic parameters give the directions of the principal stresses when

there is no unloading. This result has been used in this report.

The experiments described herein consist of tensile specimens

which have been loaded to various stress levels, and subjected to a

thermal cycle. During the cycle the specimen crept. At the comple-

tion of the tests the strain and the fringe order were established, thus

providing information to construct a stress, strain, birefringence
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relationship. Also during the tests enough length-time data was

obtained so that the degree could be established to which polycarbon-

ate resembles a linear viscoelastic material.
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V. TEST PROCEDURE AND EQUIPMENT

As was mentioned above, when the stress is above the elastic

limit it is not a unique function of strain, In order to avoid this prob-

lem the specimens were all loaded in the same manner with no unload-

ing. Thus the birefringence can be made a function of stress only, or

of strain only. Another reason for loading the specimens in this man-

ner is that Frocht and Thomson (1958) state that if there is no unloading

the isoclinics give the directions of the principal stresses.

The tests were basically dead weight creep tests conducted at

various values of ambient temperature. The length of the model was

measured periodically to obtain data for strain-time curves. The

specimens were allowed to creep for up to 24 hours, The relationship

between the applied dead load and final strain after 24 hours is called

the "effective stress-strain curve". The fringe orders were obtained

with a polariscope in order to establish an optical-mechanical relation-

ship. Finally, the strain-time data was used to find a least squares

fit to the theoretical creep equation from Table II. These computa-

tions were done on the 0. S. U, computer. The specific test procedure

for the creep tests was as follows:

A. The model was machined from 1/16 inch polycarbonate.

13. The model was measured and marked for later measurements.
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C. The model was placed in the oven, loaded, and the heater was

turned on. This procedure gave a constant temperature test

except for a short start-up time, on the order of 90 minutes,

D. Periodically the positions of the marks on the model were

measured with a cathometer. Initially the intervals were

about 15 minutes, however by the end of a typical test the

intervals were on the order of 6 to 10 hours, This was due

to the exponential character of the creep,

E. The model was removed from the oven, cooled in approxi-

mately 30 minutes, and remeasured.

F. The fringe order was established at the points of interest

with a polariscope, and constant field linear compensator,

the Tardy compensation method, and a monochromator.

The major pieces of equipment used during the tests will be

described in the following paragraphs.

Cathometer. This is essentially a horizontal telescope which

can be moved along a vertical rod. The rod and the telescope both

have leveling screws to position the instrument. The rod has a

scale graduated to 0. 05 mm and it has a venier, Thus the height of the
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telescope along the rod can be determined within 0, 001 mm.

Oven. The oven used to vary the test temperature was manu-

factured by the Blue-M Company. This oven was designed for photo-

elasticity and has several features which facilitated the tests. One is

a glass window in the door. This allowed the specimens to be observed

and measured with the cathometer, The oven also has a variable

temperature control. The temperature can be either held constant at

a predetermined level, or it can be varied as a function of time. Dur-

ing the tests described herein the temperature was held constant.

There is a temperature recording device on the oven.

Polariscope. The polariscope used in these tests was manufact-

ured by Photolastic Inc., It is the model 051. The instrument has

some features which make it very useful for the type of work done in

this project. The model is located in a collimated light beam, and is

perpendicular to the light path. The image of the model and its fringe

pattern are enlarged 10x and projected onto a frosted glass screen.

The model can be moved vertically for accurate focusing. Also the

table can be moved in the horizontal plane. The polarizer and the

analyzer are a self-contained measurement system. They are mechan-

ically coupled with the quarter wave plates following the position during

isoclinic explorations. The analyzer is independently rotatable, andits

position relative to the polarizer can be measured to the nearest degree,
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Monochromator. This is a narrow band interferential filter,

with a wavelength matching the tint of passage observed in white light,

for increasing the contrast of the higher order fringes. These fringes,

over the fourth order, are generally washed out if white light is used.

