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SURFACE COLD ROLLING OF MARINE PROPELLER SHAFTING 

In t roduc t ion  

Surface cold r o l l i n g  ( c a l l e d  e i t h e r  su r face  r o l l i n g  o r  co ld  
r o l l i n g )  of marine p r o p e l l e r  s h a f t i n g  t o  inc rease  t h e  f a t i g u e  
r e s i s t a n c e  was f i r s t  performed i n  January 1956 on t h e  p r o p e l l e r  
s h a f t i n g  of t h e  A i r c r a f t  Car r i e r  U.S.S. R A N G E 3  ( ~ ' 7 ~ 6 1 )  by t h e  
Newport News Shipbui ld ing  and Dry Dock Company, This  event,  which 
came a f t e r  n e a r l y  t h i r t y  years  of development o f  su r face  working 
procedures,  was p r e c i  i t a t e d  by t h e  f a i l u r e  o f  t h e  p o r t  t a i l s h a f t  
of t h e  U,S.S, NORFOLK 7 DL-1) and t h e  l o s s  a t  s e a  I t h e  t ape red  
end of the p r o p e l l e r  s h a f t  and t h e  p r o p e l l e r ( 9 ) . ~ ( A  t y p i c a l  pro- 
p e l l e r  and p r o p e l l e r  s h a f t  assembly is  shown i n  Figure 1). 

P r i o r  t o  t h i s  f a i l u r e ,  sur face  co ld  r o l l i n g  of p r o p e l l e r  
s h a f t i n g  was being considered by t h e  marine i n d u s t r y  as a  means t o  
reduce s h a f t  condemnations and f a i l u r e s .  The s h a f t  f a i l u r e  on t h e  
U.S.S. NORTOLX which occyirred a f t e r  the  v e s s e l  had been i n  s e r v i c e  
l a s s  t h a n  t w o  years a d  ivas the f irs t  f a i l u r e  a t  s e a  oi a  p r o p e l l e r  

. s h a f t  on a Naval v e s s e l  inc iden t  t o  n o n a l  opera t ion  exc i t ed  consider-  
ab le  concern on t h e  part, of the Navy. 83 a  r e s u l t ?  t h e  first equipment 
f o r  s u r f a c s  cold  r o l l i n g  marine p r o p e l l e r  s h a f t i n g  was developed by 
Newpbrt News Shipbui ld ing  and Dry Dock Company a t  t h e  reques t  of t h e  
Navy, 

The design of t h e  surface co ld  r o l l i n g  equipment developed by 
Hewport News was d e r i v e a  from the experinnce of t h e  bepican Rai l -  
road i n d u s t r y  i n  surface co ld  r o l l i n g  r a i l r o a d  axles. The American 
r a i l r o a d s  were among t h e  f i r s t  t o  t a k e  2 r a c t i c d  advantage of 
s u r f a c e  c o l d  r o l l i n g ,  us ing  t h i s  proceduiure t o  i n c r e a s e  t h e  f a t i g u e  
r e s i s t a n c e  of r a i l r o a d  xx les  a s  e a r l y  as t h e  l a t e  193QTs, 
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The work done by t h e  American r a i l r c a d s  was under t h e  d i r e c t i o n  sf 
D r ,  Horgzr* and M r ,  Neifer t* ,both of whom gave cons ide rab le  a s s i s t a n c e  
t o  t h e  Kewport Mews S h i p y a ~ d  i n  p e r f e c t i n g  t h e  equipment and procedure 
f o r  roLl ing  marine sha f t ing ,  

A cons iderable  por t ion  of t h e  a v a i l a b l e  information concerning 
t h e  e f f e c t s  of su r face  cold r o l l i n g  has been der ived  by D r .  Horger 
and M r .  B e i f e r t  ( 1 ) ( 2 ) ,  This i n f o m a t i o n  p lus  information a v a i l a b l e  
from o t h e r  i n v e s t i g a t o r s ,  t o g e t h e r  wi th  t h e  experience gained i n  
r o l l i n g  s e r v i c e  s h a f t i n g  i s  t h e  b a s i s  for t h e  conclusions and re-  
commendations o f  t h i s  paper, 

The paper p r e s e n t s  a  d e s c r i p t i o n  of t h e  equipment and procedure 
used f o r  s u r f a c e  cold r o i l i n g  marine p r o p e l l e r  s h a f t i n g  and t h e  resets 
arid experience gained thus  f a r  i n  t h i s  work, A review of t e s t  d a t a  
i s  included t o  g i v e  an understanding o f  t h e  e f f e c t s  of su r face  cold 
r o l l i n g ,  The major conclusions and reccmmendations made i n  t h i s  paper 
are:  

1, Them a r e  no de t r imen ta l  e f f e c t s  r e s u l t i n g  from su r face  
cold  r o l l i n g  of s h a f t i n g  ( p r o p e r l y  done] and t h e r e  are  
def f n i t  e  advantages, 

2, A 1 1  new marine p r o p e l l e r  s h a f t i n g  should be su r face  cold 
r o l l e d  and cons ide ra t ion  should be given t o  su r face  cozd 
r o l l i n g  e x i s t i n g  s h a f t i n g ,  

3 . The l e n g t h  of shaf'aing s t r t J se ted  t o  su r face  cold r o l l i n g  
should be a s  fol lows:  

of t h e  a f t e r  s l eeve ,  

t h e  requirement t h a t  the sha f t -no t  be r e tu rned  t o  
wi th  a crack, 

co ld  r o l l i n g ,  

ger is Chief Engineer;  M r .  N e i f a r t  i s  Supervisor 
h: both of t h e  TfnrEten R o l l e r  Bearing Compnn~, Ca 

( a ]  For p r o p e l l e r  s h a f t i n g  housed i n  a  s t e r n  tube  - one 
s h a f t  diameter i n  l e n g t h , o r  n o t  l e s s  than 18 inches,  
forward of t h e  forward end o f  t h e  s h a f t  t a p e r  t o  one 
t h i r d  the  l e n g t h  o f  the  s h a f t  t a p e r  a f t  of t h e  forward 
end of t h e  t ape r ,  

(b] For p r o p e l l e r  s h a f t i n g  housed i n  a s t r u t  - same a s  
above p lus  1 2  i n c h e s  a f t  o f  t h e  forward end of t h e  
a f t e r  s l eeve  t o  6 inches  forward of t h e  forward end 

4. The use c f  su r face  cold  r n l l f a g  does not permit r e l a x i n g  

The per iod  between servfce i n s p e c t i o n  of  p r o p e l l e r  s h a f t s  
should remain t h r e e  y e a r s  u n t i l  more is  known about surface 
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Equipment 

Marine p r o p e l l e r  s h a f t i n g  t o  be su r face  cold r o l l e d  i s  mounted 
i n  a l a r g e  l a t h e ,  The r c l l i n g  equipmen% i s  mounted on t h e  l a t h e  bed, 
a t t ached  ;o t h e  l a t h e  c a r r i a g e ,  so  t h a t  ~t may be moved along t h e  
l e n g t h  of t h e  s h a f t  t o  percorm t h e  r o l l i n g  opera t ion ,  A l l  r o l l i n g  
equipment developed t o  dnts f o r  marine p r o p e l l e r  s h a f t i n g  u s e s  two 
r o l l e r s  opposed t o  one another  on opposit;e s i d e s  of t h e  s h a f t  t o  b e  
r o l l e d ,  ( P c l l i n g  equipment. with t h r e e  r o ' l i e ~ s  spaced a S m t  1200 a p a r t  
around t h e  s h a f t  has beec w e d  by t h e  r a i l r o a d  indus t ry  f o r  r o l l i n g  
s h a f t i n g  w i t h  diameters  up t o  abou3 15 inches ,  This t h r e e  r o l l e r  
equipment h2.3 not  been found s u i t a b l e  f o r  mapine s h a f t i n g  due t o  
r e s t r i c t e d  l a t h e  c l ea rances  involved wlth the  l a r g e r  d f  ameter s h a f t s ) .  

