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Abstract: CoNiFe, CoNiFeB and CoNiFeP soft magnetic thin films were prepared by cyclic voltammetry method. The morphologies,
composition and structures were characterized by scanning electron microscope (SEM), energy-dispersive X-ray spectroscope (EDS)
and X-ray diffractometer (XRD). The soft magnetic properties were investigated through vibrating sample magnetometer (VSM).
The corrosion resistance was investigated through Tafel polarization and electrochemical impedance spectroscopic (EIS). The results
show that all the electrodeposited CoNiFe, CoNiFeB and CoNiFeP films are mixtures of crystalline and amorphous phases, and high
amount of boron/phosphorus-containing additives favors the formation of amorphous state. Nanostructure is obtained in CoNiFe and
CoNiFeB films. The inclusion of boron causes the film more dense and also increases its corrosion resistance. Meanwhile, the
inclusion of boron lowers its coercivity (H,) from 851.48 A/m to 604.79 A/m, but the saturation magnetic flux density (B;) is almost
unchanged. However, the addition of phosphorus greatly increases the film particle size and decreases its corrosion stability. The
coercivity (H.) of CoNiFeP film is also highly increased to 12485.79 A/m, and its saturation magnetic flux density (B,) is greatly

decreased to 1.25 T.
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1 Introduction

Magnetic materials are classified as soft if they have
a low coercivity (the critical field strength H, required to
flip the direction of magnetization) [1]. Soft magnetic
materials are central components of electromagnetic
devices, and miniaturization of these devices requires
materials with a very high saturation magnetic flux
density (B;) [1]. Furthermore, high corrosion resistance is
desired to improve the reliability of the devices [2].

Recently, materials other than plated permalloy such
as CoNiFe, CoNiFeS, CoFe, CoFeSnP, CoFeCu, CoFeB
and CoFeP have been investigated [3—5]. A strong
candidate for replacement of NiFe in many micro-electro
mechanical system (MEMS) applications is ternary
CoNiFe alloy due to its possibility of achieving a high
saturation magnetic flux density B, combined with
reasonably low H, [6]. However, the physicochemical
properties of CoNiFe alloy are greatly affected by their

compositions and microstructures [2,7]. Now, a lot of
efforts have been done to prepare alloys with
nanostructures  through electrodeposition  because
nanostructured alloys are expected to possess good
physicochemical properties, such as high hardness, good
anti-fatigue characteristics and high saturation magnetic
properties [8,9].

Electrodeposition represents a simple, cost-effective
way of fabricating magnetic thin films, and it is suitable
for integration of magnetic materials into MEMS devices
[10]. The cyclic voltammetry (CV) is one of the most
promising electrochemical techniques due to its ability to
control grain size of the deposit [6,11]. The effects of
organic and inorganic additives such as thiourea, sodium
lauryl sulfate, DPS and saccharin on current efficiency,
alloy composition, magnetic properties, morphology and
stresses in the electrodeposited CoNiFe films have been
thoroughly examined [4,10].

In our previous work [12,13], nanocrystalline
CoNiFe thin films have been fabricated by cyclic
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voltammetry
behavior has also been investigated using cyclic
voltammetic and chronoamperometric experiments. In
the present study, we try to prepare CoNiFeB/CoNiFeP

technique, and its electrodeposition

thin films by the addition of boron/phosphorus-
containing additives into the electrodeposition bath, and
focus to investigate the influences of boron/phosphorus-
containing additives on the structure, soft magnetic
properties (H., B;) and corrosion resistance of the
electrodeposited films.

2 Experimental

The basic electrodeposition bath composition and
additives are listed in Table 1. The film electrodeposited
in Na,B40O; additive-containing electrodepostion bath is
designated for CoNiFeB thin film, and the film
electrodeposited in  NaH,PO, additive-containing
electrodepostion bath for CoNiFeP thin film. Brass
copper H63 (CugsZnye, hereinafter) rods embedded in
Teflon with an exposure area of 0.50 cm” were used as
the substrates. Before electroplating, the substrates were
sequentially polished with 400# to 800# silicon carbide
emery papers followed with 2.5 pm alumina paste,
rinsed with double distilled water, washed with acetone,
rinsed with double distilled water again and then
blow-dried by air. The thin films were electrodeposited
on the brass copper rod using cyclic voltammetry (CV)
in the potential range of —0.39— —1.19 V with a scanning
rate of 20 mV/s. It was operated in a three-clectrode cell
at room temperature (25 °C). The brass copper H63 rod
was used as working electrode, a large platinum foil as
counter electrode, and a saturated calomel electrode
(SCE) as reference electrode, respectively. A salt bridge
was used to minimize errors due to IR drop in
the electrolytes. All potentials were referred to SCE.
Mechanical impeller agitation with a rotating speed of
1000 r/min was applied during the electrodeposition. For

