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This research investigated the efficacy of lead naphthenate as a wear additive in multi alkylated 
cyclopentane (MAC) fluid. The use of lead naphthenate in MAC lubricants has a history of more than thirty 
years with spaceflight heritage. However, despite its history of use in a variety of rolling and sliding 
applications, there is still a lack of understanding about this additive's wear protection mechanism and its 
performance. This paper will illustrate the efficacy of lead naphthenate to protect a lubricated contact 
against wear in a variety of conditions including atmospheric, vacuum, and mixed film lubrication. The 
effects of varying levels of lead naphthenate, different compositions of steel (52100 and 440C), and varying 
temperatures was investigated.       

This research investigates the performance of this additive in simulated contact testing using an SRV as 
well as a Mini Traction Machine (MTM). The SRV testing of the lead naphthenate will be in boundary and 
mixed film contact under vacuum and atmospheric conditions to better understand how the additive 
functions on a lubricated 52100 and 440C contact. The MTM will be utilized for scuffing/galling wear tests 
which will be performed in a mixed film and boundary lubrication conditions in a counter-rotation 
rolling/sliding contact. Through use of counter-rotation, the entrainment speed can be decoupled so that 
the scuffing/galling properties of the lubricant can be determined in boundary and mixed film conditions 
over a range of sliding speeds. This also allows for the rolling friction and sliding friction to be decoupled 
and measured separately. 

Introduction and Background 

Lead naphthenate has been used heavily as an anti-wear and extreme pressure additive in multi alkylated 
cyclopentane lubricants for high-vacuum space mechanisms. The additive consists of a centralized lead 
ion that is bonded with the oxygen atoms of a two carboxylate groups each attached to naphthenate 
aromatic rings. The naphthenate aromatic hydrocarbon rings provide the solubility of the lead naphthenate 
in different hydrocarbon oils but the way the additive reacts with steel and protects against wear in various 
lubrication regimes is still not fully understood.  

The historical use of lead naphthenate originates from industrial gears and bearings where it was used an 
extreme pressure additive over fifty years ago. Over the last thirty years, it has gained a lot of spaceflight 
history although there are still many questions regarding its efficacy, primarily how does it function in various 
lubrication regimes, the effects of different metallurgy, and how does the environmental pressure effect its 
performance.  

With the increasing number of space mechanisms being developed and launched as well as the increasing 
length of mission time required, it is critical to have a robust design with high reliability. To improve the 
reliability, it is necessary to have long lives for all of the components in the design. This will require that the 
lubricants used for space mechanism environments must also improve. The use of lead naphthenate 
additive in multi alkylated cyclopentane fluids is a proven additive package with spaceflight history but in 
order to develop and advance the lubrication technology for high vacuum space mechanisms, additional 
understanding of its tribological performance is needed.  
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While there are a wide variety of atmospheric tribology tests, there are far fewer that operate under high 
vacuum conditions. The three most important of these vacuum tribology tests are the 4-ball, SRV, and the 
SOT, all of which have their particular tradeoffs.  

The use of a 4-ball wear test under vacuum provides good comparison to a large amount of published data 
as this test has been used for decades in various lubricants. However, this test has a high Hertzian contact 
stress that operates in a pure sliding mode typically within the mixed lubrication regime. Because of the 
high speeds this test is typically operated at, the sliding motion, and operating in a single rotational direction, 
strong films are created which prevent this test from being able to properly evaluate anti-wear or extreme 
pressure additives. The SRV, while similar to the 4-ball wear, offers more flexibility and operates in an 
oscillating motion which allows for better evaluation of lubricant additives. The SRV also provides a variety 
of contact geometries, loads, and speeds to help simulate a tribological contact. The SOT is in a class by 
itself as it was purposely designed to simulate angular contact bearings in a vacuum environment and has 
a rolling/pivoting motion.  

When considering how to research the efficacy of lead naphthenate and how it functions as a tribofilm, it is 
important to look at various methodologies to characterize its performance. In the beginning stages, this is 
easiest performed by using simulated contact testing. In this respect, an SRV makes the best choice as it 
is very flexible in regards to the contact mechanics and environmental conditions. The availability of SOT 
testing is somewhat limited but a Mini Traction Machine (MTM) can be used in a manner to simulate the 
same type of application conditions with a ball running in an orbital pattern on a disc with a mixture of 
rolling/sliding. While the MTM cannot currently run in a vacuum condition, it can be used to understand the 
complexities of lead naphthenate operating in a rolling/sliding mixed application. When this is combined 
with the vacuum/atmospheric testing on the SRV, the performance of the lead naphthenate can be made 
clearer.  

