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ABSTRACT 

The a c c e p t a n c e  o f  C 0 2  l a s e r s  i n  i n d u s t r y  t o  p r o v i d e  s u r f a c e  h a r d e n i n g  i s  an  
e s t a b l i s h e d  f a c t .  A p p l i c a t i o n s  number i n  t h e  h u n d r e d s  i n  such d i v e r s e  
f i e l d s  a s  a u t o m o t i v e ,  o f f i c e  machines ,  a i r  c o m p r e s s o r s ,  j e t  e n g i n e s ,  m i l i -  
t a r y ,  p a p e r  c o n v e r t i n g ,  p e r s o n a l  p r o d u c t s ,  p r i n t i n g ,  p l a s t i c s ,  f o r e s t r y ,  
mining,  d r i l l i n g ,  e t c .  The wear and f a t i g u e  c h a r a c t e r i s t i c s  o f  l a s e r -  
hardened s u r f a c e s  a r e  rev iewed .  R e f e r e n c e  i s  made t o  t h e  o p e r a t i n g  p r i n -  
c i p l e s  o f  medium t o  high-power c a r b o n - d i o x i d e  l a s e r s .  T y p i c a l  examples a r e  
g iven  o f  o t h e r  l a s e r  p r o c e s s e s  s u c h  a s  w e l d i n g ,  c u t t i n g ,  v a p o r i z i n g ,  d r i l l -  
ing ,  s c r i b i n g ,  machin ing ,  e t c .  

L a s e r s ;  M e t a l s ;  Harden ing ;  T r a n s f o r m a t i o n ;  M e l t i n g ;  C l a d d i n g ;  A l l o y i n g :  
Welding; C u t t i n g ;  P i e r c i n g .  

Fig. 1 T r a n s f o r m a t  ion  h a r d e n i n g  of  i n n e r  b o r e  o f  c a s t - i r o n  power-s t e e r i n g  
g e a r  h o u s i n g s .  S e v e n t e e n  l a s e r s  p r o c e s s  33,000 h o u s i n g s  d a i l y  
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INTRODUCTION 

"Laser" i s  a n  acronym f o r  "Light  Ampl i f i c a t i on  by S t imu la t ed  Emission of 
~ a d i a t i o n . "  L a s e r s  produce l i g h t  energy  ove r  t h e  e l e c t romagne t i c  spec t rum 
from i n f r a r e d  t o  u l t r a v i o l e t ,  i n c l u d i n g  v i s i b l e  l i g h t .  Unl ike  conven t i ona l  
l i g h t  sou rce s ,  which g e n e r a t e  energy  a t  m u l t i p l e  wavelengths  w i t h i n  t h i s  
spectrum, l a s e r s  produce l i g h t  a t  a  s i n g l e  wavelength .  I n  a d d i t i o n ,  wh i l e  
conven t i ona l  l i g h t  sou rce s  r a d i a t e  energy  i n  a l l  d i r e c t i o n s  o u t  from a  
p o i n t ,  l a s e r s  g e n e r a t e  l i g h t  energy  w i t h  ve ry  l o w  beam divergcnc-r  (a lmost  
p a r a l l e l )  which i s  a l s o  coo rd ina t ed  i n  t iming  and phase .  

These p r o p e r t i e s  of  low beam d ive rgence  and s i n g l e  wavelength  pe rmi t  l a s e r  
energy  t o  b e  focussed  t o  v e r y  sma l l  a r e a s  ( t y p i c a l l y  0 . 2  mm d i ame te r )  t o  
produce t h e  h i g h  energy d e n s i t i e s  t h a t  make l a s e r s  p a r t i c u l a r l y  u s e f u l  f o r  
i n d u s t r i a l  a p p l i c a t i o n s ,  such  a s  me t a l  s u r f a c e  ha rden ing ,  c u t t i n g ,  weld ing ,  
p i e r c i n g ,  s c r i b i n g  and v a p o r i z i n g .  Power d e n s i t i e s  o f  t h e  o r d e r  of 1 0 ~ - 1 0 ~  
w/cm2 a r e  used i n  ma t e r i a l - p roce s s ing  a p p l i c a t i o n s  b u t  f o r  most meta l  su r f ace  
hardening  a p p l i c a t i o n s ,  power d e n s i t i e s  of  t h e  o r d e r  of  l o3  w/cm2 a r e  ve ry  
u s e f u l  which,  even a t  t h e s e  l e v e l s ,  a r e  c o n s i d e r a b l y  h i g h e r  t han  can u s u a l l y  
b e  ob t a ined  w i t h  conven t i ona l  h e a t  sou rce s .  ( ) 

Carbon-dioxide l a s e r s ,  u t i l i z i n g  a n  a c t i v e  medium of carbon d i o x i d e ,  
n i t r o g e n  and he l ium gase s ,  a r e  g e n e r a l l y  recognized  a s  t h e  on ly  t ype  of 
commercial ly v i a b l e  l a s e r  c apab l e  of  producing  s u f f i c i e n t l y  h igh  power 
l e v e l s  (500 w a t t s  t o  15,000 w a t t s )  f o r  me t a l  s u r f a c e  ha rden ing .  Carbon- 
d i o x i d e  l a s e r s  a l s o  have h i g h e r  energy-convers ion  e f f i c i e n c i e s  t han  s o l i d -  
s t a t e  l a s e r s .  C02 l a s e r s  d e r i v e  t h e i r  e x c e l l e n t  p roce s s  e f f i c i e n c y ,  n o t  s o  
much from t h e  i n p u t  t o  o u t p u t  energy  r a t i o ,  b u t  from t h e  temendously h i g h  
power c o n c e n t r a t i o n  of t h e  focussed  beam, a s  w i l l  b e  demonst ra ted  among t h e  
examples d e t a i l e d  below. 

C02 l a s e r s  have been  used i n  d a i l y  p roduc t i on  t o  harden  m e t a l s  s i n c e  t h e  
e a r l y  s e v e n t i e s .  The i n i t i a l  method employed was t r a n s f o r m a t i o n  ha rden ing ,  
which s t i l l  remains  t h e  most wide ly  a p p l i e d .  Other  methods have emerged, 
and s e v e r a l  a r e  now i n  p roduc t i on .  Some a r e  y e t  con f ined  t o  t h e  l a b o r a t o r y ,  
b u t  o f f e r  enough r e a l  p o t e n t i a l  t h a t  t hey  w i l l  be  b r i e f l y  d i s c u s s e d .  These 
methods i n c l u d e ,  i n  a d d i t i o n  t o  l a s e r  t r an s fo rma t ion  o r  phase  ha rden ing ,  
l a s e r  s u r f a c e  m e l t i n g ,  l a s e r  c l a d d i n g ,  l a s e r  a l l o y i n g  and l a s e r -me l t /  
p a r t i c l e - i n j e c t i o n  p roce s s .  

