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I n t r o d u c t i o n  

Reducing a i r f r ame  weight i s  an ex t remely  impor tan t  cons ide ra t i on  i n  t h e  en- 
g inee r i ng  o f  bo th  m i l i t a r y  and commercial a i r c r a f t .  Apart  from s t a t i c  s t reng th ,  
t h e  pr imary  concern i n  a i r c r a f t  eng ineer ing  i s  f a t i g u e  s t reng th ,  which, i f  im- 
proved, can mean s i g n i f i c a n t  savings i n  a i r f r a m e  weight.  The f a t i g u e  s t r e n g t h  
o f  components can be improved i n  s p e c i f i c  ins tances by shot  peening. The c h i e f  
aim o f  t h i s  study was t o  op t im ize  t h e  shot peening process t o  improve t h e  f a -  
t i g u e  s t reng th  o f  t h e  t i t a n i u m  a1 l o y  Ti-6A1-4V. According t o  t h e  l i t e r a t u r e ,  
t h e  peening o f  t i t a n i u m  a l l o y s  i s  a  p a r t i c u l a r l y  s e n s i t i v e  process and has a l s o  
be known t o  r e s u l t  i n  reduced f a t i g u e  s t r e n g t h  (2) .  A  f u r t h e r  impor tan t  goal 
was t o  l e a r n  t h e  mechanism e f f e c t i n g  t h e  change i n  f a t i g u e  s t rength .  P r a c t i c e  
has shown t h a t  f a t i g u e  s t r e n g t h  i s  dependent upon t h e  t y p e  o f  c y c l i c a l  load ing,  
component form, m a t e r i a l  and c e r t a i n  secondary f a c t o r s  (1).  One o f  these fac -  
t o r s  i s  t h e  sur face,  which has been sub jec ted t o  va r i ous  t reatments  and p ro -  
cesses and prov ided w i t h  p r o t e c t i v e  coat ings .  

Shot peening changes t h e  p r o p e r t i e s  o f  near -sur face l a y e r s ,  depending upon t h e  
c o n d i t i o n  o f  t h e  ma te r i a l .  The ex ten t  o f  t h e  change can be determined i n  terms 
o f  c e r t a i n  c h a r a c t e r i s t i c  values o r  parameters, and i s  a l s o  r e l a t e d  t o  t h e  o r i -  
g i n a l  values f o r  these parameters. The t h r e e  most impor tant  parameters are:  
r es idua l  s t resses,  work-hardening and sur face t o  ogra hy o r  mor ho log ( l , 3 ) .  
Also t o  be taken i n E s i d e r a t i o n  a r e  phase t r ~ n s f o ~ m a t i o n s  a!d they implanta-  
t i o n  o f  shot-peening media. According t o  Wohl fahr t  ( 3 ) ,  changes i n  parameters, 
whether p o s i t i v e  o r  negat ive ,  a re  i n  p a r t  r espons ib le  f o r  t h e  change i n  f a t i g u e  
s t rength ,  depending upon t h e  m a t e r i a l ' s  p r i o r  c o n d i t i o n  and t h e  t y p e  of s t r e s s  
app l ied .  The i n f l u e n c e  o f  m i c r o s t r u c t u r e  on f a t i g u e  s t r e n g t h  i s  well-known. By 
c u t t i n g  a l l  t h e  specimens f rom a p l a t e  i n  e s s e n t i a l l y  t h e  same way, i t  was en- 
sured t h a t  t h e  m i c r o s t r u c t u r e  was approx imate ly  t h e  same i n  a l l  t h e  specimens 
and would man i fes t  i t s e l f  s o l e l y  i n  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  o f  f a t i g u e  
s t reng th  values. 

Specimen m a t e r i a l  

Test specimens were c u t  f rom 12 x  1000 x  2000 mm p l a t e s  of ( c ( + / j )  t i t a n i u m  
a1 l o y  Ti-6A1-4V (3.7164.1) i n  an "annealed" s ta te .  

Table 1: A l l o y  composi t ion 

A1 V Fe 02 N2 C H 
6,2 4,O 0, 13 0,18 0,Ol 0,Ol 0,006 

There was no marked tex tu re .  

Specimen: Waisted smooth specimens: 110 x  24 x  6  mm, rad ius  45 mm (dre4) 
shape Notched specimens: 110 x  16 x  8 mm, notch rad ius  1.8 mn (d~- f ,6 )  



The specimens were c u t  f rom t h e  m idd le  o f  t h e  p l a t e ' s  th ickness,  t h e  l o n g i t u d i -  
na l  axes o f  t h e  specimens c o i n c i d i n g  w i t h  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  p la te .  
The specimens were f i n i s h e d  u s i n g  p l a i n  c u t t e r s  f o r  opposed m i l l i n g  (140 rpm, 
feed: 70 m/min). 

