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ABSTRACT

We investigated the effect of a thin Nb bond layer (15-20 nm thick) on the high-temperature
sliding friction and wear of silver films (-1.5 Ixm thick) produced on t_-alumina (A1203)
substrates by ion-beam assisted deposition. The friction coefficients of test pairs without an Ag
film fluctuated between 0.8 to 1.1, whereas the friction coefficients of pairs with an Ag film
were 0.32 to 0.5. The wear of uncoated A120 3 balls sliding against the Ag-coated flats was
reduced by factors of 25 to _2000, depending on test temperature and the presence or absence
of an Nb bond layer. The wear of silver-coated flats was virtually unmeasurable after tests at
temperatures up to 400°C. At much higher temperatures (e.g., 600°C), Ag films without an Nb
bond layer delaminated from the sliding surfaces and lost their effectiveness; however, Ag films
with an Nb bond layer remained intact on the sliding surfaces of the A1203 substrates even at
600°C and continued to impart low friction and low wear.
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INTRODUCTION

Because of their unique mechanical and chemical properties, advanced structural ceramics and

composite materials have attracted a great deal of attention from engine manufacturers in

recent years [1-6]. However, the recent studies have demonstrated that, without proper

lubrication, both the friction coefficients and the wear rates of most ceramics are unacceptably

high. Specifically, unlubricated friction and wear performance of most ceramics was shown to

be rather poor during sliding against themselves or other engineering materials, especially at

elevated temperatures [2,3,7-11]. It is now believed that without the development of

appropriate lubricants, the widespread utilization of most structural ceramics in engines and

other tribological applications is highly unlikely [9-12].

In a number of investigations, the feasibility of the lubrication of ceramics with vapor, liquid,

and solid lubricants has been explored in past years [13-20]. It was found that at elevated

temperatures, most liquids tend to break down or undergo oxidation, thus losing their

effectiveness [13,14]. Also, most additives used in these lubricants were incompatible with

ceramic surfaces in that the boundary films needed under severe contact conditions were

missing and the friction coefficients were high.

In another study, vapor-phase lubrication was shown to be quite effective in controlling friction

and wear of ceramics [15]. Thin carbonaceous films resulting from a catalytic reaction between

carbon-bearing gases and hot ceramic surfaces were also shown to afford low friction and wear

to sliding ceramic surfaces especially at elevated-temperatures [16].

As for the lubrication of ceramics with thin solid films, it was demonstrated that with the use

of ion-beam-mixing [17,18] and ion-beam-assisted deposition (IBAD) [19-21], very adherent

films of various solid lubricants could be deposited on ceramic substrates and very low friction

coefficients and wear rates are obtained [22,23].
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Among others, thin silver films were shown to be very effective in lowering friction and wear

of sliding AI20 3, ZrO2, and Si3N4 surfaces [19,20,22]. These films, prepared in an IBAD system

under Ar ion bombardment, possessed excellent adhesion at room temperature. Sputter

cleaning of ceramic substrates with either oxygen ions or a combination of argon and oxygen

ions were later found to promote even stronger adhesion, hence better tribological performance

[21,22]. These adherent silver films could function at temperatures up to 400°C [24]. At much

higher temperatures, they tended to delaminate from ceramic substrates and form discrete

islands of silver.

Recently, predeposition of a reactive metal, such as Ti, Cr, and Nb, was shown to promote

even greater adhesion between Ag films and ceramic substrates. It is conceivable that such a

reactive metal interlayer can maintain good film-to-substrate adhesion at high-temperatures as

well, hence can provide low friction and wear. Therefore, in this paper we present the effects

of a Nb bond layer (15-20 nm thick) on friction and wear characteristics of IBAD-silver films

on a-alumina (A1203) substrates at temperatures to 600°C. For comparison, the results of the

earlier tests on IBAD-Ag films without a bond layer [24] were also included.