With the monochromator, fringe orders up to about twenty can be dis-

tinguished, if they are sufficiently separated. The filter was manu-

factured by Photolastic Inc., and is their model 057.
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VI. RESULTS

The tests were conducted in order to establish if polycarbonate

was a linear viscoelastic material; or if it is not, to determine the

feasibility of photoplastic stress freezing. Secondary objectives were

the evaluation of the constants in the creep equation, evaluation of the

Time-Temperature Equivalence Principle, determination of effective

frozen stress strain curves, and the determination of the frozen optical-

mechanical relations. Figure 11 shows the stresses and the tempera-

tures at which the tests were conducted. This was the region in which

it was convenient to conduct the tests. Also, at room temperatures,

stresses less than 2000 psi are recommened by the manufacturer of

the polycarbonate. The deformations were large enough to be accur-

ately measured, but yet the specimens did not fail by creep.

The creep curves indicated that polycarbonate resembles a four

parameter fluid. This mathematical model was compared to the ex-

perimental data. For computational purposes the creep curve given in

Table II for a four parameter fluid was simplified to

E = Al + A2 t A3 EXP(-A
4

t)

The constants Al' A2, A3, and A4 (also referred to as parameter

1, parameter 2, parameter 3, and parameter 4) were computed from

the data by the method of least squares.

Appendix I has all of the raw data including the deformation time

data, the frozen fringes, and the constants in the least squares curve.
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Figures 12, 13, and 14 show experimental creep curves, and the

least squares fits for the loads and temperature of 1232 psi, 128 oC;

1600 psi, 134°C; and 2000 psi, 134°C.

Figure 12 shows that even though there is considerable scatter

of the points, they seem to fall along the general trend of the theoreti-

cal curve. That is, there is a rapid rise and then a slower "steady

state" creep. The scatter is almost certainly due to operation of the

cathometer. The error in strain can be quite large, even if the read-

ing of the cathometer is only off by a small percentage. Also shown

in Figure 12 is the least squares fit of the data to the theoretical curve.

Note that for the most part, the curves are quite close together.

Figure 13 shows data for a higher stress and a higher tempera-

ture in Figure 12. In this case the data was significantly less scatter-

ed than in Figure 12, It is felt that this shows the effect of experience

on the part of the operator. The facts that the curve has little scatter

and is so close to the least squares curve are felt to be sufficient to

state that the creep of polycarbonate can be described by the four ele-

ment viscoelastic fluid.

Figure 14 shows much the same information as Figure 13, but

the stress is 25% higher,

Figures 15 to 22 show the variation of the four parameters in

the creep equation with stress and temperature.
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Figure 15 shows that parameter 1 increases with stress. Figure

16 shows that parameter 1 tends to increase with temperature. Fig-

ures 17 and 18 show that parameter 2 increases with both stress and

temperature. Parameter 2 is often referred to as the creep rate.

Figures 19 and 20 show that parameter 3 increases with both

stress and temperature. As would be expected, parameter 3 behaves

similarly to parameter 1..

Figure 21 shows parameter 4 as a function of stress. The data

appears to have a minimum near 1400 psi. Figure 22 shows parameter

4 as a function of temperature. The parameter decreases with temper-

ature. Parameter 4 is the reciprocal of the exponential time constant.

Thus the time constant, and the total rise time, increases with stress

and temperature.

Figure 23 shows the number of frozen fringes as a function of the

stress after 24 hours. The number of fringes increases linearly with

the strain. In general, 13 to 16 fringes is the maximum which can be

resolved in the polariscope. Above this value the fringes either wash

out or else the surface defects have a pronounced effect on the fringe

patterns.

Figure 25 shows the strain after 24 hours as a function of temper-

ature. The figure shows that the strain increases with temperature

but not linearly,
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There are two additional observations concerning the models and

the tests. The tests at higher stresses and temperatures resulted in

the crazing of the tensile specimens. These surface cracks appear to

penetrate up to a quarter of the model thickness. The cracks appear

to be more or less perpendicular to the largest principal stress. Also,

at the higher temperatures and stresses any dirt on the surface would

cause the surface to become irregular and even affect the fringe

pattern.
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VII. DISCUSSION

One of the most int,.-refing results of these tests was that the

individual creep tests can be described by a four element viscoelastic

model quite well. Figures 12, 13, and 14 show experimental data

which is well approximated by the least squares curves. It is felt that

the scatter which has been observed in the data is due mostly to oper-

ator error on the cathometer. There are two reasons for this feeling:

first, the errors with the cathometer certainly could cause the observ-

ed scatter, and second, the initial tests appear to have more scatter

than the latter tests.

