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ABSTRACT

In this study, we investigated the tribological properties of hard diamondlike carbon (DLC) films on -
magnesia-partially-stabilized zirconia a\ng—PSZ) substrates over a wide range of loads, speeds,
temperatures, and counterface materials. The films were 2 pm-thick and produced on by ion-beam
deposition at room temperature. Tribological tests were conducted on a ball-on-disk machine in open
air of 30 to 50% relative humidity under contact loads of 1 to 50 N, at sliding velocities of 0.1 to 6 m/s,
and at temepratures to 400°C. AL, O; and Si;N, balls were also used and rubbed agaisnt the DLC-coated
MgO-PSZ disks, primarily to assess and compare their friction and wear performance to that of MgO-
PSZ balls. A series of long-duration lifetime tests was run at speeds of 1, 2, and 6 m/s under a 5-N load
to assess the durability of these DLC films. Test results showed that the friction coefficients of MgO-
PSZ balls sliding against MgO-PSZ disks were in the range of 0.5-0.8, and the average specific wear
rates of MgO-PSZ balls ranged from 107 to 5X10™* mm*/N.m, depending on sliding velocity, contact
load and ambient temperature. The friction coefficients of MgO-PSZ balls siding against the DLC-
coated-MgO-PSZ disks varied between 0.03 to 0.1. The average specific wear rates of MgO-PSZ balls
were reduced by factors of three to four orders of magitude when rubbed against the DLC coated disks.
These DLC films could last 1.5 million to 4 million cycles, depending on sliding velocity. Scanning
electron microscopy and micro-laser Raman Spectroscopy were used to elucidate the microstructural

and chemical nature of DLC films and worn surfaces.
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INTRODUCTION

Hard diamond-like carbon (DLC) or amorphous carbon films combine unusual mechanical and chemical
properties that make them very aftractive for a wide range of engineering applications [1-4].
Mechanically, these films are very hard and resilient. Reported hardness values for DLC range from 2000
to 9000 kg/mm?® [1-4,5,6]. Chemicaly, they are inert and impervious to acidic and saline media.
Electronically, tey are insulating and optically they can be made transparent to visible and ultraviolet

lights [1,2,4,7,8].

Compared to hard nitride and carbide coatings, the DLC coatings can be deposited at temperatures
ranging from sub-zero to 300°C and at fairly high deposition rates by a variety of methods including; ion-
beam deposition, DC and RF sputtering, arc-plasma, and plasma enhanced chemical vapor deposition,
laser ablasion [1-4,9-13]. Depending on the deposition method and carbon source, large amounts of
hydrogen (e.g., 10-50 at.%) may be present within the structufe of DLC films [1,5,13]. Structurally, the
DLC films are amorphous. Accordingly, they are sometimes referred to as hydrogenated amorphous
carbon films. Within the amorphous structure of DLC very-short-range-érdered diamond (characterized
by sp*-type tetrahedral bonds) and graphitic phases (characterized by sp*-type trigonal bonds) also exist

[1,5,13]. Hence, these films can be regarded as degenerate forms of bulk diamond and/or graphite.

Adding to their unique mechanical, .chemical, electronics, and optical properties is their unusual capacity
to impart very low friction and high wear resistance to sliding tribological interfaces [3,4,7,10,12,14-22].
The sliding friction coefficients of pairs with a DLC coating may range from 0.005 to 0.3, depending on
the test conditions, deposition methodology, and counterface materials [7,10,15,18,19]. The relative

humidity of the test enviroment was found to have the greatest effect on the fricional behavior of DLC

‘ﬁlms. For example, in dry air and inert gases, the friction coefficients of 0.005 to 0.02 are feasible

[14,15,18]. However, in humid air, their friction coefficients may go up to =0.3 during sliding against




4
both the metallic and ceramic materials [16,19]. Despite the opportunities and excellent prospects for
their use in numerous tribological applications, DLC films have not yet been commercially exploited in

large scales.

The primary purpose of this paper is to explore the tribological performance of thin DLC films over a
wide range of loads, speeds, and temperatures and to elucidate their chemical and microsctructural

nature using scanning electron microscopy (SEM) and micro-laser Raman Spectroscopy.
EXPERIMENTAL DETAILS
Test Material

The balls and disks used in this study were made of sintered magnesia-partially-stabilized ZrO, (MgO-
PSZ). Selected properties of this ceramic are given in Table 1 [23]. The disk specimens, 75 mm in
diameter by 6 mm thick, were diamond-wheel ground to a surface finish of =0.1 pm centerline average

(CLA).

