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PRESIDENT'S PODIUM 

High-Performance Multiuse (HPM) 
Grease Specification Update

Joe Kaperick
Afton Chemical

NLGI President 2018-2020

NLGI’s HPM Grease Specification Steering Committee, led by Mike Kunselman with the Center for Quality 
Assurance and Chuck Coe, Technical Expert for NLGI, carried out a very successful virtual workshop on March 25, 
2020. This workshop was originally scheduled to take place in Atlanta, GA; however, due to COVID-2019, we quickly 
switched this to a virtual platform in order to maintain our timeline for market launch in early 2021.

The purpose of the workshop was to continue forming consensus around the new specifications by having a more in-
depth discussion to determine areas of consensus and issues that still needed further consideration. To date, various 
interviews involving end users, grease manufacturers and other stakeholders within key industries have taken place. 
This workshop was the next step bringing NLGI members together from a wide range of companies and industry 
segments to begin finalizing the performance test parameters and limits. 

The workshop included 40 participants divided into five breakout groups. Each breakout group was asked to discuss 
a series of topics, define areas of consensus and disagreement, then report their feedback to the overall group. 
Participants were encouraged to share their thoughts on the following topics:
• HPM Core Spec – Part 1
• HPM Core Spec – Part 2
• Water Resistance (+WR)
• Corrosion Resistance (+CR)
• High Load (+HL)
• Low Temp (+LT)
• Long Life (+LL)

The dialog among the breakout groups as well as the discussion at the main group level was both productive and 
enlightening. The next step is for the Steering Committee to compile raw data from each breakout group and map out 
areas of consensus as well as areas that need further discussion and deliberation. 

Many thanks to all of you who participated in our day-long “face-to-face” virtual workshop. We appreciate it and the 
ultimate specifications that result from it will be all the better for your thoughts and suggestions. And for those who 
were not able to participate, we’d still like to hear from you. Please send your thoughts, ideas or questions to:
• Mike Kunselman, CQA – grease@centerforqa.com
• Chuck Coe, Technical Expert – chuckcoe@grease-tech.com 

I’d also like to encourage all of you who have an interest in the new HPM Grease Specifications to plan on 
participating in a half-day workshop to finalize the specification. For now, the half day is scheduled at the NLGI 
Annual Meeting on Thursday, June 18, 2020 (morning after the closing party). We will continue to monitor the 
COVID-2019 issue and let you know immediately if our meeting will be postponed to new dates as this will affect the 
half-day workshop as well. 

We will continue to keep you apprised of the latest developments regarding the HPM Grease Specification. Please 
don’t hesitate to contact NLGI leadership or Crystal O’Halloran, NLGI Executive Director with any questions.

Stay safe & healthy - and wash your hands!
Joe Kaperick
NLGI President 2018-2020
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Abstract 
Operators and end users may not always be aware of the risks involved when considering a change 
of grease in a machine. Mixing two incompatible greases can have serious repercussions such as a 
major change in grease consistency and lubrication performance (Figure 1). End users frequently rely 
on grease compatibility charts that can be found in many grease marketers’ literature, OEM manuals, 
textbooks, and all over the Internet. These charts rate the compatibility of pairs of greases based 
solely on thickener types and, in many cases, do not agree with one another. And typically, these charts 
do not cite the methodology used to create their ratings. Unfortunately, end users may not be aware of 
the limitations of these charts.

Greases are made up of three components: base oil, thickener, and additives. While thickener 
differences are the most common cause of incompatibility, base oil differences (e.g., mineral versus 
synthetic) and adverse additive interactions can also cause two greases to be incompatible. Not only 
do the compatibility charts ignore the impact of base oils and additives, they also generalize about 
each thickener type.

In this study, a test program was conducted on six commercial greases, three each of two different 
thickener types: aluminum complex and lithium complex. The testing was performed using a 
modification of the ASTM D6185 method [1], with the ASTM D1831 Roll Stability test in place of the 
ASTM D217 100,000-stroke penetration test. Dropping point testing by ASTM D2265 and storage 
stability testing by FTM 3467.1 were included, as specified in ASTM D6185. 

Nine two-component blends were prepared and tested. Each blend consisted of one aluminum 
complex and one lithium complex grease. Experimental results were compared with predictions that 
were calculated from test data for individual greases.   

This testing of two-component blends showed considerable variation in the level of compatibility of 
greases formulated with aluminum complex and lithium complex thickeners. Experimental results 
for blends differed considerably from predictions calculated from data for individual greases. This 
study clearly demonstrated the danger of relying on compatibility charts in the public domain, and the 
importance of actually testing blends of the two greases in the laboratory before deciding to make a 
change-over from one product to another.

Grease Compatibility Charts are Dangerous!
Chuck Coe

Grease Technology Solutions, LLC
35386 Greyfriar Dr.

Round Hill, VA 20141
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Figure 1: Incompatible greases leaking out of an application

Introduction
Grease compatibility charts have been around for many, many years. These charts are based solely 
on thickener type and assess pairs of greases as “compatible”, “borderline”, or “incompatible” 
without defining these terms. Unfortunately, such charts are unreliable, and in many cases, in violent 
disagreement with one another. 

Figure 2: Al complex and Li complex are incompatible according to this chart. 
Grease Compatibility Chart courtesy of Mobil Industrial [2]
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Figure 3: But Al complex and Li complex are compatible according to this chart.
Grease Compatibility Chart courtesy of Machinery Lubrication [3]

Two compatibility charts from the public domain, shown in Figures 2 and 3, clearly demonstrate this 
disagreement for lithium complex and aluminum complex. [2,3] A review of 21 grease compatibility 
charts from the Internet shows the following inconsistencies: 

• 12 charts indicate that aluminum complex and lithium complex greases are compatible, 
• 4 indicate that they are borderline compatible, and
• 5 indicate that they are incompatible. 

It can be easily seen that trusting these compatibility charts is unreasonable and potentially a danger 
to grease-lubricated machinery. However, many end users may rely on these charts when they 
consider switching from one grease product to another.

The grease industry is challenged by the recent increases in price and availability of lithium hydroxide, 
which are driven by the growing demand for lithium by manufacturers of batteries for mobile 
electronics and electrified vehicles. This trend contributes to a decrease in simple lithium grease 
production. While lithium complex grease production continues to grow, it is uncertain how much 
the tight supply and increased cost of lithium hydroxide will dampen future lithium complex grease 
production. 

At the same time, polyurea and calcium sulfonate grease production are both increasing, and 
aluminum complex grease production is poised to grow as well. However, changing from one grease 
thickener type in a lubricated application to another must be carefully managed. Thus, this paper 
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covers a study of the compatibility of six different commercial greases (three each of lithium complex 
and aluminum complex thickeners). This study serves as a warning and debunks the usefulness and 
safety of these dangerous compatibility charts.

