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Abstract O S T l

The purpose of the work reported here was to develop special chemical vapor deposition
(CVD) methods to produce self-lubricating ceramic coatings in which the lubricating and structural
phases were co-deposited on Ti-6Al-4V alloy substrates. These novel composite coatings are
based on a system containing titanium nitride and molybdenum disulfide. The method for
producing these coatings and their sliding behavior against silicon nitride counterfaces, in the
temperature range 20 -700° C in air, are described. The initial sliding friction coefficients for the
composite coatings at room temperature were 0.07-0.30, but longer-term transitions to higher
friction occurred, and specimen-to-specimen test variations suggested that further developments of
the deposition process are required to assure repeatable friction and wear results. Friction and
wear tests at 300 and 7000 C produced encouraging results, but tests run at an intermediate
temperate of 4000 C exhibited friction coefficients of 1.0 or more. Oxidation and a change in the
nature of the debris layers formed during sliding are believed to be responsible for this behavior.
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Introduction

Coatings and surface treatments represent important strategies for affecting friction and
wear improvements on load-bearing, sliding surfaces. There are a large number of such treatments
currently available.1,2:3 In fact, entire journals are devoted to the subject.4 Coating processes
involve adding material to the surface. Others treatments, like ion-implantation and diffusion

&eaulrll;nts, involve modifying the composition and/or structure of the materials at and just below
e surface.

Materials which contain an additive or additives which reduce friction during use are called
self-lubricating materials. Examples of self-lubricating materials include polymer blends which
contain tetrafluoroethylene and porous, oil-impregnated bronzes. Self-lubricating materials are
useful for a number of reasons:

1. They can serve as fail-safe protection in a liquid lubricated system in case the liquid
lubricant is lost or fails for some other reason.

2. They can lubricate parts of machinery where it is not practical to use external lubrication
supply systems. ’
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3. They can operate in severe environments, such as high-temperatures, where liquid
lubricants may not work.

4. They can be sealed into assemblies which must function effectively without having the
opportunity to add more lubricant.

S. They may be a cost-effective alternative to other lubrication schemes.

In the present context, a self-lubricating coating consists of a matrix phase to provide a
measure of wear resistance and load-bearing structure, and a solid lubricating phase to reduce
friction. The coating should be so constructed such that there is sufficient quantity of lubricant to
spread over the surface, yet not so much that the coating becomes too soft to support the load or to
retain its integrity and adhesion to the substrate. In the ideal case, the wear of the coating should
be low and just sufficient to continue to supply additional lubricating phase to the surface to
replenish that which is lost by wear or transfer to the opposing surface.

For the matrix phase, we selected titanium nitride, a ceramic material whose success as a
wear-resistant coating material for tooling and other tribological applications is well-established.
For the lubricating phase, we selected molybdendum disulfide, a solid lubricating material with

moderate elevated temperature capabilities. At temperatures of approximately 350-400°C, MoS2

tends to oxidize to form MoO3.5 The challenge of this effort was to simultaneously deposit the
matrix and lubricating phases by controlled CVD so as to produce a functional coating.

Results of earlier microfriction studies indicated that the method of applying MoS3 to
surfaces affects the stability and nominal value of the friction coefficient when sliding against

silicon nitride.6 The current work presents results of sliding friction and wear tests of our
composite coatings against silicon nitride which were conducted in air at temperatures between

about 20 and 700° C.
Coating Synthesis and Characterization

Deposition of composite coatings of TiN-MoSp was carried out on polished Ti-6Al-4V
alloy substrates in a cold-wall CVD reactor at 1073 K and a system pressure of 5.3 kPa. The
precursor gases were composed of tetrakis (dimethylamino) titanium, Ti((CH3)2N)4, (99.9 %,
Strem Chemicals Inc., Newburyport, MA), MoFg (99.9 %, Johnson & Matthy, Wardhill, MA),
NH3 (99.95 %, Alphagaz, Morrisville, PA), and HpS (99.5 %, Alphagaz). The reaction
chamber, constructed of a fused silica tube, was 61 cm long and 3.3 cm in inner diameter.
Stainless steel flanges with compression O-ring fittings were used to seal the reactor assembly at
both ends. Mass flow controllers were used to control gas flows, and the system pressure was
controlled by using a mechanical pump with a solenoid flow valve coupled with a pressure

controller and a capacitance manometer.