Shot Peening 

The specimens were shot-peened u s i n g  compressed-air j e t s .  We v a r i e d  t h e  
peening media, Almen i n t e n s i t y  (peening pressure)  and t h e  degree o f  sa tu ra t i on .  
We employed t h r e e  d i f f e r e n t  t ypes  o f  peening media: s t e e l  shot  (j=7.8 g/cmS), 
g lass  beads (9=2.4 g / c d )  and ceramic peening medium (J=3.85 g/cm) ). The l a s t  
cons i s t s  o f  a bi-phase m a t e r i a l ,  about 67% o f  which i s  a c r y s t a l l i n e  Z r 4 -  
phase and about 33% o f  which i s  composed o f  an amorphous S i q - p h a s e .  The cera-  
mic ~ e e n i n a  medium o r i a i n a l l v  used lERl2OGl i s  r e f e r r e d  t o  i n  t h e  f o l l o w i n a  as 
"oldi'. ~ a t e r  we employed ye twano the r  ceramic peening medium, a new ceramic- 
which we w i l l  r e f e r  t o  as z i r s h o t ,  which con ta ins  a h i g h e r  p r o p o r t i o n  o f  sphe- 
r i c a l  shot,  s i n c e  i s  b e t t e r  screened, than does t h e  o r i g i n a l  ceramic medium. 

Table 2 shows t h e  r e s u l t s  f o r  t h e  i n d i v i d u a l  peening processes. A t o t a l  o f  
s i x teen  peening processes were a p p l i e d  t o  smooth specimens and two f u r t h e r  
processes t o  notched specimens. 

Table 2: Peening Processes 

I Specimen 1 
shape l - 4  

ln 

Notched 

S t e e l  sho t  400-5OO(S170) 

S tee l  shot+pol  . 
Steel+Ceramics 

Ceramics ( o l d )  
Ceramics (new) 

Ceramics (new) 

Almeni n t e n s i  t y  Degree o f  

s a t u r a t i o n  

Number 

o f  cond 

~ r o p e r t f e s  Fol  1 owing Shot Peening 

The depth d i s t r i b u t i o n  o f  r e s i d u a l  s t resses and l i n e  broadening (FWHM) o f  
t h e  d i f f r a c t i o n  p r o f i l e  were r a d i o g r a p h i c a l l y  determined f o r  each peening spe- 
cimen as a measure o f  t h e  specimen's degree o f  work-hardening. We a l s o  de te r -  
mined su r face  hardness and then  su r face  morphology by means o f  depth  o f  rough- 
ness (R , R ), roughness p r o f i l e  measurements and scanning e l e c t r o n  microscope 
p i c tu re$ .  ~ ! ib le  3 shows t h e  r e s u l t s  f o r  t h e  depth  o f  roughness measurements. 
Depth o f  roughness increases f o r  a l l  t ypes o f  peening media w i t h  i n c r e a s i n g  
Almen i n t e n s i t y .  The e f f e c t  o f  i nc reas ing  shot diameter i n  t h e  case o f  z i r s h o t ,  
however, was oppos i t e  t o  t h a t  o f  s t e e l  shot :  w h i l e  depth  o f  roughness increases 
as s t e e l  shot o f  l a r g e r  d iameter  i s  used, it decreases as t h e  diameter o f  z i r -  
shot i s  raised. Th i s  new ceramic m a t e r i a l  a l s o  produced roughness o f  l e s s  depth 
than t h e  o l d  one. 



Table 3: Depth o f  Roughness F o l l o w i n g  Shot Peening 

I Peening media Roughness 1 Hardness 1 

Graphs o f  r e s i d u a l - s t r e s s  depth  d i s t r i b u t i o n  and work hardening show two s im i -  
l a r i t i e s :  work hardening i s  always g rea tes t  a t  t h e  surface, and t h e  depth o f  
r e s i d u a l  s t resses always corresponds rough ly  t o  t h e  hardened l aye r .  Sur face 
compression s t resses  a r e  i n  t h e  r e l a t i v e l y  l i m i t e d  range from 520 t o  610 ~/mn' 
(50 t o  60% o f  t h e  y i e l d  s t reng th ) .  The maximum compression s t resses,  which a r e  
l o c a t e d  from 20 t o  160 pm below t h e  surface, range from 610 t o  900 ~ / m n ~  (60 t o  
90% o f  t h e  y i e l d  s t rength) .  