LASER TRANSFORMAT ION HARDENING 

I n  r e c e n t  y e a r s ,  t h e  l a s e r  has  emerged a s  a  f a s t ,  e n e r g y - e f f i c i e n t  s u r f a c e -  
ha rden ing  t o o l .  The i n t e n s e  energy  l e v e l s  from COz l a s e r s  can  be o p t i c a l l y  
focussed  w i t h  g r e a t  a ccu racy  a t  s e l e c t e d  a r e a s  t o  r a i s e  s u r f a c e  tempera tures  
t o  t h e  a u s t e n i z i n g  range  s o  r a p i d l y  t h a t  a d j a c e n t  unheated  me ta l  s e r v e s  a s  
t h e  quench. The beam can b e  d i r e c t e d  (F ig ,  2) a t  a  s p o t  o r  o s c i l l a t e d  t o  
i n c r e a s e  t h e  w id th  o f  a  h e a t e d  zone i n  a  s i n g l e  p a s s  o r  can  even b e  o p t i c a l l y  
shaped t o  cover  a  g iven  a r e a .  Case dep th s  o f  0 . 2  t o  0 . 6  mm a r e  t y p i c a l  and 
u s u a l l y  s u f f i c i e n t :  g r e a t e r  dep th s  a r e  d i f f i c u l t  i f  s u r f a c e  combustion i s  t o  
b e  avo ided .  Both beam motion and t ime can  be computer c o n t r o l l e d ,  and pre-  
c i s e  s t r a i g h t  o r  s p i r a l  p a t t e r n s  c an  b e  developed w i t h  minimum h e a t - a f f e c t e d  
zone and l i t t l e ,  i f  any ,  d i s t o r t i o n .  To i n c r e a s e  t h e  coup l i ng  e f f i c i e n c y  of 
t h e  C02 l a s e r  beam (10 .6  microns  wavelength)  an  a b s o r b t i v e  c o a t i n g ,  such  a s  
manganese phosphate ,  c o l l o i d a l  g r a p h i t e  o r  b l a c k  p a i n t  i s  o f t e n  pre-appl ied  
t o  t h e  m e t a l .  
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IYedium-carbon s t e e l s  and c a s t  i r o n s  a r e  t h e  most commonly t r e a t e d  m a t e r i a l s ,  
a l though a l l o y  s t e e l s ,  such  a s  4340, 8620, 52100 and t o o l  s t e e l s  c an  a l s o  be  
selectively hardened.  P roce s s ing  r a t e s  r ange  from 10 t o  60 cm2 p e r  minute  
a t  500 t o  600 w a t t s  l a s e r  o u t p u t  power f o r  s u r f a c e  ha rdnes se s  of  R c  48 t o  64 
,and ca se  dep th s  o f  0 . 2  t o  0 . 6  mm. ( 2 )  

A s y s t e m a t i c  su rvey  of  l a s e r  s u r f a c e  h e a t  t r e a t m e n t  (conducted  by I I T  
Research I n s t i t u t e  and ~ i a t )  r e v e a l e d  d i s t i n c t  l i m i t s  beyond which unaccept-  
a b l e  p a r t s  would b e  produced.  With in  t h e s e  l i m i t s ,  r a p i d  p r o c e s s e s  u s i n g  
I ~ i g l l  beam i n t e n s i t i e s  appea r  Least s e n s i t i v e  t o  power o r  speed  v a r i a n c e s .  
Power requi rements  (hence c a p i t a l  inves tment )  can b e  reduced somewhat by 
o p e r a t i n g  a t  lower s u r f a c e  t r a n s l a t i o n  speeds ,  bu t  maximum ha rdnes s  l e v e l s  
F a l l  o f f  and t h e  p roce s s  becomes more s e n s i t i v e  t o  changes i n  speed ,  power 
o r  parameters  r e l a t i n g  t o  t h e s e .  However, t h e  sur face-hardened  a r e a  p e r  u n i t  
of  t ime i s  d i r e c t l y  p r o p o r t i o n a l  t o  l a s e r  power. ( 3 )  
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F i g .  2 L a s e r  ha rden ing  w i t h  focused ,  o s c i l l a t i n g  beam 
ex t ends  sur face-hardened  a r e a  w h i l e  p r e v e n t i n g  
fo rma t ion  of s o f t  zones w i t h i n  hardened  a r e a .  
Graphs by GTE Sy lvan i a  show case-depths  produced 
a t  v a r i o u s  ha rden ing  r a t e s ,  a s  w e l l  a s  ha rdnes s  
p r o f i l e .  
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The cho i ce  of a  l a s e r  t o  per form a  sur face-hardening  o p e r a t i o n  r e q u i r e s  
c o n s i d e r a t i o n  of  t h e  t o t a l  manufac tur ing  p roce s s  f o r  t h e  p a r t  i n  q u e s t i o n .  
Sometimes, t h e  cho i ce  i s  obvious :  i t  i s  about  t h e  o n l y  way t o  accomplish t h e  
t a s k .  I n  o t h e r  i n s t a n c e s ,  thought  must b e  g iven  t o :  a )  t h e  a r e a  t h a t  r e a l l y  
must b e  hardened o r  n o t  hardened; b )  d i s t o r t i o n  and r e l a t e d  pre-  o r  pos t -  
machining and /o r  g r i n d i n g ;  c )  o v e r a l l  p roce s s  t ime;  d) m a t e r i a l  s u b s t i t u -  
t i o n s ;  e )  s c r a p  r a t e ,  e t c .  

Power consumption today  i s  a  major c o n s i d e r a t i o n ,  a s  a r e  t h e  o t h e r  l a s e r  
consumables, ga se s  and coo l i ng  wa t e r ,  b u t  a  1000-watt l a s e r  t y p i c a l l y  oppr-  
a t e s  i n  t h e  U.S.A. a t  l e s s  than  $5.00 an  hou r .  Power consumption must be 
cons idered  i n  t h e  same l i g h t  a s  t h e  cho i ce  of a  l a s e r  f o r  t h e  p roce s s :  i t  i s  
nece s sa ry  t o  look  a t  t h e  t o t a l  manufac tur ing  p r o c e s s .  For  i n s t a n c e ,  i n  t h e  
s u r f a c e  hardening  of  F i r i n g  Zone Cutout  Cams de sc r i bed  below, t h e  l a s e r  i s  
r e p o r t e d  t o  consume 0.29 pe r  c e n t  of t h e  e l e c t r i c a l  energy  r e q u i r e d  f o r  t h e  
previous ly-used  ha rden ing  p r o c e s s ,  b u t  many o t h e r  non-power r e l a t e d  s av ings  
were a l s o  r e a l i z e d .  On t h e  o t h e r  hand, a  j e t  eng ine  manufac turer  r e cogn i ze s  
t h a t  h i s  l a s e r  p roce s s  a c t u a l l y  r e q u i r e s  more e l e c t r i c i t y  than t h e  p r ev ious  
p r o c e s s ,  b u t  a l l ows  g r e a t e r  p roce s s  cons i s t ency  and automat ion .  An eng inee r  
a t  a  t y p e w r i t e r  manufac turer  found h e  could  reduce  h i s  energy  consumption by 
l a s e r  hardening  on ly  t h e  v e r y  sma l l  a r e a  where wear a c t u a l l y  o c c u i s ,  a s  
opposed t o  t h e  a r e a  (about  2 0  t imes  g r e a t e r )  t h a t  he  was ob l i ged  t o  harden  
u s i n g  i n d u c t i o n .  However, i t  should  be  admi t t ed  t h a t  t h e  r e a l  r e a son  behind  
t h e  change t o  a  l a s e r  was t o  c u t  t h e  d i s t o r t i o n  s c r a p  r a t e  from abou t  20% 
down t o  p r a c t i c a l l y  z e ro !  

