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I ron-nickel  (Fe-Ni )  plating bath solution chemistry was studied by determining the F e - N i  
equilibrium concentrations at various pH levels. It was found that the alloy composition is 
determined by solution equilibria, mass transfer of  the electroactive species within the diffusion layer 
and by the surface coverage of the additives on the electrode. The effect of  the rotation speed of the 
disc electrode and the presence of organic additives on the deposition of  F e - N i  alloys are evaluated. 
Boric acid increases the absolute iron deposition rate, while it inhibits the rate of  nickel reduction. 
Saccharin and ethylene diamine influence the metal deposition rate but are not  as effective as boric 
acid. 

List of symbols 

cj concentration of species j (mol cm -3) 
Cj, s concentration of species j at interface (mol cm -3) 
Eappl applied potential (V) 
F Faraday constant (96487Cmol 1) 
k M rate constant for the deposition of M 

(molcm 2 s-l) 
Kj stability constant of species j (tool-1 cm 3) 
Kj, ads adsorption constant of species j (mol cm -3) 
nM number of electron transferred for metal 

deposition 

1. Introduction 

Iron-nickel (Fe-Ni) electrodeposition is a simple, 
one-step process for the production of magnetic films 
used in electronic applications. The plating technique 
attracts industrial application because of its low 
cost and its capability for deposition on almost 
any geometry [1]. However, explanations of the 
deposition mechanism are diverse. Dahms and Croll 
[2, 3] found that Fe-Ni codeposition appears closely 
related to the local pH rise at the interface due to 
the hydrogen evolution reaction. According to 
these authors, the preferential precipitation of iron 
hydroxide compared to nickel hydroxide causes the 
inhibition of nickel deposition but iron discharges 
through the iron hydroxide film. Romankiw [4] 
revised the Dahms and Croll mechanism suggesting 
that a trace amount of Fe 3+ in the solution causes 
precipitation of Fe(OH)3, and that such a film 
accounts for the selective discharge. Nichol and 
Philip [5] attributed the underpotential deposition to 
the appearance of an iron dominant intermetallic 
compound. Andricacos et al. [6, 7] used a rotating 
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rM deposition rate of M (mol cm -2 s -1) 
R gas constant (8.314 Jmo1-1K -1) 
T absolute temperature (K) 

Greek symbols 

o~ M transfer coefficient for the deposition of M 
(dimensionless) 

0empty uncovered surface fraction, dimensionless 
0j surface coverage fraction of species j, 

(dimensionless) 

ring-disc electrode and a rotating-disc electrode 
to study Fe-Ni deposition. They found that iron 
deposition is under mass transfer limitation, while 
nickel deposition is kinetically controlled. Talbot 
et al. [8, 9] and Hessami and Tobias [10] proposed that 
the charge transfer of Fe(OH) + and Ni(OH) + species 
is responsible for anomalous codeposition of Fe-Ni 
alloys. According to these authors higher Fe(OH) + 
concentration, compared to Ni(OH) +, causes the 
higher iron plating rate. The importance of metal 
hydroxide ions in the iron-nickel plating system was 
suggested by Bockris et al. [11] and Matulis and 
Slizys [12] on the single metal species deposition. 
They suggested that the reduction of adsorbed metal 
hydroxide ion is the rate determining step for the 
metal deposition. Matlosz [13] proposed a model in 
which the competitive surface adsorption of Ni(I) 
and Fe(I) intermediates determine their respective 
deposition rates and alloy deposition. We used 
galvanostatic pulse and pulse reverse and potentio- 
static pulse techniques to study the plating of Fe-Ni 
alloys in the presence of organic additives [14, 15]. 
Electrodeposition of the alloy was explained by the 
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concentration depletion of reactants and the surface 
coverage of the additives on the electrode. 

The objective of this work was to explain the code- 
position of iron-nickel alloys in the presence of 
organic additives through a mechanism which takes 
into account Fe-Ni plating bath solution chemistry, 
mass transfer and electrode surface reactions. 

2. Experimental details 

Four different plating baths were used to deposit 
Fe-Ni alloys. A basic plating solution (bath I) 
contained 0.5 M nickel sulfate, 0.1 M iron sulfate and 
0.5 M sodium sulfate as a supporting electrolyte. The 
second plating solution (bath II) was a traditional 
Watts nickel plating bath with the addition of ferrous 
ions (i.e., bath I + 0.4M boric acid). Bath III con- 
tained bath II ÷ 0.4 M ethylene diamine and bath IV 
contained bath II +0.01 M sodium saccharin. The 
Fe-Ni plating bath pHs were adjusted to 3 by using 
20% H2SO 4. 200ml of plating solution was held in a 
glass cell with an outer jacket convenient to water 
circulation. Although each plating was carried out in 
a freshly prepared solution, no deaeration was done 
before plating. The temperature was maintained at 
25°C by a circulator. The solution mass transfer 
was controlled by a rotator (EG&G RDE 616). 
Self-designed exchangeable copper disc with an 
exposed area of 0.458 cm 2 was connected to the shaft 
of the rotator as the working electrodes. Special care 
was taken to prevent leaks by using a Teflon seal 
between the copper disc and casing. Platinum 
wire was used as the anode. Before plating, the copper 
discs were polished with 0.3#m and 0.05#m 
aluminium powder, followed by surface activation in 
20% H z S O  4 solution. The deposition potential was 
controlled by a Potentiostat/Galvanostat (EG&G 

