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Abstract o T

Extended duration solid lubrication of rolling/sliding contacts, typical of gear teeth, comprised of self-mated steel at high temperature (540
°C) by carbon deposits continuously replenished through pyrolysis of acetylene feed gases, has been confirmed using a WAM-1 test machine.
Adequate lubrication, denoted by a low traction coefficient (. <0.05), depends on a sufficient rate of solid lubricant deposition relative to
the removal rate (due to wear). In the absence of lubrication, high traction coefficients (p>0.25) and scuffing will occur. Through tests
initiated under adequate lubrication conditions, the balance of rates of deposition and removal is found to be adversely affected by decreased
temperature or precursor gas feed rate, or by increased normal load or sliding speed. Gradual excursions in the controlled test variables produce

transitions to inadequate lubrication and scuffing as demarcated by rapid increases in traction coefficient.  © 1997 Elsevier Science S.A.
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1. Introduction

The limited range of thermal stability of liquid lubricants,
and the difficulty in replenishing solid lubricants as they inev-
itably wear away, leaves vapor and gas phase lubrication as
promising methodologies for numerous high temperature
bearing applications. Vapor phase lubrication has been suc-
cessfully applied to wide range of materials, as recently sur-
veyed by Rao [1]. Graham and Klaus [2] have employed
tricresyl phosphate and tributyl phosphate vapors to generate
lubricous polymeric films on steel sliding surfaces at temper-
atures of 370 °C. Hanyaloglu and Graham [3] expanded this
work to temperatures of 600 °C for SiAION/SIAION and
SiAION/cast iron sliding interfaces at contact pressures of
less than 1 MPa. Smith et al. [4] successfully lubricated
concentrated sliding contacts of self-mated alumina through
tribopolymerization of vinyl octadecyl ether, diallyl phthalate
and lauryl methacrylate monomers at 145 °C. The ability to
provide and continuously replenish carbon deposits from
directed hydrocarbon feed streams, drastically reducing both
sliding friction and wear, has been successfully demonstrated
by Lauer and coworkers [5,6] in concentrated contacts at
temperatures to 600 °C. Barnick et al. [7] demonstrated the
applicability of this lubrication technique to a broad range of
ceramics, nickel superalloys, and steels in self-mated high
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temperature sliding contacts through decomposition of acet-
ylene (C,H,) feed gases.

Previous research [8.9] has shown that the carbonaceous
gas decomposition lubrication approach depends upon a
favorable balance on the tribosurfaces of the rates of solid
carbon lubricant deposition and removal of these deposits
through wear. Adequate lubrication, which requires a rate of
deposition that equals or exceeds the rate of removal, often
results in reductions in friction of ten-fold or greater when
compared to friction coefficients measured in the absence of
any lubrication. Lubricant deposition is thermally activated,
with preliminary results suggesting an Arrhenius rate
dependence. These preliminary results also suggest a linear
relationship between deposition rate and precursor gas supply
rate, as well as a linear relationship between removal rate
and normal load. The rate of removal (per unit time) of
carbon deposits would also be expected to increase monoton-
ically with increased sliding speed, perhaps approximating
linearity.

In a previous study by Sawyer et al. [9], simulated rich-
burn turbine engine exhaust gas mixtures were observed to
provide no lubricating benefit to sliding contacts. However,
the same gas mixtures provided up to ten-fold wearreductions
in rolling contacts when compared to tests run in nitrogen
alone. This phenomenon is thought to be caused by the de-
position of solid carbon from CO and CO, species in the gas




248 W.G. Sawyer, T A. Blancher / Wear 211 {1997) 247-253

mixture, at a rate too modest to balance rapid removal in the
pin-on-disk test with its gross rate of slip, yet sufficient to
balance the mild rate of removal in the rolling four-ball test
with only limited microslip in the rolling contact. Transition
between adequate and inadequate lubrication thus exists at
some intermediate combination of rolling and sliding,
Because many tribological contacts (most notably gear teeth)
operate under such conditions of combined rolling/sliding,
a preliminary study was undertaken on the WAM-1 test
machine to demonstrate the ability of acetylene feed gases to
adequately lubricate such high temperature traction contacts.
An additional goal of the research was to explore any limits
to this adequate lubrication due to combinations of tempera-
ture, precursor gas flow rate, normal load, and rate of sliding.