150 g of Ti((CH3);N)4 was contained in a 200-cm3 bubbler maintained at a constant
temperature of 338 K using a silicon oil bath with an immersion circulator. The vapor pressure of
Ti((CH3)pN)4 at this temperature is = 200 Pa.7 Arat 20 cm3/min at STP was passed through the
bubbler to carry the vapor into the reactor. The flow rate of NH3 was 300 cm3/min at STP which
was separately fed into the reaction zone using a dual-path, co-axial injector made of Inconel to
prevent premature reaction with the Ti precursor. The flow rates of MoFg and H)S were 6 and 60

cm3/min at STP, respectively. The Ti alloy substrates (1.8 cm x 2.5 cm) were placed on a 13cm
long graphite susceptor which was inductively heated by a radio frequency field (164 kHz). AK-




type thermocouple in contact with the graphite susceptor was used to measure temperatures. Film
thicknesses of 3 - 4 pm were produced.

X-ray diffraction patterns such as that shown in Fig. 1 were obtained on the TiN-MoS2
composite coatings to determine their structures and compositions. Peaks marked with asterisks in
the figure arose from the substrate. While no preferred orientation was predominant in the case of
TiN, Mo$S, was found to be textured such that its (002) planes were aligned parallel to the coating
surface. This orientation is highly desirable to produce maximum lubricity. The deposition rate,
estimated from the coating cross-sections analyzed by electron microprobe analysis, averaged =10
pm/h, Studies using Auger electron Spectroscopy (AES) indicated that the MoS; content in the
TiN-Mo$S, composite coatings increased as a function of the coating thickness. Selected-area,
electron diffraction analysis indicated that the coating surface was primarily MoSy, and both TiN
and MoS, were identified near the substrate, in agreement with the results obtained by the AES
analysis. A transmission electron micrograph of the composite coating in the transverse direction
showed that MoS, was present as pockets dispersed in a matrix consisting of = 50-nm TiN
crystallites (see Fig. 2).

Friction and Wear Testing Procedure

Friction and wear testing was performed in a high-temperature pin-on-disk tribometer which is
capable of continuous rotation in either clockwise or counter clockwise directions, or of oscillation
over a specified angular range. The latter mode was used for these experiments. The pin
specimen, in these tests a 9.53 mm diameter silicon nitride (NBD200) sphere, was held in the end
of a rod anchored in a strain-gaged collar arrangement which allowed recording both the normal
and tangential forces during the test. The pin holder and the disk rotation system move along a
vertical axis, bringing the pin and the disk into contact at the center of a resistance heated furnace.
The furnace heating element is contained within quartz tubes, the outermost tube being gold-coated
for reflection of radiation. A schematic illustration of the test configuration is shown in Fig 3.

The present tests were done using oscillatory motion over an arc of 90 degrees. The
oscillation frequency was 40 cycles/min and the wear track diameter was 20 mm. The resultant
average sliding velocity was approximately 20 mm/s. An applied force of 16.4 N was selected in
order to provide an elastic, Hertzian contact pressure of 1 GPa for the silicon nitride sphere on the
titanium alloy plane at the given test temperature. In one low-load test, the applied force was
reduced to 1 N (0.37 GPa). The standard test duration was 500 cycles (12.5 min); however,
additional tests of up to 4 hrs in duration examined the effect of more prolonged sliding. Tests

were performed at room temperature and at temperatures up to 700° C: Ambient atmosphere was
used in all the tests.

Tangential force and normal force were periodically sampled by a computer-driven data

acquisition system. Data were recorded for 30 seconds at two-minute intervals at a rate of 125571

during the 500-cycle tests, and at selected periods during more extended tests. A strip chart

recorder was also used to display the general trend of both tangential and normal force in all tests.

The figures depicting friction coefficient as a function of time presented here are all based on the

cTOIII)IIpulter-recordcd data. The coatings and conditions used for these experiments are listed in
able 1.