While the individual creep tests did behave like the linear visco-

elastic equations, the relations between different temperatures and

different stresses did not appear to follow the theory too well, First,

let us consider the effect of stress. If the material were linearly

viscoelastic, then the effective stress-strain curves (Figure 23) would

be straight lines with different slopes for different temperatures. One

of the definitions of a linear material is E(0-
+0- )

E + Eg

1 2 1 2

Figures 15, 17, and 19 show the effect of stress on parameters

1,2, and 3 respectively. All three of these parameters behave in the

same way: as the stress increases to about 1100 psi the rates of change

of the parameters are rather small, above that stress the rates are

larger. Since these parameters appear as coefficients in the deformation
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equation it would seem reasonable that the strain would behave in a

similar manner. Examination of Figure 23 shows that this is the case.

The only parameter not yet discussed in relation to stress is

parameter 4. The relation between this parameter and stress is

shown in Figure 21. This interesting figure indicates that possibly

there is a minimum near 1300 psi. This is a surprising result to the

writer because there is no property or combination of properties that

are known to peak out in this manner. Also there is nothing in the

literature to indicate that this parameter would be dependent upon

stress.

Now let us consider the effects of temperature. Intuitively it

would seem that the higher the temperature, the more the model

would flow. This is the case as shown by Figure 23, the effective

stress-strain curves, The effects on the parameters 1,2, and 3 of

temperature are shown in Figures 16, 18, and 20. It can be seen that

each of these parameters increases with increasing temperature,

Since these parameters are coefficients in the deformation curve, and

we know that creep increases with temperature, it is not surprising

that the parameters behave as they do, However, Alfrey and Gurnee

(1962) indicate that the creep will be inversely proportional to the

temperature.

Figures 26 and 27 show strain as a function of log time. These

figures have been drawn in order that polycarbonate might be compared
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to the curves of a four parameter fluid for which the time-temperature

equivalence principle hold. Comparing Figures 26 and 27 to Figure 1,

it can be seen that the time-temperature equivalence principle does not

hold for polycarbonate. Consequently polycarbonate is not a thermo-

rheologically simple material. Thus it is felt that the Time-Tempera-

ture Equivalence Principle applies only generally to polycarbonate.

About as specific as we can get is to say that a long duration test at a

relatively low temperature may produce as much distortion as a short

duration, higher temperature test. It must be noted that the shapes of

the test curves could be quite different.

In order to compare the effective stress-strain curves to those

of other materials it is advantageous to represent the curves in the

manner of Ramberg and Osgood (1943). They developed a three para-

meter equation which adequately describes some metals. The three

parameters are Young's modulus, E, and two secant yield stresses;

S1, corresponding to a modulus of 0, 7E and the other, S2, corre-
3S1 10- IN where

11
sponding to O. 85E, Their equation is: E + 7E CS-

N =N(S1, S2) is found from S1, S2. and Figure 10 of their report.

The computation of the constants is given in the following example

for the data generated by the tests described in this report. It should

be noted that the data was fit by hand, it was felt that not enough additional

accuracy could be obtained by a least squares fit to warrant a computer
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program for the computation. Figure 28 shows the comparison of the

computed Ramberg-Osgood equation to the experimental data for

134 °C.

The effect of using the constants E and SI in the equation is

to normalize the curves for comparison to other materials. The effect

of the exponent N(S1, S2) is to define the shape of the curve. In their

report Ramberg and Osgood use an N=6.72 for a full-hard Cr-Ni

steel, Since the exponent used for our data is 6, 85 the data given

approximately the same shaped curve as the metal.