The su r face  cold  r o l l i n g  equiprne3t developed by t h e  Newport 
News Shipbui ldfng  and Dry Dock Company f o r  r o l l i n g  marine propel1,er 
s h a f t i n g  i s  shown i n  f i g u r e s  2 ,3  and 4 ,  This equipment use two 9 
i n c h  diameter  r o l l e r s ,  one a nhardeningw r o l l e r  w i t h  a 1-1/2 inch  
contour  r a d i u s  and the  o the r  a  ns rnoo th i~gn  r o l l e r  with a  4 inch  
contourt ~l'adF~i:;, (';ha contaur r a d i u s  13 :he i - ~ d l ~ s  f11 the plane of t h e  
l o n g i t u d i n a l  a x i s  of the  s h a f t ) ,  The "hardening" r o l l e r  bears  on 
one s i d e  of t h e  s h a f t  with t h e  l o a d  necessary t o  produce t h e  d e s i r e d  
depth o f  co ld  work and i s  opposed on t h e  oppos i te  s i d e  of t h e  s h a f t  
by t h e  nsmocz.hingw r o l l e r ,  (The maxim;un r o l l e r  load  capac i ty  of t h e  
Newport News equipinent i s  abouz 4k,000 pounds), The "hardeningn 
r o l l e r  i s  mounted on t h e  end of  a hydi-auiic p l s t o n  which i s  prevented 
from r o t a t f  ng t o  keep t h e  r o l l e r  a x l s  al igned p a r a l l e l  wlth t h e  s h a f t  
c e n t e r l i n e .  The %moothingrFrol ler  i s  f ~ x e d  i n  i t s  housing. The housing 
f o r  each r o l i e r  i s  mounted on an u n r e s t r a i n e d  c r o s s  s l i d e  t o  permit  
t h e  r o l l e r s  zo fo l low a  change i n  dLmerer  of  the s h a f t ,  The two 
housings are t i e d  t o g e t h e r  by a  l a r g e  a d j u s t i n g  serew st t h e  f o o t  of 
t h e  r o l l e r  p e d e s t a l s  t o  permit ad jusz ing  t h e  r o l l i n g  r i g  f o r  va r ious  
diameter  s h a f t s ,  Th i s  r o i l i n g  equipment w i l l  accommcdate p r o p e l l e r  
s h a f t i n g  up t o  30" i n  d f a n e t e r ,  The s t r o k e  of t h e  ram w i l l  permit 
a maximum change i n  diameter of  a  shaft ,  of  about 8 inches  f o r  any 
s e t t i n g  of t h e  a d j u s t i n g  serew, 

The hydrau l i c  system f o r  developing t h e  r o l l e r  loading is shown 
i n  figurs 5, The s y s t e n  inc ludes  an a c e u m u l a t o ~  charged with n i t r o g e n  
f o r  absorbing f l u c t u a t i o n s  i n  p r e s s m a ,  A hand pump i s  provided for 
mainta in ing  p r e s s u r e  as t h e  ram moves in t o  s u i t  change in shaft dia- 
meter  when r o l l i n g  t h e  s h a f t  t a p e r  and t o  accommodate leakage. 

Each r o l l e r  i s  mo=ted on t w o  Timken r o l l e r  bear fngs  #~414210 cup 
and #~414335 cone, a s  shown i n  f i g u r e  6. Both r o l l e r s  have a face 
width of  1-1/2 inch, The r o l l e r s  ape made of Crucible  S t e e l  Company's 
" A i r  Kos$" t o o l  s t e e l  w i t h  t h e  following chemical composition: E.95 





FIGURE I - GENERAL ARRANGEMENT O F  NEWPORT NEWS SURFACE COLD ROLLING EQUIPMENT 



1,,00, C r  - 5.25 min., V - .50 ni~i. Mo - 1.15 mine The r o l l e r s  
were hardened t o  57-58 on t h e  ~ o c k w e l i  "CW sca le  by be ing  heated t o  
1750 - 1 8 5 0 ~ ~ ~  cooled i n  a i r ,  tempered a t  1 0 0 ~ " ~  f o r  two hows,cooled 
in a i r ,  tempered a t  950~3'  f o r  t g v ~  hours and cool-ed i n  air. 

Some d i f f i c u l t y  was encomzered with t h e  design of t h e s e  r o l l e r s ,  
t.do s e t s  having f a i l e d  before  t he  f i n a l  s e t  was made, The fir& s e t  
W 1 ~  8 inches i n  diameter made o f  low grade carbon t o o l  s t e e l (  S-0,75 
to '3.85) case hardened about 3/16 inehes deep t o  58-62 on t h e  Rockwell 
T C "  sca le ,  but i d e l t i c a l  i n  a l l  o t h e r  r e s p e c t s  t o  t h e  f i n a l  s e t ,  The 
?hardeningn r o l l e r  of t h i s  s e t  f a i l e d  by f l a t t e n i n g  out under the  
r o l l e r  load,  The second s e t  was a l s o  8 inehes i n  diameter made of 
- ~ g ~ l a r  high speed 18-4-1 tungsten t o o l  s t e e l  o i l  hardened t c  58-62 * 2 

~ L I  ';he Rockwell "CTT s c a l e  and i d e n t i c a l  i n  other r e s p e c t s  te the f i n a l  
y e t ,  The nhardenfngq r o l l e r  on t h i s  s e t  broke under t h e  r o l l e r  load,  

The r o l l e r s  are i n s t a l l e d  i n  t h e  r o l l i n g  equipment wi th  t h e i r  
centers  (both  h o r i z m t a l  and vertical) d i r e c t l y  i n  line, When rolling 
t h e  s h a f t  t a p e r ,  due t o  the  d i f f e r e n t  contour r a d i i  of t h e  two r o l l e r s ,  
t h e  point o f  cbntac5 of t h e  r o l l e r s  on t h e  s h a f t  is not i n  l i n e  i n  t h e  
v s r " , i c d  plane, No d i f f i c u l t y  has  been experienced with t h i s  f e a t u r e  
when r o l l i n g  shaf t  t a p e r s  up t o  1-1/2 inches pe r  f o o t  on t h e  diameter. 
T3 suit r o l l f n g  t ape red  s h a f t  s e c t i o n s ,  t h e  contour and face  w i d t h  of 
t h e  "smoothingn r o l l e r  must be selected so t h a t  t h e  load  on t h e  r o l l e r  
;dl1 no% be on che edge of the  r o l l e r  for t h e  s t e e p e s t  t a p e r  t o  be 
r o l l e d ,  

Similar eqzzipmenc developed by the Bethlehem Shipbui ld ing  Divis ion 
a t  t h e i r  Quincy yard i s  shown i n  f f g u r e s  7 , 8  and 9, This equipment i s  
qu i t e  similar t o  that, developed by Newpost News, t h e  p r i n c i p l e  d i f f e r -  
ences being t h e  t i e  rod above the  s h a f t  and t h e  more complex hydraul ic  
system, The mate r fa l  used by Bethlehem f o r  the  r o l l e r s  f o r  two sets of 
t h e i r  r o l l f n g  equipment is nIahigh H n  s t e e l  (C-1,55, Cr-11,5Q,Mo-0,80, 
V-0,40) and that; for t h e  r o l l e r s  f o r  t h e  t h f r d  a e t  of  t h e i r  equipment 
i s  r66 High Speedn s t e e l  (c-0,83, C ~ - 4 . 1 5 ~  W-ba35, V-1.90 MG-5.00). i ALl of t h e s e  r o l l e r s  were heat  t r e a t e d  t o  o b t a i n  a  Rockwe 9 *Cn hardness 
of 61-62. The Bethlehem equipmen3 is r a t e d  a t  a maximum r o l l e r  load  
of 44,000 pounds, 

Erie Forge Company has developed r o l l i n g  equipment, fig71re 10, 
that has both r o l l e r s  mounted on hydraul ic  cy l inder s ,  This allows the  
rolling frame t o  be fixed with on ly  one degree of movement, which is  
i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  Rol l ing  capac i ty  of t h e  equipment i s  
37,900 pounds fos s h a f t  diameters from 7 t o  30 inches. 

Bath I ron  Wor~s  has developed a  h igh  capac i ty  machine which can 
be used f o r  r o l l i n g  high s t r e n g t h  a l l o y  s h a f t i n g ,  if ever  necessary, 
This su r face  r o l l i n g  equiprnent w i l l  apply a r o l l i n g  load of 60,000 
pounds on shaft diameters  up t o  24 inches,  The general mangermen$ 



FIGURE 3 - i3ETHLEIiE!A R O l L i i r j G  EQUIPMENT SHOWN ROLLING A  
P R G P E L L E R  ;HAFT F O R  THE A I R C R A F T  CARRIER U.S.S. 
KITI ' ICJAWK :CVAi iJ )  - 'SMOOTHING' R O L L E R  ON NEAR SI 

? -8- 



FIGURE 9 -GENERAL ARRANGEMENT O F  BETHLEHEM SURFACE COLD ROLLING EQUIPMENT. 

FIGURE 10 - SURFACE COLD ROLLING EQUIPMENT DEVELOPED BY 
FORCE ANDSTEEL COMPANY. 



of t h i s  equipment i s  s i m i l a r  t o  t h e  Bethlehem equipment. 

