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Abstract: Nanocrystalline Ni-Co alloy deposits with grain sizes less than 30 nm were produced by
electrodeposition with a direct current in a sulfamate bath. Surfaces of the Ni-Co alloy deposits
showed granular morphology. The size of the granular particles and the Co content decreased when
a lower current density was applied. Addition of NiBr2 and a surface brightener (NSF-E) into the
bath resulted in the grain refinement effect and an increase of Co content in the deposit. The grain
size reached roughly 14 nm and 60 at.% of Co content in Ni-Co alloys electrodeposited with the bath
containing the two additives. Ni-Co alloys obtained in this study showed higher microhardnesses
than those of pure Ni and Co deposits prepared under the same condition, which revealed the solid
solution strengthening effect. With a decrease in the grain size, the microhardness further increased,
and this trend followed the Hall–Petch relationship well. The maximum microhardness value of
862.2 Hv was obtained owing to both the grain boundary and solid solution strengthening effects.

Keywords: alloy electrodeposition; Ni-Co alloy; microhardness; grain boundary strengthening;
solid solution strengthening

1. Introduction

Nickel [1], cobalt [2], and their alloys have been investigated as important engineering
materials because of their unique properties, such as magnetism, high heat-conductivity,
high hardness, and electrocatalytic activity [3]. Much interest is focused on electrode-
position of Ni-Co alloys for application in micro-electrical-mechanical systems (MEMS)
devices because of the applicability of the electrodeposition technique in the fabrication of
complex three-dimensional micro-scale components, and the excellent electrical, magnetic,
and mechanical properties of Ni-Co alloys [4].

On the other hand, in design of a structural component toward electronic devices,
mechanical property information of the material is important since the reliability and
structure stability of the component are highly dependent on the mechanical proper-
ties. For metallic materials, the mechanical properties are closely related to their average
grain size according to the grain boundary strengthening mechanism [5]. In most cases,
the microhardness is dependent on the average grain size according to the Hall–Petch
relationship [6–8]:

HV = HV,0 + kd−1/2 (1)

where HV is hardness of a polycrystalline metal, HV,0 is the friction stress, d is the average
grain size, and k is the Hall–Petch coefficient. Based on the Hall–Petch relationship, signifi-
cant strengthening in metallic materials is obtained by refining the average grain size to
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nanoscale (below 100 nm) when compared with coarse-grained counterparts. Some unique
properties observed in nanocrystalline materials including enhanced wear resistance and
decreased coefficient of friction [9] are in part attributed to the grain size effect caused by
the increased interfacial defect volume fraction. Yet, there is a limit for grain boundary
strengthening, and further grain refinement would lead to a decrease in the mechanical
strength after reaching a critical grain size, which is known as the inverse Hall–Petch
relationship. This critical grain size is reported to be below 11 nm for Ni-Co or other Ni
alloys (such as Ni-W) [10,11].

Meanwhile, alloying allows utilization of the solid solution strengthening mechanism
to realize further enhancement of the mechanical strength [12]. When solute atoms are
introduced, local stress fields are formed to initiate interactions with the dislocations,
which would impede motions of the dislocations and result an increase in the mechanical
strength. Usually, the solid solution strengthening mechanism observed in nanocrystalline
alloys is expected to be the same as that in a coarse-grain alloy, and the strengthening effect
is known to be mostly depended on the composition in a binary alloy system. In some
cases, alloying also enables the realization of finer grain size, which could be refined down
to amorphous level [13,14]. For Ni-Co alloys, nickel and cobalt form a solid solution
over the whole concentration range due to their close element numbers and similar atom
structures, which makes the alloy promising for manipulation of the property toward
practical application.