M263) using a saturated calomel electrode (SCE) as 
a reference electrode. The deposition time was 
adjusted so that the total charges applied were about 
four coulombs. The deposited alloys were dissolved 
in acids, then diluted and nickel and iron contents in 
the alloy were determined using a GBC 902 atomic 
absorption spectrometer. The side reaction of 
hydrogen evolution was determined by subtracting 
the partial current of nickel and iron from the total 
current. 

SEM and EDS were used for the study of Fe-Ni 
surface morphologies and element distributions at 
different applied potentials. 

3. Results and discussion 

3.1. Solution chemistry of Fe-Ni plating bath 

The solution chemistry was studied by determining 
the Fe-Ni plating bath equilibrium concentrations 
at various pH levels. The concentration of all electro- 
active species in the bath were calculated by using 
various element balances, equilibrium conditions, 
and the electroneutrality condition for a specified 
pH. In order to obtain the whole spectrum as a 
function of pH, suitable amounts of NaOH and 
H z S O  4 w e r e  used in the computation. The total 
materials are the sum of 1000g of H 2 0 +  147.35g 
(0.5g) NiSO4 + 13.89g (0.05M) FeSO4 + 125g 
(0.5 M) NazSO 4. 

The governing equations for different regions and 
the computational details are summarized and shown 
in the appendix. The equations were solved by using 
the Newton-Raphson iterative method. Evaluated 
solution equilibrium concentrations as a function of 
pH are presented in Fig. 1 where three regions 
are considered. In the first region all electroactive 
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Fig. 1. Solution equilibrium concentrations in F e - N i  plating bath as a function of  pH. 
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species are completely dissolved. In the second 
region, Ni(OH)2 precipitates at a higher pH, while 
no Fe(OH)2 precipitation occurs. In the third 
region both Ni(OH)2 and Fe(OH)2 precipitations 
occur at high pH levels. At pH < 6.6, there was 
no precipitation of any of the species present 
in the electrolyte. Also, according to Fig. 1, 
Ni(OH)2 precipitates preferentially instead of 
Fe(OH)2. Because of the difference in metal 
hydroxide ion stability constants (Ksp Ni(OH) 2 = 6.3 x 
10-16mol 3 L 3; K s p ,  Fe(OH)  2 = 3.16 x i'0-14mol 3 L-3), 
Ni(OH)2 precipitation occurs at a pH two units 
smaller than Fe(OH)2. These results were not con- 
sistent with the Dahms and Croll theory [2, 3]. They 
suggested that the preferential adsorption of 
Fe(OH)2 rather than Ni(OH)2 occurs on the elec- 
trode at high pH values. To support the preferential 
adsorption of Fe(OH)2, it must be assumed that 
both Fe(OH)2 and Ni(OH)2 are in the form of 
colloids and have different adsorption rates; this is 
an unreasonable assumption. Besides the fact that 
Ni 2+ ions are present in the electrolyte in much 
higher concentration than Fe 2+, according to 
Fig. 1, the Fe(OH) + concentration is two orders of 
magnitude larger than the Ni(OH) + concentration. 
From the shape of the equilibrium curves in Fig. 1, 
it can also be concluded that any metal hydroxide 
will precipitate completely due to a small change in 
pH. Thus, a small change in pH at the electrode 
surface should have dramatic effects on alloy com- 
position and surface morphology. Although Fig. 1 
illustrates equilibrium conditions, it serves as a guide 
for solution behaviour of the electroactive species in 
an Fe-Ni  codeposition process. 

3.2. Mass transfer effects on the electrodeposition of  
iron-nickel alloys 

Nickel, hydrogen and iron partial current densities 
obtained in bath ! containing 0.5M NiSO4, 0.1M 
FeSO4 and 0.5M Na2SO4 are shown in Figs 2, 
3 and 4, respectively. In Fig. 2, a highdr nickel 
reduction rate corresponds to a larger applied 
potential. However, the reduction rate decreases as 
the electrode rotation speed is increased. Similar 
results were obtained by Andricacos et al. [6] in a 
chloride bath (0.2 M NiC12, 0.005 M FeC12, 0.4 M boric 
acid, and 0.5 M NaC1). They found that the inhibition 
of nickel reduction occurs only in the region where 
iron reduction is under mass transfer control and 
depends upon the flux of Fe 2+ to the electrode 
surface. However, as shown in Figs 2 and 4, the 
inhibition of nickel occurs even at small overvoltages 
where iron is not in the mass transfer controlled 
region. The anomalous behaviour observed at higher 
rotation speed can be explained by taking into 
account the effect of pH on the surface concentration 
of the electroactive species Ni(OH)+ds [12] and by 
competition of Ni(OH)+ds with Fe(OH)+ds for the 
surface active sites [13]. According to the mechanism 
of single nickel plating [12], an adsorbed surface 

