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Abstract The effectiveness of ‘far-field’ vapour-phase lubrication, in  which areas 
of a bearing surface that are cycled through the contact are exposed to 
vapour while outside the contact, has been demonstrated in both slid- 
ing and combined roll lslide tests using acetylene vapours to deposit 
pyrolytic graphite. Friction coefficients as low as ,u = 0.008 have been 
measured for steel at 540°C with far-field acetylene concentrations as 
low as 5%. Effective vapour-phase lubrication depends on solid lubri- 
cant deposition that exceeds the contact’s capacity to remove solid 
lubricant through weal: While the rate ofremoval is increased by in- 
creasing the sliding velocity, in far-field vapour-phase lubrication the 
rate of lubricant deposition, and therefore the lubrication effectiveness, 
is  augmented by increased areas available for far-field deposition, such 
as those provided by performing wear tests with increased wear-track 
diameters. These geometric concepts may be considered in rolling- 
element bearing and gear set applications where vapour-phase 
lubrication is to be employed. 

Keywords vapour-phase lubrication, sliding tests, roll/slide tests, wear, geometry 
effects, acetylene vapour, high temperature, far-field lubrication 

Vapour-phase lubrication is the in situ process of low shear strength 
solid film formation on bearing surfaces through reaction of vapours 
expressly provided to the bearing area during tribological contact. Ap- 
plications of this lubrication technique have recently been reviewed 
by Rao.’ It is distinguished from vapour-condensation lubrication, 
wherein thin liquid films from a vapour supply have condensed on the 
bearing surfaces without reaction and provide lubrication through 
hydrodynamic action? The vapour-phase lubrication approach offers 
advantages over conventional hydrodynamic lubrication especially in 
high-temperature contacts, as  lubricant base stock stability is gener- 
ally limited to below 400°C. Solid lubrication approaches have often 
been taken for bearings a t  such high temperatures; however, solid lu- 
bricants are typically predeposited as thin films and have a corres- 
pondingly finite life due to wear. The vapour-phase approach offers 
the opportunity for extended-duration lubrication, as surface films 

INTRODUCTION 
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can be replenished while they simultaneously wear, through 
continued provision of vapour precursor. 

Many vapour-phase lubrication systems have been studied. For 
example, Smith et al? examined the lubricating effect of several 
monomers on self-mated alumina sliding contacts when delivered in 
a vapour form by a nitrogen carrier gas. Solid surface films formed by 
tribopolymerisation of the vapours provided up to 99% reduction in 
wear and 50% reduction in friction at 145°C. Hanyaloglu et a1.4 dem- 
onstrated the ability of aryl phosphate vaporised into an air carrier to 
provide several superalloys with friction coefficients less than p = 0.1 
and very little wear when supplied to sliding contacts at  temperatures 
as high as 500°C. The lubricating effect was thought to arise from a 
polymeric film of nodular structure that formed upon reaction of the 
vapour with the sliding surfaces. 

In the 1980s, Lauer et al. pioneered vapour-phase lubrication 
via carbon surface films deposited by pyrolysis of hydrocarbon vapours, 
an approach that has since been demonstrated to be able to provide 
sliding friction coefficients of p = 0.05 or less to temperatures up to 
700"C,5 as well as reductions in wear of at least one order of magni- 
tude.6 Using acetylene vapour, Barnick et al." were able to achieve 
friction coefficients of less than p = 0.1 and multiple orders of magni- 
tude reductions in wear volume for a broad variety of metals and 
ceramics in self-mated sliding contacts at 520°C. Likewise, vapour- 
phase lubrication via pyrolytic graphite deposition has been tested 
using various carbonaceous vapours including ethane, ethylene, 
acetylene, benzene, propane, and 1-propanol;" as well as carbon 
monoxide and even combustion exhaust.s-" 

