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©  Spray  deposition  of  metal. 
(b̂   A  process  of  producing  a  metal  body  comprises  atomis- 
ing  a  source  of  molten  metal  and  directing  the  atomised 
molten  metal  particles,  as  a  spray,  onto  a  cooler  substrate, 
on  which  the  molten  metal  particles  splat  and  build  up  to 
form  a  deposit,  characterised  by  controlling  the  spray 
conditions  so  that  the  whole,  or  most,  of  the  surface  of  the 
deposit  is  molten  throughout  the  process. 

The  control  may  be  in  response  to  visual  monitoring  of 
the  surface,  and  may  also  ensure  that  the  molten  layer  does 
not  become  so  thick  that  bulk  lateral  flow  becomes  possible. 
Thereby,  segregation-free  'incremental  solidification'  is  pos- 
sible.  The  product  is  typically  strip  or  sheet. 
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This  i n v e n t i o n   r e l a t e s   to  a  p rocess   of  producing  a  m e t a l  

body  by  d e p o s i t i n g   sprayed  p a r t i c l e s .   B r i t i s h   Patent   S p e c i f i c a -  

t ion  1262471  d e s c r i b e s   a  way  in  which  s t r i p   and  sheet   can  be  

produced  by  d i r e c t i n g   a  s tream  of  molten  gas -a tomised   m e t a l  

p a r t i c l e s   on  to  a  moving  s u b s t r a t e   to  form  a  depos i t   which  i s  

s u b s e q u e n t l y   hot  worked  to  form  the  r equ i red   p roduc t .   A  more 

recen t   r e s e a r c h   i n v e s t i g a t i o n   (Metals  Technology,  February  1983,  

pages  61-68)  has  r evea led   and  ana lysed   var ious   mechanisms  tha t   c an  

opera te   dur ing  the  spray  d e p o s i t i o n   process   i t s e l f ,   t he reby   g i v i n g  

r i s e   to  d i f f e r i n g   s t r u c t u r e s   in  the  d e p o s i t .  

It   has  now  been  found  tha t   f a i l u r e   to  s e l ec t   a p p r o p r i a t e  

c o n d i t i o n s   for  spray  d e p o s i t i o n   for  each  melt  or  a l loy   may  lead  t o  

poor  mechanica l   p r o p e r t i e s   even  a f t e r   enough  hot  working  to  e n s u r e  

fu l l   d e n s i f i c a t i o n .   In  such  cases ,   f u r t h e r   hot  de fo rma t ion   (which  

is  l i a b l e   to  cause  a n i s o t r o p y ) ,   and  pos s ib ly   i n t e r m e d i a t e   a n n e a l i n g  

or  s i n t e r i n g ,   may  be  needed  to  achieve  o therwise   good  m e c h a n i c a l  

p r o p e r t i e s .   These  a d d i t i o n a l   t r e a t m e n t s   may  render  the  p r o c e s s  
uneconomic  and  u n a t t r a c t i v e .   It  is  t h e r e f o r e   impor tan t   to  a r r a n g e  

m a t t e r s   such  that   the  c o n d i t i o n s   of  spray  d e p o s i t i o n   are  c o r r e c t ,  

as  f o l l o w s .  

With  low  spray  dens i t y   coupled  with  high  r a t e s   of  c o o l i n g ,   a s  

exp la ined   in  the  Metals  Technology  paper,   the  average  m o l t e n  

d r o p l e t   of  a  spray  lands  on  the  p reced ing   sp la t   a f t e r   tha t   s p l a t  

has  fu l ly   s o l i d i f i e d ;   thus  a  layered   depos i t   is  bu i ld   up,  e a c h  

layer   c o n s i s t i n g   of  a  sp l a t   t h i c k n e s s .   If  the  spray  d e n s i t y   i s  

h igher   or  the  r a te   of  cool ing   is  lower,  the  average  molten  d r o p l e t  

of  a  spray  lands  on  the  p reced ing   s p l a t   before   the  top  s u r f a c e   o f  

t h a t   sp l a t   has  s o l i d i f i e d ;   thus  the  two  l i q u i d s   mix,  and  t h e  

depos i t   hence  shows  l i t t l e   evidence  of  l a y e r i n g .  

