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In this paper, the influence of metal salt ratio on the plating rate, composition, and structure of Ni-Fe-P
films deposited by chemical process from sulphate bath was investigated. Gravimetric and
electrochemical measurements, SEM, XRD were applied to characterize the films. The weight of Ni-
Fe-P film increases near linearly with the plating time. The deposition potential shifts to negative
direction and the plating current decreases with the increase of FeSO,4, when the total concentration of
the metal salts is fixed in bath. Increasing the FeSO, concentration also causes an increase in the
polarization resistances, indicating the FeSO,4 has an inhibition effect on the chemical process. The
plating current derived in the complete bath is higher than that determined from the simulation half-
reaction cells due to the interaction between the two half reactions. It is found that the ratio of
FeSO4/(NiSO4+FeSQ,) affects the composition of Ni-Fe-P film, leading to the structure change of the
film.
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1. INTRODUCTION

Known for their excellent magnetic properties, Fe-Ni alloys are studied extensively and applied
widely in various fields[1-12].The addition of a small amount of P or B improves the synthetic
magnetic properties of permalloy films by increasing the resistivity value (p) [13—15]. Moreover, the
presence of P or B in Fe-Ni film can control the iron content via Fe-P or Fe-B codeposition and bring
about an amorphous structure, which improves the ductility, corrosion resistance properties[16,17].

There are a variety of thin film formation techniques. Sputtering and evaporation are among the
dry process techniques, while electroplating and chemical deposition constitute the wet process. The
advantage of the wet process is high productivity. In particular, chemical deposition process is an
autocatalytic process with the metal as a final product due to the chemical reduction of the metal
cations through reductants in the bath and can be used to produce uniformly thick, hard and corrosion-



Int. J. Electrochem. Sci., Vol. 2, 2007 73

resistant films on various material substrates with different shapes[7,15-27]. Thus, it is one of the most
important techniques for uniform film formation. Chemical deposition Ni-Fe—P films were first
obtained by Wang et al.[18] and followed by other group. These studies reported the effect of bath
components and plating conditions on the plating rate, composition, structure and microhardness of Ni-
Fe-P films[7,18,22]. However, there are little reports on the electrochemical characteristic of Ni-Fe—P
deposition process.

In this paper, we investigate the effects of ratios of FeSO4/(NiSO4+FeSQ,) in the bath on the Ni-
Fe-P films from alkaline solutions. XRD, SEM, gravimetric and electrochemical measurements were
employed to characterize the Ni-Fe-P films.

2. EXPERIMENTS

A basic hypophosphite reduced sulphate bath was chosen as the plating bath, where nickel sulphate
and iron sulphate were used as the source of metal while sodium hypophosphite served as the reductant
and source of phosphorus. The compositions of the bath are listed in Table 1. The total concentration
of NiSO4:6H,0 and FeSO4-7H,0 was fixed at 22.5 g/L.. The pH of the solution was adjusted to about
10 using NH3.H,0. The bath temperature was 70+1°C. Before deposition, each sample was pretreated
with polishing and degreasing.

Table 1. Chemical components of Ni- Fe-P plating bath

Component Concentration ( g/L.)
(NH4);C¢Hs504 40
FeSO,4-7H,0 0-22.5
NiSO4-6H,0 0-22.5
NaH2P02'H20 33
Ci2H20py 2
NH;.H,O 25 (mL/L)

The weight of Ni-Fe-P film was calculated by weighing the samples before and after deposition on
copper foil(25x15%2 mm) by electronic microbalance model HT-300. The average plating rate was
determined by dividing the film weight by the surface area of substrate and deposition time. The
deposition time was recorded immediately after the sample immersing into the bath.

Polarization experiments were carried out in a three-compartment cell with the electrochemical
analyzer CHI-660B. A platinum foil with size 20mm x 40mm was used as an auxiliary electrode and a
saturated calomel electrode were used as reference electrode. The working electrode was the copper
electrode (¢ = 19 mm) embedded in an epoxy resin. In order to simulate partial cathodic or anodic
reactions, the investigation of the electrolytes in the absence of either the Na,H,PO; reducer (oxidation
solution) or the metal salts FeSO,4 and NiSOy (reducing solution) was also carried out.

The surface morphologies and compositions of the films were examined using scanning electron
microscopy (SEM, JEOL JSM—6700) combined with energy dispersive spectrometry (EDS). The
structure of the films was analyzed by XRD (Siemens D5000).
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3. RESULTS AND DISCUSSION

