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ABSTRACT

The friction and wear characteristics of several elastomers have been studied during

reciprocating sliding conditions when lubricated with uncontaminated environmentally

adapted lubricants and the same lubricants contaminated with moisture. The elastomers

studied are Nitrile Butadiene Rubber (NBR), Hydrogenated Nitrile Butadiene Rubber

(HNBR), and Fluorocarbon Rubber (FKM). The lubricants used are complex ester and

polyol ester as well as both aged and non-aged polyol esters with 5% water content. Ex-

periments were conducted using a Cameron-Plint test rig with a steel cylinder sliding in

the longitudinal direction with a reciprocating motion against a curved elastomer spec-

imen to avoid any edge contact. Sliding velocities were maintained low to reduce the

thermal effects often associated with elastomer friction. In these tests, HNBR resulted in

the lowest friction, with NBR the highest. The NBR specimens most often experienced

wear, while FKM and HNBR experienced very little wear. The various oils, with some

exceptions, had similar friction performance both at the higher and the lower loads. Ex-

periments were also conducted using an SRV Optimol test rig at higher frequencies with

a steel cylinder in contact with an elastomer mounted on a steel disc. The results from the

SRV test rig differed significantly with those of the Cameron-Plint rig with FKM result-

ing the greatest wear and NBR producing minimal wear. This difference was primarily

caused by the differences in contact geometry and the operating parameters between the

tests.
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1. INTRODUCTION

While significant research has focused on the wear of elastomers in relation to automobile

tires and seals in the dry condition, little effort has been focused on the wear of elastomers

in relation to seals and sealing systems, especially under lubricated conditions. Some ear-

lier work however has been accomplished investigating lubricated face seals [1]. Other

work has focused on the effects of temperature changes on the wear of rubber in con-

tact with abrasive paper under lubricated conditions, finding that the wear increased with

higher temperatures due to the increased level of thermal degradation. More recent work

has investigated the friction characteristics when steel is in lubricated contact with elas-

tomers [2] and [3].

Previous work in relation to emulsions of water and oil in soft-EHL contact determined

that the tribological properties are generally dominated by the more viscous of the emul-

sion’s components [4]. Further study in soft-EHL contact revealed that the sliding friction

was highly dependent on the speed to viscosity ratio in the contact such that at low values,

friction was dominated by adhesion between the asperities and at high values, friction was

dominated by the Couette flow [5].

Studies in high pressure contact between steel and glass lubricated with water in oil emul-

sions demonstrated a similar effect in that the tribological properties were essentially the

same as those of pure oil [6]. It was further demonstrated in this study that, in the contact

area, the water tended to flow around the contact while the oil remained in the contact

providing lubrication. These studies focused primarily on higher levels of water content

whereas the current research focuses on 5% water content.

Other research has been conducted on the wear of metal surfaces by elastomer materials

in the presence of water. It was found that, when abrasive particles are present, wear of

the metal counterface is primarily due to the embedment of the abrasive in the elastomer

[7]. Without the presence of water, it was found that a chemical reaction occurred on

the surface of the metal causing a surface layer to form. This surface then broke away,

becoming embedded in the elastomer and increasing the wear of the metal [8]. In both

cases, it was found that without any abrasive, the wear of the steel was very small or

negligible.

Most recently, testing has been conducted on elastomers aged in various lubricants in

lubricated sliding against surfaces that appear to be smooth and polished [9]. In these

studies, it was found that the friction was reduced by ageing the elastomer in lubricants

which may be due to the diffusion of oil in the elastomer resulting in a decrease in in-
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ternal friction of the elastomer. In addition, when the rubber block is pressed against the

counterface, oil may be squeezed out from the rubber matrix, giving a thicker oil film at

the interface and thus lower the friction.

