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SUPERLUBRICATING GRAPHENE FILMS

STATEMENT OF GOVERNMENT INTEREST

[0001] The United States Government claims certain rights
in this invention pursuant to Contract No. W-31-109-ENG-38
between the United States Government and the University of
Chicago and/or pursuant to DE-AC02-06CH11357 between
the United States Government and UChicago Argonne, LL.C
representing Argonne National Laboratory.

FIELD OF THE INVENTION

[0002] The invention is directed generally to a method and
system for producing a grapheme film, such as for example, a
superlubricating, low wear graphene film article of manufac-
ture. More particularly the invention is directed to a method
and system for producing a multi-layer graphene film, pref-
erably using either a CVD process or a chemical exfoliation/
mechanical exfoliation process. When the film is deposited
on a substrate, such as metals or oxides, the film exhibits
superlubricity under selected friction conditions, such as in
dry nitrogen/argon and sliding against hydrogenated DLC
coatings. The invention also is directed to a low wear and low
friction article for a metal against metal configuration using
exfoliated graphene at the interface without using any liquid
lubricants.

BACKGROUND OF THE INVENTION

[0003] In 2004 an important discovery was published by
Geim and Novoselov regarding the exceptional electronic
properties of graphene in a suspended form. Subsequently,
many researchers have studied graphene material properties
and determined graphene has other interacting thermal,
chemical, optical and mechanical properties. However, very
little research has been done on exploring tribological prop-
erties of graphene. Graphene was considered as a good can-
didate as a self-lubricating material, due to its chemically
inert nature, strong mechanical properties and low shear
strength on its densely packed and atomically smooth surface.
Since it is ultrathin, even with multi-layers, it can be trans-
ferred onto MEMS/NEMS devices for operation and use at
the oscillating, rotating and sliding contacts to reduce stic-
tion, friction and wear.

[0004] The term superlubricity is defined as a regime of
motion in which friction vanishes or almost vanishes. How-
ever, it is never zero; therefore, it should not be confused with
other similar terms such as superconductivity or superfluidity.
Superlubricity may occur when two crystalline surfaces slide
over each other in dry incommensurate contact. This effect,
also called structural lubricity, was suggested in 1991 and
verified with great accuracy between two single crystal
graphite surfaces in 2004. Similar effect of ultra-low friction
has also been observed between the interwalls of two nested
multiwalled carbon nanotubes. Atoms in graphite are ori-
ented in a hexagonal manner and form an atomic hill-and-
valley landscape, which looks like an egg-crate. When the
two graphite surfaces are in registry (every 60 degrees), the
friction force is high. When the two surfaces are rotated out of
registry, the friction is greatly reduced. This is like two egg-
crates which can slide over each other more easily when they
are “twisted” with respect to each other. Since this effect is
due to the incommensurability of lattice planes sliding
against each other, the effect is restricted to material interac-
tions at the nanoscale. At macro-scale, this effect diminishes

Jan. 23,2014

due to the loss of structural order and presence of many
defects. It is therefore understood why superlubricity is very
difficult to achieve at macro-scale levels.

SUMMARY OF THE INVENTION

[0005] In a preferred embodiment of the invention a wear
system and method of manufacture includes establishing a
graphene layer on a substrate, providing an opposed compo-
nent in contact as part of a mechanical component wherein the
opposed component comprises a diamond-like carbon
(“DLC”) layer with the region of the mechanical component
wherein the contact occurs having a dry N, atmosphere. In a
most preferred form of the invention the DLC is a hydroge-
nated diamond-like carbon. The achievement of such super-
lubricity in graphene at the macro-scale at room temperature
is technically and commercially very important.