Several investigators of photoplasticity have used the Ramberg-

Osgood equation, for example, Thomson and Frocht (1961) and Monch

and Loreck (1961), It is interesting to note a small deviation by the

above investigators from the original report. As mentioned above,

Ramberg and Osgood used E, S and S2 as the three parameters to

describe the stress-strain curve. The exponent was computed from

S1 and S2. The later investigators have used E, S1, and N as the

three parameters, with no mention of S2.

Gurtman, et al. (1965) obtained a linear strain birefringence

relationship for polycarbonate loaded under constant strain-rate.

Hunter and Schwartz obtained a linear strain birefringent relationship

for some test conditions.

The linearity of the birefringence-strain curve of Figure 24 is

not too surprising. As was mentioned in the section on the optical
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mechanical law, with the test conditions used in this investigation we could

expect a non-linear stress-optic law or strain-optic law. As it turns

out we have a linear strain-optic relationship, and of course a non-

linear stress-optic law.

Just as each material has its own constitutive equation, perhaps

each material and each set of test conditions have their own optical-

mechanical law.
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VIII. CONCLUSIONS

The tests described in his report wire creep tests of polycar-

bonate at various dead loads and ambient temperatures. The lengths

of the models were measured periodically. After the creep tests were

completed the creep curves were compared to theoretical predictions

and measured. The following conclusions were drawn from the thesis.

1. Individual creep tests can be described by the four element

viscoelastic fluid.

2. The strain is not directly proportional to stress, thus poly-

carbonate is not a linear viscoelastic material under the test

conditions used.

3. The Time-Temperature Equivalence Principle does not hold

for these tests,

4. The effective stress strain curve can be represented by a

three parameter Ramberg-Osgood Equation, and has nearly

the same exponent as some full hard Cr-Ni steel alloys,

5. The optical mechanical law for the stress frozen models is

a linear strain-birefringence relationship.

6. It appears that photoplastic stress freezing may be feasible

using polycarbonate as a model material.
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Log Time

Figure 1. Time-temperature equivalence principle creep of a 4-parameter
fluid.
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Figure 2. Index of refraction ellipsoid.
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Figure 25. Strain after 1400 min as a function of temperature.
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APPENDIX I

TEST DATA

TEST 1
STRESS = 1232 psi

TEMPERATURE = 104°C

ELAPSED TIME (MIN) LENGTH (mm) STRAIN

0 38. 42 0

15 38. 61 0. 00496

30 38. 60 0. 00469

45 38. 64 0. 00573

75 38. 60 0. 00469

110 38. 60 0. 00469

150 38. 61 0. 00496

285 38.73 0. 00807

1185 38. 61 0. 00496

NUMBER OF FROZEN FRINGES = 3. 5

Al 5.= 5 54015004(10) -3

A
2

= - 1. 32457063(10)-7

A
3

= 5. 535504470(10)-3

A = 1. 453109670(10)
-1

4

COMPUTED STRAIN AT 1400MIN = 0. 00535
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TEST 2
STRESS = 1232 psi

TEMPERATURE = 128°C

ELAPSED TIME (MIN)

0

5

10

20

LENGTH (mm)

39. 00

39. 03

39. 12

39. 61

STRAIN

0

0. 00077

O. 00310

O. 01570

23 39.51 O. 01310

25 39. 61 0. 01570

40 39. 61 O. 01570

60 39. 66 O. 01690

105 39.73 O. 01870

150 39.93 0.02460

185 39. 80 0. 02050

187 39. 85 O. 02180

855 40. 04 0. 02690

945 40. 00 O. 02570

NUMBER OF FROZEN FRINGES 7. 13

Al = 2.001169430(10) -2

A2 = 7. 03598566(10)6

A
3

= 2.194475501(10)-2

A
4

= 4.835084610(10)-2

COMPUTER STRAIN AT 1400 MIN = 0. 02986
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TEST 3
STRESS = 1232 psi

TEMPERATURE = 134°C

ELAPSED TIME (MIN)

0

15

33

LENGTH (mm)

