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S u m m a r y  

Electrodeposited Ni-Fe alloys show a variable composition when they 
are electroplated in the presence of a superimposed al ternat ing current.  The 
alloy composition depends on the ratio of the al ternat ing to the direct 
current,  the frequency, the amplitude and the waveform. By a suitable 
choice of conditions the electrodeposited Ni-Fe alloy can be prepared with a 
specified composition throughout .  A mechanism for the action of the 
al ternat ing current  on the direct current  which produces the specified 
composition is proposed. 

1. Introduct ion  

Alternat ing currents  have a significant effect on many electrode 
processes and are widely used in electrochemical investigations, such as 
double-layer studies [1 - 3], determinat ion of the kinetics of the formatior~ 
and dissolution of oxide films [4] and the examination of fast electrode 
reactions [5, 6], and in the electrodeposition and dissolution of metals 
[7 - 10]. Alternat ing currents  have been shown to affect the grain size, the 
brightness and the porosity of electrodeposited metals [11]. The super- 
position of al ternat ing on direct currents  has been shown to reduce the 
internal  stress in electrodeposited nickel [12]. The magnetic properties of 
electrodeposited alloys have been improved by superimposing al ternat ing on 
direct currents  during their  codeposition. 

In this paper we report  the effect of the superimposition of al ternat ing 
currents  of variable frequency, amplitude and waveform on the composition 
and uniformity of electrodeposited Ni-Fe alloys. 

2. Exper imenta l  detai ls  

The experiments were performed in two-compartment cells. The cathode 
was a platinum foil of area 1 cm 2. The auxil iary electrode used was also 
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made  of p l a t i n u m  but  its a r ea  was a f ac to r  of  40 l a rge r  t h a n  the  ca thode.  A 
90 V b a t t e r y  in series wi th  a res i s to r  was used as a source  of cons t an t  d i rec t  
cur ren t .  A Sys t ron ics  s ignal  g e n e r a t o r  ( type 1012) was used to de l iver  a 
c o n s t a n t  a l t e r n a t i n g  cu r r en t  as well  as va r i a b l e  a.c. ampl i tudes  and  wave-  
forms. The  e lec t r ica l  c i rcu i t  employed  to supe r impose  a l t e r n a t i n g  on di rec t  
c u r r e n t s  was s imi la r  to the  one used in our  ea r l i e r  s tudies  [13]. The a.c. 
dens i t ies  w e r e  ca lcu la ted  us ing  the  abso lu te  va lues  of  the  s t r eng th  of the 
c u r r e n t  pass ing  t h r o u g h  the cell and  were  expressed  in r.m.s, values .  In  all 
our  expe r imen t s  the  a.c. dens i t ies  IAC for  va r ious  f requencies  and  wave fo rms  
were  a lways  g r e a t e r  t h a n  the  d.c. densi t ies  IDc because  the re  was no effect  
on a l loy compos i t ion  when  IAC was equa l  to or  less t h a n  IDc- The Ni Fe 
a l loy was  deposi ted  a t  a cons t an t  t h i ckness  a t  va r ious  d.c. densi t ies  as well  
as in the  p resence  of supe r imposed  a l t e r n a t i n g  cur ren ts .  

A ba th  con t a in ing  0.024 M NiSO 4, 0.006 M FeSO4 and 0.035 M 
N a K C 4 H 4 0  6 (pH 4.6) was  used to e l ec t rodepos i t  the  N i - F e  alloy.  The  m o l a r  
r a t io  of  i ron to n ickel  in the  so lu t ion  was 20:80. The r eagen t s  used were  of  
A n a l a R  grade  and  were  dissolved in f reshly  p repa red  t r iple-dis t i l led water .  
F resh  so lu t ions  were  used for each  exper iment .  Af ter  e lec t rop la t ing ,  the 
N i - F e  a l loy was dissolved in dist i l led HC1 which  was free f rom iron and 
nickel  and was ana lysed  s p e c t r o p h o t o m e t r i c a l l y  [14]. 

3. R e s u l t s  

Expe r imen t s  were  car r ied  out  wi th  low d.c. densi t ies  in the  r ange  0.25 - 
1 mA c m -  2 and  the  depos i t ion  ra t e  in mi l l ig rams  per  hou r  of i ron and nickel  
was  de te rmined .  F igure  1 shows the  depos i t ion  ra t e  of  the  alloy. I t  was  
found t h a t  n icke l  a lways  had  a h ighe r  depos i t ion  r a t e  t h a n  i ron a t  any  
g iven d.c. densi ty .  

