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©  Electroless  nickel  plating. 
Nickel-phosphorus  deposits  are  electrolessly  coated 

onto  substrates  at  a  commercially  acceptable  rate  of  deposi- 
tion  in  a  manner  that  enhances  corrosion  resistance  and 
reduces  the  internal  tensile  stress  of  the  electroless  deposit 
on  the  substrate.  This  is  done  by  plating  from  a  bath  that  is 
sulfur-free  (or  free  of  sulfur  except  at  its  highest  oxidation 
state)  and  that  includes  an  unsaturated  carboxylic  acid  of  the 
formula  R(COOH)n  wherein  R  is  an  unsaturated  alkyl  group 
of  at  least  2  carbon  atoms  and  n  is  at  least  1,  or  a  derivative 
thereof.  Such  compounds  include  aconitic,  citraconic,  fumar- 
ic,  itaconic  and  maleic  acids.  The  reducing  agent  of  the  bath 

may  also  be  its  phosphorus  source  e.g.  an  alkali  metal 
hypophosphite. 



The  p r e s e n t   i n v e n t i o n   r e l a t e s   to   e l e c t r o l e s s   n i c k e l  

p l a t i n g   o n t o   s u b s t r a t e s .  

E l e c t r o l e s s   d e p o s i t i o n   of  n i c k e l   o n t o   m e t a l  

s u b s t r a t e s   has   l o n g   b e e n   known  to  i m p a r t   to   t h e   s u b s t r a t e  

e n h a n c e d   c o r r o s i o n   r e s i s t a n c e ,   h a r d n e s s   and  s i m i l a r  

p r o p e r t i e s .   When  e l e c t r o l e s s   n i c k e l   d e p o s i t s   a r e   made  o n t o  

v a r i o u s   s u b s t r a t e s ,   t h e r e   t e n d s   to   d e v e l o p   c r a c k i n g ,  

b l i s t e r i n g ,   s u r f a c e   d i s t o r t i o n   and  a d h e s i o n   f a i l u r e   of  t h e  

e l e c t r o l e s s   d e p o s i t .   I t   i s   g e n e r a l l y   a c c e p t e d   t h a t   t h e s e  

u n d e s i r a b l e   p r o p e r t i e s   a r e   t h e   r e s u l t   of  d e p o s i t s   t h a t  

e x h i b i t   a  h i g h   t e n s i l e   s t r e s s   and  t h a t   t h e s e   p r o b l e m s   c a n  

be  s u b s t a n t i a l l y   r e d u c e d   by  l a y i n g   down  a  d e p o s i t   t h a t   i s  

of  e x c e e d i n g l y   low  t e n s i l e   s t r e s s   or  t h a t   has   a  

c o m p r e s s i v e   i n t e r n a l   s t r e s s ,   t h e   l a t t e r   t y p i c a l l y   b e i n g  

p a r t i c u l a r l y   e f f e c t i v e   f o r   m a i n t a i n i n g   t h e   i n t e g r i t y   of  t h e  

e l e c t r o l e s s   n i c k e l   d e p o s i t   o n t o   t h e   s u b s t r a t e   f o r  

e s p e c i a l l y   l o n g   t i m e   p e r i o d s   a n d / o r   u n d e r   e x c e p t i o n a l l y  

a d v e r s e   c o n d i t i o n s .   I t   i s ,   t h e r e f o r e ,   g e n e r a l l y   o b s e r v e d  

t h a t   g r e a t   a d v a n t a g e s   can  be  r e a l i z e d   by  e l e c t r o l e s s l y  

p l a t i n g  



from  a  bath  that  lays  down  a  depos i t   having  reduced  

t ens i l e   s t r e s s ,   i t   being  understood  that  when  used 

herein,   the  term  "reduced  t e n s i l e   s t r e s s "   inc ludes   bo th  

lowering  the  t e n s i l e   s t r e s s   (also  known  as  p o s i t i v e   o r  

c o n t r a c t i l e   s t ress )   to  as  low  as  zero  and  also  r educ ing  

the  t e n s i l e   s t r e s s   to  such  an  extent   that  the  s t r e s s  

becomes  compressive  (also  known  as  negat ive   or  expans ive  

s t r e s s ) .   Tensi le   s t ress   is  sometimes  r e f e r r ed   to  as  

concave  i n t e r n a l   s t r e s s ,   while  compressive  s t r e s s   i s  

co r responding ly   r e fe r red   to  as  convex  i n t e r n a l   s t r e s s .  

I t   is  genera l ly   bel ieved  that   the  t e n a c i t y   of  the  

e l e c t r o l e s s   nickel   deposi t   and  the  advantageous  p r o t e c t i v e  

p rope r t i e s   thereof   with  respect   to  s u b s t r a t e s ,   e s p e c i a l l y  

metal  s u b s t r a t e s ,   are  enhanced  a n d ' t h a t   the  t e n s i l e   s t r e s s  

is  decreased  as  the  percentage  of  phosphorus  in  the  e l e c t r o -  

less  n ickel   depos i t   is  increased .   Here tofore ,   in  order  to  

reduce  the  i n t e r n a l   t ens i l e   s t r e s s ,   i t   has  been  n e c e s s a r y  

to  increase   the  phosphorus  content   of  an  e l e c t r o l e s s   n i cke l  

deposi t   by  reducing  the  pH  of  the  bath  to  a  level   at  which 

the  rate  of  depos i t i on   is  severely  slowed,  with  the  r e s u l t  

that  an  e l e c t r o l e s s   nickel  deposi t   having  e s p e c i a l l y '  

high  r e s i s t a n c e   to  f a i lu re   and  low  t e n s i l e   s t r e s s   had  to  be 

a  deposi t   having  an  excep t iona l ly   high  phosphorus  c o n t e n t  

such  as  can  be  plated  from  a  low  pH  bath  e x h i b i t i n g   a  slow 

rate  of  d e p o s i t i o n .   It  is  of  course  d e s i r a b l e   to  form  a 

n icke l -phosphorus   deposi t   having  reduced  t e n s i l e   s t r e s s   and 

enhanced  depos i t   i n t e g r i t y   within  a  bath  that   has  a  h igh  

depos i t ion   ra te ,   that  is,  does  not  have  to  be  c a r r i ed   o u t  

under  cond i t i ons   t r a d i t i o n a l l y   recognized  as  needed  f o r  

reduced  t e n s i l e   s t r e s s   with  increased  phosphorus  content   of 



t h e   d e p o s i t .  

B a t h s   a c c o r d i n g   to  t h i s   i n v e n t i o n   a c c o m p l i s h   t h e s e  

d e s i r a b l e   r e s u l t s ;   such   b a t h s   a r e   s u l f u r - f r e e   ( in   t he   s e n s e  

t h a t   i f   any  s u l f u r   is   p r e s e n t   i t   i s   in  i t s   h i g h e s t   o x i d a t i o n  

s t a t e )   and  i n c l u d e   a  t e n s i l e   s t r e s s   r e d u c t i o n   a g e n t   t h a t   i s  

a  b a t h   s o l u b l e   u n s a t u r a t e d   c a r b o x y l i c   a c i d   R(COOH)n  ( w h e r e i n  

R  is   an  u n s a t u r a t e d   a l k y l   and  n  i s   a t   l e a s t   one)   a n d / o r  

d e r i v a t i v e   t h e r e o f ,   t he   b a t h s   a l s o   i n c l u d i n g   an  e l e c t r o l e s s  

b a t h   r e d u c i n g   a g e n t   and  a  n i c k e l   s o u r c e .   The  p r o d u c t s   o f  

t h i s   i n v e n t i o n   e x h i b i t   r e d u c e d   t e n s i l e   s t r e s s   when  c o m p a r e d  

w i t h   p r o d u c t s   p l a t e d   f r o m  b a t h s   t h a t   a r e   no t   in  a c c o r d a n c e  

w i t h   t h i s   i n v e n t i o n .  