Small  amounts  of  oxygen  der ived   from  the  a i r   may  have  a  

d i s p r o p o r t i o n a t e   e f f e c t   on  the  behaviour   of  the  d e p o s i t s   d u r i n g  

subsequent   hot  working,  and  on  the  mechanical   p r o p e r t i e s   of  t h e  

p roduc t .   Air  is  d i f f i c u l t   and  expensive   to  exclude  c o m p l e t e l y  



from  i n d u s t r i a l   o p e r a t i o n s .   P r o t e c t i v e   a tmospheres   r ich  in  CO 

or  H 2wi l l   c o u n t e r a c t   the  e f f e c t s   of  oxygen  on  i ron   and  many 
s t e e l s   such  as  carbon  s t e e l s   but  not  on  meta ls   and  a l loys   such  

as  Al,  Ti  and  c h r o m i u m - s t e e l s ,   which  have  a  very  high  a f f i n i t y   f o r  

oxygen.  There,   fo rmat ion   of  the  m e t a l l i c   oxides  is  p r a c t i c a l l y  

i n e v i t a b l e   and  one  has  to  minimise  the  harm  they  d o .  

If  for  example  a  d e p o s i t   of  Al  is  made  at  low  spray  d e n s i t y  

and  with  a  high  r a t e   of  s u b s t r a t e   coo l ing   where  merely  no rma l  

i n d u s t r i a l   p r e c a u t i o n s   are  taken  to  exclude  a i r ,   each  d rop le t   o f  

spray  t y p i c a l l y   becomes  coated  with  a  very  t h i n ,   say  10-8  m,  s k i n  

of  A1203,  which  is  very  s t rong ,   i n s o l u b l e ,   t e n a c i o u s   yet  b r i t t l e ,  

and  cannot  be  reduced  by  any  gas  at  r e a s o n a b l e   t e m p e r a t u r e s .   I n  

a d d i t i o n   the  p r eced ing   ( s o l i d i f i e d )   s p l a t   is  a lso   covered  with  a  

s i m i l a r   oxide  s k i n .  

As  i t   l ands ,   each  molten  d r o p l e t   breaks   i t s   oxide  s k i n ,  

r e v e a l i n g   new  unox id i s ed   metal  i n s t a n t a n e o u s l y .   The  sur face   a r e a  

of  the  new  s p l a t   (formed  from  the  d r o p l e t )   is  t y p i c a l l y   2  to  20 

times  as  l a rge-  as   was  the  su r face   area  of  the  d r o p l e t .   I ts   b r i t t l e  

oxide  skin  is  f ragmented  and  only  plays  a  minor  pa r t   in  s u b s e q u e n t  

even t s .   The  oxide  skin  on  the  f u l l y   s o l i d i f i e d   preceding   s p l a t  

s tays   i n t a c t   however,  and  forms  a  con t inuous   boundary  between  t h e  

new  s p l a t   a n d  t h e   p reced ing   s p l a t .   The  subsequen t   depos i t   s t r u c t u r e  

is  l a y e r e d ,   l acks   coherence   and  has  poor  mechan ica l   p r o p e r t i e s  

because  of  the  p resence   of  the  i n t e r v e n i n g   oxide  f i l m .  

When  the  d e p o s i t   is  s u b s e q u e n t l y   hot  worked  the  b r i t t l e   o x i d e  

skins  are  g r a d u a l l y   broken  up,  but  s t r a i n s   of  say  602-90X  or  l o n g  

times  of  high  t e m p e r a t u r e   s i n t e r i n g   are  n e c e s s a r y   to  give  good 

mechanica l   p r o p e r t i e s ;   such  t r e a t m e n t s   are  c o s t l y   and  may  be  

u n d e s i r a b l e   t e c h n i c a l l y .  

Con tamina t ion   with  oxygen  being  i n d u s t r i a l l y   unavoidable   a s  

a l r eady   ment ioned ,   o p e r a t i n g   c o n d i t i o n s   must  be  s e l e c t e d   so  t h a t  

i t s   most  d e l e t e r i o u s   e f f e c t  -   a  th in   unbroken  skin  of  oxide  a s  

j u s t   d e s c r i b e d  -   is  avoided.   This  can  be  accompl ished  for  example 

by  us ing  a  h ighe r   spray  dens i t y   or  a  lower  r a t e   of  cool ing ,   so 

t h a t ,   in  consequence ,   each  average  d r o p l e t   now  lands  on  t h e  



preced ing   sp l a t   before   the  top  su r face   of  tha t   s p l a t   has  f u l l y  

s o l i d i f i e d .   Both  the  d rop le t   and  the  molten  top  sur face   of  t h e  

sp la t   are  covered  with  a  very  thin  skin  of  oxide  but,   when  the  two 

l i qu id   su r f aces   meet,  the  consequent   t u r b u l e n c e   breaks  both  t h e s e  

skins  and  d i s p e r s e s   the  f ragments .   The  two  l i q u i d s   mix  and  on 

subsequent   s o l i d i f i c a t i o n   give  a  n o n - l a y e r e d   s t r u c t u r e   tha t   h a s  

coherence  and  r e a s o n a b l e   d u c t i l i t y   because  the  very  small  f r a g m e n t s  

of  oxide  are  no  longer  p re sen t   as  con t inuous   skins  or  f i lms  but  a s  

d i s p e r s e d   d i s c o n t i n u o u s   f r a g m e n t s .  