S t e e r i n g  Gear Housing 

S ince  1974, Saginaw S t e e r i n g  Gear D i v i s i o n  of Genera l  Motors has  been ~ t s i n g  
C 0 2  l a s e r s  t o  i n t e r n a l l y  harden  s t e e r i n g  g e a r  hous ings  i n  what i s  perhaps  
t h e  o l d e s t  and most p r o l i f i c  a p p l i c a t i o n  of l a s e r  t r an s fo rma t ion  ha rden ing :  
an  a r r a y  of  s even t een  I-kW l a s e r s  have hardened a s  many as 33,000 hous ings  
p e r  p roduc t i on  day (F ig .  1 ) .  The hous ings ,  which weigh about  5 kg each ,  a r e  
f e r r i t i c  ma l l e ab l e  i r o n  c a s t i n g s  and ,  o r i g i n a l l y ,  b e f o r e  l a s e r s  became t h e  

F ig .  3 Four wear s t r i p e s  produced by l a s e r  su r f ace -  
hardening i n  t h e  bore of a  cas t - i ron  power- 
s t e e r i n g  g e a r  hous ing  
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f i n a l  cho i ce ,  many a l t e r n a t i v e s  were cons ide r ed  t o  overcome wear t h a t  
occu r r ed  i n  t h e  main bo re  under p r o j e c t e d  h i g h e r  o p e r a t i n g  l o a d s .  A chang 
of m a t e r i a l  reduced wear b u t  dec r ea sed  m a c h i n a b i l i t y ;  d i f f e r e n t  ha rden ing  
p r o c e s s e s ,  i n c l u d i n g  c lean-hardening ,  t u f t r i d i n g ,  n i t r i d i n g  and c o n t r o l l e d  
annea l i ng ,  were t r i e d ,  bu t  a l l  o f  t h e s e  p roce s se s  r e q u i r e d  an  i n t e r m e d i a t e  
annea l i ng  o p e r a t i o n  p r i o r  t o  f in i sh-machin ing  t o  ma in t a in  p rope r  concen- 
t r i c i t y .  Th i s ,  of cou r se ,  i n c r e a s e d  c o s t  beyond a c c e p t a b l e  l e v e l s .  

Examination of  t h e  r e s u l t a n t  wear p a t t e r n s  i n  t h e  hous ings  i n d i c a t e d  t h a t  
i f  t h e s e  a r e a s  i n  t h e  bo re  were hardened ,  t h e  wear would be v i r t u a l l y  e l i  
a t e d .  I n d u c t i o n  ha rden ing  of t h e s e  a r e a s  was t e s t e d  and wear was reduced  
90%.  However, t h e  d i s t o r t i o n  was s o  l a r g e  t h a t  t h e  r a c k  p i s t o n  would n o t  f i t  
i n t o  t h e  bo re  of  t h e  hous ing .  

A need f o r  a  high-power, ex t remely  c o n t r o l l a b l e  s u r f a c e  h e a t i n g  sou rce  l e d  
t o  t h e  cho i ce  of a  l a s e r ,  and t h e  hardened a r e a s  f i n a l l y  evolved  i n t o  a  
s e r i e s  of  f i v e  t r a c k s  s t r a t e g i c a l l y  p l aced  i n  t h e  high-wear a r e a s  (F ig s  3 
and 4 ) .  The t r a c k s  a r e  1.5 t o  2 . 5  mm i n  w id th  and approximate ly  0.35 mm i n  
depth .  The t o t a l  d i s t o r t i o n  c r e a t e d  by l a s e r -ha rden ing  was n o t  measurable  
by normal q u a l i t y  c o n t r o l  t e chn iques ,  and t h e  wear r a t e  was 10 t imes  b e t t e r  
than  t h e  non-hardened a r e a s  i n  worse-case c o n d i t i o n s .  The a p p l i c a t i o n  ha s  
proven t o  be  ve ry  r e l i a b l e  w i th  a  maintenance e f f i c i e n c y  of about  91% and a  
p roce s s  e f f i c i e n c y  of  8 3 2 ,  which i n c l u d e s  downtime f o r  whatever  r e a son .  The 
mechanica l  w o r k s t a t i o n s  c o n t r i b u t e  more t o  t h e  downtime thari do t h e  
l a s e r s .  ( 4 )  

F i g .  4 Drawing shows b a s i c  arrangement f o r  l a s e r  harden- 
i n g  of i n t e r n a l  s u r f a c e s  

Paper  Co r ruga t i ng  R o l l s  

Perhaps t h e  l a r g e s t  p a r t s  t o  b e  r e g u l a r l y  l a s e r  hardened  a r e  1250-kg r o l l s  
f o r  c o r r u g a t i n g  k r a f  t pape r .  The v e r y  a b r a s i v  pape r  caused  e x c e s s i v e  wear 
on t h e  crowns of  t h e  f l u t e s  and conven t i ona l  f u r n a c e  ha rden ing  of  t h e  e n t i r e  
r o l l  was found t o  b e  b o t h  energy  w a s t e f u l  and i m p r a c t i c a l .  With t h e  u s e  of 
a  1.2-kW GO2 l a s e r  t h e  crowns a r e  brought  up t o  Rc 60-63 t o  a  dep th  of about  
1 nun. The c o r r u g a t i n g  r o l l s  a r e  hardened by Viner  Manufac tur ing  Systems,  
I n c . ,  a  l a s e r  job-shop i n  Arvada,  Colorado.  (5)  
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F ig .  5  View o f  l a s e r  hardening  machine f o r  p roce s s ing  
10 f t .  c o r r u g a t i n g  r o l l s  

The l a s e r  ha rden ing  p roce s s  c o s t s  up t o  $850 pe r  r o l l  b u t  r e s u l t s  i n  a  
s av ings  t o  t h e  u s e r  of between $12,000 and $20,000 by n e a r l y  t r i p p l i n g  t h e  
l i f e  of  t h e  r o l l .  The l a s e r -ha rden ing  method ha s  been commercial ly success-  
f u l  f o r  ove r  5  y e a r s .  F igu re  5  i l l u s t r a t e s  t he  l a s e r -ha rden ing  machine w i t h  
a  10-foot-long r o l l  be ing  hardened.  

C u t t i n g  Blade 

I n  tl-iis i n s t a n c e ,  t h e  problem was t o  s e l e c t i v e l y  h e a t  t r e a t  one s i d e  of a  
c u t t i n g  b l a d e ,  y e t  ma in t a in  t h e  toughness  of  t h e  ba se  m a t e r i a l  (1050 s t e e l )  
w i thou t  t h e  need f o r  tempering ( a  p roce s s  r e q u i r i n g  h i g h  energy consumption 
which u s u a l l y  can  be  t o t a l l y  e l i m i n a t e d  when u s ing  se l f -qnenching  l a s e r -  
ha rden ing ) .  The s o l u t i o n  was found by u t i l i z i n g  t h e  p r e c i s e l y  c o n t r o l l e d  
l a s e r  h e a t  i n p u t ,  so  t h a t  hardening  could  t ake  p l a c e  on one s i d e  of  t h e  cu t -  
t i n g  edge ,  w h i l e  t h e  o t h e r  remained r e l a t i v e l y  s o f t  f o r  f r a c t u r e  p r even t i on .  
A c a s e  dep th  o f  0 . 6  mm a t  a  hardness  l e v e l  of  Rc 60-64 was gene ra t ed  by a  
500 w a t t  l a s e r .  Coverage r a t e  o f  25 cm2 p e r  minute  was achieved .  (6)  (F ig .  6) 

F i g .  6 C ros s - s ec t i on  of  a  l a s e r  h e a t - t r e a t e d  c u t t i n g  edge 
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S p l i n e s  on Motor S h a f t  