A l l  t h e  o t h e r  su r face  r o l l i n g  equipment i n  t h e  country t o  be used 
in r o l l i n g  marine s h a f t i n g  i s  be l ieved t o  be similar t o  t h e  Newport 
Rews designo 

Procedure 

The r o l l i n g  opera t ion  i s  performed i n  one pass  wi th  t h e  r o l l i n g  
equipment moving along t h e  l eng th  of t h e  s h a f t  a t  a r a t e  of feed  of 
about 1/16 inches  pe r  r evo lu t ion  of t h e  s h a f t  while  t h e  sha f t  i s  
turned with a s h a f t  su r face  speed of about 60 f e e t  pe r  minute. The 
maxbnm r a t e  of f eed  of t h e  r o l l i n g  equipment along the s h a f t  per 
shaft r evo lu t ion  should never exceed one h a l f  the  rridth(minor semi 
a x i s )  of t h e  con tac t  a r e a  of t h e  "hardening* r o l l e r  along t h e  longi- 
tud ina l  a x i s  of t h e  sha f t .  The minor semi-axis o f  t h e  con tac t  a r e a  
versus r o l l e r  l o a d  and shaf ' t  d iameter  i s  given i n  t h e  Appendix, 

The sur face  speed of  t h e  s h a f t  i s  l i m i t e d  by t h e  r a t e  of p l a s t i c  
flow of t h e  s h a f t  m a t e r i a l  and if too  g r e a t ,  w i l l  cause t h e  r o l l e r  
t o  jump. The s h a f t  m a t e r i a l  b u i l d s  up a s  a wave ahead of thenharden- 
i@ r o l l e r  s i m i l a r  t o  a t i r e  running i n  s o f t  ear th.  If t h e  s u r f a c e  
speed i s  g r e a t e r  than  t h e  r a t e  of p l a s t i c  flow o f  t h e  s h a f t  m a t e r i a l ,  
the r o l l e r  w i l l  jump t h e  wave. This wave is  e a s i l y  observed while  
t h e  s h a f t  is  be ing  r o l l e d ,  It is also suspected,  but not  known t o  be 
t r u e ,  t h a t  s u r f a c e  speeds even l e s s  than r equ i red  t o  cause jumping 
w i l l  l eave  f i n e  m l e r o s c o p i c  cracks  in t h e  surface, The upper limit 
of the  su r face  speed t o  avoid t h i s  condition, i f  it e x i s t s ,  is no t  
known, The 60 f e e t  per  minute used by Newport News does not produce 
any o f  t h e s e  e f f e c t s ,  

Wken a s h a f t  i s  t o  be r o l l e d ,  t h e  s h a f t  diameter  i s  l e f t  ,005 
inches t o  .010 inches  g r e a t e r  t h a n  t h e  requi red  f i n i s h  diameter and 
with a f i n i s h  of about 125 rnicro-inches, The r o l l i n g  o p e r a u o n  de- 
creases  t h e  diameter  about .001 inches  t o  .002 inches,  After  r o l l i n g ,  
a f l n i s h  c u t  i s  t aken  t o  reduce the s h a f t  t o  t h e  requ*ed f inish 
diameter. (It i s  important  t h a t  %his cu t  be not  more than  n e c e s s w  
t o  avoid l o s s  of the  b e n e f t c i a l  e f f e c t s  of s u r f a c e  cold r o l l i n g ,  
Herport News p r a c t i c e  is t o  l i m i t  t h i s  c u t  t o  o o t  more than  ,005 
fnehss on t h e  radius), ?!he r o l l e r  load  i s  app l i ed  gradually f o r  a 
d i s t ance  of 2 inches along t h e  shaft ahead of t h e  area t o  be r o l l e d  
and decreased g radua l ly  for a distance of 2 inches  along the  shaft 
m . e r  t h e  area t o  be ro l l ed .  Phe area t o  be r o l l e d  is kept s r e u r d  
Mth an esreme pressure l u b r i c a n t  d v i n g  r o l l i n g ,  dtho-  a g o d  6 

&*he oil might serve as wel l ,  



,' ' 

and @wves far deteminhg $he roller load ape given 

Rol l ing  s h d d  start on the shaft and progress towards the taper 
so t h a t  t h e  taper w i l l  be r o l l e d  "down hiU"f .  Down h i l l  roUing of 
the t a p e r  is considered b e t t e r  procedure f o r  the  fo l lowing reasons: 

1. In r o l l i n g  down she  taper t h e  edge of t h e  stno~tlzing roller 
will not dig i n t o  t h e  s h a h  even i f  con tac t  i s  near the 

2, !the force r equ i red  t o  more t h e  r o l l e r s  along tha shaf t  and 
the  resulting l oad  on t h e  r o l l i n g  equipment i a  l ess  when 
r o l l i n g  down the t a p e r  than when r o l l i n g  up the taper .  

3. Rol l ing  down t h e  t a p e r  i s  s a f e r ,  s i n c e  if the hydrau l i c  
c y l i n d e r  o r  ca r r i age  s l i d e  should jam, the  rollers move 
away from the work and n o t  i n t o  it, 

It has n o t  been found necessary  t o  round o f f  t h e  knuckle a t . t h s  
s t a r t  of t h e  s h a f t  t a p e r  t o  s u i t  t h e  r o l l i n g  operat ion,  

I n  new cons t ruc t ion  t h e  keyway ( 5 )  is (are) cuc in t h e  t a p e r  
a f t e r  t h o  su r face  r o l l i n g  i s  completed, No su r face  cold  working of  
t h e  keyway has  been done by Newport News a f t e r  c u t t i n g  the  k e v a y ,  
The l o c a t i o n  of t h e  keyway on new s h a f t i n g   s spoon typev  keyway 
Figure 1) places  it w e l l  aft of t h e  start of t h e  s h a f t  t a p e r  and 
out of t h e  c r i t i c a l  a r e a  i n  t h e  s h a f t  sub jec t  t o  c racks  and f a i l u r e ,  
It is f e l t  that wtth t h i s  condi t ion ,  l i t t l e  ga in  would be r e a l i z e d  
by s u r f a c e  co ld  working t h e  keywaylby peening o r  o t h e r  means) and 
t h a t  c u t t i n g  t h e  keyway does not reduce t h e  advantages gained by 
su r face  co ld  r o l l i n g ,  

For s u r f a c e  cold  r o l l i n g  e x i s t i n g  s h a f t i n g ,  it i s  necessary to 
fill t h e  keyways wi th  dummy keys f l u s h  with the s h a f t  sur face ,  f i l l i n g  
i n  w i t h  weld metal. as necessary and r e c u t t i n g  t h e  keyways a f t e r  t h e  
r o l l i n g  o  e r a t i o n  i s  completed, For e x i s t i n g  " s l ed  typen kegways 
(Figure  17 extending t o  t h e  forward end of t h e  shaf t  t a p e r (  and i n t o  
t h e  c r i t i c a l  area on t h e  s h a f t ) ,  i t  is suggested t h a t  t h i s  opera t ion  
incorpora te  a  change t o  t h e  "spoon type" keyway. For n s l e d  typew 
keyways which a r e  n o t  changed t o  w s p o m  t y p e R  keyways, su r face  cold 
working t h e  forward end of t h e  keyway a f t e r  r o l l i w  t h e  s h a f t  may 
o f f e r  some advantage. It is  i n t e r e s t i n g  t o  no te  t h a t  t e s t s  ( 3 )  on 
Model t a i l s h a f t s  both with t h e  " s l ed  typen keyway and w i t h  t h e  "spoon 
typen keyway showed no gain when subjec ted  t o  reversed  bending f a t i g u e  
t e s t s ,  These t e s t s  s h a f t s  were not sub jec t  t o  t o r s i o n  and t h e  result 
might have been d i f f e r e n t  had t o r s i o n  been present .  

