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Abstract

Fabricating microstructure arrays on non-planar workpiece surfaces poses significant challenges. In this paper, we propose a
novel electrochemical machining process for creating micropit arrays on such surfaces using a rolling device equipped with
linear cathode and soft mask. This process employs a rotary electrochemical etching method to fabricate the microstruc-
tures, addressing the limitations of traditional mask electrochemical machining, such as the inability to achieve large-scale
production and difficulties in preparing curved surfaces. A set of electrolytic systems with the rolling device was constructed
to machine micropit arrays on various surfaces of the metal workpieces. Numerical simulations were conducted to inves-
tigate the evolution of the electric field distribution and the variation of micropit profiles over time in the machining area,
and it was determined that electrolytic machining occurs only at the micropits closest to the linear cathode When the ratio
between the dimensions of the linear cathode and the mask hole is 1:3. Experimental tests were performed on the surface of
a 304 stainless steel workpiece using a 10% NaNO; electrolyte and a 0.1 mm electrode gap. The results demonstrated that
micropit arrays could be successfully machined on the plane, inner and outer surface of the workpiece. Under an applied
voltage of 10.5 V and a workpiece rotating speed of 0.2 r/min, the diameter of the machined micropit was 421.55+18.75
pm, the depth was 70.2+4 pm, the average etch factor (EF) was 1.16, and the roughness of the micropit was 0.625+0.205
pm, which suggested that the machined micropit arrays have high precision and uniformity. These results indicate that the
machined micropit arrays exhibit high precision and uniformity. This study presents a promising strategy for high-precision
batch machining of micropit arrays on both planar and curved surfaces of workpieces.
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1 Introduction

Fabricating microstructure arrays on metallic workpiece sur-
faces has gained significant interest in various fields, such
as aerospace, bioengineering, and information technology
engineering [1-3], due to the desirable surface character-
istics it can provide, including improved friction reduction
[4-T7], heat dissipation [8, 9], wettability [1, 2, 10], and bio-
compatibility [3]. While several methods like micromilling,
microelectric discharge machining, and laser machining can
be employed for microstructure creation, they often result
in undesirable effects such as burrs, residual internal stress,
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microcracks, and deformations on the machined surface,
negatively impacting the workpiece’s properties and machin-
ing quality.

Electrochemical machining (ECM) is a process that
utilizes electrochemical reactions to dissolve the metallic
anode and remove material, resulting in specific shapes
on the metal surface [11, 12]. ECM offers advantages by
removing trace amounts of material through ion dissolution,
eliminating tool loss, residual stresses and microdefects typi-
cally associated with mechanical cutting forces or hot-melt
machining. Consequently, ECM has become increasingly
popular in microfabrication. One ECM method, known as
through-mask electrochemical micromachining (TMEMM),
enables the creation of mm/sub-mm-sized structures on
metallic workpieces [13, 14]. TMEMM employs masks
to selectively machine microtexture arrays in designated
areas, allowing for controllable structural shapes with high
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productivity. Due to these benefits, TMEMM has become a
promising and widely used technique for machining micro-
structures on metallic surfaces. However, the machining of
micro and nanostructures using TMEMM often relies on
photoresist masks, which protect non-machined regions dur-
ing the lithography process [15, 16]. Unfortunately, these
masks cannot be reused, requiring a separate mask for each
process. Additionally, the limitations of this process cur-
rently restrict their usage to the flat workpieces, impeding
its large-scale promotion and application. To address these
limitations, Zhu et al. proposed the active mask electro-
chemical machining method, which mechanically attached
a pre-prepared mask to the workpiece or tool without bond-
ing, enabling mask reusability and reducing operating steps
[17]. However, this technique still faces the limitations in
the machining curved surfaces. To overcome this, Profes-
sor Ningsong Qu introduced polydimethylsiloxane (PDMS)
material for active masks, improving machining accuracy
[18]. And the authors of this paper proposed an ultra-flexible
porous material-filled mask electrochemical machining and
the foam cathode mask electrochemical machining tech-
niques, effectively solving the challenge of attaching the
active masks to the cylindrical workpieces [19, 20]. None-
theless, these masks are suitable for specific-sized cylindri-
cal workpieces and cannot be repeatedly used for processing
the different sizes workpieces. Shen et al. proposed a method
of continuous mask bulk processing, which is suitable for
the batch continuous processing of cylindrical workpieces
of any size, but the machining accuracy of the micropits
in its contour is low (EF=0.78) [21]. Therefore, address-
ing the challenges of large-scale production and high-pre-
cision machining of the microstructures on the non-planar
workpieces remains an important problem to be solved in
TMEMM.

