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(57) ABSTRACT

Materials for, and methods of, colorizing a metallic surface
with micro-gratings using vibration cutting technologies are
provided. Micro-gratings on aluminum, brass, and stainless
steel surfaces can be rapidly created to effect, under illumi-
nation, at least one color observable in the visible spectrum
using elliptical vibration texturing, a vibration-assisted
mechanical cutting process. The modified metallic surface
can display multiple visible colors, an iridescent effect
caused by changes in one or more cutting parameters
employed to produce the micro-gratings, the angle of illu-
mination by an incident light, and/or the viewing angle of
the surface under illumination.
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METHOD AND APPARATUS FOR
STRUCTURAL COLORATION OF
METALLIC SURFACES

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application Ser. No. 62/360,086, filed Jul. 8, 2016,
the disclosure of which is hereby incorporated by reference
in its entirety, including all figures, tables and drawings.

BACKGROUND OF THE INVENTION

[0002] One existing technology used for generating col-
ored metallic surfaces without using additional pigments is
femtosecond or picosecond laser pulse writing, which pro-
duces laser-induced surface structures (LIPSSs) capable of
engendering structural coloration on the metallic surfaces
when illuminated by an incident light. These laser-induced,
orderly surface patterns are spontanecously formed during
laser irradiation (see, for example, FIG. 1). The orientation
of the LIPSSs depends on the direction of the laser polar-
ization, which is used to control the imprinted colors. For
example, silver-white aluminum surfaces have been ren-
dered to have gold, black, and grey colors by the laser-
induced method.

[0003] LIPSSs, though highly reproducible, suffer from
several drawbacks. First, it is challenging to predict and
control the dimensions of the LIPSSs. Second, micro-grat-
ings generated by LIPSSs are semi-regular, which adversely
affects the efficiency of light diffraction and thus the color-
ization of the sample surface. Third, owing to material-
specific laser-fluence, the effectiveness of coloration meth-
ods based on LIPSSs has not been verified for a wide variety
of metallic surfaces. Fourth, the high cost of a femtosecond
laser system and the long processing time (e.g., around 20
minutes for processing a 10 mmx10 mm copper sample)
make the technology difficult to be adopted by industry for
large-scale production.

BRIEF SUMMARY OF THE INVENTION

[0004] Due to the above-mentioned drawbacks, there
remains a need in the art for developing effective and
low-cost manufacturing processes to enhance the optical and
physical properties of metallic surfaces.

[0005] Embodiments of the subject invention provide
materials for, and methods of, colorizing a metallic surface
with micro-gratings using vibration cutting technologies. In
some embodiments, micro-gratings on aluminum, brass,
stainless steel, and other common machinable metallic sur-
faces can be rapidly created to effect, under illumination, at
least one color observable in the visible spectrum using
elliptical vibration texturing, a vibration-assisted mechani-
cal cutting process. In certain embodiments, the modified
metallic surface can display multiple visible colors, an
iridescent effect caused by changes in at least one of the
following factors: one or more cutting parameters employed
to produce the micro-gratings; the angle of illumination by
an incident light; and the viewing angle of the surface under
illumination.

[0006] Advantageously, technologies provided herein can
enable efficient and low-cost manufacturing processes for
enhancing the optical, physical, and aesthetic properties of
metallic surfaces by creating periodic surface textures with
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controllable processing parameters. Further, by processing
sample surfaces in accordance with embodiments provided
herein, methods for preparing iridescent patterns, texts, and
pictures on metallic surfaces can be readily realized. The
iridescent color images with an optically variable effect
textured on the metallic surface can be transferred to the
ultrathin polymer film surface using replication manufactur-
ing processes, such as injection molding or roll-to-roll/plate
embossing process, which may find tremendous industrial
applications in the anti-counterfeiting, product marking, and
decoration fields.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 shows an SEM image of exemplary laser
induced periodic surface structures (LIPSSs) according to
the prior art.

[0008] FIG. 2 shows a diagram illustrating the principle of
the elliptical vibration texturing (EVT) method. The spacing
distance, d, of the vibration-induced machined marks can be
controlled by the nominal cutting velocity and the vibration
frequency of the cutting tool according to an embodiment of
the subject invention.

[0009] FIG. 3 shows a diagram illustrating the relationship
between the tool vibration parameters and the geometry of
vibration-induced cusps according to an embodiment of the
subject invention.

[0010] FIG. 4 shows a diagram illustrating the continuous
vibration-induced ripples connected in the cross-feed direc-
tion by consecutive cut and the diffractive grating effect
induced by the periodic ripples according to an embodiment
of the subject invention.