[0006] In yet another embodiment superlow friction and
wear is achieved with solution processed graphene (“SPG”
hereinafter) obtained using a conventional chemical/me-
chanical or any other exfoliation process when sprayed on
any given surface in dry nitrogen with DLC as a counterface
material. The process for producing graphene flakes could be
any conventional process, including simple mechanical exfo-
liation. A number of substrate materials were used, including
steels, such as stainless steel, transition metals like Cu and Ni,
and insulators, like SiO,; and each resulting material dis-
played superlow friction along with substantial reduction in
wear. The fact that graphene layers can be transferred
(sprayed) on any given solid surface such as stainless steel
and SiO, at atmospheric pressures and temperatures and can
achieve superlow friction means this technology will have
substantial commercial applications, such as, for example, in
the automotive industry as well as in microelectromechanical
(MEMS) industry, where energy dissipation due to the fric-
tion is a major problem. There is no known other graphene-
based technology that can provide such a low friction
employing an uncomplicated method of manufacture and can
be used under conditions that are most suited for many com-
mercial applications.

[0007] In a further embodiment, low friction and wear is
achieved in an article including steel against steel with the use
of SPG at the interface in dry nitrogen or other inert gas
environment without the use of any oil based lubricants.
These and other advantages and features of the invention,
together with the organization and manner of operation
thereof, will become apparent from the following detailed
description when taken in conjunction with the accompany-
ing drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 illustrates an article of manufacture of a
system of low friction mechanical components;

[0009] FIG. 2A illustrates coefficient of friction versus time
for a multi-layer graphene film grown on a Ni foil substrate
and rubbing against DLC film in air; FIG. 2B illustrates the
same variables as in FIG. 2 A but for an atmosphere of dry N.,;
FIG. 2C shows an optical microscope image of the wear
debris and an appearance of wear on a DLC coated ball
running against the graphene film for FIG. 2 A conditions; and
FIG. 2D shows an optical microscope image of wear debris
for the conditions of FIG. 2B;

[0010] FIG. 3A illustrates a plot of a pin-on-disc friction
coefficient measurements performed on a graphene film
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grown on a Ni thin film sample and FIG. 3B inset shows a
magnified view of a portion of FIG. 3A where the lowest
coefficient of friction (COF) has a value of 0.003;

[0011] FIG. 4A illustrates a pin on disc friction coefficient
test carried out with a graphene coated ball (see FIG. 4D) in
air; FIG. 4B illustrates a test in Argon; FI1G. 4C illustrates high
wear debris on a graphene coated ball running against a DL.C
flat; FIG. 4D shows a graphene coated ball on a DLC flat and
FIG. 4E shows less wear debris on a graphene coated ball
running against a DLC flat;

[0012] FIG. 5A shows a pin on disk friction coefficient list
performed on a graphene coated ball against a DL.C flat in a
high vacuum with low friction and no measurable wear (see
FIG. 5B micrograph of graphene ball surface);

[0013] FIG. 6A shows a micrograph of wear on a DL.C ball
with FIG. 6B the Raman shift measured outside the wear
track and FIG. 6C the Ramen shift inside the wear track; FIG.
6D shows a micrograph of wear on a graphene on Ni surface
with FIG. 6E for the Raman shift measured outside the wear
track and FIG. 6F for the Raman shift measured inside the
wear track;

