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ABSTRACT®

A préviously deve1oped photomechanic materiai, Laminac,
which excellently simulates the behavior of aluminum in
tension has been iﬁvéstigated intensively és a possible
modeling materiai for hot-rolled aluminum billets. Photo-

plasticity techniques combined with the Moiré method have

been used to study the behavior of the Laminac mixture in
-Acompressionu Photoplastic analysis revealed that a Laminac

mixture of 60% flexible and 40% rigid resins, compressed or

rolled at 40°C, showed the phenomenon of double buiging
which has been observed in hot-rolled aluminum billets..

The potentiality of the 60:40 Laminac mixture as a possible

Simulating material at 40°C is further enhanced by the. fact

that the true stress-true strain curves of cylindrical

Samples compreséed at 40°C correlated very well with true

stfessétruéAstrain of identical cylindrical samples of

aluminum compressed at 300°C, 425°C and 500°C..

= ' - ‘
USAEC Report IS-T-640. This work was performed under
contract W-7405-eng-82 with the Atomic Energy Commission.
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INTRODUCTION AND LITERATURE RFVIEW

During the last decade substantial experimental work has
been doné in order té detérmine how the variables inherent
to the material (composition, size, shape, structure) and the
variables inherent to the process (rate of strain, stress
system, lubrication and temperature) influence hot work-
ability in such operations as rolling, forging, pressing,
extrﬁsion and wire or bar drawing. Some of the inveétigaf
tions.invoived labbfatory simulations of commercial rolling,
extrusion, and’forgiﬁg'operations. The virtue of laboratory
simulations is that‘they incorporate fgctors, such as fric-
tion,iWhich are difficult to isolate and control‘by any. ex-
perimental method except a scaled down‘version of the actual
process. Other ihvestigations involved basic materials tests
such as_tension,'compression) torsion and bendiﬁg; these ha&e
the virtﬁe that variéblés such as strain rate and temperature
can be controlled, and the deformationé are more uniform and
easily measured. »These experimental étudies have improved
our understandingvof two characteristics,‘Stfength énd
ductility, that govern hét wofkability.

A'survey of theAliterature regarding hot-rolling re-.
vealed that a complete strain distribution has not been es-
tablished even for unidirectionally rolled billets (1).

Presumably this is a consequence of the fact that no'reliablg



method is available for establishing three dimensional strain
distributions associated with different sequences of rolling

or, for that matter, for most forming operations. A simu-

lafive material as well as an experimental technique with the
capability for providing three~dimeﬁsional strain distribu-
-tions is sorely needed. A thoroug£ understanding of the
three dimensional strain or stress distribution thaihed with
a modeling méterial could help solve some of thevproblems

encountered during hot rolling in commercial practice.
Mechanics Aspects

Most theories of rdlling are cbncerned with prediéting
the 1béd and torqué required by the rolling mill, and pos-
sibiy the lateral spread when plates having widﬁh to ﬁhick—
ness ratios larger th;h 6.or 10 are rolled. Furthermore,
pfacticaliy all theories have relied upon a number of bésic
assumptiong, e.g.: The metal beihg formed is a cbntinuous
isotropig medium; homogeneous’deformation; constant yield
stress during the pass;Acircular arc of cdntact;«mathematical
approximatiods; consﬁant cbefficienf of friction along the
arc of contact; plane strain by neglecting.lateral‘spread;
the Huber-Von Miseé condition 6f plasticity; slipping takes
pléce along the 1éngth.of the arc of contact} elastic‘com—
pression of the strip is negiigible; small contact angle and

constant speed of rolling. When rolling sections which have



‘width to thickness ratios less than 6, snch as is common in
hot rolling of ingots into billets, the theoretical pre- |
dictions becomeAunreliable and predictive‘work has to resort
to empirical formulas with limited ranges of application.

The most recent empirical_formulations are due to Ei—Kalay and
Sparling (2), Helmi and Alexander (3) and Beese (4).

The roiling process is complicated, by4manyjfactors, to
" the extent that it is not possible:to obtain a solution for
even the relatiVely simple problem of flat rolling and a
proved accurate, general solution is not yet known. - Two-
dimenSLOnal states of straln or stress have been described
analytlcaily for the rolling process using the aforementioned
assumptions'(i). 'Knowledge of threefdimensional strain or
stress states and how they vary‘with work piece geometry and
other process yariables will help improve existing theories
and'probabiy_wiil lead to the developmént of new theories
or accurate numerical methods such as the finite element
approach.

A variety of methods have been used by different in-
vestigators to gain information apout the strain distribution
within a body undergoing plastic deformation'during hot
rolling. Experimental techniques employed to obtain this
type of 1nformation typically involve the placement of grids
of one material into another model materiai. Tne compo51te

material is deformed, sectioned, and the displacements,



usually in only fwo‘dimensions, are measured. For example,
Averbéch (5) determined the diétribution of principal strainé
within é qast bar'of'tin by radiographing an embedded netf
work of lead containing squares approximately 2.1 mm wide
(144 network squares pef sq. iﬁ;) after a 20% rolling re;
duction. His results were computed from oﬁly two Qertiéal
sections where he was able to evaluate the longitudinal and
vertical sﬁrains directly from the radiographs. The lateral
strains were totaily neglected based on the fact that they -
were too.small for accurate measurement. Instead, he evalﬁ—
ated the lateral strains by invoking the constancy of volume
condition. This conditiép would have to be in error by 50%
to accounﬁ for the obsefved'lateralastrains;-however, devia-
tiqns of this magnitude were not observeé.. |

Orowan, (6) studied plastic fiow in rolling by part-
rolling widg slabs composed of altefnate layers of gray
~and whité‘piasticine‘betwéen unpélished wooden rolls. These
A'ébnditions established a coefficient of friclion greaﬁef
thanAone,Athereby providing for'¢ompiete sticking tq occur.
After the laminated plasficinevslabs wéré part-rolled, they
were withdraﬁn from the.rolls and split longitudihally at
the'éenter line'to reveal the strain distributiqn. Orowan
negiecte& observations which were not amenable to anaiysis
within the framework of the_mathematica; formulation of his‘

rolling theory. For example, the deformation which occurred



at the entry side oflthe mill where the material is squeezéd
backwards out of the roll gap could not be incorporated in -
-his analysis. Furthermore, hé aésumed a small angle pf con-
tact but obtained large angles of contact in his ekperimenp.
This led to considerable error in his célculations. An

analysis appropriate to lafge anglesAof contact needs to be
formulated. ‘Nevertheless, Orowan's theory of rolling seems

to stand as the best available.
Photoplastic Techniques

Photoelasticity is that branch of experimental stress
anaiysiS'Whiéh utilizes the phendmenon.exhibited by some
4transparent materials which are optically isotropic_when
free of étreés but become temporarily birefringent (i.e.,
they are temporarily doubly refractive) in the directions
of the principal‘strains or stresséé when loads are,applied
to them.‘ Mpdels made from such materials can therefore be
used to obtain informatipn regarding_tﬁejstress or strain
distributiqns in materials subjected to vario@s system of
loads (7, 8). When viewed in a field of polarized light,
the birefrinéence manifeéts itself as an optical inter-
ference pattern of light and dark bands called fringes which
may bé due to stress, strain, or a combination of the two,

depending on the model material being used.



