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Abstract: Ni-W alloys have received considerable interest as a promising structural material for
microelectromechanical systems (MEMS) due to their exceptional properties, including hardness,
ductility, corrosion resistance, and thermal stability. However, the electrodeposition of Ni-W alloys
in the MEMS fabrication process to achieve intact structures with a thickness of several tens of
micrometers is challenging due to the occurrence of cracking caused by side reactions and internal
stresses during the electrodeposition process. To address this issue, our focus was on pulsed reverse
electrodeposition (PRE) as a potential solution. The utilization of the PRE technique allows for a high
concentration of reactive species on the electrode surface, thereby mitigating side reactions such as
hydrogen generation. In this study, we examined the effects of the PRE method on the morphological
characteristics, average crystal grain size, Vickers hardness, and micro-mechanical properties of
Ni-W alloys.

Keywords: Ni-W alloy; pulsed reverse electrodeposition; micro-mechanical properties; Vickers
hardness; MEMS

1. Introduction

Electrodeposited nickel (Ni) and Ni-based alloys have garnered significant interest
due to their excellent mechanical, electrical, and thermal properties [1,2], which make them
suitable for a wide range of applications, including electronics, microelectromechanical
systems (MEMS), and protective coatings [3,4]. The increasing demand for miniaturized
electronic devices and components necessitates a deeper understanding of the micro-
mechanical properties of these materials, as the mechanical performance at the microscale
can significantly differ from the bulk properties. Ni-based alloys, such as Ni-P [5], Ni-B [6],
Ni-W [7], and Ni-Co [8] are particularly notable for their enhanced properties compared
with pure nickel. These enhancements are primarily attributed to the incorporation of
alloying elements like phosphorus (P), boron (B), tungsten (W), and cobalt (Co), which can
influence the crystallographic structure and precipitate formation, thereby affecting the
mechanical strength, hardness, and thermal stability of the alloys. Among these, Ni-W
alloys stand out for their exceptional qualities, including high wear resistance, superior
hardness, and excellent corrosion resistance [9-11]. These attributes make Ni-W alloys
highly suitable for a variety of demanding applications.

Electrodeposition is a convenient method to fabricate complex geometries, including
intricate structures and cavities, for specific applications such as micro-components in
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MEMS devices [12,13]. By precisely adjusting the electrodeposition parameters, properties
of the Ni-W alloy can be adjusted to meet the needs of applications.

Electrodeposition is often conducted using the direct constant current (DC) method [14].
Although the DC method is simple and allows the control of thickness during the deposition
time, it is important to note limitations associated with this technique [15], specifically lack
of control of the side reactions leads to defective results [7,16-22] caused by the adsorbed
hydrogen gas bubbles [23], high internal stress [21,22,24], or hydrogen embrittlement [16].
The reduction potential of Ni is less noble than that of hydrogen reduction. This makes
hydrogen reduction an inevitable side reaction in the electrodeposition of Ni-based ma-
terials. The reduced hydrogen could form hydrogen gas bubbles and adsorb onto the
electrode surface to form defects on the surfaces of the electrodeposited material. Also,
the reduced hydrogen could become interstitial elements in the electrodeposited material,
resulting in hydrogen embrittlement, and this is a main cause for the formation of cracks in
electrodeposited materials. The high internal stress commonly observed in electrodeposited
Ni-based materials is another common cause of cracks.

The utilization of anodic or reversed pulse is an effective strategy to manipulate
the local concentration of reactive species near the electrode and the properties of the
electrodeposited material [7,17,19]. Specifically, the PRE method involves applying a
cathodic (forward) current to the electrode for a predetermined time, followed by an anodic
(reverse) current for a relatively short duration. The reverse current induces the discharge
of the double layer and initiates the rapid reorganization of ions in the solution [17,18]. This
reconfiguration process efficiently addresses various causes of defects, including localized
pH changes, hydrogen-induced embrittlement, the production or co-deposition of hydrides
and oxides, and concerns related to compositional variability [7]. In addition, the pulse
reverse method helps to address problems such as hydrogen evolution and localized pH
changes, which can have a negative effect on film quality. By reducing internal stresses
and improving overall smoothness, the pulse reverse technique promotes a more uniform
microstructure and decreases residual stresses within the film. As a result, the PRE method
is an extremely effective strategy for minimizing the impact of side reactions, leading to
the production of electrodeposited materials that are free from defects and have improved
mechanical properties.