[0014] FIG. 7 shows superlubric behavior of Ni and SiO,
surfaces after coating with a solution containing graphene;
[0015] FIG. 8A shows a micrograph of minimal wear on a
DLC coated ball; FIG. 8B shows wear on a stainless steel
surface coated with SPG in sliding contact with the DLC ball
of FIG. 8A; FIG. 8C shows coefficient of friction versus time
for the DLC ball on SPG coated stainless steel and FIG. 8D
shows a Raman spectrum for the system of FIGS. 8 A and 8B;
[0016] FIGS. 9A and 9B show variation of coefficients of
friction for self-matted steel test pair with FIG. 9A showing
results for humid air without SPG, with SPG in ethanol solu-
tion, and with intermittent supply of SPG; and FIG. 9B shows
results for dry nitrogen without SPG and with SPG; and
[0017] FIG.10A shows height profile measurements of the
wear tracks for steel against steel; FIG. 8B shows for steel
against SPG/steel in liquid SPG; and FIG. 8C shows steel
against SPG/steel with adding SPG every 400 cycles.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0018] In a preferred form of the invention a mechanical
system 100 is shown in FIG. 1. A multi-layer graphene film
105 is deposited on a Ni substrate 110 and is disposed to be in
moving contact with a DL.C coating 120 on coated component
130 such as a ball. Diamond-like carbon (DLC) exists in
several forms of amorphous carbon materials that display
some of the typical properties of diamond. They are usually
applied as coatings to other materials that could benefit from
some of those properties. All seven types of DLC contain
significant amounts of sp> hybridized carbon atoms. The rea-
son that there are different types is that even diamond can be
found in two crystalline polytypes. The usual one has its
carbon atoms arranged in a cubic lattice, while the very rare
one (lonsdaleite) has a hexagonal lattice. The DLC coatings
are preferably amorphous, flexible, and the amount of sp?
content can vary based on the hydrogen content. Typically,
the hardest, and strongest, is such a mixture, known as tetra-
hedral amorphous carbon, or ta-C. For example, a coating of
only 2 um thickness of ta-C increases the resistance of com-
mon (i.e. type 304) stainless steel against abrasive wear;
changing its lifetime in such service from one week to 85
years. Such ta-C can be considered to be the “pure” form of
DLC, since it consists of mostly (~80%) sp” bonded carbon
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atoms. Fillers such as hydrogen, silicon, fluorine, graphitic
sp> carbon, and metals are used in the other six forms to
impart other desirable properties. The various forms of DL.C
can be applied to almost any material that is compatible with
a vacuum environment.

[0019] Inregardto the use of a Nisubstrate in one preferred
embodiment, it is one of a Ni foil or a Ni coating on a
substrate; and the DL.C coating 120 is a hydrogenated DLC
layer. Further, the mechanical system 100 includes a dry N,
gas environment 140, wherein the system 100 is within a
housing 150; or a gas source 160 can provide a flowing stream
160 to establish the dry N, gas environment 140.

[0020] As shown in FIG. 1A if the gas environment 140
includes air, there is loss of superlubricity. FIG. 2B illustrates
the first direct evidence that has achieved superlubricity. This
occurs via a graphene film rubbing againsta DL.C film in adry
nitrogen or in an argon atmosphere since the friction coeffi-
cient drops below the detection limit of the instrument during
the pin-on-disc friction test. Small bumps in friction coeffi-
cient at a few places during the friction test indicate that there
is loss of superlubricity momentarily (perhaps due to the
presence of asperities), but superlubricity is re-established,
thus giving rise to a consistent near-zero coefficient of friction
(“COF” hereinafter) during the remainder of the test. This
system 100 illustrates an important effect where mechanical
energy dissipation due to sliding motion diminishes to a near
zero value, giving rise to a superlubric behavior in graphene.
These results have been reproduced on multiple samples
including graphene grown on bulk Ni substrates and Ni thin
films which confirm it is indeed a real effect. It is important to
note that superlubricity is achieved only in the inert gas envi-
ronment 140 containing either dry nitrogen or argon when
sliding against the DL.C coating 120 indicating a strong influ-
ence of counterface materials chemical composition and sur-
face chemistry at the tribological interface. Rubbing the DL.C
coating 120 against a pristine Ni surface under the same
conditions produces a high frictional force, confirming the
role of multilayer graphene in achieving superlubricity.
[0021] A series of friction tests were performed using a
pin-on-disc type tribometer on graphene films grown on Ni
foil and Ni thin film samples. The typical conditions used for
the friction tests were (Load: 1-2 N; sliding velocity: 0.6
em/sec, sliding distance: 27, testing environment: air, high
vacuum, dry N, and/or argon gas). Remarkable differences in
friction and wear performance of graphene films were
observed in air vs. in a dry nitrogen/argon environment. It is
also important to note that high amount of wear debris were
observed in case of DLC coated ball running against a
graphene film in air due to high friction (see FIG. 2C) and
very few wear debris were observed on a DLC coated ball
running against graphene in dry N2 (see FIG. 2D). The same
result was reproduced on at least 15 Ni samples confirming
reproducibility of the observed result. FIG. 3 shows friction
measurements carried out on graphene films grown on Ni thin
film samples showing similar COF (0.003) values as observed
in case of graphene films grown on bulk Ni samples (again in
a dry N, atmosphere).