These  measures  are  u se fu l   not  only  for  aluminium,  but  a l s o  

for  such  elements  as  Mn,  Mo  and  W  (even  though  t h e i r   oxide  s k i n s  

are  more  e a s i l y   d i s p e r s e d   and  hence  rendered   r e l a t i v e l y   i n n o c u o u s ) ,  

and  also  for  i ron  or  carbon  s t e e l   (where  o the rwise   a  r e d u c i n g  

atmosphere  r a t h e r   than  an  i n e r t   a tmosphere  might  be  n e c e s s a r y ) ,  

and  can  be  used  for  any  o ther   metal ,   even  such  as  copper.   In  t h i s  

connec t ion ,   the  so l id   s o l u b i l i t y   of  an  oxide  in  i t s   own  m o l t e n  

metal  has  an  e f f e c t .   When  th i s   s o l u b i l i t y   is  r e a sonab ly   h i g h ,  

d i s p e r s e d   oxide  f i lms  are  more  e a s i l y   " b a l l e d - u p "   because  o f  

sur face   t ens ion   e f f e c t s ,   Ti  being  o u t s t a n d i n g   in  th i s   r e s p e c t  

(a l though  large  q u a n t i t i e s   of  i t s   oxide  are  s t i l l   ha rmfu l ) .   I r o n  

oxides  have  a  l im i t ed   so l id   s o l u b i l i t y   in  Fe  but  s u f f i c i e n t   t o  

enable  any  oxide  f i lms  to  r e - a g g r e g a t e   as  d i s c o n t i n u o u s   p a r t i c l e s  

and  so  become  r e l a t i v e l y   i n n o c u o u s .  

According  to  the  p r e sen t   i n v e n t i o n ,   a  p rocess   of  producing  a 

metal  body  (e .g.   s t r i p   or  sheet )   comprises   a tomis ing   a  source  o f  

molten  metal  and  d i r e c t i n g   the  atomised  molten  metal  p a r t i c l e s   ( a s  

a  spray)  on  to  a  cooler   s u b s t r a t e ,   on  which  the  molten  m e t a l  

p a r t i c l e s   sp la t   and  bu i ld   up  to  form  a  d e p o s i t ,   the  depos i t   b e i n g  

o p t i o n a l l y   subsequen t ly   removed  from  the  s u b s t r a t e ,   and  o p t i o n a l l y  

hot  worked,  the  p rocess   being  c h a r a c t e r i s e d   b y  ( f o r   example  by 

responding  to  moni to r ing   the  appearance   of  the  su r f ace   of  t h e  

d e p o s i t ,   or  by  programming)  c o n t r o l l i n g   the  spray  c o n d i t i o n s ,   so 

tha t   the  whole,  or  most,  of  the  su r f ace   of  the  d e p o s i t   is  m o l t e n  

t h r o u g h o u t  t h e   p r o c e s s .  



The  purpose  is  to  make  c e r t a i n   tha t   on  average  each  mo l t en  

p a r t i c l e   lands  on  the  p reced ing   s p l a t   in  tha t   p o s i t i o n   while  a t  

l e a s t   the  top  s u r f a c e   of  tha t   s p l a t   is  s t i l l   m o l t e n .  

P r e f e r a b l y ,   the  spray  is  d i r e c t e d   so  as  to  scan  the  d i r e c t e d  

stream  over  a  d e s i r e d   area  of  the  s u b s t r a t e   such  tha t ,   at  e v e r y  

point   in  tha t   a rea ,   i n c r e m e n t a l   c a s t i n g   c o n d i t i o n s   are  m a i n t a i n e d ,  

i . e .   the  average  d r o p l e t   lands  on  the  p reced ing   d rop le t   on  t h e  

s u b s t r a t e   while  at  l e a s t   the  top  su r f ace   of  tha t   preceding  d r o p l e t  

is  s t i l l   molten  but  the  t h i c k n e s s   of  molten  metal  does  not  i n c r e a s e  

beyond  what  is  r e s t r a i n a b l e   by  the  su r f ace   t ens ion   and  v i s c o s i t y  

of  the  molten  meta l .   The  programme  to  achieve   th i s   wi l l   m a i n t a i n  

an  a r r i v a l   r a t e   of  metal  d r o p l e t s   at  any  poin t   commensurate  w i t h  

the  ra te   of  heat   e x t r a c t i o n   from  tha t   po in t ,   thus  al lowing  l e s s  

metal  to  a r r i v e   at  an  a l ready   t h i c k l y   coated  place  (where  h e a t  

w i l l   be  l o s t   s lowly)  and  a l lowing  more  metal   to  a r r i v e   at  a  so  f a r  

uncoated  p lace   (where  heat   wi l l   be  l o s t   q u i c k l y ) .  

