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Photoelast ic coatings a few teas of microns  thick have proved to be ra ther  effective in investigations 
of grain deformation in metals [1-3]. Reliable numerical  resul ts  can be obtained by this method for very 
complex distribution of grain deformation under various conditions of s t ress ing  [2, 3]. This requires  a 
p roper  selection of the coating thickness of suitable resolving power and the application of measurement  
compensation methods with photographic recording of differences in optical patterns~ 

Here the method of photoelastic coating was used in the investigation of the ear ly  stages of fatigue 
failure of steel and grey  iron specimens at nominal (averaged over the c r o s s  section) s t r e s se s  above and 
below the limit of proportionali ty~ Coatings up to 50 # thick made it possible to obtain strain distribution 
pat terns at the selected surface of the specimen and to determine local values of strain in regions of its 
concentrat ion pr ior  to the appearance of mic roc racks ,  as well as during their incipient and development 
s tages.  Considerably heavier coatings (of the order  of 1 mm) used by other invest igators  [4, 5] are un- 
suitable for detecting the effects of s train accumulation and the formation of c racks  in mieroregions .  

1 .  E x p e r i m e n t a l  E q u i p m e n t  a n d  T e c h n i q u e  

The equipment for cyclic s t ress ing  includes a steel f rame 1 to which specimen 2 is glued by an epoxy 
res in  and clamped by bolts (Fig. 1)o The frame is held in the clamps of a pulsator  and, when loaded (with- 
in its l imits of proportionali ty),  can strain the specimen well above the proport ional i ty  limit of the latter.  
This a r rangement  permi t s  control of ei ther  the nominal s t r e ss  ("soft" loading) or  the nominal (averaged 
over the volume) strain ("rigid" loading). The nominal s train is controlled in the course of an experiment  
by the pulsa tor  manometer ,  and the s t r e ss  is measured by res is tance strain gauges 3 glued to stem 4 of 
f rame 1. Current  f rom the strain gauges is fed to osci l lograph 6 via the amplifier  5. For  alternating load 
with the one-way acting pulsator ,  the specimens  were attached to a p r e s t r e s s e d  frame which, during the 

Fig~ 1 Fig. 2 
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Fig. 3 Fig. 4 

hardening of glue, was maintained under constant stress. In this manner, an alternating loading is ob- 

tained by means of pulsating tension~ 

Patterns of interference Hnes in the coating, corresponding to E l - e2 = eonst, were recorded by 

means of polarimetric equipment [2, 3] consisting of an MP-6 microscope with an immersion compen- 

sator and a photographic camera (Fig. 2). During a test the whole working part of the specimen was con- 

stantly scanned. Photographs were taken after 1, i0, 102 ..... and l0 G stress cycles, or more frequently, 

whenever required~ The pulsator was stopped at the instant of taking a photograph, and the nominal stress 

(for soft loading) was maintained at the level of the maximum stress of the cycle. In the case of rigid 

loading, the photographs were taken at fixed maximum nominal strain of the cycle. 

Fiat specimens of 2 • 3 mm cross section and 6-8 mm working length were used~ Each specimen 

was given a 0.04-0.05-ram-thick coat of ED-6M material by the method described in [3]. The strength of 

this coating wns, as a rule, considerably higher than that of the ED-6M material, as determined by its 

tests on standard test pieces (not as a coating on metal). Thus, in spite of its proportionality limit corre- 
sponding to the strain g. = 2% and an endurance limit cr_i = 2 kg/mm 2 corresponding to the strain ~=i =0o7%, 

it was possible to obtain with coatings of this material reliable measurements up to a strain of 4-6% with- 

out permanent deformations and cracks in the coating itself. Permanent deformations, measured on coat- 
ings separated from fractured specimens by etching were negligible. 

2. Results of Experiments. 

Tests on Grey Iron Specimens (o- b = 14.8 kg/mm2). The specimens were subjected to pulsating ten- 