Electrodeposition is widely applied in fabrication of electronic components because
of the ease in controlling the morphology, crystal structure, composition, and deposition
rate of the electrodeposited materials. For electrodeposition of Ni-Co alloys, the property
could be manipulated simply by varying the electrodeposition parameters, such as the
current density, bath composition, and temperature [15,16]. For instance, the grain size
of electrodeposited materials could be controlled by changing the current density [1,2],
pulsed electrodeposition [5,11], the use of ultrasound [17], the use of additive [18], and the
introduction of supercritical carbon dioxide emulsions into the electrolyte [19]. An inter-
esting finding in electrodeposition of Ni-Co alloys is that the Co/(Co + Ni) ratio in the
electrodeposited alloy is considerably higher than the ratio in the bath since the less noble
constituent, which is cobalt here when compare to nickel, is reduced and electrodeposited
preferentially [15]. Electrodeposition is particularity effective in refining the average grain
size to nanoscale and decoration of non-uniform surfaces [20], which are advantageous
in fabrication of electronic components [21]. By integrating electrodeposition technique
with lithography process, three dimensional components or metallic micro-patterns can be
rapidly fabricated, and the production method has already been applied in the manufac-
turing process of MEMS devices [22].

There are limited reports on mechanical properties of electrodeposited Ni-Co alloys,
and information is required for the design of new electronic devices. Therefore, in this
study, the effects of the applied current density and additives on the average grain size,
composition, and mechanical properties of electrodeposited Ni-Co alloy deposits are evalu-
ated. The strengthening effects related to the composition and grain size are also discussed.

2. Experiment Methods
2.1. Electrodeposition of Ni-Co Alloy Deposits

The Ni-Co alloy electrodeposition was carried out at 55 ◦C in a sulfamate bath, and the
bath was composed of 300 g/L nickel sulfamate tetrahydrate, 30 g/L cobalt sulfamate
tetrahydrate, and 40 g/L boronic acid. Direct current with the current density ranging
from 5 to 20 mA/cm2 was applied, and the electrodeposition time was adjusted to ensure
a charge density of 150 C/cm2 for each deposit. More details are listed in Table 1. The film
thickness reaches roughly 50 µm when 100% current efficiency is reached. The substrates
used in the electrodeposition were 99.96% copper substrates (Kikuya PM Co., Ltd., Tokyo,
Japan) measuring 10 × 10 mm2. A piece of 99.95% platinum plate (Kikuya PM Co., Ltd.,
Tokyo, Japan) was used as the counter electrode. The bath was stirred at 220 rpm using
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a cross-shape magnetic stirrer. 10 g/L NiBr2 was added to manipulate properties of the
alloy deposits. A surface brightener, 0.5 vol.% NSF-E (Nihon Kagaku Sangyo Co., Ltd.,
Tokyo, Japan), was used as the brightening additive. A schematic of the electrodeposition
is shown in Figure 1.

Table 1. Summary of current density, microhardness, Co content, and grain size of the Ni-Co alloys.

Current Density
(mA/cm2)

Grain Size
(nm)

Co Content
(at.%)

Microhardness
(Hv) Sample No.

Without
additive

5 21.6 18.19 372.4 ± 12.2 A1
8 28.9 20.45 433.4 ± 11.3 A2

With NiBr2

5 19.2 65.74 295.6 ± 5.9 B1
10 18.9 62.48 526.0 ± 7.2 B2
12 29.7 59.82 484.4 ± 15.2 B3
15 27.8 61.51 490.2 ± 12.0 B4
18 28.2 55.63 495.6 ± 14.8 B5
20 20.9 56.67 519.0 ± 15.4 B6

With NiBr2
and NSF-E

12 14.1 65.47 760.2 ± 14.2 C1
15 13.0 66.64 862.2 ± 11.5 C2
20 14.6 58.48 653.4 ± 15.5 C3

Pure Ni 10 20.6 0 305.8 ± 11.1 Ni

Pure Co 10 27.2 100 402.6 ± 16.9 Co
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Figure 1. The schematic of the electrodeposition process.