I t   i s   a c c o r d i n g l y   a  g e n e r a l   o b j e c t   of  t h i s   i n v e n t i o n  

to  i m p r o v e   e l e c t r o l e s s   n i c k e l   p l a t i n g   by  e n a b l i n g   t h e  

p l a t i n g   of  p r o d u c t s   to   have   r e d u c e d   t e n s i l e   or  c o n t r a c t i l e  

s t r e s s ,   w h i c h   may  be  done   o n t o   m e t a l l i c   s u r f a c e s   w h i c h  

c h a r a c t e r i s t i c a l l y   b r i n g   a b o u t   h i g h   i n t e r n a l   s t r e s s e s   s u c h  

as  h i g h - s t r e n g t h   s t e e l ,   w i t h o u t   s a c r i f i c i n g   t h e   p l a t i n g   r a t e  

of  t h e   e l e c t r o l e s s   b a t h .   The  i n v e n t i o n   a l s o   p e r m i t s  

e n h a n c i n g   t he   s t r e s s   p r o p e r t i e s   and  t h e r e f o r e   t he   c o r r o s i o n  

r e s i s t a n c e   of  c i r c u i t   b o a r d s   h a v i n g   an  e l e c t r o l e s s   n i c k e l  

d e p o s i t   t h e r e o n .  

Maximum  p h o s p h o r u s   c o n t e n t s   may  a l s o   be  a c h i e v e d   a t  

r e l a t i v e l y   h i g h   pH  v a l u e s .  



I n d e e d ,   t h e   p r o d u c t s   of  t h e   p r e s e n t   i n v e n t i o n   may  

h a v e   a  r e s i d u a l   i n t e r n a l   s t r e s s   t h a t   has   a  n e g a t i v e   v a l u e ,  

t h a t   i s ,   c o m p r e s s i v e   or  e x p a n s i v e .  

In  t h e   s t r e s s - r e d u c i n g   a g e n t   t h e   g r o u p   R  p r e f e r a b l y  

has   l e s s   t h a n   20  c a r b o n   a t o m s ,   more  p r e f e r a b l y   6  or  l e s s ,  

and  a c o n i t i c   a c i d   (o r   d e r i v a t i v e s   t h e r e o f )   may  b e  

p a r t i c u l a r l y   m e n t i o n e d .   The  r e d u c i n g   a g e n t   may  a l s o   be  t h e  

p h o s p h o r u s   s o u r c e .   As  s t a t e d ,   t h e   b a t h   i s   s u l f u r - f r e e ;   t h a t  

i s ,   i t   d o e s   n o t   c o n t a i n   s u l f u r   in  a  f o rm  or   s t a t e   t h a t   w i l l  

i n t e r f e r e   w i t h   t h e   s t r e s s   r e d u c t i o n   p r o p e r t i e s   of  t h e   b a t h .  

T y p i c a l l y ,   t h e   b a t h   w i l l   be  f r e e   of  s u l f u r   e x c e p t   f o r   s u l f u r  

in   i t s   h i g h e s t   o x i d a t i o n   s t a t e ,   f o r   e x a m p l e   s u l f u r   may  b e  

p r e s e n t   as  n i c k e l   s u l f a t e   to   s u p p l y   t h e   n i c k e l   to   be  p l a t e d  

by  t h e   b a t h .   O t h e r   t y p i c a l   e l e c t r o l e s s   n i c k e l   b a t h  

a d d i t i v e s   may  a l s o   be  i n c l u d e d ,   p r o v i d e d   t h e y   a r e   a l s o  

s u l f u r - f r e e   and  do  n o t   o t h e r w i s e   a d v e r s e l y   a f f e c t   t h e  

a d v a n t a g e o u s   p r o p e r t i e s   of  t h e   b a t h .  

Wi th   more   p a r t i c u l a r   r e f e r e n c e   to   t h e   t e n s i l e  



s t ress   reduct ion   agent  in  accordance  with  this  i n v e n t i o n ,  

R  r ep resen t s   an  unsa tura ted   alkyl  group  having  a  carbon 

chain  length  short  enough  to  obta in   bath  s o l u b i l i t y   when  the 

t ens i le   s t r e s s   reduction  agent  is  e i t h e r   in  i ts   acid  form 

or  in  the  form  of  a  bath  soluble   d e r i v a t i v e   thereof ,   the 

carbon  chain  length  t y p i c a l l y   being  no  g rea t e r   than  20, 

p re fe rab ly   no  greater   than  10,  and  most  p r e fe rab ly   no 

greater   than  6,  and  n  is  p r e f e r a b l y   2  or  more,  most 

p re fe rab ly   2.  Exemplary  u n s a t u r a t e d   acid  t e n s i l e   s t r e s s  

reduction  agents  include  a c o n i t i c   ac id ,   c i t r a c o n i c   ac id ,  

fumaric  acid,  i t aconic   acid,   maleic  acid,   and  their   bath  

soluble  d e r i v a t i v e s ,   which  will   p r e f e r a b l y   be  present   wi th in  

the  e l e c t r o l e s s   nickel  bath  at  a  c o n c e n t r a t i o n   of  at  l e a s t  

about  1  gm/1,  with  the  upper  l imi t   being  a  matter  o f  

economics  and  bath  s o l u b i l i t y .   There  reaches  a  p o i n t ,  

typ ica l ly   at  no  more  than  10  gm/1,  based  on  the  to ta l   ba th ,  

at  which  added  s t a b i l i z e r   no  longer  inc reases   the  percentage  

of  phosphorus  d e p o s i t i o n .  

Referring  more  p a r t i c u l a r l y   to  the  s u l f u r - f r e e  

c h a r a c t e r i s t i c   or  condi t ion  of  these  baths,   i t   has  been 

discovered  that   the  inc lus ion   in  these  baths  of  s u l f u r  

that  is  in  an  oxidation  s t a t e   lower  than  its  h ighest   ox ida t ion  

s t a te ,   such  as  that  of  the  s u l f a t e   group,  will  s u b s t a n t i a l l y  

o f f se t   the  s t r e s s   reduction  p r o p e r t i e s   imparted  to  the  b a t h  

by  the  t e n s i l e   s t ress   reduct ion   agent .   Baths  according  to  

this  invention  avoid  the  s u l f u r - c o n t a i n i n g   condi t ion   of  many 

e l e c t r o l e s s   nickel  baths  that   of ten  include  s u l f u r - c o n t a i n i n g  

compounds,  e i the r   as  bath  i m p u r i t i e s   or  as  an  added  c o n s t i t u e n t  

for  bath  s t a b i l i z a t i o n   or  some  other   func t ion .   The  s u l f u r -  

free  baths  of  this  invent ion  do  not  include  d iva len t   s u l f u r  



conta in ing   compounds  such  as  the  organic   s u l f u r - c o n t a i n i n g  

compounds,  the  organic   and  inorganic   thiocompounds,  and  the  

inorganic   s u l f i d e s .  

