NASA/TM—1999-208905

‘rlﬁ:,v‘» YA

%

Surface Design and Engineering Toward
Wear-Resistant, Self-Lubricating
Diamond Films and Coatings

Kazuhisa Miyoshi
Lewis Research Center, Cleveland, Ohio

February 1999



The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key part
in helping NASA maintain this important role.

The NASA STI Program Office is operated by
Langley Research Center, the Lead Center for
NASA'’s scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASA’s institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA STI Report
Series, which includes the following report types:

+ TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive data
or theoretical analysis. Includes compilations
of significant scientific and technical data and
information deemed to be of continuing
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but
has less stringent limitations on manuscript
length and extent of graphic presentations.

+ TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or
of specialized interest, e.g., quick release
reports, working papers, and bibliographies
that contain minimal annotation. Does not
contain extensive analysis.

» CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

* CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or cosponsored by
NASA.

» SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

+ TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to NASA’s
mission.

Specialized services that complement the STI
Program Office’s diverse offerings include
creating custom thesauri, building customized
data bases, organizing and publishing research
results . . . even providing videos.

For more information about the NASA STI
Program Office, see the following:

» Access the NASA STI Program Home Page
at http://www.sti.nasa.gov

« E-mail your question via the Internet to
help@sti.nasa.gov

» Fax your question to the NASA Access
Help Desk at (301) 621-0134

» Telephone the NASA Access Help Desk at
(301) 621-0390

*  Write to:
NASA Access Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076



NASA/TM—1999-208905

Surface Design and Engineering Toward
Wear-Resistant, Self-Lubricating
Diamond Films and Coatings

Kazuhisa Miyoshi
Lewis Research Center, Cleveland, Ohio

Prepared for the

128th Annual Meeting & Exhibition

sponsored by The Minerals, Metals & Materials Society
San Diego, California, February 28-March 4, 1999

National Aeronautics and
Space Administration

Lewis Research Center

February 1999



Acknowledgments

The author thanks Dr. R.L.C. Wu and his group at the Air Force Research Laboratory for depositing the micro-
wave-plasma-enhanced CVD diamond films used for disk specimens and the ion-beam-deposited DLC films
and Professor Murakawa and his group at the Nippon Institute of Technology for depositing the cubic
boron nitride films and the hot-filament CVD diamond films used for pin specimens.

Available from

NASA Center for Aerospace Information National Technical Information Service
7121 Standard Drive 5285 Port Royal Road
Hanover, MD 21076 Springfield, VA 22100

Price Code: A03 Price Code: A03



SURFACE DESIGN AND ENGINEERING TOWARD WEAR-RESISTANT,
SELF-LUBRICATING DIAMOND FILMS AND COATINGS

Kazuhisa Miyoshi
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

Abstract

The tribological properties of chemical-vapor-deposited (CVD) diamond films vary with the en-
vironment, possessing a Jekyll-and-Hyde character. CVD diamond has a low coefficient of friction
and high wear resistance in air but a high coefficient of friction and low wear resistance in vacuum.
Improving the tribological functionality of diamond films (such as achieving low friction and good
wear resistance) was the ultimate goal of this investigation.

Three studies on the surface design, surface engineering, and tribology of CVD diamond have
shown that its normally high friction and wear in ultrahigh vacuum can be significantly reduced.
The main criteria for judging whether diamond films are an effective wear-resistant, self-lubricat-
ing material were coefficient of friction and wear rate, which must be less than 0.1 and on the order
of 10° mm*/Nm, respectively. In the first study, the presence of a thin filmylthick) of
amorphous, nondiamond carbon (hydrogenated carbon, also called diamondlike carbon or DLC)
on CVD diamond greatly decreased the coefficient of friction and the wear rate. Therefore, a thin
DLC film on CVD diamond can be an effective wear-resistant, lubricating coating in ultrahigh
vacuum. In the second study the presence of an amorphous, nondiamond carbon surface layer
formed on CVD diamond by ion implantation significantly reduced the coefficient of friction and
the wear rate in ultrahigh vacuum. Therefore, such surface layers are acceptable for effective self-
lubricating, wear-resistant applications of CVD diamond. In the third study CVD diamond in con-
tact with cubic boron nitride exhibited low coefficient of friction in ultrahigh vacuum. Therefore,
this materials combination can provide an effective self-lubricating, wear-resistant couple in
ultrahigh vacuum.