To understand the functionality of lead naphthenate as an anti-wear additive, it is important to understand 
the genesis of wear in order to be able to reduce or control it. There are many forms of wear including 
adhesive, abrasive, and fretting, however they all have a starting point where the first damage to the surface 
occurs and an ending point which is either a seizure or contact fatigue. Recent work had been done to 
illustrate how scuffing wear is believed to be the point where this wear starts [1] [13]. 

Scuffing wear has been described by many ways over the years. It can be used in cases synonymously 
with galling or scoring, all of which to some degree are different stages of the same wear phenomenon. 
When a contact is supported by a lubricating film whether it is in Boundary, Mixed, or an EHD lubrication 
regime, both the additives and fluid are performing different roles to prevent wear in the contact. The 
scuffing point or genesis of wear, which I will define as instantaneous breakdown of the fluid film supporting 
the contact, marks the time when wear will begin to occur, and the severity is then related to the strength 
of the tribofilm. The breakdown of the fluid film can be caused by several methods including, increased 
contact stress, entrainment speed, or degradation.  

Over the last 100 years there has been considerable work done to develop the knowledge surrounding 
scuffing wear and contact fatigue. In the 30’s and 40’s, Blok did a lot of research to study the scuffing 
properties of lubricants with respect to their viscosity [2]. He was also the first to research and publish work 
on how counter-rotation works to decouple the sliding and entrainment speeds. This will eliminate torque 
effects and separate the different frictional elements. 

Over the years, the research into scuffing has led to the creation of many different test methods or 
equipment. Some of these include the 4-Ball Wear test which has been used for scuffing and contact fatigue 
testing. The FZG gear test is one of the more well-known scuffing tests but has limitations due to its cost, 
reproducibility, and being able to investigate the scuffing before catastrophic damage to the gear occurs [3] 
[4]. 
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More recently several researchers have started investigating this wear mechanism and different methods 
to evaluate it. Some work has been done by Galary to study scuffing on an SRV [5] as well as to simulate 
the FZG test [6]. In the more recent work by Galary, he investigates a method to simulate the FZG scuffing 
test on an SRV using custom specimens and fixtures. This new method used the same type of gear steel 
and contact pressures as the FZG test, was much less expensive, showed great repeatability, and had a 
strong correlation to the FZG test. It also had expanded load stages beyond the standard FZG test, but its 
main limitation was that it remained a pure sliding test. 

Wedeven has been one of the pioneers in using a rolling/sliding tribometer for scuffing analysis and he has 
promoted the value of separating the sliding speed from the entrainment velocity to better understand the 
tribological contact [7]. This is accomplished through counter-rotation and is critical in understanding the 
wear regime and what is happening in the contact. The approach of Wedeven is different than in this paper 
as he approaches the problem by variation of the contact angle between mating bodies as opposed to the 
counter-rotation method used in this work. 

Experiments 

Two different tribological test methods were used in this research. One of the methods is run in pure sliding 
under both atmospheric and vacuum conditions (5 x 10-5 Torr min) while the second testing is a mixed 
rolling/sliding contact in atmospheric conditions only. The friction/traction properties along with the wear 
rates were measured for two multiply alkylated cyclopentane (MAC) hydrocarbon oils formulated with 3% 
and 5% lead naphthenate (2001-3PB and 2001-5PB) along with unformulated MAC oil (2001A). The lead 
naphthenate used in these samples was vacuum treated prior to formulation to improve vacuum outgassing 
characteristics and make it suitable for a space mechanism lubricant.  

For the sliding testing, an SRV tribometer was used in a ball on disc configuration. The SRV has a fixed 
lower specimen allowing the upper ball to be oscillated at various frequencies while the frictional force is 
measured. The contact area is coated with 5 ml of lubricant for the testing that will be run at temperatures 
of 20°C and 75°C (controlled during test). For this research, AISI 52100 steel balls and discs were used 
that had a Young’s Modulus of 210 GPa and a Poisson ration of 0.30. The balls had a 10-mm diameter with 
a roughness (Ra) of 25 nm and a Rockwell hardness of 62 HRC. The 24-mm discs are vacuum arc re-
melted and had a hardness of 58 HRC with a lapped surface that has a roughness (Rz) of 500 nm. The 
440C steel balls and discs that were used had a Young’s Modulus of 210 GPa and a Poisson ration of 0.30. 
The balls had a 10-mm diameter with a roughness (Ra) of 25 nm and a Rockwell hardness of 62 HRC. The 
24-mm discs had a hardness of 58 HRC with a lapped surface that has a roughness (Rz) of 500 nm. All the
tests were run in duplicate and with a maximum Hertzian contact stress of 2.12 GPa and a sliding speed of
300 mm/s.