100.0 ~ , ' 

80.0 

. 60,0 , / /  /~ 
oE / '  
< / 
E 

.at 4-0.0 / 
, /  

20.00.0 / ,  

E r I 

1.2 1.35 1.5 0.9 1.05 
-E.pol / V vs SCE 

Fig. 2. Effect o f  electrode rotation speed on nickel partial current 
density in bath I containing: 0.5 u NiSO4, 0.1 M FeSO4 and 0.5 M 
Na2SO4, pH 3. Key: (*) 500 rpm, (©) 1000 rpm, (e)  2000 rpm, ([3) 
3000 rpm. 

intermediate, Ni(OH) +, participates in the nickel 
electrodeposition process: 

-Ni 2+ + OH < , Ni(OH) + (1) 

Ni(OH)+ds + 2e- , Ni + OH-  (2) 

Since the hydrogen evolution rate (h.e.r.) is mass 
transfer controlled, the rise of interfacial pH due to 
h.e.r, is expected to be larger at lower rotation 
speed. The rise of surface pH favours the formation 
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Fig. 3. Effect of  electrode rotation speed on hydrogen partial current 
density in bath I containing: 0.5M NiSO4, 0.1 M FeSO4 and 0.5M 
Na2SO4, pH 3. Key as in Fig. 2. 
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Fig. 4. Effect of electrode rotation speed on iron partial current 
density in bath I containing: 0.5 M NiSO4, 0.1 M FeSO 4 and 0.5 M 
Na2SO4, pH 3. Key as in Fig. 2. 

of nickel hydroxide ions within the diffusion layer 
which adsorb on the surface to produce nickel 
according to Equations 1 and 2. Also, higher rotation 
speed enhances the mass transfer of ferrous ions to 
the electrode surface and favours the surface 
adsorption of Fe(OH) +. This effect causes an inhibi- 
tion of the nickel reduction process due to the com- 
petition of Fe(OH) + with Ni(OH) + for surface 
active sites [13]. 

The dependence of the hydrogen partial current 
densities (ill2) on the electrode rotation speed are 
given in Fig. 3. Higher rotation speed in Fig. 3 
favours the h.e.r., suggesting a strong mass transfer 
limitation for hydrogen partial current densities. The 
hydrogen evolution reaction, which occurs at the 
interface, can be expressed as 

2H + + 2e- ~ H 2 (3) 

2H20 + 2e- , H2 + 2OH- (4) 

According to the Levich equation [16], the limiting 
current density for hydrogen evolution in Equation 3 
depends on the electrode rotation speed and is 2.0 
and 4 .gmAcm -2 for w =  500 and w =  3000rpm, 
respectively. More protons can also be released at 
the interface from water dissociation which in turn 
may enhance the hydrogen evolution reaction in 
Equation 3. However, water dissociation cannot 
account for the observed h.e.r., indicating that water 
reduction in Equation 4 dominates the hydrogen 
generation process. Increasing the overvoltage causes 
both reactions to induce an increase in pH at the 
interface. As shown in Fig. 3, higher electrode 
rotation speed enhances the hydrogen ion transfer 
from the bulk and reduces the accumulation of OH-  

at the interface. In other words, higher electrode 
rotation maintains a low pH at the interface for a 
fixed applied potential, a condition which favours 
h.e.r. 

The effect of the electrode rotation speed on the 
iron partial current densities (iFe) is given in Fig. 4. 
Two potential regions can be observed. In the low 
potential region, higher electrode rotation speed 
results in a lower iron partial current density (iFe), 
while in the high potential region, an increase in 
mass transfer enhances iFe. This can be explained 
taking into account the mechanism of single iron 
plating [11] 

Fe 2+ + OH-  ~ ~ Fe(OH) + (5) 

Fe(OH)+ds + 2e- ~ Fe (6) 

Similar to nickel electrodeposition, at low over- 
voltages, higher electrode rotation speed induces a 
lower pH at the interface, which is not favourable 
for the production of Fe(OH) + in the electrolyte. 
As a consequence, lower iFe is expected when the 
electrode rotation speed increases. At high over- 
voltages Fe(OH) + is easily consumed at the inter- 
face and the mass transfer of Fe 2+ ions from the bulk 
of the electrolyte to the surface becomes the limiting 
factor for iron electrodeposition. At the electrode 
interface, the ferrous ion undergoes instantaneous 
homogeneous reaction, (see Equation 5) to produce 
Fe(OH) + which is further reduced to iron according 
to Equation 6. In Fig. 4, the intersection between 
the two sequential iron partial current density curves 
occurs at higher current densities as the rotation 
speed increases, indicating, again, the influence of 
mass transfer control on iron deposition. 

