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Abstract: Nickel-cobalt alloys were prepared by alloy electrodeposition with a sulfamate bath, and
the mechanical properties on the micro-scale were evaluated for the application as micro-components
in miniaturized electronic devices. Nickel bromide and a commercially available surface brightener
were used as the additives. The cobalt content increased from 21.5 to 60.1 at.% after addition of nickel
bromide into the bath, and the grain size refined from 21.1 to 13.2 nm when the surface brightener
was used. The mechanical properties on the micro-scale were evaluated by micro-compression test
using micro-pillar type specimens fabricated by a focused ion beam system to take the sample size
effect into consideration. The yield strength of the nickel-cobalt alloy having an average grain size at
13.9 nm and cobalt content of 66.6 at.% reached 2.37 GPa, revealing influences from the sample size,
grain boundary strengthening, and solid solution strengthening effects.

Keywords: micro-mechanical property; micro-compression; sample size effect; nickel-cobalt alloy;
electrodeposition; polycrystal

1. Introduction

Nickel—cobalt alloys are important functional materials due to their unique mag-
netic and mechanical properties, and these characteristics can be well manipulated when
electrodeposition is applied [1-9]. The nickel-cobalt system has shown advantageous
properties compared to other ferrous metals, such as that the magnetic characteristics can
be shifted from soft magnetic to permanent magnetic for cobalt rich alloy deposits [10].
Moreover, the electrodeposition process can be integrated with photolithography process
for fabrication of components in miniaturized electronic devices, such as microelectrome-
chanical systems (MEMS) devices [11-14]. For example, nickel-cobalt alloys have been
applied as the magnetic component in MEMS actuators [13,15].

In addition to magnetic properties, mechanical property characterization of materials
used in the movable component is critical for understanding the reliability and eventually
lifetime of the entire device. Mechanical properties of metallic materials are known to have
a sample size effect [16,17], where an increase in the strength is observed as the size of the
sample used in the mechanical property characterization reaches the micro-scale or smaller.
Dimensions of the movable components in miniaturized electronic devices are often on the
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micro-scale or smaller. Hence, the sample size effect has to be considered in mechanical
property characterization.

Mechanical property characterization of electrodeposited materials can be easily con-
ducted by hardness test [18,19]. The hardness is determined from the indentation mark
created on the surfaces of the electrodeposited material after applying a constant loading
for a length of time. Generally, a large indentation mark is generated on a soft electrode-
posited material, and the indentation mark becomes small when the mechanical strength
is high. From the size of the indentation mark and the loading force, the hardness can
be calculated. The hardness is called micro-hardness [18] or nano-hardness [19] when
the indentation mark is on the micrometer or nanometer scale, respectively. In a study
on micro-hardness of electrodeposited nickel-cobalt alloys [18], the micro-hardness was
reported to be dependent on the current density used in the alloy electrodeposition, with
the micro-hardness increasing with increasing current density. However, materials sur-
rounding the indentation mark, especially materials at the bottom of the indentation mark,
could also affect generation of the indentation mark [20]. Therefore, it is difficult to include
the sample size effect in the clarification of the mechanical properties on the micro-scale by
hardness test.

For precise evaluation of the mechanical properties on the micro-scale toward micro-
components in miniaturized electronic devices, micro-compression [1,2,21-23], micro-
tensile [24], and micro-bending [25-27] tests have been developed. The micro-mechanical
properties of micro-grained nickel [1], nano-grained nickel [2,24,27], nano-grained cop-
per [21], nano-grained gold [25,26], nano-grained gold-copper alloys [22], amorphous
nickel-phosphorus alloy [23], and single crystalline nickel-cobalt alloys [28] have been
reported in previous studies. On the other hand, there is still very limited reporting on
micro-mechanical properties of polycrystalline nickel-cobalt alloys.

Nickel-cobalt alloys applied in MEMS are prepared by alloy electrodeposition, and
electrodeposited nickel-cobalt alloys are polycrystals. Mechanical properties of metals
are closely related to their average grain size and the composition [18]. The relationship
between the average grain size and mechanical strength usually follows the Hall-Petch
relationship [29,30], where the strength is inversely proportional to square root of the
average grain size. Meanwhile, the strength is dependent on the composition (cobalt
content) in a nickel-cobalt alloy since the nickel-cobalt system forms a solid solution that
results in a strengthening effect [28]. In addition, the average grain size and composition
are easily affected by the electrodeposition conditions, such as the current density, the use
of additives (surface brightener), and composition of the bath [5,13,31-33]. This implies
that the micro-mechanical properties of electrodeposited nickel-cobalt alloys are dependent
on the electrodeposition conditions.