There arise two 51multaneous sets of 1nterference frlnqes
which are generally called "isochromatics" and 1soc11n1cs.

It has been»established‘that in the region of .linear elastic
response the~isochromatics-are proportional‘to the in;plane
maximum shear Stresses'while the isoclinics give the in-

plane principal stressddirections.. The two sets of fringes

' can be separated by suitable arrangement of the optical ele-.
ments of the polarized light field or "polariscope. The_
quantitative relationship, which has been.shown to exist
between the'stress.and/or strain state and the optical effect,
provides a precise experimental meansbfor evaluating stress or
strain distribntions in extremely eomplicated two- or three-
dimen51onal configurations. The method of photoelast1c1ty ‘has
been applied to a Wide variety of englneering problems which
’proved‘difficult or impossible to solve by analytical means.
The methed often provides new insight'to difficult problems
leading to additional mathematical.development.

Experimental evidence:to‘date indicates that_the optical
effects produced by stress and/or . strain in transparent
materials exists for both elastlc and plastic deformations.
Hetenyi (9) used the results of tensile tests to study plastic
strains in a nylnn rnpnlymer. He-found that the 1sochromat1cs
could be related to the strain distribution in thlS material

Emphasis injhis.study was placed on thical indications of



yielding. Fried and Shohp (10) used polyethylené to study
the photoelastic effect in a region of 1arge deformation,
ahd found thatvthe optical'retardétion varied linearly with'
the principal strain-difference well beyond the'range of
linear stress strainvbehavior. Photoeiastic model pre-
dictions of strain distributions compared favorably with
those ptesént in an aluminum prototype. More recently Bfill
(11) selected polycérbonate as the model materiai for basic
-stﬁdies in‘one— and two-dimensional photoplasticity He
concluded that the blrefrlngence is a function only of the
pr1nc1pal strain dlfference and that the 1soc11nlc parameter
prov1ded a measure of ‘the principal strain directions. A
'tensilé speciﬁen_with'a central circular hole waslused and
the photoplastic results were oompared with test results
from metallic analogues. Good agreement was obtained.

_ .Recéntly Ohashi and Nishitani (12) determined the stress
state withinha plastically flowihg body ih plane strain hy
.aphoto-rheologicalnéthod. AThey rolled 6 mm thick celluloid
plates subjected to forward tension as well as rolling_torque.
They determined stfesses in two dimensions and showed the -
effect of the applied tension on their distribution, both
in the rolls and in the strip specimens. The method by which
they restricted the doformation of the strip to obtain plane
straih needs further investigation to evaluate the effeot of

the constraint on the strain distribution in the strip during



rolling. The experiment was carried out at only one tempera-
ture (65°C§. The variation of stress dist;ibution with
tehperature_also_needs.further investigation. Only one
work-piece geometry, where the 1ength is many times greater
than the breadth, has been accounted for in rolling ine
vestigations; . The application of the photo—rheological method
to billet rolling needs experimental proof. Finally, the
applicability of this experiment to metal rolling has mnot
been'demonstrated. U |

Extensive studies of celluloid as,a'photoplastic material
.for determining,factors of stress concentration and strain
distributions have been made by Fried (l3), Frocht and'Thomp-
son (14) Frocht and Cheng (15), and M&nch and Loreck (16).
Polycarbonate mater1a1 was flrst suggested by Ito (17) while
. Gurtman, ~Jenkins and Tung (18), . Brinson (19), and Whitfield
'-(20) have shown the appllcabillty of polycarbonate materlal
1nothe»study of elastofplastlc problems. Loreck (21) conducted
'studies of'thelmechanical and optical propertles of polyestcr
material to determine,its aéplicabillty,as a possible photo-
elastic material. Dally and Mulc'(22) recently made an in-
depth stndy of polycarbonate as a model mater1a1 for three-
dlmenslonal photo- plast1c1ty and establlshed the stra1n~opt1c
law relatlng the permanent plastlc.stralns to the observed
optlcal respone.

In all of these previous studles attempts were made to



apply the principles of photoelaéticity to studieéAof plastié
deformation in small zones,of‘a specimén in regions df hiéh
stress concentration (23). Design of such cbmponents4is
usually based on theor& of elasticity considérations.‘rA
major difficulty aiwéys encountered when attempting ﬁo
obtain stress or strain information by photoplastic'methods
is the selection of a model material wﬁich has stress-
strain characteristics that siﬁulate-the real méterial.
Several of the model materials mentioned previously were
satisfactory on the limited scales required by the problems
which wére solved. Since ﬁhese tests were usﬁally in two-
dimensions and involved only limited plastic deformations,'
.they do not appearlto provide much insight into the phenomena
associéted with groésAplastic deformation of the type en-
countered in forminé operations;

ReCently,.Mofriszénd Riley (24) develbped a pho;o-
mephanic material which appeared to be Qell suited for stuaies
beyond the elastic limit. The material, by trade name Laminac,
is available in both flexible (Laminac.EPX—126—3)‘ahd rigid
(Laminac 4116) polyester resins. A cast of.a 60:40 mixture
of flexible and rigid resins provided,a‘stress—strain curve
that exhibited little or no strain hardéning. From their
studies they found that this material satisfied the re-
quirements listed by Frochf and Thomson (14) for the transi-

tion from model to real material in plane elasto-plastic
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problems. Among'these reéuirements, three of which are well

understood, are:

a) model and real materials must have the same shape
of stress- strain curve

b) the law of yleldlng must be the same for both
materials

c) the value of Poisson's ratlo in the plastlc range
must be the same for both materials.

- The material must also meet the following requirements
which are listedvih the experimentel stress analysis
textbook by Dally and Riley (7): '
a) fvisible light transpareﬁcy
"b) isensft1v1ty to-either stress or strain, as inai—
cated by a low material fringe value in terms of
either stress, fd' or strain, f€
c) 1isotropy
d) :hemogeneity
. e) nonexcessive creeping.A
£) high modulus of'elasticity.
~g) high ultimate strength

h) materlal sen91t1v1ty (f or £ ) should not change

.markedly with small Varlatlons in temperature

i) 'no time- edge effects caused by absorptlon of water
vapor ' :

3) machlnability'
k) no'residuallstresées

1) . material should not be prohibitively expensive
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Nondimensiohal stress-strain comparisons for aluminum and the
60:40,mixturerf Laminac polyester resihs under uniaxial
‘tension are shown in Figuré 1.

In order to compare the stress-strain behavibr of dif-
ferent materials, the Ramberg—Osgoodl(25) relation is em-
plpyed. This relation allows the use of dimensioniess
variables indicated»in Figure 1.

