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Abstract: The friction and wear has been understood as the mechanical and chemical issues on the surface and
interface between structural components and parts with the practical surface roughness. The micro-texturing
was highlighted as a positive use of interfacial asperities in geometry and topology to control the frictional
behavior. Three micro-texturing methods were proposed to control the micro-texture size and geometry; i.e.,
the self-micro-texturing, the extremely short pulse laser micro-texturing, and, the plasma printing. The
ball-on-disc testing was employed to describe the effect of micro-dimple size, density and topology on the
measured friction coefficient. The wear track width was also measured to investigate the effect of
micro-dimples on the wear. The surface properties were affected by the micro-textures on the surface. The
static contact angle was measured to describe the effect of micro-texture size and topology on the increase of
contact angle toward hydrophobicity. The micro-textured surface of aluminum sheets by the plasma printing
was utilized to investigate the controllability of heat transfer processes by the micro-texturing.
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1. Introduction

In the manufacturing process, the lubricating oils have been utilized to be working as an interfacial
buffer between the tools and the work materials to reduce the wear and friction in practice. With
consideration on the surface roughness of tools and works in nature, this lubricating behavior was
described by the applied load (W) and the shearing velocity (v) in the tool-work system as well as the
viscosity (n) of lubricating oils. The Stribeck curve as shown in Fig. 1 was a typical relationship
between the friction coefficient () in the tool-work system and the mechanical parameter ¢. This ¢
was usually defined by v x n / W after?.

Friction coefficient, u

¢(=(vxn)/ W)

Fig. 1.1. A typical Stribeck curve between the friction coefficient and the lubricating parameter
¢ (=(vxn)/W).

The tribology in the machining or cutting processes was usually classified into the region I in Fig. 1.1
In this boundary lubrication condition, the lubricating oil film was too thin to preserve the
well-defined lubricating conditions. Most of metal forming processes were categorized from the
region Il to the early stage of region Ill. With increase of ¢, the friction coefficient reduced
monotonically and minimized on the border between these two regions; the friction coefficient
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increased with increase of the lubricating oil thickness. This typical tribological behavior stands on
the topological configuration of interface between tool and work surfaces. Hence, the above
tribological behavior must be changed by micro-texturing onto the work surface? or onto the die or
tool surfaces® 4.

With decreasing the size of products, the fresh surface area significantly increased in the machining,
stamping and forging processes. In particular, the surface area extension rate often exceeded 10 or
20 in correspondence to highly frictional process in the severe press-forging steps. In addition, the
recent regulations for reduction of environmental burdens and material emission recommended a new
direction to utilize the low-viscosity natural oils under minimum quantity lubrication (MQL). Hence,
without significant innovation to control the lubricating process, ¢ could be smaller enough to increase
the friction coefficient in micro-manufacturing. The engineered surface design was also high-lighted,
both in the control of wettability by micro- and nano-texturing®, and, on the control of heat transfer
processes through the tailored surfaces®). In the former, the geometry and topological alignment of
micro-textures must be optimized to increase the contact angle toward hydrophaobicity. In the latter,
the micro-textures were expected to reduce the vapor bubble size and release those tiny bubbles from
the heated surface.

Authors have been concerned with the micro-texturing methods for applications in the above. As the
first method, the self-micro-texturing method” was proposed to modify the surface conditions by
using the low temperature plasma nitriding. The original smooth surface changed itself to the roughed
one with micro-dimples via nitriding. The extremely short-pulse laser micro-texturing®® was the
second approach to form each micro-dimple with high geometric accuracy by laser machining and to
align this micro-dimple assembly by controlling the laser-paths. The plasma printing method®%
was developed to form the micro-dimples as a micro-mold as well as the micro-pillars as a
micro-punch onto the die surface. The micro-pillared plastic specimens were fabricated by injection
molding even into those micro-molds. The micro-dimpled metallic sheets were fabricated by
micro-stamping this multi-punched die in a single shot.