The assessment of mechanical properties of electrodeposited film-like materials can be
conveniently carried out via hardness tests [25,26]. The determination of hardness involves
assessing the indentation produced on the surfaces of the electrodeposited film following
the application of a consistent load for a specific duration. The hardness is then determined
by calculating the indentation size and the applied loading force. The term used to describe
the level of hardness is referred to as micro-hardness [25] or nano-hardness [26], depending
on whether the indentation size is measured in micrometers or nanometers, respectively.

In a study on the micro-hardness of electrodeposited Ni-W alloys [19], the W content
is increased following an increase in the pulse current density, and the increased W content
results higher micro-hardness in the Ni-W alloys. Nevertheless, it is worth noting that it is
difficult to eliminate influences from the substrate beneath the Ni-W layer on the formation
of the indentation mark, even for nano-hardness tests [20]. Also, the mechanical properties
of metallic materials are reported to be dependent on the size of the sample used in the
assessment of mechanical properties, and this is known as the sample size effect [27].

The micro-compression test was developed to accurately evaluate the mechanical prop-
erties of micro-scale samples for applications in miniaturized electronic systems [27-30].
Previous studies have investigated the micro-mechanical properties of pure nickel com-
posed of micro-grains [28] and nano-grains [29], Ni-B alloys [27], and Ni-P alloys [30].
However, research on the micro-mechanical properties of Ni-W alloys is limited, yet its
properties, such as hardness, yield strength, and ductility, are crucial for the design and
performance of micro-components.

The primary objective of this research is to investigate the influence of pulse reverse
time and forward current densities on the PRE of Ni-W alloys, as well as to investigate
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the mechanical properties of electrodeposited Ni-W alloys. The mechanical properties are
evaluated via a micro-Vickers hardness test and micro-compression tests using non-tapered
micro-pillar type specimens manufactured from the electrodeposited Ni-W alloys.

2. Materials and Methods
2.1. Ni-W Alloy Electrodeposition

Ni-W alloy electrodeposition was conducted with a two-electrode system. The counter
electrode employed was a 99.95% platinum plate (Kikuya PM Co., Ltd., Tokyo, Japan), with
a surface area of 4 cm? in contact with the electrolyte. Briefly, 99.96% copper plates (Kikuya
PM Co., Ltd., Tokyo, Japan) were used as the substrate for the working electrode, and
the exposed surface area was defined at 1 cm?. Prior to electrodeposition, the substrates
underwent pretreatment in 0.1 M sulfuric acid for 1 minute at room temperature to eliminate
surface oxides. Alloy electrodeposition was carried out at a temperature of 65 °C using a
commercially available Ni-W alloy electrolyte provided by MATSUDA SANGYO Co., Ltd.,,
Tokyo, Japan. The composition was 6.0% Nap;WO4-2H,0 and 2.4% NiSO4-6H,O. Sulfuric
acid and ammonia were utilized for pH adjustments to the electrolyte. The electrolyte was
constantly mixed by stirring it at 600 rpm using a cross-shape magnetic stirrer.

The electrodeposition process was carried out using the DC and PRE methods. For
the DC method, a forward (cathodic) current density of 50 mA /cm? was applied for 4800 s
to give a total charge density of 240 C/cm?. For the PRC method, the forward (cathodic)
current density was 30 mA / cm?, 50 mA /cm?, or 70 mA /cm?, and the time was either 66.7 s
or 40.0 s or 28.6 s, respectively, to ensure a charge density of 2 C/cm? in one cycle of the
forward pulse. A constant reverse (anodic) current density of —5 mA/ cm? was used for
1.5 s. A graphical representation of one cycle of the forward reverse current is illustrated in
Figure 1. In total, 120 cycles of the forward reverse current were run to give a total charge
density of roughly 240 C/cm?.
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Figure 1. The representation of the electrodeposition methods. (a) The DC method and the PRE
method at different forward current densities: (b) 30 mA/cm?, (¢) 50 mA /cm?, and (d) 70 mA /cm?.
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To enhance understanding, Scheme 1 represents the Ni-W electrodeposition mecha-
nism. This figure illustrates the electrolysis process, highlighting the formation of hydrogen
gas and its subsequent impact on the Ni-W film formation on the copper base. The
schematic addresses the primary challenges associated with Ni-W electrodeposition, par-
ticularly the formation of voids and cracks due to the electrolysis of water as a side reaction.
The main cause of crack formation is the residual tensile stress generated by hydrogen
reduction at the cathode surface. Specifically, hydrogen diffuses into the Ni-W lattice,
causing lattice expansion. Since hydrogen cannot remain dissolved within the Ni-W film, it
diffuses out based on its diffusion and solubility coefficients. Consequently, the expulsion
of hydrogen from the Ni-W lattice creates residual tensile stress, leading to contraction and
eventual crack formation.