In this work, nickel-cobalt alloys were electrodeposited from a sulfamate bath, and
the mechanical properties on the micro-scale are evaluated by compression test using
micro-pillar type specimens fabricated from the electrodeposited alloys by focused ion
beam (FIB). Effects of the electrochemical parameters, such as the current density, on
the average grain size and cobalt content are reported. Then, the contributions of the
grain boundary strengthening mechanism and solid solution strengthening mechanism on
the micro-mechanical properties are studied. The yield strength is determined from the
engineering stress-engineering strain curve generated from the micro-compression test,
and compared with the micro-hardness determined from micro-Vickers hardness test.

2. Experimental Section
2.1. Electrodeposition of Nickel-Cobalt Alloy

As the substrates, 99.96% copper plates (Kikuya PM Co., Ltd., Tokyo, Japan) with a
size of 10 x 10 mm? were used in the nickel-cobalt alloy electrodeposition. The substrates
were pretreated in 0.1 M hydrochloric acid (Kanto Chemical Co., Inc., Tokyo, Japan) for
1 min to remove surface oxides. The anode electrode was a 99.95% platinum plate (Kikuya
PM Co., Ltd., Tokyo, Japan). The alloy electrodeposition was performed at 55 °C with a
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commercially available sulfamate bath (MATEX JAPAN Co., Ltd., Shizuoka, Japan), and
the bath was composed of 40 g/L of boronic acid, 240 g/L of nickel sulfamate tetrahydrate
and 30 g/L of cobalt sulfamate tetrahydrate. The electrodeposition was conducted by
the galvanostatic method with a current density ranging from 5 mA/cm? to 20 mA /cm?,
and constant mixing of the bath was performed by stirring at 200 rpm with a cross-shape
magnetic stirrer. Then, 10 g/L of nickel bromide (Sigma-Aldrich Co. LLC, St. Louis,
MI, USA) and 0.5 vol.% of a surface brightener (Surf-Bright, NSF-E provided by Nihon
Kagaku Sangyo Co., Ltd., Tokyo, Japan) were added to manipulate properties of the
electrodeposited alloys.

2.2. Characterization of Nickel-Cobalt Alloys

Crystalline characteristics of the nickel-cobalt alloy were evaluated using an X-ray
diffractometer (XRD, Ultima IV, Rigaku Corp., Tokyo, Japan) with a scanning rate of 0.04° /s.
The X-rays were generated by a copper target operating at 40 mA and 40 kV. The average
grain size was determined by the Scherrer equation. The surface morphology was observed
by a scanning electron microscope (SEM, SU4300SE Hitachi Co., Ltd., Tokyo, Japan), and
the energy dispersive X-ray spectroscopy system (EDS, EMAX EX-250 Horiba Co., Ltd.,
Kyoto, Japan) installed in the SEM was used to determine the composition. Micro-hardness
of the alloys was appraised by a micro-Vickers hardness testing machine (HMV-G20S,
Shimadzu Corp., Kyoto, Japan) at 100 g of loading and a loading time of 15 s.

2.3. Micro-Pillar Fabrication and Micro-Compression Test

Micro-pillar type specimens were fabricated from the nickel-cobalt alloys by a focused
ion beam system (FIB, FB2100, Hitachi, Tokyo, Japan) using Ga as the liquid metal ion
source. A four-step milling method using different beam currents was applied to produce
micro-pillars with desired and precise dimensions [1,2]. The beam currents were 6.64,
1.48 and 0.35 nA for coarse milling and 0.07 nA for fine milling and final polishing. The
micro-pillar had a cuboidal shape with dimensions of 20 um in height and a 10 x 10 pum?
square cross-section. Observations of the micro-pillars were conducted through a scanning
ion microscope (SIM) installed in the FIB before and after the micro-compression test.

The micro-compression test was conducted using a test machine especially designed
for micro-sized samples. The test machine was equipped with a flat-topped indenter with
a diameter of 50 um on the top surface. The test machine had the load resolution of 10 uN,
and the displacement resolution was 5 nm. A constant displacement rate of 0.1 um/s was
used in all micro-compression tests, which gave a constant strain rate at 5 x 1073 s~1. More
details of the test machine are reported in a previous study [34].