Organic  s u l f u r - c o n t a i n i n g   compounds  include  t h iou rea  

and  i ts   d e r i v a t i v e s ,   d i t h i o g l y c o l ,   t h i o g l y c o l i c   a c i d ,  

2 , 2 - t h i o d i e t h a n o l ,   1 , 2 - e t h a n e d i t h i o l ,   2 -mercap tobenzo th i azo l e ,  

1 , 2 - b e n z i o s o t h i o a z i n e ,   methionine,   and  the  l ike .   Thiocompounds 

include  the  th iocyana te   s a l t s   and  the  t h i o s u l f a t e   sa l t s   such 

as  sodium  t h i o c y a n a t e ,   potassium  t h iocyana t e ,   po tass ium 

d i t h i o n a t e ,   sodium  t h i o s u l f a t e ,   potass ium  t h i o s u l f a t e ,   and 

the  l ike.   Included  within  the  organic   s u l f i d e s   are  sodium 

s u l f i d e ,   potassium  s u l f i d e ,   sodium  p o l y s u l f i d e ,   po tass ium 

p o l y s u l f i d e ,   and  the  l i k e .  

A  buffer   is  t y p i c a l l y   included  within  b a t h s  

according  to  this   i nven t ion .   Such  buf fe r s   provide  the  proper  

environment  for  the  t e n s i l e   s t r e s s   r educ t ion   agent.   While 

t r a d i t i o n a l   monocarboxylic  acid  der ived  buf fe r ing   systems  may 

be  incorpora ted   in  baths  according  to  th is   invent ion ,   such  as  

ace t i c   acid-sodium  ace t a t e   systems,  boric   ac id -bo ra t e   systems,  

and  propionic   a c i d - p r o p i o n a t e   systems,  maximum  e f f i c i e n c y  

of  these  baths ,   e s p e c i a l l y   in  connect ion   with  the  enhancement 

of  phosphorus  d e p o s i t i o n   pe rcen tages   wi thout   a d v e r s e l y  

a f f e c t i n g   the  p l a t ing   ra te ,   is  a t t a i n e d   when  the  buffer   is  a 

s a tu ra t ed   alkyl  or  aromatic  p o l y c a r b o x y l i c   acid  and/or  bath  

soluble   d e r i v a t i v e   the reof ,   which  may  be  exempl i f ied   by  the 

formula:  R'(COOH)p'  wherein  R'  is  a  s a t u r a t e d   carbon  chain  

of  from  0  to  20  carbon  atoms  or  an  aromatic  ring  c o n t a i n i n g  

a  chain  of  not  more  than  20  carbon  atoms,  and  p  is  at  l e a s t  

2,  p re fe rab ly   2.  P re f e r ab ly   R'  is  a  carbon  chain  of  not  more 

than  10  carbon  atoms,  more  p r e f e r a b l y   of  not  more  than  6  carbon 



atoms.  E s p e c i a l l y   p re fe r red   buffers   are  those  d e f i n e d  

when  R'  is  between  2  and  4  and  when  p  is  2,  and  combinat ions  

of  such  b u f f e r s .  

As  is  t y p i c a l l y   the  case  for  buf fe r ing   sys tems ,  

these  bu f f e r s   may  be  provided  as  acids  in  combination  wi th  

sa l t s   or  e s t e r s   the reof .   Exemplary  buffers   in  accordance  

with  this   inven t ion   include  the  acid  and  s a l t   or  e s t e r   forms 

of  adipic   acid,  g l u t a r i c   acid,  i s o p h t h a l i c   acid,  malonic  a c i d ,  

oxal ic   acid,   and  succ in ic   acid.  These  buffers   are  i nc luded  

within  the  e l e c t r o l e s s   nickel  baths  at  a  t o t a l   c o n c e n t r a t i o n  

of  at  l e a s t   about  1  gm/1  the  concen t ra t ion   being  v a r i e d  

according  to  needs  for  maintaining  pH  con t ro l ,   which 

c o n c e n t r a t i o n   wil l   usual ly  be  no  more  than  about  40  gm/1 

and  often  not  more  than  about  20  gm/ l .  

It  is  also  p re fe r red   within  the  baths  u t i l i z e d  

and  prepared  according  to  this  invent ion   to  include  w i t h i n  

the  bath,  in  combination  with  the  unsa tu ra t ed   c a r b o x y l i c  

acid  t e n s i l e   s t r e s s   reduction  agent,  and  p r e f e r a b l y   in  f u r t h e r  

combination  with  the  sa tu ra ted   alkyl  or  aromatic  c a r b o x y l i c  

buffer  systems,  a  hydroxy  and/or  amino  s u b s t i t u t e d   c a r b o x y l i c  

acid  complexing  agent  having  the  general   formula  XR"(COOH)s, 

wherein  X  is  e i t h e r   or  both  a  hydroxy  group  or  an  amino 

group,  inc luding   OH,  NH,  NH2,  +NH,  +NH2,  +NH3,  i t   b e i n g  

e s p e c i a l l y   p r e f e r r e d   that   the  X  group  is  in  the  alpha  p o s i t i o n  

r e l a t i v e   to  at  l e a s t   one  of  the  carboxyl ic   groups;  R"  i s  

s a tu ra t ed   a lkyl ,   h e t e r o c y c l i c ,   or  a l k y l a r y l ,   and  may  be  

s u b s t i t u t e d   or  u n s u b s t i t u t e d ,   the  carbon  chain  length  being 

between  1  and  about  14,  and  p re fe rab ly   not  g r e a t e r   than  about 

6,  e s p e c i a l l y   p r e f e r r ed   compounds  having  an  R"  chain  l eng th  

of  not  more  than  4;  and  s  may  be  between  1  and  4.  The 



carboxyl ic   acid  group  may  be  in  the  acid,  anhydride,  s a l t  

or  e s t e r   form,  provided  i t   is  bath  s o l u b l e .  

Exemplary  complexing  agents  include  the  amino  a c i d s  

such  as  a - a l a n i n e ,   a s p a r t i c   acid,   glutamic  acid,  g l y c i n e ,  

and  the  l ike ,   as  well  as  c i t r i c   acid,  g lyco l i c   a c i d  

(hydroxyacet ic   ac id) ,   iminoace t i c   acid,  iminod iace t i c   a c i d ,  

l ac t i c   acid  and  malic  acid.  When  l a c t i c   acid  is  i n c o r p o r a t e d  

into  the  bath,  the  p l a t ing   rate  tends  to  be  enhanced  when 

compared  with  that   achieved  in  baths  using  other  conplexing 

agents,   and  c i t r i c   acid  has  been  found  to  be  e spec i a l l y   u s e f u l  

in  enhancing  the  h ighes t   p o s s i b l e   percentage   of  phosphorus 

deposi t .   These  complexing  agents  are  included  within  t he  

baths  at  a  concen t r a t i on   of  at  l e a s t   about  1  gm/l,  with  t he  

upper  l imi t   being  d i c t a t ed   by  economic  cons ide ra t i ons   and 

bath  s o l u b i l i t y   l i m i t a t i o n s ,   wi th  a   typica l   upper  l imi t   be ing  

no  more  than  about  100  gm/l,  and  most  often  no  more  than 

about  50  gm/ l .  