An7 welding done t o  a s h a f t  r e q u i r e s  hea t  t rea tment  a f t e r  welding 
t o  remove t h e  undes i r&le  r e s i d u a l  s t r e s s e s  caused by welding. This 
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h e a t  t rea tment  should be done be fo re  r o l l i n g  f o r  two reasons:  

1. To reduce any tendency of t he  s h a f t  t o  go e c c e n t r i c  when 
r o l l e d  a s  descr ibed  below, 

2, To prevent t h e  removal by hea t  t rea tment  of t h e  d e s i r a b l e  
e f f e c t  of co ld  r o l l i n g ,  

When order ing  f o r g i n g s  f o r  t a i b s h a f t s  t h a t  a r e  t o  be r o l l e d ,  
the  s p e c i f i c a t i o n s  skorild r e q u i r e  t h a t  s p e c i a l  precaut ions  be 
taken by t h e  fo rg ing  manufacturer t o  minimize r e s i d u a l  stresses 
i n  t h e  s h a f t  f o r g h g ~ a  Th i s  p recau t i cn  i s  based on experience wi t ; ?  
s h a f t  e c c e n t r i c i t y  caased by r o l l i n g ,  be l ieved due t o  r e s i d u a l  
s t r e s s e s  i n  t h e  s h a f t  before  r o l l i n g o  

Two s h a f t  f o r g i n g s  which developed e c c e n t r i c i t y  a t  Newport Hews 
when r o l l e d  were found t o  have been s t r a igh tened  whi le  t h e  fo rg ing8  
were s t i l l  warm from t h e  tempering t reatment  wfthout being r e tu rned  
t o  the tempering furnace, It i s  not d e f i n i t e l y  known t h a t  t h i s  was 
t h e  cause of t h i s  e c c e n t r i c i t y  and it can only be surmised t h a t  the  
r e s i d u a l  s t r e s s e s  i n  t h e  fo rg ings  con t r ibu ted  t o  it, (One t h i n g  that 
seems t o  r e f u t e  t h i s  i s  t h a t  c u t t i n g  one keyway i n  a  r o l l e d  shaft, 
which con ta ins  r e s i d u a l  s t r e s s e s  on t h e  su r face  due t o  r o l l i n g ,  
caused no e c c e n t r i c i t y ) ,  Consul tat ion w i t h  the s t e e l  s u p p l i e r  
pointed out  t h e  d e s i r a b i l i t y  of spec i fy ing  m~nianum r e s i d u a l  s t r e s s  





t o  remove t h i s  e c c e n t r i c i t y  could reduce t h e  diameter t o  the  po in t  
where %he s h a f t  would have t o  be discarded. 

Information i s  needed concerning t h e  tendency of a  sha f t  t o  go 
e c c e n t r i c  when r o l l e d  and t h e  r e l a t i o n s h i p  of t h i s  tendency t o  any 
r e s i d u a l  s t r e s s e s  i n  t h e  s h a f t  before  r o l l i n g .  ( E c c e n t r i c i t y  caused 
by su r face  cold  r o l l i n g  should not  be confused w i t h  t h a t  r e s u l t i n g  
when shr inking  on a s h a f t  sleeve.  E c c e n t r i c i t y  r e s u l t i n g  when 
shr inking  on a s h a f t  s l eeve  i s  not  uncommon i n  t h e  marine i n d u s t r y  
and is  cor rec ted  by peening t h e  s l eeve) .  

The l e n g t h  over  which a ta i l shaf ' t  i s  t o  be r o l l e d  has  not  been 
o f f i c i a l l y  recommended f o r  merchant shaf t ing .  This l e n g t h  should be 
s u f f i c i e n t  t o  encompass t h e  l eng th  of  s h a f t i n g  subjec ted  t o  f r e t t i n g .  
Serious f r e t t i n g  occurs  ad jacent  t o  and on e i t h e r  s i d e  of the  s t a r t  
o f  t h e  s h a f t  t a p e r ,  and a l l  f a i l u r e s  s t a r t  wi th in  t h i s  area.  To 
s u i t  t h i s  condi t ion ,  it i s  recommended t h a t  merchant s h a f t i n g  be 
r o l l e d  f o r  a  l e n g t h  forward of  t h e  s tar t  of t h e  s h a f t  t a p e r  equa l  
t o  1 s h a f t  diameter  o r  a  minimum of 18 inches  and f o r  a  l e n g t h  af't 
of the  start  of  t h e  s h a f t  t a p e r  equal  t o  1/3 of t h e  l e n g t h  of the  
s h a f t  t a p e r .  

On s h i p s  w i t h  outboard struts wi th  s l e e v e s  f i t t e d  i n  way o f  
these  struts, f r e t t i n g  can occur a t  both ends of t h e  sleeve.  Benef i t  
from surface r o l l i n g  can be obtained by surface r o l l i n g  a t  both  ends 
o f  the  s leeve.  The Bureau of Ships has s p e c i f i e d  t h a t  Navy shafts 
be r o l l e d  cont inuous ly  from 2 inches  forward of t h e  a f t e r  end of  t h e  
t a p e r  t o  12  inches  forward of t h e  fo rward  end of t h e  a f t e r  s h a f t  
sleeve.  Th i s  l e n g t h  of co ld  r o l l i n g  reduces t h e  p o s s i b i l i t y  af 
cor rec t ing  any e c c e n t r i c i t y  by machining i n  t h e  manner descr ibed  in 
figure 11. Furthermore, t h e  g r e a t e r  r o l l i n g  l e n g t h  would tend  t o  
increase  t h e  amount of any e c c e n t r i c i t y  encountered.To minimize these 
condi t ions  it i s  suggested t h a t  t h e  t a i l s h a f t  be  r o l l e d  a t  t h e  a f t e r  
end as descr ibed  above ar.d t h a t  t h e  shaft i n  way of the forward end 
of t h e  s l eeve  be r o l l e d  f o r  12 inches  under t h e  s l eeve  and t o  a p o i n t  
6 inches forward of t h e  s leeve,  

When des igning  new sha f t ing  which i s  t o  be s u r f a c e  cold  r o l l e d ,  
provis ion should be made t o  allow f o r  f u t u r e  sur face  cold r o l l i n g  
made necessary by s t r e s s  r e l i e f ,  e t c ,  This would r e q u i r e  t h a t  al- 
lowance be made f o r  raciuction i n  s i z e  of  the s h a f t  due to  t h e  c a r  
Press ing  a c t i o n  of t h e  r o l l e r  and skim cu t  fo l lowing m l l i n g . S e r r i c s  
d a t a  in y e a r s  t o  come say shew t h a t  re-rol l ing shaf'Ging i s  never 
necessary and t h a t  t h i s  provis ion  can be dropped. 

The first s u r f a c e  co ld  r o l l i n g  opera t ion  on a marine propallor 
ahaft was performed on one of t h e  p r o p e l l e r  s h a f t s  of the l l r c r a i t  



C a r r i e r  RAHGER (CVA-61)  in January 1956, The f i r s t  s u r f a c e  cold 
r o l l e d  marine p r o p e l h r  s h a f t  placed in s e r v i c e  was t h a t  of t h e  
Esso'Tanker GETTYSBURG which s t a r t e d  i t s  s e r v i c e  l i f e  i n  March 
1957. (The RANGER d i d  not  go i n  s e r v i c e  u n t i l  August 1957).Since . 

t h e  normal inspec t ion  i n t e r v a l  of s h d m  is once every t h r e e  years, 
we do no t  expect t o  have  my s e r v i c e  d a t a  much be fo re  1960. 

Preceding t h e  su r face  cold  r o l l i n g  of t h e  s h a f t i n g  on t h e  RANGER, 
a  short s e c t i o n  of s h a f t i n g  i d e n t i c a l  t o  t h e  RANGER s h a f t i n g  i n  dia- 
meter, m a t e r i a l  and sha f t  t a p e r  w a s  t e s t  r o l l e d  using t h e  same r o l l e r  
l o a d  designated f o r  t h e  RANGER sha f t ing ,  It w a s  wi th  t h i s  s e c t i o n  of 
test sha f t  t h a t  t h e  Newport News equipment was proven and on which 
t h e  two s e t s  of r o l l e r s  f a i l e d ,  Following t h e  final r o l l i n g  t e s t  
on t h i s  s e c t i o n  of shaf t ing ,  specimens were cu t  from t h e  t e s t  shaft 
t o  determine t h e  r a d i a l  hardness  traverse and t h e  r e s i d u a l  stress. 
The r a d i a l  hardness  t r a v e r s e  taken  on t h e  t e s t  specimens i s  i l l u s t -  
r a t e d  i n  f i g u r e  12  and shows a depth o f  co ld  work of about 0.45 
inches,  This Compares w e l l  w i t h  t h e  c a l c u l a t e d  depth of cold work 
o f  0,50 inches,  The r e s i d u a l  s t r e s s e s  determined from t h e  t e s t  s h a f t  
appeared t o  be erroneous when compared wi th  r e l i a b l e  r e s i d u a l  stress 
r e s u l t s  publ ished by o t h e r  i n v e s t i g a t o r s  and are no t  included i n  t h i s  
paper, The r e s i d u a l  s t r e s s e s  were determined us ing  s t r a i n  gages 
mounted on t h e  circumference o f  t h e  shaft .  A r i n g  1-3/4 inches wide 
by L4/8 inches t h i c k  conta in ing  t h e s e  s t r a i n  gages w a s  c u t  ~ u t  of 
t h e  s h a f t  su r face  and t hen  s p l i t  i n t o  t w o  p leces  t o  permit removal 
from t h e  shaft, The r i n g  halves were cut  i n t o  s m a l l  segments con- 
t a i n i n g  t h e  s t r a i n  gages and t h e s e  segnents  were reduced i n  th ick-  
ness  by a s e r i e s  o f  s l i c i n g  c u t s  made on t h e  s u r f a c e  oppos i te  t h e  