Figure 4: Incompatible greases leaking out of a bearing

Background
What is grease compatibility, and why is it important? According to the NLGI definition: “Two 
lubricating greases are incompatible when a mixture of the products has physical or performance 
properties that are inferior to those of the individual greases. Physical or performance properties 
inferior to one of the products and superior to the other may be due to simple mixing and would not 
be considered as evidence of incompatibility.” [4].

So, what can happen? (see Figures 1 and 4)

“When greases are incompatible, many mixtures will initially soften, often to the point of migration 
through seals or away from lubricated surfaces.  Some mixtures will cause the thickener to release the 
oil, and the separated phase will run freely from the bearing, gear or housing.  Other mixtures harden 
initially, and cause component load issues, and poor grease motility.” [5]

“Other properties that may be affected are dropping point, shear stability, pumpability, and oxidation 
stability.” [6]

“Most frequently grease mixtures will exhibit a change in consistency relative to that of the individual 
pure greases. This tendency will be more pronounced as the operating temperature or the rate 
of shearing of the grease mixture increases. Incompatible greases may also exhibit abnormal oil 
separation or “bleeding” at higher temperatures. If greases that are incompatible are mixed in 
application it could lead to grease or oil leakage, premature aging, or insufficient oil bleed in the 
contact zones. Although less probable but not unknown, the greases’ performance additives may act 
antagonistically, adversely affecting the lubrication performance such as protection against friction, 
wear, rust or corrosion.” [7]

“Incompatibility is not always thickener related. Incompatibility can occur due to additive 
breakdown.” [8]
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All that being said, it is obvious that end users must carefully consider compatibility when changing 
greases in their equipment.

Experimental
A test program was conducted on six commercial greases, three different commercial aluminum 
complex and three different commercial lithium complex thickened greases. Nine two-component 
blends were prepared and tested. Each blend consisted of one aluminum complex and one lithium 
complex grease. Therefore, nine unique pairs of greases were tested (Figure 5). Additionally, 
individual greases were tested. Predictions for two-component blends were made from calculations 
using test data for individual greases.  

Figure 5: Test matrix

The testing was performed using a modification of the ASTM D6185 method, Option 2 (Figure 5). 
According to D6185, “Three different test methods are used because fewer are not sufficiently 
definitive.” 

• Dropping point (DP), degrees Celsius (C)
• Worked penetration after 60 strokes (60x), points (dmm or units of 0.1 mm )
• Roll stability, worked penetration (60x) after testing

• Storage stability, worked penetration (60x) after testing 

 
Figure 6 : Grease mixtures after roll stability testing: Incompatible greases on left, compatible on right
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In this study, the two modifications of ASTM D6185, Option 2 were:

First, ASTM D1831 Roll Stability test (Figure 6) was used in place of ASTM D217 100,000 stroke 
penetration test. D1831 is much faster to run, and produces similar results to D217 (worked 
penetration after 100,000 strokes). 

Second, 25:75 and 75:25 mixtures were tested, rather than the 10:90 and 90:10 ratios specified in 
D6185. 

Dropping point testing by ASTM D2265 and storage stability testing by FTM 3467.1 were included, as 
specified in ASTM D6185.

Figure 7: ASTM D6185 Option 2

Results and Discussion

Data Analysis

The raw data are shown in Tables 1 - 3.

The data were analyzed using both the ASTM D6185 definitions and the author’s (CRC) definitions for 
compatibility, borderline compatibility, and incompatibility for each test method (see next page). 
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Table 1: Test Data Pairs A, B and C

Table 2: Test Data Pairs D, E and F
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Table 3: Test Data Pairs G, H and I

The ASTM acceptability limits are based on test method repeatability, whereas the CRC acceptability 
limits are based on practical experience, and are more generous than the ASTM limits. Figures 8 – 16 
show each pair’s compatibility test data graphically.

Rating criteria by test method:

• Dropping Point

o ASTM Definitions:

Compatible: the dropping point of the mixture is equal to or greater than that of either constituent 
grease.

Borderline: the dropping point of the mixture is less than the lower of the values for the constituent 
greases by an amount equal to or less than the repeatability of the test method.

Incompatible: the dropping point of the mixture is less than the lower of the values for the constituent 
greases by an amount greater than the repeatability of the test method
.
where ASTM D2265 Dropping Point Repeatability = 7 C
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o CRC definitions: 

Compatible: the dropping point of the mixture is less than the predicted dropping point value by no 
more than 40 C.

Borderline: the dropping point of the mixture is less than the predicted value by between 40 and 60 C.

Incompatible: the dropping point of the mixture is less than the predicted value by more than 60 C.

• Shear stability

o ASTM definitions:

Compatible: the penetration of the mixture is equal to or between the values for the constituent 
greases.

Borderline: the penetration of the mixture is less than the lower of the values for the constituent 
greases or greater than the higher of the values for the constituent greases by an amount equal to or 
less than the repeatability of the test method.

Incompatible: the penetration of the mixture is less than the lower of the values for the constituent 
greases or greater than the higher of the values for the constituent greases by an amount greater than 
the repeatability of the test.

where ASTM D1831 Roll Stability Test Repeatability = 11 dmm

o CRC definitions:

Compatible: the penetration of the mixture is 30 points or less different from the predicted 
penetration.

Borderline: the penetration of the mixture is between 31 and 45 points different from the predicted 
penetration.

Incompatible: the penetration of the mixture is more than 45 points different from the predicted 
penetration.

• Storage Stability

o ASTM definitions:

Compatible: the 60 stroke penetration change of the mixture is equal to or between those of the 
constituent greases.

Borderline: the 60 stroke penetration change of the mixture is less than that of the lower of the values 
for the constituent greases or greater than that of the higher of the values for the constituent greases 
by an amount equal to or less than the repeatability of the test method.
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Incompatible: the 60 stroke penetration change of the mixture is less than that of the lower of the 
values for the constituent greases or greater than that of the higher of the values for the constituent 
greases by an amount greater than the repeatability of the test.

where ASTM D 1403 (half scale) 60 stroke Penetration = 10 dmm

o CRC definitions:

Compatible: the 60 stroke penetration of the mixture is 30 points or less different from the predicted 
penetration.

Borderline: the 60 stroke penetration of the mixture is between 31 and 45 points different from the 
predicted penetration.

Incompatible: the 60 stroke penetration of the mixture is more than 45 points different from the 
predicted penetration.