The experimental testing methodology is as follows. Test specimens are ultrasonically cleaned in heptane 
followed by acetone. The testing apparatus is then assembled, and oil is applied for the experiment. The 
lower specimen is then heated to the testing temperature with no force applied to the contact and no 
oscillation. Once the testing temperature is reached, the force is applied to the specimens and oscillatory 
motion starts. The test continues for two hours or until the coefficient of friction exceeds the test limits or 
seizure occurs.  

The mixed rolling/sliding testing was performed using a mini-traction machine (MTM) with a ball on-disc 
configuration which is shown in Figure 1. In the MTM, the ball and disc are driven independently which 
allows any combination of rolling and sliding. The measurement of frictional force is done through a load 
cell that is attached to the bearing housing of the ball motor shaft. The lower testing specimen (disc) and 
the contact area is completely immersed in oil for testing which is kept at a controlled temperature of 50°C 
and 150°C for this testing. 
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Figure 1. Schematic of Mini Traction Machine 

The sliding speed is defined as 

�� = |�� − ��| (1)

where u1 and u2 are the speeds of the two surfaces in respect to each other. The entrainment (rolling) speed 
or velocity is then 
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With the slide to roll ratio (SRR) being the ratio of the sliding speed to the rolling speed of a contact. 
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When the slide-roll ratio is between 0 and 2, the ball and disc will rotate in the same direction relative to the 
contact. At SRR of 0, the contact sees pure rolling while at 2 it is in pure sliding with the ball held stationary 
relative to the disc. While in this range of SRRs, any increase in the sliding speed causes a proportional 
increase to the entrainment speed U. This increase in the sliding speed also creates a thicker film separating 
the surfaces which will lead to less contact and a stronger EHD film [8]. 

For this research, in order to keep the tribological contact in a mixed film condition, the use of counter-
rotation will be employed. Counter-rotation drives the ball and disc in opposite directions independently. 
Through operation of the MTM in opposite directions relative to the contact, the rolling/sliding speeds can 
become large while the entrainment speed stays fixed. This allows for very high sliding speeds with an 
entrainment speed at the contact that can theoretically be 0. The advantage to performing tests in this 
manner is to eliminate the effect of an EFD film creation and allows for additives and surface chemistry to 
be tested in either boundary or mixed film lubrication regimes. 

The film thickness for Mixed Film Lubrication was calculated as follows. 

ℎ ≈ 1900η� (4) 

where η is the Dynamic Viscosity and U is the Entrainment Velocity. 

In previous work by the author and when considering other scuffing tests, it was noticed that most 
simulations use a load stage progression. This can be seen in the FZG, 4-Ball EP, SRV, OK Load Test, 
and Timken tests. The testing in this work will be done using progressive speed as opposed to a load stage 
test. Part of the reason for this is because the higher sliding speeds will allow for a more aggressive wear 
rate to help differentiate the efficacy of the additives. Another reason that may be more important is the fact 
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that in a test where the contact stress increases at every stage, the contact patch will also increase at every 
stage. This leads to fresh nascent metal being exposed at every stage. This new area of contact does not 
have a tribofilm on it and so it is more likely to have aggressive wear. This is why tests run in a progressive 
load methodology will typically have failures at the step increase and have lower repeatability. 

For this research, AISI 52100 steel balls and discs were used that had a Young’s Modulus of 210 GPa and 
a Poisson ration of 0.30. The balls had a 19.05-mm diameter with a roughness (Rq) of 10 nm and a Rockwell 
hardness of 62.5. The discs had a hardness of 60.5 and a roughness (Rq) of 11 nm. All the tests were run 
in duplicate and with a maximum Hertzian contact stress of 1.25 GPa. 

The experimental testing methodology is as follows. Test specimens are ultrasonically cleaned in heptane 
followed by acetone. The testing apparatus is then assembled and filled with oil for the experiment. The 
temperature of the oil is then heated to 150°C while the ball and disc are rotated at a slow speed while not 
in contact. This continues for 30 minutes to allow for any chemical absorption of the additives on the 
surfaces. After this, there is a 10-minute run-in period with a Hertzian contact stress of 1.25 GPa and an 
SRR of 1. Once the run-in has completed, a progressive speed test starts with running stages for 1 minute 
and rest stages for 30 seconds. The SRR is varied at each stage in order to maintain the entrainment speed 
for each stage but increase the sliding speed at the contact. The test continues until either all stages (51) 
are completed (maximum speed for MTM) or scuffing wear and seizure occurs. 