The  bath  must  also  contain   a  reducing  agent  and  a 

source  of  phosphorus,  and  the  w e l l - e s t a b l i s h e d   manner  o f  

accomplishing  same  is  to  u t i l i z e   a  reducing  agent  that   is  a l s o  

a  source  of  phosphorus  ions,  such  as  the  widely  used  reducing 

agent  sodium  hypophosphite .   The  bath  also,  of  c o u r s e ,  

includes  a  source  of  n icke l ,   which  may  be  added  as  a  b a t h -  

soluble  s a l t ,   such  as  the  s u l f a t e s ,   ch lo r ides ,   s u l f a m a t e s ,  

or  other  anions  compatible  with  these  e l e c t r o l e s s   sys tems.  

Typically  the  baths  wi l l   be  operated  at  a  temperature  o f  

between  about  160  and  212°F  (about  71  to  100 'C) .  

Deposition  baths  prepared  with  formulat ions  according 

to  this  invent ion   may,  if  des i r ed ,   also  contain  conven t iona l  

bath  a d d i t i v e s   that  are  commonly  employed  in  e l e c t r o l e s s  



nickel  deposi t ion  baths.   Included  are  t r a d i t i o n a l   b u f f e r s  

such  as  acetic  acid/sodium  ace ta t e ,   other  complexing  agents  

and  s t a b i l i z e r s ,   and  the  l ike ,   except  for  those  that  add 

sulfur   to  the  bath  in  a  form  other  than  the  highest   o x i d a t i o n  

s ta te   of  su l fu r ,   which  is  necessary  in  order  that  the  bath  

will  be  a  s u l f u r - f r e e   b a t h .  

In  proceeding  with  the  method  according  to  t h i s  

invent ion,   an  e l e c t r o l e s s   depos i t i on   bath  is  prepared  to 

include  an  unsa tura ted   ca rboxyl ic   acid  compound  R(COOH)n 

as  the  t ens i l e   s t r e s s   r educ t ion   agent  p rev ious ly   de f ined  

herein,   a  source  of  n i cke l ,   a  reducing  agent  and  a  source  

of  phosphorus,  said  bath  being  a  s u l f u r - f r e e   bath.  Also 

typ ica l ly   included  is  a  s a t u r a t e d   or  aromatic  p o l y c a r b o x y l i c  

acid  compound  R'(COOH)p  as  the  buffer   p rev ious ly   d e f i n e d  

herein,   usually  in  combination  with  a  hydroxy  and/or  amino 

subs t i t u t ed   carboxyl ic   acid  complexing  agent  of  the  formula 

XR"(COOH)s  as  previous ly   def ined  here in .   The  bath  l a y s  

down  a  deposit   that  is  lower  in  t e n s i l e   s t r e s s   than  those  

laid  down  by  baths  which  are  not  s u l f u r - f r e e   and/or  do  not  i nc lude  

the  t ens i l e   s t ress   r educ t ion   agent,  which  d e p o s i t i o n  

according  to  this  invent ion   lays  down  a  nickel   deposi t   having 

a  high  phosphorus  content   while  avoiding  a  s u b s t a n t i a l  

slowing  of  the  depos i t ion   rate   by  mainta in ing  the  pH  at  as 

high  a  value  as  can  be  a t t a i n e d   by  the  combination  of  bath  

ingred ien ts .   More  p a r t i c u l a r l y ,   the  bath  prepared  accord ing  

to  this  invention  has  a  pH  above  4.0,  which  is  the  pH  to  

which  known  baths  are  of ten   ad jus ted   in  order  to  lay  down 

an  e l e c t r o l e s s   nickel  depos i t   having  a  high  phosphorus  c o n t e n t .  

A  typical   pH  value  according  to  this  invent ion  is  at  l e a s t  

about  4.5,  usually  on  the  order  of  5.0,  including  a  pH  of 



5.0 +  0.5,  p re fe rab ly   a  pH  of  5.0 +  0.3,  and  most  p r e f e r a b l y  

a  pH  of  5 .0  +   0 . 2 .  

With  the  bath  thus  prepared ,   a  s u b s t r a t e   is  immersed 

there in   to  form  a  depos i t   of  n ickel   and  phosphorus  having 

an  e s p e c i a l l y   low  t e n s i l e   s t r e s s   condi t ion   for  a  bath  a t  

such  a  r e l a t i v e l y   high  pH  and  that   exh ib i t s   a  ra te   o f  

depos i t ion   that   is  rapid  for  a  bath  that   lays  down  a  d e p o s i t  

having  a  high  phosphorus  con ten t .   The  method  is  most  

advantageous ly   employed  when  the  s u b s t r a t e   upon  which  the  

depos i t   is  made  is  one  that   r e s u l t s   in  a  nickel   phosphorus  

depos i t   onto  the  s u b s t r a t e   tha t   has  a  high  t e n s i l e   s t r e s s  

condi t ion   when  p la t ing   from  a  bath  tha t   is  not  in  accordance  

with  th is   invent ion .   The  method  according  to  th is   i n v e n t i o n  

r e s u l t s   in  a  deposi t   having  a  low  i n t e r n a l   t e n s i l e   s t r e s s ,  

which  inc ludes   s u b s t a n t i a l l y   z e r o  i n t e r n a l   s t r e s s   as  w e l l  

as  an  i n t e r n a l   s t ress   in  the  compressive  or  negat ive   range .  

Although  a  convent iona l   bath  at  a  pH  on  the  o rde r  

of  4.0  wi l l   provide  nickel   depos i t s   having  high  phosphorus  

contents   in  excess  of  10  weight  per  c e n t ,  t h e   p l a t i n g   r a t e  

thereof   is  on  the  order  of  0.2  mi l /h r ,   while  baths  accord ing  

to  th is   inven t ion ,   which  have  a  pH  on  the  order  of  5.0,  a t t a i n  

p l a t i ng   ra tes   more  on  the  order  of  0.4  through  0.8  m i l / h r  

while  providing  a  nickel  depos i t   having  the  same  high  phosphorus 

con ten t   as  such  a  convent ional   bath.  Accordingly,   the  method 

according  to  this   invention  has  a  p la t ing   rate   from  2  to  4 

times  f a s t e r   than  that  of  conven t iona l   baths  which  form 

nickel  phosphorus  deposi ts   having  a  high  phosphorus  c o n t e n t .  

Loadings  of  baths  according  to  this   invent ion   are  between 

about  0.25  and  1.0  square  foot  per  g a l l o n .  

Products  produced  according  to  th is   invent ion  have 



a  low  t e n s i l e   s t ress   nickel  phosphorus  deposi t   over  a 

s u b s t r a t e ,   including  s u b s t r a t e s   that   are  known  to  be 

c h a r a c t e r i z e d   by  having  nickel   phosphorus  depos i t s   t he reon  

which  exh ib i t   a  high  i n t e r n a l   t e n s i l e   s t r e s s   c o n d i t i o n .  