The balls were 9.5-mm-diameter and ﬁad a surface finish of better than 0.01 pum CLA. They were
secured to the ball holder of the wear test machine to assume the vertical ball-on-disk configuration. The
balls and the disks were ultrasonically cleaned sequentially in hexane + 10 yol.% toluene, acetone,
deionized water containing 2 wt.% laboratory detergent, and deionized water for about 1 min each, then
dried in an oven at 110°C for 20 min. This cleaning sequence was shown in Ref. [24] to remove much

of the organic contamination from the exposed surfaces of oxide ceramics.




Ion-Beam Deposition of Diamond-Like Carbon

DLC films used in this study were =2 pm thick and produced on MgO-PSZ substrates by means of ion-
beam deposition in a vacuum chamber equipped with a broad-beam ion source. Figure 1 is a schematic
depiction of the ion-beam deposition system. The MgO-PSZ substrates were first positioned beneath the
ion source and sputter-cleaned with a 1 keV, 2.5 mA/cm® Ar-ion beam for =3-5 min. This step was
essential for removing adsorbates and/or contaminants from the substrate surface. Next, an intermediate
hydrogenated-silicon carbide (SiC:H) bond-layer was sputter-deposited on the substrates by rotating the
sample out of the beam and into the sputter-coating position (see Fig. 1). Methane is bled into the
vacuum chamber and the 1-keV argon beam is allowed to sputter the silicon target shown in the ﬁgure:
The combination of the Si being sputtered onto the sample and the C and H derived from the methane
gives a SiC:H layer. A 50 nm thick SiC:H layer on MgO-PSZ was found to be sufficient for excellent
bonding between MgO-PSZ and DLC films. Finally, the source was switched to methane operation by
rotating the substrates back to the position directly beneath the beam. The methane gas (carbon source)
was fed’ through the cylindrical-ion-source and was ionized by energetic-electrons emitted by a hot-
filament-wire. The ionized-species pass through a biased grid where they gain a high-acceleration energy
of 450 eV a current density of =2.5 mA/cm®. To overcome charging of the insulating MgO-PSZ
substrate, the energetic-ions are neutralized by a hot-filament-wire emiting thermionic electrons. Without
discharging, the insulating substrate tends to accumulate positive electrical charge and repels depositing
species having the same polarity. The deposition rate was =3 um/hr. Substrates were water-cooled via

their mounting plates to maintain their temperatures below 200°C throughout the deposition.




Friction and Wear Tests

Friction and wear tests were conducted on a ball-on-disk tribometer with the pairs of MgO-PSZ balls
and MgO-PSZ disks; and MgO-PSZ balls and DLC-coated MgO-PSZ disks in open air of 30 to 50%
relative humidity. A few balls of Al,O; and Si;N, ceramics were also used and rubbed agaisnt the DLC-
coated MgO-PSZ disks, primarily to assess and compare their friction and wear behavior to that of
MgO-PSZ balls. The normal load applied to the balls ranged from 1 to 50 N, which initially created mean
Hertzian contact pressures of approximately 317 MPa to 1.17 GPa. respectively (ignoring any effects
of the DLC film). Because of the formation of a flat wear-scar during sliding contacts, nominal bearing
pressures fell to a fraction of these initial Hertzian values by the end of the tests. The frictional force was
monitored with the aid of a load cell and was recorded on a chart paper throughout the tests. The sliding
velocity ranged from 0.1 to 6 m/s during tests evaluting the effects of load and velocity on friction and
wear. The sliding distance was 2 km. A series of tests was run to assess the long-term tribological
performance and durability of DL.C coatings under a 5-N load at velocities ranging from 1 to 6 m/s. The
elevated test temperatures, e.g.,‘ 100, 200, 300, and 400°C, were created by quartz heaters placed

beneath the rotating MgO-PSZ disks.