Ni-W Electrodeposition

Electrolysis

LI 4

/ \

Ni-W Film

Cu base

Scheme 1. Ni-W electrodeposition process and impact of hydrogen evolution.

2.2. Characterization

The crystalline properties of the Ni-W alloy were examined using an X-ray diffrac-
tometer (XRD, Ultima IV, Rigaku Corp., Tokyo, Japan) with a scanning rate of 0.04° per
second. Surface morphology was examined using a scanning electron microscope (SEM,
SU4300SE, Hitachi Co., Ltd., Tokyo, Japan). The elemental composition was determined
through energy-dispersive X-ray spectroscopy (EDS, EMAX EX-250, Horiba Co., Ltd.,
Kyoto, Japan) integrated with the SEM, with an estimated error of + 2% in the at% of W
content. Mechanical properties were assessed using Vickers micro-hardness tests with a
load of 0.025 kg, performed using Micro Vickers Hardness Testing Machine (HMV-G20S,
Shimadzu Corp., Kyoto, Japan). The Faradaic efficiency (FE) was calculated using the
following equation:

. m Cin,-F
Qtotal MW;

where m is the measured mass of the electrodeposited Ni-W alloy, Qyotar is the total charge
(240 C in this study), C; is the weight fraction of the element (Ni or W) determined by the
EDS, n; is the number of electrons involved in the reduction of the specific element (2 for Ni
and 6 for W), F is the Faraday constant (96,485 C/mol), and MW; is the molecular weight
for the specific element.

FE x 100% 1)
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2.3. Fabrication of Micro-Pillar and Micro-Compression Test

The micro-pillars were meticulously prepared from the electrodeposited Ni-W alloys
using a focused ion beam system (FIB, FB2100, Hitachi, Tokyo, Japan). The fabrication
process is illustrated in Figure 2. To achieve precise dimensions [28,29], a four-step milling
approach with varied beam currents was employed. Coarse milling utilized beam currents
of 6.64 nA, 1.48 nA, and 0.35 nA, while fine milling and final polishing were conducted
at 0.07 nA. The resulting micro-pillars had a square cross-section of 10 um x 10 um and
a height of 20 um. The micro-pillars were characterized using a scanning ion microscope
(SIM) integrated into the FIB system, both before and after the micro-compression test.

Ga ion beam

/ ///
/ / /
/
Au

Figure 2. Illustration of the micro-pillar fabrication procedures.

Figure 3 presents the micro-testing machine developed within our research group. This
apparatus featured a flat-tipped indenter with a 50 um diameter on its upper surface. With
a load resolution of 10 uN and a displacement resolution of 5 nm, all micro-compression
tests were conducted at a constant displacement rate of 0.1 um/s, resulting in a constant
strain rate of 5 x 1073 s~ L.
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Figure 3. Micro-mechanical test systems developed in our group.

3. Results and Discussion

The surface conditions of the Ni-W alloys prepared via the DC and PRE methods
were examined through SEM images, as shown in Figure 4. In Figure 4a, the DC Ni-W
alloy displayed noticeable cracks and voids on the surface. The cracks are believed to be
attributable to internal stress [24]. Furthermore, delamination of the Ni-W alloy from the
substrate was observed, which is also suggested to be caused by the internal stress. The
presence of hydrogen gas bubbles on the electrode surface is thought to be the underlying
cause of the voids. Conversely, Figure 4b illustrates the surface of the PRC Ni-W alloy,
produced using a forward current density of 50 mA /cm?, which appears uniform, with an
absence of cracks and voids. This indicates that the PRE method, particularly the application
of a reverse current, effectively improves the surface conditions of the electrodeposited
Ni-W alloy. When the forward current density was increased to 70 mA /cm?, as shown in
Figure 4c, although no voids were present, the surface exhibited rougher conditions and
cracks. The observed cracks are likely attributed to increased internal stress resulting from
the use of a higher current density [24]. Interestingly, when the forward current density
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was reduced to 30 mA /cm?, as shown in Figure 4d, the surface condition was similar to
that of the PRE 50 mA /cm? sample, with the exception of crack formation. The potential
cause of these cracks will be discussed in a subsequent section.

Figure 4. SEM images of the Ni-W alloy prepared via the (a) DC method at 50 mA/ cm? and via the
PRE method at (b) 50 mA/cm?, (¢) 70 mA /cm?, and (d) 30 mA /cm?.