Very little has been reported regarding the tribological compatibility of base oils and elas-

tomers beyond the proprietary knowledge of seal and lubricant manufacturers. With the

advent of and conversion to environmentally adapted lubricants (EALs), much of the ba-

sic experimental research into compatibility is necessary both to ensure its relevance and

to further support and validate the use of EALs. Basic testing of elastomer seal mate-

rial physical characteristics were conducted in [10] to determine the effects of ageing in

various EALs but studies were limited to swelling and changes in hardness and tensile

strength. Thus the focus of this work is to determine the basic performance of several

commonly used seal materials lubricated with EALs. To further investigate the applica-

bility of elastomer/lubricant combinations, the lubricants are tested both uncontaminated

and in the contaminated state and with ageing.

2. EXPERIMENTAL PROCEDURE

A Cameron-Plint test rig was configured to accomplish the tests detailed in Table 1. Many

different test arrangements were tested in order to eliminate some of the problems caused

by the edges of the hard surface contacting the compliant elastomer. Initially these tests

were accomplished with a cylinder sliding perpendicularly against the elastomer surface.

However, due to the sharp edges of the steel cylinder, and the fact that very little lubricant

remained trapped in this region, the rubber specimens were torn along the edge of the

contact. A ball was also experimented with, but it was found that at the contact pressures

within the machine’s range, the ball was pressed nearly half-way into the elastomer speci-

men producing a quite unrealistic contact geometry. Even at these high contact pressures,

insignificant wear occurred during the testing with the exception of some tearing along

the center of the contact region which was presumably caused by the stress concentration

in the elastomer at this point.

It was thus decided to change the test to the use of a cylinder moving longitudinally with

the elastomer specimen mounted to a curved piece of material. This arrangement, shown

in Fig. 1(a), eliminated the edge and end effects observed with other the arrangements as

well as the high contact pressure and stress issues experienced in the ball case. Addition-

ally, because the cylinders are of a very simple design, it is a much simpler task to control

their surface roughness.
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Table 1: Cameron-Plint and SRV Rig Test Configurations and Experimental Conditions

Test Configuration Cameron-Plint SRV
Upper Specimen
Cylinder Length 22 mm 22 mm
Cylinder Diameter 15 mm 15 mm
Cylinder Roughness (Ra) 160 nm 60 nm
Lower Specimen
Specimen Thickness 6 mm 6 mm
Specimen Curvature ≈ 100 mm radius None
Test Parameters
Load 100 N and 150 N 200 N
Mean Contact Pressure ≈1.3 MPa and ≈1.5 MPa ≈1.8 MPa
Stroke Length 6 mm 2.5 mm
Oscillation Frequency 5 Hz 40 Hz
Mean Sliding Speed 0.06 m/s 0.20 m/s
Test Duration 60 min. 30 min.
Temperature 26◦ C 26◦ C and 80◦ C
Lubricants (both rigs) Uncontaminated Polyol ester

Uncontaminated Complex ester
Polyol ester w/ 5% H2O content
Aged Polyol ester w/ 5% H2O content

Figure 1: Cameron Plint (left) and SRV Optimol (right) test arrangements

The only question with this arrangement is whether or not the stretching of the outer face

of the rubber has an effect on its tribological characteristics. It is hypothesized that be-

cause of the thickness of the samples (6mm), the effects of the increased surface stresses

in the rubber should be minimized by the ability of the rubber to deform to its lowest

energy state. Any potential effects of the increased surface stress should serve to accel-

erate the wear rate, which is acceptable considering the high durability of the materials

used in these tests. Furthermore, any potential for thermal degradation in the rubber was

minimized through the use of a cooling fan to keep the temperature of the test apparatus

and the specimens as close to room temperature as possible.

For lubrication of the specimens, it was found that a very small amount of lubricant was

required to maintain a film in the contact. Thus, lubricant was liberally applied to both
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the steel and elastomer surfaces prior to the start of each test with no additional lubricant

applied during the test.

A similar procedure was employed in the SRV tests (detailed in Table 1) with the primary

exceptions being that disc shaped elastomer specimens were used, see Fig. 1(b) instead

using the curved surface mounting system. The test parameters used for the SRV test rig

are different from those of the Cameron Plint to determine the effect of a higher speed

and contact pressure on the wear. Additionally, it was hypothesized that with a lower

roughness on the counterface and higher speed, the elastomers would be in a slightly

different range in terms of their visco-elastic characteristics which would allow further

comparisons between the material and lubricant performance.

