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A previously.developed photomechanic material, Larninac, 

which excellently simulates the behavior of aluminum in 

tension has been investigated intensively as a possible 

modeling material for hot-rolled aluminum billets. Photo-' 

plasticity techniques combined with -the ~oir6 method have 

been used to study thebehavior of the ~ami'nac mixture in 

compression.. 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 bulging 

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 fur.ther enhanced by the. fact 

that the true stress-true strain curves of cylindrical 

samples compressed at 40°C correlated very well with true 

stress-true, strain of identical cylindrical samples . . of 

aluminum compressed. at 300°C, 425PC 'and 500°c.. . ' , . 

. . 

* 
USAEC Report IS-T-640.. This work was performed.under 

contract W-7405-eng-82 with the Atomic Energy Commission. 



INTRODUCTION AND LITERATURE REVIEW 

Durinq the last decade substantial experimental work has 

been done in order to determine 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) in£ luence hot work- 

ability in such.operations as rolling, forging, pressing, 

extrusion and wire or bar drawing. Some of the investiga- 

tions involved laboratory simultitions of commercial rolling, 

extrusion, and forging operations. .The virtue of laboratory 

simulations is that they incorporate factars, such as fric- 
. . 

tion, which are difficult to isolate and control by any.ex- 

perimental method except a scaled down version of the actual' 

process. Other investigatior~s involved basic materials tests 

such as tension,.compression, torsion and bending; these have 

the virtue that variables such as strain rate and temperature 

can .be controlled, and the deformations are more uniform and 

easily measured. These experimental studies have improved 

our understanding of two characteristics, strength and 

ductility, that qovern hot workability. 

A survey of the literature 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 noreliable 



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- 

lative material as well as an experimental technique with the 

capability for providing three-dimensional strain distribu- 

tions is sorely needed. A thorough understanding of the 

three dimensional strain or stress distribution obtained with 

a modeling material could help solve some of the problems 

encountered during hot'rolling in commercial practice. 

~echanics Aspects 

Most theories of rolling are concerned with predicting 

the load and torque required by the rolling mill, and pos- 

sibly the lateral spread when plates having width to thick- 

ness ratios larger than 6 or 10 are rolled. Furthermore, 

practically all theories have relied,upon a nurnber,of basic 

assumptions, e.q.: The metal being formed is a continuous 

isotropic medium; homogeneous deformation; constant yield 

stress during the pass; circular arc of contact; mathematical 

approximations; conskant coefficient of friction along the 

arc of contact; plane strain by neglecting lateral spread; 

the Huber-Von Mises condition of plasticity; slipping takes 

place along the length of the arc of contact; elastic com- 

pression of the strip . . is negligible; small contact angle and 

constant speed of rolling. When rolling sections which have 



width to thickness ratios less than 6, such as is common in 

hot rolling of ingots into billets, the theoretical pre- 

dictions become' unreliable and predictive work has to resort 

to empirical formulas with limited ranges of application. 

The most recent empirical, formulations are due to El-Kalay and 

Sparling. ( 2 ) ,  Helmi and Alexander (3) and Beese (4) . 
The rolling process is complicated, by.many.'factors, 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- 
. . 

dimensional states of strain or stress have been described 

analytically for the rolllng process using the aforementioned 

assumptions (1). Knowledge of three-dimensional strain or 
. . 

stress states'and how they vary with work piece geometry and 

other process variables will help improve existing theories 

and. probably will lead to the development 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 about the strain distribution 

within a body undergoing plastic deformation during hot 

rolling. Experimental techniques employed to obtain this 

type of information typically involve the placement of grids 

of one material into another model material. The composite 

material is deformed, sectioned, and the displacements, 



usually in only two. dimensions, are measured. For example, 

Averbach (5) determined the distribution of principal stralns 

within a cas,t bar.of tin by radiographing an embedded net- 

work of lead containing squares approximately 2.1 rnm wide 

(144 network squares per sq. in.) after a 20% rolling re- 

duction. His results were computed from only two vertical 

sections where he was able to evaluate the longitudinal and 

vertical strains directly from the radiographs. The lateral 

strains were totally neglected based on the fact that they 

were too small for accurate measurement. Instead, he evalu- 

ated the lateral strains by invoking the constancy of volume 

condition. This condition would have to be in error by 50% 

to account for the observed lateral strains;.however, devia- 

tions of this magnitude were not observed.. 

Orowan, (6) studied plas'tic flow in rolling by part- 

rolling wide slabs composed of alternate layers of gray 

and white plasticine.between unpolished wooden rolls. These 

conditions established a coefficient uf IricLion greater 

than one, thereby providing for complete sticking to occur. 

After the laminated plasticine slabs were part-rolled, they 

were withdrawn from the rolls and split longitudinally at 

the center line to reveal the strain distribution. Orowan 

neglected observations which were not amenable to analysis 

within the framework of the mathematical formulationof his 

rolling theory. For example,,the deformation which occurred 



at the entry side 0.f the mill where the material is squeezed 

backwards out of the roll gap could not be incorpora'ted in. 

-his analysis. Furthermore, he assumed a small angle of con- 

tact but obtained large angles of contact in his experiment. 

This led to considerable error in his calculations. An 

analysis appropriate to large angles of 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 

analysis which utilizes the phenomenon exhibited by some 

transparent materials which are optically isotropic when 

free of stress but become temporarily birefringent (i.e., 

they are temporarily doubly refractive) in the directions 

of .the principal strains or stresses when loads are.applied . 

to them.' Models made from such materials can therefore be 

used to obtain information regarding the stress or strain 

distributions in materials subjected to various system of 

loads (7, 8). When viewed in a field of polarized light, 

the birefringence manifests itself as an optical inter- 

ference pattern of light and dark bands called fringes which 

may be due to stress, strain, or a combination of the two, 

depending on the model material being used. 
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yielding. Fried and Shoup (10) used polyethylene to study 

the photoelastic effect in a region of large deformation, 

and found that the optical retardation varied linearly with 

the principal strain-difference well beyond the range of 

linear stress strain behavior. Photoelastic model pre- 

dictions of.'strain distributions compared favorably with 

those present in an aluminum prototype. More recently Brill 

(11) selected polycarbonate as the model material for basic 

studies in one- and two-dimensional photoplasticity. He 

concluded. that the birefringence,is a function only of the 

principal strain difference and that the isoclinic parameter 

provided a measure of 'the principal strain directions. . A 

tensile specimen with a central circular hole waslused and 

the photoplastic results were compared with test results 

from metallic analogues. Good agreement was obtained. 

Recently Ohashi and ~ishitani (12) determined the stress 

state within ,a plastically . . flowing body in plane strain by 
. . 

aphoto-rheologicalmethod. They rolled 6 q thick celluloid 

plates subjected to forward tension as well as rolling torque. 

They determined stresses in two dimensions and showed the 

effect of the applied tension on their distsibution,'both 

'in the rolls and in the strip specjmens. The method.by which 

they restricted the deformation of the strip to obtain plane 

strain needs further investigation to evaluate the effect of 

the constraint on the strain distribution in the strip during 
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apply the principles of photoelasticity to studies of plastic 

deformation in small zones.of a specimen in regions of high 

stress concentration (23) . Design of such components .is . 

usually based on theory of elasticity considerations. ' A 

major difficulty always encountere.3 when attempting to 

obtain stress or strain information by photoplastic methods 

is the selection of a model material which has stress- 

strain characteristics that simulate the real ma'terial. 

Several ofthe model materials, mentioned previously were 

satisfactory on the limited scales required by the problems 

which were solved. since these tests were usually in two- 

dimensions and involved only limited plastic deformations, 
. . 

they do not appear to prov'ide much insight into the phenomena 
. . . , 

associated with gross plastic deformation of the type en- 

countered in forming operations. 