Figure 8: Compatibility of Greases L1 and A1 based on roll stability, storage stability and dropping point
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Figure 9: Compatibility of Greases L1 and A2 based on roll stability, storage stability and dropping point

Figure 10: Compatibility of Greases L1 and A3 based on roll stability, storage stability and dropping point
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Figure 11: Compatibility of Greases L2 and A1 based on roll stability, storage stability and dropping point

Figure 12: Compatibility of Greases L2 and A2 based on roll stability, storage stability and dropping point
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Figure 13: Compatibility of Greases L2 and A3 based on roll stability, storage stability and dropping point

Figure 14: Compatibility of Greases L3 and A1 based on roll stability, storage stability and dropping point
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Figure 15: Compatibility of Greases L3 and A2 based on roll stability, storage stability and dropping point

Figure 16: Compatibility of Greases L3 and A3 based on roll stability, storage stability and dropping point
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Observations

Overall Results:

In this study, according to ASTM D6185 (modified), none of the mixtures were compatible based on 
dropping point acceptance limits. Four of the mixtures would be judged compatible or borderline 
compatible based solely on the roll stability test, and one mixture would be considered compatible 
based solely on the storage stability test. (Figure 17)

Figure 17: Compatibility Summary by ASTM limits

According to CRC acceptance limits, two of the mixtures would be judged to be compatible. Based 
solely on the roll stability test, all mixtures would be judged compatible or borderline compatible. 
Using only the dropping point, seven of the mixtures would be judged to be compatible or borderline 
compatible. Only two of the mixtures passed the storage stability test (the two mixtures judged to be 
compatible overall). (Figure 18)

Figure 18: Compatibility Summary by CRC limits
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Test methods

The storage stability test was most severe of the three methods used in this study., Only two of the 
mixtures passed the storage stability test using the CRC acceptance limits, and none passed on the 
basis of ASTM limits. The dropping point test was the next most severe, as all mixtures failed by ASTM 
acceptance limits and two failed by CRC acceptance limits. In the roll stability test (proxy for the 
100K penetration test), four mixtures passed using ASTM limits, and all mixtures passed using CRC 
acceptance limits.

Storage Stability - Neat greases tend to be little affected by storage stability test conditions. Changes 
from original neat grease penetrations ranged from -16 to +10 points. As a result, nearly all mixtures 
failed the storage stability test by both ASTM and CRC condemning limits, with changes from -9 to +74 
points. Two mixtures were compatible or borderline compatible by CRC acceptance limits.

Dropping Point - All grease mixtures failed the dropping point test by ASTM acceptance limits. All but 
two mixtures were either compatible or borderline compatible by CRC acceptance limits.

Roll Stability - Some neat greases had poor shear stability in the roll stability test. This allowed several 
of the greases to pass the roll stability test per ASTM acceptance limits. All mixtures were either 
compatible or borderline compatible by CRC acceptance limits.

Greases

There was a wide compatibility performance differential among the lithium complex greases, although 
their performance ranking was not the same by ASTM and CRC acceptance limits. However, the same 
lithium complex grease (L3) was ranked best by both ASTM and CRC acceptance limits. The aluminum 
complex greases performed similarly to one another. 

Thus, it would make a real difference which lithium complex grease is being replaced in an actual 
application, but it would be apparently less important which aluminum complex grease is selected, 
from a compatibility perspective. The relative overall performance (high and low temperature, load 
carrying, mechanical stability, etc.) of the three aluminum complex greases should be compared in a 
future study.

Conclusions
1. While thickener differences often cause two greases to be incompatible when mixed, base 
oil differences and adverse additive interactions can also cause grease incompatibility. Grease 
compatibility charts are based solely on thickener type and ignore the impact of base oils and 
additives. 

2. Compatibility charts generalize based on thickener type and provide inconsistent ratings of several 
different thickener pairs (specifically lithium complex and aluminum complex).

3. In this study, compatibility testing showed that for a given pair of greases, different tests yielded 
different results, e.g., a pair may be compatible by shear stability testing, but incompatible by storage 
stability or dropping point testing.
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4. Compatibility rating by ASTM D 6185 criteria is both severe and rigid. The choice of compatibility 
test methods should reflect the application demands. For instance, in a low to moderate temperature 
application, a dropping point reduction of 40 C may be very reasonable. 

5. Rating compatibility by dropping point change assumes that  this test is predictive of service life or 
high temperature operating limits, which is a poor assumption. [9]

6. Rating compatibility by storage stability penetration change under the test conditions of 1,400 
hours at 75 C is also rather severe for applications at low to moderate temperatures. In addition, this is 
a static test and not expected to predict performance in a dynamic application.

7. Rating grease compatibility by shear stability (by either ASTM D1831 Roll Stability or ASTMD 
217 100,000 stroke penetration testing) is probably a better way to predict the most common 
incompatibility, which is excessive softening.

8. Compatibility testing by ASTM D6185 is so severe that it does not allow for any differentiation in 
compatibility level among the tested greases.

9. Compatibility testing using CRC acceptance limits allows for differentiation of the level of 
compatibility among the nine grease pairs tested.

10. Future compatibility studies should be made on other thickener types.
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Abstract
This paper proposes a thermodynamically-based approach for evaluating the degradation of a grease 
by testing a small sample. To examine the validity of this approach, a prototype device was developed, 
and a series of experiments was carried out on an NLGI grade 1 grease. The capability of the device in 
characterizing the real-time degradation of grease was explored. Based on these results, a procedure 
for determining the degradation rate of grease was proposed. 

Keywords:  Power; grease degradation; first law of thermodynamics; mechanical degradation

1.  Introduction
In contrast to lubricating oils, grease is expected to possess good sealing properties [1], require 
minimum maintenance, tolerate contamination [2], and function without requiring recirculating 
arrangements [3]. Due to these beneficial properties, grease is employed in bearings [4, 5], gears [6, 7], 
slideways [8], and the like. However, the rheological properties of in-service grease tend to degrade 
with time. Hence, determining the rate of degradation has prodigious importance to the industry for 
scheduling re-lubricating intervals in order to avoid loss of efficiency and even component failure. 

The causes of grease degradation can be chemical, physical, or both [9, 10]. The present paper focuses 
on proposing a methodology for determining the degradation due to mechanical shearing, which 
is classified as a physical degradation. One measure of mechanical degradation is by means of a 
penetrometer, where a cone assembly is released and allowed to drop freely into worked or degraded 
grease for 5 ± 0.1 s. Based on the penetration depth value, the grease is designated with an NLGI grade 
between 000 to 6, representing grease from the lowest to highest viscosity (from lightest to heaviest 
consistency). However, this method generally requires a fairly large grease sample (0.45 kg, 1 lb) to be 
collected periodically from a component for testing. This is a time-consuming process and not easily 
applicable for real-time monitoring since the operation of the machine has to be halted during the 
sample extractions. Further, the applied shearing rate conditions are typically fixed, making it difficult 
to induce different degradation rates for empirical studies [11, 12]. 