2.2. Characterization of Ni-Co Alloy Deposits

Crystalline structure of the Ni-Co alloy deposits was characterized by X-ray diffraction
(XRD, Ultima IV, Rigaku Corp., Tokyo, Japan); the X-ray was generated by a copper target
operated at 40 kV and 40 mA. The average grain size (d) was determined using the XRD
result in conjunction with the Scherrer equation (see Equation (2)).

d =
Kλ

βcos θ
(2)
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where K is a shape factor; λ is the wave length of X-ray, which is equal to 0.15418 nm;
β is the full width at half maximum; and θ is the Bragg angle. Microhardness tests were
conducted on a micro hardness tester (HMV-G20S, Shimadzu Corp., Kyoto, Japan) using
a load of 0.025 kg (HV 0.025) and a loading time of 15 s. Microhardness results reported
were average values of 5 points located in the center and four corners of the alloy deposit.
The Ni-Co alloy electrodeposited copper substrates were cut into slices to show cross-
section of the deposits. The surface morphology and microstructure of the alloy deposits
were investigated using a scanning electron microscope (SEM, SU4300SE Hitachi Co., Ltd.,
Tokyo, Japan). The composition was analyzed by energy dispersive X-ray spectroscopy
system (EDX, EMAX EX-250 Horiba Co., Ltd., Kyoto, Japan) equipped in the SEM.

3. Results and Discussion
3.1. Morphology

Surface morphologies of Ni-Co alloys electrodeposited without addition of the two
additives showed granular morphology, and no obvious change was observed when
increasing the current density from 5 to 8 mA/cm2 as shown in Figure 2. In Figure 3a,
the Ni-Co alloy deposit electrodeposited with the bath containing NiBr2 showed plate-like
morphology when the current density was at 5 mA/cm2. The edge-rich morphology was
also reported in Ni-Co alloy deposits obtained from the bath containing NiSO4, NiCl2,
CoSO4, and boric acid [23]. The morphology changed to granular particles as the current
density increased to 10 mA/cm2, and the average particle size was smaller than that of
deposits obtained from the bath with no additive. The change of the morphology from
plate-like to granular morphology as the current density increased could be explained
by the classic nucleation model [24]. The surface energy of crystalline solids is usually
anisotropic, and the applied potential involved in the reduction would be lowered as
the current density lowered according to the Butler–Volmer equation. This implies that
at a low current density, the Ni-Co alloy would have a preferred growth direction that
leads to the edge-rich morphology, and at high current density, the energy involved in
reduction of Ni-Co alloy could be high enough to result the granular morphology. As the
current density increased to 18 and 20 mA/cm2, size of the granular particles enlarged
as shown in Figure 3c,d. Morphology of electrodeposited materials is greatly affected by
the overpotential. The nucleation is promoted when the overpotential is high, and the
particle growth is enhanced at a low overpotential. The overpotential is directly related to
the applied current density. When a high applied current density is used, overpotentials of
the main reaction (reduction of Ni and Co in this study) would be lowered and resulted a
promoted particle growth rate [19]. After addition of the brightener (NSF-E), the surface
became smooth as shown in Figure 4.
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Figure 4. SEM images of Ni-Co alloys electrodeposited with the bath containing both NiBr2 and
NSF-E and current density at (a) 12 and (b) 15 mA/cm2.

3.2. Crystal Structure and Grain Size

Ni-Co alloys, pure Ni, and Co deposits obtained in this study all exhibit XRD peaks
corresponding to the (111), (200), and (220) planes in the face-centered cubic (FCC) structure
as shown in Figure 5. The (111) diffraction peak was the highest for all the Ni-Co alloys.
Average grain sizes of these alloys were estimated from the (111) diffraction peaks using
the Scherrer equation. The average grain size results were summarized in Table 1.
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Grain sizes of the Ni-Co alloy deposits obtained from the bath containing no additive
(A samples, •) increased as the current density increased, as shown in Figure 6. Grain re-
finement was observed after addition of NiBr2 (B samples, �) into the bath. For instance,
the grain size decreased from 21.6 to 19.2 nm after addition of NiBr2 when 5 mA/cm2 was
used. Halides, such as bromide in this study, are reported to act like weak suppressors
in electrodeposition, and presence of suppressors in the electrodeposition bath would
cause an increase in the overpotential of reduction reactions [25,26], while an increase in
the overpotential favors the nucleation that leads to grain refinement of the deposit [27].
For the Ni-Co alloys obtained from NiBr2-containing bath, no obvious dependency in the
grain size was observed when varying the current density from 5 to 20 mA/cm2. NSF-E is
a surface brightener; surface brighteners are one type of suppressors that cause the grain
refinement effect. Hence, further grain refinement was observed in the Ni-Co alloy deposits
after addition of the NSF-E.
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3.3. Composition