Wear-volume calculations on the balls were based on microscopic determination of the diameter of the
circular wear scars, combined with the assumption that the wear scar is flat [25]. These wear volumes
were converted into average specific wear rates by simply normalizing wear volume (mm’) over contact
load (N) and total sliding distance. The wear of disk specimens was assessed from the traces of surface
profiles across the wear tracks. Two to three duplicate tests were run under each test condition to check

the reproducibility of the friction and wear data and the average values with the spread are reported




RESULTS
Film Microsctructure and Chemistry

Figure 2 is a cross-sectional SEM micrograph of a DLC coating used in this study. At the maghiﬁcation
shown, this film looks featureless, quite dense, and free of volume defects. The columnar morphology,
that is typical of metallic and ceramic coatings produced by physcial vapor deposition methods, is not
obvious in this DLC coating. The bonding between the DLC coating and the MgO-PSZ substrate

appears good and the interface between them is hard to discern.

Figure 3 shows the Raman spectrum of the DLC film. The main features in this spectrum are that there
exist two broad peaks; one is positioned at =1350 cm™ (appearing as a shoulder) and the other is
centered at ~1520 cm™. The shouldered peak at 1350 cm™ may be representing amorphous carbon with
an'sp’-type bonding, while the broad peak at 1520 cm™ may have been due to the graphitic precursors

in the DLC film. In general, these peaks are typical of most carbon materials clasified as DLC [1,26-28].
Friction and Wear
Effect of Sliding Velocity

Figure 4 shows the fiiction coefficients and the average specific wear rates of test pairs as a function of
sliding velocity. As is evident, the friction coefficients of pairs without a DLC coating are quite high and
vary-significantly with sliding velocity (see Fig. 4a). Up to 1 m/s, their friction coefficients range from
0.7 to 0.8. However, they decrease substantially with increasing velocity. At 6 m/s, the friction

coefficients of pairs without a DLC coating are =0.5. The friction coefficients of pairs with a DLC




coating vary between 0.07 and 0.1 and they are relatively insensitive to increasing velocity.

The average specific wear rates of MgO-PSZ balls sliding against the uncoated and DLC-coated MgO-
PSZ disks are shown in Fig. 4b. Depending on velocity, their wear rates vary between =10 to =10
mm*/N.m during sliding agaisnt the uncoated disks. Wherease, the wear rates of those balls sliding
agaisnt the DLC-coated disks are 5X10? to 10® mm*/N.m. Note that these values are 3 to 4 orders of
magnitude lower than the wear rates of balls slid against the uncoated disks. Photomicrographs in Fig.
5 compare the actual size and appearace of two scars form on MgO-PSZ balls during tests at 1 m/s. As
is clear, the size of a wear scar formed on a ball slid against the uncoated MgO-PSZ disk (Fig. Sa) is
. much greater than that of the wear scar formed during sliding against a DLC-coated MgO-PSZ (Fig. 5b)
disks.

SEM microscopy of the worn surfaces of balls and uncoated-disk revealed that plastic flow, . .
microcutting, and microfracture were the dominant modes of wear. At high velocites (e.g., 2 m/s and
up), wear was largely dominated by thermal and/or thermomechanical cracking of sliding surfaces (Fig. -
6a). At 6 m/s, even some evidence of local melting was noticed (Figs. 6b and c). Fig. 6b is taken from
the middle of a wear scar and provides evidence for extensive thermomechanical craks and local melting.
Wear-debris particles found on and around the wear scar consisted of large fragments which may have |
been produced by local melting of asperity tips and/or fine debris particles trapped at these interfaces

sliding at high velocities (F‘ig. 6¢).

3-D surface maps in Fig. 7 compare the extent of wear on an uncoated-disk with that on a DLC-coated
MgO-PSZ disk after wear tests under identical conditions. The extent of wear on uncoated disk is rather
significant and the width of wear track is quite large, but the wear of DL.C-coated disk is hard to discern.

Using a surface profilometer at vertical magnifications up to 50,000X, we were unable to detect any
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measurable wear losses on this disk. Further examinations with SEM revealed that the wear was
essentially confined to the sharp tips of surface asperities but the DLC coating itself was still intact after

the 2 km long sliding tests.
Effect of Load

Figure 8 shows the effect of increasing load on the friction coefficients and the average specific wear
rates of the MgO-PSZ balls during sliding against the DLC-coated MgO-PSZ disks. As is clear, the
friction coefficients of test pairs decreased with increasing load (see Fig. 8a). At a 1-N load, the friction

coefficient is =0.09, but decreased monotonically with increasing load. At a 50-N load, it was =0.03.

