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APPLICATION OF PHOTOELASTIC COATINGS TO STRAIN 

INVESTIGATION IN POLYCRYSTAL MICRODOMAINS 

L. A. Krasnov and A. P. Shabanov UDC 620.171.5 

A thin layer (coating) of optically active material is deposited on the specimen surface 
in investigations by the method of photoelastic coatings. If the coating thickness is rela- 
tively small, processing the experiment results offers no special difficulties since the 
optical quantities obtained during the experiment will be proportional to the measured strains 
on the specimen surface [i]. If the coating thickness is commensurate with the characteristic 
dimension of the strain zone, then analysis of the measurement results is complicated sub- 
stantially and requires special processing methods (refinements). 

This problem is especially complex for strain investigations in microdomains of real 
polycrystalline materials. Here even for small loads (in the domain of the so-called micro- 
plastic strains) inelastic deformation occurs by the formation and development of displacements 
governed by the localization of slip traces. Such zones of local strain concentration have, 
in turn, a finer structure and can reflect the result of the action of several strain mecha- 
nisms in the slip band domain [2, 3]. In all these cases the minimal coating thickness 
realizable in practice exceeds the size of the section deformed and the measurement results 
cannot therefore be used without appropriate correction. 

Different cases of strain measurement in a slip band domain of width 2a (Fig. i) are 
considered in this paper. The thickness d of the photoelastic coating being used (not shown 
in Fig. i) considerably exceeds the deformation zone dimension (d > 2a). We hence consider 
the strains homogeneous in the slip band domain while they can be neglected outside this 
zone. We denote the projections of the displacement vector Po characterizing the displacement 
of the undeformed sections as a rigid whole on the x, y, z axes by Uo, Vo, Wo. We consider 
the displacements U, V, W within the deformed zone --a< x ~ a linear functions of the coordi- 
nate x. 

!. Out of all the displacement vector component, let just the vertical component Vo be 
different from zero. If the length of the slip band is large in the z axis direction, it can 
be considered that the coating deposited on the surface y = 0 (see Fig. i) is under plane 
strain conditions with the following boundary conditions: 

~ r  y =  d e x =  O, T v =  O, (i.i) 

- - V  o, i f  - - ~ < x < - - a ,  
~ r  y = O  V=]Vox/a, i f  - - a ~ x ~ a ,  

[V o, i f  a ~ x ~ 
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(Ox, Txy are stress tensor components for the coating). 

Under such boundary conditions the stress state of a coating having a sufficiently large 
length along the x axis is described well by a stress function in the form of a Fourier inte- 
gral [4]: 

(p (x, y) = 7 F (ay) sin (ax) d(z, (1.2) 
--oo 

where F(ay) = A ch (ay) + B sh (~y) + C(ay) ch (~y) + D(ay) sh (ay). The constants A, B, C, 
D in (1.2) are found from the boundary conditions (i.i). Afterwards, the strain component 
can be determined for the coating fixed by the method of photoelastic coatings: 

�9 1 ~ 2 
ex:~. ~ --~ [ A l ( ( 3 . 4 v )  s h ( a y ) + ( a y ) e h ( a y ) )  + h 2 ( a y )  s h ( ~ y ) _ H 1 A s h ( a y ) ] s i n ( a x ) d a ,  (1.3) 

3 

where HI = 2GVo sin (c~)/(~aa); At = HI[2(I -- ~) + sh2(ad)]; 52 = Hx[~d-- 0.5 sh(~d)]; A = 

(ad) 2 + 4(1 -- v) 2 + (3 -- 4v) sh2(ad); v, G are elastic constants of the coating material. 

Upon exposing the coating along the y axis, a quantity equal to the mean value of the 
difference between the principal strains along the coating thickness will be measured 

d 
I 

8* : e 1 -- ~2 : ~ .[ exdY (1.4) 

0 

The directions of the principal strains will evidently agree with the x and y axes in 
this case. 

Presented as an illustration in Fig. 2 is the distribution of the measured strains along 
the x axis, obtained by a numerical realization of (1.3) and (1.4), when the coating thickness 
is 1.8 times g~eater than the strain zone on the specimen surface. The ratio of the strain 
measured c* to the actual value on the specimen surface is plotted along the ordinate axis. 
The dashed line marks off the boundary of the deformed zone. As is seen, the slope of the 
curve at the origin ~ will characterize the magnitude of the displacement Vo for a known 
coating thickness and deformed zone width. 