In the present paper, how to make micro- and nano-texturing into tools and dies is reconsidered with
importance on the characteristic procedures for three methods as stated in the above: i.e., the
self-micro-texturing, the extremely short-pulse laser micro-texturing, and, the plasma printing. The
first two methods are employed to describe the effect of micro-dimple size, density and topology on
the frictional behavior under MQL. The ball-on-disc method is employed to measure the time
variation of friction coefficient for the micro-dimpled stainless steels with comparison to the bare
substrates. The third method is first utilized to make a die with micro-mold patterns on its surface by
the plasma printing method and to prepare for the micro-pillared plastic specimens. Those
test-pieces are used to measure the contact angle for the pure water and to investigate the effect of
micro-mold size and topology on the increase of contact angle toward hydrophobicity. This plasma
printing is further used to form the micro-punched die for fine stamping. The micro-dimpled
aluminum sheets are fabricated as a specimen to investigate the effect of micro-punch size and
geometry on the heat transfer process.

2. Micro- and Nano-Texturing Methods

There are three ways to form the micro-textures on the product and tool surfaces and interfaces by the
micro- and nano-texturing. The first approach is a natural self-texturing method where the fine,
distributed micro-dimples are naturally formed through the surface treatment. In the low temperature
plasma nitriding of stainless steels and tool steels, the interstitial nitrogen atoms diffuse into the depth
of steels together with their occupation of octahedral and tetrahedral vacancy sites in the
iron/chromium crystalline bcc-lattice structure. This occupation takes place together with the lattice
expansion of stainless steel crystals significantly in the c-axis. Each grain in the depth of nitrided
layer from the surface expands itself and is subjected to straining against other grains. The grains at
the vicinity of substrate surface expand also in the c-axis and deform toward the free surface. The
surface areas in vertical to the c-axis expand by themselves together with the above lattice expansion;
the other ones in parallel to the c-axis never expand, or, a little contract by themselves. This
disturbance in the surface deformation results in roughing with formation of micro-dimples. Fig.2.1.
compared the change of surface conditions before and after the low temperature plasma nitriding at
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693 K for 14.4 ks. Fine micro-dimples are uniformly formed to be working as an oil-pocket in the
lubricated tribology even under MQL.

Fig. 2.1. Self micro-texturing process to form the surface roughing process in nature. a) The bare stainless steel
surface of type AISI-SUS420J2, and, b) the low temperature plasma nitrided surface at 693 K for 14.4 ks.

The extremely short pulse laser machining provides a means to make any tailored alignment of
micro-dimples via the artificial control of laser powers and paths. Different from the conventional
COy-lasers or the fiber lasers, the pico-second or femto-second pulse laser machining processes are
free from the thermal effects; every fine groove or dimple is formed onto the work surfaces and
interfaces only by ablation process of the work materials. This results in accurate formation of the
micro-dimples even onto the hard metallic and ceramic substrates. In the following experiments, the
whole positioning data, related to the geometries for all the micro-dimples, must be prepared together
with the laser power and path data and edited into the CAM data before actual laser machining. Each
micro-dimple is formed step-by-step by controlling the laser path.

deep drawing, and, b) Geometric dimension of aligned micro-dimples by the laser-micro-texturing.

Fig. 2.2. depicted the laser micro-textured die inlet surface by using the pico-second pulse lasers.
Each micro-dimple is accurately machined into the die surface even when the micro-dimple size
becomes equivalent to its grain size. Its geometric alignment is also accurate to have a capacity to
preserve the thin, uniform oil films in lubrication.

The micro- and nano-texturing by the plasma printing method has two independent procedures to form
the micro-textured dies and molds.  The first plasma printing method consists of three steps, as
illustrated in Fig. 2.3. In Fig. 2.3 a), the solid circle pattern is ink-jet printed directly onto the
stainless steel mold surface. Its size and geometry in this two dimensional micro-pattern corresponds
to the outlet size and geometry of micro-texture. This micro-pattern is utilized as a mask to prevent
the micro-patterned surface area from the plasma nitriding. The bare mold surface is plasma-nitrided
to have higher hardness than the masked surfaces. After this second step in Fig. 2.3. b), the masked
area with the same hardness as the bare stainless steel mold is mechanically removed by the sand
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blasting as shown in Fig. 2.3. ¢). This micro-dimpled mold is fixed into the mold-set for injection
molding. Through this molding process, the micro-disc or micro-pillar textures are formed onto the
plasmatic product surfaces by transcription of the micro-dimple textures on the mold.

Ink-jet
/ Printed mask a)
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Fig. 2.3. The plasma nitriding-assisted printing to the stainless steel molds for injection molding of the polymer
and plastic products with micro-textures.
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Fig. 2.4. The plasma oxidation-assisted printing to the DLC coated dies for fine micro-stamping of the metallic
sheets with micro-textures.

