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Abstract: Nanocrystalline Ni-Fe FCC alloy coatings with Fe content of 1.3%—39% (mass fraction) were fabricated on the nickel
substrates using a DC electrodeposition technique. The crystal structure, lattice strain, grain size and lattice constant of the Ni—Fe
alloy coatings were studied by X-ray diffraction technique. The chemical composition and surface morphology of the FCC Ni—Fe
alloy coatings were investigated with the energy dispersive X-ray spectroscopy (EDS) and atomic force microscopy (AFM). The
results show that the Fe content of the Ni—Fe alloy coatings has a great influence on the preferred orientation, grain size, lattice
constant and lattice strain. FCC Ni—Fe alloy coatings exhibit preferred orientations of (200) or (200)(111). With an increase of Fe
content, the preferred growth orientation of (200) plane is weakened gradually, while the preferred growth orientation of (111)
increases. An increase of the Fe content in the range of 1.3%—25% (mass fraction) results in a significant grain refinement of the
coatings. Increasing the Fe content beyond 25% does not decrease the grain size of FCC Ni—Fe alloys further. The lattice strain
increases with increasing the Fe content in the FCC Ni—Fe alloys. Since the alloys with Fe content not less than 25% has similar
grain size (~11 nm), the increase in the lattice strain with the increase of Fe content cannot be attributed to the change in the grain
size.
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used in the electronic, aerospace and mechanical industry,

1 Introduction

Ni—Fe alloy films are used in a wide variety of
applications for storage, recording and memory devices
for computers, magnetic actuators and magnetic
shielding, because of their ability to exhibit stable, low
coefficient of thermal expansion (CTE) and beneficial
magnetic properties at room [L,2].
Particularly, Ni—Fe alloy films from permalloy
(Ni—20%Fe, mass fraction) to invar (Ni—64%Fe, mass
fraction) have a wide spectrum of physical properties

temperature

[3,4]. Permalloy films were commonly used in
magnetoresistive sensors based on the intrinsic
magnetoresistance of the ferromagnetic material
(anisotropic  magnetoresistance  sensors) or  on
ferromagnetic/non-magnetic  heterostructures  (giant

magnetoresistance multilayers, spin valve and tunneling
magnetoresistance devices) [3]. Invar alloy films were

based on their low coefficient of thermal expansion [4].

Recently, Ni—Fe alloy electrodeposition followed by
thermal oxidation to synthesize NiFe,O,4 spinel coatings
has received great attention due to low cost of this
process and its capability to coat substrates with complex
geometries. A spinel ferrite coating with general formula
of MFe,0,, especially NiFe,O, coating, is of increasing
interest as this material finds or promises numerous
applications in microwave devices [5], magnetic
high-density data storage [6], solid oxide fuel cell
(SOFC) [7] and inert anode materials for aluminium
electrolysis [8—10].

Since the high-temperature treatment in air or
oxygen-enriched atmosphere is unavoidable in spinel
fabrication processes, metal or alloy oxidation will occur
and result in microstructural change. The influence of
such a microstructural change on the performance of
spinels is by no means negligible. It has been reported
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that apart from oxidation temperature, many parameters,
alloy composition, grain size, preferred
orientation and lattice strain, greatly affect the growth
kinetics and the oxide morphology [11-13]. For
example, the nanocrystallization of Ni-based superalloys
has been found to be capable of obviously enhancing
their high-temperature oxidation resistance, because a
refinement of the alloy grain size can promote a
continuous protective Al,O; or Cr,O; external scale
formed on the alloy surface due to the high concentration
of grain boundaries which act as preferential and faster
transport paths [12]. In addition, it has been found that
between 873 and 1173 K, the oxide growth rate on (111)
Ni face is over one order of magnitude lower than that
observed for (100) Ni face [13]. The similar phenomena
have also been observed electrodeposited
nanocrystalline Ni coatings with different preferred
orientations in our previous studies [14].

It has recently reported that a NiO/NiFe,O,4
composite coating thermally converted from an
electroplated Ni—7Fe alloy exhibited increasing hot
corrosion resistance under an atmosphere of
Na;AlF¢—AlF;—CaF molten salts and air at 960 °C,
compared with bare Ni metal, based on its dense
structure, homogeneously dispersed intragranular and
intergranular NiFe,O, precipitates [13]. Therefore, the
properties of NiFe,O4 coating, such as the magnetic and
high-temperature ~ corrosion resistance  properties,
strongly depended on the Ni—Fe alloy composition and
its microstructure, such as grain size, preferred
orientation and lattice strain. These parameters may be
controlled by adjusting the deposition conditions such as
the composition of the deposition bath. Thus, it is
necessary to investigate the effects of the deposition
conditions to produce optimum electrodeposits and
spinel coating with uniform physical and chemical
properties.