In  the  first series of  expe r imen t s  we examined  the  effect  of d i f ferent  a.c. 
f requenc ies  a t  a fixed IAC :IDc r a t io  on the  depos i t ion  ra t e  of  i ron and nickel  
in the  al loy.  The  effect ive f r equency  r ange  for a l t e r ing  the  compos i t ion  of 
the  a l loy was found to be 10 - 50 Hz. At  a.c. f requenc ies  above  50 Hz the  
depos i t ion  ra t e  was m a r k e d l y  reduced.  I t  was  also found tha t  when  IAC was 
equa l  to or  less t h a n  IDc the re  was no effect  on the  al loy composi t ion.  
The re fo re  in the  expe r imen t s  r epor t ed  he re  IAC was  a lways  h igher  t h a n  I~c. 
These  p r e l i m i n a r y  expe r imen t s  enab led  us to de t e rmine  the  a p p r o p r i a t e  a.c. 
f r equency  r a n g e  and a.c. dens i ty  for superpos i t ion .  

In  the  second ser ies  of  expe r imen t s  d i f ferent  a.c. waveforms,  i .e. sine, 
square  and  t r i angu la r ,  were  supe r imposed  in order  to s tudy  the  changes  in 
the  compos i t ion  of the  a l loy deposi ted  in the  cu r r en t  dens i ty  and  f requency  
r anges  de t e rmined  ear l ier .  A v a r i a t i o n  in the  a l loy compos i t ion  wi th  
d i f ferent  w a v e f o r m s  was observed  a t  a fixed a.c. f r equency  and va r ious  d.c. 
densi t ies .  F igure  2 shows the  v a r i a t i o n  in the  i ron con ten t  in the  al loy at  
d i f ferent  d.c. densi t ies  and  an  a l t e r n a t i n g  c u r r e n t  of  f requency  10 Hz and 
dens i ty  5 mA c m - 2  for square ,  sine and  t r i a n g u l a r  waveforms .  F igure  2 
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Fig. 1. Rates of deposition of iron (line A) and nickel (line B) at various d.c. densities. 

s h o w s  t h a t  t h e  i r o n  c o n t e n t  v a r i e s  m a r k e d l y  for  d i f f e r e n t  w a v e f o r m s  a t  
d i f f e r e n t  d.c. d e n s i t i e s .  T h e  e f fec t  i n c r e a s e d  in  t h e  o r d e r  s q u a r e ,  s ine ,  
t r i a n g u l a r .  T h e  r a t i o s  o f  n i c k e l  to  i r o n  in  t h e  a l l o y  w e r e  c a l c u l a t e d  a n d  a r e  
g i v e n  in  T a b l e  1. 

1.0 

"E 
J= 

E 

°.5 

3 

o= 

I I I [ 
0.25 0.5 0.75 1.0 

D .C .DENSITY(mA/cm 2) .,,, 

Fig. 2. The effect of the superposition of an al ternating current of density 5 mA cm- 2 and 
frequency 10 Hz with various waveforms on the rate of iron deposition at various d.c. 
densities: line A, square wave; line B, sine wave; line C, t r iangular  wave. 

T h e  e f fec t  o f  t h e  a.c.  f r e q u e n c y  on  t h e  c o m p o s i t i o n  o f  a l l o y s  for  
d i f f e r e n t  w a v e f o r m s  w a s  o b s e r v e d  a t  a f ixed  IAc :IDc r a t i o .  T h e  v a r i a t i o n  in  
t h e  i r o n  c o n t e n t  in  t h e  a l l o y  as  a f u n c t i o n  o f  t h e  f r e q u e n c y  a t  IAc :IDc = 5:1 
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TABLE 1 
Ratio of nickel to iron in alloys electrodeposited at different d.c. densities with super- 
imposed alternating currents of various waveforms 

D.c. density (mA cm 2) Waveform Ni:Fe ratio 

0.25 Square 2.90 
0.25 Sine 2.13 
0.25 Triangular 1.88 

0.5 Square 2.60 
0.5 Sine 2.16 
0.5 Triangular 1.91 

0.75 Square 3.00 
0.75 Sine 2.26 
0.75 Triangular 1.90 

1.00 Square 2.88 
1.00 Sine 2.16 
1.00 Triangular 1.91 

A.c. frequency, 10 Hz; a.c. density, 5 mA cm 2. 