Introduction

High tribological reliability is of crucial importance in operating the many interacting surfaces that
are in relative motion in mechanical systems (1). The goals of tribological research and develop-
ment are to reduce the adhesion, friction, and wear of mechanical components; to prevent their
failure; and to provide long, reliable component life through the judicious selection of materials,
coatings, surface modifications and treatments, operating parameters, and lubricants.

A notable amount of research effort has been put into fundamental studies of the tribological be-
havior of coatings. In recent years, the increasing potential for the use of diamond films and
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diamondlike films as tribological coatings in mechanical systems such as bearings, seals, and gears
has focused attention on these coating materials (2). Tribological studies have been conducted with
diamond and related coatings to understand better how the physical and chemical properties of
these coatings will affect their behavior when in contact with themselves, ceramics, polymers, and
metals (3-5).

Three surface design, surface engineering, and tribology studies have shown that the normally high
friction and wear of CVD diamond in ultrahigh vacuum can be significantly reduced. This paper
discusses the results of those studies: first, the friction mechanisms of clean diamond surfaces;
second, the solid lubrication mechanism and the surface design of diamond surfaces; and finally,
the actual tribological properties of the modified diamond surfaces and the selected materials couple.
How surface modification and the selected materials couple (particularly the diamond—cubic boron
nitride couple) improved the tribological functionality of coatings, giving low coefficient of fric-

tion and good wear resistance, is explained.

Friction Mechanism of Diamond Surface

General Friction Mechanism

The classical Bowden and Tabor model for sliding friction (6, 7), in its simple form, assumes that
the friction force arises from two contributing sources. First, an adhesion force is developed at the
real area of contact between the surfaces (the asperity junction). Second, a deformation force is
needed to plow or cut the asperities of the harder surface through the softer. The resultant friction
force is the sum of the two contributing sources: friction due to adhesion and friction due to defor-
mation and/or fracture (6). The adhesion arises from the attractive forces between the surfaces in
contact. This model serves as a starting point for understanding how thin surface films can reduce
friction and provide lubrication (8-10). It should be realized, however, that one of the contributing
sources acts to affect the other on many occasions. In other words, the two sources cannot be treated
as strictly independent.

When a smooth diamond flat is brought into contact with a smooth spherical surface of diamond,
ceramic, metal, or polymer, the plowing or cutting contribution in friction can be neglected. The
friction due to adhesion is then described by the equation (6)

M =sAW (2)

In this equationy is the coefficient of frictions is the shear strength of the real area of contact,
A'is the real area of contact between the surfacesjaadhe load. Also, in such a basic contact
condition, if we consider the total surface energy in the real area of contact, the coefficient of
friction can be expressed as a functionAf

= 1f(yA) )
HereyA is the total surface energy in the real area of contact (11, 12). To reduce friction and to

provide lubrication, therefore, the shear strersgthe real area of conta&st and surface energy
must be minimized.
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Specifc Friction Medianism