[0011] FIG. 5 shows a diagram of the 2D elliptical vibra-
tion trajectory of the cutting tool and the corresponding
vibration performances in the depth of cut and cutting
direction, as well as the achievable vibration parameters
ranges according to an embodiment of the subject invention.
[0012] FIG. 6 shows an image showing the grating effects
on multi-material  surfaces, e.g. stainless steel
(00Cr19Nil10), brass (H61), and aluminum (Al6061) sur-
face, after surface modification.

[0013] FIG. 7 shows a scanning electron microscope
(SEM) micrograph of typical vibration-induced ripple struc-
tures with a spacing distance of 800 nm according to an
embodiment of the subject invention.

[0014] FIG. 8 shows an image showing of a green letter C
with a gold background on a brass surface (H61), after
surface modification, viewed from a specific angle.

[0015] FIG. 9 shows an image showing of a green horse
with a blue background on a brass surface (H61), after
surface modification, viewed from a specific angle.

[0016] FIG. 10 shows two images that demonstrate the
capability of the EVT method to generate arbitrary complex
images using vibration-induced ripples with various spacing
distances on brass surfaces (H61), viewed from a specific
angle according to an embodiment of the subject invention.

DETAILED DISCLOSURE OF THE INVENTION

[0017] Embodiments of the subject invention provide
novel and advantageous materials for, and methods of,
colorizing a metallic surface with micro-gratings using
vibration cutting technologies. In some embodiments,
micro-gratings on metallic surfaces can be rapidly created to
effect, under illumination, at least one color observable in
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the visible spectrum using elliptical vibration texturing
(EVT), a vibration-assisted mechanical cutting process. In
certain embodiments, the modified metallic surface can
display multiple visible colors, an iridescent effect caused by
changes in at least one of the following factors: one or more
cutting parameters employed to produce the micro-gratings;
the angle of illumination by an incident light; and the
viewing angle of the surface under illumination.

[0018] In some embodiments, a method of treating a
metallic surface comprises creating periodic and parallel (or
substantially parallel) machine marks on the metallic surface
with a cutting tool by vibrating the tool in a direction
perpendicular (or approximately perpendicular) to the sur-
face while displacing it across the surface. The periodic
machine marks can provide the metallic surface with one or
more structurally induced colors in the visible spectrum
when the surface is illuminated. As used hereafter, the
direction of vibration is designated the “depth-of-cut” direc-
tion, while the direction of displacement is designated the
“cutting” direction.

[0019] In some embodiments, the metallic surface com-
prises one or more metals selected from aluminum, brass,
titanium, zinc, magnesium, niobium, tantalum, iron, stain-
less steel, chromium, nickel, and alloys thereof. In certain
embodiments, the metallic surface comprises materials that
differ from the bulk of the sample on which the metallic
surface overlays.

[0020] In some embodiments, the methods provided
herein can reduce the quantitative roughness of the metallic
surface as measured by any art-recognized surface metrol-
ogy method.

[0021] In some embodiments, the vibration of the cutting
tool is accomplished using an EVT method, which is a
vibration-based mechanical texturing process. In a specific
embodiment, the EVT method comprises inducing two-
dimensional elliptical vibration of the cutting tool at a
frequency less than or equal to the ultrasonic frequency.
“Ultrasonic frequency” as used herein is defined as a fre-
quency with a magnitude of at least 20 kHz. Advanta-
geously, vibration-based processes provided herein signifi-
cantly increase the efficiency in generating surface structures
capable of inducing coloration of metallic surfaces when
compared with existing laser-based processes. In an exem-
plary embodiment, the time required for processing a 10
mmx10 mm copper surface is approximately 5 minutes (or
less) using the EVT method, whereas another copper sample
of the same size requires approximately 20 minutes using a
laser-based method such as, for example, laser pulse writing.
[0022] In some embodiments, when the nominal cutting
velocity is smaller than the maximal vibration speed (i.e.,
v<A,w), machine marks created by the cutting tool as it
vibrates and moves across the metallic surface overlap due
to the reverse motion of the tool tip with respect to the
surface, as shown in FIG. 2. The machine marks, comprising
periodic cusps, form orderly ripples across the surface, with
the direction of each ripple being perpendicular to the
cutting direction. The spacing d between adjacent ripples
can be controlled with substantial precision in accordance
with the following equation:

2mv (1)
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[0023] Advantageously, Equation (1) provides that the
spacing between periodic machine marks, i.e., the orderly
ripples, can be varied simply by changing the velocity of the
tool displacement in the cutting direction, i.e., the nominal
cutting velocity v, while holding the vibration frequency
constant, according to an embodiment of the subject inven-
tion. In another embodiment, the spacing between the peri-
odic machine marks can be varied by changing the vibration
frequency of the cutting tool, i.e., w, while keeping the
velocity of the tool displacement in the cutting direction
constant.