Fig. 8b shows the effect of load on the average specific wear rates of MgO-PSZ balls slid against the
DLC-coated MgO-PSZ disks. Except at a 1-N load, the average specific wear rate of balls was relatively
high under lower loads (e.g., *5X10° mm*/N.m under a 2-N load). However, it decreased substantially
with increasing load. For instance, at a 20-N load, the average specific wear rate was by an order of
magnitude lower than that at a 2-N load. When load is further increased to 50 N, the wear rate remained
-essentially the same. Note that the values in brackets and parantheses given along the data points in Fig.
8b indicate the mean initial Hertzian and final nominal contact pressures (in GPa), respectively, that

develop between ball and disk specimens.
Effect of Ambient Temperature

Figure 9 shows the effect of test temperature on friction and wear performance of MgO-PSZ pairs with
and without a DLC coating. As'is evident from Fig. 9a, the friction coefficients of pairs without a DLC

coating was =0.75 at room température but increased to =0.82 when temperature was raised to 200°C.
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A slight decrease was seen during tests at 300°C. However, for those pairs with a DLC coating, the
friction coefficients were in the range of 0.07 to 0.1 at room temperature, but decreased to ~0.05 when

temperature was raised to 200°C. At 300°C, their friction coefficients increased slightly to ~0.08.

As shown in Fig. 9b, the average specific wear rates of MgO-PSZ balls sliding against the uncoated
MgO-PSZ disks decreased significantly when temperature was raised to 100°C. However, upon further
increasing the temperature to 200 and 300°C, the average specific wear rates remained relatively
unchanged. As for the balls sliding against the DLC-coated disks, their average specific wear rates
decreased slightly when temperature was raised to 100°C, but increased substantially as temperature was -
further raised to 200 and 300°C. Attempts were made to perform friction tests on DLC-coated disks at
400°C, however, by the time temperature reached and stabilized at 400°C, it wais» noticed that much of
the DLC coating had flaked out and the underlying substrate was partially exposed as verified by SEM

and X-ray maping in Fig. 10. Consequently, no tests were run at 400°C. -

Microscopic examination of the sliding contact surfaces revealed that there was significant amount of
wear on both the balls and the uncoated disks. Whereas, the extent of wear on DLC-coated disks and
on balls slid against these disks was rather insignificant even after tests at 300°C. 3-D surface maps in
| Figs. 11a and 11b show qualitatively the extent of wear demage on an uncoated and a DLC-coated

MgO-PSZ disks, respectively, afier wear tests at 300°C.
Effect of Counterface Material
Figure 12 compares the friction coefficients and the average specific wear rates of ALO,, Si;N,, and

MgO-PSZ balls sliding against DLC-coated MgO-PSZ disks. The variation of friction coefficients from

one ball to another is not substantial e. g., 0.07 to 0.09; however, the variation of average specific wear




rates is quite significant. For instance, the wear rate of AL, O, balls was by a factor of 4 lower than that
of MgO-PSZ balls. It was interesting to note that there existed no correlation between friction
coefficients and average specific wear rates of the pairs shown in Fig. 12. The Al,O; balls exhibited the

highest friction coefficient yet the lowest wear of all during sliding agaisnt the DLC coatings.
Lifetime of DLC Coatings

Figure 13 and accompanying table present the friction and wear performance of DLC-coatings subejcted
to lifetime tests at velocities of 1, 2, and 6 m/s. As is evident, in all cases, these coatings possessed
endurance lives of milions of sliding cycles. Initially, the friction coefficients of these DLC coatings
shiding against the MgO-PSZ balls were on the order of 0.1 (this region is denoted with letter A in Fig.
13), but decreased steadily with increasing number of sliding cycles and eventually reached values of
0.05 to 0.06 (this region is denoted with letter B). After millions of sliding passes, the friction
coefficients began to increase as the DLC coatings wore out (point C in Fig 13). With furhter sliding,
the film was worn out, friction tended to increase, and the substrate MgO-PSZ became exposed (this
point is denoted with letter D in Fig. 13. The increase in friction is thought to be due to the fact that the -
balls were partially sliding against the exposed substrate. From the data in accompanying table, it is clear
that the lifetimes of DLC coatings are influenced significantly by the sliding velocity. In general, the

higher the sliding velocity the lower the lifetimes of DLC coatings.