2. Test program and experimental set-up

The WAM-1 test machine is capable of producing com-
bined rolling/sliding test contacts from room temperature up
to 870 °C. The contact geometry is ball on disk, presented
schematically in Fig. 1. The WAM-1 test machine controls
both the disk speed and the ball speed independently. There-
fore, it is possible to prescribe not only conditions of rolling
without slip or pure sliding conditions, but also any inter-
mediate condition of combined rolling/sliding. The rota-
tional axes for the ball and disk intersect at the top surface of
the disk, eliminating spin and minimizing the amount of
microslip within a free rolling contact. The WAM-1 test
machine is not only capable of independently controlling the
velocities of the disk and bail, but can also hydraulically vary
normal load over more than an order of magnitude, from less
than 10° N to well above 10° N. The ball and its drive spindle
are supported on an air bearing, and traction force is measured
by load cells which restrain ball translation. Desired temper-
atures are produced by mantles containing cartridge heaters,
which exist both above and below the ball/disk contact.

Additional modifications of the WAM-1 test machine upon
installation at the Rensselaer Polytechnic Institute enabled

Fig. 1. Trimetric view of contact geometry for WAM-1 test machine. Disk
and ball specimens, spindle axes and angular rotation vectors o, acetylene
supply line location, and hydraulic normal loading of the disk spindle F, are
noted.

atmospheric control. In this test program, an inner chamber
containing the ball/disk contact was continuously purged by
a41min~ ' flow of extra-dry nitrogen gas. This inner chamber
is nested within an outer chamber which was purged with a
15 1 min™"' flow of nitrogen gas. This effectively blanketed
the inner chamber from ambient laboratory air. Within the
inner chamber, a supply line directed acetylene precursor feed
gases towards the ball/disk contact. Measurements of ball
and disc spindle speeds, normal load, temperature, and trac-
tion force were collected through a computer data acquisition
and control system integrated with the WAM-1 test machine.
Corresponding rolling and sliding speeds, fractional slip and
traction coefficient were calculated.

AISI M50 bearing steel ball and disk specimens were used
in this study. The balls were 13/16" in diameter, and both the
ball and disk had initial surface roughness values of less than
0.10 pm rms. All specimens were washed and cleaned with
anhydrous methy! alcohol in an ultrasonic vibratory cleaner
prior to testing. The 133 N normal load typically used in this
study corresponds to a maximum Hertzian contact pressure
of roughly 1.5 GPa.

The WAM-1 test machine has typically been used to study
traction characteristics of fluid lubricants [10,11], though it
has also been used to investigate solid lubricant and interfacial
films [12,13]. In this study, the traction characteristics of
self-mated M50 steel contacts lubricated by solid carbon
deposited and continuously replenished from pyrolysis of
acetylene feed gases were investigated. Traction curves may
be generated by varying fractional slip while maintaining a
constant rolling velocity (average of the disk and ball veloc-
ities at the contact point, commonly referred to as entraining
velocity). Fractional slip is the quotient of the sliding speed
(the difference between the disk and ball velocities) and the
rolling speed. Both positive and negative regions of fractional
slip are explored within a single test. A change in the direction
of slip produces a change in the direction of the traction force,
and a corresponding change in the sign of the traction coef-
ficient { quotient of traction force and normalload). Anexam-
ple, traction coefficient as a function of fractional slip over
the range — 10% to + 10%, is shown in Fig. 2 under condi-
tions of constant normal load, temperature, and precursor gas
flow rate. Tests may also be performed under conditions of
constant fractional slip, with traction coefficient instead char-
acterized as a function of varying normal load, temperature,
or precursor gas flow rate.

3. Results

In the absence of the flow of acetylene precursor gas to
rolling/sliding self-mated M50 steel contacts in nitrogen at
540 °C, scuffing is observed to occur rapidly with correspond-
ing traction coefficients of x=0.25 or higher. The traction
curve in Fig. 2 demonstrates the effectiveness of carbon solid
lubricants deposited and continuously replenished from acet-
ylene precursor gas flows directed towards the contact at 0.2
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Fig. 2. Traction curve of self-mated AISI M50 steel at 540 °C, rolling speed of 2.5 m s™", 133 N normal load, and a 0.2 | min~" acetylene (C,H,) admixture
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Fig. 3. Traction coefficient under 0% slip and 3% slip conditions for a self-mated M50 steel contact with and without 0.2 I min~" acetylene (C,H,) flow rate

at 540 °C, rolling speed of 2.5 m s ', and 133 N normal load.