Because diamond has tetrahedral, covalent bonds between each carbon atom and its four nearest
neighbors, the free surface may expose dangling bonds. Such a free surface has high surface energy
Y, which is associated with dangling bond formation. When an atomically clean diamond surface
contacts an atomically clean surface of counterpart material, the dangling bonds can form strong
linkages with bonds on the counterpart surface. Many researchers (e.g., 2, 3, 7, 13) have found that
atomically clean diamond exhibits high adhesion and friction. For example, if the surfaces of natu-
ral diamond and metal are cleaned by argon ion bombardment, the coefficient of friction is higher
than 0.4 in an ultra-high-vacuum environment. The coefficient of friction increases with an in-
crease in the total surface energy of the metal in the real area of gdni&fdh the argon-sputter-

cleaned diamond surface there are probably dangling bonds of carbon ready to link up directly with
metal atoms on the argon-sputter-cleaned metal surface. Thus, cleaning the diamond surface pro-
vided surface defects, such as dangling bonds, and accordingly high surface energy and enhanced
adhesion and shear strength at the interface. The extremely high hardness and high elastic modulus
of diamond provided a small real area of confadlthoughA was small, large values sfandy

resulted in a high coefficient of friction for the argon-sputter-cleaned diamond surface in ultrahigh
vacuum (Fig. 1).

The situation illustrated in Fig. 1 applies to sliding contacts of the CVD diamond surface with itself
or other materials in ultrahigh vacuum (2, 6, 7, 9—15). Without sputter cleaning or heating to high
temperature in a vacuum, a contaminant surface film is adsorbed on the CVD diamond surface. The
contaminant surface film can be removed when it repeatedly slides over the same track of counter-
part material in vacuum. Then, a fresh, clean diamond surface contacts a clean surface of counter-
part material, and a strong bond forms between the two materials. As a result the coefficient of

Coefficient of friction

Surface energy (bonding energy)
Shear strength of junctions

Real area of contact

Load

Friction force

MS>0n E

p=SA (Bowdenand  p =f(yA) (Miyoshi, ref. 12)
W' Tabor, ref. 6)

Ultrahigh vacuum

w
v OF.
A is small
) but s and
Diamond v are large
Substrate
(AP0

Figure 1.—Fricton mechanism of clean diamond
surface in ultrahigh vacuum.
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Figure 2.—Typical friction trace for bulk diamond pin in contact with diamond film
deposited on « silicon carbide surface in vacuum (w; = initial coefficient of
friction; wg = equilibrium coefficient of friction.) Note that in humid air the initial
coefficient of friction was 0.13 for fine-grain diamond films.

friction for the diamond film becomes considerably high. As shown in Fig. 2, when a contaminant
surface film was removed by repeatedly sliding a diamond pin over the same track of a diamond-
coated disk in vacuum, the coefficient of friction increased from the initial yalteethe equilib-

rium valuey- with an increasing number of passes. Figure 3(a) presents the initial and equilibrium
coefficients of friction for a diamond pin sliding on various CVD diamond films in vacuum (13). In

all cases the equilibrium coefficients of friction (1.5 to 1.8) were greater than the initial coefficients
of friction (1.1 to 1.3) regardless of the initial surface roughness of the diamond films. As shown in
Fig. 3(b) the wear rate of the CVD diamond films in vacuum did depend on the initial surface
roughness of the films, generally increasing with an increase in the initial surface roughness.

Solid Lubrication Mechanism and Design of Diamond Surface

According to the discussion and understanding described in the previous section, reducing the
coefficient of friction requires minimizing the shear strength of the interface, the surface energy,
the real area of contact, and the plowing or cutting contribution. Reducing wear generally
requires minimizing these factors while maximizing the hardness, strength, and toughness of inter-
acting materials. Toward this end, surface design and engineering can be applied to reduce the
coefficient of friction and wear rate of CVD diamond.