The average specific wear rates of the counterface balls were 3.3X10° to 7X10” mm’/N.m. Figure 14
shows the 3-D surface maps of typical wear tracks formed on a DLC-coated MgO-PSZ disk after lifetme

tests at 1 and 6 m/s.




DISCUSSION

From the results presented above, it is clear that without a DLC coating, the balls and disks suffer heavy
wear damage. Increasing velocity has a significant effect on the friction and wear behavior of MgO-PSZ
material. The DLC coatings impart very low friction and wear losses to sliding MgO-PSZ interfaces over

the range of sliding velocities, contact loads, and ambient temperatures explored in this study.
Friction and Wear

Generally poor wear performance of MgO-PSZ material (see Figs. 4b, 5a, 9) can be attributed to their
poor thermal shock resistnace and inherent brittleness. Because of a very poor thermal conductivity (e.g.,
at 293 K, kyopsz = 3.08 W/m K), the MgO-PSZ cannot effectively dissipate frictional heat generating
at high sliding velocities. Virtually, all the mechanical work done to overcome friction between MgO-
PSZ balls and disks is released as heat, and this heat is primarily confined to the areas of real contact .
spots. These spots are sometimes referred as "hot spots". Large temperature gradients can easily develop
between the hot spots and surrounding regions; these in turn create high thermal stresses. When these
stresses are combined with the high normal and tangential stresses, microcracks (Figs. 6a and b) may
develop and promote wear [29]. Temperature and/or stress-induced phase transformation is also feasible

in zirconia-base ceramics and may have contributed to their high wear rates.

When sliding velocity is very high, e.g., 6 m/s, the magnitude of frictional heat generating at hot spots
may become so high that local melting become feasible. The micrographs in Figs. 6b and ¢ of this study
reveal some microfeatures indicative of local melting. In fact, Fig. 6b suggests that melt volume at sliding
interface could easily be smeared on the surface to form a bridge over a thermal crack. Some of the melt
volume can be squeezed out of the sliding interface and solidifies around the trailing edges of the balls.

The solidified portions can then be chipped away by dynamic sliding, thus becoming large wear




fragments as shown in Fig. 6¢.

In addition to the thermal cracks and loacal asperity melting, tensile cracks may also develop at sliding
- interfaces of balls and disks and promote wear. As reported by Hamilton and Goodman [30], when
friction coefficient exceeds 0.3, the maximum shear stress moves from the subsurface toward the sliding
surfaces. The tensile component of shear stress is developed behind the sliding asperities and the higher
the friction coefficients, the greater the magnitude of the tensile forces. As shown in Figs. 4a and 9a, the
steady-state friction coefficients of the MgO-PSZ test pairs are quite high during tests at high sliding
velocities and temperatures. Under the test conditions explored in this study, maximum shear stresses
must have been at the plane of sliding interfaces and that large tensile forces must have generated behind
the moving asperities. As a result, some contact areas on sliding surfaces suffered wear due to

microfracture.
Test Pairs With DLC Films

The results presented in Figs. 4, 8, 9, 12, and 13 demonstrate that the DLC coatings used in this study
can impart very low friction coefficients and high wear resistance to sliding MgO-PSZ surfaces over a
wide range of velocities and contact loads. Furthermore, these coatings can last over millions of stress.
cycles even at very high sliding velocities. We believe that strong adhesion provided by the SiC:H
bondlayer was primarily responsible for the excellent durability and load-bearing capacity of DLC -
coatings. Without strong bonding, DLC coatings would have been easily removed from the surface of

MgO-PSZ substrate under the influence of dynamic sliding and very high contact stresses.

Despite their excellent durability and load-bearing capacity at room temperature, these DLC coatings
delaminated at high temperatures, (e.g., >300°C in air) and left their substrates partially unprotected (see

Fig. 10). Therefore, the tribological use of these coatings in open air should be confined to temperatures




below 300°C.