The  programme  may  a r i s e   from  c l o s e d - l o o p   or  h e u r i s t i c  

feedback  and  may  d i r e c t   the  con t ro l   means  to  a l t e r  

the  c o n d i t i o n s   in  va r ious   ways,  for  example,  on  the  next  cycle  t o  

reach  that   p o i n t ,   to  a l t e r   the  scanning  speed  or  the  advance  p e r  
l ine   of  s c a n .  

P r e f e r a b l y   the  s tream  of  d r o p l e t s   s t r i k e s   the  s u b s t r a t e  a t   an  

a n g l e .  

P r e f e r a b l y   the  programme  ma in t a ins   the  depos i t   at  a  t h i c k n e s s  

which  at  any  given  point   is  s u b s t a n t i a l l y   p r o p o r t i o n a l   to  t h e  

square  root  of  the  d i s t a n c e   of  that   poin t   from  the  leading  edge  o f  

the  d e p o s i t .  

The  i n v e n t i o n   a lso   p rov ides   a  p rocess   for  depos i t i ng   a  m e t a l  

on  a  s u b s t r a t e   by  forming  a  source  of  molten  metal  into  a  d i r e c t e d  

stream  of  d r o p l e t s   and  c o n t r o l l i n g   the  d i r e c t i o n   of  the  s t r e a m  

accord ing   to  a  programme  as  set  f o r th   a b o v e .  

It  wi l l   be  a p p r e c i a t e d   that   the  d e p o s i t i o n   of  molten  p a r t i c l e s  

from  a  spray  is  a  random  process   in  which  the  p r ec i se   behaviour   o f  

each  i n d i v i d u a l   molten  p a r t i c l e   cannot  be  known  or  p r e d i c t e d ,  

a l though  the  behav iour   of  the  average  p a r t i c l e   can  be  c l e a r l y  



def ined .   Thus,  even  with  the  most  c a r e f u l   c o n t r o l ,   a  s m a l l  

p r o p o r t i o n   of  the  molten  p a r t i c l e s   w i l l ,   by  chance,  land  on  a 

sp la t   which  has  a l r e a d y   f u l l y   s o l i f i e d .   Moreover  a t o m i s a t i o n  

i t s e l f   is  a  random  p r o c e s s ,   in  which  a  small  p r o p o r t i o n   (by  w e i g h t )  

of  the  p a r t i c l e s   in  a  nominal ly   molten  spray  wi l l   be  so l id   by  t h e  

time  they  land  on  a  p r i o r   s p l a t .   This  s p e c i f i c a t i o n   n e c e s s a r i l y  

r e f e r s   to  the  behav iou r   of  the  p a r t i c l e s   or  s p l a t s   as  a  w h o l e ,  

i . e .   the  behav iour   of  the  average  p a r t i c l e   or  s p l a t .  

To  keep  the  s u r f a c e   of  the  depos i t   s t i l l   mol ten,   as  r e q u i r e d ,  

at  the  i n s t a n t   tha t   a  new  d r o p l e t   l ands  on   i t ,   one  or  more  of  t h e  

spray  c o n d i t i o n s   must  be  c o n t r o l l e d ,   such  as  (mainly)  speed  and  

cool ing  ra te   of  s u b s t r a t e ,   a tomis ing   gas  flow,  p r e s su re   and 

t empera tu re ,   molten  metal  feed  r a t e ,   spray  scanning  r a te   and 

t empe ra tu r e .   Of  t he se ,   the  cool ing  ra te   of  the  s u b s t r a t e ,  

t empera tu re   of  a t o m i s i n g   gas  and  molten  metal  t e m p e r a t u r e ,   w h i l e  

a d j u s t a b l e ,   cannot  r e a d i l y   be  used  to  c o r r e c t   and  c o n t r o l   s h o r t -  

term  f l u c t u a t i o n s   in  the  p roces s .   Moreover  a tomis ing   gas  flow  and 

p res su re   are  u s u a l l y   l inked   by  v i r t u e   of  f ixed  nozzle   d i m e n s i o n s .  