3. RESULTS AND DISCUSSION

The Cameron-Plint experiments displayed how the different elastomer materials per-

formed in the presence of different oils and varying degrees of contamination and age-

ing as well as at different loads. These results are shown in Figure 2. In general for the

elastomers, it was found that HNBR generated the lowest friction level while NBR the

highest. The complex ester generally had lower friction than the various forms of polyol

ester. However, the variation in results for the lubricants makes it difficult to draw any

firm conclusions.

Of note are the several unique characteristics that appear in the results. In the case of

FKM, it was generally found that the friction decreased when the load was increased.

While this decrease was significant when the FKM was lubricated by the complex ester

and the contaminated polyol esters. However, the contaminated polyol esters performed

equally, in relation to each other, under both conditions signifying that the degree of

ageing of the oil has little effect on the friction with FKM, or at least much less effect

than the presence of water contamination.

Much of this was not the case for NBR and HNBR. For NBR, the higher load reduced

friction, but does not appear to have affected the relationship between the values. The

friction in the case of HNBR varied greatly under the different loads. While friction

decreased at higher loads with FKM and NBR, under HNBR, it increased. However,

with the addition of water contamination, the observed increase in friction was much less

significant than without, signifying that the water contamination plays a large role in the

friction characteristics of HNBR. The generally lower friction observed in HNBR may

be attributed to the a variance in the frequency response characteristics of the material
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Figure 2: Coefficient of friction from Cameron-Plint tests,100 N and 150 N loads, ≈1

MPa and≈1.5 MPa contact pressures, 6 mm stroke, 5 Hz oscillation frequency, 60 minute

long tests

Table 2: Wear observations from Cameron-Plint tests

100 N Load 150 N Load
Lubricant FKM NBR HNBR FKM NBR HNBR
Complex ester 1 3 0 3 5 0.5
Polyol ester 0.5 1.5 0 3 5 3
Polyol ester 5% H2O 1.5 1.5 0 0 4 0
Aged Polyol ester 5% H2O 1 2 0 1 4 0.5

from that of the other materials due to differences in chemical structure and fillers. Much

has been covered in previous works on the properties of elastomers at various excitation

frequencies [11], [12], [13] among others, but further investigations at the nano-scale are

needed to fully understand this effect.

The wear experienced by the elastomers was qualitatively ranked from 0 being no visible

wear (see Fig. 3(a)) to 5 being widespread wear with a developed groove (see Fig. 3(c)).

An example of mid-level of wear is shown in Fig. 3(b). Average values of these ratings

are detailed in Table 2. Some conclusions can be drawn from these wear observations,

the most basic of which is that the HNBR was the most resistant to wear, followed by the

FKM with the NBR being the most susceptible to wear. In general, though, the extent

of wear of the elastomers corresponds quite closely to the friction values produced in

each test with higher friction resulting in higher wear and vice versa. The wear mode in
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(a) Wear level 0 (HNBR) (b) Wear level 3 (FKM) (c) Wear level 5 (NBR)

Figure 3: Range of wear patterns in Cameron Plint

Figure 4: Coefficient of friction from SRV tests, 200 N load, 2.5 mm stroke, 40 Hz

oscillation frequency, 30 minute long tests

these tests began with a roughening of the surface, followed by deeper wearing and major

roughening of the elastomer in the middle of the contact region. This roughening then

increased as the cylinder began contacting and wearing newly roughened material.