Results of Friction and Wear Tests
Friction results for the room temperature tests are given in Table

Room Temperature Tests,
2 and Fig. 5. The first three rows of Table 2 contain baseline data for a polished Ti-6Al-4V
specimen, a TiN coating and a MoS; coating (500 cyles, 12.5 min.). As shown in Fig. 4, the




friction coefficient for the bare substrate began at 0.55, decreased to 0.4 after 2 minutes of sliding,
and remained at this value for the remainder of the test. The wear track was 10 pm-deep (by
profilometric measurement) with displaced material displaying deformation twinning at the track
edge, as shown in Fig. 5. The tip of the slider was covered by adherent debris.

The friction coefficient of the TiN-coated specimen rose from 0.5 to 0.8 after only 5
minutes of sliding. The oaly evidence of wear was the flattening of the coating surface in the wear
path caused either by the removal of prominent summits of the profile and/or filling of some of the
profile valleys with wear debris. Figure 6 shows the highly-fractured appearance of the track
surface. A debris-free wear flat 715 pm in diameter was formed on the slider tip, suggestive of
abrasive wear by the hard TiN coating.

The friction coefficient in the MoS, coating test remained at about 0.2 for the entire 500
cycles, but on the 4 hr. test reached 0.32. Because the starting film was about twice the thickness
of the other coatings (8 jm), there was more material available to form a lubricating transfer film
on the slider tip, and its effect lasted relatively long.

Composite coating specimens containing both TiN and Mo$S, were produced. Five tests of 500
cycles duration were conducted. The initial friction coefficients increased from about 0.07-0.20, in
the first two minutes, to 0.13 to 0.22 for the remainder of the tests. In some specimens, the
friction coefficient remained relatively low, but in others, it was higher and varied considerably
during the test. Figure 7 shows the relatively smooth appearance of the wear track of one of the
composite coating specimens which gave low friction results.

A longer run was conducted on the composite coating to investigate the effects of coating
wear-through. The run was terminated at 3.83 h when there was clear evidence for wear-through
(i.e., transition to a high, erratic friction coefficient and a change in the appearance of the wear
track). The structure of the wear track exhibited three zones: (1) a zone covered with dark patches
at the center of the track, (2) a zone partially covered with residual coating material to each side of
it, and (3) a narrow band suggestive of a still intact portion of the coating by the track edge (see
Fig. 8). A profile of the wear track is shown in Fig. 9. The friction force record of this run
exhibited an increasing trend as the proportion of the track width covered by the intact coating -
continued to decrease.

Elevated Temperature Test Results

Coatings were tested at temperatures of 300, 400, and 7000 Cin air. Results are shown in
Fig. 10. Tests at 300° C behaved similarly in friction and wear to those run at room temperature.
Tests at 400° C, however, did not produce the same low friction and wear. The same specimen

which exhibited friction coefficients from 0.1 to 0.14 at room temperature was tested at 4000 Cin
an air atmosphere. The initial friction coefficient value was 0.35, but it increased very rapidly to
0.62 at the end of 1 minute and reached a final value of 0.75 at 12.5 min. To assess the possibility
that lower friction coefficients would obtain under reduced contact stress, this coating was tested
again at 400° C, butat 1 N applied normal force (0.37 GPa). The initial friction coefficient was
0.7 and it increased continually to reach 1.0 at the end of the 12.5 min test. Despite the difference
in initial friction values, the elevated temperature response of the coating in two tests was similar,
as shown in Fig. 11. Relatively debris-free wear flats, surrounded by some adhered debris, were
formed in both 400° C tests. A final run was conducted at 700° C. Friction coefficients for this
run were lower than those for the 4000 C.
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Discussion

A primary issue involved in developing any new tribological surface treatmeat or coating is
that of performance repeatability. Three tests with the same load, speed, and duration were
performed on the same specimen, but friction and wear results were not similar, suggesting place-
to-place variations in the composition or microstructure within a given coating. Visual inspection
of the coating surfaces indicated the likelihood of this variability (c.g., a nodular appearance in
some regions, powdery appearance in others). Auger analysis and depth profiling of the
composite coatings indicated that the MoS, content decreased with depth. This composition
gradient probably contributed to the increase in friction as the coatings wore.