The DC Ni-W alloy exhibited a W content of 20.2 at%, while the W content was 20.1 at%
in the PRE Ni-W alloy prepared with a forward current density of 50 mA/cm?. This
marginal variation in the W content suggests that the reverse current did not significantly
alter the composition. On the other hand, with an increase in the forward current density
from 30 mA/cm? to 70 mA /cm?, there was an increase in the W content, as shown in
Table 1. This increasing trend of the W content following an increase in the forward current
density is the same as that reported in a previous study [11]. The FE decreased from 50.1%
at 30 mA/cm? to 45.7% at 70 mA/cm? as the forward current density increased. The
decrease in the FE at higher forward current densities can be ascribed to the promoted side
reactions, such as the hydrogen evolution reaction.

Table 1. Properties of the Ni-W alloys prepared via the PRE method.

Forward Current Density W Content (at%) FE (%) Grain Size (nm) Thickness (um)

(mA/cm?)
30 182 +2.0 50.1 9.0 39.1
50 20.1£2.0 49.0 11.8 351
70 21.6 £ 2.0 45.7 13.7 27.6

The XRD patterns of the Ni-W alloy synthesized in this study revealed distinct peaks
corresponding to the (111), (200), and (220) crystal planes of a face-centered cubic (FCC)
structure, as illustrated in Figure 5a. Notably, the XRD peak intensity of (111) was the
most prominent among all the observed peaks. Furthermore, a comparison with the XRD
pattern of pure nickel showed a noticeable shift of the Ni-W peaks towards lower 26 angles.
Specifically, based on JCPDS No. 04-0850, the peaks for pure nickel are located at 20 = 44.4°,
51.8°, and 76.4°, whereas the Ni-W peaks appear at lower angles. This observed ~5° shift
in the high-number facet is significant and indicates the formation of a tungsten (W) solid
solution (o-Ni(W)) within the FCC nickel (Ni) matrix, resulting in an expansion of the
nickel lattice due to tungsten dissolution [31]. The reference angles provided by the JCPDS
database are based on pure nickel, and in our study, the incorporation of W atoms into the
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Ni lattice caused an expansion due to the larger atomic radius of W compared with that of
Ni. This expansion led to a shift in the XRD peaks towards lower 20 angles. Similar shifts
have been reported in the literature, including the study by Sriraman et al. [32], which
supports our observations. The average grain size of the alloy was estimated using the
Scherrer equation based on the (111) XRD peak [33,34]. The results presented in Figure 5b
indicate that as the forward current density increased, the average grain size grew from
9.0 nm at 30 mA /cm? to 11.8 nm at 50 mA /cm?, and further to 13.7 nm at 70 mA /cm?.

(a) (b)
30 mA/cm2-1.55 15
——— 50 mA/cm?2-1.5s
— = 70 mA/cm2-1.5s ]
=: ref. Ni #04-0850
5 —
z L A g .
F .
@ 8
e = 104
2 n
= A £
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) ‘
N ;
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Figure 5. (a) XRD patterns of the Ni-W alloys prepared using the PRE method. (b) Average grain
size at different current densities.

An increase in the current density typically leads to an increase in the nuclei density
and a grain refinement effect. However, when side reactions become more significant with
an increase in the current density, the grain coarsening effect may occur [35]. In this study,
the trends observed in the FE and the average grain size are consistent with each other. The
forward current density increase resulted in a decrease in the FE, indicating promoted side
reactions, which eventually led to the grain coarsening effect.

In addition, the finest average grain size was observed in the PRE 30 mA /cm? sample.
Refinement of the average grain size in electrodeposited materials is another cause of
internal stress that could lead to the formation of cracks. This ultrafine grains are suggested
to be the cause of the cracks observed in the PRE 30 mA /cm? sample.

The thickness of the electrodeposited Ni-W alloys was evaluated via observations of
the cross-sections. The thickness reduced from 39.1 um to 27.6 um as the forward current
density increased from 30 mA /cm? to 70 mA /cm?. The total charge density applied to the
three PRE Ni-W alloys were the same. This change in the thickness corresponds well with
the FE; a low FE resulted in reduced thickness.