Ceramics - new 

I n  t h e  no tch  

The l e f t - h a n d  graph o f  Fig.  1 compares s t ress-depth  d i s t r i b u t i o n  curves fo l l ow-  
i n g  s t e e l  shot peening a t  d i f f e r e n t  Almen i n t e n s i t i e s .  At t h e  r i g h t ,  peening 
w i t h  s t e e l  and w i t h  ceramic shot a r e  compared. F ig .  2 shows t h e  maximum r e s i -  
dual compression s t resses t h a t  can be reached w i t h  t h e  d i f f e r e n t  peening media 
a t  i nc reas ing  Almen i n t e n s i t i e s .  

Fig.  1: 
Tiefenverteilungskumn der Eigenspannungen 
und der Verfestigung(HWB) 
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Maximale Eigenspannungen 
in Abhlngigkeit van der Almen- While t h e  maximum r e s i d u a l  compression 

Fig.  2: intensitat st resses caused by us ing  g lass  o r  s t e e l  
as t h e  peening medium increase as Almen 
i n t e n s i t y  i s  ra ised,  ceramic media have 
t h e  oppos i te  e f f e c t  (Fig.  2 ) ,  r e s u l t i n g  
i n  compression-stress maxima c l o s e  t o  
t h e  sur face and s l i g h t  p e n e t r a t i o n  
depths. S i m i l a r  r e s u l t s  a r e  obta ined 
us ing  g lass  beads, except t h a t  i n  t h i s  
case t h e  maxima o f  r e s i d u a l  compression 
s t r e s s  and t h e  ach ievab le  degree o f  
hardening a re  bo th  lower than those 
a t t a i n a b l e  w i t h  ceramic peening media, 
as can be seen by a comparison w i t h  
Fig. 3. Ceramic peening media y i e l d  
h i g h  degrees o f  hardening comparable t o  
those achieved us ing  s t e e l  shot,  bu t  a t  
lower  Almen i n t e n s i t i e s .  The hardness 
values p l o t t e d  i n  t h e  l e f t - h a n d  graph 
of F ig .  3 f o r  t h e  new ceramic medium 
6150 were found a t  t h e  base o f  notches 
i n  notched specimens and can be a t t r i -  
buted t o  t h e  p reven t i on  o f  f l o w  a t  t h e  
base o f  t h e  notches. The r i gh t -hand  
a t i o n  depths o f  a l l  peening media i n -  

crease l i n e a r l y  as Almen i n t e n s i t y  increases, but  t h a t  t h e  r a t e  o f  i nc rease  i s  
d i f f e r e n t  f o r  t h e  var ious  media. 

Fig. 3: 

VerfestigungIEindringtiefe in Abhangigkeit 
von der Almenintensitat 



Determi n a t i o n  o f  F a t i g u e  S t r e n g t h  

S ing le -s tage  a l t e r n a t i n g  bending t e s t s  were conducted on both  t h e  smooth and 
notched specimens a t  room temperature  (R  = -1). We used a resonance t e s t e r  w i t h  



Fig. 5 i n d i c a t e s  t h e  r e s u l t s  f o r  t h e  d i f f e r e n t  peening processes. The f a t i g u e  
l i m i t  and f a t i g u e  l i f e  y i e l d e d  by each peening process i s  represented by a 
h o r i z o n t a l  l i n e  w i t h i n  t h e  ba r  i n d i c a t i n g  t h e  peening medium ( t h e  bars  do no t  
represent  d e v i a t i o n  i n  f a t i g u e  l i m i t  o r  f a t i g u e  l i f e ) .  The f a t i g u e  l i f e  of- 
notched specimens was lengthened by a f a c t o r  o f  40 ( a t  an ampl i tude o f  2450 
~ / m n ~ )  and t h e  f a t i g u e  l i m i t  improved by 35%. 