Results and Discussion 

SRV (Sliding in Atmospheric and Vacuum Conditions) 
The results in Tables 1-3 and Figure 2 are from the experiment on the MAC with 0%, 3%, and 5% lead 
naphthenate when tested in a mixed film regime, at 20°C on the SRV under both atmospheric and vacuum 
conditions. These plots illustrate the wear rate of each material which is determined by the total wear volume 
(µm3) per millimeter traveled in the test. The wear volumes were measured using an Ametek 3D Optical 
Profilometer.  

Table 1. Wear Performance for MAC fluid with 0% Lead at 20°C 

Table 2. Wear Performance for MAC fluid with 3% Lead at 20°C 

Table 3. Wear Performance for MAC fluid with 5% Lead at 20°C 

Material Temp (°C) Environment Specimen Avg Wear Scar (mm2) Disc Wear Volume (μm
3
) Wear Rate (μm

3
/mm)

0% Lead 20 Atmosphere 440C 1.939 599,972 0.28

0% Lead 20 Vacuum 440C 1.924 518,400 0.24

0% Lead 20 Atmosphere 52100 2.260 481,018 0.22

0% Lead 20 Vacuum 52100 2.265 410,400 0.19

Material Temp (°C) Environment Specimen Avg Wear Scar (mm2) Disc Wear Volume (μm
3
) Wear Rate (μm

3
/mm)

3% Lead 20 Atmosphere 440C 1.966 410,400 0.19

3% Lead 20 Vacuum 440C 1.945 216,000 0.10

3% Lead 20 Atmosphere 52100 2.278 342,356 0.16

3% Lead 20 Vacuum 52100 2.251 259,200 0.12

Material Temp (°C) Environment Specimen Avg Wear Scar (mm2) Disc Wear Volume (μm
3
) Wear Rate (μm

3
/mm)

5% Lead 20 Atmosphere 440C 2.129 291,600 0.14

5% Lead 20 Vacuum 440C 1.879 172,800 0.08

5% Lead 20 Atmosphere 52100 2.742 263,520 0.12

5% Lead 20 Vacuum 52100 2.242 216,000 0.10
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Figure 2. Mixed Film Lubrication Wear Rate at 20°C 

In atmospheric conditions, the wear rates for 52100 steel was consistently lower than the 440C. Under 
vacuum conditions, this still holds true for the sample with 0% lead but the samples with 3% and 5% lead 
produced lower wear rates with 440C than 52100. Interestingly enough, when looking at the average wear 
scar there is no correlation to the disc wear volume of the wear rate. Until recently, most published papers 
used the average wear scar to compare efficacy of wear additives and performance in testing. Using this 
measurement simply gives you a dimension of the worn area with no indication of how much material was 
removed. The results from this study as well as those presented by St. Pierre [9] have illustrated that two-
dimensional wear measurements cannot be relied on to understand what is going on in a mechanism or 
tribological contact. By using 3D profilometry, a deeper understanding of what is going on can be attained. 

The results in Tables 4-6 and Figure 3 are for the multiply alkylated cyclopentane with 0%, 3%, and 5% 
lead naphthenate when tested in a mixed film regime, at 75°C on the SRV under both atmospheric and 
vacuum conditions. 

Table 4. Wear Performance for MAC fluid with 0% Lead at 75°C 

Table 5. Wear Performance for MAC fluid with 3% Lead at 75°C 
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Material Temp (°C) Environment Specimen Avg Wear Scar (mm2) Disc Wear Volume (μm
3
) Wear Rate (μm

3
/mm)

0% Lead 75 Atmosphere 440C 1.949 1,080,000 0.50

0% Lead 75 Vacuum 440C 2.286 962,688 0.45

0% Lead 75 Atmosphere 52100 1.978 263,796 0.12

0% Lead 75 Vacuum 52100 2.426 276,480 0.13

Material Temp (°C) Environment Specimen Avg Wear Scar (mm2) Disc Wear Volume (μm
3
) Wear Rate (μm

3
/mm)