[0022] Near zero friction was observed between sliding
graphene film against diamond-like carbon film in a dry nitro-
gen atmosphere. Beyond an initial run-in period which last
for a few tens of seconds, which has its own significance in
many applications, the coefficient of friction (COF) comes
down to some un-measurable levels (below 0.003) and
remains there for a very long period of time, despite the fact
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that graphene film is only a few nanometer thick. Superlu-
bricity is achieved at macro scales, regardless of the incom-
mensurability and under more industrially relevant sliding
conditions; and hence this discovery is industrially signifi-
cant. The commercial importance of this discovery also lies in
the facts that graphene layers could be transferred (sprayed)
on any given solid surface (once they are synthesized) at
atmospheric pressures and temperatures and can be easily
scalable to large area. Currently, there is no other graphene-
based technology that can provide such a low friction under
conditions that are most suited for many commercial appli-
cations.

[0023] In a further embodiment, lubrication potential was
determined for a solution processed graphene (“SPG” here-
inafter), obtained by chemical exfoliation of highly oriented
pyrolytic graphite (“HOPG” hereinafter) and the resulting
graphene disposed in a compatible liquid, such as water, an
alcohol or hydrocarbon based solvent, to form the solution.
Tribological studies were performed on various types of sub-
strates coated with SPG graphene and in contact with the
DLC coated balls 130. A trend demonstrated superlubric
behavior under substantially the same test conditions as were
done for other graphene types of coatings in contact the DL.C
coated balls 130 described herein. FIG. 7 shows results of two
of such tests taken on SPG coated Ni and SiO, coated Ni
surfaces against the DLC coating 120 showing COFs of 0.03
and 0.005, respectively.

[0024] The analysis of the wear rate on the graphene film
105 coated Ni substrate 110 shows that wear rate was reduced
by more than 2 orders of magnitude than that of an uncoated
Ni surface running against the DLC ball 130 in dry N, envi-
ronment, indicating significant improvement in wear resis-
tance of the graphene 105 on the Ni substrate 110 with the
presence of the SPG type of the graphene layer 105, which is
just a few nm thick. One can thus achieve superlow friction
coefficient just by sprinkling of the graphene layers 105 on a
given surface. This embodiment also removes one major
technological hurdle for commercial uses where the substrate
110 does not have to be heated to high temperatures, such as
950° C., in order to grow the graphene layers 105. Instead,
one can just sprinkle the surface with the SPG type of the
graphene 105 to achieve a desired superlow COF.

[0025] Achieving low friction on SiO, means that the same
method could be used in present micromechanical system
(MEMS) to drastically reduce the friction in MEMS devices.
The reason for relatively elevated friction on SiO,, as com-
pared to a Ni surface (such as substrate 110) might be related
to the surface roughness effect. The SiO, layer is grown using
thermal CVD process and therefore has much higher rough-
ness (20-20 nm) as compared to the few nm roughness of the
e-beam evaporated Ni on the silicon surface.

[0026] FIGS. 8A-8D show friction results obtained on a
conventional stainless steel surface coated with SPG 170
rubbing against the DL.C ball 130 in a dry nitrogen environ-
ment. As shown in FIG. 8C, the friction coefficient dropped to
0.03, after the SS surface 165 is spread with graphene flakes.
The wear observed on the DLC ball 130 after the friction test
was minimal, and no measurable wear was observed on the
SS surface 165. The Raman characterization of FIG. 8D show
results for the wear track produced on the SS surface 165 and
shows a clear signature of the multilayer SPG type of
graphene 170, confirming presence of multilayer graphene in
the wear track. The atomically thin graphene SPG layers 170
on the SS surface 165 are acting as a wear protection layer
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reducing friction and eliminating wear. Similar friction
behavior was observed on SiO, and Cu surfaces after sprin-
kling with the SPG graphene layers 170. The low friction
behavior of the SPG graphene 170 appears to be universal and
does not strongly depend on the substrate which can thus be a
wide range of supporting materials important in commerce.
[0027] Thefollowing non-limiting examples illustrate vari-
ous aspects of the invention.