F r equen t l y ,  r e s o r t i n g  t o  l a s e r  p r o c e s s i n g  b r i n g s  b e n e f i t s  i n  t h e  down-the- 
l i n e  m n n u I a c ~ u r i n g  p rocedu re s .  T y p i c a l l y ,  a  20-mm d i ame te r  s p l i n e d  motor 
s h a f t  was r e q u i r e d  t o  be  p r e s s - f i t t e d  t o  ano the r  p a r t .  The s h a f t  was of 
1050 s t e e l  and when p r e s s - f i t t e d ,  t h e  s o f t  s p l i n e s  became deformed s o  t h a t  
a  p r e c i s e  f i t  was n o t  p o s s i b l e .  The s o l u t i o n  was found by l a s e r  ha rden ing  
t h e  l e a d i n g  edge of t h e  s p l i n e s  t o  Rc 60+ t o  a  c a s e  dep th  of  0 . 4  mm. The 
ve ry  f a s t  l a s e r -ha rden ing  made t h e  p roce s s  c o s t  e f f e c t i v e  u s i n g  a  500-watt 
l a s e r .  ( 6 )  

D i e s e l  Engine Cy l inde r  Bores 

The a b i l i t y  t o  d i r e c t  a  l a s e r  beam, by t h e  u se  of m i r r o r s ,  i n t o  a r e a s  t h a t  
o f t e n  cannot  be reached  by o t h e r  p roce s se s  makes t h e  l a s e r  a  n a t u r a l  f o r  
ha rden ing  t he  i n s i d e  s u r f a c e s  of  c y l i n d e r s  and c y l i n d e r  l i n e r s  f o r  d i e s e l  
eng ine s  f o r  t r u c k s ,  locomot ives  and s t a t i o n a r y  eng ine s .  M a t e r i a l  i s  u s u a l l y  
c a s t  i r o n ,  and manganese phosphate  o r  b l a c k  p a i n t  i s  used a s  an  energy- 
ab so rb ing  c o a t i n g .  I n  one p a r t i c u l a r  i n s t a n c e ,  t h e  beam from a  1.2-kW l a s e r  
i s  d i r e c t e d  by a concave m i r r o r  t h a t ,  i n  a d d i t i o n  t o  bending  t h e  beam a t  go0, 
a l s o  o s c i l l a t e s  t o  widen t h e  l a s e r  t r a c k  on t h e  s u r f a c e  of t h e  p a r t  and 
focus se s  t h e  beam a s  w e l l .  The p roce s s  t a k e s  about  one  minute  p e r  p a r t  and 
t h e  energy  s av ing  i s  e s t ima t ed  t o  be more t h a n  70% when compared t o  t h e  
p r ev ious  p r o c e s s i n g  methods.  Absence of  measurable  d i s t o r t i o n  from l a s e r  
ha rden ing  e l i m i n a t e s  t h e  r equ i r emen t  f o r  pos t -g r i nd ing .  ( 7 )  (F ig .  7 )  

F ig .  7 Seventy p e r c e n t  energy  s av ings  a r e  r e a l i z e d  dur ing  
l a s e r  ha rden ing  of  c y l i n d e r  l i n e r s  
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F i r i n g  Zone Cutout Cam 

These i t ems  a r e  used  aboard Navy s h i p s  t o  c o n f i n e  l aunche r  azimuth and 
e l e v a t i o n  ang l e s  i n  o r d e r  t o  p r even t  f i r i n g  t h e  m i s s i l e  toward s h i p  s t r u c -  
t u r e s .  The con tou r  of  t h e  cam corresponds  t o  t h e  n o n f i r i n g  zone p r o f i l e  
t h a t  i s  con f igu red  t o  t h e  l a y o u t  of t h e  s h i p  s u p e r s t r u c t u r e .  A cam fo l l ower  
( con t ac t  p i n ) ,  when i n  c o n t a c t  w i t h  t h e  cam, t e l l s  t h e  launcher  n o t  t o  f i r e ) .  
(F ig .  8) 

The f i n a l  s t e p  i n  manufac tur ing  of t h e  cam i s  c a s e  ha rden ing ,  which was 
be ing  performed by cyanide  s a l t  b a t h  n i t r i d i n g  p r o c e s s i n g  of t h e  n i t r a l l o y  
s t e e l  cams. Based on 12 cams p e r  y e a r ,  t h i s  method c o s t  $18,000 pe r  y e a r ,  
which i n c l u d e s  t h e  h i g h  c o s t  o f  d i s p o s i n g  of t h e  t o x i c  cyanide  s a l t  was te  
and t h e  t o t a l  energy  consumption of t h e  60-kW s a l t  b a t h  f o r  t h i s  energy- 
i n t e n s i v e  o p e r a t i o n  (Cos ts  based  upon h i s t o r i c a l  d a t a  from t h e  1970s) .  

A f t e r  c a r e f u l  c o n s i d e r a t i o n  by t h e  Navy, a  1.2-kW l a s e r  ope ra t ed  by Lase r  
App l i ca t i on  Lnc., Ba l t imore ,  Maryland, was used t o  per form t h e  t e s t s  r e q u i r e d  
t o  supp l an t  t h e  t ime - t e s t ed  bu t  c o s t l y  n i t r i d i n g  p r o c e s s .  C a l c u l a t i o n s ,  
a f t e r  t h e  f i n a l  l a s e r  p roce s s  was developed ,  showed t h a t  t h e  l a s e r  could  
perform i n  a few minutes  what r e q u i r e d  24 hours  i n  t h e  cyanide  b a t h  a t  an  
e l e c t r i c a l  energy  expend i t u r e  of on ly  0.29% of t h a t  r e q u i r e d  f o r  t h e  n i t r i -  
d ing  p roce s s .  

Four s t e e l s  were t e s t e d  and A I S I  4340 was s e l e c t e d  a s  b e s t  because  of harden- 
a b i l i t y ,  c o n t r a c t o r  expe r i ence  and s u r f a c e  smoothness a f t e r  l a s e r  t ransforma-  
t i o n  ha rden ing .  The n i t r a l l o y  135 modi f ied  ( t h e  o r i g i n a l  m a t e r i a l )  was 
found t o  be  u n s u i t a b l e  because  o f  s u r f a c e  e r r u p t i o n s  and roughness upon l a s e r  
impingements. The f i n a l  p roce s s  method chosen involved  o s c i l l a t i n g  t h e  l a s e r  
beam t o  a  t r a c k  w id th  of  approximate ly  6  mm and s t e p p i n g  t h e  r o t a t i n g  cam 
w i t h  a  Computer ~ u m e r i c a l  C o n t r o l l e d  t a b l e  t o  produce p a r a l l e l  t r a c k s  around 
the  c i r cumfe rence  o f  t h e  cam. ( F i g .  9 )  A carbon s p r a y  c o a t i n g  was a p p l i e d  
t o  t h e  s u r f a c e  of t h e  cam t o  a i d  a b s o r b t i o n  of t h e  l a s e r  energy .  