EXPERIMENTAL DETAILS

Material

t

Flat A1203 specimens, with nominal dimensions of 38.1 x 50.8 x 4.2 mm, average surface

roughness of about 0.3 gm center-line-average (CLA), and grain sizes of 10 to 20 I_m were

obtained from a commercial company. According to the technical specifications provided by

this company [25], the A120 3 specimens were fabricated from high-purity tt-Al20 3 powders by

sintering in air at --1800°C. 12.7-ram-diameter A120 3 bails with a surface finish of better than

0.01 I_m CLA were used as counterparts in the wear-test machine. The volume porosity of the

test materials was less than 1% and the bulk Vickers hardness was abotit 16 GPa. Before the



5

wear testing and/or film deposition, the specimens were ultrasonically cleaned by a method

described in Ref. 26.

Ion-Beam-Assisted Deposition of Ag

Silver was chosen as the film material mainly because of its excellent thermal and chemical

stabilities over wide temperature ranges and its low shear strength. In addition, its very high

thermal conductivity can help rapidly dissipate frictional heat generating during sliding, hence

reduce the thermal and/or thermomechanical wear of ceramic surfaces [22,23]. In the past,

silver has been used to lubricate x-ray vacuum tube bearings and various components in

aerospace mechanisms, and has served as an important ingredient of the PS-200 (a plasma-

sprayed self-lubricating coating) [27] and the PM-200 (a powder metallurgical version of PS-

200) [28] series of self-lubricating composite materials developed by NASA scientists.

Thin silver films were produced on the ml203 substrates in an ion-beam-assisted-deposition

system with and without a 15-20nm-thick Nb bond layer. The Ag films without an Nb bond

layer were deposited under Ar + O ion-bombardment. Prior to deposition of Ag, the substrates

were sputter-cleaned with the Ar+O ion flux. As reported earlier, this type of deposition

sequence can impart strong adhesion (room temperature) between Ag films and A1203

substrates [21].

The Ag films with an Nb bond layer was deposited under the same conditions but without the

use of O ions. Typical base pressures in the turbopumped IBAD system were =10s Pa before

deposition and =10.2 Pa during deposition. The evaporation rate was measured and controlled

by a quartz-crystal rate monitor during the IBAD of Ag. Film thickness in our study was in the

range of 1.5 to 1.8 I_m. Figure 1 depicts a schematic illustration of the IBAD system used in

this study. Further details of this system and the structural and adhesion characteristics of

typical IBAD films can be found in Refs. 19, 22, 24 and 29.
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Friction and Wear Tests
i

Friction and wear tests were performed with pairs of AI203 balls and AI203 flats, and A1203

balls and IBAD-Ag-coated AI203 flats in an oscillating ball-on-flat-type wear test machine.

Typically, the ball specimens were drawn back and forth across the stationary flats at a

frequency of 1 Hz and for a stroke length of 25 mm. This results in an average sliding velocity

of 0.05 m/s. The number of sliding cycles was 4000 (8000 passes).

The 12.7-mm diameter m1203 balls were firmly secured to an oscillating holder of the ball-on-

flat test rig shown in Fig. 2. The dead weight on top of the oscillating ball was maintained at

5 N which created an initial mean Hertzian contact pressure of about 0.63 GPa on the

uncoated fiats.

Test temperatures of 200°C, 400°C, and 600°C, were maintained by electrical cartridge heaters

inserted in the upper and lower stainless-steel enclosures that housed the ball-and-fiat speci-

mens. Further details of this tester are given in Ref. 20. All tests were performed under

unlubricated sliding conditions in open air of 20 _+4% relative humidity. Frictional force was

monitored with a strain-gauge transducer. The measurement of wear volume for the balls was

based on the microscopic determination of the wear-scar diameter, which was subsequently

converted into wear volume. The wear rate was expressed in terms of the wear volume (ram 3)

of balls divided by contact load (N) and total sliding distance (m) (i.e., mm3/N.m). The wear

of fiats was assessed with the aid of a surface profilometer. Duplicate tests were run at each

temperature, and the average values of friction coefficients and wear rates are reported.

RESULTS

Figure 3 shows the average wear rates of the uncoated balls slid against the uncoated and Ag-

coated flats with and without the Nb bond layer. Values in the bottom table show the actual
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wear rates in 10"7mm3/N.m. In general, the average wear rates of the balls sliding against

uncoated fiats increase with increasing temperature. Scanning-electron microscopy of the sliding

surfaces of uncoated balls and fiats revealed that the dominant cause of wear was

microfracture. At elevated temperatures, some features suggesting plastic flow were also seen

on the rubbing surfaces of uncoated balls and flats, but at higher magnifications, it became

clear that these features were mainly due to compacted and/or smeared wear-debris particles

with sizes ranging from 10 to 100 nm. In general, regardless of the test temperature, the

dominant wear mechanism was microfracture.