The  spray  c o n d i t i o n s   c o n t r o l l e d   by  the  p rocess   accord ing   to  t h e  

i n v e n t i o n   are  thus  p r e f e r a b l y   the  s u b s t r a t e   speed,  scanning  r a t e ,  

metal  flow  ra te   and  gas  p r e s s u r e ,   the  other   c o n d i t i o n s   n o r m a l l y  

being  fixed  during  any  one  run.  I n c r e a s i n g   s u b s t r a t e  s p e e d ,  

i n c r e a s i n g   gas  p r e s s u r e   and  dec rea s ing   metal  flow  ra te   br ing  a b o u t  

more  rapid  f r e e z i n g   and  dec rease   the  depth  of  l i q u i d   on  the  s u r f a c e  

of  the  d e p o s i t ,   and  vice  v e r s a .  

In  one  p r e f e r r e d   mode  of  c o n t r o l l i n g   the  spray  c o n d i t i o n s ,  

the  appearance  of  the  su r f ace   of  the  depos i t   is  monitored  ( t o  

check  i t s   m o l t e n - n e s s )   and  the  spray  c o n d i t i o n s   are  c o n t r o l l e d   i n  

response .   The  m o n i t o r i n g   of  the  sur face   of  the  depos i t   may  be  by  

d i r e c t   o b s e r v a t i o n   of  t h e  s u r f a c e   where  d e p o s i t i o n   is  o c c u r r i n g ,  

and  can  be  conducted  v i s u a l l y ,   d i r e c t l y   or  through  t i n t e d   o r  

smoked  g lass .   The  o b s e r v a t i o n   may  be  by  v ideo,   in  which  c a s e  

there   is  advantage  in  having  a  p i c t u r e   " f r e e z e "   for  a  sequence  o f  

per iods   of,  say,  1  second  at  a  time.  The  o b s e r v a t i o n   can  be  by 

r a d i a t i o n   pyrometry ,   or  by  r e f l e c t i v i t y   measurements  (at  p r e s e t  

angles)   of  the  s u r f a c e .  



If  v i s u a l   o b s e r v a t i o n   or  video  is  used  i t   wi l l   be  c l e a r l y  

a p p a r e n t   when  most  of  the  p r i o r   s p l a t   sur face   is  mol ten.   By  t h i s  

is  meant  g e n e r a l l y   more  than  80%  and  always  more  than  50%.  The 

e x t e n t   of  the  molten  s u r f a c e   is  shown  by  the  fac t   tha t   the  m o l t e n  

s p l a t   s u r f a c e   is  smooth  and  b r i g h t ,   though  r i pp l ed   due  to  i m p i n g i n g  

gases  and  v i b r a t i o n s ,   compared  with  the  s o l i d i f i e d   s p l a t   s u r f a c e  

tha t   is  matt  and  immobile.   With  the  unaided  eye  events   happen  so  

r a p i d l y   tha t   only  a  gene ra l   e f f e c t   wi l l   be  seen  but  t h i s   is  q u i t e  

d i s t i n c t i v e .   By  " f r e e z i n g "   for  shor t   i n t e r v a l s   using  video  t h e  

p i c t u r e   becomes  c l e a r e r   and  a  more  a ccu ra t e   assessment   can  be  made 

of  the  s i t u a t i o n .  

Although  because  of  the  random  na tu re   of  spray  d e p o s i t i o n  

some  a reas   of  the  s u r f a c e   for  a  b r i e f   per iod  wi l l   always  s o l i d i f y ,  

i t   is  p r e f e r a b l e   for  the  whole  s p l a t t e d   su r face   to  be  m o l t e n  

dur ing   d e p o s i t i o n .   However,  the  molten  sp l a t   l ayer   should  not  b e  

a l lowed  to  become  too  t h i c k ,   o the rwi se   c o n d i t i o n s   w i l l   r e v e r t   t o  

those   of  c o n v e n t i o n a l   c a s t i n g   and  same  b e n e f i t s   of  spray  f o r m i n g  

w i l l   be  l o s t   such  as  small  g ra in   s ize   and  avoidance  of  s e g r e g a t i o n .  

The  f u l l y   molten  layer   should  t y p i c a l l y   not  be  as  t h i ck   as  1  mm, 
but  the  p r e c i s e   t h i c k n e s s   which  should  p r e f e r a b l y   no t .be   e x c e e d e d  

depends  in  each  case  on  v i s c o s i t y   and  su r face   t e n s i o n .   We  c a n  

r e c o g n i s e   whether  the  t h i c k n e s s   is  excess ive   by  see ing  if  m a s s i v e  

r i p p l e s ,   or  flow  i n v o l v i n g   areas   far   l a r g e r   than  one  s p l a t ,   o c c u r  

as  a  r e s u l t   of  the  gases  impinging  on  the  su r f ace   or,  if  t h e  

s u b s t r a t e   is  being  sprayed  in  an  a t t i t u d e   other   than  h o r i z o n t a l ,  

by  see ing   if  the  molten  d e p o s i t e d   metal  runs  off  under  g r a v i t y .  