For effective vapour-phase lubrication (i.e., maintenance of 
lubricious surface film), solid lubricant deposition from the vapour 
must balance or exceed the tribological contact's capacity to remove 
the solid lubricant through wear. As has been observed in several ex- 
perimental the rate of lubricant deposition is 
proportional to the rate of vapour supply and, in the case of thermally 
activated pyrolytic graphite lubricant deposition, this rate is further- 
more multiplied by a factor having an Arrhenius temperature 
dependence. The activation energy and deposition coefficient of this 
temperature dependence vary with carbonaceous vapour type: as 
well as with the composition of the bearing surfaces. The time rate of 
lubricant removal is observed to be proportional to normal load. Thus, 
as expected from an Archard description of wear as well as prelimin- 
ary observations," this removal term is furthermore multiplied by 
sliding speed. Conditions that provide a greater advantage of lubri- 
cant deposition over removal (such as increased vapour supply rate 
and temperature, and reduced sliding speed and normal load) are in- 
creasingly likely to maintain lubricious surface films and provide 
effective vapour-phase lubrication. 
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Figure 1 Schematic 
representation of far- 
field vapour-phase 
lubrication as occurring 
in a pin-on-disc sliding 
test 

f" 

Expelled 
<* Concentration 

The entire disc surface is 
exposed to vapour, from 
which solid lubricant is 
deposited. Lubricant 
deposited on the wear track, 
outside the contact region, is 
recycled through the contact 

Chemical reactions occurring within the disc wear track I 
In each of the above-cited examples of vapour-phase 

l~bricat ion~- '~ a vapour supply line or nozzle directed at  the contact is 
employed to provide the most immediate effect. In such cases lubri- 
cant deposition is thus focused to the 'near-field' region within and 
neighbouring the contact, as specified by supply line positioning. 
However, in many applications, for instance rolling-element bearings 
or planetary gear sets, the contact location changes continuously with 
time. Positioning of supply lines to deliver vapour directly to near- 
field regions containing the contact becomes impossible in such cases; 
instead, one must depend on vapour delivery to 'far-field' regions of 
the bearing surface that instantaneously exit out of, but will eventu- 
ally be cycled back through, the contact. Far-field vapour-phase 
lubrication is achieved by providing the entire tribological system's 
surrounding environment with a concentration, or partial pressure, of 
vapour. In such a case one may expect the rate of lubricant deposition 
(volume per unit time) to be proportional to a product including the 
exposed surface area that will eventually be cycled back into the con- 
tact as well as the vapour partial pressure. For example, in pin-on- 
disc sliding tests where a far-field partial pressure of vapour is provid- 
ed to the entire disc (Figure 11, one might hypothesise the volume 
rate of lubricant deposition to be higher in cases of greater wear-track 
diameter as more area destined for recirculation into the contact 
exists for lubricant deposition. 
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Figure 2 Top view 
schematic 
representation of pin- 
on-disc sliding tester 

Dead weight 
To strain gauges mass Outer chamber wall 
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The objectives of this study were principally to demonstrate the 
feasibility of far-field vapour-phase lubrication, and thereafter to ex- 
plore whether such hypothesised geometrical effects indeed exist. In 
addition, the effects of sliding speed on the rate of lubricant removal 
were further established. 

Sliding tests were performed on a self-made pin-on-disc tribometer, a 
top view of which is shown schematically in Figure 2. The material 
used for both the pin (hemispherically tipped, 1.59 mm radius) and 
the disc was 52100 steel. The discs were polished with 0.1 pm 
diamond compound, and ultrasonically cleaned in methyl alcohol 
along with the pin prior to testing. A new pin was used for each test, 
while discs were refinished for subsequent tests. The disc was sup- 
ported on a vertical spindle that was rotated by a motor at various de- 
sired speeds. The pin was held at the free end of a cantilevered arm 
whose other end was located radially outward from the disc's centre 
and pivoted in order to allow a desired 2.4 N normal load a t  the pin/ 
disc contact by placement of dead weight on the arm. Resultant slid- 
ing friction places the cantilevered pin arm in bending, and attached 
strain gauges allow friction to be continuously measured and recorded 
by computer data acquisition. The pin arm can furthermore be trans- 
lated radially from the disc's centre to provide various desired wear- 
track diameters. 