In the second procedure, the oxygen plasmas assist this printing process into DLC-coated dies. Just
in the similar manner to Fig. 2.3. a), the initial two-dimensional pattern is ink-jet printed as a mask to
prevent the masked area from plasma oxidation as illustrated in Fig. 2.4. The bare DLC coating area
is removed to build up the DLC-micro-punches directly into the DLC-coated dies. This die unit is
inserted into a cassette die for micro-stamping of the aluminum sheet. Through this micro-stamping,
the micro-cavities are formed into the aluminum sheet by transcription of the DLC-micro-punch

shapes.
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3. Micro-Texturing Effects on the Friction and Wear

The ball-on-disc tribometer (CSM-Instrument, Co. Ltd.) was employed to describe the history of
friction coefficient with the sliding distance. The applied load was constant by 10 N, and, the sliding
velocity, 10 cm/s. Toward the green manufacturing under MQL, the spindle-oils were only supplied
by 0.1 ml at the initial condition. The SUJ2 ball with the diameter of 6 mm was used as a counter
material.  As illustrated in Fig. 3.1, the tribo-testing can be done in dry, in semi-dry or in lubricating
conditions. The frictional force (F) was in-situ measured for the applied load (W); the fictional
coefficient was determined by F/W in the function of time.

a
Force-sensor W )

(F)
N

Ball

Disc Rotation

Specimen

Fig. 3.1. Hlustration of the ball-on-disc method to evaluate on the time variation of the friction coefficient in
MQL conditions. a) Mechanism of the present ball-on-disc tribo-testing, and, b) The ball-on-disc tribo-meter.

Both the bare and the self-micro-textured stainless steel disc specimens with the diameter of 25 mm
and the thickness of 5 mm were prepared for the tribo-testing under MQL. In both cases, the spindle
oils were deposited by 0.1 ml at the beginning of test. Fig. 3.2 compared their time variation of
measured friction coefficient (u). In case of the bare specimens, the friction coefficient fluctuated
continuously above p = 0.1 by the metallic contact between the worn fresh surface of specimen and
the hard ball surface. This implies that the friction process should be enhanced by the adhesive wear
of specimen with increasing the tribo-testing time. On the other hand, little fluctuations or no
increase of the friction coefficient was seen for the self-micro-textured specimen; e.g., u = 0.1 was
preserved through the whole tribo-testing time for 3.6 ks. This difference reveals that the
self-structured micro-dimples on the low temperature plasma nitrided surface should work as an oil
pocket to preserve the thin lubricating oil layer enough to prevent the test-piece surface from direct
contact with the hard counter balls.
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Fig. 3.2. Comparison of the time variation of friction coefficient between the bare AISI-SUS316 and the
self-micro-textured AlSI-SUS316.

Fig. 3.3. also compared the wear tracks after tribo-testing between the bare and the self-micro-textured
stainless steel disc specimens of type AISI-SUS316. The bare specimen experienced severe wear as
shown in Fig. 3.3. a). This deep wear track width of 630 um was significantly reduced to 135 um for
the self-micro-textured specimen in Fig. 3.3. b). This reduction of friction and wear by
self-micro-texturing reveals the important role of micro-textures in the tribology in manufacturing.

The laser micro-texturing with use of the pico-second lasers was employed to form the assembly of
micro-dimples onto the surface of martensitic stainless steel type AISI420. Different from the
self-micro-texturing, this method requires for each micro-dimple geometry and positioning
information as CAM data. Each micro-dimple is formed with accurate size, depth and alignment.
Fig. 3.4. a) depicted a typical micro-textured specimen with the diameter of 25 mm and the thickness
of 5mm. As shown in Fig. 3.4. b), each micro-dimple was formed to have 30 um in diameter and 3

um in depth.
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Fig. 3.4. The micro-textured disc specimen. a) Micro-teturing at the center of specimen, and, b) SEM image of
textured micro-dimples with the surface profiles.
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Fig. 3.5. Time variation of the measured friction coefficient for the micro-textured disc specimen by the laser
micro-texturing.