In this work, the electrodeposition method was
adopted to prepare Ni—Fe coatings, and the effect of

such as

in

Table 1 Compositions of plating bath

147

electrolyte composition on the Fe content in the alloy
coating was focused on. The formation of nano-grains in
the Ni-Fe coatings, and the variation of their
microstructures such as grain size, preferred orientation
and lattice strain with the electrolyte composition was
investigated.

2 Experimental

2.1 Electrodeposition

Pure nickel (99.5 %) specimens with dimensions of
30 mmx30 mmx2 mm were machined and polished
using SiC paper up to 800-grit finish, and then
electroplated (on all sides) with a film of Ni—(1.3%—
39%)Fe (mass fraction) from a bath containing nickel
sulfamate, nickel chloride and iron sulfate. Each bath
was composed of 250g/L NiSO,6H,0, 45g/L
NiCly'6H,0, 35 g/l H3BO;, 20g/L sodium citrate, 0.2
g/L sodium benzenesulphinate, and 3 g/L saccharin. An
appropriate mass of FeSO,7H,O was added into each
bath to satisfy the specified Ni/Fe ratio. The composition
of the plating bath is shown in Table 1. The pH value of
the bath was adjusted to 3.5 by H,SO,solution. The bath
temperature was kept at (55+3) °C. The substrates were
sequentially ultrasonically cleaned in ethanol, acetone,
and distilled water, each for 10 min, then activated in an
acidic solution (¥(96% H,SO,):¥(H,0))= 1:1 in volume)
for 30 s, washed in distilled water, and finally immersed
immediately in the plating bath for electrodeposition.
The applied current (DC) density was 5 A/dm’ for all
coatings. The thickness of the coatings was in the range
of 160—180 pm.

2.2 Coating characterization

X-ray diffraction (XRD, Rigaku/MAX-3A)
technique with Cu K, radiation (1=0.154 nm, scanning
rate 4 (°)/min) was employed to characterize the crystal
structure, lattice strain, grain size and lattice constant
using the Philips APD3720. The line profile software,

Sample p(FeSO,7H,0)/ p(NiSO,-6H,0)/ p(NiCly-6H,0)/ p(H;BOs)/ p(NasCsHsO,-2H,0)/ p(C,HsNaO,S)/ p(CHsOsNS)/ w(Fe)/

No. gL (eL™h (eL™h gL gL (gL (gL %
B 1 250 45 35 20 0.2 3 1.3
C 4 250 45 35 20 0.2 3 34
D 8 250 45 35 20 0.2 3 6.7
E 12 250 45 35 20 0.2 3 9.5
F 16 250 45 35 20 0.2 3 12.3
G 24 250 45 35 20 0.2 3 17.0
H 36 250 45 35 20 0.2 3 25.0
1 48 250 45 35 20 0.2 3 33.1
J 60 250 45 35 20 0.2 3 39.0
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which accompanies the Philips system, was used for the
analysis of the XRD results. Single line analysis (X-ray
diffraction line broadening analysis) was employed for
the calculation of the grain size and strain. The lattice
parameters were measured by analyzing either the (111)
or the (200) peak for the FCC Ni—Fe alloys depending on
their crystal structures. The crystallite size and internal
strains were estimated based on the (111) and (200)
peaks of all the FCC Ni—Fe alloys. The analysis of the
chemical composition was carried out on an energy
dispersive X-ray spectroscopy (EDX, Oxford Link ISIS
300). The surface morphologies of the samples were
investigated using the atomic force microscopy (AFM).