The Ramberg-Osgood relation is

gE =+ 3/7()"°

1 ‘l : 1-

where E is Young's modulus, ¢, is a secant yield‘stress deter-

1
mined by a secant rhodult.is,‘Es = 0.7E, 0 1is the true stréss,
€ is true strain, and n is .a parameter chosen to provide the

best fit to the strésé—étrain curve of the actual material

béing‘considered and is. computed from,the expression

where o, corresponds'to a second secant modulus, 0.85E.
 The curves in Fig. 1 indicate that the 60:40 polyester
mixture can be used.to simulate the behévior’of'aluﬁinum»
under hot working cénditions.
Until the present time, all the thedries of hot rolliﬁg

have been based on the various assumptions mentioned earlier.
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That these assumptions are not alwéys vélid'cah be demon-
strated, for example, by the fact that defects such as double-
-edge bdlging, edge"cracks and othei.defecté which are not
pfedictedvby the'theories appear during hot rolling of
aluminﬁm'and other materials in cqmmercial practiée.' Such
problems sten from secondary streééés produced by the distribu-
tion of internal strains. Unfortunately, thé distribution of
internal strains is-éenerally not known nor isvtﬁé variation .
of the iﬁternal straih distribution known with respect to
factors Such'as; work-roll diameter, reduétion per pass,
initial thickness of the work-piece, speed of rolling, front
and back tension, nature of friction between-the roils and the
material rolled, temperature field in the material, physiéal
properties of the material, shape of the roll contour and the
mill behavior under load. | |

fhe main purpose of this research,‘theréfofe, was to
stért with fhe‘LaminacAmaterial described above and improve
on it in order‘ﬁo develop a materiai suitable for simulating
ﬁhe three—dimensionai strain distributions in hot rolled
alumirum. A clear understapding of the strain diétributioﬁ
should prqvide clﬁes to the solution of the practical prob-

lems that are being encountered.
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 EXPERIMENTAL PROCEDURE

Flexible (Laminac EPX-126-3) and rigid (Laminac 4116)
resins were-blended:With one percent ethyl ketone peroxide
and thoroughly mixed. The mixture was cast into a rec-
_tangular aluminum mold whose inner surfaces had been sprayed
with a_mold'release agént to enhance the removal of the cast
after curing. The cast was allowed to partially cure by
holding at room temperature for 24 hours. The partially
curedvﬁlpck was then removed from the mold, hung in an oven,
poét—cured at 80°C fo£ 16 hours and then machined to give -a
' smooth surface. (During machining care must be taken.that

stresses are not introduced as a result of clamping.)
Compression of Rectangular Blocks

Rectangular blocks 1/4 inch thick, 1/2 inch wide and
3/4 inch high, for the determination of the fringe material
values, wére compressed in a hand operated hydraulic loading

frame of the type c0mm6n1y used in.photoelastic polariscopes.
Compression of Cylindrical Samples

~ Cylindrical samples of the 60% flexible resin and 40%
rigid-resin mixture 0.35 inch in diameter by 0.5 inch height
were compressed at room temperature in a screw'dfiven

Instron Tensile machine (Model T.T.C. with compression
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1 to determine the

adaptor) at a strain rate of 0.004 min~
true stress-strain behavior of the mixture.

Since the purpose of the research is to develop a
material to simulate the strain distributions of hot rolled
aluminum billets, cylindrical samples of'the 60:40 mixture
with the ssme geometry as thosé compresssd at room tempera-
ture, were compressea in a mineral oil'bath at temperatures
ranging‘ffom 30°C to 50°C. Thé compressions were at strain
faﬁes of O.l; 0.2, 0.4-and 1.0 minfl. Six aluminum samples
of the same geometry were also cohpfessed'at'temperatures of:
300°C,_425°C and‘506°C Which correspond to tﬁe low, middle
and high side of the commercial rolling tempsrature range for
aluminum. At each temperature two samples were compressed
at strainArates of 0.1 and 0.2 min-l. Machine dsflection
was deterﬁined fsr each of these temperatures at a cross-
head rate of 0.002 in/min in order.to_correct the load-
elongaﬁioﬁlcharts.so thst only specimen length changes were
used in calculating true stress-strain curves bf.aluminum
at these témperatures. |

The comparison of the true stress~strain curves of the
cylindricalvsamples of the 60-40 mixture compressed at‘
.teméeraturcs from 30°C to 50°C with thsse for the aluminum
samples compressed at 300°C, 425°C and 500°C, will help in

determining whether the 60-40 mixture can be used to simu-

laté the strain distribution in hot rolled aluminum billets.
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Compression of Discs

" The governing equation ‘in photoplasticity is of the form

Nf
€

(el—ez) = where (81—82) is the difference between the
larger and smaller in-plane principal strains, f€ is the

' maﬁerial calibration consﬁant, N is the'photopléstic fringe
value and h is the thickness of the specimen in the direction
of viewing. To obtain quantitative data for a photoplastic
materia;, it is necessary to determine the magnitude of the
matgrial calibration coﬁstant, fe,'used in the governing
equation.- TQ dé this, a disc of 1.25 inch diameter and 3/8
inch thick was cut from the cast block of ﬁaterial. It was
vapor coated on one face with aluminum after which a fine
line Qrille was etched into the coating. »This provided a
relatively coarse Moire grille of good contrast so that while
the disc was being compressed diametrically, to a:maximum
reduction‘in height of 20%;'both Moire and photoplaétic fringes
cbuld be observed simultaneously. The fringes were care-
fully watched to determine whether they would display the
trend npticéd by'Morris and Riley (24) whereby the fringe
ordef N iﬁcreased up to a certain level and then decreased
while the load was increaséd steadily as shown in Figure 2.

In'the tests reported in this thesis there was, fortunately,

no such decrease even up to a reduction of 20%. This shows



16

thaﬁ‘the material behaved differently in uniaxial compression
from that reported by Morris and Riley and it was concluded
that the Moire method could be successfully used to es-
 tablish the photoplastic material constant fe.‘
Haying'establiéhed.these fécts; three discs of the
- 60:40 mikfure Qere compressed to determine the value of the
material fringe calibration factor, fe' The discs had
dimensions identical to those mentioned above but had
diametrically.opposite edges flattened to prevent rotation
during loading.

To obféin a good Moire pattern a cross grid'image of
200 lineé per inch was transposed on to one face of each
disc_by using Kodak photo resist. Each.disc was dipped into
the resist and then withdrawn slowly and steaaily at a rate
of one inch per minute. This avoids wedging of the photo-
sensitivé coating and yields a smodfh photosensitive base.
The cdafed diécs were then dried under an infra—red-lamp for
fivé minutes to prevent the grid negative from sticking to
“the surfacg of the discs. A negati&e of the grid was then
laid on the»sqrface of each diSC,‘held down by plexiglass and
véxposed for two minutes under a mercury arc light source.
Each disc Qas then held in Kodak photo resist developer under
constant agitation for 2 minutes, washed in ruﬂning water and
alloWed to dry completely. Thié produced a good Moire grid

on one face of each disc. Finally the contrast of the grid
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was improved by dipping into a Kodak Phot§4Resist black dye.
The result was an excellently adhering Moire grid with first
class contrast. | L |

With this cross grid of 200 dots per inch successfully
transposed onto thé surface_of fhe disc (specimen grid), the
: Méire method for strain-analysis céuld bé.employed. A
line grille of 200 lines per inch was used as the reference or
mastef;grille. Super—pbéitioning of fhis line grille on the
" specimen grid gives rise to a family of Moire fringes for'>
diéplacementé along one 6f the axes; while its rotatidn
through 90° gives rise to another 'set or family of fringes
providing displacements along the 6ther‘axis. Thus dis-
b;agement measurements could be made in both x and y directions
throughout the field of the diéc.