sion load with the minimum and maximum nominal stresses in a cycle ranging from ffmin ~ 0 to ffmax = 
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5-9.5 k g / m m  2 for various specimens.  A concentrat ion of deformation on the surface of specimens was 
observed as ea r ly  as after  the f i r s t  cycle.  If the maximum nominal s t r e ss  of a cycle did not exceed 6 
k g / m m  2, the number of deformation regions  in the working par t  of the specimen was small.  The regions of 
concentrat ion were general ly located in the vicinity of graphite flakes. Fur ther  cyclic loading of specimens 
resul ted in an increase of maximum deformation in the regions of concentration.  This was accompanied 
by a simultaneous increase  of the size of concentration regions and the appearance of new regions not 
previously  noted. The strain field of a par t  of a specimen at the instant of maximum s t ress  after the f i r s t  
(solid lines) and the 104-th (dashed lines) cycles  are shown in Fig. 3a for O-max = 6 kg/mm2o Values of the 
difference of principal  s t rains  along the lines of e ~ -  g2 -- coast  are given in percent ,  and the ar row in- 
dicates the direction of tension. Some of the photographs used for plotting these lines are  shown in Fig. 
3b and c. The photograph in Fig. 3b was taken after  the f i rs t  cycle,  and that shown in Fig~ 3c - -a f t e r  the 
10~th cycle.  The difference of principal s trains el--e2=0.7% at the specimen surface corresponds  to the inter- 
ference band on these photographs~ We would point out that the band shown here was obtained under con- 
ditions of simultaneous transi l lumination of the coating and of the compensator  [2, 3]~ 

Failure of these specimens initiated by the gradual growth of one or more mic rocracks  which f re-  
quently developed on the specimen surface where the initial concentration of deformations was compara -  
t ively small~ The regions of concentrat ion had, however, a definite effect on the direction and the rate of 
propagation of mic roc racks  in the vicinity of these. The rate of propagation of mic rocracks  was in many 
instances small ,  even under soft loading conditions. The life of specimens f rom the instance of appearance 
to a crack varied between a few tens to 3 x 104 s t r ess  cycles .  The resul ts  of test  on one of the specimens 
at Umax = 5.2 k g / m m  2 are  shown in Figs.  4 and 5o Since the location of incipient c racks  was not known a 
pr ior i ,  the whole surface of the specimen was succesively photographed. Photographs of bands (Fig .An-c)  
on the surface of the region where c racks  did subsequently appear  were chosen on completion of an exper i -  
ment~ The local strain of el - e2 = 0.3% at the surface cor responds  to the interference bands on t h e s e  
photographs.  

During the ear ly  s tages of the loading process  (approximately up to 104 cycles) the concentrat ion at 
the location of the future c rack  (Figs~ 4a, 4b) was relat ively low. For  compar ison Fig. 5 shows the band 
pattern af ter  the f i rs t  loading cycle for another sec tor  of the same sample where the concentrat ion was 
highest.  Here the interference band corresponds  to a local surface s t ra in  of e 1-~2=0o45%. 

After 6 x 104 s t ress  cycles  the concentrat ion at the spot of subsequent appearance of a c rack  was 
commensura te  with that in other regions (Fig. 4c). After 7 x 104 cycles ,  c losely  spaced mic rocracks  
appeared in the specimen.  The length of these c racks  increased under fur ther  loading~ 

On completion of 8 x 104 cycles ,  this specimen was subjected to rigid loading, during which the 
nominal s train reached at that instant was maintained constant~ The load acting on the specimen decreased  
with the increase  of the number of cyc les .  This test  approximates the conditions of s t ress ing  of a mic ro -  
volume containing c racks  border ing on a mass so far  free of c racks .  The developed (after 9 x 104 cycles)  
c rack ,  shown in Fig. 4d, was photographed pr ior  to the failure of the sample str ipped of its coating. 

The development of an individual c rack  under soft s t ress ing  (ffmax = 5~ kg /mm 2) in another grey  
iron specimen is shown in F ig .  6a-c which shows charac te r i s t i c  fields of strain for a par t  of the working 
surface of the specimen after  3.53 • 104 (a), 3~ x 104 (b), and 4.66 x 104 (c) s t r e ss  cycles .  These fields 
were obtained f rom phototographs of interference bands taken at various compensator  settings [2, 3]~ The 
specimen edge is shown here by a solid line, the c rack  by a heavy line, and the a r row indicates the direction 
of tension~ During the initial stage of s t ress ing ,  the c rack  tended to propagate mainly to the left. After 
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reaching the edge of the specimen, it began to extend in the opposite direction. This pattern of crack pro- 

pagation is probably related to the presence of a region of strain concentration near its left end (point A 

in Fig. 6a). The length I of the crack was continuously and uniformly increasing with the number of stress 

cycles (Fig. 7) until just before the failure of the sample (5.02 • 104 cycles), when its rate of propagation 

had sharply increased. 

A simultaneous increase of the length of the crack and of strain in the vicinity of its ends was ob- 

served during thecycl[c stresslngprocess. Up to 3.8 x 104 cycles, the variation of strain at the crack ends 

was small (the strain field only "shifted" together with the crack end)~ Subsequently, particularly during 
the period of rapid development of the right end of the crack, a considerable increase of strain was observed 

here. The ratio of the maximum differences of principal strains at the end of the crack after 3.53 x 104and 

4.66 • 104 stress cycles was 2 ~ This increase of strain eannotbe explained by the decrease of the effective cross 

section of the specimen owing to the increased crack length. In several cases in which the length of cracks 

in the samples was approximately the same, the pattern of strain distribution and their maximum values 

near the crack ends were similar. 