According to Bockris et al. [11] and Matulis et al. 

[12], iron and nickel electrodeposition involves the 
adsorbate intermediates Fe(OH) + and Ni(OH) +, 
respectively. To understand the mechanism of 
Fe-Ni  alloy deposition, it is of interest to investigate 
the competition between both species in alloy 
electrodeposition. By comparing the partial current 
densities of pure metal deposition with those when 
both metals are present in the solution valuable 
information can be obtained about the interactions 
between the deposition processes and deposited 
metals. Partial current densities of single nickel 
electrodeposition from electrolyte containing 0.5M 
NiSO 4 and 0.5M Na2SO 4 are shown in Fig. 5. An 
unexpected maximum of nickel partial current 
density is observed for each electrode rotation speed. 
Higher electrode rotations induce larger peaks which 
are shifted to higher cathodic overpotentials. This 
can be explained by taking into account the changes 
in pH at the interface. In fact, as shown in Fig. 1, 
Ni(OH)2 precipitates at higher interfacial pH and 
passivates the substrate for further nickel reduction. 
Thus, increasing the electrode rotation speed 
causes the formation of Ni(OH)2 film to shift towards 
higher overpotentials, a phenomenon observed in 
Fig. 5, which results in higher iNi- In Fig. 5 before 
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Fig. 5. Effect of electrode rotation speed on nickel partial 
current density in electrolyte containing: 0.5M NiSO4 and 0.5 M 
Na2SO4, pH 3. Key as in Fig. 2. 

passivation occurs, nickel partial current densities, 
estimated for each electrode rotation speed, are 
higher than iNi in the alloy plating bath shown in 
Fig. 2. It is obvious that inhibition of the nickel 
reduction rate occurs due to the introduction of 
ferrous ions to the electrolyte. According to 
Matlosz's theoretical model [13], the adsorbed 
Fe(OH) + reduces the active sites for Ni(OH) + 
adsorption. However, as shown in Fig. 2, the 
introduction of ferrous ion can also stabilize nickel 
ion from precipitation. The stability constants for 
Equation 1 and Equation 5 are 2.2 x 104 and 
1.7 x 107M -1, respectively [10]. Also, as shown in 
Fig. 1, the ferrous ion has a larger buffer capacity 
than the nickel ion. The solution equilibrium-pH 
dependence of the Fe-Ni  plating bath presented in 
Fig. 1 indicates a larger buffer capacity of Fe(OH) + 
when compared with Ni(OH) +. Thus, in the presence 
of ferrous ions, a lower pH can be preserved at the 
interface in Fe-Ni  alloy plating. In other words, 
the presence of Fe(OH) + reduces the possibility 
of the occurrence of Ni(OH)2, in agreement with 
observations in Fig. 1. 

In Fig. 6, the weight percentages of iron in the 
alloy estimated for different electrode rotations are 
presented as a function of applied potential. The 
electrodeposition was carried out in the same elec- 
trolyte as in Fig. 2. As seen in Fig. 6, typical humps 
appear around Eappl = - 1 . 1 5 V  [6, 14, 15, 17, 18]. 
The iron composition profiles can be explained 
taking into account the kinetic parameters of both 
electrodeposition processes. Assuming that the 
adsorption equilibrium 

MOH +,s ~ , MOH+ds (7) 

exists on the surface, then the surface coverage of 
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Fig. 6. Effect of electrode rotation speed on weight percentage of 
iron in the deposit. The deposition was carried out in bath I contain- 
ing: 0.5M NiSO4, 0.1 M FeSO4 and 0.5M Na2SO4, pH 3. Key as in 
Fig. 2. 

MOH+ds can be expressed as 

0MOH+ = CMOH+,s0empty = KMOH + CM2+,sCOH ,s0empty 

KMOH +,ads gMOH+,ads 

(8) 

The second equality in Equation 8 assumes a 
fast equilibrium of hydrolysis of M 2+ at the 
interface. The kinetic expression for both metal 
reductions can be approximated by the Tafel 
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Fig. 7. Effect of electrode rotation speed on nickel partial 
current density in bath II containing: bath I + 0.4M boric acid, 
pH 3. Key as in Fig. 2. 
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Fig. 8. Effect of electrode rotation speed on iron partial 
current density in bath II containing: bathI + 0.4M boric acid, 
pH 3. Key as in Fig. 2. 

express ion:  

f nMOZMF(--Eappl)'~ 
r M = kMOMOH + e x p ~  ~ - ~  -/] (9) 

where  k M is the ra te  cons tan t ,  n M is the n u m b e r  
o f  e lec t rons  t ransfer red ,  and  a M is the  kinet ic  
t ransfer  coefficient. The  relat ive i ron  and  nickel  
depos i t i on  rates  can  be der ived  by  combin ing  
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Fig. 9. Effect of electrode rotation speed on hydrogen partial current 
density in bath II containing: bath I + 0.4M boric acid, pH 3. Key as 
in Fig. 2. 
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Fig. 10. Effect of various electrolytes on nickel partial current 
density at w = 500rpm in bath I (*) containing: 0.5M NiSO4, 
0.1 M FeSO4, 0.5M Na2SO4; bath II (©): bath I + 0.4M boric acid, 
bath III (Q): bath II + 0.15 M ethylene diamine; bath IV (D): bath 
II + 0.01 M sodium saccharin, pH 3. 