While TMEMM techniques simplify the machining pro-
cess and increase efficiency and applicability, TMEMM
using the traditional large-area cathode suffers from
redundant electric current distribution in both machined
and unmachined areas, resulting in poor microstructure

Fig. 1 The schematic diagram
of rolling device with mask and
linear cathode in the electro-
chemical machining process for
micropit arrays
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homogeneity and localization on the workpiece surface. The
main reason for the low accuracy of the machined structure
profile in TMEMM is the electric field distribution caused
by the large cathode area, which affects both the machined
and unmachined areas. Does reducing the size of the cath-
ode decrease the impact of the electric field distribution on
the machining area and improve machining precision? To
investigate this, a novel ECM for machining micropit arrays
that utilizes a rolling device with a linear cathode and a soft
mask was proposed in this paper. A model was constructed
to analyze the evolution process of the micropits and the
electric distributions under different parameters. Further-
more, the proposed method was experimentally validated
by machining the micropit arrays on the plane, inner, and
outer cylindrical surfaces of the workpieces with optimized
machining parameters.

2 Method description and model analysis

To illustrate the principles of the proposed electrochemi-
cal machining, simulation analyses of the process using the
linear cathode and the rolling mask are carried out. The
current density distribution and the profile change law of
micropits in this process are analyzed, and the effects of
the linear cathode size on the electric field distribution have
also been discussed. Additionally, the effects of the applied
voltage and the linear cathode moving speed on the micropit
profiles are investigated under the moving mask electrolysis
conditions.

3 Method description

Figure 1 illustrates a rolling device that employs a linear
cathode to machine micropit arrays in the electrochemical
machining process. The rolling device features a hollow
electric shaft at its center, onto which a flexible polyvinyl
chloride (PVC) mask with rows of micro through-holes is
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affixed to its outer surface. One end of the electric shaft is
closed, while the other end is open, and there are some holes
in the middle of the shaft. A center block is assembled on
the middle of the electric shaft, which contains channels
to allow for the electrolyte to flow, and is used to hold the
linear cathode. Rolling bearings are attached to both sides
of the center block on the electric shaft, and axle sleeves are
fitted on the outer ring of the rolling bearings. Two pieces of
glue sponges are adhered to the axle sleeves to hold the PVC
mask in place. A gear is mounted on the axle sleeve to drive
the rolling device. When power is transferred to the gear, it
rotates and drives the axle sleeves, the outer ring of the roll-
ing bearings and the mask, while the inner ring of the roll-
ing bearings, the center block and the electric shaft remain
stationary. The linear cathode, made of a copper wire, is
assembled in a groove at the bottom of the center block to
face the workpiece through the mask.

During the electrolytic machining process, the electrolyte
is introduced into the electric shaft through the opening end
and flows through the holes in the shaft and the channels
in the center block. And then it fills the spaces between the
center block and the mask and flows out between the mask
and the workpiece. As the designed rolling device rotates,
the center block and the linear cathode remain stationary
while the mask and glue sponges rotate to drive the work-
piece movement. Due to the mask, metal corrosion occurs
only on the surfaces of the workpiece underneath the mask
holes and the linear cathode (as shown in Fig. 1). The unique
structural characteristics of the rolling device allow it to
continuously roll on the workpiece, making it suitable for
machining microstructured arrays on metal workpieces with
the plane, inner, and outer cylindrical surfaces. A schematic
diagram of the electrolytic machining process for workpieces
with different surfaces using the designed rolling device is
illustrated in Fig. 2.

a Bushing Mask Glue sponge Driving gear D

Electric shaft

4 Model built

During the electrochemical machining process, the dissolved
region on the workpiece is mainly concentrated on the sur-
face exposed in the through-holes of the mask and then the
micropits arrays on the workpiece surface are formed with
the rotating of the rolling device. In this paper, the entire
machining process is simplified as the electrochemical
machining between the cathode and anode in the machining
area (as shown in Fig. 3).