Example |

[0028] In order to further investigate observed superlubric-
ity in other environmental conditions, a series of tests was
done by varying gas environments such as in inert Argon,
hydrogen and in vacuum as well as by changing the tribo-
pairs. Superlow friction was observed with DLC rubbing
against graphene in dry nitrogen or inert argon environment.
[0029] Tribological measurements have been performed in
different ambient environments, including air, dry nitrogen,
inert argon, hydrogen, and in high vacuum. As shown in
FIGS. 4A-4E, the tribo-pair was changed from a DL.C coated
ball against graphene coated flat to a graphene coated ball
against DLC coated flat. Instead of dry nitrogen, inert Argon
gas was used to see whether just a dry environment was
adequate to show superlubric behavior. Superlubric behavior
was observed in an inert Argon environment demonstrating
superlubricity in graphene vs. DLC tribo-pair in dry environ-
ment. The coefficient of friction stays around 0.2-0.4 in air for
graphene/DLC tribo pair potentially due to the presence of
water causing friction due to the capillary adhesion. In a dry
nitrogen environment, the coefficient of friction drops below
0.01 indicating superlubric behavior in dry conditions. The
presence of water in the ambient environment can play a
crucial role in the tribological behavior of graphene. In case of
hydrogen atmosphere, the coefficient of friction is around
0.05; and in vacuum, the coefficient of friction varies with a
vacuum level and reaches as low as 0.06 for graphene/DLC
interfaces at high vacuum conditions.

Example 11

[0030] FIGS. 5A and 5B show a pin-on-disc friction coet-
ficient test carried out on graphene coated ball against DL.C
flat in high vacuum environment showing COF of 0.06 with
no measurable wear. None of the any existing solid lubricant
materials demonstrated such lowest friction coefficient in
vacuum. Graphene/DLC tribo-pair can be useful for tribo-
logical contacts in outer space applications and in vacuum
conditions.

Example 111

[0031] Different characterization techniques such as
Raman spectroscopy, XPS, and ToF-SIMS, have been used to
characterize chemical state of graphene and DLC contacts at
the tribological interface between graphene and DLC before
and after tribological tests. FIGS. 6 A-6F describes results of
Raman characterization of the wear track obtained from the
DLC coated ball and from the wear track produced on the
graphene coated Ni surface. These results were obtained from
the DLC vs Graphene/Ni tribo-pair running in dry N, atmo-
sphere during initial 0.6 meters of sliding distance.

[0032] As shown in FIG. 6A in the optical image of the
DLC ball, the wear is minimal; and there is no significant
change in the DL.C Raman signature obtained from inside and
outside of the wear track (see FIGS. 6B and 6C). In the case
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of'a wear track produced on the graphene coated Ni surface
(see FIG. 6D), it was noted that the Raman signature taken
from the inside of the wear track (FIG. 6F) indicates that the
well ordered signature of multilayer graphene (taken from
outside of the wear track (FIG. 6E)) is modified considerably
and a defect peak emerged at 1350 cm™ indicating a well
ordered graphene layer is modified during the initial wear
cycles. A closer look at the Raman spectrum also confirms
transfer of DL.C within the wear track possibly from the DLC
ball.