[0024] Further, the coordinates of each cusp in the cutting
direction satisty the following equation:

0, +60\ , 0, —-6 v 0 — 0 2)
Axeo[ 5= finl ==+ 2257 =0
[0025] where 0, and 0, are two particular angular posi-

tions of the tool tip having values between 0 and 2w that
correspond to the coordinates of the cusps, as illustrated in
FIG. 3. In some embodiments, the particular values of 6, and
0, can be solved numerically. In a particular embodiment,
the height of each vibration-induced ripple, h, is subse-
quently determined by the height of the cusps with the
equation (3):

h=4,(1-1sin(0 1 +¢))) @3-

[0026] By sequentially cutting the metallic surface in
parallel (or substantially parallel) micro-gratings, the vibra-
tion-induced ripples become connected and form continu-
ous, long edges due to the overlapping of the machine marks
in the cross-feed direction. The principle of the process is
schematically is shown in FIG. 4. In some embodiments, the
resonant vibration frequency of the cutting tool is predeter-
mined to maximize vibration amplitudes and kept constant
during the texturing process. As a result, the ripple spacing
d between adjacent cusps can be determined and subse-
quently adjusted by changing the nominal cutting velocity v.
In an embodiment, various values of spacing d can be
obtained on a single metallic surface by tuning the nominal
cutting velocity v as the cutting tool traverses across the
surface.

[0027] Colors generated by the EVT-modified metallic
surface methods provided herein can be attributed to the
vibration-induced periodic and parallel (or substantially
parallel) machine marks patterned on the metallic surfaces
under various condition of illumination. In some embodi-
ments, the wavelength of the light generated by optical
reflection and diffraction from the machine marks depends
upon a number of factors described by the equation below:

d(sin 0;40,,)=mh 4

where d is the ripple spacing, m is an integer representing the
order of diffraction, 6, and 0,, are respectively the angle of
illumination by the incident light and the angle of diffracted
beams of order m, i.e., the viewing angle, and A is the
wavelength of the light diffracted by the machine marks on
the metallic surface. A given value of A corresponds to a
specific color in the visible spectrum and is therefore subject
to change in accordance with changes in other parameters of
Equation (4). In an embodiment when the incident light is a
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white light and is perpendicular to the metallic surface, the
viewing angle 0,, is given by the diffracted angle maxima in
the following equation:

®

6, = a.rcsin(mT/1 - sinO;).

[0028] Advantageously, a combination of different cutting
velocities can be applied to different regions of the same
metallic surface, effectively generating various values of
spacing d, and thus various values of A, among the different
regions. In some embodiments, the different regions of a
metallic surface comprising different values of spacing d can
form desired patterns such as, for example, texts and pic-
tures, that comprise different colors when illuminated by an
incident light and viewed from the same angle. Alterna-
tively, due to the fact that the direction of the machine marks
is perpendicular to the cutting direction, changes in the
orientation of the EVT-modified metallic surface with
respect to a given incident light can also effect changes in the
appearance of colors when a fixed value of cutting velocity
(i.e., value of spacing d) is employed during the texturing
process. In a particular embodiment, metallic surfaces modi-
fied in accordance with the methods provided herein can
display iridescent effects when viewed from different angles
under a given incident light.

[0029] In an embodiment, the methods provided herein
can be used to modity, texture, and colorize metallic surfaces
of jewelry articles for which certain aesthetic properties such
as, for example, iridescence, are desirable. In another
embodiment, super-hydrophobic surfaces can be prepared in
accordance with the methods described herein. Specifically,
machine marks generated using the EVT method can form
surface structures capable of preventing or inhibiting water
molecules from adsorbing onto the metallic surfaces,
enabling advancement in technical fields such as, for
example, tribology, corrosion, self-cleaning, anti-fouling,
and reduced drag for surfaces traveling through water, (for
example, torpedoes, submarines, and surface hulls).

[0030] Embodiments of the subject invention also provide
an apparatus for treating a metallic surface, the apparatus
comprising components employed in an EVT process,
including a tertiary motion generator mounted on an actu-
ated stage, a cutting tool integrated to the elliptical motion
generator, a linear motion actuator, and at least two dis-
placement sensors for measuring the amplitudes of the
elliptical vibration of the cutting tool.