Recently, a number of researchers [13-20] employed a thermodynamic approach for assessing the real-
time degradation of tribo-pairs (pairs of surfaces in contact and undergoing relative motion) in terms 
of wear. This approach is based on laws of irreversible thermodynamics that correlate the degradation 
of a tribo-pair to the entropy generation. 

Relevant to grease, Rezasoltani and Khonsari [12, 21, 22] came up with a method for monitoring the 
evolution of mechanical degradation of grease during shearing with a parallel plate rheometer. The 
rheometer required a small amount of grease, and it was possible to easily modify its operating 
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conditions. When the surfaces of the parallel plates are in relative motion, they shear the grease, 
impart work, and generate entropy. The grease mechanically degrades as a result of breaking the 
thickener chains, separating the thickener from the base oil, etc. Mechanical degradation affects 
grease consistency. Until now, the correlation was not established between the entropy generation 
and the NLGI grade of the grease. However, experiments to correlate them have been underway in the 
Authors’ laboratory. 

Recently, Lijesh and Khonsari [23] extended this methodology for evaluating grease performance. They 
continuously measured the degradation of the grease in a ball bearing setup, through measurements 
of frictional torque and angular velocity. From the obtained results, they established a criterion for 
assessing the mechanical degradation of a grease: the time it took for the consistency of a grease (e.g., 
Grade 1) to reach a lower grade (e.g., Grade 00). 

This approach could provide a useful method for determining the service life of a grease and 
informing the operator to replace the grease. Nevertheless, implementing this method requires a 
precision torques sensor, an appropriate data acquisition system and a voltage measuring analog 
system with the necessary software. These requirements limit its full-fledged implementation in the 
industry. 

This paper reports the design of a prototype of a device called the Grease Degradation Monitoring Unit 
(GDMU) to assess the mechanical degradation of grease through the laws of thermodynamics. The 
GDMU shows good potential for industrial applications.

The outline of this paper is as follows. Section 2 describes the experimental set up followed by the 
background of the modeling approach. Results and a detailed discussion of the obtained results are 
provided in Section 3. The application of the proposed methodology is demonstrated in Section 4. 
Conclusions are presented in Section 5.

2. Methodology 
It was hypothesized that reduction in the rheological properties of grease during shearing can 
be correlated with the power consumed by the motor of a device applying shear. To validate this 
hypothesis, a test setup to shear grease at the desired shear rate was developed, and a series of 
experiments at different rotational speeds was performed for NLGI grade 1 grease. During the 
shearing of grease, the power consumed by the motor of a device (similar to a rotational rheometer) 
was continuously monitored using the GDMU.  

The following section presents a description of the experimental setup followed by the procedure 
used to measure the current using the GDMU. The appropriate equations used for the calculation of 
power from the recorded current are also provided.

2.1 Experimental Setup
In the present study, an NLGI grade 1 lithium-complex based greases was utilized to demonstrate the 
efficacy of the GDMU. The properties of the considered grease are provided in Table 1. 

Table 1 Properties of different grades
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A custom-built setup was developed to shear a small amount of grease at the desired rotational 
speeds. The schematic representation and the actual setup are shown in Fig. 1. In this setup, the 
grease sample is sheared between the rotating and stationary parts. The rotating part has a top and 
bottom half. The top half is connected to the motor, while the bottom half (similar to a cup) facilitates 
the shearing of grease with respect to the stationary surface (similar to a cylinder or a bob). The gap 
between the bottom surface of the stationary part and the rotating part is 1.5 mm. The diameter of the 
stationary surface is 50 mm. Therefore, the volume of the grease employed is 2.944 × 10-6 m3. 

The desired motor speed is set and maintained by using a controller. The setup is connected to a 
computer using an RS-232 connection. The speed of the motor is controlled by using the computer. 
The schematic representation of the connection of the grease shearing setup to the GDMU is provided 
in Fig. 2. 

The power supply of the setup is connected to the current sensor, and the sensor is in turn connected 
to a data acquisition setup (DAQ). The acquired data are transferred to a laptop pc or smartphone 
using a wifi sensor. The 5 V supply to the sensors is provided using a battery.

Fig. 1 Grease shearing setup

Fig. 2 Schematic representation of connection of grease shearing test setup to GDMU device
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Fig. 3 Grease system with control volume
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Fig. 4 Current measured at different rotational speeds without grease

Fig. 5 Plot of the current versus rotational speed without grease

To determine the current consumed during shearing, experiments were repeated by applying the 
grease to the bottom of the stationary part (similar to a cylinder, see Fig. 6a) and the rotating bottom 
part (sinilar to a cup, see Fig. 1). Initially, the experiments were performed at 100 rpm, and the current 
values were recorded. The grease on the bottom of the stationary part after shearing at 100 rpm for an 
hour is shown in Fig. 6b. It clearly reveals that grease was uniformly sheared during the experiment. 

The measured current values during the shearing at 100 rpm are plotted in Fig. 7. Close examination 
of this figure shows that there are four regions: (i) Region I - current obtained by operating the system 
without grease, (ii) Region II- non-uniform variation of the current for only a short period of time, (iii) 
Region III - running-in period, and (iv) Region IV - steady-state behavior. 

The inset of Region III in Fig. 7 shows a magnified picture of the transient region. The variation in the 
current values in Region II may be caused by the non-uniform spreading of grease for approximately 
40 s. Once the grease is uniformly distributed, Regions III and IV are observed. The running-in and 
steady-state regions have been observed elsewhere [23]. It is postulated that the process is akin to 
that of wear of a tribo-pair during its running-in period, which involves transient and steady-state 
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regimes [24, 25]. The transient behavior in a tribo-pair is due to the wear of the surface asperities during 
the breaking-in period as the surfaces are polished. Apart from the surface effects, it is noted that the 
grease itself exhibits a brief transient behavior initially before the process becomes steady. 

         (a) Before shearing                            (b) After shearing 

Fig. 6 Before and after shearing of grease at 100 rpm

Fig, 7 Different regions for Grade 1 grease at 100 rpm

The continuous degradation of grease with time (Fig. 7) was due to the alignment of chains in the 
direction of shearing and breakage of the thickener chains in the carrier oil, as schematically shown in 
Fig. 8. With the breakage of the thickener’s chains, the grease became less viscous, but the viscosity still 
remained higher than that of the carrier oil [26, 27]. The reduction in the viscosity of the grease with time 
imparted lower shear stress on the rotating surface, and thereby reduced the current drawn by the 
motor. 
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Fig. 8 Breakage of the thickener chains of grease with time

Referring again to Fig. 7,  it was observed that the value of the current in the steady-state region (I) 
was greater than that obtained from the setup without grease (I0) (see Fig. 4). The difference in the 
current values represented the current required to shear the grease.