Example IV

[0033] In this example self-mated steel tribo-pair is used,
which is one of the most used tribo-pair in the automotive
industry. Tribological studies were performed in air (30%
relative humidity) and in dry N, at room temperature using a
CSM tribometer with a ball-on-disk contact geometry. The
stainless steel flat samples (440C grade) were initially
cleaned by sonication in acetone and then in isopropanol
alcohol to remove any organic contaminants that may have
left from the machining and polishing operations. As the
counterpart, the stainless steel ball (440C grade) of 9.5 mm
diameter was used. The normal load during the tribotests was
2 N at the speed of 60 rpm (or 9 cm/s) and the radius of the
wear track was 15 mm. Solution processed graphene (SPG)
prepared by chemical exfoliation of the highly oriented pyro-
Iytic graphite (HOPG) and suspended in ethanol was used.
The weight concentration of graphene was 1 mg/L.. Before the
tribological tests, graphene-containing ethanol solution was
applied on the highly polished surfaces of stainless steel
plates and evaporated in dry nitrogen environment to prevent
graphene oxidation. Formation of a single or several layers of
graphene on steel surface has been confirmed by an Invia
Confocal Raman Microscope using red laser light (A=633
nm). To study the effect of graphene on friction and wear of
sliding steel test pairs in humid air environment, we per-
formed four model experiments: 1) Steel against steel, 2) steel
against SPG on steel submerged in liquid SPG, and 3) steel
against SPG on steel with constant supply of SPG drops from
solution every 400 cycles and 4) steel against steel in dry N,
with 1 N load. The constant supply of SPG was necessary to
ensure graphene presence in the wear track all the time. FIGS.
9A and 9B illustrate the coefficients of friction for all four
cases. The coefficient of friction for bare steel interfaces is
initially low but increases rapidly with the removal of the
surface contaminants and/or a natural oxide layer from the
surface and reaches a value of about 0.9 and stays at this level
for the reminder of the test. The test performed in liquid SPG
solution showed that ethanol with SPG reduces COF down to
0.2. Here, the COF reduction is thought to be due to the
combined lubrication effect of both ethanol and graphene
flakes. However, tests performed with adding pure ethanol
(not shown here) showed a high COF (i.e., 0.4-0.5) and
caused high wear, thus suggesting that graphene is most likely
the reason for reduction in friction. The last data set when
SPG was supplied to the wear track periodically in drops
every 400 cycles. As shown in FIG. 9(A), such a practice
reduces COF down to around 0.15; and such a reduction in
friction can be attributed to the continuous supply of graphene
layers into sliding contact interface. The periodicity of 400
cycles (or every 6-7 minutes) is long enough to evaporate the
ethanol from the steel surface, thus eliminating the alcohol’s
contribution or effect, but leaving behind the graphitic layer
within the wear track. Moreover, the fairly stable frictional
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behavior attained by adding drops of SPG into the sliding
interface indicates that the low friction behavior can be pre-
served for quite a long time. In the second case (FIG. 9(B)),
we run the test at little lower load but in dry N2 environment
and in that case also we observe the same trend of low friction
and wear. The results clearly confirm friction reducing effect
of SPG. In the following, impact on wear is described. In this
case, specifically, wear rates on the ball and flat sides with and
without SPG on sliding surfaces are investigated. FIG. 10A-
10C show 3D profilometer images and associated height pro-
files of the same wear tracks corresponding to each friction
test shown in FIGS. 9A and 9B. The high wear occurs mostly
for the bare steel interfaces when no protective layer exists.
For the liquid SPG solution run (see FIG. 10B), the wear scar
width is 3 times smaller than that of the bare steel run(see FI1G.
10A) and line profile measurements indicate formation of
graphene protection layer (as confirmed by Raman spectros-
copy not shown here). However, due to the presence of liquid
in the wear track, the capillary forces at the interface does not
allow formation of uniform protection layer and the graphene
flakes continuously gets pushed away on the side of the wear
track during each wear cycle, therefore the density of
graphene is too low to form uniform protection layer within
the wear track. For the case of graphene supply in solution
drops, the wear track width is 10 times smaller than that of
bare steel. This fact indicates that graphene, forms a uniform
protection layer and thus plays a major role in reducing wear
and friction at the tribological interface. The corresponding
line profile of the wear track in this case (see FIG. 10C)
indicates formation of protective layer on the steel. 3D pro-
filometer imaging of the ball wear for this test indicated that
the wear occurs at the initial stage with a following formation
of the protective layer.

[0034] The COF measurements and the wear calculation
results for the ball sides are summarized in Table I given
below. The ball wear diameters are measured with Olympus
UC30 Optical Microscope.

TABLE I

Ball wear calculation and COF measurements for the
tests in air and in dry N2.