[0031] In some embodiments, the ultrasonic elliptical
motion generator is based on a portal frame structure.
Specifically, the cutting tool integrated to the motion gen-
erator relies on the coupled resonant vibrations of the frame
structure to achieve an elliptical cutting trajectory at an
ultrasonic frequency (i.e., at least 20 kHz) at maximized
amplitudes (see also Yang et al., Vibration analysis and
development of an ultrasonic elliptical vibration tool based
on a portal frame structure, 2017, Precision Engineering, in
press; and Guo et al., Development of a tertiary motion
generator for elliptical vibration texturing, Precision Engi-
neering, 37(2), pp. 364-371, 2013), which is hereby incor-
porated by reference herein in its entirety).

[0032] In some embodiments, the cutting tool is selected
according to the composition and eventual applications of
the metallic surface in need of modification. Specifically, the
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geometry of the cutting tool is determined according to the
dimensions of the periodic and parallel (or substantially
parallel) machine marks desired for the surface modifica-
tion. The material employed for the cutting tool depends
upon factors such as, for example, the hardness of the
metallic surface to be modified. In an embodiment, the
cutting tool employs single-crystalline diamond with the
highest hardness of any bulk material.

[0033] In an embodiment, the elliptical motion generator
along with the cutting tool is mounted on a precision-
controlled, three-axis actuated stage capable of manipulating
and positioning the sample surface during the texturing
process.

[0034] Advantageously, technologies provided herein can
enable efficient and low-cost manufacturing processes for
enhancing the optical, physical, and aesthetic properties of
metallic surfaces by creating periodic surface textures with
controllable processing parameters. Further, by processing
sample surfaces in accordance with the embodiments pro-
vided herein, methods for preparing iridescent patterns,
texts, and pictures on metallic surfaces can be readily
realized.

[0035] A greater understanding of the present invention
and of its many advantages may be had from the following
examples, given by way of illustration. The following
examples are illustrative of some of the methods, applica-
tions, embodiments and variants of the present invention.
They are, of course, not to be considered as limiting the
invention. Numerous changes and modifications can be
made with respect to the invention.

[0036] The subject invention includes, but is not limited
to, the following exemplified embodiments.

Embodiment 1

[0037] A method of modifying a metallic surface, the
method comprising:

[0038] creating with a cutting tool on the metallic surface
at least one series of periodic features perpendicular to a
desired cutting direction.

Embodiment 2

[0039] The method according to embodiment 1, wherein
the at least one series of periodic features are parallel or
substantially parallel and the cutting tool is vibrated at a
distinct frequency while simultaneously displaced along the
desired cutting direction across the metallic surface.

Embodiment 3

[0040] The method according to any of the embodiments
1-2, wherein a rate of the displacement of the cutting tool is
different from the distinct frequency of the vibration of the
cutting tool.

Embodiment 4

[0041] The method according to any of the embodiments
1-3, wherein the distinct value of frequency f is in a range
of less than or equal to the ultrasonic range. “Ultrasonic
range” as used herein is defined as a frequency with a
magnitude of at least 20 kHz.
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Embodiment 5

[0042] The method according to any of the embodiments
1-4, wherein the rate of the displacement of the cutting tool
is less than the frequency of the vibration of the cutting tool.

Embodiment 6

[0043] The method according to any of the embodiments
1-5, wherein a spacing d between adjacent periodic features
perpendicular to the desired cutting direction is defined by
the equation:

[0044] wherein v is the rate of the displacement of the
cutting tool and w is the angular frequency of the vibration
of the cutting tool.

Embodiment 7

[0045] The method according to any of the embodiments
1-6, wherein the metallic surface comprises aluminum,
brass, titanium, zinc, magnesium, niobium, tantalum, iron,
stainless steel, chromium, nickel, or an alloy of any com-
bination thereof.

Embodiment 8

[0046] The method according to any of the embodiments
1-7, wherein the metallic surface comprises aluminum,
brass, or stainless steel.

Embodiment 9

[0047] The method according to any of the embodiments
1-8, wherein the cutting tool comprises single-crystalline
diamond.

Embodiment 10

[0048] The method according to any of the embodiments
1-9, wherein the vibration of the cutting tool comprises by
an elliptical trajectory having two orthogonal components
with identical frequencies.

Embodiment 11

[0049] The method according to any of the embodiments
1-10, wherein the metallic surface is the surface of an article
of jewelry.