3 Results and discussion

3.1 Composition of Ni—Fe coatings

At a fixed content of Ni*', the dependence of the
composition of Ni—Fe alloys on the Fe** content in the
electrolyte is presented in Fig. 1. It should be noted that
the accuracy of iron in nickel, which can be measured by
microprobe analysis, is approximately +0.5%. It can be
seen in Fig.1 that Fe*" content of the plating bath has a
great influence on the composition of Ni—Fe alloy
plating. A slight change of Fe*" content in the bath leads
to a great change of Fe content in the plating. This
indicates that abnormal codeposition happened during
the codeposition Ni—Fe alloy. The standard reduction
potential of Ni** (.. . =—0.250 V) is 0.191V, which
is higher than that of Fe*' (q)gezwe =—0441V). In
theory, nickel is deposited on the cathode first; however,
the result showed that iron was deposited on the cathode
first. It has been reported that during the codeposition
process of Ni—Fe alloy, hydrogen evolution reaction
occurred on the cathode surface, leading to the increase
of the pH value around the cathode surface. Then, a lot
of OH ions were enriched in the cathode, reacting with
the Fe’' that spread to the cathode surface to form
Fe(OH)" and other intermediate products [15]. These
intermediate products were absorbed to the cathode
surface, hindering the deposition of nickel. As a result,
abnormal codeposition took place [16]. Such a vast
amount of hydrogen evolution occurred only when the
current density was high [16]. However, abnormal
codeposition also occurred during the electrodeposition
of Ni—Fe alloy coating, although a low current density
(J=5 A/dm®) was applied in this work. Such phenomenon
cannot be explained by the above theories. Furthermore,
another viewpoint was put forward by someone. On the
cathode surface, the activity of Fe*' is higher than that of
Ni*". Fe*" was adsorbed preferentially on the cathode
surface where Fe’" discharged easily, hindering the
deposition of Ni*'. As a result, it made the
depositing rate of Ni*" slow, while Fe’* was deposited
preferentially [17].
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Fig. 1 Fe content in Ni—Fe alloy vs mass ratio of Fe?* to Ni*" in
electrolyte

3.2 Structure of Ni—Fe coatings
3.2.1 XRD results

The XRD patterns of the Ni—Fe alloy coatings and
the pure nickel substrate are shown in Fig. 2. Only Ni
diffraction peaks appear for samples B—J, while no Fe
diffraction peak could be observed. Thus, the XRD
patterns confirm that the electrodeposited Ni—Fe alloy
coating is composed of a solid solution. In comparison
with the nickel substrate, the XRD patterns of the
electrodeposited materials show changes in peak widths,
peak locations and peak intensities. The relative
intensities of Ni(111) and Ni(200) peaks change a lot.
Preferred orientations of the coating, full width at half
maximum (FWHM) of diffraction peak, lattice constant,
grain size, and the change of microstress will be
addressed in the following in details.

Ni(111)
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Fig. 2 XRD patterns of Ni—Fe alloy coatings with different Fe
contents ((a)—(j) correspond to samples A—J, and sample A is
nickel substrate)
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3.2.2 Preferred orientations of coatings

It can be seen from Fig. 2 that there are considerable
changes in the peak intensities of the electrodeposited
materials in comparison with the nickel standard
(04—0850) in PDF card in Jade 5.0. For all coatings, the
(220) peak intensity is reduced very much compared
with a random crystal distribution. On the other hand, the
(200) peak intensity is enhanced over the random
distribution, indicating the presence of a (200) texture
component. However, with increasing Fe content in the
coatings, the relative intensity of (200) plane decreases
gradually, while the relative intensity of (111) plane
increases gradually.

In order to compare the crystal preferred growth
orientations of Ni—Fe alloy coatings with different Fe
contents, the (111) and (200) texture coefficients (TC) of
Ni—Fe alloy coatings are calculated by [18]

TC o) = ’[(hkl)/IO(hkl)

4

Z mn / Loy
i=1

x100% (1)

where [y and Ioy) are the diffraction intensities of the
(hkl) plane measured in the diffractogram for the coating
and the standard Ni powder sample, respectively. There
are only three basic reflection lines from the Ni—Fe alloy
to be considered, i.e., (111), (200) and (220), since the
diffraction lines of (222) and (400) are the second-order
diffraction of the (111) and (200) planes, respectively.
TCx) denotes the percentage of the relative intensity of
a given orientation (kk/) among the three crystallographic
orientations of each sample, while a preferred orientation
of the (hkl) plane is indicated by a value of
TCuiy>33.3%.

The results are shown in Fig. 3. It can be seen from
Fig. 3 that all the texture coefficients of (200) plane for
all the Ni—Fe coatings are greater than 33.3%. This
indicates that all the coatings have a preferred growth
orientation of (200). With an increase of the Fe content,
the texture coefficient of (200) plane decreases, while the
texture coefficient of (111) plane increases. This
indicates that with an increase of Fe content, the
preferred growth orientation of (200) plane is weakened,
while the preferred growth orientation of (111) increases
gradually. From the XRD patterns and the texture
coefficients, it could be concluded that at a low Fe
content, the (200) fiber texture is predominant. As the Fe
content increases, the (111) fiber texture is strongly
developed.