Table 1 Basic bath composition and additives for
electrodeposition
Electro.l}{te Additive Electrod.e[.)osmon
composition conditions
13.9 g/L
FeSO, 7H,0, Bath pH 2.0
33.7g/L
CoS0O,4 7H,0, 0-40 g/L Bath
21.0 g/L N32B407'10H20 temperature 40 °C
NiSO,-6H,0, or P
14.2 g/L Na,SO,, 0-40 g/L CV potential range
NaH,PO, H,0 -0.39--1.19V
41.2 g/L NH,Cl,
CV Scanning
24.7 g/LL H3BO; rate 20 mV/s

the electrodeposition of each thin film, 6 CV cycles were
performed. After the electrodeposition, the samples were
rinsed with double distilled water and then dried in the
air, and finally kept in a vacuum box at room
temperature before analysis.

The electrodeposited film morphology was observed
using SEM (Hitachi S—4700). Its composition was
analyzed through EDS. The phase components and
crystal XRD
(D/max—2550 PC). A vibrating sample magnetometer
(VSM) (Lakeshore 7407) was used to investigate their
magnetic hysteresis loops, the coercivity and saturation

structure  were  analyzed using

magnetic flux density were obtained from the magnetic
hysteresis loops.

Corrosion resistance is considered an indication of
durability of the film material [14]. The corrosion
behaviors of the electrodeposited CoNiFe, CoNiFeB and
CoNiFeP soft magnetic thin films were investigated in
the stationary neutral 3.5% NaCl solution by using Tafel
polarization and EIS tests in a three-electrode cell as
above. Here, the working electrode is the brass copper
H63 covered with the electrodeposited film. After the
measurement of open circuit potential (OCP), Tafel
polarization was conducted with a commercial
electrochemical workstation (CHI660A, China) and
always initiated from OCP of 0.25 V with a scanning rate
of 1 mV/s in a positive direction. EIS measurement was
performed using a potentiostat coupled with a lock-in
amplifier (IM6e, Australia) at OCP and carried out in the
frequency ranging from 100 kHz to 0.01 Hz. The applied
sinusoid signal amplitude was 5 mV.

3 Results and discussion

3.1 Morphology,
deposits
For the electrodeposited films, the thickness is
2.5-3.0 um. The effects of additives of Na,B,O; and
NaH,PO, on the surface morphologies are evident in the

composition and structure of

representative SEM images displayed in Figs. 1-3.
Figure 1 shows the SEM images of the CoNiFe film
electrodeposited in the bath without Na,B4O; and
NaH,PO, additives. The grain size is very fine and
uniform. From Fig. 1(b), it can be seen that the grain size
is less than 50 nm. Some very small pores are also
observed. EDS analysis indicates that the CoNiFe film
consists of 58% Co, 13% Ni and 29% Fe.

For the CoNiFeB film electrodeposited in the bath
containing additive of Na,B,0;-10H,0, the morphology
(Fig. 2) is very similar to those of CoNiFe in Fig. 1,
spherical and uniform nanoparticles are clearly observed,
indicating that additives containing B have little effect on
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Fig. 2 SEM images of CoNiFeB film electrodeposited in bath
containing Na,B,0;-10H,0 additive of 4 g/L (a), 20 g/L (b) and
40 g/L (c)

Fig. 3 SEM images of CoNiFeP film electrodeposited in bath
containing NaH,PO,-H,0 additive of 4 g/L (a), 16 g/L (b) and
40 g/L (c)

the morphology (surface roughness) of the CoNiFe
electrodeposited film. However, with increasing the
Na,B,407:10H,0 additive dosage from 0 to 40 g/L, it still
can be found that the electrodeposited CoNiFeB film
becomes much denser and the grain size becomes a little
smaller. Although the electrodeposition bath contains
much high content of boride-containing component
(including buffered H;BO; of 24.7 g/ and
Na,B,407-10H,0 changing from 4 to 40 g/L), the content
of B element in the electrodeposited CoNiFeB film
cannot be clearly detected through EDS. This is due to
the fact that the mole fraction of B is too low to be
detected. Because the boron content in the film was not
detected using other methods such as secondary ion mass
spectroscopy, it is temporarily unable to determine the
content of B in the electrodeposited film. However, from
the XRD patterns and corrosion behaviors described later,
it can be confirmed that B element should exist in the
film.