Embodiment 12

[0050] A metallic surface prepared according to the
method of any of the embodiments 1-11, capable of dis-
playing light of a distinct value of wavelength A, wherein the
distinct value of the wavelength A is determined by the
equation:

d(sin 0;40,,)=m\,

[0051] wherein d is the spacing distance between adjacent
periodic features perpendicular to the desired cutting direc-
tion, 6, is an angle of illumination by an incident light, 6, is
an angle of viewing, and m is an integer indicating the order
of diffraction of the incident light by the periodic features.
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Embodiment 13

[0052] The metallic surface according to embodiment 12,
wherein the spacing distance d is in a range of from 300 nm
to 2000 nm.

Embodiment 14

[0053] The metallic surface according to any of the
embodiments 12-13, wherein the distinct value of the wave-
length A is in a range of from 380 nm to 750 nm.

Embodiment 15

[0054] A method of producing an iridescent metallic sur-
face, the method comprising:

[0055] defining on the metallic surface a plurality of
distinct regions of the same or different shapes and sizes, the
number of distinct regions corresponding to a number of
colors desired for the iridescent metallic surface to display.

Embodiment 16

[0056] The method according to embodiment 15 compris-
ing creating with a cutting tool on a first distinct region of
the metallic surface at least one series of periodic features
perpendicular to the desired cutting direction, wherein the at
least one series of periodic features are parallel or substan-
tially parallel, wherein the cutting tool is vibrated at a
distinct frequency while simultaneously displaced along a
desired cutting direction across the metallic surface, and
wherein a rate of the displacement of the cutting tool is
different from the frequency of the vibration of the cutting
tool.

Embodiment 17

[0057] The method according to any of the embodiments
15-16 further comprising repeating the treatment of the first
distinct region of the metallic surface in each additional
region of the metallic surface, wherein the frequency of the
vibration of the cutting tool is held constant while the rate of
the displacement of the cutting tool varies from each distinct
region to each other distinct region of the metallic surface,
or wherein the rate of the displacement of the cutting tool is
held constant while the frequency of the vibration of the
cutting tool varies from each distinct region to each other
distinct region of the metallic surface.

Embodiment 18

[0058] The method according to any of the embodiments
15-17, wherein the rate of the displacement of the cutting
tool is less than the frequency of the vibration of the cutting
tool.

Embodiment 19

[0059] The method according to any of the embodiments
15-18, wherein the spacing d between adjacent periodic
features perpendicular to the desired cutting direction is
defined by the equation:
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[0060] wherein v is the rate of the displacement of the
cutting tool and w is the a angular frequency of the vibration
of the cutting tool.

Embodiment 20

[0061] The method according to any of the embodiments
15-19, wherein the metallic surface comprises aluminum,
brass, titanium, zinc, magnesium, niobium, tantalum, iron,
stainless steel, chromium, nickel, or an alloy of any com-
bination thereof.

Embodiment 21

[0062] The method according to any of the embodiments
15-20, wherein the metallic surface comprises aluminum,
brass, or stainless steel.

Embodiment 22

[0063] The method according to any of the embodiments
15-21, wherein the cutting tool comprises single-crystalline
diamond.

Embodiment 23

[0064] The method according to any of the embodiments
15-22, wherein the vibration of the cutting tool comprises an
elliptical trajectory having two orthogonal components with
identical frequencies.

Embodiment 24

[0065] The method according to any of the embodiments
15-23, wherein the metallic surface is the surface of an
article of jewelry.

Embodiment 25

[0066] A metallic surface prepared according to any of the
embodiments 19-24, capable of displaying light having at
least one distinct value of wavelength A, wherein the number
of the at least one distinct values of is determined by the
number of the distinct regions defined on the metallic
surface, and wherein each of the at least one distinct value
of A is determined by the equation:

d(sin 0;40,,)=m\,

[0067] wherein d is the spacing distance between adjacent
periodic features in the desired cutting direction, 6, is the
angle of illumination by an incident light, 0,, is the angle of
viewing, and m is an integer indicating the order of diffrac-
tion of the incident light.

Embodiment 26

[0068] The metallic surface according to embodiment 25,
wherein the spacing distance d is in a range of from 300 nm
to 2000 nm.

Embodiment 27

[0069] The metallic surface according to embodiment 25,
displaying light of at least one distinct value of wavelength
A, wherein each of the at least one distinct value of wave-
length A is in a range of from 380 nm to 750 nm.
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Embodiment 28

[0070] An apparatus for treating a metallic surface, the
apparatus comprising:

[0071] an actuated stage;

[0072] a motion generator mounted on the actuated stage,
the motion generator being capable of engaging a cutting
tool integrated therein in sinusoidal vibrating motion with
the metallic surface at an adjustable frequency less than or
equal to the ultrasonic range in magnitude;

[0073] a linear motion actuator capable of displacing the
vibrating cutting tool across the metallic surface; and
[0074] at least two displacement sensors each capable of
measuring the amplitude of the vibration of the cutting tool.
[0075] A greater understanding of the present invention
and of its many advantages may be had from the following
examples, given by way of illustration. The following
examples are illustrative of some of the methods, applica-
tions, embodiments and variants of the present invention.
They are, of course, not to be considered as limiting the
invention. Numerous changes and modifications can be
made with respect to the invention.