Fig. 3.5. depicted the time variation of measured friction coefficient in the tribo-testing. Every
micro-dimple has the same dimensions in geometry as stated in the above. This micro-dimple
alignment has the density of 400 dimples / mm?.  Excluding the initial running out, the friction
coefficient gradually decreased from 0.1 to 0.085 with time.  This monotonic reduction of the friction
coefficient must be driven by formation of the thin lubricating layer from the micro-dimples. At the
beginning, the ligaments among the micro-dimples have discontinuous oil films; higher frictional
forces are applied to the specimen. Since the thin oil films gradually grow into a continuous thin film
from the micro-dimples, the friction coefficient is reduced in time. This monotonic reduction of the
friction coefficient also implies that every micro-dimple in the contact track with the counter ball
should work as an oil pocket to keep thin and homogeneous oil film between the specimen surface and
the counter balls. Once some micro-dimples were worn out in the contact track, the friction
coefficient could be fluctuated noticeably.

In order to prove this role of micro-dimples in lubrication, the wear track was measured on the
specimen by SEM. Fig. 11 depicted the wear track on the micro-textured specimen surface. The
wear track width was only 100 um. All the micro-dimple sizes in this contact track remain the same or
a little smaller than the average size of micro-dimples before testing.  Since the diameter of ball is 6
mm, the indentation of counter ball is estimated to be shallow by 0.4 um. This elastic contact state
between the counter ball and the micro-textured surface must be preserved at the presence of thin oil
films from micro-dimples.
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Fig. 3.6. The wear track of micro-textured specimen surface after the tribo-testing.

This lubricating role of micro-dimples on the specimen surface has a potential to reduce the friction
coefficient in the transient zone from the region Il to the region Il in Fig. 1.1. Let us summarize the
relations between the friction coefficient and the sliding velocity for each micro-texturing condition.
In this experiment, the applied load was constant, and, the same spindle oil was used. Then, Fig. 3.7.
compares the Stribeck curve for each micro-texturing condition. Irrespective of the pitch among the
micro-dimples with the diameter of 50 um, the friction coefficient was reduced from 0.13 - 0.16 for
the bare specimens to 0.08 with increasing the micro-dimple density.
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Fig. 3.7. The role of the micro-dimple texturing on the Stribeck curves in the lubrication.
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4. Micro-/Nano-Texturing Effects on the Surface Properties

The surface properties of materials are governed by the surface energy. For an example, the high
energy surface is easy to be covered by atom or molecule layers so that the surface becomes
hydrophilic and easy to be wet. The low energy surface has lower attractive capacity to other
material atoms and molecules; they usually agglomerate themselves to be isolated from the surface.
This hydrophobic surface is difficult to be wet. In the usual way, this hydrophobicity is
accommodated by the fluorine coating; the measured contact angle turns to be 130 to 1502, In
recent, this contact angle is tunable from 10° to 150° by appropriate selection of chemical agents®®.
The other way to attain this hydrophobicity lies in the usage of the lotus effect where the finely aligned
thin fibers grown on the lotus leaf preserve the water droplets just above the leaf surface at the
presence of air layer below fibers. This suggests that the wettability of materials surface could be
controlled by micro-texturing.

2 o SR
image of the micro-textured mold, and,

,3!".:31 S .’ 5l ’ “
Fig. 4.1. The plasma printed mold for injection molding. a) Microscopic
b) Microscopic image of the plastic product surface molded.

The plasma nitriding-assisted printing method was first employed to make micro-structuring into the
stainless steel mold for injection molding. As explained in detail by!® 19 the initial two
dimensional micro-patterns were ink-jet printed as a masking pattern onto the surface of martensitic
stainless steel substrate type AIS1420J2. During the lower temperature plasma nitriding than 700 K,
no chromium nitrides precipitated in the stainless steel matrix, but, the interstitial nitrogen atoms
diffused into the matrix with occupation of the tetrahedral and octahedral vacancy sites in the Fe/Cr
crystalline bcc-lattice by nitrogen solute.  This nitriding took place selectively on the masked surface
areas; the hardness of masked area in the matrix increased up to 1400 HV. The other unmasked area
on the surface had nearly the same hardness as the matrix of 250 HV. Then, those surface areas were
selectively removed and polished by sand-blasting method. Fig. 4.1. a) depicted the plasma printed
mold for injection molding. Micro-dots with the average diameter of 25 um were regularly aligned
on the mold surface. This micro-dot pattern was transcribed to the micro-pillar pattern by the
injection molding as shown in Fig. 4.1. b).