Each disc was compressed diametrically in a minerai‘oil
bath at 40°C with a croésfhead speed of 0.1 iﬁ/min. A 25%
reduétiqn’was giVeﬁ to one diéc,va 20% reductionitb andfher
and a 15% feduétibn to the third disc. On atta;ning'these
strain levels, the ioad was ;emovéd immediately ;nd éach'disc
was allowed to ;ool_inifhe oil bath £o room temperature: As
soon as roomrtemperafure was reached the discs wére femoved
from the bath, wipéd dry.and laid on‘an unexposed photo-
graphic film with fhe deformed gria in contact with the
‘emulsion. Contact'photographs of the deformed grid on éach

surface were taken by simple exposurevtd light. This was
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immediately followed by photographihg the simultaneous photo-
plastic fringe pattern of each disc in white light and in
monochrdﬁatic yellow light. With the deformed grid thus
permanentiy recorded on film the reference grille could at ény
time be placed over the contac£ prints of the specimen grid

" such that it was aligned‘with one oflthe two orthogonal
diréctions; Phétographs of the resulting Moire frihges were
taken; ﬁhe reference grillé was rotated 90° over .the contact
pfints of the specimen grid and a second set of Moire fringéé
were photographed. From these.twovsets.of Moire fringes the

values of the principal surface strains e, and €, at the

1 2
center of each disc could be obtained. Putting these values
_ ' ' NE _ :
into the strain optic equation, €,-¢, = —HE , allowed the

material fringe value to be determined.
Rolling of the 60:40 Mixture

A 3/8 inch thick by 1/2 inch wide sheet of the 60:40
Laminac mixture was rolled at room temperature in order to com-
pare the fringe pattern pbtained in uniaxial cqmﬁressibn with |
one obtained by roliing. Additiohally, two six inch lQng by
one inch thick blocks were heated to 405C.in a cdﬁstant
temperafufe mineral oil bath and rolled in a mill whose rolls
were preheéted to 40°C. The blocks were then put back in the
oil bath and cooled to rodm temperature. Immediately after

cooling they were sliced and studicd photoelastically to
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obtain the fringe patterns in the planes of the slices.
Photographic Materials and Methods

All the isochromatic colored fringes were taken with a
ﬁikon E' Photomic camera hav1ng a Mlcro—error Auto 55 mm
£f/3.5 lens. The fllm used was hlgh speed Ektachrome type
le35,' Correct exposure.was established by the build-in light
meter. Bracketlng exposures,'one aperature stop under and
two gnggr, helped to rccord clearly thc lighter frlnges at
the center of the compressed sampler- A leon polarlzlng
filter, Whiéh properly fit<the camera, was used as the
analyéer. A reflector photoflood lamp type CXC RFL-2 whose
cone.of illumination just covered the sample was used as the
1ight'souroep The colored films were processed in Ektachrome
E 4. -

'Black and white photographs of Moire fringes were taken
with a Llnhof 4 x 55 view camera having a Schneider Symmar
l 5. 6/150 mm lens. 4 x 5 Tr1 X Pan profe851ona1 and 4 x5
polar01d Polar Pan type 52 fllms were used. The polar01d
. fllm was used to check the exposure tlme and the alignment
of the polarizing fllter. After exposure time and filter
alignment.were checked, fringe patterns in the sampleslwere
permanently recorded on the film. “FilmsAwere processed in_

normally.recommended developer and fixer.
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Kodalith ortho films were used to record the contaét
images of thé grids on'thg sémple after compression; ‘A point
light'SOurqé waé used t§ expose the film with fhe saméle held
in'cbntact with the film by a piece of glass. Filmé were

- processed in an automatic film processor.
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RESULTS

Compression of Rectangular Blocks

Rectangular blocks of various sizes were compressed as
illustrated by the sketch in Figure 3a. The first few com-
pressions of 10% rednction indicated that the intended re-
duction was‘not maintained after the material was unloaded.
Upon giving the material a 20% reduction followed by un—
loading and allowing the material to creep relax an 8-12% re-
duction was attained. |

Compression of small (2" x 1 3/4" x 3/4*) reCtangular
blocks produced double bulge fringe patterns at both ends of
thevsurface sections and a tendency‘towards a uniform field
in the mid section of the spec1mens (Figure 3b).

To improve optical resolution a larger (2" x 1 3/4" X
.2“)'model was compressed. The fringe.patterns developed in
blocks of two different heights are shown in Figure 4.
Interpretation of these monochromatic (blackland white) fringes
is difficult since the direction of increasing fringe order
is not known. Colored-photographs of the fringe pattern in
samples exposed to white light contain this 1nformation but,
.because of consecutive elimination of light bands of dif-.
ferent wave length, information from colored photographs are
limited to fringe orders below Slx Figure 5. | |

- A color photograph of the fringe pattern shown in black
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and white in Figure 4 gave no helpful information because
the fringes were of too high an order and coﬁld not be re-
solved. Since the fringe.order N is proportional to the
thickness h of‘the model, the fringe order could be reduced
and sensible information would be obtained by slicing

the mddel as showﬁ in Figure 6. Both'the front and back

' siices (1 and 3) exhibited a double-bulge fringe pattern

ét the ends but the middle slice (2) did not. The quali-
tative results are sho&n in the color prints of Figure 7.
The chfespondihg fringe order; N;}(i.e., the strain distribu-
tion) of éaéh slice is sketched quaiitatively in Figure 8.

The results leading»to the sketch in Figure 8 clearlyA
'dempngtrate one very powerful advantage of the model ﬁaterial;
a sbécimén can be plastically deformed“and the strains will
be temporarily frozen into the specimen. By cutting.at
various planes a full three—dimensioﬁal'analysis of the

fringes is possible throughout the body.
Compression of Cylindrical Samples

'True stress~true strain curves of the 60:40 mixture ob-
tained by compressing cylindrical samples at different str;in
rates in an oil bath at 40°C correlated very well with the
true'stress—tfue strain curves of identically shaped aluminum -

cylinders compressed at temperatures of 300?C} 425°C and 500°C
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(Figure 9)€' At temperatures above 40°C the trué'stress;true
strain curves of the Laminac mixture did not cofrelate with
those of éiﬁminpm~at 300'to 500°C. This is because the
modulus of the model ﬁaterial decreases abruptly at tempera-
tures between 40° and 50°C. As é.result the shape of_the

" true stress-true strain curves change drastically.
Compression of Discs at 40°C

Figufe 10a shows the Moire ffinges produced as a result
of superimposing a 200 line per inch line grid over the grid
of thevspécimen givéﬁ a 25% reduction. With ﬁhis relative
orientation of the grids, the strain in.the y direction at any
point in the‘diéc can be determined és illustrated in the
Appendix. Figure lbb shbws another faﬁ;ly of Moife fringes
obtainéd by rotating the reference gfid through 9b°. In
this orientation, the strain in the x direction.can be
determined. Injparticular.the strainS‘in'the X and y
directions‘at the center of the discs were évaluat¢d. The
strain'Values cb:responding to 15, 20 and 25% reduction in
diameter across the flats are gi&enAin Table 1.