F i g .  8  I l l u s t r a t i o n  o f  m i s s i l e  b e i n g  f i r e d ,  c l e a r i n g  
s h i p  s u p e r s t r u c t u r e  
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A summary of  t he  r e s u l t s  i s  provided below: 

RESULTS 

o  Hardness:  P r o f i l e  = Rc 62; Overlap = Rc 51 (ve ry  narrow band) 

o Depth: P r o f i l e  = 0.015-0.017 i n . ;  Overlap = 0.009-0.010 i n .  

o Tolerance:  Within 4 min. t r a i n  - Acceptable  
With in  0.001 i n .  e l e v a t i o n  - Acceptable  

o Micros t ruc tu re :  Highly r e f i n e d  m a r t e n s i t e  

0 Wear 0.0001 i n .  

Ex tens ive  wear and s a l t - s p r a y  c o r r o s i v e  t e s t s  were conducted on l a s e r -  
hardened cams, which proved t o  b e  adequate  i n  a l l  i n s t a n c e s .  Case dep ths  of 
0 .25  t o  0 . 5  mrn and hardness  of  Rc 55-67 were e a s i l y  met ,  and d imensional  
t o l e r a n c e s  were mainta ined  by proper  c o n t r o l  of l a s e r  power and h e a t  i n p u t  
through dwell  t ime, l o c a l l y  rubbing-off  of t h e  a n t i - r e f l e c t i v e  carbon sp ray  
c o a t i n g  ( a t  edges f o r  i n s t a n c e )  and through water -cool ing  t echn iques ,  i f  
needed.  

The ve ry  well-documented Navy r e p o r t  concludes  by recommending t h e  d iscont inu-  
ance of t h e  cyanide  s a l t  n i t r i d i n g  p roces s  i n  f a v o r  of  l a s e r  t r ans fo rma t ion  
hardening a t  a  c o s t  s av ings  of $16,400.00 pe r  y e a r  ( f o r  12 cams). (8) 

F i g .  9 P a r a l l e l  laser -hardened t r a c k s  around circum- 
f e r e n c e  of F i r i n g  Zone Cutout Cam 
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TEMPERED -- 

LASER POWER: 4000W 
SPEED: 5.1 mmls (12 in.lmin.) 

COATING: KRYLON 1602 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

CASE DEPTH, mm 

Fig .  10 

Track P a r t s  f o r  Tanks 

Under c o n t r a c t  from t h e  U.S. Army Tank - Automotive Command, Rockwell 
I n t e r n a t i o n a l  ha s  been  conduct ing  l a s e r -ha rden ing  of t h e  end connec to r s  
(F ig .  10) and c e n t e r  gu ide s  f o r  t h e  t r a c k s  on t h e  M-1 and M-60 Combat 
Veh i c l e s .  

Lase r  phase  t r a n s f o r m a t i o n  i s  be ing  brought  about by t h e  u s e  of  a  5000-watt 
l a s e r  a t  a  p roce s s  t ime of  60 seconds p e r  p a r t  t o  produce a  c a s e  dep th  of 
3 t o  5 mm a t  a  ha rdnes s  of  Rc 55. An a b s o r b t i v e  c o a t i n g  of b l ack  a c r y l i c  
p a i n t  i s  used .  Laser -hardening  ha s  been chosen because  of  p r e c i s i o n  l o c a t i o n  
of  t h e  hardened  zones and t h e  g r e a t  dep th  o f  hardened  c a s i n g  r e q u i r e d  by t h e  
ve ry  s e v e r e  s e r v i c e  c o n d i t i o n s .  
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F i g .  1 1  I n t e r p o s e r  b a r s ,  loaded 
s e v e r a l  hundred t o  a  r ack ,  
pa s s  under laser-beam f o r  
self-quench hardening 

F i g .  12 Close-up of  hardened zone 
on i n t e r p o s e r  ba r  used i n  
e l e c t r i c  t y p e w r i t e r s  

I n t e r ~ o s e r  Bars 

Used i n  a n  e l e c t r i c  t y p e w r i t e r  each t ime a  key i s  dep re s sed ,  t h e  impact a r e a  
of t h e  i n t e r p o s e r  ba r  r e q u i r e s  i t  t o  be  hardened (Rc 58 min) t o  p r even t  
premature  wear. I nduc t ion  hardening was used f o r  s e v e r a l  y e a r s  t o  harden 
the e n t i r e  end of t he  i n t e r p o s e r  bu t  more s t r i n g e n t  d imensional  t o l e r a n c e s  
made neces sa ry  a  s e a r c h  f o r  a  more c o n t r o l l a b l e  method. Because of t h e  
r e l a t i v e l y  slow h e a t  i n p u t  o f  i nduc t ion  and l a c k  of v e r y  p r e c i s e  c o n t r o l  
i n h e r e n t  i n  t h e  p roces s ,  an a r e a  about  20 t imes  t h a t  of t h e  l o c a l  a r e a  where 
t h e  a c t u a l  impact occu r s  had t o  be  hardened.  A s e a r c h  of a l t e r n a t i v e  methods 
soon r evea l ed  t h a t  t h e  l a s e r  was t h e  on ly  t o o l  a b l e  t o  respond t o  t h e  need 
f o r  hardening on ly  a n  a r e a  I mm wide by 3 mm long t o  a  dep th  of 1 mu. 
(F ig s  I I and 1 2 ) .  

A f t e r  sp ray  w i t h  c o l l o i d a l  g r a p h i t e ,  t h e  r a c k s  t r a v e l  a t  a  c o n t r o l l e d  speed 
under t h e  l e n s  of a  1.2-kW l a s e r ,  p r e s e n t i n g  t h e  e x a c t  a r e a  t o  be  hardened 
t o  t h e  defocussed  (about  3 mm s p o t )  l a s e r  beam. Because t h e  f l a t  b a r s  a r e  
a l l  clamped i n  c l o s e  c o n t a c t  w i t h  each  o t h e r ,  t h e r e  i s  s u f f i c i e n t  mass t o  
pe rmi t  a self-quench.  (9) 



J .S .  Ecke r s l ey  

F ig .  13 Compressor-screw r o t a t e s  under l a s e r  beam t o  
harden  wear s u r f a c e s  

Compressor Screws 

Screw-type compressors employ a  p a i r  o f  mat ing ,  c o u n t e r - r o t a t i n g  screws t o  
compress ga se s .  The c l o s e r  t h e  gap t o l e r a n c e  between t h e  mat ing  screws ,  
t he  h i g h e r  t h e  p r e s s u r e s  t h a t  can  be  a t t a i n e d .  Unfo r tuna t e ly ,  i t  a l s o  means 
i nc r ea sed  wear on t h e  r o t a t i n g  screws.  Co r r ec t i on  of d i s t o r ~ i o n  by g r i n d i n g  
of f l u t e s  a f t e r  hardening  i s  ex t remely  d i f f i c u l t  and time consuming, so  t h a t  
most forms of ha rden ing  cannot  be used ,  and t h e  l a s e r  becomes an  obvious  
cho i ce  of  i t s  minimal o v e r a l l  h e a t  i n p u t .  