P r e f e r a b l y ,   the  mon i to r ing   of  the  appearance  of  the  su r f ace   c a n  

r e c o g n i s e   an  e x c e s s i v e l y   t h i ck   molten  layer   and  can  c o n t r o l   t h e  

spray  c o n d i t i o n s   a c c o r d i n g l y .  

Under  t y p i c a l   c o n t r o l ,   the  speed  of  the  s u b s t r a t e ,   t h e  

p r e s s u r e   of  a tomis ing   gas  and  the  ra te   of  flow  of  l i q u i d   m e t a l  

from  the  nozzle   are  a l t e r e d   u n t i l   a  molten  layer   covers  most  o r  

a l l   of  the  d e p o s i t i n g   s u r f a c e .   P r e f e r a b l y   these  pa r ame te r s   a r e  

c o n t r o l l e d   a d d i t i o n a l l y   such  tha t   the  molten  layer   is  not  t o o  

t h i c k .  



Radia t ion   pyrometry  can  be  used  for  the  m o n i t o r i n g .   In  t h i s  

case,   a f t e r   due  a l lowance   has  been  made  for  e m i s s i v i t y   and  a b s o r p -  

t i on ,   the  moni tored  t empera tu re   of  the  su r f ace   wi l l   i n d i c a t e   t h e  

average  depth  of  l i q u i d .   If  the  average  t e m p e r a t u r e   of  t h e  

depos i t ed   su r face   is  at  or  below  the  so l idus   the  average  depth  of  

l i q u i d   is  too  small .   If  the  average  t empera tu re   of  the  d e p o s i t e d  

su r f ace   is  above  the  l i q u i d u s ,   the  average  depth  of  l i q u i d   i s  

l i k e l y   to  be  too  g r e a t .   In  the  case  of  a  pure  meta l ,   the  t e m p e r a -  

ture  of  the  su r f ace   must  remain  as  close  as  p r a c t i c a b l e   to  t h e  

mel t ing   po in t .   The  spray  c o n d i t i o n s   are  c o n t r o l l e d   a c c o r d i n g l y .  

To  produce  s t r i p   or  shee t ,   the  spray  may  be  scanned,   that   i s ,  

t y p i c a l l y   r e c i p r o c a t e d   over  the  width  of  the  s t r i p   ( t r a n s v e r s e   t o  

the  l eng th ,   and  d i r e c t i o n   of  motion,  of  the  s t r i p ) .   The  s c a n n i n g  

should  be  fas t   enough  tha t   the  spray  r e tu rns   to  any  p a r t i c u l a r  

p o s i t i o n   before   the  top  of  the  average  p reced ing   sp l a t   at  t h a t  

p o s i t i o n   has  s o l i d i f e d ,   i . e .   gene ra l ly   not  less   than  10  t r a v e r s e s  

per  second.  Otherwise ,   the  r e s u l t i n g   s t r u c t u r e   w i l l   be  l a y e r e d  

with  bands  of  spray  cas t   (molten  preceding  s p l a t   s u r f a c e )   i n t e r -  

leaved  with  bands  of  spray  depos i t ed   metal  ( s o l i d i f i e d   p r e c e d i n g  

sp la t   s u r f a c e ) ,   which  is  u n d e s i r a b l e   as  i t   leads  to  h e t e r o g e n e i t y .  

With  fas t   enough  scann ing ,   v i s u a l   o b s e r v a t i o n   or  r a d i a t i o n   py rome t ry  
wi l l   be  e f f e c t i v e   moni tors   and  enable  the  n e c e s s a r y   c o n t r o l   of  t h e  

p rocess .   Scanning,  however,  is  amenable  to  an  a l t e r n a t i v e   mode 

of  c o n t r o l ,   viz.   programming  to  ensure  i n c r e m e n t a l   c a s t i n g   at  any 

given  po in t ,   as  a l r eady   m e n t i o n e d .  

In  i n d u s t r i a l - s c a l e   o p e r a t i o n   of  the  p r o c e s s ,   the  depos i t   i s  

always  completely   so l i d   ( i . e .   t empera ture   below  the  s o l i d u s )   v e r y  

soon  a f t e r   leaving   the  d e p o s i t i o n   area.  This  al lows  the  p r o d u c t  

to  be  hot  r o l l e d   "in  l i ne"   without   any  danger  of  "hot  t e a r i n g "   o r  

"hot  s h o r t n e s s "   as  would  be  caused  by  p l a s t i c   de fo rma t ion   if  t h e  

depos i t   were  above  the  s o l i d u s .  