'Figure lOc_showslthe photoplastiéity ffinées of the
s£rain field associated with the same disc. ‘Highly accurate
counts of fringelordér, N, were obtained from éll three
compressed diéés as soon as they had cooled to:ro¢m tempefature

by taking isochromatic fringe patterns in the narrow band
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yellow light of a low.pressure sodium light éource in a dif-
fuée light polariscope. With the polariscope elements aiignéd
so.thét the background had a light field, interference frihges
occurred at half;order fringe counts. qu an arrangement
which gave a dark background, interference fringes occurred
at whole number fringe counts. Sqéh "dark field" and "light
field" isoéhromatié f:inge pattern are shown in Figure 1lla
and Figure 1l1lb; respectively. From fhe photoplasticity
fringe pattern, the fringe order, N, was obtained. at the
center of the disc. Values are given in Table 1{

| Figuré 104 shows the zero degree isqclinics bf.the
compressed'aisc, i.e. wherevér the aisc is black the‘princi;,,
pal strains in the'plane of the disc were in the vertical v,

and horizontal x directions.

Table 1. Values used to obtain the fringe constant, f€

Reduction in - . : S . . . :
Diameter, $% € % ey, % N 4 fs in/in/fringe
15 4.18.  -4.90  7.50 0.005+8%
20 7.20 -9.97 12.00 0.005+8%

25 12.78  -19.33 25.50 0.005+8%
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Rolling of the 60:40 Mixture

Rolling a 3/8 inch thick sheet of the 60:40 mixture at
room temperature gave a fringe pattern.(Figure 12)‘simllar‘
to one obtained by uniaxially compressing a rectangular
block, Flgure 3b

The two blocks. which were rolled at 40°C were sliced
as follows, Three slices were taken longitudinally from one
block as shown in Figure 13a and anotherAset.of three slices
was-taken.transversely from the second block, Figure 13b. To
a first approximation, the color fringes at position A-A in
the planes of the three longitudinal slices, Figure 1l4a, show
vthat the strain in the center slice is less than,inuthe re;
maining two slices.. This is evident from the fact that the
green color.is much fainter in the center slice than in the
other two slices. The frlnge order N, i. e., the strain
dlstrlbutlon along pos1t10n A-A 1n Flgure l4a is represented
. qualltatlvely for all three sllces by the sketches in Flgures
l4b and 14c.' o | |

Due to the fact that each of the blocks was tapered at
one end in order to qet the rolllng started the transverse
slice taken around the tapered reglon of the block did not
show any fringes since this region was not deformed. The
transverse slice at the top of Figure l5a corresponds to the

slice taken transversely from the tapered region. The center
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and lower transverse slices in Figure 15a did have fringes
since the block was deformed plastically as a result of
rolling.

The fringe pattern corresponding to position S-S or
' 8§'-S' on either,the»cehter'or‘lower transverse slice, as
shown in Figure 15a, revealed double\bulging4similar to that
which had occurred in the rectangulér block compressed uni-
axially (Figure 3a). This phenomenon of double bulging is_
also observed in hot rolled aluminum billets. The fringe
‘order N, (i,e. the stréin distribﬁtion) corresponding to
positionss-s or S'-S' on the centfal or lower transverse
slice in Figure l15a, is sketched qualitatively in Figure
15b. | |

The fringé paﬁtérn corresponding ﬁo position B-B on
the center transverse slicequ Figure 15a or position C-C
on the lower trénsverse slice, revealéd.the strain distribu-<
tion illustrated qualitatively in Figure 15c. It is evident
fhat the strains have:minimuﬁ‘Qalués at the edge and center
of thé rolled piece, consistent with the minima of Figufe
15b. The strains increase to maxima midway between edge and
center of the work piece such that a saddle position occurs
at the center of tﬁe siice-

Thus it can be concluded that strain distributions are

similar for uniaxially compressed or rolled material as long
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as the height to.width ratios are equivalent. This obsérva-

tion confirms a suggestion made by Mican (26) .
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DISCUSSION

As indicated earlier in this_thesis,:the objective of
the research was to develop and characterize a photoplastic
modeling material which would permit the three-dimensional
strain distributions associated wifﬁ hot formed'parﬁs to be
" described. |

Based on the work of Morris- and Riley (24), a 60:40
mixture of flexible ahd rigid resins appeared to be a suit-
“able materiél for modeiiﬁg aluminum; at least in tensile
loading sitﬁéﬁions.' Consequently, this material was chosen
‘as a sehsibie étartiné‘point for developing a sqitable
modeling material for the hot forming>0f aluminum. It re-

‘ mains to demonstrate whether the same material wiil'modei
satisfactorily other méﬁals during hot forming.

Sinée.hot forming operations involve compressive loading
primarily, it was necessary‘first to determine the bire-
.fringencé characteristics of the 60:40 mixture in compression
at room temperatﬁre. |

Despife ﬁhe fact that thé rate of loading in a hand
operated hydraulic loading frame of the type commonly used in
photoelastic polariscopes could not be controlled, the com-
préssionAOf the smaller rectangular'blocks of 60:40 Laminac
mixture at room teﬁperature produced double-bulge fringe

patterns at both ends of surface SeCtions and a tendency
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towards a'cniform field in the mid-section of thc.épecimen.
'ThéAfrcnc and 5ack slices taken fromllérger fectangular.
blocks compreéssed at room températﬁre exhibited double-
bUléc fringe pattern at the endé (Figure 7). The 3/8 inch
thick shéet of the 60;40 Laminac mixture which was rolled
at”room temperature also exhibited a.dcuble—buige'fringe
pattern (Figurc 12)) This shows that whether the 60:40
Laminac mixture is rollcd or compressed the same result
still prevails. This double-bulge haé also been observed
‘on the edgés of hot rolled aluminum billets. . |

Durihg the course of the room temperature studies it was
learned that strain rates at as low as 0.05‘miri-l caused the
‘60:40 mixtﬁre to resp0nd.in a brittle mannér; Despite the
favcrable simulation charactefistics of this poteptial
modeling materialAat strain rates:of the order.0.00S,min—l.
or lower, the brittle response at,sii@htly higher strain
rates limics its utility for forming process simulaticn
because the latter involve much higher strain rates. Further-
more, the pace of an experimental program is se§éreiyAcon-
strained by the required low test fa£es. For.this'reason, it
was decided to'investigate other;mixtures of the rigid and
flexible_resins as wel] éé other ﬁaterials that might exhibit
good simulation characteristics at strain rates higher than
those allowed by the 60£4O mixture at room‘temperaturc.

Two hixturés of the rigid and flexible resins, 7Q
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flexible: 30 rigid and 80 flexible: 20 rigid, and a poly-
carbonate,-LeXan, Qere'chosen for this effort. Cylindrical
samples of these materials having the same dimensions as
the 60:40 compression test samples weré compressed at room
temperatgre at strain rates of 0.92, 0.1, 0.2, 0.4 and 1.0
min~ L. Although higher strain rates were possible without
fracturing these materials, their-load—eiongation curvés
weré totally different than the load-elongation curves of
éompressed éluminum.

‘A-sgcond approach to achieve thé éoal of a mode;ing‘
material .that would simulate-hot aluminum at higher strain
rates waslattempted. This_approacﬁ involved heating<the
60:40 mixture tolhiéher temperatures. After some exploratory
investigation, a'temperatﬁre of 40°C was deemed_most-suit—
'able; Léwer temperature compressidn tests at moderate strain
rates did not simulate aluminumAcompression tests. ‘Higher
temperatures cannot be employed béqause the Young's modulus
of‘the 60:40 Laminac‘mixture changes drastically at £empera—
tures between 40°C and 50°C thereby altéring its stress-
strain characteristics excessively.

