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ABSTRACT

We propose a simple and novel route for the surface microstructuring of tough materials (glassy
carbon, SiC, W and Mo) through a solid electrochemical reaction at a microcontact between the
oxide ion conductor and target substrate. More specifically, the surface of materials was locally
oxidized by an anodic electrochemical reaction with the oxide ion conductor via the microcontact
under a dc bias. Since the oxidation products of the targets were gaseous or sublimable, a
fine-patterned surface was obtained as a result of the continuous consumption of the oxidation
products formed at the microcontact. The success of the proposed method may stimulate such
conventional applications of oxide ion conductors.
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1. Introduction

The surface microstructuring of a substrate plays a significant role in various technologies

such as microelectronics [1] and optoelectronics [2]. The textured surfaces are fabricated using one

of two general approaches. One is the topographic deposition of the desired materials on a surface

[3]. This is the “build-up” type approach, in which the surface is constructed from a molecular or

atomic scale. Micromachining belongs to the other category and can be considered to be a “shaving

off” type texturing method. In this communication, we propose a simple and novel route for the

surface microstructuring of tough materials through a solid electrochemical reaction at a

microcontact between the oxide ion conductor and target substrate. More specifically, the surface of

materials is locally oxidized by an anodic electrochemical reaction with the oxide ion conductor via

the microcontact under a dc bias. Supposing that the oxidation products are gaseous or sublimable, a

fine-patterned surface would be obtained as a result of the continuous consumption of the oxidation

products formed around the microcontact. Traditional machining of hard metals and ceramics has

been undertaken by mechanical or physical approaches such as electrical discharge machining [4-6],

irradiation by focused ion beam [7], and laser ablation [8], which require a high cost. In contrast,

since the proposed method corresponds to one of the electrochemical micromachining techniques, no

surface distortion and/or stress is induced in the machined workpiece and the machining dimensions

(size, depth, shape) can be easily controlled by the area and shape of the microcontact or other



electrochemical parameters. The following sections will focus on determining out the advantages of

the present technique. The success of the proposed method may revolutionize such conventional

applications of oxide ion conductors.

Electrochemical reactors utilizing oxide ion conductors are widely employed as fuel cells,

chemical sensors, oxygen pumps, and so on. All devices operate by either harvesting an

electromotive force equivalent to the difference in the oxygen chemical potential on both sides of the

ion conducting separator or transporting oxide ions from one side to the other under an applied dc

electric field. On the other hand, electrochemical reactors have also been used in order to purify

environmental pollutants, i.e., reductive decomposition of NO, or oxidative combustion of

particulate carbon particles [9]. Recently, oxide ion conductors have been studied as a source of

oxygen negative ions that are generated by application of a high voltage to the conductor in a

vacuum [10-12].

Our group has recently proposed a simple solid state technique for the electrochemical

micromachining of metal substrates using a metal ion conductor [13-15]. In this method, the metal

substrate is locally oxidized and then incorporated into the ion conductor in the form of metal ions

via the microcontact between the metal substrate and ion conductor. The substrate is micromachined

as a result of the continuous application of an electric field. In a similar manner, the solid

electrochemical micromachining of materials producing volatile substances by oxidation would be



achieved using an oxide ion conductor. Such a novel application extends the possibilities of oxide
ion conductors. It seems that hard materials such as carbon based ceramics (glassy carbon and SiC)
or hard metals (W, Mo) are appropriate targets for the proposed technique, because these non-oxide
materials form gaseous or volatile oxidation products. Typically, the microstructures of these
materials can be used as microelectrodes or micro-parts for high temperature use [6,16]. Figure 1
depicts a schematic model of the electrochemical system of the proposed solid state micromachining.
The solid electrochemical cell consists of cathode | pyramid-like oxide ion conducting ceramics |
target | anode system. Application of a dc bias to the cell induces the anodic electrochemical reaction
of oxide ions (O%) at the microcontact between the conductor and the target. When the target forms
volatile or gaseous products as a result of the reaction with O% or O, gas, it is expect that the target is
gradually consumed during the electrolysis. In addition, localization of the reaction area, i.e., use of
a microcontact, results in position selective etching of the target, then the solid electrochemical
micromachining is realized. Conventionally, chemical approaches such as wet (and electrochemical)
etching in solutions have been frequently applied by many groups [16,17]. However, a liquid
electrolyte is required as a medium, and high-resolution patterning requires masking. While the latter
problem is solved by the combined use of position selective laser and ion beam irradiation to draw a
minute pattern [18-20] or the application of an ultrashort voltage pulse [21-23]. In the present

technique, on the other hand, since the oxide ions can react only at the solid-solid microcontact, the



machined target can be directly patterned in almost any configuration using an ion conductor with

the desired shape.