The absence of tensile cracks and local asperity melting on the surfaces of MgO-PSZ balls slid agaisnt
the DLC-coated disks can be attributed to the relatively low friction coefficients of these surfaces against
DLC coating. Because, lower the friciton coefficients, the lower the magnitude of tensile forces and that
of flash heating. As is evident from Fig. 5b, those balls slid agaisnt a DLC-coated-MgO-PSZ disk

experienced very little wear.

The exceptional wear resistance of DLC coatings is primarily attributed to their high mechanical strength
and hardness (e.g, 2000 to 9000 kg/mm?) [14-22]. However, their low friction nature has not yet been
well-understood. It has been speculated that their high chemical inertness may have been largely
responsible for their low friction characters, but other mechanisms such as micro-graphitization [9,33-37]
and the formation of transfer-layers [16,19-22] on mating surfaces have also been proposed. It is
important to remind that most of these hypotheses are based on observations made on a specific DLC
film tested under very specific test conditions. The family of DLC coatings is rather large. Depending
on the deposition method and/or condition, graphitelike phases and large amounts of hydrogen may be
present in their structures. Therefore, the proposed friction mechanisms should not be regarded as

universal and applicable to all carbon films designated as DLC.

From a tribological stand point, one can argue that the extent of friction between two sliding surfaces
is an interplay between the physicochemical nature of the microcontact interfaces, contact stresses, and
surrounding environment. Physically, rougher surfaces can cause increased ploughing, hence higher
friction. Whereas, the chemical interactions between the sliding surfaces govern the extent of adhesive
bonding across the sliding interface. In the presence of a soft metal or lamellar solid lubricant at a shding
interface, low friction is largely attributed to the easy shear character of these solids. However, with their

high mechanical strength and rigidity, DLC coatings cannot shear easily, hence similar mechanisms




cannot be used here to explain their low friction character. We believe that the generally low friction
coefficients of MgO-PSZ balls sliding against the DLC films of this study are primarily due to the highly
inert nature of these films. Furthermore, the formation of a carbon-rich transfer layer on counterface balls
is responsible for their excellent endurance lives and much reduced friction coefficients observed during

lifetime tests.

As reported by a number of researchers [31-36], active species like hydrogen, oxygen or water vapor
can attach and passivate the dangling surface bonds of most carbon materials including diamond and
graphite. Apparently, when these dangling bonds are passivated, adhesion component of friction is
drastically reduced. In fact, the low-friction character of diamond is largely attributed to the highly
passive nature of 1ts sliding surface [33-35]. When hydrogen and other species are desorbed or removed
from the sliding surfaces of diamond and/or graphite (e.g., by ion-beam sputtering and/or high-
temperature annealing in vacuum), friction coefficient increases drastically, presumably because of the
reactivated dangling bonds causing strong adhesive interactions between diamond and counterface ball
material [31, 33-36]. Most DLC films contain high proportions of hydrogen in their structures. So, they
are inherently saturated with a specie that passifies dangling bonds of carbon precursor causing high
adhesive interactions. In a number of recent studies [7, 16,37, 38], it was demonstrated that the friction
coefficients of DLC films sliding against steel balls could also increase substantially if hydrogen was
desorbed from their bulks by annealing in high-vacuum. Thus, just like diamond, the low friction
character of DLC films too can be attributed to the pasivation of dangling bonds making their surface

very inert and insensitive.

Friction and Wear Against Other Ceramics: Variations in friction and wear performance of DLC
coatings against various ceramic balls can be attributed to the inherently different physical, chemical, and

mechanical properties of each ceramic ball. The extent of friction between two sliding surfaces is known




to be controlled largely by surface mechanical, physical, and chemical interactions. It is thought that with -
different, mechanical, physical, and chemical states, each ball surface will have different degrees of
interaction with DLC surfaces, hence the slight variations in their friction coefficients against DLC
~ surfaces should not be regarded as unusual. As for the large differences in wear, it is believed that
mechanical and thermal properties of sliding balls play the major roles. Much higher wear factor of MgO-
PSZ balls can be attributed to their relatively lower hardness and poorer thermal conductivities than the
other balls. Overall, the friction and wear performance of all ceramic balls should be considered quite