E f f e c t  o f  Parameters 

For roughness depths o f  up t o  a t  l e a s t  Rt = 14.5pm, t h e  e f f e c t  o f  roughness 
on f a t i g u e  s t r e n g t h  i s  compensated by s imultaneous hardening o r  increased r e s i -  
dual  compression stresses. However, i f  two peening processes can be developed 
p r o v i d i n g  approx imate ly  t h e  same degree o f  hardening and res idua l  compression 
s t resses,  but  d i f f e r e n t  roughness depths, such as we have managed t o  do by p o l -  
i s h i n g  a steel-shot-peened surface, t h e  e f f e c t  o f  roughness depth can d e f i n i t e -  
l y  be seen. Reducing t h e  depth o f  roughness from 7.0 t o  4.4 @ increased t h e  
f a t i g u e  l i m i t  f rom k390 t o  k430 N/mZ and t h e  f a t i g u e  l i f e  f rom a f a c t o r  o f  3 
t o  5. I n  examining t h e  e f f e c t  o f  r e s i d u a l  compression s t resses and work harden- 
i n g  on f a t i g u e  s t reng th ,  a d i s t i n c t i o n  must f i r s t  be made between t ime  s t r e n g t h  
and f a t i g u e  l i m i t .  As soon as r e s i d u a l  compression s t resses exceeds 50% and t h e  
compression-stress maximum 60% o f  t h e  y i e l d  s t reng th ,  t h e  f a t i g u e  l i m i t  can no 
l onge r  be increased by r a i s i n g  r e s i d u a l  compression s t ress .  Th is  a p p l i e s  bo th  
t o  convent iona l  peening media and t o  z i r sho t .  As can be seen f rom F ig .  6, how- 

ever, t h e  depth  o f  t h e  compression- 
F ig .  6: s t r e s s  maximum has an e f f e c t  on t h e  f a -  

t i g u e  l i m i t ,  i.e. t h e  c l o s e r  t h e  com- 

Schwingfestigkeit Funktion der Tiefe press ion -s t ress  maximum i s  t o  t h e  sur -  
face, t h e  g rea te r  w i l l  be t h e  improve- 

des Druckspannungsmaximums ment i n  t h e  f a t i g u e  l i m i t .  The maximum 
res idua l  compression s t r e s s  has an 
e f f e c t  on t i m e  s t rength .  The f u n c t i o n a l  
r e l a t i o n s h i p  shown i n  t h e  l e f t - h a n d  
graph ( BE ma > 0.6 R 0,2 ) of Fig.  7 
i s ,  howevef, ~ o n s i d e r a g l y  d i f f e r e n t  f o r  
convent iona l  peening media (1 i n e  o f  low 
s lope)  than f o r  z i r s h o t  ( l i n e  o f  h i g h  
s lope).  The p e n e t r a t i o n  depth o f  t h e  

I r es idua l  compression s t r e s s  shown i n  / t h e  r igh t -hand graph o f  Fig.  7 i s  s im i -  
l a r ,  i.e. t h e  g rea tes t  improvements i n  

1 f a t i g u e  l i f e  can be achieved by peening 
w i t h  convent iona l  media t o  a t t a i n  h i g h  

I compression-stress maxima and h igh  
pene t ra t i on  depths o f  these compression 
stresses. Th is  conc lus ion accords w e l l  
w i t h  r e s u l t s  obta ined f o r  hea t - t r ea ted  
s t e e l  (350-500 HV). The i nc rease  i n  f a -  
t i g u e  l i f e  i s  obv ious l y  more s e n s i t i v e  
t o  peening w i t h  z i r s h o t ,  i n  terms o f  
bo th  t h e  compression-stress maximum and 
t h e  pene t ra t i on  depth. Both low pene- 
t r a t i o n  depth and low compression- 
s t r e s s  maxima a re  s u f f i c i e n t  t o  r e t a i n  
h i g h  increases i n  f a t i g u e  l i f e .  



I f  we now look  a t  t h e  t h i r d  s i g n f i c a n t  parameter, work hardening, we can de te r -  
mine no pronounced e f f e c t  on f a t i g u e  l i m i t .  Noteworthy here  i s  t h a t  t h e  nega- 
t i v e  e f f e c t  o f  roughness depth i s  compensated by hardening. When convent iona l  
peening media a r e  used, increases i n  hardening a r e  accompanied by lengthened 
f a t i g u e  l i f e  o r  t i m e  s t rength .  Th i s  does no t  h o l d  t r u e  f o r  z i r s h o t .  

Re laxat ion  Measurements 

The 25% improvement i n  f a t i g u e  l i m i t  p rov ided by shot  peening was no t  l ess -  
ened by s t a t i s t i c a l  load ing,  which cons i s ted  o f  creep l o a d i n g  a t  50% o f  0.2% 
y i e l d  s t reng th  f o r  1,000 hours. 