The 60:40 Laminac mixture satiéfied the ;equirement
that the moael and the real material must have the same
shépe of stress-strain curve. The true stress-true strain
curves of cylindrical sémples of 60:40 Laminac'mixtufe ob;

tained by compression at different strain rates in an oil
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bath at 40°C correlated very well with the true stress-tfue
strain'cutves of identica1 aluminum cylihders compressed at
temperatures of 300°¢, 425°C and 500°C. The stress-strain
curves of aluminum compressed at 300°C, 425°C and 500°C and
of the 60:40 Laminac mixture compressed at 40°C, plotted
according to the Ramberg—osgood (25)_re1ation (Figure 225,
indicate that the 60:40.Laminac mixture does simﬁlate the
beha&ior'of aluﬁinﬁm in hotAcempression.

The strain distributions in'the lohgitudinal slices
Figure-l4a and in the transverse slices'Figure 15a of the
block of 60:40 Laminac'mixture'rolled at 40°C have been
determined and sketched in Figﬁre_igb, figure 15b and
Figure 15c. The fringe pattern in the tranéﬁetse slices
agein dispiayed the double-bulge phenomenon. The fesﬁiting
etrain distributioes.are only;qualitative because_the reiling‘
was not uniform. This is evident ffom the isoclinics (Figure
16) of the‘lotgitudinal slices of the rolled block. For
steady rolling, the whole slices should be completely dark
without any white spots. ‘ '

' Desplte the fact that tbe 60: 40 Lamlnac mixture at 40°C
was found to 51mulate the uniaxial compre851on characterlstlc
of hot aluminum and the fact that it can be rolled at 40°C |
in a‘qualitative simulation of‘alumlnum, there remain several
factors.which deserve eomment or fqrther evaluation.

Although the 60:40 Laminac mixture responded sensibly
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to strain,'it is uﬁfortunately visco-elastic, that. is the
strains relax slowly with time. " This effect is évidént in
Figure 17. :Figure 17a shows the fringe pattern of a disc
under load while Figure 175 shows the same disc two hours
after the load was ;emoved. Figufe'l?d shows the fringe
pattern six days later. . The extent of the relakation is
evident. Fortunately the rate of relaxation became much
less when'the disc'wasAéompressed at 40°C and allowed to
cooi in an 6il'bath to room tempefature; Figure 18a shows
the fringe pattern after the disc.héd been left ih the oil
bath for one hour to céoi tO'room.temperature and Figure 18b
shows the fringe pattern for the same disc six days later.
Comparison of the two fringe patterns taken after six days
(Figures'17cAanq 18b) shows that the rate of relax&tion of
the ‘disc whiéh was compressed at 40°C was élower than for
the‘one which was compfessed at'room_tempérafuré i.e., the
residual strain retained after six days was more in fhe disc
compressed ét‘409C and cooled to room temperature than the,
disc cémpressed at room' temperature. This lower rate of
rélaxatioh permits‘more time for analyéis of the fringe
pétterns and stréins wi#hout introducing serious errors in
the determination of the material fringe ¢on$£ant which in
turn controls thé,determination'of the strains and the fringe
order N; |

The nonuniformity in,rolling of the block of 60:40
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Laminac mixtare at 40°C may be dde to many factors. On ohe
hand it may be due to the unsteady rolling, or it may be due
to friction. At this stage of the research the frlctlon
characteristics are unknown. An understandlng of the fric-
tion characterlstlcs will 1nd1cate whether the nonunlformlty
in rolllng was due to friction or to the manner in Whlch the i
_rolllng was achieved.

De5p1te unknown frlctlon characteristics and relaxatlon,
within the scope of work done so far toward finding a good
simulating material for'hot rolled aluminum, the 60:40 mix-
ture rolled or compressed at 40?@ produced evidence that
demonstrates its potentiality for this.purpose.' The
phénomenon of double bulgihg thch occurs.on_the edges of
hot rolled aluminum billets was revealed-by the fringe:
»patterns from‘a cold compressed rectangular block, from a
cold rolled sheet and a hot rolled block of the 60:40 Laminac
model materlal. Furthermore, the true stress—true strain
curves of cyllnders of the 60: 40 Lamlnac mixture compressed
at 40°C and alumlnum cyllnders compressed at 30°C, 425°C and
500 C correlated very well. These are convincing facts
suggesting that the mixture of 60% flexible and 40% rigid
resins can be used.togsimulate the strain distribution in hot
rolled aluminum billets. |

Based on the‘results of this research, it is not undulyA

optimistic to suggest that the 60:40 mixture‘at 40°C'Will‘
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provide qualitati&e, if not quantitative, information about
‘the effects of billet size on the formation of double‘bulges
and edge cracks during hot rolling of aluminum in com-
mercial practice. It seems reasonable to conjecture that the
60:40 Laminac mixture may in the same way be used to model
the strain fields which are set up-inlcertain exfrusioh

processes.
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SUMMARY

‘A-photomechanic material, Laminac, which'isua mixture
of 60% flexible and 40% rigid'resins ﬁas‘been shdwh to have
poténtial'as a;modelihg.material to simulate the three-
dimensional sﬁrain-distribution in hot—rolled.aluminum.
Photomechaﬁic analysis revealed tﬁat the 60:40 Laminac
mixture} %hen cbmpreségd or rolled at 40°C, exhibited the
'phenomenon of double bulging which has been observed in
hot-rolled aluminum billets.

The 60:40 Laminac mixture satisfied the requirement
thét‘model and‘real matefial must have‘tﬁe same éhape.of
stress—stfain cﬁrve. The true streés—trué strain_curves
of cylindrical sémpies of 60:40 Laminac mixture obtained at
diffefent'étrain'rates in an oil baﬁh at 40°C correlated
very well with fhe true stress-true strain curves of identi-
cal alumiﬁum cylinders.éompressed-at témperatures 6f 300°C,
425°C<énd‘500°c as illustrated by a Ramsberg-Osgood‘plot

(25) .
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_APPENDIX A

Figures
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'Comparlson of stress—straln curves for aluminum

and 60:40 Laminac mixture plotted according to
Ramsberg-Osgood relations
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THICKNESS

Figure 3a. Compression of rectangular blocks with varying
length-to~ herght ratio

Figure 3b. Photograph of a specimen under load in the polari-
scope. Photoplasticity fringes can be seen quite
clearly
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Figure 4. Black and white fringe patterns under monochromatic
yvellow light for two height-to-length ratios. ;
Models are viewed through their full thickness
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Figure 5. Color photograph of a model illustrates tendency
for high-order colored fringes to "wash out"”

SLICE |
SLICE 2
SLICE 3

Figure 6. Sketch to show orientation of three slices taken
from model to reduce the number of colored fringes
and make them more clearly visible



Figure 7. Color photograph of slices taken from model
as shown in Figure 6
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SFiee 1. -

Slice 2

Slice 3
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Photoplastic fringe values Photoplastic fringe values

(N) along horizontal center- (N) along centerline and

lines of three slices one edge of each of three
: I slices
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Figure' 8. Ploté of_photoplastic fringe orders from slices
cut as in Figure 5 and as photographed in Figure