Fig, 9 Current recorded for Grade 1 grease at different speeds

Insofar as degradation is concerned, the short period associated with the running-in is less important 
if one is interested in the long-term operation of a greased component. Therefore, in the following 
studies, the steady-state current values were considered for determining the degradation of grease. 
The change in the current when operating at 100, 250, and 500 rpm is provided in Fig. 9. Now, 
comparing this figure and Fig. 4, it can be observed that the current values acquired from the setup 
with the presence of grease were more than the values of the current recorded without grease.  

Using the recorded current values, the consumed power was calculated for different rotational speeds 
using Eq. (4) and plotted in Fig. 10.  
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Fig. 10 Consumed power for Grade 1 grease at different speeds

4. Proposed procedure 
From the results presented in Section 3, the values of the current continuously decreased with time. 
Therefore, it is difficult to predict the useful life of the grease in practice. Rezasoltani and Khonsari 
[15] have proposed a deterministic method to quantitatively characterize the degradation of grease 
in terms of entropy generation. They postulated that an operator may need to replace grease in an 
application if its consistency decreases enough to drop its original NLGI grade to a lower value. The 
severity of the reduction in consistency should be judged by the practitioner’s experience and the 
application. Following the same logic, in the present study, the values of the current drawn by the 
motor were employed to determine the degradation of the grease. For this purpose, the following 
steps were taken: 

Step 1: Experiments were performed for a higher NLGI grade grease at a desired rotational speed, and 
the real-time current values were recorded. 

Step 2: The experiment was repeated for a lower NLGI grade grease, and the starting current value 
was recorded and considered as the threshold value. 

Step 3: Using the curve fit method, the variation in the current values for the higher NLGI grade grease 
was extrapolated to determine the time to reach the initial current value of the lower grade grease. 

To demonstrate the efficacy of the proposed methodology, NLGI grade 1 grease was considered to be 
the appropriate grade grease for a machine to run efficiently. It was assumed that if the prolonged 
degradation by shearing caused it to drop to NLGI grade 00, then it would be necessary to replace 
the grease. For Step 1, the current value with time for NLGI grade 1 at 100 rpm, plotted in Fig. 7, was 
considered. For Step 2, the experiment was repeated with a lower grade grease, i.e., NLGI grade 00 
at 100 rpm, and the current values were recorded and plotted in Fig. 11. From this figure, it can be 
observed that the current values were almost constant at 0.172 A. 
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Fig. 11 Current values recorded for NLGI grade 1 and 00 greases at 100 rpm

Referring to Fig. 7, the variation of the current values with time followed the power curve fit equation 
provided in Eq. (7). 

I=AtB+C                     (7)

Using the regression method, the coefficients A, B, and C, depicting the variation of current with 
time for NLGI grade 1, were determined to be 0.3, -0.014 and 0.0932, respectively. The current 
values obtained from the curve fit equation were plotted in Fig. 11. Now, Eq. (7) was extrapolated by 
incrementing the value of time t. The value of t for which the value of I = 0.172 A was determined to be 
t ≈107 s (approximately 4 months of continuous operation).

5. Conclusions
This study endeavored to provide a procedure for determining the degradation of grease using a small 
sample of grease and employing an analogy between a thermodynamic principle and an electrical 
system. Through mathematical derivation, it was established that for a constant temperature and 
volume of grease, the entropy generation rate was proportional to the power drawn by the system. 
Further, it was hypothesized that the power consumed by the system could be determined by 
measuring the current and voltage drawn by the driving motor of the system. 

To validate the hypothesis, a prototype device was  built and employed for characterizing the 
degradation of grease with time. Experiments were performed with NLGI grade 1 grease at different 
rotational speeds. From the obtained results, it was observed that the power drawn by the motor 
effectively characterized the degradation of grease at different rotational speeds. 

Finally, a simple procedure for determining the degradation rate of grease was proposed. Further 
research is needed to fully investigate the effectiveness of the developed prototype and proposed 
procedure in the field. 
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Abstract
Increasing use of wind turbines (WTs) for renewable energy generation has motivated a significant 
amount of work to improve fluids for lubricating gearboxes. However, relatively little work has 
focused on the greases and open gear lubricants used in wind turbine systems and components.

The primary grease-lubricated components in WTs are main bearings to support rotor assemblies, 
pitch and yaw control mechanisms, electric motor bearings, and generator shaft bearings. Open gear 
lubricants are used on gear mechanisms for some pitch and yaw control mechanisms.

In addition to standard tests for bearing greases, there are further primary requirements that make 
the formulating of such greases a significant challenge. Micropitting, fretting, and corrosive wear are 
the key issues. Unlike the gear oils specifications, there is no current dedicated micropitting test for 
greases, and so the FE8 test is utilized. To screen for corrosion, the Emcor test is used, and there is a 
choice of two ASTM standardized tests for fretting wear. 

A new test has been developed for the combination of false brinelling and corrosion under quasi-
static loading conditions. The Riffel (Ripple) test utilizes a large angular contact bearing under a high 
oscillatory thrust loading with no rotation, while salt solution is pumped through the bearing. At the 
end of this test, the amount of wear is measured, and the visible corrosion is rated.

This paper will discuss issues with developing greases to meet the WT specification requirements of 
friction, low wear, fretting, and corrosion. It will also report on learnings to enable lubricating greases 
to pass the standardized WT bearing grease test requirements and those of the Riffel test. 

Introduction
Wind power has been used as a renewable source of energy for millennia. The first wind turbine used 
for the production of electricity was built in Scotland in July 1887 by Prof. James Blyth (1) in the back 
garden of his holiday cottage at Marykirk in Kincardineshire. In Cleveland, Ohio, a larger and more 
heavily engineered machine was designed and constructed in the winter of 1887–1888 by Charles F. 
Brush in the back yard of his house (2). NASA John H. Glenn Research Center at Lewis Field, Cleveland, 
Ohio, was designated by the U. S. Department of Energy as a lead center for wind turbine research in 
1974. Their first production-type wind turbine, the MOD-0, was built at NASA Plum Brook Station, 
Sandusky, Ohio, in 1975 (3). 

According to the U.S. Energy Information Administration (4), the amount of energy consumed in the 
world will rise by 28% from 575 quadrillion British thermal units (quads) (607 exajoules, EJ) in 2015 
to 736 quads (777 EJ) in 2040. Looking at the total amount of generated energy, approximately 20% 
was obtained from renewable sources including biofuels, with 2.2% of the total (12.3 quads or 13.0 
EJ) from wind turbines. The contribution from wind power is projected to grow at a compounded 
annual growth rate (CAGR) of 7% through 2030 (4).
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for Wind Turbine Applications
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A number of factors influence decisions to buy lubricants for WT applications. Lubricant demand for 
wind turbine applications is growing, but the actual demand for factory fill installations is unclear. 
Gearboxes, where used, are usually supplied without oil, which is added on installation and is typically 
specified by the original equipment manufacturer (OEM). 