Fig. 4.2. Micro-pillar pattern on the plastic product with the normal deviation of pillar diameter from 20 to 30
pum. a) Micro-texture pattern on the product, and, b) Wettability on the micro-pillared plastic surface.
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Fig. 4.3. Micro-pillar pattern on the plastic product with the normal deviation of pillar diameter from 17 to 32
um. a) Micro-texture pattern on the product, and, b) Wettability on the micro-pillared plastic surface.

Two plastic specimens were prepared by the injection molding with used of the micro-dimpled mold
unit. The first specimen has the micro-pillar textures with the deviation of diameter from 20 to 30
mm, as shown in Fig. 4.2. a). In the second specimen, this deviation is forced to be broaden to be
from 15 to 32 mm, as depicted in Fig. 4.3. a). The measured static contact angle was only 70° in the
first specimen; while it was improved to 85°, as respectively shown in Fig. 4.2. b) and Fig. 4.3. b).
This reveals that the irregularity in the micro-textures controls the local contact area of pure water and
that the contact angle increases with this local irregularity on the micro-pillared surface.

5. Micro-/Nano-Texturing Effects on the Heat Transfer Processes

How efficiently the generated heat is transferred out of the system, has been and is still one of the most
difficult issues in engineering. The high holding temperature is necessary to activate the heat
radiation process owing to the Boltzmann law!®.  As illustrated in Fig. 5.1. a), without the
resonance device to red or ultra-red components in the radiated waves'”, there might be no possibility
to drive this heat radiation process at the room temperature. In order to drive the heat convection
process, the cool water is indispensable to improve the heat flux transferred from the hot spots; e.g.,
the heat sink is a typical element to increase the heat penetration rate through its finned surface'®.
However, the maximum heat flux through this element is limited by the critical heat flux where the
vapor bubbles combine themselves into a vapor film. Hence, without the engineered surface to
prevent the vapor bubbles from adhesion on the heated surface, there might be also little possibility to
increase the heat flux above the criticality, as also illustrated in Fig. 5.1. b).
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Fig. 5.1. Enhancement of the heat transfer mechanism by the micro-texturing. a) Enhancement of heat radiation
mechanism at room temperature, and, b) Enhancement of the two-phase heat transfer mechanism with boiling.
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The DLC-coated SKD11 substrate with 10x10x80 mm? was prepared as the starting die material. ~As
described in detail by'* 12D the micro-pillared DLC-punches were plasma printed into the
DLC-coating. Each micro-pillar was shaped into the rectangular punch with 3.5 x 3.5 x 4.8 um? and
aligned with each other under the mutual clearance of 1.5 um. Consider that a single rectangular
DLC-punch stands on each 5 x 5 um? local surface of the whole die surface with 10 x 80 mm?; then,
30-mega (30,000,000) DLC multi-punches were present on the die-unit surface. This die unit was
fixed into the cassette die system for CNC micro-stamper to make coining of the aluminum sheet with
the thickness of 80 um.  The micro-textured aluminum sheet was shown in Fig. 5.2. As depicted in
Fig. 5.2 b), each micro-cavity with 3.5 x 3.5 x 4.8 um?® was formed into the aluminum sheet in
correspondence to the DLC micro-pillared punch. The bottom surface with 3.5 x 3.5 um? of
micro-cavity corresponds to the DLC-punch head; the walls of micro-cavity with the thickness of 1.5

<0 . e ..,'. WA Y M.
Fig. 5.2. Micro-textured aluminum A1060 alloy sheet with the thickness of 0.08 mm. a) Continuously

stamped sheet with the micro-textured patterns, and, b) SEM image of the stamped micro-textures into
the aluminum sheet.
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Fig. 5.3. Variation of the measured thermal radiation coefficient with the wave length for three sections in left, at
center and in right on the micro-textured aluminum sheet.

The optical spectroscopy up to 9 um was employed to measure the thermal radiation coefficient for
three parts in the micro-textured aluminum sheet. Fig. 5.3. depicted the measured thermal radiation
coefficient spectra for three sections in left, at center and in right on the micro-textured aluminum
sheet. Their peak intensity is enhanced in the wave length from 5 to 7 um; the heat is radiated as a
red light from the micro-textured aluminum sheet.

This micro-textured aluminum sheet was joined with the copper block to be directly heated in the heat
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transfer testing. In general, the heat flux (g) from the heated copper block to the water increases with
the excess temperature (AT) since more vapor bubbles nucleate on the copper block surface after free
heat convection. Approaching to the critical condition where the growing vapor bubbles are
combined into a vapor film, the heat flux reaches to its maximum before burning-down. Let us
compare the measured heat fluxes between the bare and micro-textured aluminum sheets, joined onto
the copper block in experiments.