EXPERIMENTAL 
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Figure 3 Schematic 
representation of WAM-1 
combined rolVslide 
tester contact 

I 
Ball spindle assembly /‘m 

Inner chamber gas supply line Disc spindle 
assembly 

The pin-on-disc contact was contained within an inner chamber, 
which was enclosed in an outer chamber. Acetylene vapour (0.5 l/min) 
was premixed with nitrogen (1.5 Vmin) and then diffused throughout 
the inner chamber by a supply line coiled concentrically about the disc 
with holes along its length to provide a 25% far-field concentration of 
vapour a t  ambient pressure. The provision of acetylene was initiated 
coincidently with the onset of sliding, and no lubricious films were 
predeposited prior to sliding contact. The inner chamber also con- 
tained a coiled resistive heater that was controlled, based upon a 
thermocouple placed immediately above the disc’s centre, to provide a 
test temperature of 540°C. Nitrogen (10 l/min) was diffused thsough- 
out the outer chamber to purge the tribometer and prevent ingression 
of air from the surroundings. 

Some additional tests were performed in combined solVslide 
contacts on a WAM-1 traction tribometer, shown schematically in 
Figure 3. The roll/slide contact was formed between the flat surface 
of a 111 mm diameter disc and a 20.6 mm diameter ball, both ofwhich 
were of M50 steel. The discs were lapped to RMS roughness of less 
than 0.1 pm, and ultrasonically cleaned in methyl alcohol along with 
the ball prior to testing. A new ball was used for each test, while discs 
were refinished for subsequent tests. The disc was mounted on a ver- 
tical spindle, while the ball was secured by a draw bolt, placed within 
a hole drilled through its centre, to a quill extending from a separate 
spindle. The speeds of the disc and ball spindles were controlled inde- 
pendently, and in these tests the disc rotational speed was maintained 
at 380 rpm while the ball rotational speed was varied to achieve the 
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Figure 4 Examples of 
friction coefficient as a 
function of time for self- 
mated 521 00 steel in 
nitrogen at 540°C during 
pin-on-disc sliding 
contact for various 
combinations of disc 
wear-track diameter D 
and sliding speed V 

Lubricated tests employed a 
far-field 25% concentration of 
acetylene vapour 

-+- Lubricated, D= 1 cm. V =  3 crn/s 
+ Lubricated, D= 1 crn, V =  0.6 cm/S .+- Lubricated, D= 4 cm, V =  3 cm/s 

0 5 10 15 20 25 30 
Time (min) 

desired sliding speed. Circular wear tracks were formed on both the 
disc and the ball, and the diameter of the disc wear track was varied 
by translating the ball spindle along its length, which extends radi- 
ally from the disc’s centre. The disc was pneumatically loaded 
upwards against the ball, and a 100 N normal load was used in these 
tests. The ball spindle assembly was supported on an air bearing and 
constrained horizontally by a load cell that reacts against the gener- 
ated friction force, continuously measuring it for recording via 
computer data acquisition. 

The ballldisc contact was in an inner chamber, nested within an 
enclosed outer chamber. Acetylene vapour (0.1 Ymin) was premixed 
with nitrogen (1.9 Ymin) and then diffused throughout the inner 
chamber by a supply line coiled concentrically about the disc with 
holes along its length to provide a 5% far-field concentration of vapour 
at ambient pressure. Mantles above and below the inner chamber cav- 
ity each contained six resistive cartridge heaters and a thermocouple, 
and the temperatures of each mantle were controlled to provide a 
540°C environment as  measured by additional thermocouples placed 
directly above the disc. Nitrogen (20 Vmin) was diffused throughout 
the outer chamber to purge the tribometer and prevent ingress of 
ambient air. 
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Figure 5 Steady-state 
coefficient of friction as 
a function of sliding 
speed for self-mated 
52100 steel in nitrogen 
with 25% concentration 
of acetylene vapour at 
540°C during pin-on- 
disc sliding contact at 
disc wear-track 
diameters D of: 
(a) 1.0 cm 
(b) 1.7 cm 
(c) 3 cm 
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RESULTS AND 
DISCUSSION 