For the CoNiFeP film electrodeposited in the bath
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containing additive of NaH,PO,-H,O, the surface
morphology changes dramatically. Compared with the
CoNiFe film electrodeposited in the bath without
NaH,PO, additive, its particle size is greatly increased to
about 1 um (Fig. 3). Meanwhile, EDS analysis reveals
that when 4 g/ NaH,PO,-H,O is added, the
electrodeposited film contains 6.02% phosphorus. As the
additive is increased to 40 g/L, the phosphorus content in
film is increased a little to 7.04 %.

The XRD patterns of the CoNiFe, CoNiFeB and
CoNiFeP films electrodeposited in the additive-free bath
and in the bath containing the additives of Na,B,0O; or
NaH,PO, are shown in Figs. 4 and 5. Cog;Feq; phase
with BCC crystal structure is observed. In some samples,
the electrode substrate of brass copper (CuZn alloy) is
also detected by XRD, due to the thin thickness of the
electrodeposited film. As the Na,B,0- additive dosage in
the electrodeposition bath increases, the diffraction peak
is broadened a little, which reveals that the grain is
refined a little. While, as the NaH,PO, additive dosage

30 40 50 60 70 80 90
20(°)
Fig. 4 XRD patterns of CoNiFeB films electrodeposited in bath
containing Na,B,0; 10H,0 additive with different dosages of 0
g/L (a), 4 g/L (b), 20 g/L (c) and 40 g/L (d)

30 40 50 60 70 80 90
26/(%)
Fig. 5 XRD patterns of CoNiFeP films electrodeposited in bath
containing NaH,PO,-H,O additive with different dosages of 0
g/L (a), 4 g/L (b), 16 g/L (c) and 40 g/L (d)

increases, the diffraction peaks become weaker and
weaker, which means that the crystal amount decreases,
amorphous state is formed and its amount increases.
Therefore, the electrodeposited film is a mixture of
crystalline and/or amorphous phases. Especially, for the
CoNiFeP film, as the NaH,PO,-H,O additive dosage is
increased to 40 g/L, complete amorphous state is
confirmed by the broad diffusion halo (curve (d) in
Fig. 5).

Interestingly, no diffraction peaks in Figs. 4 and 5
corresponding to boron, phosphorus and even nickel can
be detected. The included boron or phosphorus in the
electrodeposited CoNiFeB or CoNiFeP films should exist
in an amorphous state, which may be deduced from the
elevation of the XRD lines in the low diffraction angle
region (26 less than 50°). However, no diffraction peaks
of nickel seem contradictory to the EDS analysis result.
Generally, the peak of nickel crystal should be observed
at 260 of 44.8°, 52.2° and 76.7° in the XRD pattern [15].
The reason may be attributed to the fact that the
component nickel in the electrodeposited CoNiFe-base
films exists in solid solutions as the amorphous state [8].

3.2 Magnetic properties of deposits

The plane magnetic hysteresis loops of the three
films electrodeposited in the additive-free bath and in the
bath with Na,B,0,10H,O additive of 16 g/L or
NaH,PO,-H,0 additive of 16 g/L are illustrated in Fig. 6.
The corresponding coercivity H, and saturation magnetic
flux density B; are shown in Table 2. The CoNiFe film
has a coercivity of 851.48 A/m and a saturation magnetic
flux density of 2.03 T. For the CoNiFeB film
electrodeposited in Na,B4O; additive-containing bath,
the coercivity is decreased to 604.79 A/m, while the
saturation magnetic flux density is 1.94 T. Compared
with CoNiFe film, there is almost no difference in
saturation magnetic flux density. However, the
electrodeposited CoNiFeP film exhibits a much higher
coercivity of 12485.79 A/m and a much lower saturation
magnetic flux density of 1.25 T, which means that the
addition of NaH,PO,-H,O to the electrodeposition bath
sacrifices the magnetic properties of the electrodeposited
films. It may result not only from the inclusion of
impurity element P in the film, but also from the particle
coarsening and structure variation.