2. Let us now examine the case when only the horizontal component of the displacement 
vector Uo is different from zero. The boundary conditions for the coating are 

for y -~ d (r~ = O, xxy = O, 

I 
- - U 0 ,  if - - o o < x < - - a ,  

U 0 
f o r y = 0  U = -  if - - a ~ x ~ a ,  

i a X~ U o , if a <  x . <  ~ .  

As in Sec. I, the solution can be obtained in the form of a Fourier integral 

I i 2 ex = ~'~ ~ [h a ((3 - -  4v) sh (ay) -]- (ay) ch (ay)) -~ 

--oo 
+ A~ (ay) sh (~y) + / / 2 A  ch (ay)] cos (ax) da, 

(2.1) 
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H 2 ~ 2 G U  o sin ( a a ) / ( u a a 3 ) ,  53  : - -  H 2 [ a d  + 0.5 sh (2ad)], (2. l )  

h~ : H212(i -- v)+ sh~(ad)]. 

We again use (1.4) to compute the difference in the principal strains averaged with re- 
spect to the coating thickness. 

The distribution of strains measured upon exposure of the coating at different distances 
from the center of the deformed section, as obtained by computations using (1.4) and (2.1), is 
shown in Fig. 3. Plotted along the abscissa axis is the quantity ~*/eo, where go = Uo/a is 
the strain on the specimen surface in the slip band zone. The coating thickness here equals 
the width of the strain section. As is seen, the deformations measured at the center of the 

strain secion s* are just 43% of the actual values on the surface being investigated. Let 
max 

us note that the strain measured diminished to 75% of its maximal value at the distance Xo.75 = 

0.506d from the center of the strain section. This distance will be different for any other 
d/2a relationship, which can be used to determine the actual width of the slip band. 

To do this, it is necessary to construct graphs of the change in the functions • =s* / 
max 

~o, ~ = Xo. Ts/d, r = atan B/Vo of the argument d/2a represented in Fig. 4. For instance, let 

the curve s* = c*(x/d) be obtained experimentally. Let us note that the coating thickness is 

considered kno~, and for definiteness, we take d = 0.i mm. From this curve we determine ~ = 

0.506~ c* = 5%. Then from the curve 2 (the dash-dot line) we find d/2a = i.0 from which 
max 

2a = d/l.0 = 0.i. Now, the value of the displacement Uo on the specimen surface can be deter- 

mined for which we find the quantity • = 0.42 by using the curve 3 for the obtained value of 

d/2a; then ~o = e* /• = 0.12, Uo = ~oa = 0.006 mm. If the width of the perturbation zone is 
max 

enown~ it is possible, by determining the quantity r from curve i, to find the value of the 

vertical displacement Vo in addition. 
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Fig. 7 

3. Finally, let us consider the case when only the component along the z axis out of all 
the displacement vector components is not zero on the surface under investigation. The 
equilibrium equation for the coating can here be reduced to the following 

a~xz/ax + av~z/ay = O, (3. I) 

which corresponds formally to the equilibrium equation for the plane problem. We hence use 
the method applied above for its solution. 

The boundary conditions are 

at g = d a y  = O, Xxy = O, 

I--Wo, if - - o o < x < - - a ,  

-- / W~ 
at y- -O W - - -  if a < ~ x < ~ a ,  a X~ 

W o, if a <  x < oo. 

(3.2) 

Solving (3.1) with (3.2) taken into account, we find the strain in the zOx plane of the 
coating 

W 0 ~ sin (~a) 
Yxz = ~ J ~ [ch (ay)  - -  th (~d) sh (~y)] d~. 

Upon e x p o s i n g  t h e  c o a t i n g ,  t h e  mean v a l u e  o f  t h e  d i f f e r e n c e  i n  t h e  p r i n c i p a l  s t r a i n s  i s  
m e a s u r e d  a l o n g  t h e  y a x i s ,  w h i c h  c a n  b e  f o u n d  a s  b e f o r e  b y  n u m e r i c a l  i n t e g r a t i o n  

d 
i ' 

S l - - e 2 = ~ $ = - ~ j  ?xzdy .  