38. 60

39. 04

39. 42

STRAIN

0

0. 0093

0, 0191

45 39. 46 O. 0215

60 39. 40 O. 0186

80 39. 65 0, 0251

115 39. 65 O. 0251

190 39.73 0. 0368

345 39. 90 O. 0425

1245 41, 14 0. 0636

1335 40. 27 O. 0411

NUMBER OF FROZEN FRINGES = 9. 5

Al = 4. 0185823(10) -2

A
2

= 9. 05106635(10)
-6

A
3

= 3. 65742636(10)-2

A
4

= 1. 02236998(10)

COMPUTED STRAIN AT 1400 MIN 0, 05286

-2
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TEST 4
STRESS = 1600 psi

TEMPERATURE = 104°C

ELAPSED TIME (MIN)

0

LENGTH (mm)

37.56

STRAIN

0

15 37. 96 O. 0110

30 37. 95 O. 0104

45 37. 91 0. 0090

75 37. 93 0. 00986

110 37. 90 0. 00905

150 37. 95 0. 0104

285 37. 98 0. 0112

1185 37. 98 0. 0112

NUMBER OF FROZEN FRINGES = 4. 0

Al = 1. 0303804(10)-2

A
2

= 7. 29590489(10)

A
3

= 1. 2.(10)-2

A4 = 5. 0(10) -1

-7

COMPUTED STRAIN AT 1400 MIN = 0. 01133
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TEST 5
STRESS = 1600 psi

TEMPERATURE = 128°C

ELAPSED TIME (MIN)

0

5

10

LENGTH (mm)

40, 24

40, 40

40.53

STRAIN

0

0. 00397

0. 00719

20 40, 73 O. 01205

23 40, 64 0, 00994

25 40, 99 O. 0186

40 41. 04 0. 01985

60 40. 91 O. 0166

105 41. 31 0, 0266

150 41, 17 O. 0231

185 40. 99 0, 0186

187 41. 14 O. 0224

855 41.76 0. 0378

945 41.71 0. 0365

NUMBER OF FROZEN FRINGES = 9. 5

Al = 1. 95187245(10)2

A2 = 1. 92499190(10) -5

A
3

= 1. 99708767(10) -2

A
4

= 5. 07925678(10)-2

COMPUTED STRAIN AT 1400 MIN = 0. 04647
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TEST 6
STRESS = 1600 psi

TEMPERATURE = 134°C

ELAPSED TIME (MIN)

0

15

LENGTH (mm)

38. 02

38, 77

STRAIN

0

O. 01945

33 39, 37 0, 0353

45 39.7 3 0, 0447

60 39. 91 0. 0494

80 40, 09 0, 0542

115 40, 35 0. 061

190 40. 57 0, 0668

345 40, 77 0. 07 21

1245 41, 73 0. 0974

NUMBER OF FROZEN FRINGES = MORE THAN 15

Al 6,= 6 1555347(10)-2

A = 2, 889 230120(10) 5

2
-

A = 6. 15 2701901(10)
2

3

A
4

= 2. 50316235.(10)
-2

COMPUTED STRAIN AT 1400 MIN = 0. 1020
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TEST 7
STRESS =- 1540 psi

TEMPERATURE = 134°C

ELAPSED TIME (MIN)

0

15

LENGTH (mm)

37. 20

37. 42

STRAIN

0

O. 00592

37 38. 13 0. 025

70 38. 39 0. 0312

140 38. 65 0. 039

210 38. 79 0. 0428

250 38. 93 0. 0456

395 39. 14 0. 05 21

490 39. 13 O. 0519

625 39. 34 O. 0576

630 39. 42 0. 0596

1390 39. 69 0. 0669

NUMBER OF FROZEN FRINGES = MORE THAN 14

Al = 4, 33900598(10)
-2

A
2

= 1. 86529516(10) -5

A
3

= 4, 37974662(10)-2

A
4

= 1, 64164970(10)2

COMPUTED STRAIN AT 1400 MIN = 0. 0695
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TEST 8
STRESS = 832 psi

TEMPERATURE = 134C

ELAPSED TIME (MIN)

0

15

LENGTH (mm)

36. 31

36, 64

STRAIN

0

0. 00908

33 36.79 O. 01295

45 36. 87 O. 01541

60 36.90 O. 01625

80 37, 00 O. 019

115 36.90 0.01625

190 37. 07 0. 02095

345 37. 20 0. 0 245

1245 37. 27 0. 2645

1335 37. 23 0. 02535

NUMBER OF FROZEN FRINGES = 6

Al = 1. 97 266202.(10)