Recently, Morris, and Riley (24) developed a photo- 

mechanic material which.appeared to be well suited for studies 

beyond. the elastic limit. The material, by trade name, Laminac, 
. 

is available in both flexible (LaminacEPX-126-3). and rigid 

(~aminac 4116) po1yester.resi.n~. A cast of a 60:40 mixture 

of flexible and rigid resins pr0vided.a stress-strain curve 

that exhibited little or no strain hardening. From their 

studies they found that this material satisfied the re- 

quirements listed by Frocht and Thomson (14). for the transi- . 

tion from model to real material in plane elasto-plastic 



problems. Among these requirements, three of which are weil 

understood, are: 

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

b) ,the law of yielding must be the same for both 
materials 

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

The material must also meet the following requirements 

which are listed in the experimental stress analysis 

textbook by'~a1ly 'and R'iley . ( 7 )  : 

a) visible light transparency 

b) ,sensitivity to- either stress or strain, as indi- 
cated by a' low material fringe value in terms of 
either' stress, fo, or strain, 

fE 

c isotropy 

d) . homogeneity 

e) nonexcessive creeping 

. f high modulus of 'elasticity 

g )  high ultimate st-rength 

h) material sensitivity (fa or fE) should not change' 

markedly with small variations in temperature 

i) ,no time-edge effects caused by absorption of water 
vapor 

j) machinability. . . 

k) no, residual , stresses 

1) . materia1,should not be prohibitively expensive 
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That these assumptions are. not always valid'can be demon- 

strated, for example, by the fact that defects such as double- 

edge bulging, edge 'cracks and other defects which are not 

predicted by the theories appear during hot rolling of 

aluminum and other materials in commercial practice. Such 
. . 

problems s.tem from secondary stresses produced' by the. distribu- 

tion of internal strains. Unfortunately, the distribution of 

internal strains is .generally not known nor is the variation 

of the internal strain distribution known with respect to 

factors such.as; work-roll diameter, reduction per pass, 

initial thick~ness of the work-piece, speed of rolling, front 

and back tension, nature.of friction between the rolls and the 

material rolled, temperature.field in the material, physical 

properties of the material, shape of the roll contour and the 

mill behavior under load. 

The main purpose of this research,. therefore, was to . . 

start with the' Laminac ,material described above and improve 

on it in order to develop a material suitable for simulating 

the three-dimensional strain distributions in hot rolled 

aluminum. A' clear understanding of the strain distribution 

should provide clues to the solution of the practical prob- 

lems that are being encountered. 



EXPERIMENTAL PROCEDURE 

F l e x i b l e  (Laminac EPX-126-3) and r i g i d  (Laminac 4116) 

r e s i n s  w e r e  b l e n d e d , w i t h  one p e r c e n t  e t h y l  ke tone  pe rox ide  

and thoroughly  mixed. The mix tu re  was c a s t  i n t o  a  rec- 

tangula r , a luminum mold whose i n n e r ' . s u r f a c e s  had been sprayed  

w i t h  a  mold r e l e a s e  a g e n t  t o  enhance' t h e  removal o f  t h e  c a s t  . 

a f t e r  c u r i n g .  The cast w a s  a l lowed t o  p a r t i a l l y  c u r e  by 

ho ld ing  a t  room t empera tu r e  f o r  2 4  hours .    he' p a r t i a l l y  

cured  block was t h e n  removed from . . t h e  mold, hung i n  an  oven,  

pos t -cured  a t  80°.C f o r  16 hours  and t h e n  machined t o  9 i v e . a  

smooth s u r f a c e .  (During machining c a r e  must be t aken  . t h a t  

stresses a r e  n o t  i n t roduced  a s  a  r e s u l t  o f  c lamping. )  

Compression of  Rec tangula r  Blocks 

Rec tangula r  b locks  1 / 4  i n c h  t h i c k ,  1 / 2  i n c h . w i d e  and 

3/4 i n c h  h i g h ,  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  f r i n g e  m a t e r i a l  

v a l u e s ,  w e r e  compressed i n  a  hand ope ra t ed  h y d r a u l i c  l o a d i n g  

frame o f  t h e  t ype  commonly used i n  p h o t o e l a s t i c  p o l a r i s c o p e s .  

Compression o f  C y l i n d r i c a l  Samples 

C y l i n d r i c a l  samples o f  t h e  60% f l e x i b l e  r e s i n  and 40% 

r i g i d .  r e s i n  mix tu re  0.35 i n c h  i n  'd iameter  by 0 .5 .  i n c h  h e i g h t  

w e r e  compressed a t  room t empera tu r e  i n  a  screw d r i v e n  

1 n s t r o n  T e n s i l e  machine (Model T.  T.  C. wi'th compression 



adaptor) at a strain rate of 0.004 min-l to determine the 

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 same geometry as those compressed at room tempera- 

ture, were compressed in a mineral oil bath at temperatures 

ranging, from 30°C to 50°C. The compressions were at strain 

rates of 0.1, 0.2, 0.4 and 1.0 min-'. Six aluminum samples 

of the same geometry were also compressed at' temperatures of 

300°C, 425OC and 500°C which correspond to the low, middle 

and high side of the commercial rolling temperature range for 

aluminum. At each.temperature two samples were compressed 

at strain rates of 0.1 and 0.2 min-l. Machine deflection 

was determined for each of these temperatures at a cross- 

head rate of 0.002 in/min in order to correct the load- 
. . .  . . 

elongation charts so that only specimen length changes were 

used in calculating true stress-strain curves of.alurninum 

at these temperatures. 

The comparison of the true stress-strain curves of the 

cylindrical samples of the 60-40 mixture compressed at 

kemperaturcs from 30°C to 50°C with those for the aluminum 

samples compressed at 300°CI 425OC and 500°C, will help in 

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

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

The governing equa t ion  ' i n  p h o t o p l a s t i c i t y  is of t h e  form 

N f &  
( €  - &  ) = - 

1 2  h  where i s  t h e  d i f f e r e n c e  between t h e  

l a r g e r  and sma l l e r  in-plane p r i n c i p a l  s t r a i n s ,  f E  is  t h e  

m a t e r i a l  c a l i b r a t i o n  c o n s t a n t ,  N i s  t h e  p h o t o p l a s t i c  f r i n g e  

v a l u e  and h  i s  t h e  t h i c k n e s s  of t h e  specimen in t h e  d i r e c t i o n  

o f  viewing.  To o b t a i n  q u a n t i t a t i v e  d a t a  f o r  a  p h o t o p l a s t i c  

m a t e r i a l ,  it. i s  necessary  t o  determine t h e  magnitude of t h e  

m a t e r i a l  c a l i b r a t i o n  c o n s t a n t ,  f  , ' u s e d  i n  t h e  governing 
& 

equa t ion .  To do t h i s ,  a  d i s c  o f  1 .25 inch  d iameter  and 3/8 

i n c h  t h i c k  was c u t  from t h e  cast block of  m a t e r i a l .  I t  was 

vapor coa ted  on one f a c e  w i t h  aluminum a f t e r  which a f i n e  

l i n e  g r i l l e  was e tched  i n t o  t h e  coa t ing .  This  provided a  

r e l a t i v e l y  coa r se  Moire g r i l l e  of  good c o n t r a s t  s o  t h a t  whi le  

t h e  d i s c  was being compressed d i a m e t r i c a l l y ,  t o  a  maximum 

r e d u c t i o n  i n  h e i g h t  of 20%, ' bo th  Moire and p h o t o p l a s t i c  f r i n g e s  

could  be observed s imul taneous ly .  The f r i n g e s  were care -  

f u l l y  watched t o  determine whether t hey  would d i s p l a y  t h e  

t r e n d  n o t i c e d  by Morris  and R i l ey  ( 2 4 )  .whereby t h e  f r i n g e  

o r d e r  N i nc reased  up t o  a  c e r t a i n  l e v e l  and then  decreased  

wh i l e  t h e  load  was iricreased s t e a d i l y  as shown i-n. F i g u r e  2. 

I n  t h e  , tests  r e p o r t e d  i n  t h i s  t h e s i s  t h e r e  was, f o r t u n a t e l y ,  

no such decrease  even up t o  a  r e d u c t i o n  of  20%. Th i s  shows 



t h a t , t h e  m a t e r i a l  behaved d i f f e r e n t l y  i n  u n i a x i a l  compression 

from t h a t  r e p o r t e d  by Morr is  and R i l ey  and it was concluded 

t h a t  t h e  Moire method could  be s u c c e s s f u l l y  used t o  es- 

t a b l i s h  t h e  p h o t o p l a s t i c  m a t e r i a l  c o n s t a n t  f  . 
E 

Having e s t a b l i s h e d  t h e s e  f a c t s ,  t h r e e  d i s c s  o f  t h e  

60:40 . . mixture  w e r e  compressed t o  determine t h e  va lue  of t h e  

m a t e r i a l  f r i n g e  c a l i b r a t i o n  f a c t o r ,  f  . The d i s c s  had 
E 

dimensions i d e n t i c a l  t o  t h o s e  mentioned above bu t  had 

d i a m e t r i c a l l y  o p p o s i t e  edges  f l a t t e n e d  t o  p reven t  r o t a t i o n  

du r ing  load ing .  

To o b t a i n  a  good Moire p a t t e r n  a c r o s s  g r i d  image of 

200 l i n e s  pe r  i nch  was t ransposed  on t o o n e  f a c e  of each  

d i s c  by us ing  Kodak photo resist. Each d i s c  was dipped i n t o  

t h e  resist and then  withdrawn s lowly and s t e a d i l y  a t  a  r a t e  

of  one inch  pe r  minute.  This  avo ids  wedging of t h e  photo- 

s e n s i t - i v e  c o a t i n g  and y i e l d s  a  smooth p h o t o s e n s i t i v e  base .  