It was reported that the preferred orientations of
coatings changed with the change of alloy compositions
[19,20]. In the TiSiN coatings [20], with an increase of
Si content, the preferred growth orientation of coating
was weakened significantly. According to the related
theories of coating (or film) preferential growth, the
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Fig. 3 Texture coefficients of (111) and (200) planes vs Fe
content in Ni—Fe alloy coatings

plane with the highest surface free energy is the one that
grows the fastest, in order to minimize the energy as far
as possible. Finally, the exposing plane is the one that
grows the slowest, with the lowest surface free energy.
Among the crystal surfaces that parallel to the
matrix surface, the plane that grows the fastest
determines the preferred orientation of the coating. By
adding alloy elements (especially solid solution
elements), the difference of the eclement itself
characteristics (including surface free energy), and the
microstrain in the substitutional solid solution will
significantly impact the surface free energy of each
crystal surface, leading to the change of the growth
orientation of coatings.
3.2.3 Lattice constants of coatings

It can clearly be seen that the lattice constant of the
alloy increases with increasing Fe content. It has been
confirmed in XRD patterns (Fig. 2) that Ni—Fe alloys are
solid solutions of Fe in Ni. Since the atomic radius of Fe
is larger than that of Ni, with an increase of Fe content,
lattice constant of Ni—Fe coating will inevitably increase
gradually.

In this work, Rietveld method [21] was used to
calculate the lattice constant of Ni—Fe coating with
different Fe contents. In terms of nickel diffraction peaks
in XRD patterns of Ni—Fe alloy coatings, the relative
intensities of (111) and (200) peaks are larger than those
of the other peaks. Consequently, in this work, the lattice
constants of Ni—Fe coating were estimated by using
(111) and (200) diffraction peaks. As shown in Fig. 4, the
linear relationship between lattice constant and Fe
content of the alloy coating is observed, and the
expression of the lattice constant with the change of Fe
content is expressed by

a=0.358+0.00009x ©)

where a is the lattice constant of Ni—Fe coating; x is Fe
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Fig. 4 Lattice constants of Ni—Fe coatings calculated by

rietveld method vs Fe content of coating

content (mass fraction, %) of Ni—Fe coating.
3.2.4 FWHM and grain size of alloy

FWHM analysis was conducted using the Scherrer
equation on the (200) peak, with a correction of
instrumental broadening. The FWHM as a function of Fe
content in Ni—Fe coatings is shown in Fig. 5. It can be
seen from Fig. 5 that with an increase of Fe content, the
FWHM increases gradually. Usually, the reasons for
peak broadening may be the grain refinement and the
increase of stress in the coating [22,23].
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Fig. 5§ FWHM vs Fe content in Ni—Fe alloy coatings

In principle, the Bragg peak broadening in an XRD
pattern is due to the combination of grain refinement and
lattice strain, which can be determined by the integral
breadth method [24]. WILLIAMSON and HALL [25]
suggested a Cauchy—Cauchy approximation to separate
the crystallite size (d) and strain (7). Firstly, assuming
that both the crystalline grain size and microstrains
contribute to the line broadening, the broadening due to
crystallite size (8.) and lattice strain (f;) are represented
by

fom—e B =ntan )
where 1 is the X-ray wave length of Cu K,, 1.54056 A; 0
is Bragg’s diffraction angle (the position of the analyzed
peak maximum); d and 7, respectively, indicate the grain
size and microstrain of the crystalline phase investigated.
The total broadening is the sum of the above
contributions. The following relationship holds

091
dcos@

p= +ntand (@)

Then, Eq. (4) can be turned into

pcosd sind 0.9
A A d

)

Thus, by plotting fcos /. against sin 6/4, the
microstrain and grain size can be estimated from the
slope and the intercept, respectively. In this work, the
grain size and microstrain values of Ni—Fe coatings were
estimated by using (111) and (200) diffraction peaks.

The grain size in the Ni—Fe alloy coating as a
function of Fe content is shown in Fig. 6. When the Fe
content decreases below 25% (mass fraction), the grain
size increases very rapidly with the decrease of Fe
content. This finding is consistent with results in Ref. [4]
although they employed different deposition parameters.
When the Ni—Fe alloys are deposited, they form solid
solutions. Because of the difference in the atomic radius
of Fe and Ni (Fe: 0.126 nm, Ni: 0.125 nm), the lattice
strain will be produced. With the increase of Fe content,
the lattice distortion will be aggravated and result in
lattice defects such as dislocation and vacancy. When the
number of dislocations accumulates to a certain degree,
small-angle grain boundaries will appear, leading to the
grain size refinement of the coating. However, the grain
size remains approximately constant (~11 nm) for the
electrodeposited FCC alloys with Fe content in the range
of 25%—40%. This indicates that the grain size of the
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Fig. 6 Average grain size vs Fe content in Ni—Fe alloy

coatings
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Ni—Fe coatings is independent of the Fe content in the
compositional range of 25%—40%. This is consistent
with the results reported for Ni—Fe coatings fabricated
from a sulfamate-based bath [26]. The important factors
that affect the nucleation rate during the
electrodeposition are overpotential and presence of
additives [27].
3.2.5 Lattice microscopic strain of coatings