6. Fringe value is proportlonal to straln as
a first approximation
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Figure l1l0a. Moiré of vertical Figure 10b. Moiré of hori-
strain field zontal strain
field

Figure 10c. Photoplasticity of Figure 10d. Zero degree iso-'
the strain field clinics of the
compressed disc
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Figure l1lla. Dark-field isochromatic fringe pattern of the
: disc loaded in diametral compression

Figure 1llb. Light-field isochromatic fringe pattern of the
disc loaded in diametral compression
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Figure 12. Photoplasticity fringes for a model after rolling.
The similarity between this pattern and that of
the compression blocks of Figure 4 is striking



54

Sketch to show how longitudinal slices were

taken from the rolled block at 40°C

Figure 1l3a.
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Figure 13b. Sketch to show how transverse slices were taken
from the block rolled at 40°C
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A

Figure l4a. Color photograph of slices taken from model as
shown in Figure 1l3a

R ]\1
\ A

b
7

Figure 14b. Three dimensional Figure l4c. Fringe distribu-

depiction of pho- tion at position
toplastic fringe M-M as filled in
(N) from three from maximum

slices as shown in values in Figure

Figure l4a 14b
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S s

Figure 15a. Color photograph taken from model as shown in

Figure 13b
s Roll Pressure g | N
?
N BC— —8g]
S T
2 Roll Pressure S
Figure 15b. Photoplastic Figure 15c. Photoplastic fringe
fringe values values (N) along
(N) along the position B-B or C-C
two edges of as shown in Figure

the model l4a
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Figure 16. Isoclinics of the slices taken from model as
shown in Figure 1l1l3a



Figure 17a. Photoplasticity fringes of the disc under
loading

Figure 17b. Photoplasticity fringes of the disc shortly
after the load was removed showing the change
in fringe pattern due to the springback

Figure 17c. Photoplasticity fringes of the disc six days
after the load was removed showing the slow
change in fringe pattern due to viscoelastic
creep of the material
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Figure 18a. Photoplasticity fringes of the disc compressed
at 40°C and cooled to room temperature

Figure 18b. Photoplasticity fringes of the disc (compressed
at 40°C) six days later
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Grid on . : Reference grille
Specimen 200 lines/inch
200 dots/inch

Figure 19a. Disc under diametral compression (vertical
displacement)



62

Figure 19b.

Displacement-distance curve plotted to obtain

€y
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Il

Grid on Reference grille
Specimen ' 200 lines/inch

200 dots/inch

Figure 20a. Disc under diametral compression (horizontal
displacement)
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>

Figure 20b. Displacement-distance curve plotted to obtain

€
X
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Figure 2la. Dark-field isochromatic fringe pattern of the
disc loaded in diametral compression

Figure 21b. Light-field isochromatic of the disc load in
diametral compression

Figure 2lc. Color photoplasticity fringes of the strain
field
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60:40 Laminac Mixture at 40°C for
strain rates of OI, 04 ond .O min."
Alummum at 425° C for a. strain rate of O2min”

o

s Alumlnum at 500°C for strain rmes of
- | Ol ond 0.2 min™

.- Figure 22.
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2 4 6 8 1012 14 16 18 20 22 24 26 28 30

Ec

(o 8
g

‘Comparlson of stress-strain curves for aluminum at 425°C and 500°C

with the 60:40 Laminac mixture at 40°C plotted according to the’
Ramberg-0sgood relatlon

99
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APPENDIX B

‘'The Determination of the Material
: Fringe Constant f€

‘Before demonstrating how the material fringe constant is

obtained, the development of the stress optic equation,
Nf0 -
=0, = — ¢ is worth mentioning.

Sir David Brewster .(27) discovered in 1816 that certain

1

isotropiclmatefials became double refracting (i.e., bire#‘
fringen£)~When stressédt He found, for instance,_that a
plate of glass under a simple.coﬁpreésive stress acquiréd the
ability to polarize light which is incident normal to its
ﬁlane,-along fwo mutually perpendiéular axes. These axesv
'éoincide_at any point in the plane of the piate; with‘the
directions of the principal stresseé in that plane.~l
In'travelliﬁg through the thickhess of the glass; the two
wévés, tbéréfqre, bécome out_of phase'iaéf; they acquire. a
reiativé‘bhase éhift or relative retardation which is, a)
prépo:tionai to fhe thickness of‘the platé; b) proportional
‘to the difference befween the fwo principal strésées 9y and_ozq
Material is gene;aliyrreferred'to as being negative bire-
fringent when the‘velocity of oztis greater than that of o,.
If the veloci#y of o, was less than that of o, it would have
been pqsitive birefringenﬁ. .fhis birefringenge is temporary,
i.g., it disappears when the stress is removed. This work ‘

was conducted within the 1imit of elastiéity,
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In 1841, Neumann (28) carried out the first investiéation
of'the‘theory of artificial double refraction in a solid sub—
jected to any SySfem of forces. He attributed the temporary
biréfringence to the strain in the body and obtained his re-
sults in terms of strain. 1In léSZ.Maxwell (29) , apparently
unaware of Neumann's work, carried out a similar investi-
gation, using stresses:instead of strains and obtained re-~
sults of precisely the same form._ The laws formulated by .
Neumann (28) and Maxwell (29) stated in terms of stress, afe
és.folIOWS‘ 1) at ény-point in a stressed transpareﬁt solid
the akeg Qf'polarizatioﬁ.of light passing through tﬁe solid
are.paraliel to the directions of the principai‘stresses in
the plane 6f the ane—ff&nt at the point. 2) . The difference
of'the velocities of the two4polarized rays at the point is
proporfional to the difference of these two principa1=strésses,
and isiindependent of stresses perpendicular to ;he‘plane Of.
the'wavé—ffqnf.A Thus the directions of pola:ization will be.
‘the directipns of the principal axis of the stress-conic in
the plane of the wave-front. |

The changes in the indices of refraction as néped by
Maxwell wére linearly proportional to fhe stresses‘induced
in the modéi and follbwed the relationships
n, c,07 295 | - (1)

clo2 + czol. (2)

+ C

o

I

o]
o

!
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where n,

stressed state, n;, n, are the indices of refraction along

is the.index'of refraction of the model in the un- .

the two principal axes associated with o, ‘and 0., respective-

1 2’
ly. Cl’ c, are the stress optic coefficients. Subtracting

Equation (1) and (2) weeqbtain

ng =y = (e - cy) (0, = 0,) o | (3)
~The effessed, photoelastic moael e#hibits properties very
siﬁilar to'thQSeeof wave platee employed in the photoelasﬁic
poiariscepeAeince the heterials they are made of have the
,'-ability:to resolve the light vecter inte two orthogonal
components4and, moreover;_the ebility:to transmit eaeh of
these coméoneeﬁs'ef a differeﬂt'velocity.' Based on this dif-
' fetence, the two coﬁponents will emerge frem the plate at dif-
fereﬁt tiﬁes. One coméenent is reﬁarded timewise ;elative to 
the other‘eomponentf To obtain the relative phase sﬁift
lbetween’the«tWO componeﬁts, the‘angﬁlar retardation (A) for

each component should be considered. .