The coa ted  d i s c s  were then  d r i e d  under an  i n f r a - r e d , l a m p  f o r  

f i v e  minutes t o  p reven t  t h e  g r i d  n e g a t i v e  from s t i c k i n g  t o  

t h e  sur face ,  of t h e  d i s c s .  A nega t ive  o f  t h e  g r i d  was t h e n  

l a i d  on t h e  s u r f a c e  of each d i s c ,  he ld  down by p l e x i g l a s s  and 

exposed f o r  two minutes  under a  mercury a r c  l i g h t  source .  

Each d i s c  was t h e n ' h e l d  i n  Kodak photo resist deve loper  under 

c o n s t a n t  a g i t a t i o n  f o r  2 minutes ,  washed i n  running wate r  and 

a l lowed t o  d r y  complete ly .  T h i s  produced a  good Moire g r i d  

on one f a c e  of each  d i s c .  F i n a l l y  t h e  c o n t r a s t  of t h e  g r i d  



was improved by d ipp ing  i n t o  a  Kodak P h o t o . R e s i s t  b l ack  dye. 

The r e s u l t  was an e x c e l l e n t l y  adher ing  Moire g r i d  w i th  f i r s t  

c l a s s  c o n t r a s t .  

With t h i s  c r o s s  g r i d  .of 2 0 0  d o t s  pe r  i nch  success fu l l .y  

t ransposed  on to  t h e  s u r f a c e  of t h e  d i s c  (specimen g r i d ) ,  t h e  

Moire method f o r  s t r a i n  a n a l y s i s  cou ld  b e .  employed. A 

l i n e  g r i l l e  of 200 l i n e s  pe r  i nch  was used a s  t h e  r e f e r e n c e  o r  
. . 

master :  g r i l l e .  super -pos i t ion ing  of t h i s  l i n e  g r i l l e  on t h e  

specimen g r i d  g i v e s  rise t o  a  fami ly  of Moire f r i n g e s  f o r  

d i sp lacements  a long  one o f  t h e  axes ,  wh i l e  i t s  r o t a t i o n  

through 900 g i v e s  r i s e  t o  another  s e t  o r  fami ly  of f r i n g e s  

prov id ing  d i sp lacements  a long  t h e  o t h e r  a x i s .  Thus d i s -  

placement measurements could be made i n  bo th  x and y  d i r e c t i o n s  

throughout  t h e  f i e l d  of t h e  d i s c .  

Each d i s c  was compressed d i a m e t r i c a l l y  i n  a  m i n e r a l ' o i l  

b a t h  a t  40°C w i t h . a  cross-head speed of 0 . 1  in/min. A 25% 
. . 

r educ t ion  was given t o  one d i s c ,  a  20% reduc t ion  t o  ano the r  

and a 15%reduct ion t o  t h e  t h i r d  d i s c .  On a t t a i n i n g ' t h e s e  

s t r a i n  l e v e l s , ,  t h e  load  was removed immediately and each  d i s c  

was al lowed t o  c o o l  i n  t h e  o i l  ba th  t o  room temperature;  AS 

soon as room. temperature  was reached t h e  d i s c s  were removed 

from t h e  hat .h,  wiped d ry  and l a i d  on an unexposed photo- 

g raph ic  f i l m  wi th  t h e  deformed g r i d  i n  c o n t a c t  w i t h  t h e  

emulsion. Contact  photographs of t h e  deformed g r i d  on each  

s u r f a c e  w e r e  t aken .  by s imple  exposure t o  l i g h t .   his was 
, . 



immediately fol lowed by photographing t h e  s imul taneous photo- 

p l a s t i c  f r i n g e  p a t t e r n  of each d i s c  i n  whi te  l i g h t  and i n  

monochromatic yellow ' l i g h t .  With t h e  deformed g r i d  t h u s  

permanently recorded on f i l m  t h e  r e f e r e n c e  g r i l l e  could a t  any 

t i m e  be placed ove r  t h e  c o n t a c t  p r i n t s  of t h e  specimen g r i d  

such t h a t  it w a s  a l i g n e d  w i t h  one o f  t h e  two or thogona l  

d i r e c t i o n s .  Photographs o f  t h e  r e s u l t i n g  Moire f r i n g e s  were 

taken;  t h e  r e f e r e n c e  g r i l l e  was r o t a t e d  90' over  . t he  c o n t a c t  

of t h e  specimen g r i d  and a second set of Moire f r i n g e s  

w e r e  photographed. From t h e s e  two s e t s  of Moire f r i n g e s  t h e  

v a l u e s o f  t h e  p r i n c i p a l  s u r f a c e  s t r a i n s  E and E~ a t  t h e  
1 

c e n t e r ' o f  each d i s c  could be ob ta ined .  P u t t i n g  t h e s e  v a l u e s  
N£ 

i n t o  t h e  s t r a i n  o p t i c  equa t ion ,  E - E  - 
. 1  2 , allowed t h e  h 

m a t e r i a l  f r i n g e  va lue  t o  be determined.  

~ o l i i n g  of  t h e  60.:40 Mixture 

A 3/8 inch  t h i c k  by 1/2 i nch  wide s h e e t  of t h e  60:40 

Laminac mix ture  was r o l l e d  a t  room temperature  i n  o r d e r  t o  com- 

p a r e  t h e  f r i n g e  p a t t e r n  ob ta ined  i n  u n i a x i a l  compression wi th  
. . 

one ob ta ined  by r o l l i n g .  A d d i t i o n a l l y ,  two six inch  long  by 

one inch  t h i c k  b locks  w e r e  hea ted  t o  40°C i n  a constant 

t empera ture  minera l  o i l  b a t h  and r o l l e d  i n  a  m i l l  whose r o l l s  

w e r e  p rehea ted  t o  40°C. The b locks  were t hen  p u t  back i n  t h e  

o i l  b a t h  and cooled t o  room tempera ture .  ,Immediately a f t e r  

coo l ing  they  .were s l i c e d  and s t u d i c d  p h o t o e l a s t i . c a l l y  t o  



o b t a i n  t h e  f r i n g e  p a t t e r n s .  i n  t h e  p l a n e s  of  t h e  slices. 

Pho tograph ic  M a t e r i a l s  and Methods 

A l l  t h e  i s o c h r o m a t i c  c o l o r e d  f r i n g e s  were t a k e n  w i t h  a 

Nikon F' Photomic camera hav ing  a 'Micro-Mirror Auto 55 mm 

f / 3 . 5  l e n s .  The f i l m . u s e d  was h i g h  speed Ektachrome t y p e  
I 

B 135. C o r r e c t  exposure  was e s t a b l i s h e d  by t h e  b ~ i l d - ~ n  l i g h t  

m e t e r .   racketing e x p o s u r e s ,  one a p e r a t u r e  s t o p  under  and - .-- 

t w o  under ,  h e l p e d  t o  r e c o r d  c l e a r l y  t h e  l i g h t e r .  f r i n g e s  a t  
. . 

t h e  c e n t e r  o f  t h e  compressed sample . .  A Nikon p o l a r i z i n g  
. . . . 

f i l t e r , '  which p r o p e r l y  f i t  t h e  camera,  was used as t h e  

a n a l y z e r .  A r e f l e c t o r  p h o t o f l o o d  lamp t y p e  CXC RFL-2 whose 

cone  o f  i l l u m i n a t i o n  j u s t  covered  t h e  sample was:used a s  t h e  

l i g h t  'source' .  The c o l o r e d  f i l m s  w e r e  p r o c e s s e d  i n  Ektachrome 

E 4 . .  

' B l a c k  and w h i t e  pho tographs  o f  Moire f r i n g e s  w e r e  t a k e n  

w i t h  a Linhof 4 x 55 view camera hav inq  a Schne ide r  Symmar 
. . 

1:,5.6/150 mm l e n s .  4 x 5 Tri-X Pan and 4 x 5 

p o l a r o i d  P o l a r  Pan t y p e  52 f i l m s  w e r e  used .  The p o l a r o i d  
. . 

f i l m  was used t o  check t h e  exposure  t i m e '  and t h e  a l ignment  

o f  t h e  p o l a r i z i n g  f i l t e r .  A f t e r  exposure  t i m e  and f i l t e r  ,. 

a l i g n m e n t . w e r e  checked,  f r i n g e  p a t t e r n s  i n  t h e  samples  w e r e  

pe rmanen t ly  r e c o r d e d .  on t h e  f i l m .  F i l m s  w e r e  p r o c e s s e d  i n  
, . 

normal ly  recommended d e v e l o p e r  and f i x e r .  



