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CHANGES IN STRENGTH A N D  STRUCTURE OF METALS 

UNDER CYCLIC STRESS 

Cand.  t e c .  s c .  V . A .  P a r f e n o v  

T h i s  s tudy  is  conce rned  with the  changes  of s t r e n g t h  and 
s t r u c t u r e  of  c e r t a i n  m e t a l s  and a l loys  sub j ec t ed  to cycl ic  
loads  at r o o m  and e l eva ted  t e m p e r a t u r e s .  F la t  s p e c i m e n s  
0 .5  +- 0 .01  m m  th ick  and 20 m m  wide we re  t e s t ed  in cycl ic  
bending  and tens ion .  Spec imens  of [a luminum]  a l loys  AD1 
and D16 w e r e  annea led  for  2 h r s  in v a c u u m  (10-4ram Hg at  
300~ whi le  s p e c i m e n s  of a l loys  M3, L62 and B r .  OF w e r e  
annea led  a t  600~ One s e t  of b ronze  s p e c i m e n s  was  t e s t e d  
in the  co ld -worked  condit ion.  

D i f fe ren t  g roups  of s p e c i m e n s  w e r e  cyc l ica l ly  ben t  unde r  
1, 10, 100 and 1 ,000 cyc l e s .  The  e n d u r a n c e  of AD1 and 
D16 s p e c i m e n s  wa s  1200-1500 cyc l e s  and of  copper  and 
copper  a l loys ,  f r o m  1400 and 1600 cyc le s .  

Mos t  s p e c i m e n s  w e r e  t e s t ed  in cycl ic  bending  a t  20~ 
(see  pape r  by s a m e  au tho r  in F i z ika  Meta l lov  i Meta l lo -  
veden ie ,  1958, Vol. 6, No. 2. To obtain  da ta  for  c o m p a r i -  
s o n s ,  a p a r t  oi the  a l u m i n u m  al loy s p e c i m e n s  was  t e s t ed  a t  
300 ~ and of the  copper  a l loys  a t  600~ Af ter  cyc l ing ,  the  
s p e c i m e n s  w e r e  e l ec t ropo l i shed ,  t e s t ed  in t e n s i o n  a t  20~ 
a l so  for  m i c r o h a r d n e s s  and f ine s t r u c t u r e .  

The  m i c r o h a r d u e s s  in the  m a x i m u m  d e f o r m a t i o n  zone 
was  d e t e r m i n e d  on a P M T - 3  i n s t r u m e n t  u s i n g  a 10 g load 
for  a l u m i n u m ,  d u r a l u m i n  and copper  and a 20 g load for  
b r a s s  and b ronze .  E ach  m i c r o h a r d n e s s  f igure  is  a n a v e r a g e  
of 15 r e a d i n g s .  

Studies  o f  the  f ine s t r u c t u r e  we re  conducted  on a URS-70  
a p p a r a t u s  wi th  a 1 KROS c h a m b e r .  The X - r a y g r a m s  w e r e  
t aken  by the  back r e f l ec t ion  method  onto a f ia t  c a se t t e .  
E x p o s u r e s  of  s p e c i m e n s  of t he  s a m e  a l loy which  had s u s -  
t a ined  v a r i o u s  n u m b e r s  of  cyc l e s  w e r e  made  consecu t ive ly  
on a s ing le  f i lm.  

F la t  s p e c i m e n s  of a l loy ]~I602 fa t igue  t e s t e d  unde r  a s y m -  
m e t r i c a l  t en s ion  condi t ions  at  700, 800 and 850~ we re  
X - r a y e d  in the  m a x i m u m  s t r e s s  zone and n e a r  the  g r i p s  
w h e r e  the  s t r e s s e s  w e r e  about  ha l f  of the  m a x i m u m .  

Cy l ind r i ca l  s ~ e c i m e u s  of a l loy EI437B t e s t e d  a t  750~ In 
r o t a r y  [beam] bending  (a l t e rna t ing  s t r e s s )  w e r e  cut  p r i o r  
to X - r a y  d i f f rac t ion  a long an  axia l  p lane ,  the  d i s to r t ed  
l a y e r  in the  p lane  of cut  was  ca re fu l ly  e tched  off and the  
pho tog raphs  w e r e  t aken  f r o m  poin ts  which  r e c e i v e d  d i f -  
f e r en t  s t r e s s  l eve l s  du r ing  the  t e s t ,  i . e .  in the  m i n i m u m  
sec t ion  c e n t e r  and at i t s  p e r i p h e r y .  