. 

strain gages, S t r a i n  gage r ead ings  were taken after each operation. 
The only  b e n e f i t  of t h i s  r e s i d u a l  s t r e s s  a n a l y s i s  w a s  an i n d i c a t i o n  
of t h e  r e s i d u a l  compressive s t r e s s e s  present, 

A swmarp of s h a f t s  r o l l e d  by M e p a r t  News and other8 g i v i n g  
r o l l e r  Load used, degree o f  e c c e n t ~ i c i t ~ y  encountered, a tc ,  i s  shown 
in table 1, 

A,report r ece ived  ;bPfom t h e  Bethlehem Shipbui ld ing  Division of 
h incy  Massachusetts, advised that the* first surface co ld  ro l l l ag  
o p e r a t l a  was conducted i h  October 1957j7, and t h a t  t h e y  expeiienced 
no d i f f l c t a l t y  with e c a e n t r i c i t y  of t h e  shaft due t o  raUing. This 
operation by Bethlehem wae performed on m e  of t h e  propeller shafts 
of t h e  A i r c r a f t  Carrier KZTEP MWX (CVA-63) for the full 10- o f  
the shaft sleeve and shaft tapero The Rew York Naval 3hipyani has 
8tmface c d d  r o l l e d  sirteen shafts for shs FOEIRESTPU, ( ~ b - 5 9 ) c l a s s  
Aircraft Carriers, Theix experience i n  rolling th i s  sh&ftfng was 
8i-ar to tha t  of H e w p e  We- and is shown in Table 1. 

190 report  of the surface cold r o l l i n g  opera t ion  by others IS 



FIGURE 12 - RADIAL HARDNESS TRAVERSE OBTAINED ON A 28 V "  DIAMETER TEST 
SHAFT SURFACE COLD ROLLED AT NEWPORT NEWS - INDICATING 
DEPTH OF PENETRATION OF COLD ROLLING EFFECTS. 



Review of Test  Data 

The e f f e c t  of su r face  cold r o l l i n g  s h a f t i n g  i s  t o  inc rease  t h e  
f a t i g u e  s t r e n g t h  of  the  s h a f t ,  The marine p r o p e l l e r  s h a f t  w i t h  its 
s h r u ~ k  on s l e e v e  and dr iven  up p r o p e l l e r  p r e s e n t s  a very low l e v e l  
of f a t i g u e  s t r eng th .  This is i l l u s t r a t e d  i n  f igure  13. The pressure  
due t o  t h e  f i t  of t h e  s leeve  on t h e  s h a f t  and of t h e  p r o p e l l e r  on 
the  s h a f t  reaches a peak value a t  t h e  ends of t h e  s leeve  and forward 
end sf t h e  p r o p e l l e r  hub due t o  t h e  end r e s t r a i n t  of t h e  pro t ruding  
s h a f t ,  a s  shown i n  f i g u r e  13a. Under bending condi t ions ,  t h i s  pres- 
sure  i s  aggravated by t h e  ends of  t h e  s l eeve  and forward end of t h e  
p rope l l e r  hub impinging under heavy pressure  aga ins t  t h e  compression 
s i d e  of t h e  s h a f t  a s  shown i n  f i g u r e  13b, I n  a d d i t i o n ,  a minute 
s l i d i n g  a c t i o n  of t h e  ends of t h e  s l eeve  and forward end of t h e  pro- 
p e l l e r  hub on t h e  s h a f t  su r face  due t o  the a l t e r n a t e  e longat ion  of  
t h e  s h a f t  s u r f a e e  f i b e r s  causes loosening of ' f i n e l y  divided v i r g i n  
p a t e r i a l  a t  t h e  su r face  of t h e  rubbfng p a r t s *  Thfs a c t i o n  i s  known . 
as  f r e t t i n g  and t h e  r e s u l t i n g  corros ion  i s  known a s  f r e t t i n g  corrosion,  
I n  add i t ion  t h e  marine p r o p e l l e r  s h a f t  and p r o p e l l e r  assembly is  
sub jec t  t o  t h e  admission of s e a  water  i n s i d e  t h e  p rope l l e r  hub which 
causes co r ros ion  of t h e  s h a f t ,  r e s u l t i n g  i n  p i t s  i n ~ t h e  s h a f t ,  These 
p i t s  a c t  as s t r e s s  r i s e r s  frorh which cracks i n i t a t e ,  lowering t h e  
fatigue s t r e n g t h  o f  the s h a f t ,  

Tes t s  have been c a r r i e d  out by many i n v e s t i g a t o r s  t o  detenhine 
the  i n c r e a s e  i n  f a t i g u e  s t r e n g t h  gained by su r face  cold r o l l i n g ,  The 
r e s u l t s  of some of t h e s e  t e s t s  a r e  shown i n  f i g u r e 6  14 and 15. A 
summary of t e s t  d a t a  ava i l ab le  i s  shown i n  Table 2, 

A s  shown i n  f i g u r e s  14 and 15 and i n  Table 2, t he  f a t i g u e  s t r e n g t h  
of shafts not  s u b j e c t  t o  f r e t t i n g  o r  cor ros ion  and those  s u b j e c t  t o  
f r e t t i n g  only is  cons iderably  greaLer f o r  a r o l l e d  s h a f t  than  f o r  a 
non-rolled sha f t ,  F igure  14 a l s o  shows t h a t  for s h a f t s  subjecb t o  
corros ion ,  the number of cyc les  b e o r e  f r a c t u r e  (at t h e  same s t r e s s )  
i s  cons iderably  g r e a t e r  f o r  a r o l l e d  s h a f t  than f o r  a  non-rolled shaft. 

It w a s  found i n  t e s t s  5 and 6 shown i n  figure 1 5  and Table 2 t h a t  
f r e t t i n g  f a t i g u e  cracks were p resen t  i n  both r o l l e d  and non-rolled 
sha.f%s s t r e s s e d  below t h e  endurance s t r e n g t h  and t h a t  these  cracks  
initiated a t  extremely low values  of s t r e s s ,  The cracks were found i n  
the  shaft j u s t  i n s i d e  t he  wheel fit, a f t e r  t he  wheel was pressed off.  
Phe r e l a t i o n s h i p  of t he  depth of t h e s e  cracks t o  one another ,  p l o t t e d  
i n  f i g u r e  16, shows t h a t  t h e  fa t igue crack depth and i t s  p r o p ~ a t i o n  
i n  r o l l e d  shaf ts  is  only  a f r a c t i o n  of what was found i n  non-rolled 
s h a f t s ,  basing the  comparison on equal  s t r e s s  l eve l s .  

Figures 17 and 18 show photomicrographs of cracks which oeturrsd 
in c o r r o s i v e  fatigue t e s t s  14 and 16 of f i g u r e  14 and table 2. mess 
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FIGURE 13 - SKETCH ILLUSTRATING THE FRETTING PROBLEM ENCOUNTERED 
WITH MARINE SHAFTING. 

T A ~ L E * ~  SUMfYARV OF TEST RESULTS 
OBTA\NED WITH 5URFbCE 
COLD ROLLED SHAFT SPECIMENS 



FIGURE 14 - FATIGUE TEST RESULTS OBTAINED BY THE UNITED STATES NAVAL 
ENGINEERING EXPERIMENT STATION (LI) - FOR IDENTIFICATION OF 
TEST NUMBERS, SEE TABLE 2. 



FIGURE 15 - FATIGUE TEST RESULTS OBTAINED BY THE TIMKEN ROLLER BEARING 
COMPANY ( 1 )  - FOR IDENTIF ICATION O F  TEST NUMBERS, SEE T A B L E  2. 



Average Depth Maximum Depth 
Not Etched 

Item (a) I tem ( 5 )  

Etched 
Item ( c )  

FIGURE 17 -CORROSION FATIGUE CRACKS IN ALLOY 4 SPECIMEN (NOT ROLLED) 
AFTER 1,035,000 CYCLES AT A STRESS O F  35,000 PSI, IN SEVERN 
RIVER WATER. TEST 14. 



Not Etched 
Item (a) Item (b) 



~ h o t o m i c r o g r a p h s  show c l e a r l y  t h e  d i f f e r en : e  in r r e c k  propaga t ion  i n  
r o l l e d  s h a f t s  v e r s u s  non-rol led  s h a f t s  s u b j e c t  ra c o r r o s i o n  f .*tlgue. 
The r a t i o  of t h e  crack dep ths  i n  t h e  photornlcrographs f o r  r o l l e d  and 
non-rol led  s h a f t s  i s  o f  t h e  same o r d e r  a s  t h a r  shown i n  f i g u r e  16  f o r  
s h a f t s  s u b ~ e c t  t~ f r e t t i n g  f a t i g u e .  