is s h o w n  in  Fig.  3 for squa re ,  s i ne  a n d  t r i a n g u l a r  waves .  The  r a t i o s  of n i c k e l  
to i r o n  o b t a i n e d  u n d e r  t hese  c o n d i t i o n s  a re  g i v e n  in  T a b l e  2. The  i r o n  
c o n t e n t  i n  the  a l loy  was  f o u n d  to d e c r e a s e  w i t h  d e c r e a s i n g  f r e q u e n c y  for al l  
t he  w a v e f o r m s  i n v e s t i g a t e d .  The  p o l a r i z i n g  effect  of  the  d i f f e ren t  a.c. 
w a v e f o r m s  on  the  i r o n  c o n t e n t  i n  t he  a l loy  was  f o u n d  to i n c r e a s e  in  the  
o rde r  squa re ,  s ine ,  t r i a n g u l a r .  
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Fig. 3. Rate of iron deposition as a function of a.c. frequency at Inc :!DC = 5:1 for 
different waveforms: line A, square wave; line B, sine wave; line C, triangular wave. 



115 

TABLE 2 
Ratio of nickel to iron in alloys electrodeposited at a d.c. density of 1 m A c m -  2 with a 
superimposed al ternating current of density 5 mA cm- 2 and different frequencies 

A.c. frequency Ni." Fe ratio 
(Hz) 

Square wave Sine wave Triangular wave 

10 2.88 1.96 1.85 
20 2.32 1.91 1.73 
30 1.91 1.66 1.52 
40 1.60 1.44 1.44 
50 1.36 1.40 1.30 

I n  a n o t h e r  s e r i e s  o f  e x p e r i m e n t s  t h e  v a r i a t i o n  in  t h e  a l l o y  c o m p o s i t i o n  
a t  d i f f e r e n t  s u p e r i m p o s e d  a.c.  d e n s i t i e s  w a s  o b s e r v e d  fo r  d i f f e r e n t  w a v e f o r m s  
a t  a f ixed  a.c .  f r e q u e n c y  a n d  d.c.  d e n s i t y .  I t  w a s  f o u n d  t h a t  t h e  h i g h e r  t h e  
a.c.  d e n s i t y ,  t h e  g r e a t e r  w a s  t h e  e f fec t  o n  t h e  a l l o y  c o m p o s i t i o n .  F i g u r e  4 
s h o w s  t h e  e f fec t  o f  t h e  a.c.  d e n s i t y  on  t h e  i r o n  c o n t e n t  in  t h e  a l l o y  a t  a n  a.c.  
f r e q u e n c y  o f  10 Hz  a n d  a d.c. d e n s i t y  o f  1 m A  c m - z .  I t  w a s  f o u n d  t h a t  t h e  
s q u a r e  w a v e  h a d  a m u c h  g r e a t e r  e f fec t  on  t h e  a l l o y  c o m p o s i t i o n  t h a n  t h e  
s i n e  a n d  t r i a n g u l a r  w a v e s  a t  a l l  a .c.  d e n s i t i e s  i n v e s t i g a t e d .  
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Fig. 4. Rate of iron deposition as a function of different a.c. densities for different 
waveforms at a frequency of 10 Hz and a d.c. density of 1 mA cm-2: line A, square wave; 
line B, sine wave; line C, t r iangular  wave. 

L i t t l e  e f fec t  o n  t h e  n i c k e l  c o n t e n t  o f  t h e  a l l o y  w a s  f o u n d  in  t h e  a b o v e  
s e r i e s  o f  e x p e r i m e n t s .  F i g u r e  5 s h o w s  t h e  e f fec t  o f  s u p e r i m p o s i n g  a n  a l t e r -  
n a t i n g  c u r r e n t  o f  f r e q u e n c y  10 Hz  a n d  v a r i o u s  d e n s i t i e s .  A l t h o u g h  t h e  e f fec t  
on  t h e  r a t e  o f  n i c k e l  d e p o s i t i o n  w a s  n o t  m a r k e d ,  t h e  m o l a r  r a t i o  o f  n i c k e l  to  
i r o n  w a s  s t r o n g l y  a f f e c t e d  as  a r e s u l t  o f  t h e  s i g n i f i c a n t  c h a n g e  in  t h e  i r o n  
d e p o s i t i o n  r a t e .  
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Fig. 5. Rate of nickel deposition as a function of different a.c. densities and waveforras at 
a frequency of 10 Hz and a d.c. density of 1 mA cm-2: line A, square wave; line B, sine 
wave; line C, triangular wave. 