Figure 4 illustrates how the minimization of the aforementioned factors can be achieved. The intro-
duction of a thin film overlayer, such as nondiamond carbon on diamond, reduces the coefficient of
friction. In the model presented, the thin film covers the diamond. The thin film can be any mate-
rial, such as soft metal, polymer, ceramic, or a modified surface layer of the diamond, that has low
shear strength or low surface energy. The underlying diamond reduces both the real area of contact
and the plowing contribution of the counterpart material; a thin film or a thin surface layer reduces
the shear strength and surface energy in the real area of contact. The low coefficient of friction can
be attributed to the combination of the low shear strength and the low surface energy of the thin film
or the thin surface layer and the small real area of contact resulting from the high elastic modulus
and hardness of the underlying diamond film.
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Figure 3.—lInitial () and equilibrium (pg) coefficients of friction and wear
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of initial surface roughness of diamond film in ultrahigh vacuum. (a) Co-
efficient of friction. (b) Wear rate.
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The coefficient of friction for clean interacting surfaces in ultrahigh vacuum also strongly depends
on the materials coupled. Figure 5 presents examples of the coefficients of friction for clean metal-
metal couples, clean metal-nonmetal couples, and clean nonmetal-nonmetal couples measured in
ultrahigh vacuum. The judicious selection of counterpart materials can reduce the coefficient of
friction of diamond in ultrahigh vacuum. The following examples show how the friction and wear

of diamond films can be reduced by soft overlayers or by choice of sliding counterface material.

Surface-Modified Diamond

Figure 6 presents the steady-state (equilibrium) coefficients of friction and wear rates at room
temperature in an ultrahigh vacuum{1Pa). For a direct comparison the coefficients of friction
and the wear rates were plotted from?10 10 and from 1 to 10° mm¥/N[m, respectively. An
effective wear-resistant, self-lubricating material must generally have a coefficient of friction less
than 0.1 and a wear rate on the order of &Or*/Nmh.

As shown in Fig. 6(a) both the as-deposited, fine-grain CVD diamond film and the polished, coarse-
grain CVD diamond film had high coefficients of frictior(4) and high wear rates (on the order
of 10 mm*¥N0h), which are not acceptable for solid lubrication applications (13-15).

Thin DLC Film on CVD Diamond

As shown in Fig. 6(b) the thin film of DLC deposited on the as-deposited, fine-grain diamond by
the direct impact of an ion beam resulted in low coefficients of frickOrl) and low wear rates

(on the order of I8 mm¥/NIh) (14-16). The presence of a thil(um thick), amorphous,
nondiamond carbon (hydrogenated carbon) film on CVD diamond greatly decreased the coeffi-
cient of friction and the wear rate. DLC on CVD diamond can be an effective wear-resistant, lubri-
cating coating in ultrahigh vacuum.

Note that in dry nitrogen and in humid air (not shown) the coefficient of friction was less than 0.1
and the wear rate was on the order of hh¥/Nh or less (16).

Thin lon-Implanted Layer of CVD Diamond

The effect of carbon and nitrogen ion implantation on diamond’s friction and wear properties was
significant (Fig. 6(c)). Both carbon-ion-implanted diamond and nitrogen-ion-implanted diamond
exhibited low coefficients of friction<Q0.1) and low wear rates (on the order of®X0n¥/N[m),
making them acceptable for solid lubrication applications (15, 16). Bombarding diamond films
with carbon ions at 60 keV or with nitrogen ions at 35 keV produced a thin, superficial layer of
amorphous, nondiamond carberi (um thick). This surface layer greatly reduced the coefficient

of friction and the wear rate in ultrahigh vacuum to values that are acceptable for self-lubricating,
wear-resistant applications of CVD diamond films.

Note that in dry nitrogen and in humid air (not shown) the coefficient of friction was less than 0.05
and the wear rate was on the order of hi¥/Nimh (15, 16).
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700 eV. (c) Carbon-ion-implanted diamond and nitrogen-ion-implanted diamond.
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Selected Materials Couple