0 

H o w e v e r ,  t h e  d i r e c t i o n  o f  t h e  p r i n c i p a l  s t r a i n s  d i f f e r s  h e r e  f r o m  t h e  p r e c e d i n g  c a s e s  
b y  m a k i n g  a 45" a n g l e  w i t h  t h e  d i r e c t i o n  o f  t h e  s t r a i n  s e c t i o n .  T h i s  c i r c u m s t a n c e  p e r m i t s  
e a s i l y  s e p a r a t i n g  t h e  two c a s e s  c o n s i d e r e d  e a r l i e r  f r o m  t h i s  l a s t  o n e .  The m e a s u r e d  s t r a i n  
$* r e a c h e s  i t s  g r e a t e s t  v a l u e  a t  t h e  c e n t e r  o f  t h e  s t r a i n e d  s e c t i o n  ( x  = 0) a n d  d e p e n d s  
s u b s t a n t i a l l y  on t h e  c o a t i n g  t h i c k n e s s .  The c h a n g e  i n  t h e  s t r a i n  5 = Y* /u  a t  t h e  c e n t e r  
o f  t h e  s t r a i n e d  z o n e  i s  shown b y  c u r v e  1 i n  F i g .  5 a s  a f u n c t i o n  o f  t h e  r e l a t i v e  t h i c k n e s s  o f  
t h e  c o a t i n g ,  w h i l e  c u r v e  2 c h a r a c t e r i z e s  t h e  d i s t a n c e  f r o m  t h e  c e n t e r  a t  w h i c h  t h e  m e a s u r e d  
s t r a i n  i s  d i m i n i s h e d  t o  75% f o r  d i f f e r e n t  c o a t i n g  t h i c k n e s s e s .  T h i s  p e r m i t s  d e t e r m i n a t i o n  
o f  t h e  s i z e  o f  t h e  d e f o r m e d  z o n e  b y  t h e  p i c t u r e  o f  t h e  m e a s u r e d  s t r a i n s ,  and  t h e n  b y  u s i n g  
curve 1 finding the real value of the strains at the lower edge of the coating, which is in 
agreement with the actual strain in the domain under investigation. 
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4. Furthermore, let us consider the possibility of determining the displacement on the 
surface under investigation in cases when Uo and Vo are not zero. We use the circumstance 
that the quantities measured by the method of photoelastic coatings are distributed skew- 
symmetrically for Vo # 0 (Sec. i) and symmetrically for Uo ~ 0 (Sec. 2) relative to the 
origin (see Fig. 3) to determine them separately. Moreover, we note that the symmetric 
curve decreases monotonically on the section (0, ~) by approaching zero asymptotically, while 
the skew-symmetric curve in the same interval has one extremum and also approaches zero 
asymptotically at infinity. 

When Uo ~ 0 and Vo # O, a curve of general form (curve i in Fig. 6) is determined by 
the method of photoelastic coatings, which can be separated into symmetric and skew- 
symmetric distributions by using the condition formulated above. Now, all the parameters 
governing the slip band can be determined from Fig. 4. 

As an illustration, let us present the results of investigating the strain in the slid 
band domain of a specimen of magnesium alloy after unloading. An80-~m-thick coating of epoxy I 
compound was deposited on the specimen prior to loading. 

Presented in Fig. 7 are photographs of the band pattern for the very same section of 
the specimen oriented so that the long side of each photograph is perpendicular to the slip 
band direction. The photographs in Fig. 7 differ by the fact that they are obtained for 
different values of the optical difference in the compensator, and therefore yield inter- 
ference fringes of fractional order [i]. The appropriate difference in the principal strains 
(indicated to the right on the photographs) was then determined for each interference fringe. 
From the results of processing these patterns, a distribution of the uncorrelated differences 
in the principal strains ~* (see Fig. 6) was determined along the normal to the slip band 
direction. The location of the center of the strained zone is found computationally by 
sampling the best compliance with the conditions formulated above. Afterwards, the curve i 
could be considered as the superposition of the symmetric and skew-symmetric components 
(curves 2 and 3, respectively). Now, by using the graphs of Fig. 4, the slip band parameters 
can be determined by thefollowing scheme: e* = 1.84%, 0.75g* = 1.38%, ~ = 0.I (dashed 

max max 
line in Fig. 6); then (see Fig. 4), d/2a = 8.5, 2a = 9.41 ~m (d = 80 ~m), • = ~* /~o = 0.8, 

max 
so = 23%, 2Uo = 2.16 ~m. From curve i in Fig. 4 we determine the quantities r = 0.48, tan B = 

0.84, 2Vo = 16.47 ~m. 

. 

2. 

3. 
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