Table 5.1. Comparison of the measured heat fluxes between the bare and micro-textured aluminum sheets. In
the same experimental set-up, both sheets were joined onto the copper block in the similar way.

Excess Heat flux through the bare Heat flux through the micro-
Temperature aluminum sheet textured aluminum sheet
AT, K Qbare, W/m? Q(micro, W/m?
40 0.8 x 10° 1.0x 105
60 0.85 x 10° 3.2x10°
80 1.0x10° 4.0x 105

As listed in Table 5.1, the measured heat flux still increases monotonically with AT in both cases.
The heat flux of the micro-textured aluminum sheet becomes four times higher than that of the bare
aluminum sheet in the higher excess temperature. This experiment directly demonstrates that the
micro-textured surface provides a means to increase the heat flux without adhesion of vapor bubbles
onto the heated surface and without the morphological change of this vapor bubble to vapor film.

6. Discussion

The thin lubricating oil film is present on the interface between the micro-textured substrate and the
counter materials. Without the micro-textures, a part of oil film could be forced to squeeze out by the
reactive pressure between two bodies; then, the friction coefficient increases by itself since the part of
film becomes too thin to support this pressure. At the presence of micro-dimples on the contact
surface between two bodies, this local disturbance of film thickness is compensated by small flush out
of lubricating oils from the micro-dimples. The lubricating oil film thickness is preserved to be
uniform and thin enough to sustain the pressure distribution on the contact interface. With
decreasing the density of micro-dimples in the contact track, this compensation of oil film thickness in
local does not work well and results in the local metal contact between two bodies. The sufficient
micro-dimple density as well as its well-defined geometric configurations, are indispensable to lower
the friction and wear, irrespective of the sliding velocity and the applied load.

Without micro-grooves on the surface, the wettability of materials against the pure water is uniquely
determined by the surface energy of substrate; e.g., the bare stainless steel has contact angle as low as
20 - 30°. At the presence of micro-grooves or micro-discs in the order of 10 to 30 um with relatively
accurate alignment, this contact angle is increased up to 70°. With increase of the deviation in the
micro-disc diameter, it further increases more than 80°. This result suggests that the contact angle
should be enhanced by tailoring the local alignment of micro-groove and micro-disc units. Through
the spatial frequency analysis on the tailored micro-texture surface, the optimum alignment of
micro-texture units is investigated to search for the rational design of engineered surface toward the
super-hydrophobicity.

In the heat radiation device with use of the micro-textures, the deep rectangular micro-cavity structure
is needed to build up the micro-resonator with the half wave length for red and ultra-red waves. At
present, the depth of micro-cavity is limited by the DLC micro-punch of 5 um.  Using the thick DLC
films up to 20 to 30 um as a die material, feasible resonating microstructure is fabricated into the
metallic sheet. With respect to the heat transfer with two-phase condition, there is no theoretical
treatise on the optimum micro-texture configuration. Refinement of vapor bubbles as well as prompt
separation of vapor bubbles from the heated surface must be accommodated to new heat transfer
process by the micro-texturing design to increase the heat flux above the criticality.
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7. Conclusion

Tribology has grown up to describe the lubricating behavior on the smooth surfaces in contact with
natural roughness. Its fundamental property and performance changes itself on the micro-textured
surfaces in contact. The self-organized micro-dimples by the low temperature plasma nitriding work
as an oil pocket to preserve thin, continuous lubricating oil film between the micro-textured tool
surface and the work. The measured friction coefficient remains to be low by p = 0.1. The
pico-second laser micro-texturing provides a means to control the geometric dimension, the density
and the alignment of micro-dimples. Higher micro-texture density in the contact track with the
well-defined micro-texture geometry lowers the friction coefficient down to 0.08 with indifference to
the sliding velocity.

The plasma printing becomes an alternative micro-texturing method to fabricate the fine,
micro-grooved molds as well as the accurate micro-pillared DLC-coated die and to transcribe these
micro-groove and micro-pillar textures into the plastic products and the metallic sheets. The contact
angle for pure water is directly controlled by this micro-texturing into the plastic product. The heat
transfer processes in radiation and two-phase convection are also controllable by the micro-cavity
patterns in the metallic sheets.
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