A cam dev i ce  r o t a t e s  t h e  compressor screw a s  i t  moves from l e f t  t o  r i g h t  
under the  l a s e r  beam, s o  t h a t  t h e  h e l i c a l  form of Che s u r f a c e  t o  be hardened 
i s  always c o r r e c t l y  p r e s e n t e d  t o  t h e  beam. ( F i g .  13) A narrow l a s e r  hard- 
ened t r a c k  c o i n c i d e n t  w i t h  t h e  c o n t a c t  p a t h  i s  s u f f i c i e n t  t o  en su re  a g a i n s t  
e x c e s s i v e  wear of  t he  two expens ive  screws ,  and no f u r t h e r  f i n i s h i n g  i s  
r e q u i r e d .  ( 9 )  

E l e c t r i c  Razor C u t t e r  Combs 

Convent iona l  ha rden ing  caused  unaccep t ab l e  embr i t t l emen t  and d i s t o r t i o n  on 
t he  v e r y  f i n e  t e e t h  of  c u t t e r  combs f o r  e l e c t r i c  s h a v e r s .  A s p e c i a l  tech- 
n ique  had t o  be  developed ,  masking h a l f  t h e  beam from a 500-watt l a s e r ,  t o  
p r even t  o ve rhea t i ng  of  t h e  t i p s  of  t h e  v e r y  f i n e  t e e t h  and t o  p r even t  d i s -  
t o r t i o n .  M a t e r i a l  i s  a 0 .7% carbon s t e e l ,  coa t ed  w i t h  Nos2 s p r a y ,  hardened 
t o  ove r  Rc 60  i n  3 seconds .  ( 7 )  (F ig .  14)  
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F i g .  14 Cutter-combs f o r  e l e c t r i c - s h a v e r s  a r e  hard-  
ened u s ing  masked l a s e r  beam 

LASER SURFACE MELTING 

W h e n  n molten meta l  coo l s  and s o l i d i f i e s  r a p i d l y ,  i t  o f t e n  assumes d i f f e r e n t  
m e t a l l u r g i c a l  phases  t han  would occu r  du r ing  t h e  s l ower  c o o l i n g  t h a t  u s u a l l y  
accompanies conven t i ona l  c a s t i n g s  o r  o t h e r  s o l i d i f i c a t i o n  t e chn iques .  S ince  
l ~ s e r  energy  can b e  used  t o  h e a t  v e r y  t h i n  l a y e r s  of  me t a l  s u r f a c e s ,  ve ry  
h igh  s o l i d i f i c a t i o n  r a t e s  a r e  p o s s i b l e ,  and s u p e r - s a t u r a t e d  phase s  t y p i c a l l y  
occu r .  The e f f e c t s  of  l a s e r  s u r f a c e  m e l t i n g  on S t e l l i t e  # I 2  a r e  shown i n  
F ig .  15, which i l l u s t r a t e s  a t  h i g h  m a g n i f i c a t i o n  t h e  d i f f e r e n c e  between t h e  
sur face-mel ted  l a y e r  and t h e  S t e l l i t e  # I 2  ba se  m e t a l .  When some c a s t  i r o n s  
a r e  sur face-mel ted ,  t h e  r e s u l t i n g  l e d i b u r i t i c  phase  i s  s i g n i f i c a n t l y  h a r d e r  
than  any s imp le  t r a n s f o r m a t i o n  hardened phase.  On t h e  o t h e r  hand,  a  l a s e r  
sur face-mel ted  t o o l  s t e e l  is  l i k e l y  t o  form a  s o f t e r ,  s u p e r - s a t u r a t e d  
a r i s t e n i t i c  phase.  Upon subsequent  temper ing  of  t h i s  phase ,  ex t r eme ly  f i n e  
c a r b i d e s  p r e c i p i t a t e ,  and t h e  melt-zone ha rdnes s  may exceed t h a t  o f  t h e  
o r i g i n a l  m a t e r i a l .  L a s e r  s u r f a c e  m e l t i n g  o f f e r s  t h e  p o s s i b i l i t y  of  g r e a t e r  
ha rdnes s  t h a n  t r a n s f o r m a t i o n  ha rden ing  and i t  seems e s p e c i a l l y  promis ing  i n  
t h e  improvement of  a b r a s i v e  and s l i d i n g  wear r e s i s t a n c e .  (10) 

Fig .  15 D i f f e r e n c e  between sur face-mel ted  l a y e r  and 
S t e l l i t e  #12 b a s e  me ta l  can b e  s e e n  i n  t h i s  
h i g h  m a g n i f i c a t i o n  pho to  
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F ig .  16 Automotive Camshafts . 
Cast  i r o n  camshaf t s  a r e  be ing  hard- 
ened i n  t h e  l obe  a r e a s  by l a s e r  
s u r f a c e  m e l t i n g  and r a p i d  r e -  
s o l i d i f i c a t i o n  under s h i e l d i n g  ga s .  
The p roce s s ,  u s ing  a  1.2-kW l a s e r ,  
has  t h e  advantages  of be ing  d i s -  
t o r t i o n - f r e e ,  r e q u i r i n g  ve ry  l i t t l e  
s u r f a c e  f i n i s h i n g  and u s i n g  on ly  
about  20% of t h e  energy  r e q u i r e d  
f o r  t h e  compe t i t i ve  i ne r t - ga s -  
weld ing  p roce s s .  ( 7 )  

L a s e r  c l add ing  i nvo lve s  a p p l i c a t i o n s  of wear and /o r  c o r r o s i o n - r e s i s t a n t  
a l l o y s  t o  s e l e c t e d  a r e a s  o f  a  ba se  me ta l ,  p roducing  improved s u r f a c e  
c h a r a c t e r i s t i c s .  Cladding  o r  ha rd - f ac ing  a l l o y s  a r e  u s u a l l y  c o b a l t ,  nickel .  
o r  i r o n  b a s e ,  t h e  s e l e c t i o n  of  a l l o y  ( o r  even  mix tu r e  of  a l l o y s )  i s  based on 
f a c t o r s  such  a s  s e r v i c e  c o n d i t i o n s ,  b a s e  m a t e r i a l s ,  c l a d d i n g  p roce s s  and 
c o s t .  

Cladding  o r  ha rd - f ac ing  procedures  a r e  w e l l - e s t a b l i s h e d  u s ing  conven t i ona l  
h e a t  s o u r c e s ,  b u t  l a s e r s  o f f e r  some d i s t i n c t  advan t ages ,  p a r t i c u l a r l y  f o r  
ve ry  c r i t i c a l  p a r t s ,  such  a s  j e t - eng ine  b l a d e s  and d i e se l - eng ine  exhaus t  
v a l v e s  (F ig .  1 7 ) ,  v a l v e  s e a t s  ( ~ i g .  18) and r o c k e r  arms ( ~ i g .  1 9 ) .  The 
advantage  o f  t h e  l a s e r  i s  t h a t  t h e  h e a t  i n p u t  i s  ve ry  f a s t ,  s o  t h a t  t h e  
c l add ing  m a t e r i a l  m e l t s  w i t h  t h e  minimum amount of  h e a t  be ing  absorbed  by 
t h e  s u b s t r a t e  m a t e r i a l .  The d i l u t i o n  of  t h e  c l a d  d e p o s i t  by mixing  w i t h  t h e  
s o f t e r  s u b s t r a t e s  i s  avoided  wh i l e  o b t a i n i n g  an  e x c e l l e n t  m e t a l l u r g i c a l  bond. 
Much of  t h i s  t ype  o f  work has  been accomplished by t h e  use  of  ve ry  h igh  power 
l a s e r s  which can p rov ide  an i n t e g r a t e d  beam w i t h  s u f f i c i e n t  power d e n s i t y  t o  
cove r  an  a r e a  a s  l a r g e  a s  1 0  x  I0 nun. ( l O , l l ,  12913) 