Kodal i th  o r t h o  f i l m s  w e r e  used t o ' r e c o r d  t h e  c o n t a c t  

images of t h e  g r i d s  on t h e  sample a f t e r  compression. A p o i n t  

l i g h t  source  was used t o  expose t h e  f i l m  wi th  t h e  sample he ld  

i n ' c o n t a c t  wi th  t h e  f i l m  by a p i e c e  of g l a s s .  Films w e r e  

processed i n  an au tomat ic  f i l m  processor .  



RESULTS 

Compression of Rectangular  Blocks 

Rectangular  b locks  of v a r i o u s  s i z e s  w e r e  compressed a s  

i l l u s t r a t e d  by t h e  ' sketch.  i n  F igu re  3a. The f i r s t  few com- 

p r e s s i o n s  of  10% reduc t ion  i n d i c a t e d  t h a t  t h e  in tended  re- 

d u c t i o n  was, no t  mainta ined a f t e r  t h e  m a t e r i a l  w a s  unloaded. 

Upon g iv ing  t h e  m a t e r i a l  a 20% r e d u c t i o n  followed by un- 

l o a d i n g  and a l lowing  t h e  m a t e r i a l  t o  c r e e p  r e l a x  an  8-12% re- 

d u c t i o n  w a s ' a t t a i n e d .  

Compression of  small (2"  x  1 3 /4"  x 3/4'!) r e c t a n g u l a r  

b locks  produced double  bu.lge f r i n g e  p a t t e r n s  a t  .bot.h ends  of 

t h e  s u r f a c e  s e c t i o n s  and a  tendency' towards a  uniform f i e l d  

i n  t h e  mid-section of  t h e  specimens (F igure  . 3 b ) .  

To improve o p t i c a l , r e s o l u t i o n  a l a r g e r  (2"  x 1 3/4" x 

.2") model was'compressed. The f r i n g e  p a t t e r n s  developed i n  

b locks  of  two d i f f e r e n t  h e i g h t s  a r e  shown i n  F igu re  4 .  

I n t e r p r e t a t i o n  of t h e s e  monochromatic (b lack  and wh i t e )  f r i n g e s  

i s  d i f f i c u l t  s i n c e  t h e  d i r e c t i o n  of  ' i nc reas ing  f r i n g e  o r d e r  

i s  n o t  known. . Colored. photographs of t h e  f r i n g e  p a t t e r n  i n  

samples exposed t o  whi te  l i g h t  c o n t a i n  t h i s  in format ion  b u t ,  

because of  consecu t ive  e l i m i n a t i o n  of  l i g h t  band? of  d i f -  

f e r e n t  wave l e n g t h ,  in format ion  from co lo red  photographs are 

l i m i t e d  t o  f r i n g e  o r d e r s .  below s i x  ~ i g u r e  5. 

A c o l o r  photograph o f  t h e  f r i n g e  p a t t e r n  shown, i n  b lack  



and white in Figure 4 gave no helpful information because 

the fringes were of too high an order and could 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 model as shown in Figure 6. Both the front and back 

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

at the ends but the middle slice (2) did not. The quali- 

tative result's are shown in the color prints of Figure 7. 

The corresponding fringe order, N, (i.e., the strain distribu- 

tion) of each slice is sketched qualitatively . . in Figure 8. 

The results leading to the sketch in Figure 8 clearly 

demonstrate one very powerful advantage of the model material : 
. . .  

a specimen can be plastically deformed and the strains will 

be temporarily frozen into the specimen. By cutting at 

various planes a full three-dimensional. analysis of the 

frinyes i.s 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 strain 

rates in an oil bath at 40°C correlated very well with the 

true'stress-true strain curves of identically shaped al'uminum 

cylinders compressed at temperatures of 300°C, 42S°C and 500°C 



(F igure  9 ) .  A t  t empera tures  above. 40°C t h e  t r u e  ' s t r e s s - t r u e  

s t r a i n  curves  of  t h e  Laminac mix ture  d i d  n o t  c o r r e l a t e  w i t h  

t h o s e  of aluminum . a t  300 t o  500°C. T h i s  i s  because t h e  

modulus of t h e  model m a t e r i a l  d e c r e a s e s  a b r u p t l y  a t  tempera- 

t u r e s  between 40' and 50°C. A s  a r e s u l t  t h e  shape of  t h e  

t r u e  ' s t r e s s - t r u e  s t r a i n  cu rves  change d r a s t i c a l l y .  

Compression of D i s c s  a t  40°C 

F igu re  10a shows t h e  Moire f r i n g e s  produced a s  a r e s u l t  

. of  superimposing a 200 l i n e  p e r  i nch  l i n e  g r i d  over  t h e  g r i d  
. . 

of t h e  specimen g iven  a 25% reduc t ion .  With t h i s  r e l a t i v e  

o r i e n t a t i o n  of  t h e  g r i d s ,  t h e  s t r a i n  i n  t h e  y d i r e c t i o n  a t  any 

p o i n t  i n  t h e  d i s c  c a n ' b e  determined a s  i l l u s t r a t e d  i n  t h e  

Appendix. F igure  lob  shows ano the r  fami ly  of Moire f r i n g e s  

ob ta ined  by r o t a t i n g  t h e  r e f e r e n c e  g r i d  through 90'. I n  

t h i s  b r i e n t a t i o n ,  t h e  s t r a i n  i n  t h e  .x d i r e c t i o n .  can be 

determined.  I n p a r t i c u l a r  t h e  s t r a i n s  i n  t h e  x and y 

d i r e c t i o n s  a t  t h e  c e n t e r  of t h e  d i s c s  w e r e  . . eva lua t ed .  The 

s t r a i n  va lues  corresponding t o  15 ,  20 and 25% r e d u c t i o n  i n  
. . 

diameter  a c r o s s  t h e  f l a t ' s  a r e  given i n  Table  1. 

Figure  lOcshows  t h e  p h o t o p l a s t i c i t y  . .  . f r i n g e s  of t h e  

s t r a i n  f i e l d  a s s o c i a t e d  w i t h  t h e  s a m e  d i s c .  Highly a c c u r a t e  

coun t s  of f r i n g e  o r d e r ,  N ,  w e r e  ob t a ined  from a l l  t h r e e  

compressed d i s c s  a s  soon a s  t h e y  had cooled t o  room tempera ture  

by t a k i n g  i sochromat ic  f r i n g e  p a t t e r n s  i n  t h e  narrow band 



yellow light of a low pressure sodium light source in a dif- 

fuse light polariscope. With the polariscope elements aiigned 

so that the background'had a light field, interference fringes 

occurred at half-order fringe counts. For an arrangement 

. which gave a dark background, interference fringes occurred 

at whole number fringe counts. Such "dark field" and "light 

field" isochromatic fringe pattern are shown in Figure lla 

and Figure llb, respectively. From the photoplasticity 

fringe pattern, the fringe order, -N, was obtained.at the 

center of the disc. Values are given in Table 1.. 

Figure 10d shows the zero degree isoclinics of the . 

compressed disc, i.e. wherever the disc is black the princi- 

pal strains in the plane of the disc were in the vertical y, 

and hori~o~tal x directions. 

Table 1 .  values used to obtain the fringe constant, :f 

Reduction in . . 
% N . f in/in/fringe Diameter, % 



Rol l ing  of  t h e  60:40 Mixture 

' % 

Rol l ing  a  3/8 i nch  t h i c k  she 'et  of  t h e  60:40 mix ture  a t  

room tempera ture  gave a  f r i n g e  p a t t e r n  (F igure  12 )  s i m i l a r  

t o  one ob ta ined  by u n i a x i a l l y  compressing a r e c t a n g u l a r  

b lock ,  F igure  3b. , 

The two b locks .wh ich  w e r e  r o l l e d  a t  40°C w e r e  s l i c e d  

a s  fo l lows .  Three s l i c e s  were.taken'longitudinally from one 

block a s  shown i n  F igu re  13a and ano the r  s e t  of t h r e e  s l i c e s .  

w a s .  t a k e n .  t r a n s v e r s e l y  from t h e  second b lock ,  F igure '  l 3b .  To 

a f i r s t  approximat ion,  t h e  c o l o r  f r i n g e s  a t  p o s i t i o n  A-A i n  
. . 

t h e  p l a n e s  o f  t h e . t h r e e  l o n g i t u d i n a l  slices, F igu re  14a, show 

t h a t  t h e  s t r a i n  i n  t h e  c e n t e r  slice is  less t h a n  . i n  t h e  re- 

maining two slices. Th i s  i s  e v i d e n t  from t h e  f a c t . t h a t  t h e  

green  c o l o r - i s  much f a i n t e r  i n  t h e  c e n t e r  s l i c e  t han  i n  t h e  
. . 

o t h e r  two s l i c e s .  The f r i n g e  o r d e r  N ,  i . e . ,  t h e  s t r a i n  

d i s t r i b u t i o n  a long  p o s i t i o n  A-A i n  F igu re  14a i s  r ep re sen ted  
. . .  

q u a l i t a t i v e l y  f o r  a l l  t h r e e  slices b y . t h e  s k e t c h e s  i n  F igu res  

14b and 1 4 c .  
. . . . , . 