Figure 7 presents the lattice microstrain values
and FWHM as a function of the Fe content in Ni—Fe
coatings. The lattice microstrain values were calculated
based on the method proposed by WILLIAMSON and
HALL [25]. While there are some scatters in the values
at low Fe contents, the lattice strain increases with
increasing the Fe content of the FCC Ni—Fe alloys. The
scatter in the alloys with low Fe content can be attributed
to the variation in the grain size in these coatings. Since
the alloys with Fe content not less than 25% have similar
grain sizes (~11 nm), the increase in the lattice strain
cannot be attributed to a change in the grain size. The
formation of defects such as vacancies, dislocations,
voids and twins as well as any local inhomogeneity in
the alloys can contribute to the development of lattice
strains.
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Fig. 7 Lattice microstrain and FWHM vs Fe content in Ni—Fe
alloy coatings

3.3 Surface and cross-section morphologies of Ni—Fe
coatings
The surface and cross-section morphologies of
Ni—Fe alloy coatings with different Fe contents are quite
similar. Thus, only the surface and cross-section
morphologies of Ni—7Fe coating are shown in Fig. 8. It
can be seen from Fig. 8(a) that the surface of Ni—7Fe
alloy coating is quite smooth and compact, without any
hole or crack. Furthermore, it can also be found that the
grain size of Ni—7Fe coating is less than 100 nm. And
from Fig. 8(b), the thickness of the coating is about 170
pum, and the coating is very flat and combines well with
the substrate.

100 nm

‘, < 100 nm

1:Height 2 um

00 pm

Fig. 8 Surface AFM image (a) and cross-section SEM image (b)
of as-deposited Ni—7Fe coating on Ni substrate

4 Conclusions

1) Nanocrystalline Ni-Fe FCC alloys with different
compositions were fabricated on nickel substrates using a
DC electrodeposition technique. The composition of the
coatings was varied by changing the mass ratio of Ni to
Fe in the electrolyte.

2) The Fe content of the Ni—Fe alloy coatings has a
great influence on the growth preferred orientation, grain
size and residual stress. The coatings exhibit preferred
orientations of (111) and (200) for FCC alloys. At a low
Fe content, the (200) fiber texture is predominant. As the
Fe content increases, the (111) fiber texture is strongly
developed. Under similar deposition conditions, an
increase in the Fe content in the range of 1%—25%
results in a significant grain refinement. Increasing the
Fe content beyond 25% does not decrease the grain size
of FCC alloys any further. The lattice strain increases
with increasing the Fe content of the Ni—Fe FCC alloys.
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Since the alloys with equal or more than 25% Fe have
similar grain sizes (~11 nm) the increase in the lattice
strain cannot be attributed to a change in the grain size.
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NiFe,0, XA RZEH
ZlK Ni-Fe S & BB IR &I & 5 R

oA R A IR FELE RAAH

1. K% IR 5HIEERE, K 410083;
2. FRIRE MRS EEE ALK E, Kb 410083

O RAER IR Ni Jok L% Fe &8 1%~39%(5 273 50 41K i FCC Ni-Fe A4 . F
X SHEATHBARTIT Ni-Fe &8 WZ 0 MARE M AR SR RSHR R A R X2 RE o B
A (EDS)FH G T 1 B (AFM) A W ITTRR 2 AL 22 By IR T TR A& . 45 &N, Fe & ERMLEE &I ZIEAL
W) AR ST . R R BRI RS N AR B . FCC Ni—Fe & 42 MR IUE 29(200)25(200)(111). Fli#E
Fe SR ABIN, (200) 8 H (FEIL IR B HTIRGS, M(111) f I R B HH . 2 Fe SR 1.3 %~ 25%(5
HEOBON, Fe & &M IAETURZ ) SR B 411k 4 Fe & R 25%I6, Fe & &M INATHE FCC Ni-Fe
H 4RI . FCC Ni-Fe A 4210 ks AR RE Fe & & (K34 D8 K. i Fe & BT 25% 1044 A
AL R RS (292 11 nm), 7 LA b AR B Fe & 5 (1384 AN B8 I3 5T dob ) (28 1k
KR Ni-Fe 54 WU 90KE; NiFe,0, R A HEZ
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