4. D i s c u s s i o n  

In  ana lys ing  the  effect  of supe r impos ing  an  a l t e r n a t i n g  cu r r en t  on a 
d i rec t  cur ren t ,  we should  t ake  into  a c c o u n t  the  anodic  cu r r en t  which  flows 
in the  reverse  direct ion.  The per iodic  combina t i on  of the  anodic  c o m p o n e n t  
of  the  c u r r e n t  and  the  o rd ina ry  d.c. process  of  e lec t rodepos i t ion  may  
a c c o u n t  for the  changes  in the  compos i t ion  of the  F e - N i  al loy.  

The  dec reased  ra t e  of al loy depos i t ion  is lower  for combined  a l t e r n a t i n g  
and  d i rec t  cu r ren t s  t h a n  for d i rec t  cu r r en t s  alone.  This  ind ica tes  t ha t  some 
d i sso lu t ion  of  the  a l loy is t ak i ng  p lace  [15]. We can  a rgue  t h a t  accord ing  to 
the  e l ec t rochemica l  ser ies  i ron dissolves  fas te r  t h a n  n icke l  and  hence  the re  
should  be less i ron  p resen t  in the  deposit .  This  a r g u m e n t  is suppor ted  by the  
fac t  t h a t  when  the a.c. dens i ty  is inc reased  for any  g iven w a v e f o r m  the 
anodic  cycle  will be la rge  and  hence  more  i ron  will dissolve in the  anodic  
cycle.  Dur ing  the  ca thod ic  cycle  depos i t ion  of the  a l loy occurs  as for no rma l  
e lec t rodepos i t ion .  

F igure  3 shows t h a t  the  i ron  depos i t ion  ra t e  a t  h igh  f requencies  is 
a lmos t  double  t ha t  a t  low frequencies ,  e.g. compare  the  r a t e  a t  10 Hz wi th  
t h a t  a t  50 Hz. This  is due to the  fact  t h a t  the  e lec t rode  po ten t i a l  var ies  
s lowly unde r  supe r imposed  a l t e r n a t i n g  cu r r en t s  wi th  low f requencies  and  
thus  the  e lec t rode  r em a i ns  in the  anodic  reg ion  for long enough  to al low the  
me ta l  to dissolve.  I ron  dissolves  p re fe ren t i a l ly  to n icke l  owing to its pos i t ion  
in the  e l ec t rochemica l  series. However ,  Fig. 5 shows t h a t  the  n ickel  de- 
pos i t ion  ra t e  is not  suppressed  a t  all. F igure  3 also shows t h a t  the  depos i t ion  
ra t e  for a supe r imposed  a l t e r n a t i n g  cu r r en t  of  f requency  50 Hz is a lmos t  the  
same as t ha t  for a pure  d i rec t  cu r r en t  which  ind ica tes  its negl ig ible  effect  a t  
th is  f requency.  At  f requenc ies  h ighe r  t h a n  50 Hz the  e lec t rode  spends less 
and  less t ime in the  anodic  reg ion  and  hence  the re  is no effect  on the  a l loy 
comoosi t ion .  
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Figures  2 - 4 show tha t  the square  waveform is the most  effective and 
the t r i angu la r  waveform is the least  effective in chang ing  the al loy com- 
position. This may be due to the fact  tha t  the dura t ion  of  the peak potent ia l  
is la rger  for the square  waveform than  for ei ther  the sine or the t r i angu la r  
waveforms.  At a given a.c. f requency the dura t ion  of the peak potent ia l  in 
each square  wave cycle is g rea te r  t han  tha t  in each sine wave cycle which is 
g rea te r  t han  tha t  in each t r i angu la r  wave cycle. In Other words, the 
polar iza t ion  time at the peak maximum is longest  for the square  wave. 

The var ia t ion  in the al loy composi t ion  is therefore  signif icant  at  low 
a.c. frequencies,  high a.c. densit ies (amplitudes) and for a square  waveform. 
The s t ruc tu re  and magnet ic  propert ies  of the e lectrodeposi ted alloy are 
under  examinat ion.  

5. Conclusions  

The composi t ion  of an alloy deposited from the same solut ion can be 
varied over  a r a the r  wide range  (5°//0 - 60%) merely  by va ry ing  the a.c. 
f requency,  This method could be useful ly applied in studies of gra in  size, 
morpho logy  of deposits and in terna l  stress as a funct ion  of cons tan t  direct  
current .  Deposits  of  uniform composi t ion can be obtained.  
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