Due t o  t h e  f a c t  t h a t  each  of t h e  b locks .was  t ape red  a t  

one end i n  o r d e r  t o  g e t  t h e  r o l l i n g ,  s t a r t e d ;  t h e  t r a n s v e r s e  
. . 

slice taken around t h e  t ape red  r eg ion  o f  t h e  block d i d  n o t  

show any f r i n g e s  s i n c e  t h i s  r eg ion  w a s  n o t  deiormed. The 

t r a n s v e r s e  s l ice a t  t h e  t o p  of F igu re  15a cor responds  , . t o  t h e  

s l ice  taken  t r a n s v e r s e l y  from t h e  t a p e r e d  r eg ion .  The c e n t e r  



and lower transverse slices in Figure 15a did have fringes 

since the block was defonmed plastically as a result of . 

rolling. 

The fringe pattern corresponding to position S-S or 

S' -St on either .the. center' or 'lower transverse slice,, as 

. shown in Figure 15a, revealed double bulging similar to that 

which had,occurred in the rectangular block compressed uni- 

axially (Figure 3a),. This phenomenon of double bulging is 

also observed in,hot rolled alumintug billets. The fringe 
. . 
order N, (i.e. the strain distribution) corresponding to 

position :S-S or St-S' on the central or lower . transverse . 

slice In Figure 15a,.is sketched qualitatively in Figure 

The fringe pattern corresponding to p0sition.B-B on 

the center transverse slice of Figure 15a or position C-C 

on the lower transverse slice, revealed the strain distribu- 

tion i l l u s t r a t e d . q u a l i t a t i v e l y  in Figure 15c. It is evident 

that the strains haveminimurn value's at the edge and center 

of the rolled piece, consistent with the minima of Figure 

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 t h e  slice. 

Thus it can be concluded that strain distributions are 

similar for uniaxially compressed or rolled material as long 



as the height to width ratios are'equivalent. This observa- 

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



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 with hot iormed parts to be 

described. 

Based on the w0r.k of Morris. and Riley ( 2 4 ) ,  . a 60:40 

mixture of flexible and rigid resins appeared to be a suit- 

able material for modeling aluminum, at least in tensile . .  

loading situations. Consequently, this material was chosen 

as a sensible starting point for developing a suitable 

modeling material for the hot forming of aluminum. It re- 

mains to demonstrate whether the same material wil1,model 

katisfactorily other metals, during hot forming. 

Since hot forming operations involve compressive loading 

primari.ly, it was necessary first to determine the bire- 

.fringence characteristics of the 60:40 mixture in compression 

at room temperature. 

Despite the fact that the rate o f  loading in a hand 

operated hydraulic loading frame of the type commonly used in 

photoelastic polariscopes could not be controlled, the com- 

pression.~£ the smaller rectangular blocks of 60:40 Laminac 

mixture at room temperature produced double-bulge fringe 

patterns at both ends of surface sections and a tendency 



towards a  'uniform f i e l d  i n  t h e  mid-section of  t h e  specimen. 

The f r o n t  and back slices taken  from ' l a r g e r  r e c t a n g u l a r  

b locks  compressed a t  room tempera ture  e x h i b i t e d  double- 

bu lge  f r i n g e  p a t t e r n  a t  t h e  ends  (F igure  7 ) .  The 3/8 i n c h  

t h i c k  s h e e t  of t h e  60:40 Laminac mjx ture  which w a s  r o l l e d  

a t  room temperature  a l s o  e x h i b i t e d  a double-bulge f r i n g e  

p a t t e r n  ( ~ i ~ u r e  1 2 ) ' .  Th is  shows t h a t  whether t h e  60:40 

Larninac mixture  is  r o l l e d  o r  compressed t h e  same r e s u l t  

s t i l l  p r e v a i l s .  T h i s  double-bulge has  a l s o  been observed 

on t h e  edges  of ho t  r o l l e d  aluminum b i l l e t s .  

During t h e  cou r se  of t h e  room tempera ture  s t u d i e s  it was 
. . 

l e a rned  t h a t  s t r a i n  r a t e s  a t  as low as 0.05 min- '  caused t h e  

60:40 mixture  t o  respond i n  a  b r i t t l e  manner. ' ~ e s p i t e  t h e  

f avo rab le  s i m u l a t i o n  c h a r a c t e r i s t i c s  of t h i s  p o t e n t i a l  

-1 modeling m a t e r i a l . a t  s t r a i n  r a t e s  of  t h e  o rde r .0 .005 .min  

o r  lower, t h e  b r i t t l e  response  a t  s l i g h t l y  h igher  s t r a i n  

rates l i m i t s  i t s  u t i l i t y  f o r  forming p roces s  s imu la t ion  

because t h e  l a t t e r  invo' lve much h ighe r  s t r a i n  rates. Fur ther -  

more, t h e  pace of an exper imenta l  proqram i s  s e v e r e l y  con- 
. . 

s t r a i n e d  by t h e  r e q u i r e d  low t e s t ' r a t e s .  For t h i s  r ea son ,  it 

was decided t o  ' i n v e s t i g a t e  o t h e r  :mix tu re s  of  t h e  r i g i d  and 

f l e x i b l e  , r e s i n s  a s  w e l l  a s  o t h e r  materials t h a t  might e x h i b i t  

good s imu la t ion  c h a r a c t e r i s t i c s  a t  s t r a i n  r a t e s  h ighe r  ' t h a n  

t h o s e  al lowed by t h e  60 : 40 mix ture  a t  room' t empera ture .  

Two mixture's of t h e  r i g i d  and f l e x i b l e  r e s i n s ,  70 



flexible: 30 rigid and 80 flexible:.20 rigid, and a poly- 

carbonate,.Lexan, were' chosen for this effort.' Cylindrical 

samples of these materials having the same dimensions as 

the 60:40 compression test samples were compressed at room 

temperature at strain rates of 0.02, 0.1, 0.2, 0.4 and 1.0 

min-l. Although higher strain rates were possible without 

fracturing these materials, their-load-elongation curves 

were totally different than the load-elongation curves of 

compressed aluminum. 

A-second approach to achieve the goal: of a modeling' . . 

materiaJ..that would simulate hot aluminum at higher strain 

rates was attempted. This approach involved heating. the 

60:40 mixture to higher temperatures. After some exploratory 

investigation, a temperature of 40°C was deemed most suit- 

able. Lower temperature compression tests at moderate . . strain 

rates did not simulate aluminum compression tests. .Higher 

temperatures cannot be employed because the Young's modulus ' 

of the 60:40 Laminac mixture changes drastically at tempera- 

tures between 404C and 50°C thereby altering its stress- 

strain characteristics excessively. 

The 60:40 Laminac mixture satisfied the requirement 

that the model and the real material must have the same . 

shape of stress-strain curve. The true stress-true strain 

curves of cylindrical samples of 60:40 Laminac'mixture ob- 

tained by compression at different strain rates in an oil 



b a t h  a t  40°C c o r r e l a t e d  ve ry  w e l l  w i t h  t h e  t r u e  s t r e s s - t r u e  

s t r a i n  'curves of  i d e n t i c a l  aluminum c y l i n d e r s  compressed a t  

t empera tures  of 300°C, 425°C and 500°C.. The s t r e s s - s t r a i n  

c u r v e s  of  aluminum compressed a t  3 0 0 " ~ ~  425°C and 500°C'and 

o f  t h e  60:40 Larninac mix ture  compressed a t  40°C, p l o t t e d  

accord ing  t o  t h e  Ramberg-Osgood (25) r e l a t i o n  (F igu re  22,) , 
i n d i c a t e  t h a t  t h e  60:40 Larninac mix ture  does  s i m u l a t e  t h e  

behavior  .of aluminum i n  h o t  .compression. 

The s t r a i n  d i s t r i b u t i o n s  i n  t h e  l o n g i t u d i n a l  slices 

F igu re  1 4 a  and i n  t h e  t r a n s v e r s e  slices F igu re  1 5 a  of  t h e  

b lock  o f  60: 40 Laminac ,mix tu re  . . r o l l e d  a t  40°C have been 

determined and ske tched  i n  F igu re  . 14b, . Figure  15b .and 

F igu re  15c. The f r i n g e  p a t t e r n  i n  t h e  t r a n ~ ~ v e r s e  slices 

a g a i n  d i s p l a y e d  t h e  double-bulge phenomenon. The r e s u i t i n g  
. . 

s t r a i n  d i s t r i b u t i o n s ,  a r e  o n l . y . q u a l i t a t i v e  because t h e  r o l l i n g  

was n o t  uniform. This  is e v i d e n t  from t h e  i s o c l i n i c s  (F igu re  

16 )  of  t h e  l o n g i t u d i n a l  slices o f  t h e  r o l l e d  block.  For  

s t e a d y  r o l l i n g ,  t h e  whole slices should be complete ly  dark  

wi thou t  .:any whi te  s p o t s .  ' 
. . 
. .. 