2. Experimental

Solid electrochemical micromachining using an oxide ion conductor was carried out using
the electrochemical system shown in Fig. 1. 8 mol% Y,03; doped ZrO, (yttria stabilized zirconia:
YSZ) was employed as the oxide ion conductor. The ceramic or pure metal plates of glassy carbon
(GC), B-SiC, W, and Mo were used as workpieces for the solid electrochemical micromachining
after mirror finishing using alumina or diamond fine powder. To suppress oxidation of the entire
target in air, application of an electrical bias was performed in an inert N, atmosphere (pp; ~ 0.1 Pa)
or in a vacuum (total pressure ~ 10~ Pa) at 900 ~ 1150 °C. Under the present conditions, however,
there is no oxygen source for the YSZ in the atmosphere. In order to overcome the problem, the YSZ
was mixed with nickel oxide (NiO) which plays the role as an oxygen source to vacancies in the
YSZ. For preparation of the composite ceramics of NiO and YSZ, various amounts of Ni metal
particles (0, 1, 3, 5, and 10 wt%) were ultrasonically dispersed in the ethanol slurry of the YSZ
powder. After drying the mixed powder, a cylindrical pellet of NiO-YSZ was obtained by uniaxial
and subsequent cold isostatic pressing, followed by sintering at 1400 °C for 5 h in air. The relative

density of the sintered body was measured by Archimedes method. The crystal structure and



microstructure were investigated using XRD, SEM, and EDS. The ion conducting characteristics of

the NiO-YSZ were evaluated by the AC impedance method (10 ~ 1 MHz). The NiO-8YSZ ceramics

was polished with emery paper to form a pyramidal ion conductor as shown in Fig. 1. The initial

contact diameter was estimated to be about 10 um; this value varied slightly with the apex

configuration of the hand-polished pyramid and the type of target. A Pt plate attached to the bottom

of the NiO-YSZ pyramid was used as the cathode. The solid electrochemical micromachining was

carried out by applying a constant current or voltage to the cell using a dc power supply at high

temperature under an inert atmosphere as already described. Following the micromachining, the

surfaces of the targets were observed by SEM. To better characterize the surface morphology, all

SEM samples were held at a 20-60° angle with respect to the perpendicular electron beam axis.

Dimensions of the surface profiles in the target were determined using with a 3D profile

measurement unit.

3. Results and Discussion

3.1. Characterization of NiO-YSZ Ceramics

Table 1 shows the chemical and physical characteristics of the YSZ ceramics with the

different NiO contents. The quantitative analysis revealed that the actual NiO contents in the

composite ceramics were slightly lower than those in the initial mixed powders, indicating



evaporation of the Ni species during the sintering at 1400 °C. It should be noted that the colors of the

NiO-YSZ were dramatically changed with the NiO content. In contrast to the light brown

appearance of 1 wt% NiO, the samples containing NiO > 3wt% were colored green which

corresponded to the native tint of nickel (II) oxide [24]. Figure 2a depicts the XRD patterns of the

YSZ ceramics with different amounts of NiO. The presence of intense diffraction lines attributed to

the cubic fluorite structure of zirconia appeared in all the patterns. In addition, it was also confirmed

the co-existence of NiO crystal having rock salt type structure above 3 wt%, suggesting that the

added Ni metal was completely oxidized to NiO during the sintering. Kuzjukevics et al. claimed that

the solubility limit of NiO in 8 mol% Y,03 doped ZrO; is about 1.5 wt% [25]. In fact, there is no

diffraction line of NiO in the pattern of the sample including 1 wt%, indicating that all the Ni atoms

dissolve into the lattice, although no shift in the diffraction lines was observed within the

experimental error. In the cases over 3 wt%, the crystalline NiO exceeded the solubility limit present

in the grain boundary regions along with a little distribution inside the grains.