The  i nven t ion   w i l l   be  desc r ibed   by  way  of  example  w i t h  

r e f e r e n c e   to  the  accompanying  drawing,  which  i l l u s t r a t e s   a  s l a b  

being  s p r a y - d e p o s i t e d ,   with  c e r t a i n   f e a t u r e s   g r e a t l y   en larged   f o r  

c l a r i t y .  



A  spray  head  1  produces  a  narrow  cone  of  molten  metal  s p r a y  
d i r e c t e d   towards  a  cooled  s u b s t r a t e   2,  on  which  the  r e s u l t i n g  

c o a t i n g   of  metal  may  be  h o t - r o l l e d   or  from  which  i t   may  be 

s t r i p p e d .   The  spray  head  1  is  to  depos i t   a  th ick   slab  of  m e t a l ,  

say  5  cm  th i ck .   The  spray  head  moves  back  and  fo r th   p a r a l l e l   t o  

the  z - a x i s .   The  s u b s t r a t e   l i e s   in  the  x-y  plane,   and  is  w i thd rawn  

r e l a t i v e l y   slowly  in  the  x  d i r e c t i o n .   The  spray  is  d i r e c t e d   i n  

the  x-y  p lane ,   at  4 5   to  the  x - d i r e c t i o n .  

It  can  be  shown  that   the  p r o f i l e   3  of  the  edge  of  t h e  

d e p o s i t e d   l aye r   should  t h e o r e t i c a l l y   approach  as  c l o s e l y   a s  

p o s s i b l e   the  form  of  a  p a r a b o l a .   This  would  be  imposs ib l e   if  t h e  

spray  were  app l i ed   in  purely  the  y - d i r e c t i o n   and  t h e r e f o r e ,   i n s t e a d ,  

i t   is  app l i ed   with  a  s u b s t a n t i a l   x-component ,   a l though,   as  i n d i c a t e d  

in  the  drawing,   the  ac tua l   p r o f i l e   d e v i a t e s   from  a  p a r a b o l a .  

The  pa rabo la   shape  can  be  seen  to  be  i n t u i t i v e l y   r e a s o n a b l e  

s i n c e ,   at  the  very  leading  edge,  molten  d r o p l e t s   wi l l   d i r e c t l y  

s t r i k e   the  s u b s t r a t e  -   the  c o o l e s t   su r f ace   of  a l l  -   and  w i l l  

f r e e z e   f a s t e r   than  ' i n c r e m e n t a l   s o l i d i f i c a t i o n '   unless   a  f a i r  

t h i c k n e s s   is  appl ied   qu ick ly ,   whereas  nea re r   the  top  of  t h e  

d e p o s i t i o n   h i l l ,   heat  e x t r a c t i o n   is  slower  and  only  a  s m a l l e r  

t h i c k n e s s   can  be  appl ied   before   exceeding  the  molten  t h i c k n e s s  

t o l e r a b l e   as  ' i n c r e m e n t a l   s o l i d i f i c a t i o n ' .  

The  d e p o s i t i o n   zone  can  be  extended  for  t h i c k e r   d e p o s i t s   so  

long  as  some  approx imate ion   to  the  square  root  law  ( i . e .   p a r a b o l a  

shape)  is  programmed,  but  e v e n t u a l l y   the  d e p o s i t i o n   ra te   would 

become  u n p r a c t i c a l l y   low.  However  gas  convec t ion   and  r a d i a t i o n  

heat   t r a n s f e r   extends  the  p r a c t i c a l   upper  l imi t   of  t h i c k n e s s   o f  

d e p o s i t .   In  the  case  of  low-mel t ing   meta l s ,   heat  loss  by  r a d i a t i o n  

is  not  impor tan t   but  gas  convec t ion   becomes  dominant  at  g r e a t e r  

t h i c k n e s s e s .  

In  p r a c t i c e ,   i nc rementa l   s o l i d i f i c a t i o n   c o n d i t i o n s   can  b e  

m a i n t a i n e d   through  a  s u b s t a n t i a l   p r o p o r t i o n   of  the  t h i c k n e s s  

d e p o s i t e d ,   even  though  the  d e p o s i t i o n   r a t e   depar t s   s i g n i f i c a n t l y  

from  the  i d e a l ,   demons t ra t ing   tha t   the re   is  a  useful   t o l e r a n c e   on 

the  flow  r a t e   p r o f i l e   and  on  the  t h i c k n e s s   of  the  l i qu id   l a y e r .  