D e s p i t e t h e  f a c t  t h a t  t h e  60: 40 Larninac mix ture  a t  40°C 

was found t o  s i m u l a t e  t h e  u n i a x i a l  compression c h a r a c t e r i s t i c  

o f  h o t  aluminum and t h e  f a c t  t h a t  it c a n . b e  r o l l e d  a t  40°C 
. . 

i n  a  q u a l i t a t i v e  s imu la t ion  o f  aluminum, t h e r e  remain s e v e r a l  

f a c t o r s  which dese rve  comment o r  f u r t h e r  eva lua t ion .  
. . 

Although the 60: 40 Lamina= mix tu re  responded ' s e n s i b l y  



t o  s t r a i n ,  it i s  u n f o r t u n a t e l y  v i s c o - e l a s t i c ,  t h a t  i s  t h e  
. . 

s t r a i n s  r e l a x  s lowly  wi th  t i m e .  Th is  e f f e c t  i s  e v i d e n t  i n  

F igu re  17. ~ i g u r e  17a shows t h e  f r i n g e  p a t t e r n  o f  a  d i s c  

under load  whi le  F igu re  17b shows t h e  same d i s c  two hours  

a f t e r  t h e  load was removed. F igu re  17c shows t h e  f r i n g e  

p a t t e r n  s i x  days  l a t e r .  The e x t e n t  of  t h e  r e l a x a t i o n  i s  

e v i d e n t .  F o r t u n a t e l y  t h e  rate of r e l a x a t i o n  became much 

less when. the  d i s c  was compressed a t  40°C and al lowed t o  

c o o l  i n  an  o i l  b a t h  t o  room tempera ture .  F igu re  18a shows 

t h e  f r i n g e  p a t t e r n  a f t e r  t h e  d i s c  had been l e f t  i n  t h e  o i l  

b a t h  f o r  one hour t o  coo l  t o  room temperature  and F igu re  18b 

shows t h e  f r i n g e  p a t t e r n  f o r  t h e  same d i s c  s i x  days  l a t e r .  

Comparison of t h e , t w o  f r i n g e  p a t t e r n s  t a k e n . a f t e r  s i x  days  

( F i g u r e s  17c . and . .  18b) shows t h a t  t h e  r a t e  o f  r e l a x a t i o n  of 

t h e ' d i s c  which was compressed a t  40°C was s lower  t h a n  f o r  

t h e  one which was compressed a t  r o o i  t empera ture  i .e.  , t h e  

r e s i d u a l  s t r a i n  r e t a i n e d  a f t e r  s i x .  days was more i n  t h e  d i s c  

compressed a t  40°C and cooled t o  room tempera ture  t'han t h e ,  

d i s c  compressed a t  room'temperature.  Th i s  lower r a t e  of  
. , 

r e l a x a t i o n  pe rmi t s  more t i m e  f o r  a n a l y s i s  of  t h e  f r i n g e  

p a t t e r n s  and s t r a i n s  w i thou t  i n t r o d u c i n g  s e r i o u s  e r r o r s  i n  

t h e  de t e rmina t ion  o f  t h e  m a t e r i a l  f r i n g e  c o n s t a n t  which i n  

tur 'n c o n t r o l s  t h e . d e t e r m i n a t i o n  o f  t h e  s t r a i n s  and t h e  f r i n g e  

o r d e r  N. 

The nanuni fa rmi ty  i n  , r u l l i i l g  o f  t h e  block of 60:  40 . . 



Laminac mixture at' 40°C may be due to many factors. On one 

hand it may be due to the unsteady rolling, or it may be due 

to friction. At this stage of the.research the friction 

characteristics are unknown. An understanding of the fric- 

tion' characteristics will indicate whether the nonuniformity 

in rolling was due 'to friction or to the manner in which the 

rolling was achieved. 

Despite unknown friction characteristics and relaxation, 

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°C produced evidence that 

demonstrates its potentiality for, this purpose.' The 

phenomenon of double buiging which 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 ~aminac 
. . 

mode'l material. Furthermore, the true stress-true strain 

curves of cylinders of the 60:40 Laminac mixture compressed 

at 40,OC.and aluminum cylinders compressed at 30°C,.4250C and 

500°C correlated very w e l l .  These are convincing facts 

suggesting that the mixture of 60% flexible and 40% rigid 

resins can be used to simulate the strain distribution in hot 

rolled al.uminum billets. , '  

Based on the results of this research, it is not unduly 
, . 

optimistic to suggest that the 60:40 mixtureat 40'~' will 



provide qualitative, 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 in certain extrusion 

processes. 



SUMMARY 
. . 

A photomechanic material, Larninac, which is a mixture. 

of 60% flexible and 40% rigid resins has been shown to have 

potential as a .modeIing.material to simulate the three- 

dimensional strain .distribution in hot-rolled.aluminm. 

Photomechanic analysis revealed that the 60:40 Laminac 

mixt.ure, when compressed or rolled at 40°C, exhibited the 

phenomenon of double bulging which has been observed in 

hot-rolled aluminum billets. 

The 60:40 Larninac mixture satisfied the requirement 

that model and real material must have the same shape . . o£ 

stress-strain curve. The true stress-true strain curves 

of cylindrical samples of 60:40 Larninac mixture obtained at 

different strain rates in an oil bath at 40°C correlated 

very well with the true stress-true strain curves of identi- 

cal . aluminum . cylinders compressed at temperatures of 300°C, 

425°C and ,5000~ as illustrated by. a Ramsberg-Osgood plot 
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- ---) -.- ALUMINUM I 
e 60:40 MIXTURE OF LAMINAC 

POLYESTER RESINS ---- -- --.-. - 

Figure 1. Comparison of s t r e s s - s t r a i n  curves f o r  aluminum 
and 60:40  Laminac mixture p l o t t e d  according t o  
Ramsberg-Osgood r e l a t i o n s  



STRAIN, % 
Figure  2. . The s t r a i n  dependence of b i r e f r i n g e n c e  a t  s e v e r a l  s t r a i n - r a t e s .  

Taken from re fe rence  ( 2 4 )  



Figure 3a. . C;ompreirsion o f  rectangular blocks with varying 
length-to-height r a t i o  

Figure 3b. Photograph of a specimen under load i n  the polari- 
scope. Photoplast icity f r inges  can be seen quite  
c l e a r l y  



Figure 4.  Black and white fringe patterns under monochromatic 
yellow l i g h t  f or  two height-to-length ra t io s .  , 

Models are viewed through the ir  f u l l  thi'ckness 



--a--- - - - - h of  a mddel illustra'ties tendency 
for  hiGh-orier colored fr inges  t o  "wash out" 

SLICE 

SLICE 

SLICE 

Figure 6 .  Sketch t o  show orientation of  three slices taken 
from model t o  reduce the number o f  colored fr inges  
and make them more c lear ly  v i s i b l e  



Figure 7 .  Color photograph o f  slices taken from model 
as shown i n  Figure 6 



Slice 1 

Slice 2 



P h o t o p l a s t i c  f r i n g e  v a l u e s  P h o t o p l a s t i c  f r i n g e v a l u e s  
'(N) a long  ' h o r i z o n t a l  c e n t e r -  (N) a long  c e n t e r l i n e  and 
l i n e s  o f  t h r e e  slices one edge ,of each of  t h r e e  

slices 

--- 

SLICE 3: A 

. . ,  . . 

F i g u r e  8. p l o t s  of  p h o t o p l a s t i c  f r i n g e  o r d e r s  from slices 
c u t  as  i n  F igure  5 and as photographed i n  F i g u r e  
6. F r i n g e . v a l u e  is  p r o p o r t i o n a l  t o  s t r a i n  as 
a f i r s t  approximation 



61300 1 , ' PCHS . . .  
=0.1 in. /min. Temp.. 300°C 

TRUE STRAIN C 

Figure 9a. True stress-true strain curves of aluminum at different 
temperatures and strain-rates 



Figure. 9b 
. . 

=0.5 in./min. ~ernp. 40°C (11) 
V 

0.1 . . in./min. Temp. 40°C7 .. 

4000 

. . ~ H S  =0.05 in./min. ~emp. 40°C 
- 

- 
. . 

. . 
- 

. . 

I I I I I I I I I I 
' U  

0.02 0.06 0.10" 0. I4 Oil8 0:22 
TRUE STRAIN C 

. True stress-true s t r a i n  curves  o f  60~: 40 Laminac 'mixture a t  40' 
a t  several s train  rates  

I I I I I I .  i I 1 . 