Studies of the friction versus time records for the room temperature coating tests, including
the longer duration runs, revealed that friction force tended to follow a complex series of changes
before reaching what might be termed the steady-state condition. Friction curve analysis is an
established method to assess the repeatability of test conditions as well as the uniformity of the
starting materials and scheme of lubrication.8 A commonly-observed behavior in the coating tests
would be for the friction force to climb rapidly at first, level off, experience a sharp drop, and
finally rise to a steady-state value. Steady-state, in the present sense, involved considerable
fluctuations in friction force about a mean value. Other types of frictional variations were also
observed, reinforcing the idea that the composition and microstructure of the coatings varied from
place-to-place on the specimens. This suggests a sequence of evolving interfacial processes: initial
abrasion and transfer of material to the slider, smoothing of the as-formed coating features,
texturing of the surface layers, and finally, gradual break-through to expose the substrate below.
Even when the substrate was exposed, microscopic evidence suggested that some residual coating
material, mixed with wear debris, remained on the wear track to modify its frictional behavior.

Elevated temperature friction results were encouraging for high and low temperature tests
but not for intermediate temperatures. Friction coefficients were low at 300° C and relatively low
at 7000 C, but not at 4000 C. At 400° C, friction coefficients quickly rose to unacceptably high
levels (j1 = 0.8 - 1.0). It was hoped that tying the MoS, up in a very fine-grained composite with
TiN might help retain its lubricating qualities at the higher temperatures, but in light of the current
results, is suspected that the MoS was oxidized to form MoOj3, a compound not known to be an
effective lubricant.

The decrease in friction at 700° C is encouraging for higher temperature applications. It
might initially be suspected that TiO2x, 2 candidate solid lubricant, might have helped reduce the

friction at 700° C, but earlier results from Gardos on the friction of rutile single crystals at various
temperatures and partial pressures ‘ndicated that friction coefficients of about 0.6-0.8 were typical

of that material in air at 7000 C.9

No chemical analysis data were available for the high-temperature wear-tested specimens,
and the specific composition of the wear surface layers from the elevated temperature tests must
remain for future study. Nevertheless, there is good reason to suspect that the tribochemistry of
the elevated temperature wear surfaces was a major influence in the coating behavior. In particular,
the formation of lubricious oxides on the surface is known to reduce sliding friction in metals and
sonllle ceramics, however, it is not clear that such oxides, once formed, would resist wear very
well.

Finally, a comment should be made regarding the type of tests used to evaluate these
coatings. The contact conditions in the present experiments were relatively severe (ball-on-flat). It

is possible that the composite coatings would perform better in a conformal contact situation, like a
that of journal bearing, face seal, or bushing. Thus, the current results suggest that the coatings




may not be appropriate for highly-concentrated sliding conditions as might occur in non-conformal
contacts unless improvements in homogeneity are made through further process development.

Summary and Conclusions

Composite, self-lubricating coatings have been produced by CVD o titanium alloy
substrates. The coatings contained very fine-grained mixtures of TiN and MoS;. The composite
composition seemed to adhere better compared to Mo$S; CVD coatings alone. While low initial
friction coefficients (0.07-0.20, typically) were obtained against silicon nitride sliders, longer-term
behavior was quite variable. The latter result is attributed to coating heterogeneity, a subject which
needs to be addressed in future development of this coating system.

Friction force-time traces indicate that the wear-through of the coating usually is not an
instantaneous event, but rather progresses through a series of stages. Thus, the benefits of the
lubrication with the coating persist even when some of the substrate has been exposed.

While the composite coatings show promise for room and elevated temperature applications
at 3000 and 7000 C, test results at 4000 C indicate that use at this temperature is not favored from a
high-friction standpoint. Differences in the oxide compositions and the debris layers formed at
different temperatures are suggested as the reason for this behavior. In particular, the formation of
lubricious oxides may reduce friction coefficients at 700° C, but experimental validation of this
hypothesis and data on the durability of the oxide films at that temperature have yet to be obtained.
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Table 1. FRICTION AND WEAR TESTS PERFORMED IN THIS STUDY

Composition | Te D, 1 Test Time | Number 0
i Tests

polished 11-6AI-4Y alloy )
{ TiN-rich coating 20 12.5
CVD Mo$, coating 20 12.5

Somposite TIN-MoS, coating 30 123
——" 30 gl
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Table 2. FRICTION RESULTS: ROOM TEMPERATURE TESTS
(all tests at 1 GPa contact pressure, reciprocating, in air)