Rock-Dr i l l ing  B i t s  

F i g u r e  20 shows a   ort ti on of a  r o c k - d r i l l i n g  b i t  d u r i n g  l a s e r  c l add ing .  The 
b i t s  a r e  s u b j e c t  t o  concen t r a t ed  e r o s i o n  a t  t h e  mud-jet p o r t s .  The e r o s i o n  
was t h e  l i f e - l i m i t i n g  f a c t o r  o f  t h e  d r i l l  b i t .  The e r o s i o n  problem was 
so lved  by l a s e r  c l add ing  an a r e a  around t h e  mud-jet p o r t s  w i t h  n i c k e l  boron 
and t u n g s t e n  c a r b i d e  t o  a dep th  of 0 . 2  mm and t h e  l i f e - l i m i t  was t r a n s f e r r e d  
t o  t h e  c u t t e r s ,  where i t  should  be .  The r e s u l t a n t  20% i n c r e a s e  i n  perform- 
ance produces  a  s av ings  p e r  d r i l l  b i t  o f  ove r  $5,000 f o r  an  expend i t u r e  of 
on ly  $100 f o r  t h e  l a s e r  c l add ing .  A 1.2-kW l a s e r  i s  used .  ( 1 4 )  
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F ig .  17 Diese l -engine  exhaus t -va lve s ,  l a s e r  c l a d  on 
s e a l i n g  s u r f a c e .  Before  and a f t e r  g r i n d i n g  

LASER ALLOYING 

Lase r  a l l o y i n g  d i f f e r s  from l a s e r  c l add ing  i n  t h a t  t h e  m a t e r i a l  added t o  t h e  
s u b s t r a t e  i s  mixed i n t o  t h e  s u r f a c e  r a t h e r  t han  d e p o s i t e d  on t op  o f  i t ,  and 
s o  does n o t  r a d i c a l l y  change p a r t - s u r f a c e  geometry.  Lase r  a l l o y i n g  i n v o l v e s  
many of  t h e  same r equ i r emen t s  a s  c l a d d i n g  and o f f e r s  t h e  same b e n e f i t s  t o  
i n d u s t r y ,  i n c l u d i n g  t h e  r e l a t i v e  freedom i n  choos ing  p r o c e s s i n g  pa r ame te r s ,  
such  a s  depth  of a l l o y  and l o c a l i z a t i o n  of t r e a t m e n t .  

Lesser a l l o y i n g  i s  accomplished by a  c o n t r o l l e d  m e l t i n g  of  a  workpiece  s u r f a c e  
t o  a  d e s i r e d  dep th  u s i n g  a  l a s e r  beam, w i t h  t h e  s imu l t aneous  a d d i t i o n  of 
a l l o y i n g  e lements  a s  powder, s t r i p ,  w i r e  o r  pre-form. The p r o c e s s  becomes a  
r a p i d  method of  l o c a l i z e d  a l l o y  s y n t h e s i s .  Thus, a  d e s i r e d  composi t ion  can  
be  gene ra t ed  on s i t e ,  s o  t h a t  a  l e s s  expens ive  ba se  m a t e r i a l ,  A I S I  1018 
s t e e l ,  f o r  i n s t a n c e ,  can  b e  l o c a l l y  modi f ied  by t h e  a d d i t i o n  of 16% chromium 
t o  a  s t a i n l e s s - s t e e l - t y p e  s u r f a c e  p o s s e s s i n g  a  m a r t i n s i t i c  s t r u c t u r e  t o  re -  
s i s t  wear,  e r o s i o n ,  c o r r o s i o n  and h igh- tempera ture  o x i d a t i o n .  The p r o c e s s  i s  
a p p l i c a b l e  t o  such i t ems  a s  p roce s s  v a l v e s ,  pumps and t u r b i n e  components. 
S i m i l a r l y ,  v e r y  ha rd  s u r f a c e s  can  b e  gene ra t ed  l o c a l l y . ( l 0 , ]  1) 

LASER MELT/PARTICLE INJECTION 

A v a r i a t i o n  of  t h e  l a s e r  s u r f a c e  c l a d d i n g / a l l o y i n g  t e chn ique  h a s  evolved  a t  
t h e  Naval Research Labora tory .  The p roce s s  h a s  conven i en t  a p p l i c a t i o n  t o  
non-fer rous  me ta l s  such  a s  aluminium and t i tan ium-based  a l l o y s ,  where fewer  
o p t i o n s  a r e  a v a i l a b l e ,  and ,  t h e r e f o r e ,  i s  reviewed h e r e ,  even  though t h e  
p roce s s  i s  ve ry  new and no p roduc t i on  a p p l i c a t i o n s  c u r r e n t l y  e x i s t .  G rea t  
improvements i n  wear c h a r a c t e r i s t i c s  were observed  i n  b o t h  5052 A 1  and 
Ti-6Al-4V a l l o y s  by t h e  i n j e c t i o n  of TiC ( t i t a n i u m  c a r b i d e ) ,  improvements 
t h a t  should  a r o u s e  t h e  i n t e r e s t  of l i gh t -we igh t  equipment manu fac tu r e r s ,  i n  
p a r t i c u l a r .  On t h e  o t h e r  hand,  p r e l i m i n a r y  r e s u l t s  sugges t  t h a t  l a s e r  m e l t /  
p a r t i c l e  i n j e c t i o n  may also be s u i t e d  t o  t he  manufac ture  of  carbide-hardened 
c u t t i n g  t o o l s  u s i n g  a  ba se  o f  A I S I  4340 t o o l  s t e e l ,  f o r  i n s t a n c e .  
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Fig .  18 Cladding be ing  a p p l i e d  t o  va lve-sea t  a r e a  
i n  eng ine  b lock  

F i g .  19 Rocker-arm a f t e r  l a s e r  c l add ing  and b e f o r e  
g r ind ing .  I n s e r t  m e t a l l u r g i c a l  s e c t i o n  of 
l a s e r  c l a d  d e p o s i t  (wh i t e  a r e a )  
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F i g .  20 P o r t i o n  of r o c k - d r i l l  b i t  d u r i n g  p roce s s  of 
l a s e r  c l a d d i n g  of  mud-jet p o r t s  

T l ~ e  method f o r  i n j e c t i n g  p a r t i c l e s  i n t o  s u r f a c e s  i s  shown s c h e m a t i c a l l y  i n  
F ig .  2 1 ,  where a converg ing  l a s e r  beam i s  s een  t o  mel t  a  l i q u i d  pool  on t h e  
s u r f a c e  of a me t a l  s u b s t r a t e  moved r e l a t i v e  t o  t h e  beam. Powder p a r t i c l e s  
a r e  blown from a  f i x e d  n o z z l e  i n t o  t h e  me l t  pool  and i n c o r p o r a t e d  i n t o  t h e  
s u r f a c e  a s  t h e  t r a i l i n g  edge of  t h e  pool  s o l i d i f i e s .  P roce s s ing  i s  done i n  
a  qacuum chamber i n  a  s o f t  vacuum. A high-power l a s e r  was used t o  produce  
good l a s e r  m e l t l p a r t i c l e  i n j e c t i o n  s t r u c t u r e s  a t  power l e v e l s  between 4 and 
7 kw. ('5) (F ig .  2 2 ) .  