Boron nitride is competing with diamond and silicon carbide in most applications, including friction-
reducing coatings. Similar to diamond, a wide variety of synthesis methods are being used, and
boron nitride can be grown in many phases. The cubic phase is the most desirable phase for tribo-
logical applications (17). Because cubic boron nitride (c-BN), which is chemically and thermally
inert, is second only to diamond in hardness, many researchers believe that c-BN films offer great
opportunities for wear parts, cutting tool inserts, rotary tools, and dies. The c-BN films are espe-
cially valuable for protective coatings on surfaces that come into contact with iron-based materials,
where diamond cannot be used because of its high chemical wear due to its aggressive reaction with
iron. Therefore, an investigation was conducted to examine the friction of
c-BN in contact with diamond in ultrahigh vacuum. Reference experiments were also conducted in
dry nitrogen and in humid air. The c-BN films (approx.@5thick) were synthesized by magneti-

cally enhanced plasma ion plating and formed on silicon {100} wafer substrates (18).

Figure 7 shows the low average coefficients of friction in ultrahigh vacuum for as-deposited c-BN
films in sliding contact with CVD diamond pins as a function of the number of passes. This mate-
rials combination provided an effective self-lubricating, wear-resistant couple in ultrahigh vacuum
at low numbers of passes. However, at approximately 1400 passes the sliding action caused the
c-BN film to break down, whereupon the coefficient of friction rapidly increased (Fig. 7). The wear
rate of this particular c-BN film sliding against CVD diamond pin was on the order of
10° mm?/NImh, but the wear rate of the CVD diamond pin was much lower.

NASA/TM—1999-208905 9
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Figure 7.—Coefficient of friction for c-BN films in sliding
contact with CVD diamond pins in ultrahigh vacuum.

Note that in dry nitrogen and in humid air (not shown) the coefficient of friction remained constant
for a long period without breakdown even at 100 000 passes (16). The endurance life of c-BN films
was greater in dry nitrogen and in humid air than in ultrahigh vacuum by a factor of 60 or higher.

Conclusions

Three studies on the surface design, surface engineering, and tribology of chemical-vapor-deposited
(CVD) diamond have shown that its normally high friction and wear in ultrahigh vacuum can be
significantly reduced . The main criteria for judging the performance of diamond films to be an
effective wear-resistant, self-lubricating material were coefficient of friction and wear rate, which
had to be less than 0.1 and on the order Sfra¥/Nih, respectively. The following conclusions

were drawn from the results of these studies:

1. The presence of a thin fili&X pum thick) of amorphous, nondiamond carbon (hydrogenated
carbon, also called diamondlike carbon or DLC) on CVD diamond greatly decreased the coef-
ficient of friction and the wear rate. Therefore, a thin DLC film on CVD diamond can be an
effective wear-resistant, lubricating coating in ultrahigh vacuum.

2. The presence of an amorphous, nondiamond carbon surface layer formed on the diamond by
ion implantation significantly reduced the coefficient of friction and the wear rate in ultrahigh
vacuum to values that are acceptable for effective self-lubricating, wear-resistant applications
of CVD diamond films.

3. CVD diamond in contact with cubic boron nitride exhibited low coefficients of friction in ultra-
high vacuum. Therefore, this materials combination can provide an effective self-lubricating,
wear-resistant couple in ultrahigh vacuum.
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and on the order of IBmm®N-m, respectively. In the first study the presence of a thin film (<1 mm thick) of amorphous,
nondiamond carbon (hydrogenated carbon, also called diamondlike carbon or DLC) on CVD diamond greatly decreased th
in ultrahigh vacuum. In the second study the presence of an amorphous, nondiamond carbon surface layer formed on CV
by ion implantation significantly reduced the coefficient of friction and the wear rate in ultrahigh vacuum. Thereforefaceh s
layers are acceptable for effective self-lubricating, wear-resistant applications of CVD diamond. In the third study CV@®idian
contact with cubic boron nitride exhibited low coefficient of friction in ultrahigh vacuum. Therefore, this materials camtbaati
provide an effective self-lubricating, wear-resistant couple in ultrahigh vacuum.

cient of friction and the wear rate. Therefore, a thin DLC film on CVD diamond can be an effective wear-resistant, |mmag
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