27h

b, =2 (apmy (5)

"2 . A
where n is the indek-df refraction of air, Ave By are ‘the
angular retardation of the component of light travelling

éiong principal axis 1 and 2, respectively; h is the thick-
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ness of the plate and A is the wave length of the light.
The - difference Al—'A2 represents the angulaf‘phase shift
or difference between the two components of light when they-

emerge from the wave plate (7).

A= A=, = .(nl-nz) | - L , (6)
L AA o .
SRPI = D | (7

By substituting Equation (7) into Equation (3) we obtain:

A = Z§E (cl;cz)(ol-oz) | - "v-. - " (8)

If Cy7C, is set equal to C, the relative stress optié”

coefficient, the relative retardation is given by:

2= 21 (g)-0,) | | (9)

Equation (9) is the classic description of the stress optic

law. Putting

N = f% ‘as the relative retardation in terms of &
complete cycle of retardation, 2m (dimension-
less) '

and
f0‘= % .as the material fringe value psi-in.

Equation (9) then becomes

. | NE 4
-5, = —2 . (10)
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Equatlon (10) is valid in the elastlc region only and for

Nf
linear elast1c1ty may be written as el— 5 = —HE where
fE = 1%2 f . From Neumann s work it is not surprlslng to
find that in the plastlc range (el-ez) = eﬁi is generally ‘

also valid. Here thevproperty fe may‘or may not be conetant
depending'on the'actual photoplastic materialw In.order to
~find the relationehip between f€ andr(el—ez) the_Moiré
.method was used to flnd the ¢, and e, separately. A disc
glven a reductlon of 20% is used here as an example to show
the detalled calculatlon 1nvolved.A Flgures 19 and 20 are |
used for thlS purpose. Both photographa, 19%a and.20a, are of
the same disc after compression. The originai disc had{h
_»printed ontO‘its eurface a finewgrid pattern which-effective—i
ly resulted in a,crossed’dot.patterndof 26@ dotsjper inchl
This pattern can be eeen enlarged on both'photographs; The
pattern was plastlcally deformed when the dlsc was loaded

in the y-d;rectlon. Thus plastic deformatlon of the grid
.remalned after 1oadrng . The disc was. then lald w1th the

grid face down onto a. photographlc plate SO that a contact

- photograph of the deformedtpattern could be taken. After the
development:of this contact.negative, two.separate pictures
were taken. In the first a reference grilie of 290 lines.per
inch'was laid over the contact negative with the line in the
' x¥direction. This reference grille interfered with,the de;

formed dot patterns to giVe'Moiré lines or fringes which can
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be used to find thé'displacement in'the y-direction. This ’
Moiré pattern is shown enlarged‘in Figuré léa. |

In accord with most eiasticity and plasticity con-'
ventions, the displacements in the y-direction afe desiénated
as v and those in the x-direction as u. The strains relate
to the displacementézsuch thét € = %%.and.ey = %%, i.e;, the
slope of the line drawn in Fi§uré.l9b, which is merely a
' graphical plot of the coﬁsecutive spacing of theAMoiré
‘-fringes albhg the y-axis, is importaht. The individual num-
ber giﬁén,tb any Moiré fringe is not sigﬁificant and the
positidn fO"landlthe subseqﬁent number were chosén arbi4'
trarily. The fringe.pattern on itsiowﬁldoes not show whefher_
the strains are positive or negati?e. The téchnique (30),- |
.gséd to detérmihe whether the strain is positive or negative
.is that thé reference érille'is superimpésed on ﬁhe contact
print of the deformed sPecimen-cross gﬁid,'thereb§ produéing
Aa family of‘Moiré frinées. A relative:angular displacement
bf the‘referende grille will make the Moiré fringes to
either follOW‘fhe difection of the angular disélacement,of
the referénce grille if the strain is tensile (positive) or
‘are angularly'displaced in fhe direction opposite to that of
the'referehce grille if the strain is compressive (negative).
. Using this technique, it was found that the strain in the
y-di;eCtion‘Was neéative.

After'obtaining the plot in Figure 19b the slope of. the
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curve %% was determined at the center of the disc and the
value obtained gave the nuﬁber of fringes per inch at theA
center i.e., %,wherevf is- the distance between adjacent
fringes. Multipljing the value‘of the'slope by the’grid
5%6 inch‘in this case, gave the ap-

propriate strain component,'(ey), 4t the center of the disc

‘pitch (P) which was

which should be assigned a negative value asvpreViously
established. o

Slnce the resulting Moiré frlnge photograph quure 1%a
was enlarged to enhance easy plotting of the curve, a scale
must be establlshed to correlate dlstance measured on the ‘
: enlarged photograph w1th dlstance on the compressed dlSC.
The vertlcal distance between the plattens along the y axis
after the dlSc was compressed was l 0625 1nches. «ThlS d1s-'
tance corresponds to 6 inches in- the enlarqed photograph of
- the dlSC after compre551on, Flgure 19a. Therefore, one
inch on the enlarged photograph corresponds to lé%gg§'=
0.1771 1nch on the dlsc. |

From E;gure 19b, 0.4 inch represents one ﬁringe, There-'
fore, the slope, | o D

Av _ 3 fringes _ - 3 fringes  _ 3 fringes
Ay ~ 0.85" | (0. 1771)(0 85) 0.15052.

Since there is no initial mismatch-becauSe the‘pitch of the

spec1men gr1d is equal to the pltch of the reference grid,

one fringe is equal to a displacement of 7%5 or 0. 005 inch.
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Thus, 3 fringes = 0.015 inch and

¢ = ZAy .. -3 fringes _ _-0.015
g Ay~ 0.15052 0.15052

= -0:09965 = -9.965%

By rotating the reference grid 96° another family of
Moiré fringes for'the horizontal displacements was‘obtained,
figure.20a1. The fringe oraer versue‘position cufve was
plotted as Figure 20b fdllowing the'eame steps ﬁsed for Figure
l9b_andvthe value of the_slope at the center of the disc was
determined. The-strain was found to be‘positive by using the
afo;emehtiened technique.

The diameter,of the disc after'compressioe,was 1.2500
inehes whieh corresponde to 6.9 inches of the enlarged photo- -

graph of the disc.iﬁ Figure 20a after compressidn, .One inch
' ' 1.25 o
6.9

disc after compression.: From Figure 20b, 0.4 inch represents

of the enlarged photograph is = 0.1800 inches of the

P : , Au _ 3 fringes
onelfrlnge.l Therefqre,.the slope A (1-15) (0.18)

3 fringes - o _ ' . ) o
0.20800 - But 3 fringes 0.015 ;nch. Therefore ex,

Au _ 0.015  _. _ : , ) . -

™ - 0.20800 - 0.07200 = 7.200%. Substltutlng}theNzalues of
. y . . . = €

ex,and ey 1nte the strain optic quatlon, ex—ey -+ fE

can be determined; 'N}_the fringe order for bireffinéence et
thelcenter,of the disc was detexmihed aceurately from tﬁe
dark field; light field,.and color isochromatic fringes in
Figure 215, b, c. Its value was found to be 12 and the

thickness of the disc, h, was 0.375 inch.



or

Thus, £ =
. IS

£
€

75
.(ex—e )h
N .

. (0.72 + 0.09965) (0.375)

12

(0.17165) (0.375)
12

: 0.0053641 in/in/fringe

'0.53641%/fringe.