The magnitude of current density in mask electrochemical
machining can be obtained based on Ohm’s law and Fara-
day’s law:

L 1U=3E) ()
A

where i is the current density, y is the electrolytic conductiv-
ity, U is the applied voltage, JF is polarization potential, and
A is the machining gap.

Electrolyte

Fig. 3 The schematic of the electrochemical process using the linear
cathode in the Y-Z plane
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Fig.2 Schematic diagram of the electrolytic machining process for the workpieces with different surfaces using the designed rolling device. a

Plane workpiece; b inner cylindrical surface; ¢ outer cylindrical surface
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Therefore, the formula for anodic dissolution rate can be
obtained based on Ohm’s law and current density:

y(U — 6E)

V, =nwi = nw A

@)
where V, is anodic dissolution rate and # is the current
efficiency.

According to the above formula, when other conditions
remain unchanged, the anodic dissolution rate of the anode
workpiece is proportional to the voltage, current efficiency,
electrochemical equivalent, and inversely proportional to the
machining gap.

The machining gap (distance between the linear cathode
and the workpiece) is A, the initial machining gap is 4, and
after a period of time t of electrochemical machining, the
depth of the micropits is H. The machining gap A when the
machining time is ¢ is as follows:

A=Ay+H 3)

A, is a constant set as the initial machining gap in the
experiment. Differentiating the above formula, we can get

dA = dH “

Since dH=v,dt and combining with Equation (2), we
know that dH = [nwy(U — 6E)/A]dt. Therefore, we can derive

dA = naoy L=2E 4 )

Integrating the above equation yields the relationship
between machining gap and time t:

A = \/2nwy(U - 8E)t + C (6)

Combining equations (3) and (6), which can obtain the
formula for machining depth H and time t:

H = \/2nwy(U — 8E)t + C — A, (7

To analyze the evolution of the micropit profiles during
the electrochemical machining process using the linear cath-
ode, a simplified 2D model of both processes is established

Fig.4 Schematic diagram of r
simplified two-dimensional |

| Workpiece

model of conventional circular
cathode and linear cathode mask
electrochemical machining
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Table 1 COMSOL simulation basic parameters table

Model parameters Values
Anode boundary length per unit 0.3 mm
Cathode diameter 0.1~0.5 mm
Mask through-hole diameter 0.3 mm
Mask thickness 0.1 mm
Applied voltage 9~11V
Initial conductivity of electrolyte 10 S/m
Initial temperature of electrolyte 25°C

in the Y-Z plane as shown in Fig. 4. Simulation parameters
are provided in Table 1. In order to facilitate the simulation
calculation, following assumptions are made:

(1) The surfaces of the cathode and anode are equipoten-
tial, ignoring the effect of overpotential on the electrode
surface potential.

(2) The electric field, conductivity, and concentration are
constant.

(3) The electrolyte is a single-phase, incompressible, and
continuous fluid.

Based on the simplified two-dimensional geometric
model of the electrochemical machining using a linear cath-
ode and a mask, it can be inferred that the linear cathode,
the workpiece anode, and the electrolytic cell together form
a closed region Q. Within the enclosed machining region,
the current distribution follows the Laplace equation and
can be mathematically described by the described by the
following equation:

V2(p=az_¢ c)z_d):

+
ox2  0y? ®)

where x and y are the coordinates of points at the gap, ¢
represents the potential of the anode and the cathode, and V
represents the Laplace operator.

In this electrochemical machining process, the potential
distribution of any point within the closed region Q can be
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determined using Equation (11), denoted as ¢ (x,y). Addi-
tionally, the electric field intensity can be obtained by calcu-
lating the gradient vector distribution based on the potential
distribution, as follows:

do_

Vp,=——n

= ©)

where 7 is the coordinate vector in a two-dimensional model,
@ is the potential of the anode and cathode, and Ve is the
electric field distribution at any point in the electrolytic cell.