3.2 Electrical Properties of NiO-YSZ Ceramics

AC impedance measurements of the NiO-YSZ composite ceramics were undertaken in

order to study the effect of the NiO addition on the oxide ion conducting properties. Figure 2b shows

typical Nyquist plots of the 0 and 3 wt% NiO doped YSZ ceramics at 400 °C in air. In both cases,

the arcs at the lower and higher frequencies are due to the resistances of the grain boundary and



grain bulk, respectively [26]. Since the previous paper [24] suggested 8YSZ containing NiO up to ca.
20 wt% behaves as a pure ion conductor, the electron conduction in the NiO-YSZ prepared here can
be ignored. Figure 2b clearly indicates that both resistances in the bulk and grain boundaries were
increased by the NiO addition. The dissolution of Ni*" into the cubic crystal structure of 8YSZ might
be expected to reduce the bulk conductivity due to defect interactions, because the 8 mol% Y,0; is
an optimized concentration to obtain the maximum conductivity [27]. The increase in the grain
boundary resistance is due to the segregation of NiO [28]. While the addition of NiO to 8§YSZ
produced a negative influence on the conductive properties of the oxide ions, these composites were
employed as an oxide ion resource in an inert atmosphere.

3.3 Solid State Electrochemical Micromachining of Glassy Carbon (GC)

The solid state electrochemical micromachining of a glassy carbon (GC) plate was
performed using a pyramidal YSZ ion conductor with various amount of NiO. As can be expected,
the GC will react with oxygen species (O, 02') at the microcontact, then local etching will occur as
a result of the consumption as CO,(g). We investigated the influence of a dc voltage during the
potentiostatic electrolysis on the etching possibility of the glassy carbon substrate at 900 °C for 1 h
using 5 wt% NiO-doped 8YSZ. Although the application of the lower voltage below 0.5 V did not
cause the etching, the depressions on the GC surface produced by the local reaction were confirmed

after the electrolysis above 1 V. Hence, it can be concluded that a dc voltage above ca. 1 V is



appropriate to achieve the solid electrochemical micromachining. Figure 3a shows the change in the

cell voltage under an applied constant current of 10 pA at 900 °C in N,. The amount of NiO additive

significantly affected the overvoltage during the galvanostatic electrolysis. In general, the voltage

response in the microelectrode technique depends on the electrical resistance only in the small region

near the microcontact, because the current density at the counter electrode (Pt (cathode) | NiO-YSZ)

would be negligible compared to that at the microcontact [29,30]. Taking into account the fact that

the ionic conductivity of NiO-YSZ is much lower than the electronic one of the GC, the voltage drop

seemed to mainly occur in the NiO-YSZ near the microcontact. In the case of 1 wt% NiO, the cell

voltage was extremely large and unstable during the electrolysis [31,32]. As already stated, 1 wt%

NiO completely dissolved in the lattice of the YSZ, suggesting that there is no source of oxide ions

for the vacancies. The decomposition voltage of zirconia calculated by the Gibbs free energy of

formation is about 2.2 V at 900 °C. Since the voltage significantly exceeded this value, the

electrolysis (decomposition) of the YSZ crystal would proceed due to forced transport of the oxide

ions. The expectation was supported by the color change of YSZ from green to black during the

electrolysis. In contrast, the use of YSZ including more than 3 wt% NiO effectively reduced the

overvoltage to below 2 V. The NiO crystals existing in the grain boundary of the YSZ decomposed

under a dc bias, and the supplied oxide ions to the vacancies. In fact, the existence of Ni metal was

detected in the composite ceramics after electrolysis according to the XRD analysis. Hence, the



addition of NiO over 3 wt% could significantly retard the decomposition of the YSZ and promote

the oxide ion conduction through the cell in the inert atmosphere.

Figure 3b displays the surface profile of the GC plate after application of 2 V for 3 h using

the 5 wt% NiO-YSZ at 900 °C in N,. The depression seen in the center of the figure indicates the

position of the microcontact. The size of the depression on the GC surface after electrolysis was

much larger than that formed in the absence of a current flow, suggesting that the mechanical stress

induced by the needle-like NiO-YSZ can be ignored. Naturally, the depth was changed by the charge

flown. These results indicate that the reaction of the oxide ions with the GC surface via the

microcontact successfully led to a local etching (surface micromachining) accompanied by the

COs(g) generation. The current efficiencies of the electrochemical micromachining, which were

estimated from the machined volume, electric charge, and density of the GC using Faraday’s law,

were much lower than 100 % (Table 1). The low efficiencies may be caused by the leakage of

unreacted O, gas from the microcontact. The profile also indicates that the GC plate was drilled

according to the apex form of the NiO-YSZ, i.e., the inverse pyramid form. However, the

dimensions of the micromachining in the GC were expanded as compared with those of the