3% Lead 75 Atmosphere 440C 2.380 977,730 0.45

3% Lead 75 Vacuum 440C 2.853 691,200 0.32

3% Lead 75 Atmosphere 52100 3.987 622,811 0.29

3% Lead 75 Vacuum 52100 2.216 259,200 0.12
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Table 6. Wear Performance for MAC fluid with 5% Lead at 75°C 

Figure 3. Mixed Film Lubrication Wear Rate at 75°C 

In atmospheric conditions, the wear rate for 52100 steel was consistently lower than the 440C although 
they trended in opposite directions with the increase in lead content. Under vacuum conditions, the effect 
for the sample with 0% lead was minimal but the samples with 3% and 5% lead produced considerably 
lower wear rates for both 440C and 52100. This opposite trend between the 52100 and 440C is believed 
to be related to the way lead naphthenate interacts with the chemical composition of the steel [10]. With 
52100, the lead naphthenate reacts with the iron oxide present at the surface layer and created with wear 
debris. When under vacuum there is less iron oxide formation which allows the lead naphthenate to provide 
more wear protection. Regarding the 440C, the lead naphthenate will chemisorb into the chromium layers 
of the stainless and provide better wear protection as the concentration increases and the environment 
goes from atmospheric to vacuum.  

Comparing the wear performance between 20°C and 75°C, all samples had a higher wear rate (2-3X) on 
440C at 75°C. As this SRV testing is a pure sliding test, the lower wear resistance for the 440C at 75°C 
across all concentrations is tied to the more complex layered structure of the metal. The structure of the 
440C would require both chemisorption and physical absorption for the best performance. On the 52100 
specimens, the samples with 0% lead had half the wear at 75°C, approximately the same level of wear at 
a 3% loading of lead, and at 5% lead the wear rate was higher for samples tested in atmospheric conditions 
while the wear under vacuum was slightly lower.  

Material Temp (°C) Environment Specimen Avg Wear Scar (mm2) Disc Wear Volume (μm
3
) Wear Rate (μm

3
/mm)

5% Lead 75 Atmosphere 440C 3.003 756,000 0.35

5% Lead 75 Vacuum 440C 1.874 388,800 0.18

5% Lead 75 Atmosphere 52100 3.335 612,415 0.28

5% Lead 75 Vacuum 52100 1.842 162,000 0.08
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MTM (Rolling/Sliding Contra-Rotation) 
The results in Figures 4-6 are for the MAC cyclopentane with 0%, 3%, and 5% lead naphthenate when 
tested in a mixed film regime rolling/sliding configuration on the MTM at 50°C and at 150°C. These plots in 
Figures 4 and 5 illustrate the traction coefficient over time during a mixed film scuffing wear test. In Figure 
6, the wear rate of each material is shown. This wear rate was determined by the total wear volume (µm3) 
per millimeter traveled in the test. In Figure 5, a benchmark sample is added to illustrate a material that was 
developed for a non-vacuum application that illustrates exceptional anti-scuffing performance. This is a 
target to work towards for anti-wear performance improvement of the MAC lubricants for space 
mechanisms.  

Figure 4. Mixed Film Progressive Speed Scuffing Test at 50°C 

Figure 5. Mixed Film Progressive Speed Scuffing Test at 150°C 
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In general, anti-wear and EP additives are thought to reduce friction in a lubricated contact however in 
these scuffing wear tests, the friction for all the samples with lead naphthenate are generally higher in 
friction. Although the friction was higher, this did not create larger wear rates. The higher friction in the 
contact is caused by the formation of a lead tribofilm on the ball and disc. This tribofilm of lead formed on 
the disc surface while protecting the contact also increases the friction against the contact and tribofilm on 
the ball. This should not be considered a negative effect but instead illustrates the importance of run-in to 
allow lead naphthenate to chemisorb and physiosorb on a metal surface.  

Figure 6. Mixed Film Scuffing Wear Rate Comparison 

In Figures 7-9, the wear profiles for the 0%, 3%, and 5% lead are shown from one section of the tested 
disc. The wear pattern of the experiment using the 0% lead is a typical rough worn groove with indications 
of adhesive wear along the contact area. The 3% lead experiment shows a much shallower wear depth and 
overall a smoother wear pattern. The 5% lead experiment is the most interesting as there was almost no 
wear below the steel surface. In this experiment, it can be seen from the profile analysis that a 2 to 4-µm 
layer has been created on the surface of the steel. It is this surface that was then wearing away during the 
experiment. Upon further investigation using X-ray Spectroscopy, it was determined that this tribofilm that 
had been created on the surface of the steel was primarily composed of lead.  