Table 2 Coercivity (H.) and saturation magnetization (B;) of
three films electrodeposited in additive-free bath and in bath
with 16 g/L Na2B4O710H20 or 16 g/L NaH2P02H20

Film BJT HJ/(Am ")
CoNiFe 2.03 851.48
CoNiFeB 1.94 604.79
CoNiFeP 1.25 12485.79
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Fig. 6 Plane hysteresis loops of CoNiFe films electrodeposited in baths without additives (a,b), with Na,B;0-10H,0 additive (c,d)
and with NaH,PO,-H,0additive (e,f) ((a): (c), (¢) Whole plane hysteresis loops; (b), (d), (f) Enlargement of central part

In general, CoNiFe ternary alloy film exhibits good
soft magnetic properties. However, the-CoNiFe film
electrodeposited in Na,B40;10H,O containing bath
possesses not only quite low coercivity of 604.79 A/m
but also an acceptable saturation magnetic flux density of
1.94 T. The Na,B,0; additive improves the soft magnetic
properties of the electrodeposited film to some extent.
While, P-containing additive deteriorates the soft
magnetic properties.

3.3 Corrosion resistance of films

Tafel polarization curves and EIS plots of the
CoNiFeB films electrodeposited in the bath containing
different amount of Na,B,O; additives are shown in
Fig. 7. To compare the corrosion resistance difference,
the Tafel polarization curve and EIS plot of CoNiFe film
are also presented in Fig. 7. Figure 7(a) shows that the
corrosion potential of CoNiFeB films (curves 2—4, ca.
=300 mV) is much more positive than that of CoNiFe
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film (curve 1, ca. =400 mV). Meanwhile, the corrosion
potential, which indicates the thermodynamic stability,
moves positively with increasing Na,B,O; additive
dosage in the electrodeposition bath. Figure 7(a) also
shows that the corrosion current density is not greatly
affected by the Na,B;0;10H,O dosage in the bath.
Although B element cannot be detected through EDS, the
electrochemical tests along with the microstructure
observation and magnetic measurement indicate the
existence of B element in the CoNiFeB film.
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Fig. 7 Tafel polarization curves (a), Nyquist (b) and Bode (¢)
plots of CoNiFeB film in 3.5% NaCl solution

The EIS plots of the CoNiFeB film consist of a high
frequency capacitive loop and a low frequency loop. The
high frequency parts of the Nyquist plots of CoNiFe and
CoNiFeB films are almost overlapped (Fig. 7(b)), while
the diameter of the low-frequency capacitive loop
becomes larger with increasing the Na,B,0;:10H,0
additive dosage in the electrodeposited bath. It was
proposed that the impedance at low frequencies (such as
|Z]o.1 1z or |Z]oo1 1z) could serve as an estimation of the

corrosion resistance [16,17]. Therefore, Fig. 7(c) clearly
shows that the corrosion resistance of CoNiFeB films
increases with the Na,B,0,-10H,O additives in the
electrodeposition bath.

Figure 8 shows the Tafel polarization curves and
EIS plots of the CoNiFeP film electrodeposited in the
bath containing different amount of NaH,PO, additive.
The corrosion potential of the CoNiFeP films (curves
2—4, ca. =500 mV) is more negative than that of the
CoNiFe film (curve 1, ca. —400 mV). Meanwhile,
corresponding EIS results show that both the capacitive
arc radii of the Nyquist plots (Fig. 8(b)) and |Z|y u, (Fig.
8(c)) decrease with the addition of NaH,PO,-H,O to the
electrodeposition bath. This indicates that the addition of
NaH,PO,'H,O0 to the electrodeposition bath deteriorates
the corrosion resistance of CoNiFe films.
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Fig. 8 Tafel polarization curves (a) and Nyquist (b) and Bode (c)
plots of CoNiFeP film in 3.5% NaCl solution

Therefore, compared with CoNiFe film, the
boron-containing additive of Na,B40; increases the
corrosion resistance, while the phosphorus-containing
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additive of NaH,PO, lowers the corrosion resistance. It
may result from the boron/phosphorus inclusion in the
films and structure alteration.

4 Conclusions

1) All electrodeposited CoNiFe, CoNiFeB and
CoNiFeP alloy films are mixtures of crystalline and
amorphous phases; high content of boron/phosphorus-
containing additives favors the formation of amorphous
phase.

2) Nanostructure is obtained in CoNiFe and
CoNiFeB film. Meanwhile, the inclusion of boron
element causes the film more dense and increases the
corrosion resistance.

3) The addition of phosphorus-containing additive
greatly increases the film particle size and lowers its
corrosion resistance.

4) CoNiFe film possesses a coercivity of 851.48
A/m and a saturation magnetic flux density of 2.03 T.
The addition of boron lowers the coercivity to 604.79
A/m, and the saturation magnetic flux density is almost
unchanged. While, the addition of phosphorus greatly
deteriorates the soft magnetic properties with a coercivity
of 12485.79 A/m and a saturation magnetic flux density
of 1.25T.
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