As evident from Fig. 3, the wear rates of the Al203 balls sliding against the IBAD-Ag-coated

A1203 flats are markedly lower than those of the balls slid against uncoated flats. Based on

values provided in the bottom entries, the wear rates of balls are reduced by factors of 25 to

=2000, depending on test temperature and the presence or absence of an Nb bond layer. In

general, the films with an Nb bond layer provided better protection against wear than those

without an Nb layer, especially at high temperatures. The wear rates of the IBAD-Nb-Ag-

coated A1203 flats were too low to be assessed by a surface profilometer even after tests at

600°C. A 3-dimensional surface map in Fig. 4a reveals that an uncoated A1203 flat had suffered

severe wear losses, whereas an IBAD-Nb-Ag-coated AlzO 3flat had experienced very little wear

even after tests at 600°C (see Fig. 4b). As is evident from the SEM micrographs in Figs. 5a and

5b, only the tips of underlying asperities were exposed and slightly worn away (appearing as

dark spots in SEM image). The apparent wear track in Fig. 4b may have been due the plastic

i! flow of silver film, since the depth of wear track is comparable to the original thickness of
silver film.

Without the Nb bond layer, Ag films could provide lubrication to sliding surfaces up to 400°C.

When tested at 600°C, they delaminated and lost their effectiveness. As is clear from Fig. 3,

the wear of balls sliding against these Ag-coated flats increased dramatically during

tests at 600°C. However, Ag films with an initial Nb bond layer remained intact on the sliding
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surfaces of the A1203 substrates even during tests at 600°C and continue to provide low friction

and wear. Fig. 6 shows the physical condition of the Ag films with and without an Nb bond

layer after exposure to 600°C. As is evident, the films without an Nb bond layer largely

delaminated and coalesced to form discrete island, whereas, the films with an Nb bond layer

remained intact on the surface, but underwent some grain growth.

The steady-state friction coefficients of test pairs are presented in Fig. 7. The friction

coefficients of A120 3 balls sliding against A120 3 flats are quite high at room temperature, i.e.,

0.8, and tend to go even higher with increasing temperature, i.e., 1.1 at 400 and 600°C.

However, the friction coefficients of balls sliding against the IBAD-Ag-coated flats are

substantially low, e.g., 0.35-0.5 during tests to 400°C. At 600°C, their friction coefficients

increase substantially and become comparable to those of pairs without the Ag film.

The friction coefficient of ml203 balls sliding against the IBAD-Nb-Ag-coated flats remain low,

e.g., 0.4, even during tests at 600°C. Microscopic inspection of the wear tracks revealed that

those Ag films without an Nb bond layer were effectively removed from the rubbing surfaces

of A120 3 flats. However, with an Nb bond layer, the Ag films were still intact and providing

good coverage. After most sliding tests, we visually noticed that some silver had transferred to

and around the wear scars of A120 3 balls.

DISCUSSION

The results presented above demonstrate that with the use of adherent-Ag coatings, both the

friction coefficients and the wear rates of sliding AlzO 3 pairs can be lowered markedly (see

Figs. 3 and 7). It is important to remember that a solid lubricant film must meet three

important criteria in order to be effective on sliding surfaces. First of all, it must adhere

strongly to its substrate, otherwise it can be easily removed from the sliding surfaces under the

influence of frictional traction. Secondly, the solid lubricant film must be thick enough to
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prevent opposing asperities from coming into frequent contacts, otherwise both friction and

wear can be high. Finally, the film must provide easy shear to sliding interface so that the

tangential forces are subdued and the friction coefficient is lowered. The friction and wear data

presented in Figs. 3 and 7 demonstrate that the Ag films produced in this study satisfied these

conditions quite well.