9.67

2.42

0.79

7.79

1.22
0.36

0

2

4

6

8

10

12

0% Lead 3% Lead 5% Lead

W
e

ar
 r

at
e

 (
μ

m
3 /

m
m

)

Scuffing Wear Rates

50°C 150°C

NASA/CP—2018-219887 77



Figure 7. MTM Wear Profile of 0% Lead Naphthenate 

Figure 8. MTM Wear Profile of 3% Lead Naphthenate 
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Figure 9. MTM Wear Profile of 5% Lead Naphthenate 

From these results, we can see that there is a transition point in the concentration of lead in these MAC 
fluids and how it reacts with the surface metal to form an anti-wear tribofilm. It should be noted, that this 
phenomenon was not seen in the SRV testing. It is believed that the aggressive sliding in the SRV test 
creates an entirely separate wear mechanism that prevents the lead naphthenate from reacting with the 
surface and building a strong tribofilm. In the MTM testing, there is a mixed rolling/sliding which will promote 
a tribofilm to be created in a fashion much more similar to bearings and gears. This agrees and confirms 
work done by Carre et al [11] where it was found in ball bearing test data that lead naphthenate reacts with 
metal wear particles to create lead-containing surface coatings.

Conclusions 

In previous studies done on lead naphthenate using the SRV and other sliding tribometers, results have 
typically been inconclusive regarding the efficacy of this additive to protect a lubricated contact. The 
standard SRV testing includes conditions that could be inappropriate for evaluating many anti-wear 
additives including lead naphthenate. This includes the sliding speed which would create a thicker film 
preventing the additive function from being studied. The contact stress is also much higher in standard 
ASTM tests which will influence how the tribofilms are created and in the case of lead naphthenate, the 
higher contact stresses will create additional wear which will react and consume available lead naphthenate 
making it unavailable to create a protective tribofilm. From this research, the following conclusions were 
found.  
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SRV Oscillatory sliding experiments
- At 20°C in pure oscillatory sliding testing, it was shown that samples with lead naphthenate used

as an anti-wear additive outperformed neat MAC samples in all experiments. Under vacuum
conditions, the samples with lead naphthenate offered twice the wear protection with 440C
performing the best.

- At 75°C in pure oscillatory sliding testing on 52100 steel, samples with lead naphthenate in an
atmospheric environment performed worse as the concentration of lead increased. However, when
in a vacuum environment, as the concentration increased the wear rate decreased.

- At 75°C in pure oscillatory sliding testing on 440C, samples with lead offered up to twice the wear
protection over the neat samples in a vacuum environment.

- Lead Naphthenate had better anti-wear performance at lower temperatures and increasing the
amount of lead directly reduced the wear rate. At higher temperatures the wear rate was almost
double for the highest lead loading across all tests.

MTM mixed rolling/sliding experiments
- At 50°C in the counter-rotation wear test, lead naphthenate offered three times the wear protection

when in a 3% concentration and eleven times the protection for 5% lead compared to the neat MAC
fluid.

- At 150°C in the counter-rotation wear test, lead naphthenate offered five times the wear protection
when in a 3% concentration and twenty times the protection for 5% lead compared to the neat MAC
fluid.

- There appears to be is a transition point between 3% and 5% lead naphthenate where the available
lead can react with both the surface and worn metal to create a strong lead anti-wear tribofilm. This
tribofilm that is created is between 2-4 µm thick and while it will cause an overall increase in friction
at the surface, the wear of the contact is greatly reduced.

- Lead Naphthenate had better anti-wear performance at high temperatures and increasing the
amount of lead directly reduced the wear rate.

Lessons Learned 

- The additive function of lead naphthenate is a combination of physical absorption through rubbing or
pressure and chemisorption.

- Depending on the mechanics in the contact (sliding versus rolling), the effect of temperature had a
significant effect. This appears to indicate that higher concentrations of lead would be required for more
severe applications involving pure sliding and/or high temperatures as the lead is consumed faster
through reaction with surface layer steel oxides and sublayers.

- In rolling and mixed contacts, lead naphthenate creates a strong tribofilm on the steel surface that aids
in protecting from wear but at the same time will increase the friction in the contact.

- The formation and durability of lead naphthenate tribofilm is dependent on the environment with higher
performance coming under vacuum conditions. It is also believed the lack of oxygen promotes this life
due to the lack of oxide formation on the steel and degradation of the lead naphthenate.

- In general, an increase in lead content will decrease the wear rate.
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