In the initial stage of plating process, the plating rate was very slow due to the low activity of the
copper sample. The reason is that copper is not a catalytic substrate for chemical deposition from
hypophosphite solutions and the film growth starts at isolated locations on the substrate during
chemical deposition[28-29]. As the discontinuous island structure grows into a continuous film, and
the whole substrate is covered by lateral growth of Ni-Fe films, the autocatalytic activity of the sample
increases, leading to the increase of plating rate. We refer the time required to form continuous film as
the inducement time, which depends on the bath composition and plating conditions. To decrease the
inducement time, the Ni-Fe-P deposition was initiated galvanically using aluminum at the beginning of

the chemical process.
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Figure 2. The plating rate dependence on ratio of FeSO4/(NiSO4+FeSOy)
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In order to elucidate the influence of the metal salt ratios (i.e., FeSO4/(NiSO4+FeSQO,)) on the Ni-
Fe-P film, we begin with the study of the variations of the film weight and plating rate. Fig.1 depicts
the dependence of the film weight on the plating time. It can be seen that the film weight increases
near linearly with plating time, indicating that the plating rate keeps almost constant within the whole
plating time. It is also obvious that the metal salt ratios dramatically affect the increasing rate of the
film weight. The larger the ratio of FeSO4/(NiSO4+FeSQy), the more slowly the film weight increase
with plating time, i.e., the plating rate of Ni-Fe-P films decreases with the increasing of
FeSO4/(NiSO4+FeSO,4) in the bath as shown in Fig.2. The small plating rate with higher FeSO,
concentration is owing to the low catalytic activity and the inhibitory effect of iron on the chemical
process, which is agreement with others’ results [22,24,30]. Before the polarization measurement, the
open-circuit potential both in reducing and oxidation solutions were recorded and listed in Table 2.
The difference between the redox potential of the metal and that of the reductant, AE, is the force to
drive deposition and related to the reaction rate. As shown in Table 2, the potential of copper electrode
in oxidation solution is -1.024 V and those in reducing solution shifts negative, i.e., the drive force for
the autocatalytic chemical deposition decreases with the FeSO4/(NiSO4+FeSO,) increasing.

Table 2. The open-circuit potential and polarization resistances in reducing and oxidation solutions

FeSO4/(NiSO4+FeSOy) oxidation
1 40/45 30/45 20/45 10/45 0
solution
Eopen - - - - - -
’ -1.024
1.012 1.002 0.984 0.959 0.946 0.921
Rpc,Rpa(Q) 351 342 328 326 325 291 7.26
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Figure 3. [-E partial curves for reduction of metal ions and for oxidation of
hypophosphite
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Fig.3 displays the anodic oxidation curve and the cathodic reducing curves with different ratios of
FeSO4/(NiSO4+FeSOy). It can be seen that all the cathodic reducing curves intersect with the anodic
oxidation curve. In terms of the mixed potential theory, the coordinates of the intersection of these
polarization curves represent mixed potential (ordinate) and plating current (abscissa). The
dependences of the mixed potential and plating current on the ratio of FeSO.4/(NiSO4+FeSQO,) are
depicted in Fig.4. One can see that the mixed potential shifts negatively and plating current decreases
with the increasing of ratio of FeSO4/(NiSO4+FeSO,). The negative potential shift with the increase of
the ratio of FeSO4/(NiSO4+FeS0O4) is caused by the change of solution chemistry. The cathodic and
anodic resistances derived from the polarization curves are also presented in Table 2. The anodic
resistance is more than twice of cathodic resistance, indicating the oxidation of H,PO, controls the
chemical process. The cathodic resistance increases and the plating rate decreases with the increasing
of ratio of FeSO4/(NiSO4+FeSOy). This implies that the presence of ferrous sulfate in the baths had an
inhibitory effect on the films deposition.
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Figure 4. The dependences of the mixed potential and plating current on
the ratios of FeSO./(NiSO4+FeSO,) derived from partial polarization

Fig.5 illustrates the Tafel polarization curves, which were obtained by scanning the potential at a
rate of 1 mV s™ in the range +150 mV of the open circuit potential E,x in the Ni-Fe-P complete bath
with different ratios of FeSO4/(NiSO4+FeSOy4). The plating current was calculated using equation

i =£, in which K(:L
R, 2.303(b, +b,)

The anodic b, and cathodic b, Tafel slopes were determined from these polarization curves. Compared

) is the polarization constant, R, is the polarization resistance.

with those derived from the polarization curves in Fe-B bath, the Tafel slopes are a little lower [27],
the anodic Tafel slope b, is about twice of cathodic Tafel slope b., which increases with the increasing
of FeSO4/(NiSO4+FeSO,). The polarization resistance R, was determined from the linear polarization
experiments by scanning the potential £15 mV about the open circuit potential at the same rate. The
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Figure 5. Tafel polarization curves in the electroless Fe-Ni-P complete
bath
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Figure 6. The dependences of plating current and potential on the ratios of
FeSO4/(NiSO4+FeSOy) derived from Tafel polarization curves