Products  according  to  this  invent ion  have  depos i t s   of  a 

low  t e n s i l e   s t ress   to  thereby  enhance  the  i n t e g r i t y   of  the 

p la t ing  onto  the  metal  subs t r a t e   in  order  to  increase   the  

useful  l i f e   of  the  product  and  to  reduce  the  s u s c e p t i b i l i t y  

of  the  product  to  exhib i t   metal  f a t igue   leading  to  

c a t a s t r o p h i c   metal  f a i l u r e .   Such  products  also  r e s i s t  

cracking,   b l i s t e r i n g ,   surface  d i s t o r t i o n   and  adhes ion  

f a i lu re   while  providing  s u b s t a n t i a l   cor ros ion   p r o t e c t i o n  

of  the  underlying  metal  s u b s t r a t e .  

The  invent ion  finds  spec ia l   a p p l i c a t i o n   for  p roduc t s  

of  nickel   plated  high  s t rength   s tee l   that   are  u t i l i z e d   in  

highly  fa t igue   inducing  s i t u a t i o n s   such  as  a i r c r a f t   p a r t s ,  

turbine  blades  and  the  like  as  well  as  for  n ickel   p l a t e d  

c i r c u i t   boards  and  the  l ike.   The  advantageous  reduced  t e n s i l e  

s t ress   condi t ion  of  the  products  according  to  this   i n v e n t i o n  

t yp i ca l l y   has  the  g r ea t e s t   advantage  when  the  s u b s t r a t e   of  

the  product  is  t i tanium  or  a  ferrous  al loy  such  as  n i c k e l  

alloy  s t e e l s ,   n i c k e l - c o b a l t   alloy  s t e e l ,   s t a i n l e s s   s t e e l ,  

or  the  l ike.   Other  subs t r a t e s   that  may  be  a d v a n t a g e o u s l y  

included  within  these  products  are  copper,  copper  a l l o y s ,  

beryll ium  and  its  a l loys ,   e s p e c i a l l y   b e r y l l i u m - n i c k e l   a l l o y s ,  

cast  iron,  magnesium  and  non-conduct ive   m a t e r i a l s .  

Product  having  the  n icke l -phosphorus   depos i t s   onto 

these  subs t r a t e s   p referab ly   have  a  phosphorus  content   of  a t  

least   10  per  cent,  with  the  maximum  phosphorus  content   being 

limited  only  by  the  maximum  phosphorus  depos i t i on   c a p a b i l i i t e s  



of  the  to ta l   bath,  such  maximum  amount  t y p i c a l l y   approaching 

not  more  than  about  15  per  cent  phosphorus.   The  t h i c k n e s s  

or  the  quant i ty   of  the  n ickel   phosphorus  depos i t   v a r i e s ,  

of  course,  with  the  p la t ing   r a t e   and  the  length  of  t ime 

that  the  metal  subs t r a t e   is  immersed  wi th in   the  b a t h ,  

varying  anywhere  between  a  f l a sh   depos i t   and  a  h e a v i l y  

bu i l t -up   p la t ing   of  several   mi ls .   Typical   hardness  v a l u e s  

for  the  deposi ts   are  between  500  and  600  VHN100  and  between 

800  and  950  VHN100  a f t e r   heat  t r e a t m e n t   at  400°C  for  one 

hour .  

The  following  examples  are  o f f e r ed   to  i l l u s t r a t e  

the  present   i n v e n t i o n .  

EXAMPLE  1 

Various  s u l f u r - f r e e   baths  were  formulated  in  

accordance  with  this  inven t ion ,   and  s t e e l   panels  were 

e l e c t r o l e s s l y   plated,   a f t e r   which  the  p la ted   s tee l   p a n e l s  

were  subjected  to  i n t e rna l   s t r e s s   measurements  made  with  a 

Spira l   Contractometer .   The  bath  pH  was  between  4.8  and  5.0 

for  these  several   baths,  which  were  mainta ined   at  t empera tures  

between  about  190  and  195°F.  Various  unsa tu ra t ed   p o l y -  

carboxyl ic   acid  t e n s i l e   s t r e s s   r e d u c t i o n   agents  were  added 

at  varying  c o n c e n t r a t i o n s ,   and  the  r e s u l t s   of  the  s t r e s s  

measurements  were  as  fol lows,   a  p o s i t i v e   s t r e s s   v a l u e  

ind ica t ing   i n t e rna l   t e n s i l e   s t r e s s ,   and  a  negative  s t r e s s  

value  ind ica t ing   in t e rna l   compress ive   s t r e s s .  



It  is  observed  that   the  add i t ion   of  the  u n s a t u r a t e d  

polycarboxyl ic   acids  s u b s t a n t i a l l y   lowered  the  t e n s i l e   s t r e s s  

of  the  plated  panels  even  to  the  extent   tha t ,   with  r e s p e c t  

to  cer ta in   of  the  panels ,   the  t e n s i l e   s t r e s s   was  removed 

completely,  and  the  s t r e s s   was  moved  into  the  compress ive  

range,  which  enhanced  the  f a t i g u e  r e s i s t a n c e   of  these  pane l s .  

EXAMPLE  I I  

S u l f u r - f r e e   baths  were  prepared  to  include  27  gm/1 

of  malic  acid,  9  gm/1  of  c i t r i c   a c i d , . a   t o t a l   of  9  gm/1 

sa tura ted   alkyl  d i c a r b o x y l i c   acid  bu f fe r s ,   6  gm/1  of  a c o n i t i c  

acid,  37  gm/1  of  sodium  hypophosphite ,   27  gm/1  of  sodium 

hydroxide,  and  enough  nickel   sa l t   to  provide  6  gm/1  of  n i c k e l  

as  nickel  metal.  Nine  1010  s teel   Q  panels  were  e l e c t r o l e s s l y  

nickel  phosphorus  plated  in  the  bath,  three  of  the  p a n e l s  

having  been  plated  to  a  th ickness   of  0.5  mil,  three  to  a 

plat ing  thickness   of  1  mil,  and  three  were  immersed  in  the  

bath  unt i l   the  p la t ing   th ickness   was  2  mils.   All  nine  of  the 

samples  were  exposed  to  s a l t   spray,  5%,  for  one  thousand  hours 

in  accordance  with  ASTM  B-117  wherein  f a i l u r e   was  defined  as 

p i t t ing   and/or  red  rust  in  three  or  more  l oca t i ons   on  the  

panel.  The  t es t ing   chamber  was  open  at  24  hour  i n t e r v a l s   on 



weekdays,  and  each  panel  was  examined  a f t e r   the  f i r s t   360 

hours  of  exposure,   a f t e r   which  the  panels  were  examined 

a f t e r   72  hour  i n t e r v a l s   on  weekdays.  All  nine  of  the  pane l s  

passed  the  t e s t s   in  that   there  was  no  p i t t i n g   or  r u s t i n g  

except  for  minor  occurrences   o r i g i n a t i n g   at  panel  edges ,  

and  there  was  some  t a rn i sh   on  most  panels .   The  i n t e r n a l  

s t r e s s   of  the  panels  was  s l i g h t l y   compressive,   and  they  

passed  the  180°  bend  adhesion  t e s t .  