The electrode surface can be treated as equipotential sur-
face and the potential over the entire electrode is a constant.
The boundary conditions for the cathode are described as
follows:

I,=¢,=0 (10)

The electric field lines on the remaining boundaries are
aligned with the direction of the normal vector of the bound-
ary which is known as a closed boundary condition. And the
boundary condition is described as a Neumann boundary
condition which is set as follows:
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4.1 The results of solution

4.1.1 The influence of linear cathode size

In the electrochemical machining process, the size of the
linear cathode can significantly affect the current density
distribution within the machining area, resulting in varied

micropit profiles. Figure 5 shows the corroded micropit

10

—— 100um linear cathode
——200pm linear cathode
——300um linear cathode
—— 500um linear cathode

Depth, Z (um)
2
T
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Micro-pit diameter, ¥ (pm)

Fig. 6 The influence of linear cathode size on the profile of micropit 1
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Fig. 5 Different linear cathode size mask electrolysis simulation current density distribution cloud diagram
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sectional profile and the current density distribution
cloud map on the machining area using linear cathodes
with diameters of 100 pm, 200 pm, 300 pm, and 500 pm.
Figure 6 displays the cross-sectional profile of micropit
1 in the Y-Z plane machined with different linear cath-
ode sizes. When using a 100 pm diameter linear cathode,
the micropit has the smallest depth and diameter with a
depth-to-diameter ratio of 0.095. As the linear cathode
diameter increases, the depth and diameter of the micropit
gradually increase. When using a 300 pm diameter linear
cathode, the diameter of the machined micropit does not
increase significantly, but the depth and depth-to-diame-
ter ratio increase significantly to 0.134. The profile of the
micropit machined by the 500 pm diameter linear cath-
ode is similar to that of the micropit electrolyzed using
the 300 pm diameter linear cathode. The observed results
may be attributed to the influence of the mask. When
the ratio of the size of the linear cathode to the size of
the mask hole is less than 1:1, the different electric field
distribution in the corroded area leads to different diam-
eters and depths of the resulting micropits. When the ratio
is greater than 1:1, the electric field distribution in the
corroded area tends to be consistent due to the shield-
ing effect of the mask, but it begins to affect the electric
field distribution of adjacent corroded areas. Figure 5 also
shows that there are different electric field distributions
in different micropits.

Figure 7 illustrates the current density distribution at
the boundaries of micropits 2, 3, and 4, obtained using a
linear cathode with diameter of 300 pm. It can be observed
that the peak current density at the micropit 2, 3, and 4 is
approximately 17 A/cm? 8 A/cm?, and 5 A/cm?, respec-
tively. The current density values at these micropits
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Fig.7 The current density distribution of different micropits under
300pm linear cathode electrolysis conditions
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gradually decrease with the increasing of the distance
between the micropit and the linear cathode. Previous
studies have shown that electrolytic action on the surface
can be considered negligible when the current density is
less than 10 A/cm? in the electrochemical machining pro-
cess [22]. Thus, only the surface directly below the linear
cathode is corroded, and the surfaces at other locations
remain uncorroded when the ratio of the mask hole and
the space is 1:3. To minimize unnecessary etching of non-
processing areas and previously processed areas by the
linear cathode, it is recommended to increase the spacing
between the mask holes. In the subsequent simulation, a
spacing ratio of 1:3 between the mask holes arrays was
used to achieve this goal.

4.1.2 Electrochemical machining process of the micropits

To investigate the formation mechanism of the micropits
during the electrochemical machining process with linear
cathode and rolling mask, the profile of the micropit 1
was simulated at different positions relative to the linear
cathode with the movement of the workpiece, as shown
in Fig. 8. Initially, the boundary of the micropit 1 was
flat and without any etching. As the workpiece moves,
the micropit 1 approaches the linear cathode, and the
current density on the right side of the micropit becomes
higher, causing etching to start at that position. As a
result, the depth on the right side of the micropit 1 is
greater than that on other positions. With the movement
of the workpiece, the maximum current density moves
in turn to the middle and left side of micropit 1. When
the linear cathode is directly above micropit 2, the cur-
rent density on the surface of the micropit 1 becomes too
low to cause the electrochemical etching, resulting in
the profile of the micropit 1 being corroded into an ideal
symmetrical bowl shape. These results demonstrate that
electrochemical corrosion occurs only when the linear
cathode is located above or near the machined surface
due to the smaller size of the linear cathode used, which
is different from the traditional electrochemical machin-
ing process using large-area planar cathodes.