True Stress-True Strain Curve of 60: 40 Laminac Mixture 
-, ' CHS=O.S in./min. Temp. 40°C (I) - r 



Figure 10a. ~oir6 of vertical . ~oire of hori- 
strain field zontal strain 

field 

I .'r 

Figure 10c. Photoplasticity of Zero degree iso-':', 
the strain field clinics of the ', 

oompsessed disc ' 



Figure lla. Dark-field isochromatic fringe pattern of the 
disc loaded in diametral compression 

Figure l l b .  L5ght4ke14 i s o c h b a k l c  Er;ln$e pattezb of tlb 
dida leaded Ln Q&&@%G&8l carnpj,easion - 



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 



Figure 13a. Sketch to show how longitudinal .slices were 
taken from the rolled block at 40°C 



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



Figure 14a. Color photograph of slices taken from model a s  
shown i n  Figure 13a 

Figure l4b. Three dimensional Figure 14e. Fringe uutr ibu-  
depiction o f  pho- t i on  a t  pos i t ion 
toplastic fringe M-M as f i l l e d  i n  
(N) from three, from maximum 
slices a s  shown i n  values i n  Figure 
~ i g u r e  14a 14b 



Figure 15a. Color photograph taken from randel a s  shown i n  
Figure 13b 

Figure 15b. Photoplastic Figure 15c. Photoplastic fringe 
fringe values values (N) along 
(N) along the pos i t ion B-B or  C-C 
two edges of a s  shown i n  Figure 
the model 14a 

' :,y,-LAF.?- "-,s6<;., v*b.L ! 
$&Gx;% $$!$i 



Figure 16 .  I s o c l i n i c s  of the slices taken from model a s  
shown i n  Figure 13a 



Figure 

Figure 

Figure 17c. Photoplasticity fringes of the disc six days 
after the load was &moved showing the slow 
change in fringe pattern due to viscoelastic 
creep of the material 



Figure 

Figure 

Photoplasticity fringes of the d essed 
&' BW,G and cooled to room temper, 

aseicity fringes of the diO@ 
) six days l a t e  . 



1 LOAD 

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



Figure 19b. Displacement-distance curve plotted to obtain 
E 
Y 



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



Figure 20b. Displacement-distance curve plotted to obtain 

&x 



Figure 21a. Dark-field isochromatic fringe pattern of the 
disc loaded in diametral compression 

Fieure 21b. Light-field isochromatic of the disc load in 
dbams$ral compression 



o 60:40 Laminac Mixture at 40°C for 
strain rates of 0.1, 0.4 and 1.0 min:' 

Aluminum at 425" C.  for a strain rate of 0.2min-' 

1 A Aluminum at 500°C for strain rates of 
0.1 and 0.2 min-' -I 

F i g u r e  2 2 .  C o m p a r i s o n  of s t r e s s - s t r a i n  curves f o r  a luminum a t  425OC a n d  500°C 
w i t h  t h e  60:40 Laminac  m i x t u r e  a t  40°C p l o t t e d  a c c o r d i n g  t o  t h e '  
Ramberg-Osgood r e l a t i o n  , , . 
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APPENDIX B 

The Dete rmina t ion 'o f  t h e  Material 
F r inge  Constant  f  

E 

Before demonstra t ing how t h e  material f r i n g e  c o n s t a n t  i s  

o b t a i n e d ,  t h e  development of  t h e  stress o p t i c  equa t ion ,  

Nfo 
- 

Ol-O2 
- -  

h  , i s  worth mentioning.  

S i r  David. Brewster  :(27) discovered  i n  1816 t h a t  c e r t a i n  

i s o t r o p i c .  m a t e r i a l s  became double  r e f r a c t i n g  (i. e. ,, h i r e -  

f r i n g e n t )  -when s t r e s s e d .  H e  found, f o r  i n s t a n c e ,  t h a t  a 

p l a t e  of g l a s s  under a  s imple  compressive stress acqu i r ed  t h e  

a b i l i t y  t o  p o l a r i z e  l i g h t  which i s  i n c i d e n t  normal t o  i t s  

p l ane ,  a long  two mutua l ly  pe rpend icu la r  axes .  These a x e s  

c o i n c i d e  a t  any p o i n t  i n  t h e  p l ane  of t h e  p l a t e ,  w i t h  t h e  

d i r e c t i o n s  of t h e  p r i n c i p a l  stresses i n  t h a t  p l ane .  

I n  t r a v e l l i n g  through t h e  t h i c k n e s s  of t h e  g l a s s ,  t h e  two 

waves, t h e r e f o r e ,  become o u t  o f  phase i . e . ,  t hey  a c q u i r e  a  

r e l a t i v e  phase c h i f t  o r  r e l a t i v e  r e t a r d a t i o n  which i s ,  a )  

p r o p o r t i o n a l  t o  t h e  t h i c k n e s s  of t h e  p l a t e :  b) p r o p o r t i o n a l  

t o  t h e  d i f f e r e n c e  between t h e  two p r i n c i p a l  stresses a and 02.  1 

M a t e r i a l  i s  g e n e r a l l y  r e f e r r e d  t o  as being n e g a t i v e  b i r e -  

f r i n g e n t  when t h e ,  v e l o c i t y  of  u 2  i s  g r e a t e r  t han  t h a t  of ol. 
. . 

I f  t h e  v e l o c i t y  o f  o2  was less than  t h a t  of  o1 it would have 

been p o s i t i v e  b i r e f r i n g e n t .  Th i s  b i r e f r i n g e n c e  i s  temporary,  

i . e . ,  i t . d i s a p p e a r s . w h e n  t h e  stress is  removed. Th i s  work 

was conducted w i t h i n  t h e  l i m i t  of e l a s t i c i t y .  



I n  1841,  Neumann (28) c a r r i e d  o u t  t h e .  f i r s t  i n v e s t i g a t i o n  

o f ' t h e  t h e o r y  o f  a r t i f i c i a l  d o u b l e  r e f r a c t i o n  i n , a  s o l i d  sub- 

jec ' ted  t o  any sys tem o f  f o r c e s .  H e  a t t r i b u t e d  t h e  temporary  

b i r e f r i n g e n c e  t o  t h e  s t r a i n  i n  t h e  body and o b t a i n e d  h i s  re- 

s u l t s  i n  terms of  s t r a i n .  I n  1852 Maxwell ( 2 9 ) ,  . a p p a r e n t l y  

unaware o f  ~ e u m a n n ' s  work, c a r r i e d  o u t  a s i m i l a r  i n v e s t i -  

g a t i o n - ,  u s i n g  stresses i n s t e a d  o f  s t r a i n s  and o b t a i n e d  re- 

s u l t s  o f  p r e c i s e l y  t h e  s a m e  form. The l aws  f o r m u l a t e d  by . 

Neumann (28)  and Maxwell (29)  s t a t e d  i n  t e r m s  o f  stress, a r e  

a s  f o l l o w s  ' 1) a t  any p o i n t  i n  a  s t r e s s e d  t r a n s p a r e n t  s o l i d  

t h e  a x e s  o i  . p o l a r i z a t i o n  o f  l i g h t  p a s s i n g  t h r o u g h  t h e  s o l i d  

a r e  p a r a l l e l  to' t h e  d i r e c t i o n s  o f  t h e  p r i n c i p a l .  stresses i n  

t h e  p l a n e  of  t h e  wave-f ront  a t  t h e  p o i n t .  2 ) . T h e  d i f f e r e n c e  

o f  t h e  v e l o c i t i e s  o f  t h e  two p o l a r i z e d  r a y s  a t  . the .  p o i n t  i s  

p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  o f  t h e s e  t w o  p r i n c i p a l - .  stresses, 

and i s  - i n d e p e n d e n t  of stresses p e r p e n d i c u l a r  t o  t h e  p l a n e  of 

t h e '  wave-front .  Thus t h e  d i r e c t i o n s  o f  p o l a r i z a t i o n  w i l l  b e .  

t h e  d i r e c t i o n s  o f  t h e  p r i n c i p a l  a x i s  ,of t h e  s t r e s s - c o n i c  i n  

t h e  p l a n e  'of  t h e  wave-f r o n t  . 
The changes  i n  t h e  i n d i c e s  o f  r e f r a c t i o n  a s  n o t e d  by 

Maxwell w e r e  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  stresses induced 

i n  t h e  model and fo l lowed t h e  r e l a t i o n s h i p s  
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Equation (10.) i s  :va l id  i n  t h e  e l a s t i c  r e g i o n  on ly  and f o r  

N f €  l i n e a r  e l a s t i c i t y  may be w r i t t e n  a s  E ~ - E ~  = - where 
h  : 

f = k ~ f  . From Neumann's work it i s ' n o t  s u r p r i s i n g  t o  
E E .  a 