good considering the severe sliding conditions created during each test.
SUMMARY

In general, hard DLC films used in this study afforded excellent friction and wear properties to sliding
MgO-PSZ interfaces over a wide range of pressures, velocities and temperatures. Test results showed
- that without the DLC coatings, the sliding pairs of MgO-PSZ experienced high fn’cﬁon and wear losses,
especially at high sliding velocities where thermal and/or thermomechanical instabilities become more
pronounced. Inherently low thermal shock resistance and poor thermal conductivity of this ceramic were -
pa;ticularly detrimental to their generally poor wear performance. The friction and wear-data suggested
that, without proper lubrication, MgO-PSZ ceramics should not be considered for demanding
tribological applications. The DLC coatings were very effective in reducing friction and wear of sliding
surfaces of MgO-PSZ material. They reduced friction coefficients of test pairs by factors of 8 to 20 and
the average specific wear rates of balls by factors of three to four orders of magitude, depending on
contact load, velocity, and ambient temperature. Moreover, these DLC films could last 1.5 million to
4 million cycles, depending on sliding velocity. Strong film-to-substrate adhesion afforded by a 50 nm
thick SiC:H bond layer was essential for such long endurance lives. The exceptional friction and wear
properties of DLC films are attributed to their high chemical inertness and mechanical hardeness. Ion-

beam deposition process used in this study was quite capable of producing high-quality amorphous DLC




films on MgO-PSZ substrates.
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Table I. Mechanical and thermal properties of MgO-PSZ

Property Unit MgO-PSZ
Hardness (20°C) GPa 11
Fracture Toughness (20°C) MPavm 7.6
(800°C) ' 5
Young's Modulus (20°C) GPa 205
Poisson's Ratio (20°C) - 0.31
Thermal Expansion _
Coefficient  (25-800°C) 10%°C 10.3
Thermal Conductivity (20°C) W/mK 3.08
Bulk density (20°C) kg/m’ 5,740
Melting Point K 2893
Flexural Strength (20°C) MPa 820
(820°C) 430
Tensile Strength (20°C) MPa 450
Compressive

Strength (20°C) MPa 1990




FIGURE CAPTION:

Figure 1. Schematic depiction of the ion-beam deposition system.

Figure 2. Cross-sectional SEM micrograph of DLC coating used in this study.
Figure 3. Raman spectrum of DLC coating.

Figure 4. Variation of (a) friction coefficients and (b) average specific wear rates of MgO-PSZ
balls during sliding against uncoated and DLC-coated MgO-PSZ disks as a function of sliding
velocity (test conditions: load, 5 N; sliding distance, 2 km,; relative humidity, 35%; radius of
MgO-PSZ balls, 4.77 mm; temperature, 23°C).

Figure 5. SEM micrographs of wear scars of MgO-PSZ balls slid against (a) an uncoated MgO-
PSZ disk and (b) a DLC-coated MgO-PSZ disk at 1 m/s (test conditions: load, 5 N; relative
humidity, 35%; sliding distance, 2 km; temperature, 23°C; pin radius, 4.77 mm).

Figure 6. Higher magnification SEM micrographs of wear scars formed on MgO-PSZ balls
during sliding against uncoated MgO-PSZ disks at (a) 4 m/s and (b) 6 m/s, and (c) large colonies
of flakelike wear fragments found around the trailing edges of balls (test conditions: test
conditions: load, 5 N; sliding distance, 2 km; relative humldlty, 35%; radius of MgO-PSZ balls
4.77 mm; temperature, 23°C).

Figure 7. 3-D surface maps of wear tracks formed on (a) an uncoated- and (b) a DLC-coated
MgO-PSZ disk after wear tests under identical conditions (test conditions: load, 5 N; sliding
velocity, 1 m/s; relative humidity, 35%,; sliding distance, 2 km; temperature, 23°C; pin radius, 4.77
mm).

Figure 8. Effect of increasing load on (a) friction coefficients and (b) average specific wear rates.
of the MgO-PSZ balls during sliding against DLC-coated MgO-PSZ disks (test conditions: sliding
velocity, 1 m/s; relative humidity, 35%; sliding distance, 2 km; temperature, 23°C; pin radius, 4.77
mm).