Example 1

[0076] A pre-tuning process was performed such that the
elliptical motion generator achieved the optimal vibration
performance for the texturing process. For the purpose of
evaluating the dynamic performance of the motion genera-
tor, two capacitance displacement sensors were adopted and
integrated into the machine setup to measure the vibration
trajectory of the cutting insert. The motion generator was
mounted on the Aerotech linear motion actuator
(ACT115DL). The linear motion actuator provides the cut-
ting motion (x-axis) during the texturing process. The reso-
Iution and repeatability of the linear motion actuator were
100 nm and 1 um, respectively. The excitation voltage
signals applied to the motion generator were generated by a
dual-channel function generator and then sent to a piezo
amplifier (TREK PZD350A), which has a high bipolar
voltage output of up to +350V. Two capacitance displace-
ment sensors from Microsense (Model 5501) were used to
monitor the vibration trajectories of the tool tip. Each of the
sensors was fixed on the workbench using a magnetic base.
The response signals from the sensors were transmitted to a
National Instrument data acquisition card (NI DAQ PCle-
6361) for data processing.

[0077] During the pre-tuning process, the voltage ampli-
tudes applied to the tertiary motion generator were +200 V.
The driven frequency of the two sinusoidal signals were
both set at 28.0 kHz, while the phase difference between the
two excitation signals was 180° to achieve the largest
vibration amplitude in the depth-of-cut direction. The peak-
to-peak vibration amplitudes in the depth-of-cut and cutting
directions were tuned at 5.0 pm and 3.0 um, respectively. All
the driven parameters for the motion generator were kept
constant for the following coloration process. In the mean-
time, the vibration performance of the cutting tool was
evaluated from time to time to ensure consistent vibration
trajectory for the coloration process. Stainless steel, brass
and aluminum alloy were chosen as the exemplary metallic
workpiece for demonstration. The workpiece was screwed
to an acrylic adaptor, which was mounted on an Aerotech
X-Y-Z motion stage (ANT130-060-L Series). The resolution
and repeatability of each axis can reach 1 nm and 75 nm,
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respectively. The three-axis motion stage set the depth-of-
cut (z-axis) and the cross-feed motion (y-axis) during the
texturing process. A single-crystalline diamond cutting tool
was employed in the texturing process, whose nose radius
was approximately 500 pm. The rake and clearance angles
of the cutting tool were 0° and 12°, respectively. The entire
setup of the EVT process was stationed on a vibration
isolation table and controlled by an A3200 control system.

Example 2

[0078] Specific sizes and geometries of the surface struc-
tures are determined by factors such as, for example, pro-
cessing parameters, geometry of the cutting tool, and
strength of the excitation signals. The particular processing
parameters such as, for example, nominal cutting velocity,
cross feed, and nominal depth-of-cut, require careful con-
siderations when the geometry and the vibration frequency
of'the tool were fixed during the coloration process. Nominal
cutting velocity was selected to ensure that the ripple
spacing was located in the visible spectrum. Cross feed was
set to link the cusps in the cross-feed direction to form
incessant ripples, while the nominal depth-of-cut was set to
control the height of induced cusps. After the texturing
process was completed, the samples were cleaned in an
ultrasonic cleaner at 50° C. for 10 minutes. The surface
topographies of textured structures were then examined
using a JEOL scanning electronic microscope (JSM-7800F)
with an acceleration voltage of 10 kV. The height profile of
vibration-induced structures was investigated with a Multi-
mode atomic force microscope (AFM) in contact mode.

Example 3

[0079] Preliminary colorized results with iridescent effects
on the stainless steel, brass, and aluminum alloy surface
were achieved, as shown in FIG. 6. The cross-feed and the
nominal depth-of-cut were kept constant for all material, at
50 um and O pm, respectively. The nominal cutting velocities
exerted on these three metallic surfaces were set at 22.4
mm/s, 42.0 mm/s, and 14.0 mm/s, respectively. The corre-
sponding ripple spacing was 800 nm, 1500 nm, and 500 nm
for the stainless steel, brass and the aluminum alloy surfaces,
respectively according to Equation (1). The spacing between
the elliptical vibration-induced ripples was varied from the
visible spectrum to the infrared spectrum. Due to its intrinsic
mechanism of the elliptical vibration texturing (EVT)
method, materials with different machinability show almost
remarkable iridescent effect demonstrating the capability of
the proposed coloration process for colorizing all kinds of
metals.