NiO-YSZ apex, suggesting that any leaked O, gas also corroded the lateral surface of the pyramidal

depression. Actually, the cell voltage shown in Fig. 2 was almost constant during the electrolysis,

which means that the NiO-YSZ pyramid was always in contact with the GC only at the apex region
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and then the contact area between the NiO-YSZ and GC maintained a constant value. Therefore, use

of a smaller flux of oxide ion, i.e., a lower current density, may achieve complete agreement

between the shapes of the etched surface and the apex of NiO-YSZ, realizing a manipulation of the

aspect ratio of the micromachining.

3.4 Solid State Electrochemical Micromachining of p-SiC

The possibility of the solid state electrochemical micromachining of B-SiC ceramics was

investigated using the identical electrochemical system shown in Fig. 1. As is well-known, oxidation

of SiC proceeds via one of two mechanisms depending on the temperature and partial pressure of

oxygen (po2) [33,34]. Active oxidation occurs along with evaporation of SiO(g) at high temperature

and low pg;, while passive oxidation forming SiO, dominates at low temperature and high po,. If the

former oxidation mechanism takes place on the B-SiC surface using the present technique, the solid

electrochemical micromachining of the B-SiC surface would proceed as a result of loss of SiO(g) and

CO(g). Figure 4a shows an SEM image of the B-SiC surface after potentiostatic electrolysis of 5 V at

1150 °C. Since no detectable change (oxidation or depression) was observed in the surface of the

B-SiC after annealing at an equivalent temperature with no current flow, the depression was

fabricated by the solid electrochemical micromachining. The numerous tiny pores with a few um

diameter were discernible in the magnified image (inset in Fig. 4a). The porous surface is one of the

characteristics of active oxidation and seems to be produced by evaporation of the gaseous SiO and
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CO [35]. Figure 4a also reveals that a dense hump (white region) surrounded the depression. The
dense layers could be completely removed by HF,q treatment as shown in Fig. 4c, indicating that
these regions consists of SiO,(s), which grew according to a passive oxidation mechanism induced
by the reaction with leaked oxygen gas from the microcontact. The observed current under the
applied constant voltage rapidly decreased during the initial stage of electrolysis due to the formation
of an insulating SiO; layer. It also led to lower current efficiencies below 10 %. According to the
thermodynamic estimation, the passive oxidation of SiC is more probable than the active oxidation
under the present experimental conditions (1150 °C, po, = 0.1 Pa). Furthermore, the electrochemical
O, evolution at the NiO-YSZ | SiC interface increases the po, near the microcontact. However, the
electrochemical micromachining, i.e., active oxidation, could interestingly proceed as shown in Fig.
4a. The possible reason is the direct reaction of SiC with oxide ions at the microcontact. The
diffusion of O through thin a SiO, layer on the SiC surface under a dc bias and subsequent reaction
may also play an important role in the active oxidation. We have also demonstrated that the present
method can produce various shapes in the machined surface by controlling the shape and size of the
NiO-YSZ conductor as shown in Fig. 4c (line pattern). In conclusion, it was demonstrated that the
solid electrochemical micromachining employing the NiO-YSZ ion conductors can fabricate
microstructured surfaces of -SiC ceramics as a result of local active oxidation.

3.5 Solid State Electrochemical Micromachining of Hard Metals
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W and Mo are widely used as high temperature mechanical elements, filaments, and
ultra-hard cutting tools because of their high melting points, electrical conductivities, and toughness.
Conventionally, the machining of these metals has been carried out by electrical discharge
machining or laser ablation. However, these methods have some disadvantages: (1) occurrence of
structural defects caused by brittleness, and (2) surface distortion by high energy charging. On the
other hand, the oxide forms of these metals are easily sublimated at high temperature. Therefore, the
surface micromachining of W and Mo would be possible by local oxidation at high temperature
using the present method. Application of the present method may become one solution of the
problems. The solid electrochemical micromachining was undertaken using the system shown in Fig.
1, where a vacuum atmosphere (~ 107 Pa) was adopted to promote the evaporation of the oxidation
products. The annealing at 900 °C without electrolysis did not affect the surface chemistry of these
metals according to the XRD patterns before and after the treatment. In contrast, the lower valence
oxides (M0O,, WO,) were detected after electrolysis at 1 V for 1 h at 900 °C. Figure 5 shows the
SEM images and the surface profile of the Mo substrate after the micromachining. The Mo surface
was drilled in the form of an inverse-pyramid similar to the cases for the GC and SiC, in which the
micromachining of the W plate was also feasible. As a matter of fact, no depression was produced in
the absence of the electric field. These results point out that the local area of the Mo substrate was