Eomposmon rend in } 18
initial final
uncoated substrate 0.44 rapid decrease 0.40
TiN-rich coating 0.50 rising 0.80
MoS$, coating 0.18-0.21 | rising, highest for | 0.20/0.32
the 4 hr test
“Composite coating 0.07-0.20 | rise/drop/rise 0.13-0.22
( 12.5 min tests ) behavior was (0.6 for
comrmon Run 114)
Composite coatings | 0.09-0.30 rise/drop/rise
(>60 min tests ) behavior was
common

Table 3. WEAR TRACK DEPTHS FOR ROOM TEMPERATURE TESTS

Disk Specimen est Time Approximate Track Depth
(min.) (um)

Ti alloy 12.5 10.

Mo$, 12.5 20.

TiN-Mo$S» coating 12.5 1.0

TiN-MoS; coating 120.0 40.




Figure captions

Figure 1. X-ray diffraction pattern of the TiN-Mo$, coating deposited on Ti-6Al-4V alloy
substrate.

Figure 2. A transmission electron micrograph in the transverse direction of the TIN-MoS;
composite coating.
Figure 3. Schematic diagram of the high-temperature tribometer. A. ball specimen, B. flat

specimen, C. base plate for flat specimen stage, D. mounting rod for ball specimen, E. dead
weight, F. resistance heating coils, G. gold-coated reflector, H. insulating plate, L water cooling
for the base plate, J. drive motor, K. aluminum base plate for the machine, L. glass bell jar.

Figure 4. Summary of friction data from room temperature tests of various coatings. Run
numbers correspond to the data in Table 1.

Figure 5. Photomicrograph of a wear track on the Ti-6A1-4V substrate material showing
deformation twinning at the track edge and periodic features within the grooves.

Figure 6. Fractured area on the surface of the TiN-coated specimen.
Figure 7. Smooth features on the composite coating surface.

Figure 8. Optical micrograph of the wear track fora 230 minute-long test showing three distinct
regions.

Figure 9. Stylus profile (2 pm tip radius) of the wear track shown in Fig. 9.

Figure 10. Friction results for coatings tested at various temperatures. Symbol key: squares
containing crosses = 200 C tests, triangles = 3000 C tests, open squares = 4000 C tests, and closed
circles = 7000 C tests.

!




RELATIVE PEAK INTENSITY (arbitrary units)

3 GRAPHITE
SUBSTRATE

{0

26 (degree)




F[s. 2.




L

<

> ot

I~

Fie- 3.



v @,.\\w

(upwt) 3INIL
GL oL S

L L J 1 L § — v ¥ L ) —

- 1# 1S31 ONILVOD
............................. R ST

R | SERETRLELL bl = --
...... henmeeenassnnnes s n e T S R S
|z 1531 ONILVOD
”I .\.‘ 1-. nL-'-
i 31VH1SENS Av-ive-lL a31VOONN
 e# 153L ONILVOD .
.l (o PPTTEPLEEI @ o
| T e e PSR
| p# 1S3L DNWVOD
- ¢ — — — @— — — — — — — -
- (g0t uny) ONILVOD NIL

1 'l 2 Il — 'y 'l Iy [l — £ 4 q L

s10plIS OPMIIN UOJMIS
eleg oinerodwa)l WoOOYH

o't

LN310144300 NOLLOIHEd




F(S S




G







UNWORN
COATING

WORN
COATING
Fiq. 3

RESIDUAL
COATING
MATERIAL

|

PATCHES OF DEBRIS




Ly

§°C

(ww) eduelsig

Sl

1 L] v ¥

A-L0-611 NI

e SRS NN SN SRR olL-

(wt) jswaoeidsia




Q) .@.&

(wiw) 3INILL

v X7 BH—-— =

== F== e BT

3,006 PUeE 02

- w— -

R SV SRR
[+] .
4 vo
\ -
/
, ]
d -1 9°0
||||| Iu 7
......... @--" --.---.mf_
m-‘\. PP
O -1 8°0
Oooo.v/ \\\\\\ -
= R "Lt 4 0L
[ 1 1 1 1 — 1 | 1 1 [ 1 1 1 1 — J 1 /] 2 1 'l 1 L 1 N.F

s11ns3ad NOLLOIdd
JUHNLVHIdWIL a3LVvA313a

IN3I0144300 NOILOlHd