Equa t ions  8 and  9 

rF e = kFeKFe(OH)+ KNi(Ott) + adsCOH-,sCFe,2+s 

rNi kNigNi(OH)+gFe(OH)+ adsCOH-,sCNi2+ s 

x exp ( 2(O!ee - ~Ni )F( -Eapp l )~  (10) 
k-T ) 

A t  low overpotent ia l s ,  the dep le t ion  o f  b o t h  Cve2+ 
and  CNi~+ are m i n o r  and  i f  aFe > aNi, the depos i t i on  
ra te  ra t io  in E q u a t i o n  10 increases  wi th  -gappl .  
A c c o r d i n g  to  the a p p a r e n t  t ransfer  coefficients 
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Fig. 11. Effect of various electrolytes on nickel partial current 
density at w = 3000rpm. Key as in Fig. 10. 
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Fig. 12. Effect of  various electrolytes on iron partial current density 
at w = 500rpm. Key as in Fig. 10. 

of metal depositions tabulated by Tanaka and 
Tamamushi [19], iron deposition has a transfer 
number of 0.5. The apparent transfer coefficient 
value on nickel deposition from sulfate solutions is 
in the range between 0.26 and 0.31. At high over- 
voltages, the depletion of CFd+s is more severe than 
the depletion of C~qi=+,s ions, causing a decrease of 
rFe/rNi with - E a p p l .  The larger transfer coefficient 
for iron reduction and smaller ferrous concentration 
will cause the mass transfer influence for ferrous 
ions to occur at lower overvoltages compared with 
those for nickel ions. Overall, as shown in Fig. 6, at 
fixed potential, XFe in the deposit increases with 

60.0 

50.0 

40,0 

E 

< 30.0 
E 

20.0 

10.0 

0 .0  ~ 
0.9 1.05 1.2 1.35 1.5 

-Eap,l / V vs SCE 

Fig. 13. Effect of  various electrolytes on iron partial current density 
at w = 3000 rpm. Key as in Fig. 10. 
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Fig. 14. Effect of  different electrolytes on weight percentage of iron 
in the deposit. The deposition was carried out  at w = 500 rpm. Key 
as in Fig. 10. 

rotation speed. Along with Fig. 6, Equation 10 
reveals that at fixed potential, CFe2+,s/CNF+~ should 
increase as the rotation speed of the electrode 
increases. 

The effect of various additives o n  iNi and iFe is 
shown in Figs 7-13. Partial current densities for 
nickel and iron electrodeposition in the presence of 
boric acid in the electrolyte are shown in Figs 7 and 
8, respectively. In Fig. 7, the nickel reaction rate is 
inhibited significantly with addition of boric acid. 
The enhanced polarization of nickel deposition in 
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Fig, 15, Effect of  different electrolytes on weight percentage of  iron 
in the deposit. The deposition was carried out  at w = 3000 rpm. Key 
as in Fig. 10. 
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the presence of  boric acid seems to be associated with 
the blocking of  the surface active sites by boric acid. 
Taking into account that a decrease in the reactive 
area due to the adsorption of  an inactive species is a 
kinetic factor, in the presence of  any surface agent 
on the surface, the rotation speed of  the electrode 
should have a smaller influence on partial current den- 
sities. Figure 7 shows a smaller influence of  electrode 
rotation speed on nickel partial current density when 
compared with Fig. 2. In contrast to nickel, the iron 
reaction rates shown in Fig. 8 increase in the presence 
of  boric acid. Boric acid is used as a buffer agent in the 
traditional Watts electrolyte for bright nickel plating. 
However, according to Talbot 's theoretical work [20] 
and the experimental work carried out by Horkans 
[21], boric acid has small buffer capacity in the electro- 
lyte. Horkans also pointed out that boric acid may 
play a role as surface adsorption agent and this 
agrees with the results obtained in this study. As 
shown in Fig. 9, for each rotation of  the electrode 
and for most of  the potential range applied, the hydro- 
gen partial current density in the bath containing 