4.1.3 The influence of the workpiece moving speed

The current density distribution and the sectional profiles
of the micropits at different moving speed of the workpiece
are shown in Figs. 9 and 10, respectively. It can be observed
that the depth of the micropits decreases significantly as
the workpiece moving speed increases. When the moving
speed of the workpiece was 100pm/s, the etching depth of
the micropits is the largest. This is because the machining
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Fig.9 Schematic diagram of
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tion diagram at different linear
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time on the anode workpiece surface is longer at a slower ~ smaller etching depth of the micropits. Thus, a small rotating
moving speed, which results in a deeper etching depth of  speed of the rolling device can be selected in the experimen-
the micropits. Conversely, as the workpiece moving speed  tal process to enhance the depth and the depth-to-diameter
increases, the machining time becomes shorter, leading to a ratio of the micropits.
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4.1.4 The influence of the applied voltage

Figure 11 illustrates the current density distribution of the
micropits machined under three different applied voltage
conditions (U=9 V, 10 V, and 11 V). The sectional profiles
of the micropits vary significantly with the applied voltage
(as shown in Fig. 12). Specifically, as the applied voltage
increases, the depth of micropits gradually increases. This
phenomenon can be attributed to the higher current density
generated between the workpiece and the linear cathode,

@ Springer
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resulting in a more intense electrochemical reaction on the
machined surface and a deeper etching depth of the micropits.

The above simulation results indicate that the electro-
chemical machining process using the designed rolling
device with the linear cathode can improve the current dis-
tribution in the machining area by selecting appropriate sizes
of the line cathodes and the spacing of the mask holes array.
Moreover, the depth and localization of the microcavities
can be enhanced by adjusting the moving speed of the work-
piece and the applied voltage. These results demonstrate the
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Fig. 13 Schematic diagram

of the experimental system of

linear cathode rolling printing Motor
electrochemical machining

Tooth belt
Rolling device
Holder
Workpiece
Table 2 Experimental parameters
Parameters Value
Thickness of the mask 100 pm

304 stainless steel sheet
304 stainless steel tube
Material of linear cathode
Electrolyte concentration

50 mm width X5 mm thick
48 mm diameter X5 mm thick
Cu

10% (Wt%), NaNO,

No-water ethanol concentration 98%

Applied voltage 9-12V
Rotating speed of the mask (0-0.5) r/min
Inter-electrode gap 0.1 mm
Electrolyte flow rate 1 L/min
Cathode tool diameter 35mm

potential of the proposed method for precise and efficient
micromachining applications.

5 Experimental

The electrochemical machining process was carried out on
a custom-built equipment, as shown in Fig. 13. The rolling
device was mounted on a holder and connected to a gear
fixed on the motor shaft via a tooth belt. A microhole array
with a diameter of 300 pm and a spacing distance of 900
pm between the holes was fabricated on the mask using an
ultra-precision CNC drill machine. The workpiece mate-
rial utilized in the experiment was stainless steel 304, and
NaNOj; solution was employed as the electrolyte. The
experimental parameters used are listed in Table 2.

Pressure gauge
~\ S

g

Pressure control valve

Pump

)

~
dii»‘ection
1

Filter 4 ﬂ

Electrolyte—f———

Electrolyte circulatory system

The effects of process parameters on the morphology
of micropit arrays were investigated using the designed
device in the electrochemical experiments. The surface
morphology of the workpiece was analyzed using an ultra-
depth field microscope (VHX-2000, KEYENCE, Japan),
a scanning electron microscope (SEM, Carl Zeiss NTS
GmbH, Germany), and an Olympus microscope (Olympus
LEXT OLS5000, Japan).

In this paper, the etching factor EF (Etch Factor) is used
to describe the processing localization of the mask elec-
trolysis process. Its expression is as follows:

EF =h/(x,—r,) 12)

where 4 is the micropit etching depth, x, is the micropit
etching radius, and ry, is the mask hole radius.

6 Results and discussion

The electrochemical machining was carried out under the
following conditions: a 10% (wt%) NaNOj; electrolytic
solution, the inter-electrode gap of 0.1 mm, the work-
piece rotating speed of 0.2 r/min, and the applied voltage
of 10.5 V. By using the designed device, the micropits
with low roughness values and clear boundaries were
obtained on the plane, inner and outer cylindrical sur-
face of the workpiece. Figure 14 shows the morphol-
ogy of the machined micropit arrays on the workpieces
with these surface profiles, which demonstrated that the
proposed method can achieve uniform micropit arrays
on the plane, inner and outer surfaces of the workpiece.
Figure 15 shows the profiles of the simulated and exper-
imental micropit. The simulated micropit exhibited a
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Fig. 14 Surface topography of
the micropit arrays of the work-
piece. a The flat workpiece; b
the inner cylindrical workpiece;
¢ the outer cylindrical workpiece

barrel-shaped profile, with a deeper etching depth and
a smaller diameter, while the actual machined micro-
pit presented a basin-shaped profile, featuring a shal-
lower etching depth and a larger diameter. The primary
cause of this difference lies in the limited consideration
of electrolytic products and mass transfer effects during
the simulation. In the actual electrochemical machining,
as the machining time progresses, electrolytic products
gradually accumulate within the micropits, impeding
their timely removal and interfering with the ongoing