3. Results and Discussion

An SEM image of the nickel—cobalt alloy electrodeposited with only the sulfamate
bath is shown in Figure 1a. The alloy showed a granular morphology with particle-like
structures, and sizes of the particle-like structures were on the order of micrometers. Some
circular-shaped defects were also observed. Nickel and cobalt are both non-noble metals,
which implies hydrogen evolution would be a side reaction during reduction reactions of
nickel and cobalt ions. Hence, the circular-shaped defects were believed to have originated
from hydrogen gas bubbles generated and adsorbed on the working electrode.

After introducing nickel bromide into the sulfamate bath, the alloy surface showed
particle-like structures, and sizes of the particle-like structures were also on the micrometer-
scale, as shown Figure 1b. The overall condition of the surface became more uniform when
compared with the alloy electrodeposited without additives, and no obvious defect was
observed. For the nickel-cobalt alloy produced with the bath containing the Surf-Bright,
Figure 1c, the surface was also composed of particle-like structures but with Surf-Bright a
much smaller size when compared with the alloy electrodeposited from the bath containing
nickel bromide. When both nickel bromide and the Surf-Bright were used in the bath, the
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surface morphology was similar to that of the alloy obtained from the bath containing the
Surf-Bright, as shown in Figure 1d.

Figure 1. SEM images of the nickel-cobalt alloys electrodeposited with a current density at
15 mA/cm? and with the bath containing (a) no additives, (b) nickel bromide, (c) Surf-Bright and
(d) both nickel bromide and the Surf-Bright.

Nickel-cobalt alloys prepared in this study all had XRD peaks corresponding to the
(111), (200), and (220) crystal planes in the face-centered cubic (FCC) structure as shown in
Figure 2. The (111) XRD peak was the peak with the highest intensity in all nickel-cobalt
alloys. The average grain size of the alloys was estimated from the (111) XRD peak using
the Scherrer equation. The results are provided in Table 1. The average grain size was
21.1 nm for the alloy electrodeposited at 15 mA/cm? with the sulfamate bath without
additives. After addition of nickel bromide, the average grain size slightly increased to
21.6 nm for the alloy also electrodeposited at 15 mA /cm?. The average grain size obviously
decreased to 13.2 nm after addition of the Surf-Bright, and the average grain size slightly
increased to 13.9 nm when both nickel bromide and the Surf-Bright were used. The results
suggested that nickel bromide caused a very small degree of grain coarsening, and the
Surf-Bright was particularly effective in refining the average grain size. Surface brighteners
are usually suppressors that lead to refinement of the average grain size. Therefore, the
grain refinement effect observed after addition of the Surf-Bright was expected. Regarding
effects of the current density on the average grain size, no obvious trend was observed in
the alloys electrodeposited with the sulfamate bath containing nickel bromide and the bath
containing both nickel bromide and the Surf-Bright when the current density changed from
12 to 20 mA /cm?, as shown in Figure 3.
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Figure 2. XRD patterns of the nickel-cobalt alloys electrodeposited with a current density at
15 mA/cm? and the bath containing (a) no additives, (b) nickel bromide, (c) the Surf-Bright and
(d) both nickel bromide and the Surf-Bright.
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Figure 3. Relationships between the current density, average grain size and cobalt content.
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Table 1. Effects of the current density on the average grain size, cobalt content, and micro-hardness.

Current Density Grain Size Co Content Micro-Hardness,
(mA/cm?) (nm) (at.%) H, (HV)
Sulfamate bath only 15 21.2 21.5 364.0 £11.7
12 20.1 59.58 42204117
. . 15 21.6 60.05 3762 +14.4
Sulfamate bath + Nickel bromide 18 28.2 57.39 395.6 & 17.8
20 209 58.40 4140+ 124
Sulfamate bath + Surf-Bright 15 13.2 32.78 438.8 £9.2
12 13.6 65.47 4262 +13.5
Sulfamate bath + Nickel bromide + Surf-Bright 15 13.9 66.64 4172 £11.0
20 13.6 58.48 4574 +14.5

Effects of the additives on composition of the nickel-cobalt alloys are summarized
in Table 1. The alloy electrodeposited with the sulfamate bath at a current density of
15 mA /cm? contained 21.5 at.% of cobalt. The cobalt content increased to 60.1 and 32.8 at.%
after addition of nickel bromide and the Surf-Bright, respectively. The cobalt content further
increased to 66.6 at.% when nickel bromide and the Surf-Bright were both used. Bromide
ions are expected to act like a weak suppressor in electrodeposition of nickel and cobalt
that leads to an increase in the overpotential of reduction reactions, and favor reduction
of the less noble constituent cobalt [18]. The atomic ratio of cobalt ions in the sulfamate
bath was 10.5 at.%. The cobalt contents in all of the alloys were much higher than 10.5 at.%.
A similar trend has been reported [33], where the cobalt content ranged from 23.9 at.% to
45.3 at.% when using a bath containing 20 at.% of cobalt. Again, no obvious current density
dependency on the composition was observed as revealed in Figure 3.