Control   can  be  appl ied   by  va ry ing   the  d i s t a n c e   between  t h e  
spray  head  1  and  the  s u b s t r a t e   2.  The  so l id   angle  of  the  s p r a y  
from  the  spray  head  1  could  also  be  va r i ed .   The  t h i c k n e s s   a p p l i e d  
in  any  one  pass  can  also  be  c o n t r o l l e d   by  the  speed  of  s c a n n i n g  
and  by  the  speed  of  advance  of  the  s u b s t r a t e   1. 



1.  A  process   of  producing  a  metal  body,  compr i s ing   a tomis ing  a  

source  of  molten  metal   and  d i r e c t i n g   the  a tomised  molten  m e t a l  

p a r t i c l e s ,   as  a  spray,   onto  a  cooler   s u b s t r a t e ,   on  which  t h e  

molten  metal  p a r t i c l e s   s p l a t   and  build  up  to  form  a  d e p o s i t ,  

c h a r a c t e r i s e d   by  c o n t r o l l i n g   the  spray  c o n d i t i o n s   so  that   t h e  

whole,  or  most,  of  the  s u r f a c e   of  the  d e p o s i t   is  molten  t h r o u g h o u t  

the  p r o c e s s .  
2.  A  process   acco rd ing   to  Claim  1,  wherein  the  metal   body 

produced  is  s t r i p   s h e e t .  

3.  A  process   accord ing   to  Claim  1  or  2,  wherein  depos i t   i s  

subsequen t ly   removed  from  the  s u b s t r a t e .  

4.  A  process   acco rd ing   to  any  preceding  c laim,   wherein  t h e  

depos i t   is  hot  worked .  

5.  A  process   accord ing   to  any  preceding  c laim,   wherein  the  s p r a y  
c o n d i t i o n s   are  c o n t r o l l e d   by  a  programme  which  scans  the  d i r e c t e d  

stream  over  a  d e s i r e d   area  of  the  s u b s t r a t e   such  t h a t ,   at  e v e r y  

po in t   in  tha t   a rea ,   the  average  d rop le t   lands  on  the  p r e c e d i n g  

d r o p l e t   on  the  s u b s t r a t e   while  at  l e a s t   the  top  su r f ace   of  t h a t  

d r o p l e t   is  s t i l l   molten  but  the  t h i ckness   of  molten  metal  does  n o t  

i n c r e a s e   beyond  what  is  r e s t r a i n a b l e   by  the  s u r f a c e   t ens ion   and 

v i s c o s i t y   of  the  molten  meta l .   _  
6.  A  process   accord ing   to  Claim  5,  wherein  the  programme 
ma in t a ins   the  depos i t   at  a  t h i c k n e s s   which  at  a  given  point   i s  

app rox ima te ly   p r o p o r t i o n a l   to  the  square  root   of  the  d i s t a n c e   o f  

tha t   point   from  the  l ead ing   edge  of  the  d e p o s i t .  

7.  A  process   acco rd ing   to  Claim  5  or  6,  wherein  the  stream  o f  

d r o p l e t s   s t r i k e s   the  s u b s t r a t e   at  an  angle  measured  in  a  p l a n e  

which  does  not  inc lude   the  l ead ing   edge  of  the  d e p o s i t .  

8 .   A  process   acco rd ing   to  any  of  Claims  1  to  4,  wherein  t h e  

appearance   of  the  s u r f a c e   of  the  depos i t   is  mon i to red ,   and  t h e  

spray  c o n d i t i o n s   are  c o n t r o l l e d   in  response  to  the  moni tor ing   s o  

tha t   the  whole,  or  most,  of  the  sur face   of  the  d e p o s i t   is  m o l t e n  

th roughout   the  p r o c e s s .  
9.  A  process   accord ing   to  Claim  8,  wherein  the  d i r e c t e d   s t r e a m  

is  scanned  over  a  d e s i r e d   area  of  the  s u b s t r a t e   such  t ha t ,   a t  



every  point   in  that   area,   the  average  d r o p l e t   lands  on  t h e  

p r eced ing   d rop le t   on  the  s u b s t r a t e   while  at  l e a s t   the  top  s u r f a c e  

of  tha t   d rop le t   is  s t i l l   molten  but  the  t h i c k n e s s   of  molten  m e t a l  

does  not  i n c r e a s e   beyond  what  is  r e s t r a i n a b l e   by  the  s u r f a c e  

t e n s i o n   and  v i s c o s i t y   of  the  molten  m e t a l .  
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