@ Springer

EHT = 1000 KV
Mag= 17X

Time :15:02:33
System Vacuum = 8.30e-005 Pa.

Signal A= SE2
WD =20.7 mm

EHT = 15.00 kV
Mag= 19X

Time :15:07.07
System Vacuum = 1.26e-004 Pa

Signal A= SE2

WD =20.7 mm

EHT = 15.00 kV Signal A = SE2 Time :15:29:28

Mag= 18X WD = 36.7 mm System Vacuum = 4.79e-006 mbar

machining. Additionally, inadequate circulation and
exchange of the electrolyte near the micropits further
disrupt the machining process. These factors contribute
to the results shown in Fig. 15.

To investigate the precision of the results, ten columns
of the micropits were randomly selected and measured
and analyzed the diameters and the roughness values of
twenty micropits (two from each column), as shown in
Fig. 16. The micropits obtained by the presented method
exhibited a relatively concentrated size distribution, with
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Fig. 15 The simulation and experimental profiles of the micropits

an average diameter of 421.55 + 18.75 pm, a depth of
70.2 + 4 pm, an average EF of 1.16, and a roughness of
0.625 + 0.205 pm. The variances of the diameter, depth,
and roughness of the micropits were 18.61 pm?, 2.53 pm?,
and 0.0053 um?, respectively. The results showed that the
use of a linear cathode instead of the traditional large-
sized cathode resulted in an increased EF from 0.78 to
1.16 [21], which suggested that the presented machining
process of the micropit arrays had better localization.
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Fig. 16 Size and roughness distribution of micropit arrays of the planar workpiece:
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7 Conclusions

To solve the challenge of the cost-effective electrochemi-
cal machining of a vast number of high-quality micro-
structures on the non-flat surface metal workpiece, a novel
electrochemical machining using a rolling device with
linear cathode and soft mask was proposed in this study.
The theoretical model was developed built to analyze the
evolution process of the micropits and the effect of the
machining parameters. The feasibility of the proposed
method had been verified through the experiments. Based
on the theoretical analysis and the experimental results,
the following conclusions were drawn:

(1) The proposed rolling device enabled accurate profiling
of micropits during the electrochemical machining pro-
cess. By adjusting the diameters of the linear cathode
and the spacing between the mask holes, the electric
field distributions of the corroded surfaces could be
modified. Notably, when the size ratio between the
mask hole and linear cathode was 1:1 and the mask
hole spacing exceeded 1:3, the current distribution
concentrated only on the workpiece surface below the
linear cathode. This resulted in the corrosion machining
occurring exclusively in this location for smaller linear
cathode sizes.

(2) The experimental results demonstrated good agree-
ment with the simulation, particularly regarding to
the sectional profile of the micropits. The sectional
profile of the micropits varied with different pro-
b
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a the size distribution of micropit arrays; b the roughness
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cessing voltages and rotating speeds of the work-
piece. Under the electrolytic condition of 10.5 V
processing voltage and 0.2 r/min rotating speed,
a well-defined micropit array with smooth sur-
faces and clear edges was successfully fabricated..
Increasing the voltage and reducing of the rotating
speed of the workpiece did not significantly alter the
diameter of the micropits, but instead resulted in an
increased depth of the micropits.

(3) The proposed method allowed for the generation
of micropit arrays on flat, inner, and outer cylin-
drical surfaces of the workpieces in a single step.
The sectional profiles of the micropits exhibited
an ideal bowl shape, with an average diameter of
421.55+18.75 pm and a depth of 70.2+4 pm. The
average EF was found to be 1.16, and the roughness
of the micropits was 0.625+0.205 pm. The variances
of the diameter, depth, and roughness of the micro-
pits were 18.61 pm?2, 2.53 pm?, and 0.0053 pm?,
respectively.
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