boric acid is lower than the hydrogen partial current 
density obtained in the plain bath shown in Fig. 2. 
If  boric acid has a significant buffer capacity, lower 
pH should be preserved at the interface, and as a 
consequence, the hydrogen partial current density 
should increase in the presence of  boric acid. This 
phenomenon was not observed in Fig. 9. Further 
addition of ethylene diamine (EDA) or saccharin in 
the bath containing boric acid in Fig. 10 shows only 
a secondary inhibition. Compared with boric acid, 
EDA and saccharin have relatively less influence on 
the nickel partial current density against overvoltage 
dependence. Similar results in Fig. 11 were obtained 
for higher rotation rates. Overall, smaller nickel 
partial current densities were observed at higher 
rpms for all baths. Thus, the role of mass transfer 
can also be equally applied for more complicated 
solutions. As shown in Figs 12 and 13, the iron reac- 
tion rates increase in the presence of  boric acid. Prob- 
ably, the competition of  Ni(OH)+ds and Fe(OH)+ds for 
surface sites is controlled by the presence of  adsorbed 
boric acid. The adsorbed boric acid reduces the 

(A) 

Fig. 16. SEMs of alloys deposited at different applied potentials from bath A containing: 0.5 M NiSO4, 0.1 M FeSO4, 0.5M Na2SO 4, pH 3. 
Overpotentials, E~ppl (a) -0.9, (b) -1.0, (c) -1.075, (d) -1.2(centre) and (e) -1.2 V vs (SCE) (edge). Bath B containing: 0.5 M NiSO4, 0.1 M 
FeSO4, 0.5 M Na2SO4, 0.4 M boric acid and 0.01 M sodium saccharin, pH 3. Overpotentials: Eappl (a) -0.9, (b) -1.0, (c) = 1.075, (d) -1.2, (e) 
-1.4(centre) and (f): -1.4V vs SCE(edge). 
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Ni(OH) + surface coverage, while allowing Fe(OH) + 
to be more highly incorporated on the surface. Bard 
and Faulkner [16] also discussed the possibility that 
the adsorbed materials may promote certain elec- 
trode reactions. 

Similar to the plain bath, electrolytes containing 
organic additives always have higher iron partial 
current density as electrode rotation speed increases. 
It seems that EDA and saccharin play more 
important roles with the iron partial current density. 
As shown in Fig. 12 in the presence of EDA, the 
iron partial current density is significantly inhibited. 
EDA counteracts the positive effect of boric acid on 
iron deposition. The iron polarization in Fig. 12 is 
larger when compared with the plain bath in Fig. 4. 
In the presence of saccharin, the iron partial current 
density is more polarized at low overvoltages. In 
the high overpotential region, in the presence of 
saccharin, the iron partial current density increases 
faster when compared with the bath with no additives 
or with the bath containing boric acid and EDA. As a 
consequence, intersections of iFe curves are observed 
in Fig.'12. As shown in Fig. 13, a similar behaviour 

of the iron partial current density was found at 
3000 rpm. 

Different mechanisms are responsible for inhibition 
of the alloy deposition when carried out in the 
presence of EDA and saccharin. EDA is a known 
complexing agent for nickel and ferrous ions [22]. In 
the presence of EDA, Ni2+-EDA and Fe2+-EDA are 
formed, which decrease the concentration of free 
metal ions and metal hydroxyl ions in the electrolyte 
[22]. As a consequence, lower metal reduction rates 
are expected. In this case the interaction between the 
additive and the electroactive species occurs in 
the solution phase and is not a strong function of the 
applied potential. 

On the other hand saccharin plays a role as a 
surfactant. Because of its surface blocking ability, 
the effective area for metal reaction is decreased. 
The coverage of the additive is expected to be larger 
at low overvoltages and smaller in the high over- 
voltage region [23, 24]. The decrease of the coverage 
by the additive at high applied potentials is probably 
due to the high inclusion rate of the additive under 
such conditions [25]. 

(B) 

Fig. 16. Continued. 
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The composition indicated in Figs 14 and 15 are 
direct consequences of the iron and nickel deposition 
rates. At low rotation rates boric acid increases the 
iron percentage in the deposit significantly; while 
introduction of EDA and saccharin have smaller 
effects. A similar behaviour for the iron percentage 
is observed at 3000rpm in Fig. 15, except that the 
decrease in the iron content after the maximum is 
smaller at high electrode rotation, indicating a posi- 
tive effect of rotation speed on iron content at higher 
potential. 

3.3. Surface analysis 

To study the influence of the organic additives on the 
morphology of the electrodeposited Fe-Ni alloy, 
investigations were carried out using SEM. Fe-Ni 
alloys were plated potentiostatically with and with- 
out addition of boric acid and saccharin to the plat- 
ing bath (0.5M NiSO4+0.1M FeSO 4+0.5M 
Na2SO4). Figure 16 shows micrographs for alloy 
films deposited at -0.9, -1.0, -1.075, -1.2 and at 
-1.4V vs SCE. In the absence of organic additives, 
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Fig. 17. Comparison of EDS spectrum obtained at different overpotentials in bath B; Eappl: (a) -1.4, (b) -1.2, (c) -1.075, (d) -1.0 and (e) 
-0.9V vs SCE. 
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Fig. 18. EDS spectrum taken a t  Eappl = - 1 . 2  V vs SCE in bath B, pH 3, at the edge of the plate (a), and at the centre of  the plate (b). 