For the high wear rates of uncoated flats and balls (see Fig. 3), we propose the following

interpretation. First of all, we believe that these high wear rates were largely due to the

inherently brittle nature of the AI203 material. Secondly, larger tensile forces that develop

behind the moving surface asperities (when friction coefficients are high) were also responsible

for greater microfracture and thus higher wear rates. As elaborated by Hamilton and Goodman

in Ref. 30 and Hamilton in 31, when two solid bodies are brought into contact and forced to

slide over one another, the magnitude and the location of subsurface stress fields around the

contact zone are determined by the extent of friction coefficient. They analytically showed that

when the friction coefficient exceeds =0.3, the magnitude of the shear forces between sliding

pairs is substantially increased and the location of maximum shear contour is shifted from the

subsurface to the sliding surface. As a general rule, the higher the friction coefficient, the

higher the magnitude of shear force on a sliding surface and its tensile component developing

behind the moving surface asperities.

It the present study, we found that the steady-state friction coefficients of pairs without Ag

films were about 0.8 at room temperature and increased to 1.1 during tests at 400 and 600°C.

Consequently, it is reasonable to conclude that the higher wear rates of balls at elevated

temperatures (see Fig. 3) were largely due to the fact that the magnitude of the tensile forces

that develop behind the moving surface asperities were noticeably higher.

Because of its poor fracture toughness, polycrstalline form of AI203 cannot sustain large strain

energy before undergoing brittle fracture, especially when subjected to a large tensile force.
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Also, as reported in Refs. 20 and 32, the hardness of A1203 ceramics decreases substantially

with increasing temperature. The exact role of decreasing hardness in increasing wear rates is

not yet well-understood. However, it is conceivable that initiation of microcracks from internal

volume defects (e.g., porosities, flaws) may become easier. These volume defects can act as

stress concentrators and reduce the fracture strength of A1203, especially at high temperatures

[33]. Furthermore, interg-anular debonding due to weakening of grain boundaries and/or grain-

boundary phases may have been augmented, thus facilitating grain pullouts and/or separation

[33]. Microscopic inspection of sliding surfaces of balls and flats supported this interpretation

by revealing extensive microcracks (both inter- and intragranular types).

As for the sliding pairs with an Ag-film, we believe that, mainly because of reduced friction the

detrimental effects of surface tensile forces generating behind sliding asperities were

significantly reduced. As a result, the probability of microcrack initiation on sliding surfaces was

insignificant [30]. Furthermore, because of the larger load-bearing area afforded by the easily -

shearing Ag films (see Fig. 5) the contact load was spread over a much larger area and the

magnitude of normal stresses acting on contact spots was reduced. As is evident from Fig. 7,

the friction coefficients of pairs with silver films tend to decrease as test temperature increases.

This can be attributed to the thermal softening of Ag, making it shear more easily and thus

provide lower friction coefficients.

Despite concentrated contacts, high-ambient temperatures, and several thousands of sliding

cycles, most Ag films produced in this study remained intact on sliding surfaces. High-

magnification microscopic inspection of these wear tracks revealed that only the tips of original

surface asperities were exposed and slightly worn away (see Fig. 5). We believe that strong

film-to-substrate adhesion provided by the IBAD process and Nb bond layer played a major

role in the long endurance lives of the Ag films.
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The study of metal-ceramic interfaces poses many thereoretical and experimental difficulties

[35-37]. Bulk thermodynamic calculations are not directly applicable to bonding at the interface

because the interfaces is two dimensional and the compositions of interfacial phases (if any

exist) are generally not known. In previous studies, we verified that without strong adhesion,

Ag films could easily be removed from the sliding surfaces of A120 3 substrates during wear

tests [19-23]. As demonstrated in these studies, sputter cleaning of substrate surfaces with an

ion flux consisting of Ar + O or O only can markedly improve adhesion between Ag films and

ceramic sl'bstrates [21,34]. Furthermore, predeposition of a reactive metal bond layer, such as

Ti, Nb or Cr, was found to provide even stronger adhesion between Ag films and ceramic

substrates [35]. Using a pull-type adhesion test machine, these Ag films could not be detached

from their substrates. Detachment always occurred between the adhesive glue and the film

itself. Adhesive glue had a tensile strength of about 70 MPa, which means that the adhesive

strength of these Ag films was > 70 MPa [35].