A considerable number of fairly closely spaced concentration regions were observed on the surface 

of the specimen at maximum stress of a cycle O-ma x >> 6 kg/mm2. Further cyclic stressing resulted in an 

increase of regions of considerable strain concentrations which gradually merged and spread over most 

of the specimen width. There were no visible cracks at this stage. Later, a crack began to develop along 
the line connecting two most strained regions. The rate of propagation of this crack was high, and the 

latter ~pread over the whole width of the specimen in the course of a single stress cycle. 

Spread of Deformation in EZA Steel Specimens (limits of proportionally if, = 35 kg/mm 2, fib = 53 

kg/mm 2, and endurance limit o-_~ = 25.5 kg/mm2). Steel specimens were also tested under conditions of 

pulsating tensile load and nominal stresses O-mi n ~ 0 and ffmax = 20-35 kg/mm 2. Strain concentration was 

observed in microregions as early as during the first cycle, which corresponds to a static loading (see 

also [2, 3]). The concentration zones were found, as a rule, in the neighborhood of convergence of three 

grain boundaries, mainly along boundaries at an angle of 45 ~ to the direction of tension. Depending on the 

maximum cycle stress, the maximum strain in a cycle varied between 0~ and 3%. 

Two patterns of strain variation over the specimen surface were observed during cyclic stressing. 

The first appeared during the initial stage of stressing (up to n = 104-105 stress cycles, depending on O-max) 

with the maximum cycle stress below 30 kg/mm 2, when a simultaneous increase of strain in the concen- 
tration regions and of the size of these regions took place with increasing number of cycles. Lines of e I - 
~2 = eonst along which the difference of the principal strains is equal 0.42% after 102, 103, 104, and 5 • 10 ~ 

stress cycles (O-ma X = 23.4 kg/mm 2, and grain boundaries are shown by heavy Itnes). Within regions bounded 

by these lines e I - e 2 > 0.42%. It will be seen that up to 102 cycles the size of the region of el- e2 >> 
0.42% increases only slightly, after which it begins to grow at a considerably faster rate. The pattern be- 
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comes  stabil ized after 5 • 10 ~ cycles ,  and fur ther  s t ress ing  up to 10 ~ cycles  did not al ter  the strain con- 
figuration or  lead to the appearance of c racks .  

Ia cer ta in  cases  regions of strain concentration were also observed inside grain boundaries.  The 
variation of the size of these regions with the number of s t r e s s  cycles  was s imi lar  to that  descr ibed above. 

In addition to the increase  of the size of strain concentration regions produced by 
0,2 ] / , ! ~ / I ] !  the f i rs t  s t r e s s  cycle,  the appearance of new regions was observed on a few individual 

specimens after  up to 105 s t r ess  cycles .  These regions,  s imi lar ly  to the original ones, 
~  I usually appeared at grain boundaries but much less frequently inside a grain,  and were 

at an angle of 45 ~ to the direction of tension. The variation of the configuration and 
0.0. -3 size of the new zoneswere  s imi lar  to those of regions  developed in the initial stages of 

Fig~ 9 s t ress ing .  The size of these reg ionsbeeame stabilized after  2 • 104-105cyclesfromthe 
instant of their appearance (depending on (rmax). 

When the maximum cycle s t r e s s  exceeded 30 kg /mm 2, the pat tern of strain variation on the surface 
of a specimen differed f rom that descr ibed previously~ The maximum strain in concentration regions was 
continuously increasing with increasing number of s t r e ss  c/~eles. At the same time deformation was 
spreading to adjacent regions,  covering an ever  increasing par t  of the specimen surface.  This spreading 
was par t icu la r ly  pronounced in the beginning of the test  and immediately before failure.  The growth of the 
total a rea  of strain exceeding a cer ta in  value (at (rma x = 30 kg /mm 2) is shown in Fig. 9 for one of the 
specimens .  The ratio of the a rea  bounded by lines el - E 2  = COaSt to that of the total surface of the working 
par t  of the specimen is shown here along the vert ical  axis, and the dashed line indicates the number of 
cycles  result ing in specimen failure.  Under soft s t ress ing conditions such specimens failed during a sin- 
gle cycle.  

These resul ts  indicate the feasibil i ty of investigating the ea r ly  stages of fatigue failure of metal by 
the method of thin photoelastie coatings.  
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