The multiple bearings in a WT typically come pre-greased from the manufacturing location. The main 
reason for this is to prevent brinelling that can occur between the rolling elements and raceways when 
the bearings are transported to the assembly location and then onto the final installation. On a normal 
maintenance cycle, the bearings would be given their final application of grease at this point and then 
switched to a standard routine of re-lubrication every six months. 

The bearing OEM normally dictates the re-lubrication grease to be used under warranty, which may 
last from 10 to 20 years. After the warranty period expires, other greases may be used. The key for 
potential grease suppliers is to get their products approved by the OEM or by the operating company. 
OEM approvals are based on technology and passing rigorous specification testing, whereas price is a 
major factor in post-warranty procurement. 

Wind turbine operators may desire to have only one grease for all WT applications, but this potentially 
compromises performance of one or more WT components with different lubrication needs. This is 
discussed in more detail below.

Lubricated Contacts in WTs
The grease lubricated contacts are as follows: 
• Main bearings to support the load of the rotor assembly
• Yaw bearings to support the load of the rotor and the nacelle
• Pitch bearings that allow the blades to get optimum power from the prevailing winds 
• Bearings on the anemometer mounting and wind speed-measuring rotor 
• High-speed deep groove ball bearings on generators, which are present on indirect drive WTs that 

have a gearbox and a generator

Main Bearings
Main bearings must support the weight of the blade assembly and withstand significant axial thrust 
from wind blowing against the blades. The magnitude of this thrust load has not been well quantified 
and, as such, is a major unknown. The force typically varies with the height of the tower and the length 
of the blade, as well as the position of the blades with respect to the nacelle. The main bearings need 
to counter this axial thrust and so spherical roller bearings (SRBs) or tapered roller bearings (TRBs) 
are used. The lubrication requirements of SRBs and TRBs differ due to the sliding at the rib-roller 
interface of TRBs, and different greases are recommended for these two bearing types. 

Yaw & Pitch Bearings
Blade pitch rotor bearings need to support the weight of the blades while yaw bearings need 
to support the weight of the nacelle and the blade assembly. Typical bearings used for the yaw 
applications are vertical angular contact ball bearings (ACBs) or four-point contact bearings with 
diameters that range from 1.5 m (5 feet) on smaller-diameter towers to greater than 4 m (13 feet) on 
very large towers. Similar, but significantly smaller, components are used for pitch bearings where 
applied loads are much less than yaw bearing applications.  Open gear lubricants (extremely viscous 
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fluids) and soft greases are used to lubricate ring gears of pitch and yaw mechanisms. Yaw and pitch 
bearing mechanisms are typically re-greased with the same product. This suggests the possibility of 
designing a grease to lubricate either SRB or TRB main bearings as well as pitch and yaw bearings, in 
order to reduce the number of products stocked by WT operators.

Other Bearings
Bearings on the anemometer mounting and wind speed-measuring rotor now are typically sealed for 
life and require no maintenance unless they fail or get accidentally damaged while in service.

In addition,  electric motors are used to adjust the yaw of the nacelle to optimize wind capture and, 
in some WT designs, drive the pitch adjusters. In both of these applications, typical electric motor 
bearing greases are used. It is anticipated that these electric motors would use a long-life grease 
similar to products used in the generator bearings.
Focusing on the main bearings, the critical application elements are:
• Low rotational speed 
• High radial loads
• High transient axial loads 
• Humid atmospheres
• Fretting conditions (when stationary)
• False brinelling protection
• Long life without contact fatigue (pitting and micropitting) 

For pitch and yaw bearings, the critical application elements are:
• Oscillatory rotary motion
• High oscillating axial loads
• Humid atmospheres
• Fretting conditions
• False brinelling protection
• Radial bending moments 
• Long life without contact fatigue 

Comparing these critical application elements, there is clearly the potential for a common grease 
for main pitch and yaw bearings, but there is the need to use a different grease for SRB and TRB 
applications. Unlike ACBs and TRBs, there are no published public specification tests for SRBs, and 
their development is much more difficult. The FAG FE8 test method (DIN 51819-2) (5) is used to 
measure the wear properties of ACB and TRB lubricating greases under a variety of test conditions. 

Prior to 2000, there were no test methods in the public domain for determination of both fretting 
wear or false brinelling and corrosion. The Riffel (or Ripple) test was developed to screen for both 
of these properties (6), and we’ll now look at the requirements of the various tests and their use to 
develop new grease technology for pitch and yaw bearings and, potentially, main bearings.

Grease Testing Requirements
In this study, several OEM specifications and WT industry standard grease specifications were 
reviewed along with product data sheets of existing OEM-approved greases; most of them were found 
to have several common elements. First, typical properties were defined by standard tests such as 
dropping point and penetration. Second, so-called ‘normal’ properties were measured by standard 
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test equipment under non-standard conditions.  Third, there were non-standard and special grease 
property test requirements such as the Riffel test. The Riffel test was the most problematic, as no 
industry standardized test had been used previously under contact conditions comparable to those of 
the Riffel test. 

Standardized property tests run under standardized conditions:
• Lubricating grease consistency (cone penetration)
• Dropping point (aluminum heating block) 
• Shear stability (change in penetration after prolonged working)
• Four-Ball EP weld point and load wear index (ASTM test conditions)

Standardized normal property tests run under non-standard conditions:
• Roll stability, 50 h at 80 C
• Water spray off at 60 C
• Water washout at 60 C
• Four ball wear at 60 C
• Oil bleed at 60 C
• Emcor test with 1% NaCl solution
• SRV load carrying (step load) and friction and wear tests at 60 C
• Pressure vessel oxidation at 100 C, duration 500 h with a report at 100 h 

Bearing tests and their test conditions employed are shown in Table 1. The Fafnir friction oxidation 
test (FFOT) is included in some specifications but listed as an alternate for ASTM D7594 SRV in certain 
other specifications. Based on the dither (oscillatory movement) seen in WT grease contacts, the SRV 
test would seem to be the more sensible approach, but little field data are available. The FAG FE8 (5) 
with a type B angular contact (AC) bearing run under high load, low speed conditions is a sensible 
choice. The FAG FE8 with type C TRB, which can be used for main bearings, is run at the lowest 
possible speed for the bearings at 75 r/min. This is much faster than the in-service speed of up to 36 
r/min. 
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Specifying the FAG FE9 test (7) for pitch, yaw and main bearings with ISO VG 460 base fluid is not 
appropriate when run under standard conditions of 6,000 r/min and 1,500 N load at 120 C, as the ISO 
460 oil viscosity is too high at that temperature. ISO 12924 allows the FE9 test to be run at 3,000 r/
min, but DIN 51821 does not. Using the FE9 is also not appropriate for generator bearing greases. The 
ASTM D3336 test is more appropriate as both use deep groove ball bearings. 