Although contacts are initially concentrated, pin wear in pin- 
on-disc testing and ball wear in combined rolVslide testing quickly 
cause a stable wear-track width to be repeatably established in both 
test types. In neither test type was a nozzle or similar supply line used 
to deliver vapour directly at the near-field contact region. Further- 
more vapours were not intentionally subjected to any heated catalytic 
surfaces prior to delivery to the tribosystem for the purpose of pre- 
nucleation, as  was done in previous s t u d i e ~ ~ * ~ J ~  with a heated 
nichrome wire. 

Friction data from several pin-on-disc sliding tests of self-mated 
52100 steel at 540°C are displayed in Figure 4. In nitrogen alone, 
without the addition of lubricating vapour, a steady-state coefficient 
of friction of between p = 0.4 and 0.45 is adopted quickly upon the on- 
set of sliding. A similar value is measured for unlubricated sliding in 
air.7 In tests where 25% acetylene was diffused throughout the inner 
chamber, on the onset of sliding friction, behaviour was transient, set- 
tling to lower steady-state values as lubricious pyrolytic graphite 
films are established, Steady-state coefficients of friction as low as 
p = 0.02 have been measured in these pin-on-disc sliding tests, clearly 
demonstrating that vapour-phase lubrication can indeed be extreme- 
ly effective even when applied in the far field. The preliminary friction 
data in Figure 4 suggest that the degree of effectiveness may be in- 
fluenced by sliding speed V as well as geometric effects, such as wear- 
track diameter D, as  discussed in the Introduction. 

To further investigate the possibility of sliding speed and geo- 
metric effects on far-field vapour-phase lubrication, pin-on-disc tests 
were performed with wear-track diameters varying from D = 1 to 4 
cm, and sliding speeds varying from V = 0.6 to 4 c d s .  Each test was 
of 40 min duration, performed at a combination of sliding speed and 
wear track which were held constant, and a steady-state friction coef- 
ficient was determined for each test as the average value over the final 
10 min of sliding. Combinations of conditions were selected so that the 
effect of sliding speed on friction could be isolated at various constant 
wear-track diameters, or likewise the effect of wear-track diameter on 
friction could be isolated at various constant sliding speeds. Data sets 
at several selected values of constant wear-track diameter, shown in 
Figure 5, suggest a tendency for the friction coefficient to increase 
with increasing sliding speed, as discussed above. Under some combi- 
nations of conditions multiple repeat tests were performed, such as 
the combination D = 1.7 cm and V = 2 c d s  where ten tests were 
conducted, so a data point in Figure 5 indicates the average of all 
steady-state friction coefficients determined under that combination 
of conditions while the error bar indicates the range within one 
standard deviation of that average. 
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Figure 6 Superposition 
of steady-state 
coefficient of friction as 
a function of sliding 
speed for self-mated 
52100 steel in nitrogen 
with 25% concentration 
of acetylene vapour at 
540°C during pin-on- 
disc sliding tests 
performed at various 
disc wear-track 
diameters, D 

o D =  1.0 cm D= 3.0 crn 
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The tendency for greater sliding speed to increase friction coef- 
ficient under vapour-phase lubrication is further illustrated by 
presenting sets of average friction coefficients as a function of sliding 
speed collected a t  all wear-track diameters on a single graph (Figure 
6). Interestingly these data sets appear roughly to superimpose on 
one another about a common line, with 0.06 slcm slope, approximately 
zero intercept, and 0.72 correlation coefficient found by linear regres- 
sion. While giving evidence of a strong dependence on sliding speed, 
this superposition of friction data sets collected at various wear-track 
diameters indicates an inability to demonstrate convincingly a geo- 
metric dependence of far-field vapour-phase lubrication performance 
in these pin-on-disc sliding tests. 