mixed potential and plating current determined from these curves are presented in Fig.6. It can be seen
that the dependences of the mixed potential and plating current on ratio of FeSO4/(NiSO4+FeSOy)
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show similar tendency to those derived from partial polarization curves as shown in Fig.4, i.e., the
mixed potential shifts negatively and the plating current decreases with the ratio of
FeSO4/(NiSO4+FeSO,) increasing. However, the mixed potential determined from the polarization in
the complete bath is a little positive to that derived from the partial polarization curves, and plating
current from the polarization in the complete bath is higher than that from the partial polarization
curves. The possible reason for the magnitude difference between the plating current derived from the
polarization curves in the complete bath and that in the simulation half-reaction cells is that the
reduction of metal ions and the oxidation of hypophosphite is accelerated to some extent due to the
interaction between the two half reactions on the catalytic surface. The plating rate, v,(g/cm®h), can

also be calculated from the plating current, igep (A/dm?), using Faraday’s law

i
v, = %% =0.373Ni,, =1.082x102xi,, (g-cm™-h™")

where F is the Faraday constant, W the average atomic weight of film (supposing W= 58), n the
number of electrons obtained by metal ion (n = 2), N=W/2 = 29. As shown in Fig.7, the plating rates
derived from polarization curves show similar trend to that determined from weight method (Fig.2),
i.e., the plating rates decrease with the increasing of FeSO4/(NiSO4+FeSOy4). While the plating rates
calculated from electrochemical measurement are significantly higher than the average plating rates
determined from gravimetrical measurements. The possible reason for the magnitude difference
between the plating rates is that the reduction of iron(nickel) ions and hypophosphite is suppressed to
some extent due to hydrogen evolution , and/or the formation of the metal phosphides(hydroxide).
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Now, we turn to study the influence of the metal salt ratios (i.e., FeSO4/(NiSO4+FeSQy)) on the
structure and composition of the Ni-Fe-P film. The XRD patterns of Ni-Fe-P films are displayed in
Fig.8. It can be seen that the structure of the films depends on the ratio of FeSO4/(NiSO4+FeSO.). The
films obtained in the bath with the ratios of FeSO4/(NiSO4+FeSO,) equal to 35/45 and 10/45 are in
crystalline, while that equal to 30/45 shows typical amorphous diffraction patterns. This result is

Table 3. Chemical compositions of Ni- Fe-P films
FeSO4/(NiSO4+FeSO | 35/45  30/45  10/45

Component P 2127 2612 21.84
Content (atom Fe 6.86 4.38 4.51
%) Ni 71.87 69.50 73.65
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Figure 8. The XRD patterns of Ni—Fe—P alloys

similar to that observed in the Ref.18. The compositions of the Ni-Fe-P films determined by EDS are
shown in Table 3. With the increase of the ratio of FeSO4/(NiSO4+FeSQ,) in bath, nickel content in the
film decreases, while iron content increases. When the ratio equals 30/45, the phosphorus content
arrives at 26.12 atom%, leading to the amorphous nature of Ni-Fe-P film (as shown in Fig.8).
According to electrochemical model, the electroless deposition can be divided into two processes:
anodic and cathodic reactions. In the electroless bath with hypophosphite as the reductant, the anodic
reaction is the oxidation of hypophosphite:

H,PO, + H,O — H,PO; +2H" +2e
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At the same time, released electrons take part in the cathodic reactions. These reactions are reduction
of nickel ions and hydrogen ions, accompanied with reduction of phosphorous and codeposition of
iron. They can be presented as follows

Ni** +2e — Ni

2H" +2e—H,
H,PO, +2H" +e¢— P+ H,O

Fe** +2¢ — Fe

The change of phosphorus content in the film is probably due to the oxidizing ability of
hypophospite and the reducing ability of hypophosphite anion, which increases with the increase of
Ni**. It is well known that in the absence of catalytic surfaces the hypophosphite species are quite
stable and hypophosphite anion cannot be separately reduced in aqueous solution, by contrast they can
be oxidized accompanied with phosphorous codeposition in the presence of certain metals such as
nickel[31-33]. The electrons released by oxidation of hypophosphite are obtained by nickel ions,
hydrogen ions, iron ions and hypophosphite anion competitively. When the concentration of the NiSO4
is low, the oxidizing ability of hypophospite and the reducing ability of hypophosphite anion increase
with the increasing of NiSO, leading to the increase of phosphorus content in the film. Further
increasing the NiSQOy increases the free Ni** in the bath, more electrons are captured by Ni**, nickel
content increases while phosphorus content in the film decreases. Thus the change of composition and
structure of the film may be attributed to the competitive reduction of several ions, such as nickel ions,
hydrogen ions, iron ions, and hypophosphite anion.

4. CONCLUSIONS

The composition and structure of the Ni-Fe-P film can be controlled by the ratio of
FeSO4/(NiSO4+FeSO,4). When the ratio equals 30/45, the phosphorus content arrives at 26.12 atom%,
leading to the amorphous nature of the film. Increasing the FeSO4 concentration shifts the deposition
potential positively and causes a decrease of the plating currents while an increase in the polarization
resistances, indicating the FeSO,4 has an inhibition effect on the chemical process. The plating current
derived in the complete bath is higher than that determined from the simulation half-reaction cells due
to the interaction between the two half reactions.
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