EXAMPLE  I I I  

A  s u l f u r - f r e e   bath  including  30  gm/1  l a c t i c   a c i d ,  

10  gm/1  s u c c i n i c   acid  buf fe r ,   a  15  gm/1  ace t i c   acid  and 

15  gm/1  sodium  ace t a t e   buffer   system,  5  gm/1  acon i t i c   a c i d ,  

30  gm/1  sodium  hypophosphite   and  enough  l iqu id   n i c k e l  

s u l f a t e   to  provide  6  gm/1  of  nickel   as  n ickel   m e t a l ,  

balance  being  deionized  water,  the  pH  of  this  system  being  5 .2 .  

High  s t r eng th   s tee l   panels  were  p la ted   in  this  ba th  

to  t h i c k n e s s e s   of  0.5  mil,  1.0  mil  and  2.0  mils,   a f te r   which 

they  were  sub jec ted   to  s a l t   spray  for  one  thousand  hours  

under  the  cond i t i ons   s p e c i f i e d   in  ASTM  B-117.  These  p a n e l s  

were  i n spec ted   at  the  same  i n t e rva l s   and  to  the  same  e x t e n t  

as  those  of  Example  II,  and  all   nine  of  these  panels  passed  

the  s a l t   spray  t e s t .  

EXAMPLE  IV 

S u l f u r - f r e e   baths  genera l ly   in  accordance  wi th  

Example  II  were  prepared  and  s u c c e s s f u l l y   plated  onto  s t e e l  

panels.   These  baths,   which  had  pH  values  of  4.7,  4.6,  4 . 8 ,  

5.0,  4.9,  4.9  and  5.0,  had  p la t ing  ra tes   between  about  0 .4  

and  0.5  mil  per  hour  at  a  tank  loading  of  about  0.25  square  

foot  per  ga l lon   and  at  a  temperature  between  about  190  and 

195°F.  The  depos i t   appearance  was  hazy  b r igh t .   A  b r i g h t e n e r  



was  added  to  some  of  the  baths,  and  deposi t   b r igh tness   was 

found  to  be  enhanced .  

EXAMPLE  V 

A  s u l f u r - f r e e   bath  was  prepared  to  include  abou t  

36  gm/1  of  a  combination  of  c i t r i c   acid  and  malic  a c i d  

complexing  agent,   36  gm/1  of  sodium  hypophosphite ,   10  gm/1 

of  a  blend  of  s a tu ra t ed   alkyl  d i ca rboxy l i c   acids,   5 gm/1  o f  

aconi t ic   acid,   and  enough  nickel   s a l t   to  provide  6  gm/1  o f  

nickel  as  n icke l   metal.  This  bath  had  a  pH  of  4.9,  t h e  

temperature  was  maintained  between  190  and  195°F,  and  i t s  

p l a t i ng   rate   was  es t imated  at  0.33  mi l /hr   when  p l a t i n g  

steel   panels .   Panels  having  a  p l a t i ng   th ickness   of  0 .5  

and  0.6  mil  were  tes ted   according  to  ASTM  B-117  for  one 

thousand  hours  of  5%  sa l t   spray,  a f t e r   which  no  spots  were 

observed.  Another  panel  p la ted  in  th is   ba th  to   0.5  mi l  

was  subjected  to  heat  t rea tment   at  200°C for  two  hours,  and 

again  no  spots  were  observed.  Four  other   panels  having  a 

0.5  mil  deposi t   from  this   bath  were  subjected  to  heat  t r e a t -  

ment  at  260°C  for  e i the r   4  or  12  hours,  and  again  no  s p o t s  

were  observed  a f t e r   one  thousand  hours  of  sa l t   s p r a y .  

Another  panel  having  a  0.5  mil  depos i t   laid  down  by  t h i s  

bath  was  sub jec ted   to  heat  t rea tment   at  400*C  for  one  hour ,  

and  six  spots  were  observed  a f t e r   one  thousand  hours  of  s a l t  

spray,  while  another  s u b s t a n t i a l l y   i d e n t i c a l   panel  f a i l e d  

af ter   168  hours.  Two  panels  having  a  0.5  mil  depos i t   from 

this  bath  were  subjected  to  two  hours  of  heat  t r e a t m e n t  

at  600°C;  six  small  spots  appeared  a f t e r   one  thousand  hours  

of  sal t   spray  on  one  of  them  and  the  other  exh ib i t ed   some 

b l i s t e r i n g   and  nine  small  spots  a f t e r   one  thousand  hou r s .  

This  bath  was  also  used  to  plate  a  1  mil  n i c k e l  



phosphorus  e l e c t r o l e s s   depos i t   onto  z incate   p r e t r e a t e d  

aluminum  panels.   One  of  them,  which  was  sub jec ted   to  h e a t  

t rea tment   at  200°C  for  two  hours,  developed  b l i s t e r i n g  

a f t e r   88  hours  of  s a l t   spray  t e s t i n g   while  the  other  one 

that  was  not  heat  t r ea t ed   exh ib i t ed   no  spots  a f t e r   one 

thousand  hours  of  sa l t   spray  t e s t i n g   according  to  ASTM  B-117. 

EXAMPLE  VI 

A  deposi t   of  89%  nickel   and  11%  phosphorus  

was  p la ted   at  a  ra te   of  depos i t i on   of  0.6  mi l /h r ,   the  d e p o s i t  

having  an  i n t e r n a l   s t r e s s   of  1,000  psi,  compressive,   t h i s  

depos i t   having  been  on  high  s t r eng th   s tee l   from  a  s u l f u r - f r e e  

bath  at  a  pH  of  5.2  inc luding  30  gm/1  l a c t i c   acid,   10  gm/1 

succ in ic   acid,  5 gm/l  a c o n i t i c   acid,  30  gm/1  sodium 

hypophosphi te   and  6  gm/1  of  n i c k e l .  

EXAMPLE  VII  

A  s u l f u r - f r e e   bath  was  prepared  to  include  3  gm/1 

of  a c o n i t i c   acid,  9  gm/1  of  c i t r i c   acid,  27  gm/1 of  ma l i c  

acid,  36  gm/1  of  sodium  hypophosphi te ,   10  gm/1  of  a  mixed 

d i c a r b o x y l i c   acids  buffer   system,  and  enough  l iqu id   n i c k e l  

s u l f a t e   to  provide  6  gm/1  of  nickel   as  n ickel   metal.  This  

bath  had  a  pH  of  4.8  and  a  rate   of  depos i t ion   of  0.4  m i l / h r  

and  p la ted   a  nickel  phosphorus  depos i t   having  10.5%  phosphorus.  

Analysis  on  a  Spiral   Contrac tometer   showed  an  i n t e r n a l   s t r e s s  

of  z e r o .  

EXAMPLE  V I I I  

A  s u l f u r - f r e e   bath  having  a  pH  of  4.8  was  p repa red  

to  include  5  gm/1  of  a c o n i t i c   acid,  with  the  r e s t   of  t h e  

bath  being  s u b s t a n t i a l l y   i d e n t i c a l   with  the  bath  of  Example  VII .  

The  n ickel   phosphorus  depos i t   included  about  11.5%  phosphorus,  

and  the  p la ted   product  had  an  i n t e r n a l   s t r e s s   of  3,000  p s i  



in  the  negat ive  or  compressive  r a n g e .  

EXAMPLE  IX 

Another  s u l f u r - f r e e   bath  s i m i l a r   to  Example  VII 

was  prepared,   except  this  one  included  about  7  gm/1  o f  

acon i t i c   acid  and  deposited  12%  phosphorus  to  provide  a 

plated  s tee l   product  having  an  i n t e r n a l   s t r e s s   of  3,000  p s i ,  

compress ive .  