A s  shown by t e s t s  #15 and 16 of t a b l e  2 and by r e f e r e n c e  
(l?), t h e  b e n e f i t  de r lved  from s u r f a c e  co ld  r o l ? i n g  i s  r e l a t e d  t o  t h e  
dep th  o f  co ld  work obtained. The d e p ~ h  of cold work, which i s  t h e  
depth  t o  which p l a s t i c  deformat ion  ocnTws ,  in11 t a k e  p l a c e  to t h e  
maximum dep th  t h a z  t h e  shea r lng  s t r e s s  i.ndueed i n  the s h a f t  by t h e  
a c t i o n  of  t h e  "hardeningn r o l l e r  exceeds  the  y i e l d  o i n t  i n  s h e a r  o f  t; t h e  s h a f t  material, (See f i g u r e  20, i n  t h e  Appendix . 

The c o l d  w o r k ( p 1 a s t i c  de fo rma t ion )  of t h e  s h a f t  m a t e r i a l  by su r -  
f a c e  c o l d  r o l l i n g  r e s u l t s  i n  r e s i d u a l  s t r e s s e s  i n  t h e  s h a f t ,  The c o r e  
me ta l  of  t h e  s h a f t  i s  s t r a i n e d  e l a s t i c a l l y  under r e l a t i v e l y  low t e n s i o  
s t r e s s  wh i l e  t h e  s u r f a c e  l a y e r  i s  p l aced  under  heavy compressive s t r e s  
Tes t  d a t a  i n d i c a t e s  t h a t  t h e  dep th  of t h e  r e s i d u a l  compressive s t r e s s  
is e q u a i  t o  t h e  dep th  o f  co ld  work. Figure 19 shows t h e  magnitude and 
depth  of  r e s i d u a l  s t r e s s  fomld i n  t e s f s  5 and 6 of f i g u r e  15  and t a b l e  
2 ( F i g u r e  19 a l s o  shows a r s d i a l  ha rdnes s  grad:rr.r, which i n d i c a t e s  
t h e  d e p t h  of co ld  work i n  t h e  s h a f t  and i s  sunliir t o  t h a t  shown i n  
f i g u r e  1 2  f o r  t h e  t e s t  s h a f t  r o i l e d  at Nowpor-t ~ e w s l ,  

These r e s i d u - . l  cornpressiv+ stresses r n  :he surface  layer of t h e  
s h a f t  a r e  a r t r i bu : ed  by some a s  the reason tor cne i n c r e a s e d  f a t i g u e  
s t r e n g t h  g a m e d  by s 7 l ~ f a c e  cold r o l l m g ,  (Reference  (43 d e s c r i b e s  
t e s t s  which suppor t  t h i s  t h e o r y ] ,  T h l s  reasorung  1s based on t h e  
assumption t h a t  s t e e l  h a s  much g r e a t e r  f a t i g u e  s t r e n g t h  under  com- 
p r e s s i v e  s t r e s s  tlhan under  t e n s i l e  s t r e s s .  The t h e o r y  i s  advocated 
that numerous subrnicroseopie f l a w s  o r  c ~ a c k s  ex i s t ,  i n  m a t e r i a l s  and 
t h a t  t h e s e  c r a c k s  do not,  p ropaga te  i n  t h e  presence of r e s i d u a l  com- 
p r e s s i v e  s t r e s s e s  as r e a d l l y  a s  when no s t r e s s  o r  t e n s i o n  Is p re sen t .  
( A  f e a t u r e  whlch t e n d s  t o  d i sp rove  t h a t  r e s i d u a l  compressive s t r e s s e s  
a r e  r e s p o n s i b l e  f o r  i n c r e a s e d  e n d w a n e e  s t r e n g t h  1s t h e  f a d i n g  of 
i n t e r n a l  r e s i d u a l  s t r e s s e s  due t o  r e p e a t e d  c y e l i z  s t r e s s i n g .  R e s u l t s  
show t h a t  repeased  c y c l i c  s t r e s s i n g  w i l l  reduce yes fdua l  s t r e s s e s  t o  
on ly  a f r a c t i o n  of t h e i r  i n i t i a l  va lue  but  t h a t  no appa ren t  l o s s  o f  
f a t i g u e  s t r e n g t h  accompanies t h i s  s e d u c t i o n ) ,  

O the r  r e a s o n s  proposed f o r  t h e  g a i n  i n  endurance s t r e n g t h  by 
s u r f a e e  c o l d  r o l l i n g  a r e  t h a t  t h e  p h y s i c a l  and m e t a l l u r g i c a l  p r o p e r t i e s  
of  t h e  surfaee  s k i n  nay be improved o~ t h a t  t h e  s p e c i f i c  e l a s t i c  shear 
s t r a f a  energy  f o r  t h e  s u r f a e e  g r a i n s  may approach the  h i g h e r  values 
p o s s i b l y  c h a r a c t e r i s t i c  o f  t h e  g r a i n s  w i th fn  t h e  body, 

Quite p o s s i b l y  t h e  b e n e f i t  d e r i v e d  from s u r f a c e  c o l d  r o l l i n g  may 
be due t o  a combination o f  t h e s e  reasons .  



FIGURE 19 - RESIDUAL STRESS OBTAINED IN 9 H'* DIAMETER CRANK PlNS (3 - 
TESTS 5 AND 6. 



The fol lowing i s  evident  from t h i s  review of t e s t  r e s u l t s :  

(1) The endurance s t r eng th  of non-rolled s t e e l  s h a f t i n g  
subjec ted  t o  f r e t t i n g  i n  a f r  i s  approximately 10,000 
PSI and does not vary ~ ipprec lab ly  between s t e e l s  w i t h  
low physica l  p r o p e r t i e s  and tkose  w i t h  high phys ica l  
proper t  i e  so  

( 2 )  Surface cold r o l l i n g  s t e e l  shafting sub jec ted  $0 
f r e t t i n g  i n  air i nc reases  t h e  erldusnnee s t r e n g t h  of 
t.he shafting about two t o  t h r e e  t m e s  depending on 
the  depth o f  cold work, 

( 3 )  No endurance l i m i t  e x i s t s  for s t e e l  sha f t s  subjec ted  t o  
corposion fat i p e  but s u r f  ace  cold r o l l i n g  i n c r e a s e s  the 
number of c y c l e s  before fracture a t  t h e  same s t r e s s ,  

(4) Fat igue  cracks  i n i t i a t e  a t  very low s t r e s s  i n  b o t h  
r o l l e d  and non-rolled s t e e l  s h a f t s  s u b ~ e c t  t o  f r e t t i n g  
bu t  propagate much slower i n  r o l l e d  s h a f t s  than  i n  nun- 
r o l l e d  s h a f t s ,  

In  applying these  t e s t  r e s u l t s  r ?  fuli sca l e  mar ine  p r o p e l l e r  
s h a f t s ,  it must be kept i n  mind that tdhe benef i t  gained with su r face  
c o l d  yelled servnce shafting may not be of t h e  same proport ion a s  
t h a t  obtained wl th  t e s t  s h a f t s ,  The s c a l e  e f f e c t s  between t e s t  s h a f t s  
and marine p r o p e l l e ~  s h a f t s  have yet td be determined, 

Applicat ion of Cold Rolling, 

From t h e  foregoing it is r e a d i l y  apparent t h a t  no ques t ion  can 
e x i s t  a s  t o  t h e  favorabie  e f f e c t  of  su r face  cold  r o l l i n g  on f a t i g u e  
s t r e n g t h  and t h a t  no harm can be done by cold r o l l i n g , i f  proper ly  
done. Ques t ions  do e x i s t  however, concerning t h e  degree of b e n e f i t  
that .  t h e  marine i n d u s t r y  can d e r i v e  from s u r f a c e  cold r o l l i n g .  In  
d i scuss ing  this ques t ion ,  an understanding is necesMry  of t h e  f a i l u r e s  
experienced by the marine indus t ry  with p r o p e l l e r  shaf t s .  