1 min~". This test was initiated in the absence of slip, with
fractional slip subsequently ramped to 10%, and then ramped
back to 0% while traction coefficient was monitored. A sim-
ilar excursion to and from —10% fractional slip was also
made. Over this range of slip, it is seen that the acetylene feed
gas produces areduction in traction coefficient from p > 0.25
(unlubricated) to 1 =0.05 or less. A peak in traction coeffi-
cient, w=0.08, is momentarily observed when slip is
reversed into a new direction.

It is also observed in this preliminary test, completed in a
matter of minutes, that different traction/slip paths are taken
when fractional slip is increased from 0% to 10% than when
it is reduced back to 0%. On this return path the peak in
traction coefficient is not experienced again. This hysteresis
behavior is thought to result from the time dependency of

carbon deposition from the precursor acetylene gas, and the
attainment of steady lubrication conditions. Fig. 3, examining
such time dependence, shows a rolling contact without slip
established in an atmosphere of nitrogen alone at 540 °C.
Upon introduction of 3% fractional slip, scuffing damage
initiates with a rapidly increasing traction coefficient. Instead
of allowing scuffing to proceed toward failure with corre-
sponding traction coefficients of x> 0.25,2 0.2 1 min~' flow
of acetylene directed towards the contact is initiated. Over a
period of minutes, for these test conditions, steady-state lubri-
cation characterized by a reduction of traction coefficient to
w1 =0.03 was established. The implication of this behavior is
that for tests characterizing traction coefficient as a function
of any control variable (fractional slip, precursor gas flow
rate, normal load or temperature) the control variable must
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Fig. 4. Traction coefficient as a function of fractional slip for self-mated AISI M50 steel contact at 540 °C, rolling speed of 2.5 m s ™", 133 N normal load and

0.2 L min~ ! acetylene (C,H,) flow rate.
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Fig. 5. Traction coefficient as a function of acetylene (C,H,) fAlow rate for self-mated AISI M50 steel contact at 540 °C, roiling speed of 2.5 ms ™', 2% slip,

and (33 N normal load.

be varied gradually if the resultant data are to represent
steady-state lubrication conditions.

As previously stated, it is desired to observe transitions
from adequate to inadequate lubrication induced by changes
in each variable affecting the balance of relative rates of
carbon lubricant deposition and removal. To observe transi-
tion to inadequate lubrication induced by sliding speed, the
range of fractional slip explored in Fig. 1 was extended
beyond 10% at a constant rolling speed of 2.5 m s~'. As
fractional slip was gradually increased, traction coefficient
remained constant at roughly u=0.04 up to 25% slip
(Fig. 4). As slip was further increased towards 33% traction
coefficient increased gradually to u=0.1, with subsequent
increases in slip causing the traction coefficient to rise sharply
to values above u=10.25, leading to scuffing similar to that
occurring in the absence of acetylene gas. This transition

value of fractional slip (33%) corresponds to a sliding veloc-
ity of roughly 0.8 m s~ !,

Similar tests were run in which the acetylene flow rate,
normal load, and temperature were each separately varied,
holding all other control variables constant, until a transition
from adequate to inadequate lubrication conditions was sig-
nified by a rapidly increasing traction coefficient. Each of
these tests was initiated with 2% slip at a rolling speed of 2.5
m s~ under a 133 N normal load, at a temperature of 540
°C, typically with an acetylene flow rate of 0.2 I min~’, a
combination of conditions already known to provide ade-
quate Iubrication and reduced traction coefficient (see
Fig. 2). As the acetylene supply for such a ’standard’ rolling/
sliding contact was gradually decreased, traction coefficient
remained below u=0.05 to flow rates as low as 0.07 | min ™!
(Fig. 5). Further reductions in acetylene flow rate caused
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monotonic increases in traction coefficient, approaching the
unlubricated condition u =0.25 as the flow rate approached
Zero. . :

In tests where the normal load on an adequately lubricated
contact was increased gradually from 133 N to 400 N, traction
coefficientincreased from p=0.04 to w=0.13. Upon further
increases in normal load, onset of scuffing and increased
traction seemed to appear on two occasions, once at 510 N
and again at 590 N (Fig. 6). On each of these occasions,
however, the contact instead stabilized itself and maintained
a traction coefficient of p=0.13. Eventually at a load of 640
N, a rapid increase in traction coefficient and scuffing
occurred. A similar behavior was observed in tests where
temperature was gradually reduced (Fig. 7). Though a trac-
tion coefficient 1 <0.05 was maintained to temperatures as

low as 180 °C, the gradual decrease in temperature on several
occasions appeared to be inducing the onset of scuffing. The
contact, however, would again stabilize itself. A decrease in
temperature to below 180 °C eventually produced a transition
to higher traction coefficients approaching u =0.25, charac-
teristic of the unlubricated rolling/sliding contact.