Micro-Vickers hardness tests were conducted to evaluate the micro-hardness (Hy) as
comparisons with the mechanical properties obtained from the micro-compression test.
Values of micro-hardness of the alloys are provided in Table 1. There was no clear relation-
ship between the current density and the micro-hardness in the alloys electrodeposited
with the sulfamate bath containing nickel bromide and the bath containing both nickel
bromide and the Surf-Bright as the current density varied between 12 and 20 mA /cm?. The
mechanical property is expected to be dependent on the average grain size (grain boundary
strengthening) and the composition (solid solution strengthening). Since there was no clear
current density dependency on either the average grain size or the composition, as shown
in Figure 3, this result was expected.

SIM images of micro-pillars fabricated from the alloys are shown in Figure 4. The
micro-pillars were all precisely fabricated with a square cross-section, and the aspect ratio
of height to length of one side was two. Boundaries of the crystal structure in metallic
materials could be observed from the SIM images. On the surfaces of the micro-pillars
prepared in this study, camouflage patterns were observed, and these were suggested to be
the texture boundaries since the sizes of the patterns were all much larger than the average
grain size values estimated from the Scherrer equation. For instance, the average grain
size of the alloy electrodeposited at 15 mA /cm? in the sulfamate bath containing the nickel
bromide was 21.6 nm, and the average size of the camouflage patterns was in the hundreds
of nanometers level.

Images of the micro-pillars after the micro-compression test are shown in Figure 5.
All micro-pillars showed swelling at some parts of the cross-section after the compression,
which is a typical deformation behavior of nanocrystalline metallic materials [1,22]. En-
gineering stress—engineering strain (SS) curves generated from compression tests of the
micro-pillars are shown in Figure 6. The yield point was not clear in all SS curves. Therefore,
the yield strength (oy) was determined from the 0.2% offset line of the elastic deformation
region [22,35]. A summary of the yield strengths is listed in Table 2. The yield strengths
obtained in this study were all higher than bulk electrodeposited nickel-cobalt alloys re-
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ported by Li et al. (1200 MPa) [36], and 2~3 folds of the values reported for nickel-ferrum
alloys (700 MPa) [37].

z‘«
—

a;%iﬁmﬁ\u\ Sum

i
e

pr R

Figure 4. SIM images of the micro-pillars fabricated from the nickel-cobalt alloys electrodeposited
with the bath containing (a—d) nickel bromide, (e) the Surf-Bright, or (f-h) both nickel bromide and
the Surf-Bright, and at a current density of (a,f) 12 mA/ cm?, (be,g) 15mA/ cm?, (¢) 18 mA /cm? and
(d,h) 20 mA /cm?.
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Figure 5. SEM image of the deformed micro-pillars fabricated from the nickel-cobalt alloys electrode-
posited with the bath containing (a—d) nickel bromide, (e) the Surf-Bright, or (f-h) both nickel bromide
and the Surf-Bright, and at a current density of (a,f) 12 mA/cm?, (b,e,g) 15 mA/cm?, (c) 18 mA /cm?
and (d,h) 20 mA /cm?.

Table 2. Summary of the yield strength and Tabor factor.

Current Density oy (GPa) Tabor Factor (Hy/oy)

(mA/cm?)
12 1.94 2.13
. . 15 1.69 2.18
Nickel bromide 18 1.84 211
20 1.92 2.11
Surf-Bright 15 2.18 1.97
12 2.16 1.93
Nickel bromide & Surf-Bright 15 2.13 1.92

20 237 1.89
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Figure 6. Engineering stress—strain curves generated from compression of the micro-pillars fabri-
cated from the nickel-cobalt alloys electrodeposited with the bath containing (a-d) nickel bromide,
(e) the Surf-Bright, or (f-h) both nickel bromide and the Surf-Bright, and at a current density of
(a,f) 12mA/cm?, (b,e,g) 15 mA/cm?, (c) 18 mA/cm? and (d,h) 20 mA /cm?.