Similar analysis was accomplished on the test samples from the SRV test rig with varying

results and are displayed in Figure 4 and Table 3. In tests on the SRV machine at room

temperature FKM produced the lowest friction and the highest level of wear. HNBR

yielded comparable friction to NBR and high levels of wear. The lower friction values are

in part due to the presence of large areas of worn surface which, when combined with the

temperature formed wave-like uplifts on the surface and appear to have both decreased the

friction and increased the wear rate through their action of rolling back and forth over the

contact area. NBR, however, experienced much lower wear than HNBR or FKM. While

worn surface areas were present on the NBR samples, they were much smaller and less
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Table 3: Friction and Wear results for SRV tests

26◦ C 80◦ C
Lubricant FKM NBR HNBR FKM NBR HNBR
Complex ester 5 3 5 5 1 4
Polyol ester 5 1 5 4 1 5
Polyol ester 5% H2O 5 4 5 4 4 4
Aged Polyol ester 5% H2O 5 3 5 5 1 5

(a) NBR, complexl ester (b) HNBR, complex ester (c) FKM, complex ester

Figure 5: Typical wear for materials in SRV tests after 30 minutes at 26◦

widespread than those in the FKM and HNBR.

The greatest contributing factor to the high levels of wear was the geometry of the metal

cylinder. While it did have rounded edges, the radius was still small enough to force the

lubricant out of the contact at the end of the stroke instead of the action observed in the

Cameron-Plint tests where the lubricant was drawn into the contact through each stroke.

A similar effect occurred along the sides of the cylinder, except that the contact pressure

was not as high as at the ends, and so the wear was lower. In the center of the contact, it

is theorized that the lubricant was held in place by the sealing effect discussed in [14] and

[15]. Additionally, because the test configuration created higher speeds in the central area

of the contact, this area was more likely to experience EHL than the ends of the contact

and thereby the wear was greatly reduced by the creation of a fluid film. This effect was

visible in several specimens and appeared to decrease the amount of worn material being

produced in the center of the contact area. Not only did the wear appear to initiate at

the ends of the sample but in many samples, it began along the entire edge of the contact

area. From the ends and the edges, the wear spread towards the center in an hourglass

pattern. This pattern occurred in nearly all of the tests and is compared to the wear pattern

observed in the Cameron-Plint machine in Fig. 6. The root cause of this wear cycle is

believed to be caused by a fretting affect that trapped wear material in the center of the

contact due to the deformation there and the lack of flushing fluid. It is also believed

that a thermal gradient was present in the material during the tests that contributed to the
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(a) Cameron-Plint machine (b) SRV machine

Figure 6: Comparison of wear patterns between testing arrangements

wear. At the contact surface the temperature was much higher than at the bottom of the

contact producing a thermal gradient in the materials. Because elastomer properties are

heavily affected by the temperature at which they operate, the thermal gradient produced a

gradient in the material properties which allowed for weaknesses and stress concentrations

in the material. Additional tests using the SRV machine at shorter time scales showed that

the development of the worn surface occured much more rapidly in the testing cycle for

FKM and HNBR than for NBR. After a 10 minute test, FKM and HNBR displayed similar

levels of wear to NBR after a 30 minute test.

Testing at a higher temperature of 80◦ generally produced slightly lower friction and wear

levels but some specimens displayed increased levels of friction. This decrease in wear

levels could be in part due to the much less significant thermal gradient in the material

present at high temperature (the heating came from the base of the materail). Thus, the

material properties were more consistent through the samples’ thickness, reducing the

internal stress in the materials.

4. CONCLUSION

These experiments have investigated the friction of elastomers in contact with steel cylin-

ders when lubricated by contaminated and uncontaminated EALs in reciprocating sliding

motion. The work was conducted using two different test rigs, a Cameron-Plint recipro-

cating rig and an Optimal SRV reciprocating test rig. Due to the testing configuration and

setup, the SRV specimens were subject to greater thermal effects than experienced in the

Cameron Plint tests which led to increased wear and inconsistent and unsteady results.

It was found that under slower speed sliding in the Cameron-Plint tests, HNBR produced
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the lowest friction and wear while NBR produced the highest friction and wear with the

wear in these tests originated in the center of the contact area parallel to the direction of

motion. The SRV tests resulted in quite different results with HNBR producing compara-

ble friction and wear to FKM and NBR yielding very little wear. In regards to lubricants,

the complex ester base fluid appeared to produce lower friction, and the contamination ap-

peared to have very little effect on the friction and wear in most cases, but firm judgements

were difficult to make due to the variation in responses to each elastomer.
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