cracks and black deposits appear at the corners and at 
the edges of the electrode, even at applied potential of 
- 1 . 0 V  vs SCE. The SEMs at the black edges in 
Fig. 16 show a porous structure. This phenomenon 
can be explained taking into account that higher over- 
voltage (higher current density) at the edges causes 
insufficient mass transfer of reactants and as a con- 
sequence a rise in the pH occurs, which induces a 
porous precipitation of Ni(OH)2 and Fe(OH)2. 
Cracking is caused by the relaxation of metal 
hydrides which are formed along with the hydrogen 
evolution reaction [26]. As seen in Fig. 16, the level- 
ing effect is evident for deposits plated from the bath 
containing organic additives. The thin films depos- 
ited appear compact, homogeneous, adherent and 
very smooth. In the presence of  organic additives, 
the occurrence of the burned area and precipitation 
of  green Ni(OH)2 was delayed to higher overpoten- 
tials. With addition of  boric acid and saccharin, por- 
ous deposits were not observed up to - 1 . 4 V  vs 
SCE. The less effective exchange current density, due 
to the fractional coverage of  the electrode by organic 
compounds, allows the concentration overvoltage to 
be reduced and surface overpotential to increase. As 
shown in this study, in the presence of  organic com- 
pounds, the operating potential range is further 
extended, causing the proton concentration depletion 
to decrease significantly. As a consequence, as shown 
in Fig. 16, the occurrence of Ni(OH)2 precipitation 
and porous structure shifts to the cathodic region 
indicating that the mass transfer limitation is 
delayed. 

Figure 17 represents a comparison of EDS spectra 
at the centre of the plate obtained at different over- 
potentials. At low overpotential, the iron peak 
increases with increase in applied potential and levels 
off at higher overpotentials. In this region, the main 
electrode reactions yield nickel deposition and 
hydrogen evolution. In other words, at low over- 
potential, iron deposition is under kinetic control 
and by increasing the cathodic polarization, the Fe 
deposition rate is enhanced. Mass transfer limitation 
becomes more significant at higher overpotentials 
where, according to Fig. 14, the observed increase in 
iron content with the applied potential levels off and 
then decreases. 

Figure 18 shows EDS spectra obtained at the 
edge and in the centre of plates deposited at -1 .2  V vs 
SCE. The higher overpotential on the edge results in a 
high hydrogen evolution rate. As a consequence, rise 
of pH at the edges occurs which induces a porous 
precipitation of nickel and iron hydroxides. An 
average of  0.25 to 0.35 of Fe mole fraction was 
observed at the edges of the electrode compared 
with the values of  0.45 to 0.60 mole fractions of  Fe 
observed at the centre of the plate. These results 
were not consistent with the Dahms and Croll 
mechanism [2, 3]. According to these authors a 
much higher Fe content would be expected on the 
edges, where higher current density and higher h.e.r. 
occur. As seen in Fig. 18 a clear oxygen peak 
occurred simultaneously with the nickel peaks at the 
edges, indicating the existence of Ni(OH)2 rather 
than Fe(OH)2. More Ni(OH)2 precipitates on the 
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electrode at higher overpotentials. As reported in this 
study, the increased pH did not favour the iron 
deposition rate. According to the solution chemistry 
of Fe-Ni plating baths presented in Fig. 1, Ni(OH)2 
should be precipitated preferentially to Fe(OH)2. 

4. Conclusion 

The codeposition of Fe-Ni  alloys in the presence of 
organic additives is explained taking into account 
Fe-Ni  plating bath solution chemistry, mass transfer 
of ionic species, surface adsorption effects and 
electrode surface reactions. The concentrations of all 
electroactive species in the bath were calculated 
by using various element balances, equilibrium 
conditions, and the electroneutrality condition for a 
specified pH. Because of the difference in metal 
hydroxide ion stability constants, Ni(OH)2 precipita- 
tion occurs at a pH two units smaller than Fe(OH)2. 
Besides the fact that Ni 2+ ions are present in the 
electrolyte in much higher concentration than 
Fe 2+, the Fe(OH) + concentration is two orders of 
magnitude larger than Ni(OH) + concentration. 
Also, Fe 2+ and Fe(OH) + ions have a larger 
buffer capacity than Ni 2+ and Ni(OH) + ions. The 
adsorbed Fe(OH) + reduces the active sites for 
Ni(OH) + adsorption and, consequently, inhibits the 
nickel reduction rate. However, it was found that 
the ferrous ion can also stabilize the nickel ion from 
precipitation. The iron composition profiles were 
explained taking into account the kinetic parameters 
of both electrodeposition processes. The alloy com- 
positions were determined by the competition of 
reactive species on the electrode surface. The role 
of the additives on Fe-Ni  codeposition was 
explained by the effect of surface coverage or solution 
complexation. 
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Appendix 