The  m i c r o h a r d n e s s  of the  a l u m i n u m  s p e c i m e n s  did not  
change  wi th  i n c r e a s i n g  n u m b e r s  of  cyc les ;  in copper  and 
d u r a l u m i n  at  20~ the  m i e r o h a r d n e s s  f i r s t  i n c r e a s e d  wi th  
p r o g r e s s i v e  cyc l ing  and then  g radua l ly  fel l .  The m i c r o -  
h a r d n e s s  of the  b ronze  and b r a s s  s p e c i m e n s  i n c r e a s e d  unde r  
t h e s e  condi t ions  but  the  r a t e  of i n c r e a s e  t a p e r e d  off l a t e r .  

Te s t i ng  of copper  and the  copper  a l loys  did a t  600~ 
not  p roduce  m i c r o h a r d n e s s  changes .  Hence ,  w o r k -  
h a r d e n i n g  caused  by cycl ic  s t r a i n i n g  i s  r e m o v e d  at  600~ 

Seve ra l  e x t e n s o m e t e r  d i a g r a m s  of D16 s p e c i m e n s  
cyc l ica l ly  ben t  a t  20 and 300~ a r e  s e e n  in Fig.  2. The 
s t r e n g t h  of the  s p e c i m e n s  t e s t e d  at 20~ was  h i g h e r  than  
a t  300~ Due to the  r e d u c e d  s t r e n g t h ,  the  to ta l  f a i l u re  
ene rgy  of a s p e c i m e n  sub jec ted  to 1000 bending  c y c l e s  
p r i o r  to the  t en s i l e  t e s t  was  m u c h  l e s s  than  tha t  r e q u i r e d  
to b r e a k  s p e c i m e n s  wh ich  s u f f e r e d  a l e s s e r  n u m b e r  of 
cyc l e s .  The  s a m e  is  t r u e  of copper ,  Fig.  2,  a. The 
f r a c t u r e  work  was  l e s s  a f t e r  1000 cyc l e s  than  a f t e r  a 
s ing le  cycle .  

A c e r t a i n  i n c r e a s e  in duct i l i ty  was  o b s e r v e d  in b r o n z e  
s p e c i m e n s  p r e p a r e d  f r o m  w o r k - h a r d e n e d  shee t ,  Fig.  2, b. 
The  f r a c t u r e  work  d e c r e a s e d  s l igh t ly  wi th  i n c r e a s i n g  
cyc l ing  on accoun t  of  a lower  f r a c t u r e  load but  not  b e c a u s e  
of a l o s s  of  duct i l i ty .  

T e n s i o n  t e s t  r e s u l t s  on a l u m i n u m  and d u r a l u m i n  s p e c i -  
m e n s  which  unde rwen t  v a r i o u s  n u m b e r s  of  c y c l e s  at  200 
and 300~ a r e  s u m m a r i z e d  in Fig.  3. With i n c r e a s i n g  
cyc l ing  at 20~ the s t r e n g t h  of c o m m e r c i a l  a l u m i n u m  
f i r s t  i n c r e a s e d  and then  d e c r e a s e d  s ign i f i can t ly .  The  
s t r e n g t h  of d u r a l u m i n  showed a s u b s t a n t i a l  i n c r e a s e  with 
the  n u m b e r  of cyc l e s  i n c r e a s i n g  f r o m  1 to 1000 cyc l e s .  

In r e v e r s e d  bending  t e s t s  at 300~ the  s t r e n g t h  of 
a l u m i n u m  d e c r e a s e d  cont inual ly  whi le  tha t  of  d u r a l u m i n  
r e a c h e d  a m a x i m u m  af te r  100 c y c l e s  w h e r e u p o n  i t  fel l  
below i t s  in i t ia l  va lue .  