Since 1951, merchant sh ips  c l a s s e d  by t h e  American Bureau of 
Shipping have replaced  an average of about 1% of a l l  p r o p e l l e r  shafts 
i n spec ted  due t o  l o s s  a t  sea  and about 1s due t o  condemnation r e s u l t -  
i n g  from cracks  i n  t h e  sha f t ,  A survey ( 5 )  of Naval v e s s e l s  a t  Puget 
Sound Naval Shipyard during t h e  pe r iod  from 1944 t o  1954 sho*ied no 
shafts l o s t  a t  sea ,  t h a t  about 40% of all s h a f t s  inspec ted  had c r a c k s  
and t h a t  about l O $  of  t h e s e  cracked s h a f t s  were condemned, (The h igher  
c a s u a l t y  r a t e  of merchant sha f t ing  over  t h a t  o f  Naval shaf5ing i s  
a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  s h i p  opera t ion  and not  t h e  &aft des ign)  

It i s  theor ized  t h a t  t h e  m a j o r i t y  of propeller shaft f a i l u r e s  
s t a r t  wi th  f a t i g u e  cracks due t o  f r e t t i n g  under t h e  forward end of 



.ub and 
s h a f t ,  

a f t  end of t h e  s leeve  which propagate t o  f a i l u r e  o  

The presence of sea  water c o n t r i b u t e s  t o  t h e s e  s h a f t  f a i l u r e s  
f o r  those  cases  where sea  water  l e a k s  i n  t h e  hub assembly. The con- 
c lus ion  of  Panel  M - 1 1 ,  of t h e  Soc ie ty  of Naval Arch i t ec t s  and Marine 
Engineers ,  based on a survey of t a i l s h a f t  i n s p e c t i o n s  was, " t h a t  
shaft cor ros ion  due t o  sea  water  i n g r e s s  i s  a c o n t r i b u t i n g  f a c t o r ,  
but i s  not  a  dominating f a c t o r  i n  t a i l s h a f t  condemnationsw ( 6 ) .  

Surface co ld  r o l l i n g  of marine p rope l l e r  s h a f t s  w f l l  no t  e l iminac 
cracks  in t h e  s h a f t  due t o  t h e  low s t r e s s  r equ i red  t o  i n i t i a t e  t h e s e  
cracks.  However, r o l l i n g  w i l l  reduce t h e  propagation of t h e  c r a c k s  
(due t o  f r e t t i n g  o r  co r ros ion)  once formed and w i l l  r e s u l t  i n  fewer 
s h a f t  l o s s e s  a t  sea  and i n  fewer s h a f t  condemnations due t o  cracks,  

I n  add i t ion ,  su r face  c o l d  r o l l i n g  of marine p r o p e l l e r  s h a f t s  
may r e s u l t  i n  a reduct ion  i n  t h e  percentage of  s h a f t s  found w i t h  
cracks.  From t h e  surveys presented above, it can be surmised t h a t  
about 50% of a l l  s h a f t i n g  inspected  has cracks,  This  would seem t o  
i n d i c a t e  t h a t  t h e  des ign  of t h e s e  s h a f t s  r e s u l t s  i n  a bending s t r e s s  
which i s  v3ry c l o s e  t o  t h e  borde r l ine  between t h a t  which w i l l  produce 
f r e t t i n g  f a t l g u e  cracks  and t h a t  whfch will not ,  T e s t s  r e s u l t s ,  
f i g u r e  16, show f o r  a r o l l e d  s h a f t  t h a t  the  s t r e s s  r equ i red  t o  i n i t i a t e  
c racks  i s  g ~ e a t e r  than  t h a t  f o r  a  non-rol'od shaft. 

(It  i s  i n t e r e s t i n g  t o  no te  t h a t  some owners a re  i n s t a l l i n g  pro-  
p e l l e r  s h a f t s  designed f o r  about twice t.ae strength i n  bending re- 
qu i red  by t h e  regulatory bodies,  This w i l l  r e s u l t  i n  lowered bending 
s t r e s s e s  and may e l i m i n a t e  formation of f r e t t i n g  f a t i g u e  cracks i n  
t h e  s h a f t ,  I n  t h e  l i g h t  of t h e  b e n e f i t  der ived from sur face  cold 
r o l l i n g ,  it seems an excess ive  expense. It must be remembered t h a t  
t h e  increased  s h a f t  s t r e n g t h  will not  prevent the  formation o f  cor- 
r o s i o n  f a t i g l e  c r a c k s ) ,  

S ince  f r e t t i n g  f a t f g u a  cracks  i n i t i a t e  a t  such low s t r e s s e s , i t  
i s  not  recornended t h a t  any reduct ion  i n  design s i z e  o f  p o p e l l e r  
s h a f t s  be considered as  a r e s u l t  of su r face  cold  ro l l ing .Fur ther -  
more, t h e  b e n e f i t  of s u r f a c e  cold r o l l i n g  could be l o s t  during some 
f u t u r e  repair r e q u i r i n g - s t r e s s  r e l i e f  and, with t h e  p o s s i b i l i t y  of 
no r o l l i n g  equipment a v a i l a b l e  and no spa re  p r o p e l l e r  s h a f t  would 
n e c e s s i t a t e  t h e  r e t u r n  t o  s e r v i c e  o f  t h e  s h a f t  i n  a nnon-roiledw 
s t a t e ,  

Sur face  cold r o l l i n g  p r o p e l l e r  s h a f t s  makes poss ib le  a longer  
period between i n s p e c t i o n s  of t h e  p r o p e l l e r  sh&te  Until more is 
knawn about the results from r o l l e d  s e r v i c e  s h a f t i n g ,  it is believed 
that t he  period between i n s p e c t i o n s  should remain three years ,  



It i s  recommended t h a t  no relaxation he nade in t h e  i n s p e c t i o n  
f o r  c r a c k s  i n  r o l l e d  s h a f t s  a s  opposed t c  non- ro l led  s h d t s ,  Any 
c r a c k s  found i n  a  s u r f a c e  cold r o l l e d  sh;ft should  be r e ~ a i r e d  be- 
f o r e  r e t u r n i n g  t h e  s h a f t  t o  s e r v i c e ,  f o r  t h e  fo l l owing  r e a s o n s :  

1, When f i rs t  found,  t h e  c r a c k s  i n  nearly a l l  c a s e s  would 
n o t  have propagated v e r y  deep and cou ld  be remwed by 
s u p e r f i c i a l  g r i n d i n g  on ly ,  w i t h  no weld r e p a i r ,  'The 
dep th  o f  g r i n d i n g  would probably  be such t h a t  l i t t l e  - 
l o s s  of s u r f a c e  co ld  r o l l  b e n e f i t  would occur.  6 "peen- 
ing"  p roces s  might be developed t o  r e s t o r e  any r o l l i n g  
b e n e f i t  l o s t ,  

2. If t h e  c rack  were p e r m i t t e d  t o  go u n t i l  t h e  nex t  i n s p e c t i o n  
p e r i o d ,  i t  might have p rog re s sed  deep enough t o  r e q u i r e  
weld ing  r e p a i r s  fo l lowed  by s t r e s s  r e l i e f  and p o s s i b l e  , 

r e s u l t i n g  l o s s  of r o l l i n s  b e n e f i t .  

3. With t h e  p o s s i b i l i t y  of  s e a  water  c o r r o s i o n  always p r e s e n t ,  
r e t u r n i n g  a  c racked  shaft t o  s e r v i c e  i s  hazardous.  

- From t h e  fo rego ing ,  i t  is  apparen t  t h ~ r  d e f i n i t e  b e n e f i t  can be 
d e r i v e d  by t h e  marine  i n d u s t r y  from surface co ld  r o l l i n g  p r o p e l l e r  
s h a f t i n g ,  Panel M-8 of  t h e  Socier  y- of Savil i  A r c h i t e c t s  and F a r i n e  
E n g i n e e r i ~ g  has  recommended ( 3  1 thar 211 masme p r o p e l l e r  s h a f t s  
be s u r f a c e  coid  r o l l e d ,  This  recorcmendaclon i s  suppor t ed  by t h e  
ev idence  p r e s e n t e d  i n  t h i s  paper,  

It i s  n o t  known whether  t h e  optimum b e n e f i t  is  be ing  d e r i v e d  
u s i n g  t h e  p r e s e n t  p ~ o c e d u r e s .  Fur thermore ,  it i s  no t  known if labo- 
r a t o r y  t e s t s  i n d i c a t e  a c c u r a t e l y  t h e  g a i n  t h a t  can be o b t a i n e d  w i t h  
s u r f a c e  co ld  r o l l e d  s h a f t s  i n  s e r v i c e ,  To p r o p e r l y  e v a l u a t e  t h e  
r e l a t i o n  of  s u r f a c e  c o l d  r o l l i n g  t o  t h e  a a r i n e  i n d u s t r y ,  t h e  f o l l o n i n g  
i s  needed;  

1, Optimum d e p t h  o f  cold  wot-k - Al l  s u r f a c e  c o l d  r o l l e d  marine  
p r o p e l l e r  s h a f t i n g ,  of which we have knowledge, h a s  been 
c o l d  worked t o  a  t h e o r e t i c a l  d e p t h  o f  about  0050 inch.  A 
r ev i ew  of a v a i l a b l e  t e s t  d a t a  ( p a r t i c u l a r l y  (12 )  ) r e v e a l s  
t h a t  a  dep th  o f  c o l d  work g r e a t e r  t h a n  0,50 i nch  might 
produce g r e a t e r  r e s i d u a l  compressive s t r e s s e s  a d  presumably 
more r e s i s t a n c e  t o  f a t i g u e *  

2, Rate of s h a f t  s u r f a c e  speed  - Reference ( 7 )  shows t h a t  a  
h i g h  r a t e  of s t r a i n  r e s u l t s  i n  a  h i g h e r  y i e l d  po in t .  It 
may be p o s s i b l e  t h a t  a s l o w e r  s h a f t  speed,  which would 
produce a lower  r a t e  of s t r a i n ,  might r e s u l t  i n  a  s l i g h t l y  
g r e a t e r  dep th  of cold  work f o r  t h e  same r o l l e r  load. 