4. Discussion

The ability of solid carbon, deposited and continuously
replenished through pyrolysis of directed acetylene gas
streams, to adequately lubricate combined rolling/sliding
contacts typical of gear teeth for indefinite durations at high
temperature has been demonstrated on the WAM-1 test
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machine. Through applying acetylene precursor supply gas
to a self-mated M50 steel combined rolling/sliding contact
at 540 °C, it has been shown that traction coefficient can be
reduced from unlubricated levels of u>0.25 to u=0.03,
with scuffing failure prevented. This lubrication depends on
a favorable balance of the relative rates of carbon deposition
and carbon removal. In accordance with the authors’ previous
studies [8,9] it is again shown that this deposition/removal
rate balance can be adversely affected by increased normal
load (increasing the rate of removal) or decreased precursor
supply rate and temperature (either of which decrease the
rate of the thermally activated solid lubricant deposition).

In previous studies [8,9] performed on a pin-on-disc appa-
ratus, the authors were limited to sliding speeds of less than
0.1 m s™', and thus could only speculate on sliding speed-
induced transitions from adequate to inadequate lubrication
and resultant scuffing. Using the WAM-1 test machine frac-
tional slip could be increased sufficiently to produce such
transitions, where the higher sliding speed and increased rate
of removal eventually outpaced the carbon deposition. Under
the standard conditions of 540 °C and 133 N normal load, a
small acetylene flow rate of 0.2 1 min~" was shown to be
capable of lubricating contacts with sliding speeds of up to
0.8 ms~ . Furthermore, demonstration of lubrication through
pyrolysis of acetylene was extended to temperatures as low
as 180 °C. In previous demonstrations of this thermalily acti-
vated lubrication process utilizing acetylene precursor [9],
temperatures only as low as 360 °C were explored.

While producing curves of traction coefficient as a function
of both positive and negative slip, the direction of slip would
typically cross over the ‘free rolling” point a number of times
during each test. The characteristic peak in traction coefficient
(u=0.08) that occurs immediately after the reversal of slip
direction, the crossing of the zero slip or ‘free rolling’ point,
was of some interest to the authors. This traction coefficient
eventually settles to a lower value of u <0.05. Itis speculated
that this peak results from the graphitic lamellar planes within
the lubricous carbon deposits having to reorient themselves
accordingly to a new sliding direction. As fractional slip is
decreased back towards zero, this peak in traction is not
experienced again as preferred orientation is already installed.
A traction coefficient magnitude of u <0.05 is maintained
until slip direction reversal again occurs. Additionally, the
traction coefficients as a function of fractional slip were dif-
ferent depending on whether the excursion was increasing in
fractional slip magnitude or decreasing. This hysteresis
behavior is thought to result from the time dependency of
carbon deposition and the attainment of steady lubrication
conditions.

Throughout this study the rolling speed and disc wear track
diameter were both maintained constant. These factors, how-
ever, may also affect the balance between the relative rates
of carbon deposition and removal, and resultant lubrication
capabilities. For example, an increased wear track diameter
implies an increased wear track circumference and area avail-
able for deposition of carbon solid lubricant which will even-

tuaily be transported to the combined rolling/sliding contact.
Increased rolling speed implies an increased rate at which
this solid lubricant is brought to the contact. In future studies,
itis proposed to focus specifically on factors affecting entrain-
ment of deposited solid lubricant into the combined rolling/
sliding contact.

5. Conclusions

1. The carbonaceous gas decomposition lubrication of a high
temperature combined rolling/sliding contact has been
successfully demonstrated for self-mated M50 steel using
the WAM-1 test machine. The traction coefficient of such
contacts was reduced from w>0.25 in the absence of
lubrication to ¢ <0.05 in the presence of acetylene feed
gas. If the acetylene supply is maintained continuously,
carbon deposits may be replenished and combined roll-
ing/sliding contacts may be lubricated indefinitely with
scuffing failure prevented.

2. The Jubrication process was robust to changes over abroad
range of tribosystem conditions. The lubrication process
has been shown to have limiting combinations of exces-
sive normal load and sliding speed, and insufficient acet-
ylene supply rate and temperature. This is believed to
result from the primary effects of gas flow rate and tem-
perature on lubricant deposition, and normal load and
sliding speed on lubricant removal. The relative rates of
these competing processes dictate whether the attainment
of an adequate lubrication condition will occur.
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