Hypothesised speed and geometric effects explored in pin-on- 
disc sliding tests were further investigated in combined rollinglsliding 
contact. A friction record from a combined roll/slide test of self-mated 
M50 steel at 540°C is shown as an example in Figure 7 (overleaf). 
After attaining a steady-state coefficient of friction of approximately 
p = 0.02 under a 5% far-field concentration of acetylene vapous in ni- 
trogen, a t  ambient pressure, acetylene flow is interrupted and a rapid 
increase in friction is noted. Restoration of acetylene supply returns 
the friction coefficient to its previous low values. Increased periods of 
vapour supply interruption caused the friction coefficient to approach 
values near p = 0.4, as also observed in pin-on-disc sliding tests. 
Steady-state coefficients of friction as low as p = 0.008 in the presence 
of acetylene vapour were measured during these combined roWslide 
tests, clearly demonstrating again that vapour-phase lubrication can 
indeed be extremely effective, even when applied in the far field. 
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Figure 7 Friction 
coefficient as a function 
of time for self-mated 
M50 steel at 540°C in a 
combined roll/slide 
contact with a sliding 
speed of 10 cmls 

Acetylene vapour 
concentration in nitrogen, to 
values of 0,0.045 (4.5%), 
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over various durations, as 
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In an effort to economise on test set-up time and ball specimen 
consumption, the dependences of steady-state friction on various 
parameters were explored by stepping those parameters through sev- 
eral values during each combined rolVslide test, as opposed to 
assembling results of numerous tests conducted under constant 
conditions as done during pin-on-disc testing. However, unlike 
traction testing of fluid lubricant base stocks where steady-state 
conditions are attained very quickly, vapour-phase lubrication in 
some instances may require 30 min or more upon a step change in 
contact parameters before attaining a new steady state, as shown in 
Figure 7. 

The dependence of friction coefficient upon sliding speed in 
vapour-phase lubrication previously shown in pin-on-disc tests is 
again demonstrated in combined rolling/sliding contact, as shown in 
Figure 8. These tests were conducted at a disc wear-track diameter 
of 8.6 cm, and contact was initiated with the disc and ball in motion 
at a 0% slip condition, approximating free rolling with friction at very 
nearly zero. Monotonic step increases in sliding speed at  various 
times (Figure 8(a)), produced by decreasing the ball speed, led to cor- 
responding upward steps in friction. The ramp steps in sliding speed 
need not be monotonic. Subsequent decreases in sliding speed re- 
sulted in friction reductions (Figure 8(b)). As previously suggested 
from Figure 7, vapour-phase lubrication performance appears to be 
reversible upon cycling of tribological conditions. 
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Figure 8 Friction 
coefficient as a function 
of time for self-mated 
M50 steel at 540°C in 
nitrogen with 5% 
acetylene vapour as 
measured in two 
different combined rolV 
slide contact tests 
experiencing step 
changes in sliding 
speed 
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Such an approach of reversing tribological conditions during 
single tests was attempted using the combined rollhlide tribometer to 
reinvestigate possible geometric effects on far-field vapour-phase 
lubrication. In these tests the disc wear-track diameter was alternat- 
ed between 4.75 and 10.4 cm, with the ball rotational speed being 
adjusted relative to the constant 380 rpm disc speed to maintain a 
sliding speed of 10 cm/s for both diameters. Ball and disc surfaces 
were separated when the wear-track diameter and ball speed were ad- 
justed, and the 1Ocm/s difference in surface speeds was secured 
before the ball and disc were put back into contact. 
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Figure 9 Friction 
coefficient as a function 
of time for self-mated 
M50 steel at 540°C in 
nitrogen with 5% 
acetylene vapour as 
measured in two 
separate combined roll/ 
slide contact tests 