selectively scratched as a result of the oxidation with O and/or O, that originated from the
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NiO-YSZ, and subsequent sublimation of the oxides. In the case of SiC, the application of 1 V did

not induce etching (i.e., negligible current flow) even at higher temperature (1150 °C) due to the

voltage drop at the electrically insulating SiO; layer covering the SiC surface. In contrast, the surface

oxides produced on the Mo and W are highly conductive, therefore, they do not disturb the ion

migration through the electrochemical cell. Accordingly, the micromachining of these metals

effectively proceeded (current efficiency: 50 and 85 % for Mo and W, respectively). The higher

efficiency for the Mo substrate is due to the lower sublimation temperature of Mo oxide. In summary,

the electrochemical micromachining of ultra-hard metals (Mo and W), which are difficult to control

the surface microstructure, was achieved using the proposed technique.

4, Conclusions

Solid electrochemical reactions at microcontact have widely used in the field of solid state

ionics, which deals with fast ion conduction in solids [36]. Especially, the microcontact plays an

important role in the measurement of local conductivity in ceramic material [37] and transference

numbers in mixed electronic-ionic conductors [29,30]. By contrast, we have proposed new

applications of ion conductor with micro-interface, for instance, an ion transport at the microcontact

has been applied to a pinpoint doping into the solid materials [38,39]. In this study, it was

demonstrated that a selective oxidation of the non oxide plates by the oxide ion conductor realizes
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the local consumption i.e., surface etching. In each case, such achievements were mainly caused by

formation of gaseous or volatile products. Various materials generating the gas products such as

nitride and alloy steels may be possible as other targets. The proposed application of the oxide ion

conductor has many advantages over the conventional electrochemical method. For example, no

solutions are required, and the substrate can be directly patterned in other merits commonly noted

with respect to the traditional one: easy control of machining size and three dimensional

microstructure by electrochemical parameters and contact configuration. On the other hand, the

present technique has some disadvantages such as the relative coarse machining accuracy, the slow

etching rate, the roughness of the machined surface, and requirement of high temperature or vacuum

conditions. In addition, high temperature operation is required for attaining a high ionic conductivity

of solid electrolyte, and reaction products cannot be completely removed from the system during the

electrolysis. Therefore, in the future, these problems will be solved by advances in microcontact

fabrication, optimization of electrolysis conditions, and use of oxide ion conductor driving even at

lower temperature.
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~ depression

Figure 1. Schematic model for electrochemical micromachining of hard materials (e.g. SiC) using

an oxide ion conductor.
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Figure 2: (a) XRD patterns of the YSZ ceramics including different amounts of NiO, and (b)
Nyquist plots of 0 and 3 wt% NiO doped YSZ ceramics at 400 °C.
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Figure 3: (a) Typical time evolution of cell voltage under a constant current electrolysis (10 pA)
using the glassy carbon plate at 900 °C. (b) Surface profile of the GC plate after a 3 h
electrolysis using 5 wt% NiO-YSZ.
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Figure 4. SEM images of surface depression of B-SiC plate after applying 5 V for 5 h at 1150 °C
(a), and subsequent HF,q treatment. (b) Line-patterned B-SiC surface after applying 10 V
for 5 hat 1150 °C.

Figure 5: SEM image (a) and surface profile (b) of Mo surface after micromachining at 1 V for 1 h
at 900 °C.
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Table 1

Composition, relative density and electrical conductivity of NiO-YSZ composite ceramics.

NiO in raw powder NiO in ceramics Relative Current efficiency
. ) Appearance b
(wt%) (wt%) density (%) (%)
1 0.49 96.0 light brown 16
3 2.40 93.1 green 20
5 4.68 93.6 green 33
10 9.49 97.4 green 13

* In actual, Ni metal nanoparticle was added as a Ni source.

® Electrochemical micromachining of the glassy carbon plate at 10 uA and 900 °C for 3 h.