EXAMPLE  X 

A  s u l f u r - f r e e   bath  s imi l a r   to  that   of  Example  VI, 

but  having  a  pH  of  5,  was  found  to  have  a  p l a t ing   rate  o f  

0.8  mil /hr   onto  s teel   p la tes   to  form  depos i t s   t h e r e o n  

exh ib i t i ng   low  t ens i l e   s t ress   and  good  co r ros ion   r e s i s t a n c e .  

The  plated  product,   when  observed  in  photomicrographs ,   was 

found  to  have  a  p a r t i c u l a r l y   homogeneous  a p p e a r a n c e .  

EXAMPLE  XI 

A  s u l f u r - f r e e   bath  inc luding   a c o n i t i c   acid  as  t h e  

t e n s i l e   s t r e s s   reduction  agent,  c i t r i c   acid  and  malic  ac id  

complexing  agents,   and  s a tu ra t ed   d i c a r b o x y l i c   acid  b u f f e r s  

according  to  th is   invention,   t oge the r   with  sodium  hypophosphite  

reducing  agent  and  an  appropr ia te   source  of  nickel   provided 

a  nickel  phosphorus  deposit   of  11%  phosphorus  to  form  a 

plated  product  having  an  i n t e r n a l   compress ive ,   or  n e g a t i v e  

s t r e s s   of  2,000  psi.  When  s u b s t a n t i a l l y   the  same  bath  was 

modified  to  be  s u l f u r - c o n t a i n i n g   r a t h e r   than  s u l f u r - f r e e   by 

adding  a  th iourea  s t a b i l i z e r   t h e r e t o ,   th is   bath  s t i l l   formed 

a  deposi t   having  11%  phosphorus,  but  the  i n t e r n a l   s t r e s s   of  

the  plated  product  was  6,000  psi  in  the  t e n s i l e ,   or  p o s i t i v e ,  

range;  that  is,  the  s u l f u r - c o n t a i n i n g   bath  had  an  i n t e r n a l  

t ens i l e   s t r e s s   that  was  8,000  psi  g r e a t e r   than  the  s u l f u r - f r e e  

b a t h .  



While  in  the  foregoing  s p e c i f i c a t i o n   c e r t a i n  

embodiments  and  examples  of  th is   invent ion   have  been  d e s c r i b e d  

in  d e t a i l ,   it  will  be  app rec i a t ed   that   mod i f i ca t ions   and 

v a r i a t i o n s   therefrom  will   be  apparent   to  those  s k i l l e d   in  

this   a r t .  



1.  An  e l e c t r o l e s s   n i c k e l   b a t h   c o m p r i s i n g :  

(a)  a  b a t h - s o l u b l e   t e n s i l e   s t r e s s   r e d u c t i o n  

a g e n t   t h a t   i t   an  u n s a t u r a t e d   c a r b o x y l i c   a c i d   of  t he   f o r m u l a  

R(COOH) n  or  a  b a t h - s o l u b l e   d e r i v a t i v e   t h e r e o f ,   w h e r e i n   R  i s  

an  u n s a t u r a t e d   a l k y l   c h a i n   h a v i n g   a t   l e a s t   2  c a r b o n   a t o m s ,  

and  w h e r e i n   n  i s   a t   l e a s t   1 ;  

(b)  a  b a t h - s o l u b l e   r e d u c i n g   a g e n t ;   a n d  

(c)  a  b a t h - s o l u b l e   s o u r c e   of  n i c k e l ,   w h e r e i n  

s a i d   b a t h   i s   f r e e   of  s u l f u r   (or   f r e e   of  s u l f u r   w h i c h   i s   a t  

an  o x i d a t i o n   s t a t e   l o w e r   t h a n   t h e   h i g h e s t   o x i d a t i o n   s t a t e   o f  

s u l f u r ) .  

2.  A  b a t h   a c c o r d i n g   to   c l a i m   1,  w h e r e i n   R  has   a  c a r b o n  

c h a i n   of  no t   g r e a t e r   t h a n   20  c a r b o n   a t o m s ,   and  n  i s   a t   l e a s t  

2 .  

3.  A  b a t h   a c c o r d i n g   to  c l a i m   1  or  c l a i m   2,  f u r t h e r  

i n c l u d i n g   a  b a t h - s o l u b l e   b u f f e r   t h a t   i s   a  s a t u r a t e d   a l k y l   o r  

a r y l   p o l y c a r b o x y l i c   a c i d   of  t he   f o r m u l a   R'(COOH) p  or  a  b a t h -  

s o l u b l e   d e r i v a t i v e   t h e r e o f ,   w h e r e i n   R'  i s   a  s a t u r a t e d   a l k y l  

or  a r o m a t i c   c a r b o n   c h a i n   h a v i n g   f rom  0  to   20  c a r b o n   a t o m s ,  

and  w h e r e i n   p  i s   a t   l e a s t   2 .  

4.  A  b a t h   a c c o r d i n g   to   c l a i m   3,  w h e r e i n   e a c h   of  s a i d  

u n s a t u r a t e d   c a r b o x y l i c   a c i d   t e n s i l e   s t r e s s   r e d u c t i o n   a g e n t  
and  s a i d   s a t u r a t e d   p o l y c a r b o x y l i c   a c i d   b u f f e r   a r e   p r e s e n t  

w i t h i n   t h e   b a t h   a t   a  c o n c e n t r a t i o n   of  a t   l e a s t   a b o u t   1  g m / 1 .  

5.  A  b a t h   a c c o r d i n g   to  c l a i m   3  or  c l a i m   4,  w h e r e i n   R '  

has   a  c a r b o n   c h a i n   of  no t   g r e a t e r   t h a n   10  c a r b o n   a t o m s ,   a n d  

p  i s   2 .  

6.  A  b a t h   a c c o r d i n g   to  c l a i m   3,  c l a i m   4  or  c l a i m   5 



w h e r e i n   s a i d   b u f f e r   i s   a d i p i c   a c i d ,   g l u t a r i c   a c i d , -  

i s o p h t h a l i c   a c i d ,   m a l o n i c   a c i d ,   o x a l i c   a c i d ,   s u c c i n i c   a c i d ,  

a  s a l t ,   e s t e r   or  a n h y d r i d e   t h e r e o f ,   or  a  m i x t u r e   of  any  o f  

t h e s e .  

7.  A  b a t h   a c c o r d i n g   to  any  one  of  t h e   p r e c e d i n g   c l a i m s ,  

f u r t h e r   i n c l u d i n g   a  b a t h - s o l u b l e   c o m p l e x i n g   a g e n t   t h a t   i s   a  

s u b s t i t u t e d   c a r b o x y l i c   a c i d   of  t h e   f o r m u l a   XR"(COOH)s  o r  
b a t h - s o l u b l e   d e r i v a t i v e   t h e r e o f ,   w h e r e i n   X  i s   a  h y d r o x y  

g r o u p ,   an  amino   g r o u p   or   a  c o m b i n a t i o n   t h e r e o f ,   R"  i s  

s a t u r a t e d   a l k y l ,   h e t e r o c y c l i c   or  a l k y l a r y l   h a v i n g   a  c a r b o n  

c h a i n   l e n g t h   of  b e t w e e n   a b o u t   1  a n d   14,  and  s  i s   b e t w e e n  

a b o u t   1  a n d   4 .  