The mechanical properties were first evaluated using Vickers micro-hardness tests for
comparisons with the results of the micro-compression tests. However, as can be seen in
Figure 6, the development of cracks around the indentation site is evident. It is believed that
these cracks were caused by the high internal stresses generated when using high forward
current densities. This compromises the reliability of the micro-hardness measurements
because the cracks disrupted the uniform load distribution, reduced structural integrity
around the indents, and caused instability in the indentation geometry. Consequently, to
obtain more reliable and accurate measurements, mechanical properties were assessed
using micro-compression tests instead. This method minimizes the influence of surface
defects and provides a controlled environment in which to measure a material’s stress—
strain response directly.
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Figure 6. SEM images of the Ni-W alloys fabricated via the PRE method after the micro-hardness test.

Figure 7 presents images of the micro-pillars before and after the micro-compression
test, which were fabricated from Ni-W alloys prepared using the PRE method. Following
the micro-compression test, all micro-pillars exhibited plastic deformation, indicating the
occurrence of yield. The stress—strain (SS) curves derived from the micro-compression tests
are provided in Figure 8. The yield points, indicating the boundary between the elastic and
plastic deformation regions, were not well defined among the three SS curves. Therefore,
the yield stress was determined at the intersection point of the SS curve with the 0.2% offset
line in the elastic deformation region. The micro-pillars fabricated with the Ni-W alloy
electrodeposited at a forward current density of 70 mA/cm? exhibited the highest yield
stress, measuring 3071 MPa. The micro-pillars produced with forward current densities of
30 mA/cm? and 50 mA /cm? had yield stresses of 2753 MPa and 2948 MPa, respectively.

Figure 7. SIM images of the PRE 30 mA /cm? micro-pillar (a) before and (b) after the compression

test, the 50 mA /cm? micro-pillar (c) before and (d) after the compression test, and the 70 mA/ cm? (e)
before and (f) after the compression test.

(a) (b) (c)
4000 4000 4000
30 mA/cm? ——50 mA/cm? ——70 mAlcm?
300 2753 MPa 300 2948 MPa 30 3071 MPa
o o g o
£ £ £
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Figure 8. Stress—strain curves of the (a) 30, (b) 50, and (c) 70 mA /cm? micro-pillars.
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The mechanical strength of Ni-W alloys is influenced by both grain boundary strength-
ening and solid solution strengthening, attributed to the fine average grain size and tung-
sten content, respectively. In our study, the PRE 30 mA /cm? sample exhibited the finest
average grain size of 9.0 nm, which would typically result in higher yield strength due to
grain boundary strengthening. This mechanism, known as the Hall-Petch relationship,
suggests that smaller grains provide a greater grain boundary area, thereby impeding dislo-
cation movement and enhancing strength. However, the highest yield stress was observed
in the PRE 70 mA /cm? sample, which had an average grain size of 13.7 nm. This can be
explained by the significant role of solid solution strengthening at higher current densities.
At 70 mA/cm?, the incorporation of tungsten atoms into the nickel matrix was maximized,
creating more lattice distortions. These distortions hinder dislocation movement more
effectively than grain boundaries alone, leading to enhanced yield stress. Therefore, while
grain size is an important factor in determining mechanical strength, the composition and
extent of solid solution strengthening are crucial [36,37]. The increased tungsten content
in the PRE 70 mA /cm? sample provided significant solid solution strengthening, which
outweighed the grain boundary strengthening effect seen in the PRE 30 mA /cm? sample.
This indicates that solid solution strengthening, due to the increased incorporation of
tungsten atoms, plays a more significant role in determining the yield stress in the Ni-W
alloys evaluated in this study.

4. Conclusions

Electrodeposited Ni-W alloys were prepared using the PRE method, and the effects of
the forward current density on their properties were investigated. At a forward current
density of 50 mA /cm?, the surface of the electrodeposited Ni-W alloy showed improved
smoothness with no cracks and reached a thickness of 35.1 um. As the forward current
density increased, the W content and average grain size also increased. At 70 mA /cm?, the
W content was 21.6 at% and the average grain size was 13.7 nm. The micro-pillar prepared
from the sample with a forward current density of 70 mA /cm? exhibited the highest yield
stress at 3071 MPa, mainly due to the solid solution mechanism.

In conclusion, the pulsed reverse electrodeposition method effectively enhances the
surface smoothness and mechanical properties of Ni-W alloys. The optimized forward
current density of 50 mA /cm? offers a balance between surface quality and mechanical
performance, making it suitable for applications in miniaturized electronic components.
However, the highest yield stress was observed at 70 mA /cm? due to the increased tungsten
content and solid solution strengthening. Overall, the PRE method shows significant
potential for preparing defect-free, high-performance materials for MEMS components and
other advanced micro-electronic applications.
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