The  s t r e n g t h  of annea led  copper  cyc led  at  20~ did not  
change  wi th  the  n u m b e r  of cyc l e s  whi le  tha t  of  b r a s s  in -  
c r e a s e d .  W o r k - h a r d e n e d  b ronze  g r adua l l y  so f tened  wi th  
i n c r e a s i n g  n u m b e r  of cyc l e s .  In r e v e r s e d  bending  t e s t s  
a t  600~ the  s t r e n g t h  of copper  and of the  w o r k - h a r d e n e d  
b ronze  fell s o m e w h a t  whi le  in b r a s s  it  r e a c h e d  a m a x i -  
m u m  a f t e r  10 cyc l e s  and then  d e c r e a s e d .  

An a n a l y s i s  of F i g s .  3 and 4 ind ica te s  tha t  if the  cycl ic  
d e f o r m a t i o n  of the  sof t  m e t a l s  and a l loys  t ake s  p lace  at  
r o o m  t e m p e r a t u r e s ,  t hen  they  a r e  f i r s t  s t r e n g t h e n e d  and 
then  aga in  weakened  wi th  i n c r e a s i n g  n u m b e r  of  cyc l e s .  
The  co ld -worked  a l loy so f t ens  con t inuous ly  wi th  i n c r e a s i n g  
cycl ing.  

When cycl ic  s t r a i n i n g  of the  annea led  m e t a l s  i s  con -  
ducted  at  r e c o v e r y  t e m p e r a t u r e s ,  no i n c r e a s e  of t en s i l e  
s t r e n g t h  wi th  i n c r e a s i n g  cyc l ing  is  o b s e r v e d .  At e l eva ted  
t e m p e r a t u r e s  the  s t r e n g t h  of the  a l loys  c h a n g e s  wi th  
cyc l ing  in the  s a m e  m a n n e r  as  the  s t r e n g t h  of una l loyed  
m e t a l s  at  r o o m  t e m p e r a t u r e .  
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Fig. 1. Extens ion r e c o r d s  of alloy D16: 
a - r e v e r s e d b e n d i n g  at 20~ b - at 300~ 
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Fig. 2. Extension r e c o r d s  of spec imens  
subjected to plas t ic  bending at 20~ 
a - copper ,  b - work-hardened  bronze.  
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Fig. 3. Relative change of tens i le  s t reng th  
of A1 and dura lumin  depending on number  of 

cycles  and t es t  t empe ra tu r e .  
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Fig.  5. X - r a y g r a m s  of bronze  spec imens  af ter  cyclic tes t ing at 600~ 
a - 10 cycles ,  b - 1000 cycles .  
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X-raygrams taken after 1000 bending cyc les  on spec i -  
mens at room temperature differ considerably from those 
after fewer cycles.  After 1000 cycles the spots are diffuse 
mainly in the tangential direction and almost  continuous 
Debye rings are seen.  The intensity of the spots decreases .  
When the tes ts  on the bronze were run at 600~ (Fig. 5) 
the interference spots did not become blurred with in- 
creasing cycling but the number of spots increased on ac-  
count of the decreased size of each of them. The increasing 
number of interference spots is apparently connected with 
grain refinement and the absence of diffuseness indicates 
rel ief  of s t r e s s e s  due to recovery at the tes t  temperature 
which is about 0.7 T (melting). 

In X-raygrams made on a rotating film the interference 
spots form continuous lines.  The line width and intensity 
were evaluated on a microphetometer  MF-4. Analysis of 
the X-raygrams showed that when the cyclic bend tes ts  on 
bronze and b rass  are conducted at 20~ the width of the 
interference line increases  with number of cycles,  reaches  
a maximum after 100 cycles and then decreases  somewhat. 
The integral intensity of blackening of the lines decreases  
as cycling p rogresses .  

Pr ior  to taking X-ray photographs of the hea t - res i s tan t  
alloy ]~I602 tested in (asymmetric) cyclic tension at 700, 
800 and 850~ the oxide layer was removed by etching in 
a mixture of hydrochloric and sulphuric acids with addition 
of copper sulphide. The X-raygrams were  then taken upon 
a flat rotating casette using a tube with a copper anode. 
Six X-raygrams of three specimens under a reflection angle 
74 ~ were taken on each film. Reflections from the (024) 
plane were photometered. Those near the fracture area  
were more diffuse in all cases .  