C y c l i c  l oad ing  decreases r e s i d u a l  compression s t resses a t  t h e  sur face o f  smooth 
specimens as a f u n c t i o n  o f  ampl i tude. Th is  decrease amounts t o  approx. 20% a t  
+500 N/mm and approx. 50% a t t 8 0 0  N/mm , and occurs c h i e f l y  du r i ng  t h e  f i r s t  - 
load  a l t e r n a t i o n .  Compression s t resses then remain more o r  l e s s  unchanged u n t i l  
r u p t u r e  occurs. The decrease i n  hardening i s  l e s s  s i g n i f i c a n t ,  w i t h  a maximum 
o f  25% at*800 N/mm . 
Notched specimens p rov ide  d i f f e r e n t  r e s u l t s :  a t  no tch  bases t h e r e  was p r a c t i -  
c a l l y  no decrease i n  res idua l  compression s t r e s s  and an increase i n  hardening 
o f  22%. The l a t t e r  i s  p robab ly  due t o  t h e  p reven t i on  o f  f l o w  i n  t h e  notch. 



Discussion 

F i r s t ,  l e t  us examine t h e  q u a n t i t a t i v e  i n t e r a c t i o n  
us ing  t h e  emp i r i ca l  law o f  supe rpos i t i on  ( 5 ) :  

o f  t h e  t h r e e  parameters 

The c o e f f i c i e n t s  O(+ a t a n d  CX3re resent  t h e  s e n s i t i v i t y  t o  roughness depth, 
hardening and r e s i d u a l  s t r e s s e s . A ~ b i s  t h e  improvement i n  a l t e r n a t i n g  
bending s t r e n g t h  brought about by shot ~ e e n i n ~ A ~ ~ a F W & n d & * a r e  t h e  
changes i n  depth  o f  roughness, hardening and r e s i d u a l  compression s t resses 
caused by shot peening. As determined by ( 4 )  among o thers ,  t h e  c o e f f i c i e n t s  
f o r  Ti-6A1-4V were found t o  be: O(,= -6 ~ / m m i  m, O(e= 0.52 ~ / m m L m i n  and 0(3= 
0.41. S t r i c t l y  speaking, t h e  c o e f f i c i e n t s  wourd have t o  be a f u n c t i o n  o f  t h e  
two o the r  parameters: o(l(FWHH,6id, o( t (Rt ,  6 ~ s )  and d3(RtfWHN). 

For example, t h e  s e n s i t i v i t y  t o  roughness has a g rea te r  e f f e c t  a t A F w H M ,  
0 than atL?\FWn@b;~. 0, so t h a t  t h e  law can p rov ide  o n l y  a rough 

approximat ion.  

For  t h e  m a t e r i a l  Ti-6A1-4V, i t  can be assumed t h a t  dl& d ~ f o r  t h e  f i r s t  
approximat ion.  Th i s  y i e l d s  f o r L ? l b w , b = q 3 A G E ~ w i t h  an d ~ o f  0.1 - 0.2, which 
corresponds approx imate ly  t o  t h a t  o f  hea t - t r ea ted  s t e e l  (3) .  Thus Ti-6A1-4V 
possesses r e l a t i v e l y  h i g h  s e n s i t i v i t y  t o  res idua l  s t resses,  which c o r r e l a t e s  t o  
t h e  r e l a t i v e l y  s t rong  mean-stress s e n s i t i v i t y  o f  t h i s  ma te r i a l .  

The r e s u l t s  obta ined f o r  peening w i t h  z i  r sho t  do no t  e n t i  r e l y  conform t o  our  
present knowledge o f  t hese  parameters and t h e i r  e f f e c t s .  

Any new concept would a l s o  have t o  t a k e  t h e  f o l l o w i n g  parameters i n t o  account:  
r es idua l  s t r e s s  g rad ien t ,  g rad ien t  o f  t h e  l o c a l  f a t i g u e  l i m i t  ( c f .  ( 4 ) ) ,  l o a d  
s t ress  g rad ien t ,  l o c a t i o n  o f  i n i t i a l  f r a c t u r e ,  q u a s i s t a t i c  p l a s t i c  deformat ion  
due t o  t h e  f i r s t  l o a d  a l t e r n a t i o n ,  p l a s t i c  deformat ion  due t o  c y c l i c  l o a d i n g  

(exceeding t h e  c y c l i c  y i e l d  strength), decreases i n  res idua l  s t resses and hard- 
ening, increases i n  new r e s i d u a l  s t resses (or  ex tens ion o f  t h e  l a y e r  e f f e c t e d  by 
res idua l  stresses), etc.  
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