Example 4

[0080] To verify the surface morphology of the iridescent
surface, the stainless steel surface was studied using a
scanning electronic microscope (SEM). As can be seen from
the SEM micrographs in FIG. 7, highly regular periodic
cusps along the cutting direction were clearly identified on
the micrographs. In the cross-feed direction, the ripples were
connected forming incessant long edges due to the overlap-
ping in the cutting path in the cross-feed direction. Com-
pared with the laser-induced periodic surface structures in
FIG. 1, the periodic ripples generated by the EVT process
were more controlled and regular, as shown FIG. 7, thus
resulting in enhanced colorization effect. Besides the height
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value of the vibration-induced ripples lies in the range from
several tens of nanometers to several hundred nanometers,
which demonstrates the significant reduction of roughness of
the as-received metallic surface. Surface structures obtained
from vibration-induced cutting methods provided herein
possess impressive resolution, which can enable applica-
tions in fields such as, for example, wavelength selectors,
pattern recognition, and metrology (see also Singh (Diffrac-
tion gratings: aberrations and applications, Optics & Laser
Technology, 31(3), 195-218, 1999, which is hereby incor-
porated by reference herein in its entirety).

Example 5

[0081] The proposed EVT process provides the flexibility
for generating arbitrary patterns and images with iridescent
effect on the metallic surfaces. The spacing distance of the
elliptical vibration-induced ripple, as a key factor to influ-
ence the apparent color was determined by the nominal
cutting velocity. Image regions with different apparent col-
ors can be assigned ripples structures with different spacing
distances. As an example, a green letter C with a gold
background on a brass surface viewed from a specific angle
was fabricated as shown in FIG. 8. The ripple spacing
distances assigned for the letter region and the background
region were 500 nm and 750 nm, respectively. The corre-
sponding nominal cutting velocities for the letter and back-
ground region were 14.0 mm/s and 21.0 mm/s, respectively.
In addition, a color silhouette of a galloping horse was
selected and textured on a brass surface, as shown in FIG. 9.
During the coloration process, the background and the
silhouette image regions were assigned with grating struc-
tures with a wavelength of 1000 nm and 750 nm, respec-
tively. That is to say, the cutting speeds were set at 28.0
mm/s and 21.0 mm/s respectively for the background and
image regions.

Example 6

[0082] Since the nominal cutting velocity profile can be
easily programmed in G-code, high-resolution and complex
patterns can be generated accordingly. For example, colorful
animal image were textured using eight different grating
spacing values. The designed resolution, or single pixel size,
was 80x80 pum, which could not be discernible by human
eyes at a normal viewing distance. The RGB values of the
original image were taken and categorized into 8 different
levels. The 8 levels were evenly distributed between 500 nm
to 1000 nm in terms of the grating spacing distance, which
meant that a 0 RGB value corresponded to 500 nm; while a
255 RGB value was assigned to 1000 nm.

[0083] It should be understood that the examples and
embodiments described herein are for illustrative purposes
only and that various modifications or changes in light
thereof will be suggested to persons skilled in the art and are
to be included within the spirit and purview of this appli-
cation.

[0084] All patents, patent applications, provisional appli-
cations, and publications referred to or cited herein (includ-
ing those in the “References” section) are incorporated by
reference in their entirety, including all figures and tables, to
the extent they are not inconsistent with the explicit teach-
ings of this specification.
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What is claimed is:

1. A method of modifying a metallic surface, the method
comprising:

creating with a cutting tool on the metallic surface at least

one series of periodic features perpendicular to a
desired cutting direction,
wherein the at least one series of periodic features are
parallel or substantially parallel and the cutting tool is
vibrated at a distinct frequency while simultaneously
displaced along the desired cutting direction across the
metallic surface, and wherein a rate of the displacement
of the cutting tool is different from the distinct fre-
quency of the vibration of the cutting tool, and

wherein a value of the distinct frequency f'is in a range of
less than or equal to the ultrasonic range.

2. The method according to claim 1, wherein the rate of
the displacement of the cutting tool is less than the distinct
frequency of the vibration of the cutting tool.

3. The method according to claim 1, wherein a spacing d
between adjacent periodic features perpendicular to the
desired cutting direction is defined by the equation:

wherein v is the rate of the displacement of the cutting
tool and w is an angular frequency of the vibration of
the cutting tool.