N f €  - f i n d  t h a t  i n  t h e  p l a s t i c  range ( E  -E ) - .7, 
1 2  i s  ' g e n e r a l l y  

a l s o  v a l i d .  Here t h e  p rope r ty  f E  may o r  may n o t  be c o n s t a n t  

depending o n  t h e  a c t u a l  p h o t o p l a s t i c  mater ia l . .  I n  o r d e r  t o  

f i n d  t h e  r e l a t i o n s h i p  between f  and. (c1-fz2) t h e  ~ o i r 6  

method w a s  used t o  f i n d  t h e  and E~ s e p a r a t e l y .  A d i s c  

g iven  a  r educ t ion  of 20% i s  used h e r e  a s  an example t o  show 

t h e .  d e t a i : l e d  c a l c u l a t i o n  involved.  F igu res  19 and  20 are 
. . . . 

used f o r  t h i s  purpose.  Both photographs ,  19a  and 2da, are of 
. . 

t h e  s a m e .  d i s c .  af  -ter compression. The o r i g i n a l  d i s c  had . ' 

p r i n t e d  o n t o  i t s  s u r f a c e  a  f i n e  , g r i d  p a t t e r n  which e f f e c t i v e -  

l y  r e s u l t e d  i n  a  c ros sed  d o t  p a t t e r n o f  200 d o t s p e *  inch .  

Th i s  p a t t e r n  can be seen en l a rged  on bo th ' pho tog raphs .  The 

. . . was  .. . p l a s t i c a l l y  deformed when t h e  d i s c  w a s  loaded 

i n  t h e  y-d , i rec t ion . '  Thus p l a s t i c  deformat ion o f  ' t h e  g r i d  
. . . .  . . . 

remained a f t e r  ' l o a d i n g .  The d i s c  was. t hen  l a i d  w i t h  ' t h e  

g r i d  f a c e  down on to  a p h o t o g r a p h i c  p l a t e  s o  t h a t  a  c o n t a c t  
. . 

photograph of t h e  deformed p a t t e r n  could  be taken .  . .  
. 

A f t e r  t h e  

development 'of  t h i s  c o n t a c t  n e g a t i v e ,  t w o . s e p a r a t e  p i c t u r e s  

w e r e  taken.  In .  t h e  f i r s t  a r e f e r e n c e  g r i l l e  of 200 l i n e s  p e r  

i nch  was l a i d  over  t h e  c o n t a c t  n e g a t i v e  w i th  th'e l i n e  i n  t h e  

x -d i r ec t ion .  Th i s  r e f e r e n c e  gr i l le  i n t e r f e r e d  wi th ,  t h e  de- 

formed d o t  p a t t e r n s  t o  g i v e  ~ o ~ r 6  l i n e s  o r  f r i n g e s  which can 



be u s e d ' t o  f i n d  t h e  displacement  i n  t h e  y - d i r e c t i o n .  Th i s  

MoirL p a t t e r n  is' shown en la rged  i n  F igu re  19a. 

I n  accord wi th .mos t  e l a s t i c i t y  and p l a s t i c i t y  con- 

v e n t i o n s ,  ' the d i sp lacements  i n  t h e  y - d i r e c t i o n  a r e  des igna t ed  

a s  v  and those  i n  t h e  x - d i r e c t i o n  a s  u. The s t r a i n s  r e l a t e  

av au t o  t h e  d i s p l a c e m e n t s  such t h a t  cx = and  E = - i - e . ,  t h e  
Y 3 ~ '  

s l o p e  of  t h e  l i n e  drawn i n  F igu re  . l 9b ,  which is merely a  

g raph ica l .  p l o t  of  t h e  consecu t ive  spac ing  o f  t h e  .Moirg 

- f r i n g e s  a long  t h e  y-ax is ,  i s  impor tan t .  The i n d i v i d u a l  num- 

ber g i v e n . t o  any Moirg f r i n g e  i s  no t  s i g n i f i c a n t  and t h e  

p o s i t i o n  "0" and the  subsequent  number were chosen a r b i -  
. . . . 

t r a r i l y .  The f r i n g e  p a t t e r n  on i t s ' o w n  does  n o t  show whether .' . 

t h e  s t r a i n s  a r e  posi ' t ive  o r  nega t ive .  The technique  (30) , - . 

used t o  determine whether t h e  s t r a i n  is  p o s i t i v e  o r  nega t ive  

i p  t h a t  t h e  r e f e r e n c e  g r i l l e  i s  superimposed on t h e  c o n t a c t  

p r i n t  of  t h e  deformed specimen c , ross  g r i d ,  ' t h e r e b y  producing 

a f ami ly  o f  Moir6 f r i n g e s .  A r e l a t i v e . a n g u l a r  d i sp lacement  

of  t h e  ' r e f e r e n c e  gri l le  w i l l  make t h e  Moir6 f r i n g e s  t o  

e i t h e r  fol low.  t h e  d i r e c t i o n  of t h e  angu la r  d i sp lacement  ,of 

t h e  reference g r i l l e  i f  t h e  s t r a i n  i s  t e n s i l e  ( p o s i t i v e )  o r .  
' 

. are a n g u l a r l y  d i s p l a c e d  i n  t h e  d i r e c t i o n  o p p o s i t e  t o  . . t h a t  of 

t h e  ' r e f e r e n c e  g r i l l e  i f  t h e .  s t r a i n .  is compressive ( n e g a t i v e )  . 
Using t h i s ' t e c h n i q u e ,  it was found t h a t  t h e  s t r a i n  i n  t h e  

y -d i r ec t ion '  was nega t ive .  

A f t e r  o b t a i n i n g  t h e  p l o t  i n  F igu re  19b t h e  s l o p e  o f .  t h e  
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Thus, 3 f r i n g e s , =  0.015 i n c h  and 

-Ay - .  - 3  f r i n g e s  , E = -  - - O o o l 5  = -0;09965 = -9.965% 
Y A - 0.15052 0.15052 

By r o t a t i n g  t h e  r e f e r e n c e  g r i d  90' a n o t h e r  f a m i l y  of  

Mo'ir6 f r i n g e s  f o r  t h e  h o r i z o n t a l  d i s p l a c e m e n t s  was o b t a i n e d ,  

f i g u r e  20a. The f r i n g e  o r d e r  v e r s u s ' p o s i t i o n  c u r v e  was 

p l o t t e d  a s  F i g u r e  20b f o l l o w i n g  t h e  same s t e p s  used  f o r  F i g u r e  

1 9 b  and t h e  v a l u e  o f  t h e  , s l o p e  a t  t h e ,  center of  t h e  d i s c  'was  

de te rmined .  The s t r a i n  w a s  found t o  b e  ' p o s i t i v e  by  u s i n g  t h e  

a fo rement ioned  t e c h n i q u e .  
. . 

The d i a m e t e r .  o f  t h e  d i s c  a f t e r  c o m p r e s s i o n , w a s  1.2500 

i n c h e s  which c o r r e s p o n d s  .to 6 . 9 i n c h e s  o f  t h e  e n l a r g e d  photo-  
. . 

g r a p h  o f  t h e  d i s c . i n  F i g u r e  20a a f t e r  compression..  One i n c h  

o f  t h e  e n l a r g e d  pho tograph  i s  1.25 6.9  = 0.1800 i n c h e s  of t h e  

d i s c  a f t e r  compress ion .  From F i g u r e  20b, 0.4 i n c h  r e p r e s e n t s  

Au - 3 f r i r i  es - one  f r i n g e .  ' T h e r e f o r e ,  t h e  s l o p e  - (1.15) (90.18) - . . 

fringes '. But 3 f r i n g e s  = 0 .015  i n c h .  T h e r e f o r e  cx = 0.20800 

Au - - - 0'015 = '0 .07200 = 7.200%. S u b s t i t u t i n g .  t h e  v a l u e s  o f  
Ax 0.20800 N f -  

E ' . and  E i n t o  t h e  s t r a i n  o p t i c  e q u a t i o n ,  E - E  = - 
X . Y  h  

, f 
Y E . 

c a n  b e  de termined.  . N ,  t h e  f r i n g e  o r d e r  f o r  b i r e f r i n g e n c e  a t  
. . 

t h e  c e n t e r o f  t h e  d i s c  was de te rmined  a c c u r a t e l y  from t h e  

d a r k  f i e l d ,  l i g h t  f i e l d ,  a n d  c o l o r  i s o c h r o m a t i c  f r i n g e s  i n  

F i g u r e  21a, b ,  c. I ts  v a l u e  was found t o  b e  12  and t h e  

t h i c k n e s s  of t h e  d i s c ,  h ,  was 0.375 i n c h .  



kx-& ) h  
Thus, f = 

E .  N. 