Grease Specification
The basic specified grease formulation calls for a lithium complex thickened ISO VG 460 fully synthetic 
oil. A review of the basic property and testing requirements showed that they are, for the most part, 
relatable to the application. There are, however, several things that may not make technical sense in 
view of the known requirements for the application. All requirements for basic properties and testing 
are reviewed below.

The grease is designed to perform from -40 to +80 C. The dropping point for the grease has a specified 
value of above 300 C, which requires a lithium complex grease with a 2:1 ratio of complexing acid to 
thickening acid. At this ratio in a PAO base fluid, the thickener content must be between 15 and 18 
wt% when the grease is made with lithium hydroxide monohydrate and a two-step manufacturing 
process. 

For the application, thickener does not need to be lithium complex, but a conventional lithium 
12-hydroxystearate soap could be used instead, which would lower the thickener content and save 
significantly on production time and costs. 

The target range for consistency was a 60-stroke worked penetration between a soft NLGI grade #2 
and firmer NLGI #1 (290 – 320 0.1 mm). This range was chosen to strike a balance between grease 
that is soft enough to re-flow back into the contact after the rolling element passes by (to prevent 
channeling) and firm enough to prevent grease from leaking out of the bearing.  

Running and reporting prolonged work penetration after 1k, 10k, and 100k double strokes does not 
offer any additional information and, thus, it would be better to use only the change in penetration 
after working for 100,000 double strokes. 

Fully synthetic PAO-based grease can also be difficult to homogenize, and care must be taken to 
ensure that the higher thickener content is fully dispersed. An easier way of ensuring good grease 
structure and homogeneity is to allow only a small change between unworked and worked 60-stroke 
penetrations.

Grease Formulation
The primary requirements for a WT grease formulation are as follows:

• The long-life requirement and the ASTM D942 pressure vessel oxidation test requirements 
indicate that an oxidation inhibitor is needed in the formulation. 

• The grease should have moderate load carrying capacity as defined in terms of the Four-Ball EP 
test with a weld point of ≥ 250 kg and a load wear index (LWI) of ≥ 30 kg. 

• The SRV step load requirement is also moderate at ≥ 600 N. In terms of wear other than fretting, 
the SRV wear scar is a reportable value, and the Four-Ball wear scar diameter of ≤ 0.60 mm is also 
understood.  
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• To pass the 1% NaCl solution Emcor corrosion test, grease needs to contain a good saltwater rust 
inhibitor. 

• Whether measured by FFOT or by SRV, the fretting wear test requirement means that grease needs 
anti-fretting additives. 

• The Riffel test has 1% NaCl solution flowing through a four-point contact bearing under normal 
oscillatory load, which suggests that a polymer additive is necessary. But the type and level of 
polymer are uncertain, as only limited water-resistance data for PAO-based greases are available.

In this study, several experimental greases were made up by formulating the additives described 
above in a large batch of lithium complex base grease. Initial screening showed that the additive levels 
needed to pass the Riffel test were unclear. One formulation with a higher amount of salt water rust 
inhibitor failed the fretting wear test. A second formulation, with a much lower amount of the same 
saltwater rust inhibitor, failed the Emcor test. 

When lower amounts of antiwear and antifretting additives were used, the grease failed the fretting 
test. But when higher amounts were used, the grease failed both the Emcor and Riffel tests. A lubricity 
aid was tested and found to boost performance in the Riffel and Emcor tests. The treat levels of the 
main components were optimized, and an additive package including a lubricity aid was developed.

This grease formulation performed well in the standard laboratory tests and normal bearing tests. 
However, it failed the Riffel test because there were deep wear scars and severe rust at the point 
where the sodium chloride solution was introduced into the test bearing. It was clear that it was 
necessary to incorporate a water-resistant polymer into the grease to stop the grease from being 
washed out of the area where the aqueous solution was introduced into the test bearing. 

A commercial water-resistant polymer tackifier, pre-dissolved in mineral oil, was found to improve 
grease resistance to water spray off in prior studies. When this material was tested in mineral oil-
based lithium greases, it typically reduced spray-off from around 80 to around 30 wt% loss. However, 
this material could not be used in the present study because it was largely insoluble in higher viscosity 
ISO 460 PAO blends and did not incorporate properly in the grease, which failed the Riffel test. 

This issue was solved by pre-dissolving the polymer in a PAO fluid with a low kinematic viscosity (6 
cSt or 8 cSt at 100 C) or an alkylated naphthalene (AN) synthetic fluid. Each pre-blend was added pre-
saponification to the cooking kettle.

With these formulation adjustments, the grease achieved two passes on the Riffel and Emcor tests. 
This final formulation was used to manufacture a batch of grease that had good performance and 
passed the Riffel test, and had other key properties. 

The polymer pre-blend and lubricity aid were incorporated into two larger batches of greases. Greases 
A and B were prepared by pre-dissolving the polymer in low viscosity PAO and the AN, respectively, 
Table 2.
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Test Results
Basic test results for Greases A and B are shown in Table 3, and the wear and SRV test results are given 
in Table 4. Additional reportable basic test data are listed in Table 5.

In Table 3, the roll stability penetration change results from the tests runs for 50 h at 80 C are both 
high, but they are statistically equivalent.
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In Table 4, the fretting wear weight loss results look worse for Grease B than Grease A, but the 
repeatability of this test method at the determined weight loss is 2.7 mg, so the difference between the 
two results is not statistically significant. The weight loss limit for the NLGI GC-LB specification is < 10 
mg. Both Greases A and B would be clear passes within the GC-LB limits.
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In Table 5, the water spray-off results are both high. The first issue is that these tests were run at 
higher temperature (60 C) rather than standardized temperature (38 C). This higher temperature 
makes the test more severe, and results typically are more scattered. A further issue is that the greases 
are softer than an NLGI #2, so a higher spray-off result would be expected. The third issue, which is 
common to both the roll stability and water spray-off tests, is that synthetic lithium complex greases 
have much less robust thickener structure than those made in naphthenic or paraffinic mineral oils.

Greases A and B demonstrated good performance in the tests shown in Tables 3, 4, and 5. The next 
step was to evaluate Greases A and B in the Riffel test. The results in Table 6 show that wear data were 
comparable, i.e., within the reproducibility of the test method. Greases A and B clearly passed the 
Riffel test with some of the lowest wear depth values seen to date by this author. 

Finally, Grease A was evaluated in both FE8 tests (Tables 7 and 8). Table 7 shows Grease A easily 
passed DIN51819-2 type B ACB under test conditions of 80 kN load, 7.5 r/min, 60 C, and 500 h (high 
torque, very low speed). Table 8 shows passing results for DIN51819-2 – Type C TRB with 50 kN load, 
75 r/min, monitored ambient temperature and 500 h (high torque, low speed).