4. The method according to claim 1, wherein the metallic
surface comprises aluminum, brass, titanium, zinc, magne-
sium, niobium, tantalum, iron, stainless steel, chromium,
nickel, or an alloy of any combination thereof.

5. The method according to claim 1, wherein the metallic
surface comprises aluminum, brass, or stainless steel.

6. The method according to claim 1, wherein the cutting
tool comprises single-crystalline diamond.

7. The method according claim 1, wherein the vibration of
the cutting tool comprises an elliptical trajectory having two
orthogonal components with identical frequencies.

8. A metallic surface prepared according to the method of
claim 1, capable of displaying light of a distinct value of
wavelength A, wherein the distinct value of the wavelength
A is determined by the equation:

d(sin 0,40,,)=mh,

wherein d is a spacing distance between adjacent periodic
features perpendicular to the desired cutting direction,
0, is an angle of illumination by an incident light, 0, is
an angle of viewing, and m is an integer indicating the
order of diffraction of the incident light by the periodic
features.
9. The metallic surface according to claim 8, wherein the
spacing distance d is in a range of from 300 nm to 2000 nm.
10. The metallic surface according to claim 8, wherein the
distinct value of the wavelength A is in a range of from 380
nm to 750 nm.
11. A method of producing an iridescent metallic surface,
the method comprising:
defining on the metallic surface a plurality of distinct
regions of the same or different shapes and sizes,
wherein a number of distinct regions corresponds to a
number of colors desired for the iridescent metallic
surface to display;
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creating with a cutting tool on a first distinct region of the
metallic surface at least one series of periodic features
perpendicular to a desired cutting direction,
wherein the at least one series of periodic features are
parallel or substantially parallel,
wherein the cutting tool is vibrated at a distinct frequency
while simultaneously displaced along the desired cut-
ting direction across the metallic surface, and
wherein a rate of the displacement of the cutting tool is
different from the distinct frequency of the vibration of
the cutting tool; and
repeating the treatment of the first distinct region of the
metallic surface in each additional region of the metal-
lic surface,
wherein the distinct frequency of the vibration of the
cutting tool is held constant while the rate of the
displacement of the cutting tool varies from each
distinct region to each other distinct region of the
metallic surface, or
wherein the rate of the displacement of the cutting tool is
held constant while the distinct frequency of the vibra-
tion of the cutting tool varies from each distinct region
to each other distinct region of the metallic surface.
12. The method according to claim 11, wherein the rate of
the displacement of the cutting tool is less than the distinct
frequency of the vibration of the cutting tool.
13. The method according to claim 11, wherein a spacing
d between adjacent periodic features perpendicular to the
desired cutting direction is defined by the equation:

2rv
d=—,
w

wherein v is the rate of the displacement of the cutting
tool and w is an angular frequency of the vibration of
the cutting tool.

14. The method according to claim 11, wherein the
metallic surface comprises aluminum, brass, titanium, zinc,
magnesium, niobium, tantalum, iron, stainless steel, chro-
mium, nickel, or an alloy of any combination thereof.
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15. The method according to claim 11, wherein the cutting
tool comprises single-crystalline diamond.

16. The method according to claim 11, wherein the
vibration of the cutting tool comprises an elliptical trajectory
having two orthogonal components with identical frequen-
cies.

17. A metallic surface prepared according to claim 13,
capable of displaying light having at least one distinct value
of wavelength A, wherein the number of the at least one
distinct values of A is determined by the number of the
distinct regions defined on the metallic surface, and wherein
each of the at least one distinct value of A is determined by
the equation:

d(sin 0,40,,)=mh,

wherein d is the spacing distance between adjacent peri-
odic features in the desired cutting direction, 0, is an
angle of illumination by an incident light, 6,, is an angle
of viewing, and m is an integer indicating the order of
diffraction of the incident light.

18. The metallic surface according to claim 17, wherein
the spacing distance d is in a range of from 300 nm to 2000
nm.
19. The metallic surface according to claim 17, displaying
light of at least one distinct value of wavelength A, wherein
each of the at least one distinct value of wavelength A is in
a range of from 380 nm to 750 nm.

20. An apparatus for treating a metallic surface, the
apparatus comprising:

an actuated stage;

a motion generator mounted on the actuated stage,

the motion generator being configured to engage a cutting

tool integrated therein in sinusoidal vibrating motion
with the metallic surface at an adjustable frequency of
less than or equal to the ultrasonic range;

a linear motion actuator configured to displace the vibrat-

ing cutting tool across the metallic surface; and

at least two displacement sensors each configured to

measure an amplitude of the vibration of the cutting
tool.