Relationships between the average grain size, micro-hardness and yield strength
are shown in Figure 7. Generally, for both of the micro-hardness and yield strength,
strengthening was observed following a refinement of the average grain size as illustrated
by the dashed trendlines. This trend followed the Hall-Petch relationship well [29,30],
and confirmed that the mechanical strength was mostly dependent on the grain boundary
strengthening mechanism. Alloys with smaller grain size have fewer dislocations pile up
and less stress at grain boundaries, which contributes to a higher mechanical strength. The
highest yield strength at 2.37 GPa was obtained from the micro-pillar having the average
grain size at 13.6 nm and 58.48 at.% of cobalt, and the highest micro-hardness at 457.4 HV
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was also obtained from the alloy with the same average grain size and composition. The
alloy having the finest average grain size at 13.2 nm had a micro-hardness of 438.8 HV
and a yield strength of 2.18 GPa, with both values being the second highest among the
alloys/micro-pillars evaluated in this study. This result indicated that the composition,
via the solid solution strengthening mechanism, also had a significant contribution to the
overall strength since the cobalt content in the alloy with the average grain size at 13.2 nm
(32.78 at.%) was much lower than that of the alloy made of 13.6 nm grains (58.48 at.%).

4700 T - @ Sulfamate bath only e
m| @ Nickel bromide 45130
_ 4500 A Surf-Bright —_
> : : , +220 &
= W Nickel bromide, Surf-Bright : %
- 4300 -+ Trendline of H, vs grain size | , ., =
p @ _ N b
] Mo Trendline of o, vs grain size £
2 4100+ 4200 B
T o
«
g ¢ tio0 ¥
g SR
1 +1.80 2@
= ¢ =
370.0 +
e +1.70
350.0 } } } } i } } i 1.60

120 140 160 180 200 220 240 260 280 300
Average grain size (nm)

Figure 7. Relationships between the average grain size, micro-hardness and yield strength.

Relationships between the composition, micro-hardness and yield strength are shown
in Figure 8. The composition dependency of the mechanical strength was not that obvious.
A weak relationship between the composition and the strength could be concluded since a
local maximum in the strength was obtained as the composition approached roughly 58 at.%
of cobalt. For the three alloys electrodeposited with the two additives (nickel bromide and
the Surf-Bright, W), the average grain size merely changed between 13.6 and 13.9 nm and
the cobalt content varied between 58.48 to 66.64 at.% when the current density changed
from 12 to 20 mA /cm?. In these three alloys, a decrease in both of the micro-hardness and
yield strength was observed following an increase in the cobalt content as indicated by the
dashed trendlines in Figure 8.

Information on the Tabor factor [38], which is the ratio of the micro-hardness in the unit
of MPa by the yield strength also in the unit of MPa (Hy in MPa/ oy in MPa), is provided in
Table 2. The Tabor factor has been reported to be between 3 and 4 in literature [38]. In this
study, the Tabor factors were between ca. 1.9 and 2.2. Figure 9 shows a plotting of the Tabor
factor against the yield strength, and a linear relationship (R? value = 0.88) between the
two could be observed. Generally, the Tabor factor became smaller along with an increase
in the yield strength.
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Figure 9. Relationship between the yield strength and the Tabor factor.

4. Conclusions

Micro-mechanical properties of electrodeposited nickel-cobalt alloys were reported in
this study to provide design information of micro-components in MEMS. The nickel—cobalt
alloys were prepared by alloy electrodeposition with a sulfamate bath. Refinement in
the average grain size was observed after introduction of a Surf-Bright into the bath, and
the cobalt content largely increased after addition of nickel bromide. There was no clear
relationship between the current density and the average grain size and composition in the
alloys. Micro-compression test was conducted using micro-pillar type specimens to investi-
gate the mechanical strength on the micro-scale. The yield strength was found to be highly
dependent on the average grain size based on the grain boundary strengthening mecha-
nism. The cobalt content also showed some influences on the yield strength indicating a
contribution from the solid solution strengthening mechanism. The highest yield strength
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at 2.37 GPa was obtained from a micro-pillar fabricated from an alloy electrodeposited
with the sulfamate bath containing nickel bromide and the Surf-Bright, with an average
grain size of 13.6 nm and composed of 58.48 at.% of cobalt. Micro-mechanical properties of
electrodeposited nickel-cobalt alloys reported in this study could make significant contri-
butions to the design of movable micro-components in miniaturized electronic devices.
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