The precise role of Nb bond layers in improved film adhesion is not yet known. However, we

believe that when such a highly reactive metal is deposited first on the atomically clean surface

of A1203 substrate, greater chemical bonding is achieved at the ceramic interface and strong

metallic bonding at Nb/Ag interface. The results reported here show that an Nb bond layer

substantially increases adhesion, and that good adhesion persists to 600°C. This finding is

consistent with experimental adhesion results for metals on A1203. Some information about Nb-

A120 3 exists [38] but no direct comparison of adhesion of Ag and Nb to AI203 seems to be

available. However, many results show that the adhesion of metals to oxide substrates is a

function of the standard free energy of formation OGf) of the corresponding metal oxide. For

metals on A1203 a dependence of adhesion on_G r was noticed, adhesion being measured by

the scratch test [39]. Ag and Au possessed the lowest adhesion whereas metals such as Ti and

Cr possessed the highest, and Cu and Cd were intermediate. This was consistent with the

ranking ot_X3ffor metal-oxide formation. The work of adhesion, measured using wetting-angle

measurements, varied linearly withgXGr [40]. The magnitude of_l_f for NbO is somewhat less

nl i i
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than TiO, but considerably greater than CdO or CuO [41]. In contrast,/_ G t for AgO is very

small. Thus, bonding between Nb and AI203 should be excellent. If this relationship is valid at

higher temperatures, it helps explain the poor performance of Ag at 600°C. Ag20 decomposes

above =230°C, but NbO is still stable, and the bonding layer continues to provide good

adhesion.

CONCLUSIONS

1. Adherent Ag films produced in this study can dramatically reduce the wear of AI20 3 balls

and flats. Specifically, the wear rates of balls are reduced by factors of 25 to _2000, depending

on test temperature and the presence or absence of an Nb bond layer while the wear of flats

were reduced to unmeasurable levels.

2. Dry sliding of uncoated AI20 3balls against uncoated flats results in severe wear damage and

high frictional losses. Increased temperatures are detrimental to the friction and wear behavior

of m1203. Microfracture is the dominant cause of wear.

3. Ag films without an Nb bond layer remained intact on sliding AI203 surfaces at temperatures

up to 400°C, but delaminated at 600°C and lost its effectiveness, whereas Ag films with an

initial Nb bond layer remained intact and provided low friction and wear to the sliding AI20 3

surfaces at temperatures to 600°C.
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FIGURE CAPTIONS:

Fig. 1. A schematic illustration of ion-beam-assisted-deposition system.

Fig. 2. A schematic illustration of wear test machine.

Fig. 3. Variation of wear rates of alumina balls sliding against uncoated and silver-coated
fiats at different test temperatures (values in bottom table represent actual wear rates in
10-7mm3/N.m)

Fig. 4. 3-dimensional surface maps of wear tracks formed on (a) an uncoated AI20 3 flat
and (b) an Ag-Nb-coated AI203 flat after tests at 600°C.

Fig. 5. (a) General and (b) high-magnification SEM micrographs of a wear track formed
on an Ag-Nb-coated AI203 flat during sliding against an A120 3 ball at 200 °C.

Fig. 6. SEM micrographs of silver films (a) without an Nb interlayer and (b) with an Nb
interlayer after exposure to 600°C.

Fig. 7. Friction coefficients of m1203 balls during sliding against uncoated and Ag-coated
flats at different temperatures.
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Fig. 1. A schematic illustration of ion-beam-assisted-deposition system.

Fig. 2. A schematic illustration of wear test machine.
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Fig. 4. 3-dimensional surface maps of wear tracks formed on (a) an uncoated AI203 flat
and (b) an Ag-Nb-coated A1203 flat after tests at 600°C.
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Fig. 5. (a) General and (b) high-magnification SEM micrographs of a wear track formed
on an Ag-Nb-coated A1203 flat during sliding against an A1203 ball at 200 °C.



I



1.2
r--[-]23oc

ilil B2oooc

.................................. i !_ 400°C
/'/ 0.8 ................................... I_ 60093

Ol6 ......................................

0

A_O 3/AI203 AI203/Ag'AI203 A1203/Ag"Nb'AI2O3

Fig. 7. Friction coefficients of AI:O_ balls during sliding against uncoated and Ag-coated flats
at different temperatures.

ii



j I
I

1

t