In each test, disc wear-track 
diameter is alternated 
between 4.75 and 10.4 cm 
while a 10 cm/s sliding speed 
is maintained. The surfaces 
are separated during periods 
when wear-track diameter is 
being changed. Upon 
restored contact a brief 
period of acetylene flow 
interruption, designated by 
(0), is imposed 
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The results from these tests are displayed in Figure 9. The first 
such test, Figure 9(a), was initiated at a 10.4 cm disc diameter and 
produced a friction coefficient of less than p = 0.05 at a time of 250 
min. At this point the surfaces were separated and the disc wear track 
was decreased to 4.75 cm. Shortly after the surfaces were placed back 
into contact, at 300 min, acetylene vapour was interrupted for a brief 
period to allow the contact to approach unlubricated conditions, in an 
effort to remove solid lubricant that may have deposited within the re- 
gion of the new disc wear track during testing at the previous wear- 
track diameter. Thereafter acetylene vapour supply was resumed, and 
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CONCLUSIONS 

lubrication performance characteristic of the new tribological condi- 
tions was secured. As hypothesised in the Introduction, friction 
increased on decreasing the wear-track diameter, with a friction coef- 
ficient of nearly p = 0.10 measured a t  a diameter of 4.75 cm. The 
reversibility of the vapour-phase lubrication process was demon- 
strated by restoring the initial 10.4 cm wear-track diameter before 
completing the test, with the steady-state friction coefficient return- 
ing to values of less than p = 0.05. This reversibility was further 
demonstrated by repeating the test, but instead starting at  the small 
wear-track diameter, as shown in Figure 9(b). As in the previous 
test, a 10.4 cm wear-track diameter again resulted in a steady-state 
friction coefficient of less than p = 0.05, while the smaller 4.75 cm 
wear-track diameter caused the steady-state friction coefficient to 
approach p = 0.10 or higher. 

The capability of far-field vapour-phase lubrication with pyrolytic 
graphite deposition from acetylene vapour has been clearly demon- 
strated in experiments, with friction coefficients as low as p = 0.008 
measured in self-mated sliding contact of steel a t  540°C. Decreasing 
the sliding speed and increasing the wear-track diameter have been 
shown to augment far-field vapour-phase lubrication performance, 
yielding reduced friction. Reductions in sliding speed result in a re- 
duced rate of solid lubricant removal by wear relative to the rate of 
solid lubricant deposition, regardless of whether vapour-phase lubri- 
cation is applied in the far or near field. Increased wear-track dia- 
meter, or any other geometric change that results in larger regions 
being exposed to far-field vapour and recycled through the contact, 
provides an augmented rate of solid lubricant deposition. While the 
sliding speed dependence is strong and demonstrated under both pin- 
on-disc sliding (where data from tests each conducted under constant 
conditions were collected) and combined rollinghliding (where condi- 
tions were ramped during single tests), the apparently weaker geo- 
metric effect could only be demonstrated by varying the wear-track 
diameter within single combined roll/slide tests. This is believed to re- 
sult from the inevitable variations in set-up, from test to test, of pa- 
rameters (such as vapour delivery, surface finish, normal load, and 
temperature) intended to remain constant while several weat-track 
diameters were studied. In pin-on-disc tests the range of wear-track 
diameters over which the tests were performed may not have been 
sufficiently great to allow the proposed geometric dependences to be 
discerned in the light of test-to-test variability. Such variation is re- 
duced when an isolated input variable is explored during a single test. 

An additional plausible cause for the inability to observe hy- 
pothesised geometric effects is offered by a recently developed 
model,I3 which, while still predicting the existence of geometric 
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