8.  A  b a t h   a c c o r d i n g   to   c l a i m   7,  w h e r e i n   s a i d   s u b s t i t u t e d  

c a r b o x y l i c   a c i d   c o m p l e x i n g   a g e n t   i s   p r e s e n t   w i t h i n   t h e   b a t h  

a t   a  c o n c e n t r a t i o n   of  a t   l e a s t   a b o u t   1  g m / 1 .  

9.  A  b a t h   a c c o r d i n g   to   c l a i m   7  or  c l a i m   8,  w h e r e i n   R" 

has   a  c a r b o n   c h a i n   l e n g t h   of  n o t   g r e a t e r   t h a n   6  c a r b o n  

a t o m s ,   and  s  i s   n o t   g r e a t e r   t h a n   2 .  

10 .   A  b a t h   a c c o r d i n g   to   c l a i m   7,  c l a i m   8  or  c l a i m   9 ,  

w h e r e i n   s a i d   c o m p l e x i n g   a g e n t   i s   a - a l a n i n e ,   a s p a r t i c   a c i d ,  

c i t r i c   a c i d ,   g l u t a m i c   a c i d ,   g l y c i n e ,   g l y c o l i c   a c i d ,  

i m i n o a c e t i c   a c i d ,   i m i n o d i a c e t i c   a c i d ,   l a c t i c   a c i d ,   m a l i c  

a c i d ,   a  b a t h - s o l u b l e   d e r i v a t i v e   t h e r e o f ,   or  a  m i x t u r e   of  a n y  
of  t h e s e .  

11.   A  b a t h   a c o r d i n g   to   c l a i m   7,  c l a i m   8,  c l a i m   9  or   c l a i m  

10,  w h e r e i n   X  is   in  t h e   a l p h a   p o s i t i o n   r e l a t i v e   to  a t   l e a s t  

one   of  t h e   COOH  g r o u p s ,   and  R"  has   a  c a r b o n   c h a i n   l e n g t h  

e q u a l   to  or  l e s s   t h a n   6  c a r b o n   a t o m s .  

12.   A  b a t h   a c c o r d i n g   to   any  one  of  t h e   p r e c e d i n g   c l a i m s  



w h i c h   i s   o p e r a t e d   a t   a  t e m p e r a t u r e   of  b e t w e e n   a b o u t   160  a n d  

2 1 2 ° F .  

13.  A  b a t h   a c c o r d i n g   to   any  one  of  t he   p r e c e d i n g   c l a i m s  

w h i c h   has   a  pH  n u m e r i c a l l y   g r e a t e r   t h a n   4 . 0 .  

14.   A  b a t h   a c c o r d i n g   to   any  one  of  t h e   p r e c e d i n g   c l a i m s  

w h i c h   has   a  pH  of  a t   l e a s t   a b o u t   4 .5   and  d e p o s i t s   a t   l e a s t  

a b o u t   10  p e r   c e n t   p h o s p h o r u s   o n t o   a  s u b s t r a t e .  

15.  A  b a t h   a c c o r d i n g   to   any  one  of  t h e   p r e c e d i n g   c l a i m s  

w h e r e i n   s a i d   r e d u c i n g   a g e n t   i s   a l k a l i   m e t a l   h y p o p h o s p h i t e .  

16.   A  b a t h   a c c o r d i n g   to   any  one  of  t h e   p r e c e d i n g   c l a i m s  

w h e r e i n   s a i d   t e n s i l e   s t r e s s   r e d u c t i o n   a g e n t   i s   a c o n i t i c  

a c i d ,   c i t r a c o n i c   a c i d ,   f u m a r i c   a c i d ,   i t a c o n i c   a c i d ,   m a l e i c  

a c i d ,   a  b a t h - s o l u b l e   d e r i v a t i v e   t h e r e o f ,   or  a  m i x t u r e   o f  

any  of  t h e s e .  

17.  The  b a t h   of  c l a i m   1,  w h e r e i n   R  has   a  c a r b o n   c h a i n   o f  

e q u a l   to   or  l e s s   t h a n   6  c a r b o n   a t oms   and  n  i s   2 .  

18.   A  m e t h o d   of  d e p o s i t i n g   o n t o   a  s u b s t r a t e   w i t h   r e d u c e d  

s t r e s s   in  t h e   d e p o s i t ,   c o m p r i s i n g   e l e c t r o l e s s l y   f o r m i n g   a  

n i c k e l   p h o s p h o r u s   d e p o s i t   o n t o   a  s u b s t r a t e   f rom  a  s u l f u r -  

f r e e   b a t h   a c c o r d i n g   to   any  one  of  t h e   p r e c e d i n g   c l a i m s .  

19.   A  m e t h o d   a c c o r d i n g   to   c l a i m   18  w h i c h   i n c l u d e s  

p r e p a r i n g   t h e   b a t h   to  h a v e   a  pH  b e t w e e n   a b o u t   4 .5   and  a b o u t  

5 . 5 ,   p r e f e r a b l y   a b o u t   5 . 0 .  

20.  A  m e t h o d   a c c o r d i n g   to   c l a i m   19  w h e r e i n   s a i d   m e t h o d  

i n c l u d e s   p r e p a r i n g   t h e   b a t h   to   have   a  pH  of  a b o u t   5 . 0 .  

21.  A  m e t h o d   a c c o r d i n g   to   c l a i m   18,  c l a i m   19  or  c l a i m   20  



w h e r e i n   t h e   p r o c e s s   of  e l e c t r o l e s s l y   f o r m i n g   a  n i c k e l  

p h o s p h o r u s   d e p o s i t   i s   a t   a  p l a t i n g   r a t e   g r e a t e r   t h a n   a b o u t  

0 .3   m i l   p e r   h o u r ,   and  t h e   d e p o s i t   f o r m e d   has   a  p h o s p h o r u s  

c o n t e n t   of  a t   l e a s t   a b o u t   10  p e r   c e n t .  

22.  A  m e t h o d   a c c o r d i n g   to  c l a i m   18,  c l a i m   19,  c l a i m   20  o r  

c l a i m   21  w h e r e i n   t h e   s u b s t r a t e   i s   a  f e r r o u s   m e t a l   or  a l l o y ,  

t i t a n i u m ,   c o p p e r   or   c o p p e r   a l l o y ,   b e r y l l i u m   or  b e r y l l i u m  

a l l o y ,   a l u m i n i u m   or   a l u m i n i u m   a l l o y ,   or  m a g n e s i u m .  

23.  A  m e t h o d   a c c o r d i n g   to   any  one  of  c l a i m s   18  to   22  

w h e r e i n   t h e   s u b s t r a t e   i s   a  p r i n t e d   c i r c u i t   b o a r d .  

24.   An  e l e c t r o l e s s   n i c k e l   d e p o s i t   on  a  s u b s t r a t e ,   s a i d  

d e p o s i t   h a v i n g   b e e n   p r o d u c e d   by  i m m e r s i n g   t h e   s u b s t r a t e   i n t o  

a  s u l f u r - f r e e   e l e c t r o l e s s   n i c k e l   b a t h   a c c o r d i n g   to   any  o n e  
of  c l a i m s   1  to   1 7 .  
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