Steel wear Wear (2000 cycles) COF
Without SPG 6.8 x 1076 cm? 0.9

In liquid SPG 5.0 x 108 em?® 0.2
Adding drops of SPG every 400 cycles 1.1x 107 ecm? 0.15
Indry N, 5.0 x 1071 ¢m? 0.15
[0035] The ball wear results presented in the Table I show

that wear reduces by 2-3 orders magnitude due to the consid-
erable slowing of tribo-corrosion process that generally
occurs on steel surfaces during sliding action, which ulti-
mately results in high amount of wear and high friction. The
Raman studies carried out in the wear track (not shown here)
with solution processed graphene showed no sign of corro-
sion but presence of graphene in the wear track indicating
formation of corrosion protection layer by the graphene. The
graphene layer formed in the wear track not only retards the
tribo-corrosion process but also allows easy shearing, which
helps in reducing friction. The wear on the flat side in case of
SPG coated steel is almost impossible to measure indicating
seminal and substantial contribution of graphene in reducing
wear and friction.
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[0036] The foregoing description of embodiments of the
present invention have been presented for purposes of illus-
tration and description. It is not intended to be exhaustive or
to limit the present invention to the precise form disclosed,
and modifications and variations are possible in light of the
above teachings or may be acquired from practice of the
present invention. The embodiments were chosen and
described in order to explain the principles of the present
invention and its practical application to enable one skilled in
the art to utilize the present invention in various embodi-
ments, and with various modifications, as are suited to the
particular use contemplated.

1. A method of forming graphene on a substrate, compris-
ing the steps of:

providing a solution processed graphene; and

disposing the solution processed graphene on the substrate,

thereby establishing a low friction wear surface.

2. The method as defined in claim 1 wherein the graphene
of'the solution processed graphene is formed by at least one of
(a) achemical exfoliation step, (b) mechanical exfoliation, (c)
CVD and disposing the graphene into a liquid.

3. The method as defined in claim 2 wherein the step of
disposing the solution processed graphene comprises spray-
ing the liquid containing the graphene onto the substrate.

4. The method as defined in claim 1 wherein the substrate
is selected from the group of a metal, a transition metal and an
insulator.

5. The method as defined in claim 1 further including the
step of providing an opposing wear member against which the
graphene on the substrate slides.

6. The method as defined in claim 5 wherein the opposing
wear member comprises DLC.

7. The method as defined in claim 6 wherein the DLC is a
hydrogenated form of DLC.

8. The method as defined in claim 5 further including the
step of providing an inert gas atmosphere disposed around the
graphene on the substrate and the opposing wear member.
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9. The method as defined in claim 8 wherein the inert gas
consists essentially of at least one of N, and Ar.

10. The method as defined in claim 8 wherein the inert gas
environment is a high vacuum.

11. The method as defined in claim 3 wherein the step of
disposing is done in ambient conditions.

12. The method as defined in claim 5 wherein the opposing
wear member is pre-processed to control surface roughness.

13. A graphene wear member article of manufacture, com-
prising:

a first substrate;

a solution of graphene and a liquid, thereby forming a
solution processed graphene disposed on the first sub-
strate; and

a second substrate forming an opposing wear member of
the solution processed graphene on the first substrate.

14. The graphene wear member as defined in claim 12
wherein the first substrate is selected from the group ofa steel,
a transition metal and an insulator.

15. The graphene wear member as defined in claim 13
wherein the transition metal is selected from the group of Cu
and Ni.

16. The graphene wear member as defined in claim 13
wherein the insulator comprises Si0O,.

17. The graphene wear member as defined in claim 13
wherein the liquid comprises at least one of water, alcohol or
hydrocarbon based solvent.

18. The graphene wear member as defined in claim 13
wherein the second substrate comprises a metal.

19. The graphene wear member as defined in claim 13
wherein the second substrate comprises DL.C on an underly-
ing substrate.

20. The graphene wear member as defined in claim 13
further including an atmosphere surrounding the graphene
wear member consisting of at least one of N,, Ar and a high
vacuum.