A
2

= 4. 988091161(10)-6

- 2

A
3

= 1. 90184703.(10)

A4 = 3. 0585 2532.(10)

- 2

- 2

COMPUTED STRAIN AT 1400 MIN = 0. 02671
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TEST 9
STRESS = 2000 psi

TEMPERATURE = 134 C

ELAPSED TIME (MIN)

0

15

LENGTH (mm)

35, 76

36. 31

STRAIN

0

O. 01535

37 38. 05 0, 064

70 38. 88 0. 0873

140 39.78 0, 1122

210 40, 57 0. 1345

250 40, 73 0. 1391

395 41. 5 0 0. 1605

490 42, 08 0. 1765

625 42. 64 0, 1921

630 42.61 0, 1915

1390 44. 94 0. 2565

NUMBER OF FROZEN FRINGES = MORE THAN 14

Al = 1. 23877 294.(10)
-1

A
2

= 9. 86965 27 2.(10)

A
3

= 1. 24529050(10)

-5

A = 1, 386619 24.00)
-2

4

COMPUTED STRAIN AT 1400 MIN = 0, 2621
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TEST 10
STRESS = 1040 psi

TEMPERATURE = 134°C

ELAPSED TIME (MIN)

0

15

LENGTH (mm)

36.24

36. 61

STRAIN

0

0. 0102

37 36.73 O. 0135

70 36. 89 0. 0179 2

140 37. 13 0. 02458

210 37. 10 0. 02475

250 37. 08 O. 0 2318

395 37, 18 0. 0259

490 37, 20 0. 0265

625 37. 29 O. 0 290

630 37. 41 0. 0323

1390 37, 51 0. 0351

NUMBER OF FROZEN FRINGES = 8. 5

Al = 2. 26679507.(10)
-2

A
2

= 9. 66768020(10) -6

A
3

= 2. 1547 2466*(10)2

A
4

= 2.42182378(10)-2

COMPUTED STRAIN AT 1400 MIN = 0. 03620
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TEST 11
STRESS = 1162 psi

TEMPERATURE = 134 C

ELAPSED TIME (MIN)

0

30

65

LENGTH (mm)

50. 26

50. 87

51. 27

STRAIN

0

0, 0122

0. 0204

95 51. 35 O. 0217

125 51. 35 O. 0217

130 51, 41 O. 0229

132 51. 44 0. 0236

220 51.51 0. 0249

330 51, 61 0. 0269

400 51. 74 O. 0296

405 51, 66 O. 0280

407 51.7 2 0. 0290

485 51. 90 0. 0327

1200 52. 19 0. 0384

1430 52. 17 0. 0381

1435 5 2. 20 0. 0387

1440 5 2. 19 0. 0384

NUMBER OF FROZEN FRINGES = 9. 5
-2Al = 2. 425(10)
5

A
2

= 1. 032.(10)
-2A = 2.380(10)

3

A
4

= 2, 011405014(10)-2

COMPUTED STRAIN AT 1400 MIN = 0. 03870
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TEST 12
STRESS = 569 psi

TEMPERATURE = 134°C

ELAPSED TIME (MIN) LENGTH (mm)

0 42. 31

1 42. 41

29 42.75

STRAIN

0

0, 00204

0.0104

63 42. 80 0. 0116

108 42. 89 0. 0137

138 42. 79 O. 0114

139 42.91 O. 0142

142 42. 9 2 0.0144

181 42. 85 O. 0128

183 42.89 0.0137

313 42. 87 0. 0131

443 42. 88 O. 0135

1121 42. 88 0. 0135

1228 42. 88 0, 0135

1395 42. 88 O. 0135

NUMBER OF FROZEN FRINGES = 3. 8

Al = 1, 323(10)

A
2

2. 103(10)7
A

3
= 1. 234(10) -2

A
4

= 4.7424(10)2
COMPUTED STRAIN AT 1400 MIN = 0. 0135 2