For region I the variables to be determined are [Fe2+], 
[Fe(OH)+], [Ni2+], [Ni(OH)+], [OH-], [H20], 
[HSO4-], [8042-] ,  and [H2SO4]ad or [NaOH]aa, 
depending on the specified pH. The equations needed 
are: (a) the element balance on oxygen, 

[H20]ad + 4[Na2SO4]ad + 4[FeSO4]ad + 4[NiSO4]ad 

+ 4[H2SO4]ad = [OH-] + [Fe(OH) +] + [Ni(OH) +] 

+ [ H 2 0  ] + 4 [ H S O 4 -  ] + 4[SO42-] (11) 

(b) the element balance on sulfur, 

[Na2SO4]ad + [FeSO4]ad + [NiSO4]ad -t- [HzSO4]ad 

= [HSO4-1 q-[SO42 ] (12) 

(c) the element balance on iron, 

[FeSO4]ad = [Fe 2+1 + [Fe(OH) +1 (13) 

(d) the element balance on nickel, 

[NiSO4]ad = [Ni 2+] - t - [ N i ( O U )  +] (14) 

(e) the electroneutrality, 

2[Na2SO4]ad + [H +] + 2[Fe 2+] + 2[Ni a+] 

+[Fe(OH) +] + [Ni(OH) +] = [OH-] 

+ [HSO4-] + 2[SO42 ] (15) 
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(f) the equilibrium conditions, 

[H +] [SO4 2-] -- g 1 [HSO4- ] = 0 

[Ni 2+] [OH-] - K2[Ni(OH) +] = 0 

[Fe 2+] [OH-] - K 3 [Fe(OH) +] = 0 

[H +] [OH-] - K 4 = 0 

Note the element balance of hydrogen is not 
independent, because it can be derived by algebraic 
manipulations of the other balances. Depending on 
the pH value specified, either the variable [H2SO4]ad 
or the variable [NaOH]a d can be determined. 

For region H the variables that must be determined are 
[Fe2+], [Fe(OH)+], [Ni2+], [Ni(OH)+], [OH-], [H20], 
[HSO4-], [SO42-1, [Ni(OH)2(s)] and [NaOH]a d. Note 
that [Ni(OH)2(s)] is based on one litre volume of 
solutions. The equations are 
(a) the element balance on oxygen, 

[H20]a d q- 4[Na2SO4]ad q- 4[FeSO4]ad q- 4[NiSO4]ad 

q-[NaOH]a d = [OH-] q-[Fe(OH) +] q-[Ni(OH) +] 

+ [H20] + 4[HSO4-] + 4[SO42-] + 2[Ni(OH)2(s)] 

(20) 

(b) the element balance on sulfur, 

[Na2SO41ad q- [FeSO4]ad q- [NiSO4]ad 

= [HSO 4 ]q-[SO42-] 

(c) the element balance on iron (Equation 13) 
(d) the element balance on nickel, 

[NiSO4]ad = [Ni 2+] q-[Ni(OH) +] + [Ni(OH)2(s)] 
(22) 

(e) the electroneutrality condition, 

(16) 2[NaaSO4]ad + [NaOH]ad + [H +] + 2[Fe a+] 

(17) +2[Ni a+] + [Fe(OH) +] + [Ni(OH) +] = [OH-] 

(18) +[HSO4-] + 2[SO42-] (23) 

(19) (f) the equilibrium conditions: Equations 16, 17, 18, 
19 and 

[Ni(OH)+][OH -] - Kd, Ni(OH) 2 = 0 (24) 

For region I I I  the variables to be determined are 
[FEZ+], [Fe(OH)+], [Ni2+], [Ni(OH)+], [OH-], [H20], 
[HSO4-], [SO4Z-l, [Ni(OH)2(s)], [Ve(OH)z(s)], and 
[NaOH]a d. The Equations are 

(a) the element balance on oxygen, 

[H20]a d q- 4[Na2SO4]ad q- 4[FeSO4]ad q- 4[NiSO4]ad 

+ [NaOH]a d = [OH-] q- [Fe(OH) +] + [Ni(OH) +] 

q-[H20] q- 4[HSO4-] q- 4[SO42 ] q- 2[Ni(OH)2(s)] 

+ 2[Fe(OH)2(s)] (25) 

(b) the element balance on sulfur: Equation 21. 
(c) the element balance on iron 

[FeSO41ad = [Fe2+ l, + [Fe(OH) +] + [Fe(OH)2(s)] 

(26) 

(d) the element balance on nickel: Equation 22. 
(21) (e) the electroneutrality condition: Equation 23. 

(f) the equilibrium conditions: Equations 16-19 and 
24 and 

[Fe(OH)+][ OH I - Kd, Fe(OH)2 = 0 (27) 

These equations were solved by using the Newton-  
Raphson iterative method. 