At 700, 800 and especially at 850~ the second-order  
s t r e s s e s  cannot be significant since the elastic distortions 
are removed by recovery and incipient recrystal l izat ion.  
The most probable cause of line broadening must be grain 
refinement and disorientation of the subgrains. 

A comparison of the interference lines obtained from 
specimens tested at various s t r e s s  amplitudes but at identi- 
cal test  periods showed that the higher the cycle amplitude, 
the more pronounced i s the diffuseness. Since the degree 
of block disorientation depends directly on the amount of 
shear ,  the degree of line diffuseness can be related to the 
degree of subgrain disorientation. 

The reduced intensity of the interference line in the 
plastic deformation zone is caused by defects appearing on 
the slip planes; they represen t  submicroscopic pores ,  with 
their number increasing with increasing plastic strain. 

X-raygrams were also taken from cylindrical ]~I437B 
alloy specimens after rotary bending fatigue tes ts  at 750~ 
The shots were taken at the neck periphery,  neck center ,  
and the center  of the specimen head. At the neck periphery~ 
where the bending s t r e s s e s  were  highest,  the reflection 
lines were utterly diffuse. The diffuseness was somewhat 
less  marked in the central  zone of the neck. In the center 
of the specimen head which did not suffer any cyclic s t ra ins ,  
the doublet was very well defined. Photometric evaluation 

showed that the blackening intensity decreased considerably 
in the a rea  of maximum s t r e s s e s .  In the center zone of the 
neck, the blackening was more pronounced and the doublet 
was less  diffuse. At the center  of clamping, where the  cyclic 
s t ra ins  were nil, the doublet was  perfectly well defined. 

It was of in teres t  to follow the kinetics of res torat ion of 
reflection line intensity and the decrease  of diffuseness 
during an additional heating of the specimens without 
s t ress ing.  For  this purpose,  specimens of alloy EI437B 
were X-rayed before and after vacuum heating at 750, 800, 
850, 900, 950 and 1080~ for 4-16 hrs .  

Holding at 750~ for 16 hrs  or at 800-950 C/4 hrs  had 
no effect at all on the X-ray  lines. Such a high stability 
of line blurring indicated that during cyclic straining of 
this alloy certain i r revers ib le  changes took place in the 
crystal  lattice. Evidently these changes could not be r e -  
moved by annealing. On the other hand, if precipitation 
of secondary phases were  the cause of reduced intensity 
and line broadening, the lat ter  should have been removed 
by soaking at 950 to 1080~ This was not observed. 
Consequently, the cause of the reduced intensity and line 
broadening was the formation on the slip planes of suf- 
ficiently large defects which could not be eliminated even 
at the homogenizing temperature.  

A study of fatigue of alloy ~I437B at 750~ enabled 
defects on slip planes formed by cyclic s t ress ing  to be 
detected. They were  very pers is tent  and reduced the 
strength of the metal both at room and elevated t empera -  
tures.  Actually the degree of fatigue of the alloy at r e -  
covery temperatures  was higher than at room temperature.  
since at these tempera tures  there was no strain-hardening 
during cyclic s t ress ing.  

CONC LUSIONS 

1. The strength of metals and alloys after cyclic 
straining does not vary consistently. Commercially pure 
aluminum, and copper in part,  at f i r s t  hardened somewhat 
whereupon they softened again with further  cycling. An- 
nealed duralumin and b ra s s  showed gains of s trength 
with increasing number of cycles.  Cold-worked bronze 
softened during cyclic s t ress ing.  

2. The strength of alloys cyclically strained at their  
recovery temperatures  var ies  in the same manner as in 
commercial ly pure metals.  

3. Certain i r revers ib le  p rocesses  of deterioration 
("loosening") on the slip planes affect the strength changes 
of metals with increasing number of cycles in alternating 
plastic bending. The deterioration process  can be r e -  
tarded by initial work-hardening only at tempera tures  at 
which recovery ,  and especially recrystal l izat ion,  are  not 
operating. 

4. Crystal  s t ructure defects which develop at a certain 
stage of cyclic straining cannot be removed by annealing. 
This is the main difference between the effects of multiple 
and single plastic deformation on an alloy. 