Co content in the Ni-Co alloy deposits increased as the current density increased when
using the bath without the two additives as shown in Figure 7. The standard reduction
potential of Co (−0.28 V vs. SHE [28]) is more negative than that of Ni (−0.257 V vs.
SHE [28]). Therefore, it is expected to see an increase in the Co content following an increase
in the current density. For the Ni-Co alloys electrodeposited with the bath containing NiBr2,
Co content in the alloy deposit significantly increased from roughly 20 to 60 at.% when
compared with A samples. This result again revealed that bromide ions in the bath would
work like the suppressor to cause an increase in the overpotential that favors reduction of
cobalt. Regarding the effect of current density in B samples, the Co content decreased as the
current density increased. This tendency was unexpected, but similar results were reported
in Ni-Co alloys electrodeposited from a bath containing the suppressors [29]. Ni-Co alloys
obtained from the bath containing both NiBr2 and NSF-E had a higher Co content than
those in B samples electrodeposited at the same current density, and the Co content also
slightly decreased as the current density increased.
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3.4. Microhardness

The Hall–Petch plot was prepared to examine relationship between the grain size
and the microhardness as shown in Figure 8. Microhardness’ of pure Ni and Co deposits
prepared in this study were also included in the plot. Generally, strengthening in alloy
deposits prepared in this study was observed as the grain size reduced or as the d−1/2

increased, which indicates the grain size and microhardness followed the Hall–Petch
relationship well [7,8]. B1 sample had a relatively small grain size at 19.2 nm, but the
microhardness (295.6 Hv) was the lowest among deposits evaluated in this study. This was
a result of the plate-like morphology.
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Figure 9 shows the microhardness of the deposits at different levels of Co content.
Excluding microhardness results of A1 (372.4 Hv) and B1 (295.6 Hv), Ni-Co alloys prepared
in this study all showed a higher microhardness than those of pure Ni (305.8 Hv) and Co
(402.6 Hv), which reveal the strengthening contributed by the solid-solution strengthening
mechanism. As shown in Figure 9, the Co content in C samples was at the same level as
that in B samples, but C samples showed higher microhardness that those in B samples.
This finding indicated a stronger contribution from the grain boundary strengthening
on overall mechanical strength of the alloy deposits than that from the solid solution
strengthening since the grain sizes of C samples were at roughly 14 nm and the grain sizes
of B samples were at 20–30 nm level. The highest microhardness obtained in this study was
862.2 Hv from the Ni-Co alloy (sample C2) composed of the finest grain size at 13.0 nm.
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4. Conclusions

Ni-Co alloy deposits were electrodeposited in a sulfamate bath. The Ni-Co alloy
deposits showed granular morphology except for the one electrodeposited with the bath
containing NiBr2 and the current density at 5 mA/cm2, whose the surface showed plate-
like morphology. Refinement in the average grain size was observed after introduction
of NiBr2 and a surface brightener (NSF-E) into the bath. The Co content increased from
ca. 20 to 60 at.% after addition of NiBr2 and NSF-E into the bath. The microhardness was
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confirmed to be affected by both the grain size and the Co content, and the dependency
was higher on the grain size. The microhardness reached 862.2 Hv in a Ni-Co alloy deposit
having 13.0 nm grain size and 66.64 at.% Co content.
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