3 E f f e c t  on r e s i d u a l  comprass i~re  s t r e s s e s  i n  a r o l l e d  shaft 
from t h e  h e a t  of a ho t  ( 5 0 0 ~  - 6 0 0 ~ ~ )  s h a f t  s l e e v e  when 
shrunk oli t h e  shaf t .  

4. Rate a t  wh ich  f r e t t i n g  f a t i g u e  c r a c k s  p ropaga te  a s  t h e  
number of  c y c l e s  i n c r e a s e s ,  

5. E f f e c t  of  smal l  amounts o f  sea w a t e r  over  a  l o n g  pe r iod  
of t ime on f a t i g u e  s t r e n g t h  (this would most n e a r l y  
sinTii1at.e t h e  c o r r o s i o n  c?r.dif i o n  wh ich  can occur  i n  
a c t u a i  s e r v i c e ) ,  

6 ,  Frocedure f o r  r e s t o r i n g  co ld  work i n  way of a r e a s  ground 
out for removal of c racks .  

7. S e r v i c e  d a t a  of s u r f a c e  c o l d  r o l l e d  shafts, 

It i s  hoped t h a t  t h e  marine i s d u s t r y  w i l l  c o o p e r a t e  i n  making 
a v a i l a b l e  a l l  inf omlat ion p o s s i b l e  concern ing  s e r v i c e  data of su r f  ace 
co ld  r o l l e d  p r o p e l l e r  s h a f t s ,  

Apprec l a t l nn  is expressed  t o  t ,he f o l ; i ) n ~ n g  f o r  pe rmiss ion  t o  use 
in format i f in  on si:rf i. e ~s;d rol : ing deyre:opeG by their r e s p e c t i v e  
o r g a n i z a t i o n s  : 
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Dr. 0 .  J. Horger ,  J h l e f  Engineer, and M r .  H e  R e  N e i f e r t ,  
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R o l > r  Eearxng S o m ~ m y ,  Cant on, Ohlo 

Mr. W. C. S t e w a r t ,  Held. t Depart.ment 
U .S. Naval Engineer ing  Experiment Station, 
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13. B u l l e t i n  212, Engineering Experimental S t a t i o n ,  Universi ty  
of I l l i n o i s ,  by Thomas and Hoersch 

Bg r e f e r e n c e  (lo), t he  g r e a t e s t  
p r i n c i p a l  shear ing  s t r e s s  occurs  
along a l i n e  normal t o  t h e  s u r f a c e s  
of t w o  con tac t ing  e l a s t i c  bodies  
and is shown i n  f i g u r e  20,The s h e a r  
s t ress?occurs  a t  a depth E . IfT,i;is 
t h e  shea r  y i e l d  p o i n t  o f  t h e  materi- 
al, then  p l a s t i c  deformation w i l l  
occur t o  a depth t ,  , asstuning t h a t  
the s t r e s s  system under t h e  r o l l e r  
a t  a depth g r e a t e r  thanZ,is neg l i -  
g i b l y  d i f f e r e n t  from t h a t  which 
would e x i s t  were t h e  body p e r f e c t l y  
e l a s t i c ,  In  c a l c u l a t i n g  t h e  depth,  

of t h e  p o i n t  where t h e  s h e a r  
s t r e s s  i s  7 , t h r e e  r e l a t i o n s  a r e  
o f  interest: 

Figure 20 - v a r i a t i o n  of 
p r f n c i p a l  shearing stress 
along a l i n e  normal t o  the  
sur face  of an e l a s t i c  body 
where another  body is 
bought i n t o  contac t  with 
it, 



= r -d ius  of nhardsr.ingn r o l l e r  

= r a d i u s  of s h a f t  

Y;'= contour  r a d i u s  of "hardeningn r o l l e r  

I Y,' = contour  r ad ius  o f  s h a f t  

( C )  For  e l l i p t i c a l  contac t  a r e a  of major semi-axis, c , and 
minor senl-axis  , b 

(For d e r i v a t i o n  s e e  r e fe rence  (13 ) ) 

m e r e  : c = LA 

Using equations 4 and 5 t o  p l o t ?  vs  Z with P; R. ,P- a d  
equa l  t o  a  cons tan t  shows t h a t  i f  E i s  g r e a t e r  t h a n  0.50 the  con tac t  
a r e a  may be taken as a  c i r c l e  f o r  computing t h e  load,  

The c m d i t i o n  f o r  C t o  be g r e a t e r  than  0.50 i s  that 

If 1:' = 1.5 inches and = 4.5 inches t h e  l i ioi t ing value of far 
this cond i t ion  t o  be f u l f i l l e d  i s  e5 inches,  

Equations 1,2 and 3 can be used t o  determine t h e  roller load f o r  
the d e s i r e d  d e p ~ h  of co ld  r o l l i n g ,  s i n c e  t h e  s h a f t  s i z e s  o f  i n t e r e s t  
are w e l l  w i t h i n  the  l i m i t i n g  value, Us0ng equat ions  2 and 3 wLth C = 6 1, P =  1000, P = .,3, and E = 30 x 1 0  , f i g u r e  2 1  can be p l o t t e d  f o r  
R g r e a t e r  than zero, Equation 1 is used t o  p l o t  K = 0. 

7 If P = l0OOM and i s  t h e  l o a d  which w i l l  cause a stress L ,  at. 
a depth 2. , the s t r e s s  'i; =T ?FT w i l l  exist a t  depth 2 ,  = 2 . T is 
the a t r e s s  at depth 2 wi th  a 1000 pound load. To use Figure 21 plot 
the point  T, , t, where 2 ,  i s  t h e  desired depth of cold working and .. 
7, l e r  t h e  shear y i e l d  point  of the shaft material, Connect this mint 





t h e  o r i g i n  wl t h  a s t r a i g h t  l i n e  and where t h i s  l i n e  c rosses  t h e  
I curve of t h e  c o r r e c t  R i s  t h e  poin t  7 , .z Then 21 =(+) 3 z(- q \ , 3  , 

3'.* 

't 
i s  calcpul.ated, TI 

. ' 

4 Using Figure 21 a s  o u t l i n e d  above, Figure 22 earl be cons t ruc ted  
from which the  r o l l e r  load  can be immediately s e l e c t e d  f o r  any s h a f t  
m a t e r i a l ,  Figure 22 may be used f o r  r o l l e r  diameters  from 8 t o  10 
inches with a 1-1/2 inch  crown r a d i u s  without  in t roduc ing  any signi- 
f i c a n t  e r r o r ,  I n  bonscruct ing Figure 22, t h e  y i e l d  poin t  i n  shear  
was taken a s  0,50 t imes t h e  y i e l d  poin t  i n  t ens ion ,  

The minor semi-axis of t h e  con tac t  a r e a  f o r  va r ious  s i z e  s h a f t s  
is shown i n  Figure  23 and i s  used t o  determine the  maximum r a t e  of 
f eed  f o r  supface cold  r o l l i n g ,  It i s  evident  from F i g w e  23 t h a t  the  
maximum rate o f  r o l l e r  feed along t h e  shaf't  can no t  be determined 
by assuming t h e  con tac t  a r e a  i s  c i r c u l a r ,  Radius "an o f  Figure 23 was 
computed making t h i s  assumption, using equat ion  3, The value b,  i s  
t h e  m a x i m u m  pe rmiss ib le  r a t e  of f eed  a d  is  t h e  minor semi-axis of 
t h e  e l l i c t i c a l  con tac t ,  Reference (11) w a s  used t o  compute t h e  semi- 
axis of t h e  e l l i p t i c a l  contac% shown on Figure 23, 

9 



FIGURE 22 - ROLLER LOADS FOR VARIOUS SHAFT MATERIALS USING 9.' DIAMETER '*HARDENING** 
ROLLER WITH 1 YJ" CONTOUR RADIUS. 