AST-J 
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F ig .  21 Schematic showing i n j e c t i o n  o f  p a r t i c l e s  i n t o  
a melt-zone e s t a b l i s h e d  by a high-power l a s e r .  
The p a r t i c l e s  a r e  c a r r i e d  by a s t r e am of helium 

F ig .  22 SEM photo o f  l a s e r  m e l t  pa s s  i n  a sample of  
Ti-6Al-4V i n j e c t e d  w i t h  -170+200 mesh T i c .  
Th i s  exper iment  used  a l a s e r  power of 6 kW and 
a sample t r a n s l a t i o n  speed o f  5 cm/s 
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LASER BI-METAL WELDING 

Yet ano the r  approach i n  u s ing  l a s e r s  t o  p rov ide  a  long-wearing s u r f a c e  i s  
employed by Omark Canada L td .  t o  produce chain-saw guide  b a r s .  The "nose" 
of t h e  b a r  s u s t a i n s  t h e  h igh  wear-causing f r i c t i o n .  The body of t h e  b a r  i s  
made of h igh -qua l i t y  t o o l  s t e e l ,  and t o  t h i s  a r e  f i t t e d  two s t r i p s  of 
s t e l l i t e ,  preformed i n  a  U-shape t o  t he  contour  of  t h e  "nose". These a r e  
l a s e r  welded t o  l e ave  a  groove through which run  ex t ens ions  of t h e  l i n k s  of 
t h e  saw cha in .  (F ig .  2 3 ) .  

The e n t i r e  p roces s  i s  f u l l y  automated and each  weld t a k e s  8 .5  seconds ,  u s i n g  
t h e  energy of  a  1.2-kW l a s e r ,  t h r e e  of which a r e  i n  cont inuous  p roduc t ion  
ope-ra t ion .  ( ' 6 )  

F i g .  2 3  Close  up of chain-saw guide-bars  showing 
S t e l l i t e  wea r - s t r i p s  t h a t  a r e  laser-welded t o  
t o o l - s t e e l  b a r  i n  h i g h - f r i c t i o n  a r e a  

RESIDUAL STFSSSES FROM LASER HARDENING 

Whi;!e t h e  above examples amply i l l u s t r a t e  t h e  e f f e c t s  of l a e e r  ~ r o c e s s i n g  on 
such mechanical  p r o p e r t i e s  a s  i nc rea sed  s u r f a c e  hardness  w i t h  t h e  r e s u l t a n t  
r e s i s t a n c e  t o  wear of va r ious  k inds  and t o  e r o s i o n  and some forms of corro-  
s i o n ,  because  of t h e  r e l a t i v e l y  l i g h t  c a se  gene ra t ed ,  a n  improvement i n  over-  
a l l  t e n s i l e  s t r e n g t h  o r  e l a s t i c i t y  of a  p a r t  should  n o t  b e  expected .  On t h e  
o t h e r  hand, the  vo lume t r i c  change a s s o c i a t e d  w i t h  m a r t e n s i t i c  t r ans fo rma t ion  
i s  a p r i n c i p l e  cause  of inducing  r e s i d u a l  s t r e s s  d i s t r i b u t i o n s  i n  case- 
hardened s t e e l s .  It i s  t h e r e f o r e  r ea sonab le  t o  expec t  h igh  r e s i d u a l  s u r f a c e  
s t r e s s e s  of  a  compressive n a t u r e  t o  be  p r e s e n t  a f t e r  l a s e r  t r ans fo rma t ion  
hardening w i t h  t h e  r e s u l t a n t  improvements i n  r e s i s t a n c e  t o  t e n s i l e  s t r e s s -  
r e l a t e d  f a i l u r e  modes, such a s  bending f a t i g u e  and s t r e s s  c o r r o s i o n  c r ack ing  
i n  t h e  laser -hardened a r e a s .  R e l a t i v e l y  l i t t l e  t e s t i n g  has  been done i n  
t h e s e  a r e a s ,  b u t  r e s u l t s  a r e  w e l l  i n d i c a t i v e  of t h e  p r e sence  of r e s i d u a l  
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compressive s u r f a c e  s t r e s s e s .  Fo r  i n s t a n c e ,  specimens of AISI 1045 s t e e l ,  
a f t e r  l a s e r -ha rden ing  t o  Rc 52 on one  f a c e  and Rc 61 on t h e  o t h e r ,  showed 
compressive s t r e s s e s  i n  t h e  o r d e r  of  462 Mpa (67KSI) and a  f a t i  u e - l i f e  
improvement of  15%, a s  compared t o  t h e  non- t r e a t e d  specimens.  ( 1 9 )  
Another i n t e r e s t i n g  example i s  t h a t  of  l a s e r  c u t t i n g  o r  prof  i l i ~ l g .  S t a i n l e s s -  
s t e e l  p l a t e - v a l v e s  f o r  a i r  compressors a r e  c u t  o u t  u s i n g  C02 l a s e r s .  When 
t e s t e d  f o r  bending  f a t i g u e ,  t h e  v a l v e s  e x h i b i t e d  an  improvement of 15% i n  
f a t i g u e - l i f e  when compared t o  photo-etched v a l v e s .  (18) This  i s  no t  s u r p r i s -  
i n g  s i n c e  t h e  l a s e r - c u t  edge i s  a l s o  t r a n s f o r m a t i o n  hardened  a s  i t  i s  be ing  
l a s e r  c u t ,  b u t  t h e  f a t i g u e  improvement becomes more i n t e r e s t i n g  when i t  i s  
no t ed  t h a t  t h e  l a s e r - c u t  edge ,  a l t hough  e s s e n t i a l l y  b u r r - f r e e ,  e x h i b i t e d  very 
sha rp  c o r n e r s  i n  comparison t o  t h e  r e l a t i v e l y  rounded c o r n e r s  of  photo 
e t c h i n g .  

Using l a s e r s  s o l e l y  a s  a  means of i n t r o d u c i n g  compression s t r e s s e s  i s  prob- 
a b l y  n o t  v e r y  p r a c t i c a l  o r  j u s t i f i a b l e  u n l e s s ,  pe rhaps ,  ve ry  l o c a l i z e d  a r e a s  
a r e  i nvo lved ,  s i n c e  a  p roce s s  such  a s  c o n t r o l l e d  s h o t  peening  can i n t r o d u c e  
h i g h e r  compressive s t r e s s e s  ove r  l a r g e r  a r e a s  much more economica l l y . ( l 9 )  
What i s  s i g n i f i c a n t  i n  t h e  above t e s t s  and o t h e r s ,  i s  t h a t  t h e  l a s e r  
t ransformat ion-hardened  s u r f a c e s  and l a s e r - c u t  s u r f a c e s  showed no e f f ecCs  
t h a t  were d e t r i m e n t a l  t o  bending  f a t i g u e - l i f e .  (20) 

SUMMARY 

The a p p l i c a t i o n  of  Carbon-Dioxide Lase r s  t o  produce hardened s u r f a c e s  on 
m e t a l s  ha s  been  w e l l  i l l u s t r a t e d  h e r e ,  b u t  C02 l a s e r s  a r e  by no means l i m i t e d  
t o  hardening  p roce s se s :  more and more a p p l i c a t i o n s  a r e  be ing  found each  day.  
S i g n i f i c a n t l y ,  t h e  number of  ma t e r i a l - p roce s s ing  C02 l a s e r s  i n  i n d u s t r y  
r e aches  i n t o  t h e  thousands ,  worldwide.  A r e c e n t  p u b l i c a t i o n  l i s t s  many of 
t h e  s p e c i f i c  a p p l i c a t i o n s  t h a t  a r e  c u r r e n t  i n  such  w ide ly  d i v e r s e  f i e l d s  a s  
e l e c t r o n i c s  and communications, g r a p h i c s  and packaging ,  a e ro space ,  au to-  
mot ive ,  consumer p roduc t s ,  home a p p l i a n c e s ,  o f f i c e  p r o d u c t s ,  c o n s t r u c t i o n  
p roduc t s  and t r a n s p o r t a t i o n .  
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