Figure 9. Effect of ambient.temperature on (a) friction coefficients and (b) average specific wear
rates of the MgO-PSZ balls during sliding against uncoated and DLC-coated MgO-PSZ disks
(test conditions: load, 5 N; sliding velocity, 1 m/s; relative humidity, 35%,; sliding distance, 2 km;
pin radius, 4.77 mm).

Figure 10. (a) SEM micrograph and (b) X-ray Zr map of a DLC-coated MgO-PSZ disk after
exposure to 400°C test temperature.

Figure 11. 3-D surface maps of wear tracks formed on () uncoated and (b) DLC-coatgd MgO-
PSZ disks during sliding against MgO-PSZ balls 300°C (test conditions: load, 5 N; sliding
velocity, 1 m/s; relative humidity, 35%; sliding distance, 2 km; pin radius, 4.77 mm).

Figure 12. Friction coefficients and average specific wear rates of ALO;, Si;N,, and MgQ-PSZ
balls during sliding against DLC-coated MgO-PSZ disks (test conditions: load, 5 N; sliding
velocity, 2 m/s; relative humidity, 35%; sliding distance, 2 km; pin radius, 4.77 mm).




Figure 13. Friction and wear performance of DLC-coatings subjected to long-duration sliding
tests at velocities of 1, 2, and 6 m/s (test conditions: load, 5 N; relative humidity, 35 to 50 %,; pin
radius, 4.77 mm; temperature, 23°C).

14. 3-D surface maps of wear tracks formed on DLC-coated MgO-PSZ disks during lifetime
tests at (a) 1 m/s and (b) 6 m/s (test conditions: load, 5 N; relative humidity, 35-50%; pin radius,
4.77 mm).
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Figure 1. schematic depiction of the ion-beam deposition system.
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Figure 2. Cross-sectional SEM micrograph of DLC coating used in this study.
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Figure 3. Raman spectrum of DLC coating.
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(a) Magnification: 50X

(b) Magnification: 100X

Figure 5. SEM micrographs of wear scars of MeO-PSZ balls slid against (a) an uncoated MgO-
PSZ disk and (b) a DLC-coated MgO-PSZ disk at | ms (test conditions: load. 3 N relative

~70

humidity, 35%,; sliding distance, 2 km: temperature. 23°c; pin radius. 4.77 mm).
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Figure 6. Higher magnification SEM micrographs of wear scars formed on MgO-PSZ balls
during sliding against uncoated MgO-PSZ disks at (a) 2 m/s and (b) 6 m/s, and (c) large colonies
of flakelike wear fragments found around the trailing edges of balls (test conditions: test '

conditions: load, 5 N; sliding distance, 2 km; relative humidity, 35%; radius of MgO-PSZ balls,
4.77 mm; temperature, 23°C).
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Figure 7. 3-D surface maps of wear tracks formed on (a) an uncoated- and (b) a DLC-coated
MgO-PSZ disk after wear tests under identical conditions (test conditions: load, 5 N; sliding
velocity, 1 m/s; relative humidity, 35%; sliding distance, 2 km; temperature, 23°C; pin radius, 4.77
mm).
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Figure 11. 3-D surface maps of wear tracks formed on (a) uncoated and (b) DLC-coated MgO-

(@
PSZ disks during sliding against MgO-PSZ balls at 300°C (test conditions: load, 5 N; sliding
velocity, 1 m/s; relative humidity, 35%; sliding distance, 2 km; pin radius, 4.77 mm)
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Figure 12. Friction coefficients and average specific wear rates of Al,O,, Si;N,, and MgO-PSZ
balls during sliding against DL.C-coated MgO-PSZ disk s (test conditions: load, 5 N; sliding
velocity, 2 m/s; relative humidity, 35%; sliding distance, 2 km,; pin radius, 4.77 mm).
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Figure 13. Friction and wear performance of DLC-coatings subjected to long-duration sliding
tests at velocities of 1, 2, and 6 m/s (test conditions: load, 5 N; relative humidity, 35 to 50 %: pin

radius, 4.77 mm; temperature, 23°C).




(b)

14. 3-D surface maps of wear tracks formed on DLC-coated MgO-PSZ disks during lifetime
tests at (a) 1 m/s and (b) 6 mv/s (test conditions: load, 5 N; relative humidity, 35-50%; pin radius,
4.77 mm).