Grease B was not tested per FE8 because of time and budget constraints. Since Greases A and B were 
formulated with the same thickener, base oil viscosity, additive package (including lubricity aid) and 
polymer pre-blend, it is reasonable to expect that Grease B will give similar performance to Grease A 
and pass both FE8 tests.
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Summary 
The specified requirements for lubricating greases for wind turbine bearings, defined by some 
published specifications, were reviewed in this paper, and challenges were identified. Exploratory 
work with lithium complex grease formulations identified some pointers as to what was potentially 
required to meet these specifications:
Building on these findings, two lithium complex PAO-based lubricating greases were formulated and 
found to pass all the basic industry-specified requirements for products to lubricate pitch and yaw 
bearings and, potentially, main shaft bearings in wind turbines. These two greases differed slightly 
because they contained pre-blends of a water-resistant polymer, a pre-blend in low viscosity PAO fluid 
in one case, and a pre-blend in synthetic AN fluid in the other case. 

These two greases demonstrated a balance of performance properties and met the requirements for 
fretting wear, salt water rust resistance, and false brinelling, which was a major challenge.

This paper demonstrated how to formulate new greases that meet industry specifications for 
demanding wind turbine pitch, yaw, and main bearing applications. A commercial-scale batch of WT 
grease was manufactured and found to pass all requirements. This grease is now in a field trial to 
validate its performance under actual service conditions.
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Abstract
Organomolybdenum additives play a key role in friction reduction and long-term wear protection 
in both engine oil and grease applications.  In the present study, a new class of molybdenum-
based additives was developed for use in lubricants.  These additives were ionic in nature and 
contained highly sulfurized, binuclear oxothiomolybdate (OTM) dianion cores.  The chemistry of 
the countercation, including quaternary ammonium- and imidazolium-based ions, can be varied to 
produce a range of additives possessing distinct physical properties and performance profiles.  

Select examples showing the value of these additives in lithium-complex and calcium sulfonate 
grease formulations were provided using SRV, four-ball, and MTM bench tests.  The performance 
profiles for these additives were compared both to traditional solid molybdenum-based additives 
such as molybdenum disulfide and molybdenum dithiocarbamates, and to liquid organomolybdenum 
additives as single components and in combination with zinc dialkyldithiophosphate.  The results 
indicated that the novel OTM salts were useful, multifunctional additives capable of delivering friction 
reduction, anti-wear, and extreme pressure performance in grease applications.

1 Introduction
Organomolybdenum compounds are established, multifunctional additives with applications in both 
engine oils and greases.[1-4]  In engine oil applications, molybdenum-based additives are typically used 
as friction reducers, anti-wear agents, and supplemental antioxidants, whereas in grease applications, 
they can contribute to improved extreme pressure performance in addition to friction reduction 
and wear protection.  Experimental evidence is consistent with molybdenum-based additives 
decomposing to deposit thin sheets of molybdenum disulfide on rubbing surfaces and form low 
friction, protective films.[5-6]  

Due to the exceptional diversity of chemical structures containing molybdenum, sulfur, and oxygen, 
numerous discrete complexes may be synthesized, depending on experimental factors such as the 
molybdenum and sulfur sources, the organic ligand composition, and the reaction conditions.[7]  
Examples of these lubricant additives range from simple particles of molybdenum disulfide (MoS2) 
to organomolybdenum complexes (Figure 1) such as molybdenum dithiocarbamates (MoDTCs), 
molybdenum dialkyldithiophosphates (MoDTPs), or molybdate esters (MoEsters).  

Most research in this field has focused on understanding the application and mechanism of 
performance of the existing commercial chemistries.  Very little work has been done pursuing new 
chemistries, and understanding the effect of chemical structure change on additive physical properties 
and lubricating fluid or grease performance.  As a result, opportunities exist to design novel classes 
of organomolybdenum compounds to address unmet performance needs in emerging lubrication 
technologies, and to tailor additive solutions for specific performance criteria. 

Oxothiomolybdate Salts as
Novel, Highly Sulfurized Molybdenum Additives

Brian M. Casey and Vincent J. Gatto
Vanderbilt Chemicals, LLC
Norwalk, CT, USA 06856
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Figure 1:  General chemical structures of various molybdenum-based additives including molybdenum 
dithiocarbamate (MoDTC), molybdenum dialkyldithiophosphate (MoDTP), molybdate ester (MoEster), and 

oxothiomolybdate salt (OTM Salt).  For the OTM Salts, the counteraction (Q) can be quaternary ammonium- or 
imidazolium-based.

A new class of molybdenum-based additives is described herein for use in lubricants.  These additives 
are ionic in nature and contain highly sulfurized, binuclear oxothiomolybdate (OTM) dianion cores 
(OTM Salts in Figure 1).  While the OTM core was first described by Coucouvanis et al.[8] and further 
characterized by Bhattacharyya et al.[9], additive performance in lubricant applications was not 
explored.  

In the present study, OTM salts were prepared and evaluated for frictional, wear protection, and 
extreme pressure performance in lithium-complex and calcium sulfonate grease formulations.  In 
addition, the performance of the new class of compounds was compared to that of traditional 
molybdenum-based additives such as molybdenum disulfide and MoDTCs.  From these studies, clear 
differences in performance were observed between the various types of molybdenum-based additives.  
In this paper, the individual performance profiles of the additives are presented and discussed.  Based 
on the results obtained, a mechanism for activation of the OTM salts is proposed.

2 Experimental Design: Materials and Methods
2.1 Experimental samples

Molybdenum-based additives – The oxothiomolybdate (OTM) salts were prepared as described in 
US patents 10,059,901 and 9,902,915.[10-11]  MoDTC-S and MoDTC-L are commercial solid and liquid 
molybdenum dithiocarbamate products, respectively.  The molybdenum disulfide used in these 
studies had a particle size of approximately 6 μm.  Table 1 defines the experimental OTM salts and 
comparative molybdenum samples as well as provides their chemical and physical properties.

Table 1: Chemical and physical properties of experimental samples
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Other Extreme Pressure and Anti-wear Additives – Two commercial extreme pressure additives 
were used for comparison to the molybdenum-based additives.  The “Thiadiazole Complex” is a 
thiadiazole derivative in polyalkyleneglycol.  The “DMTD Dimer” is (5,5-dithiobis(1,3,4-thiodiazole-
2(3H)-thione).  The zinc dialkyldithiophosphate (ZDDP) was a commercial, secondary ZDDP.

2.2 Test Methods
2.2.1 SRV (ASTM D5707)
The test method described for ASTM D5707 (Standard Test Method for Measuring Friction and Wear 
Properties of Lubricating Grease Using a High-Frequency, Linear-Oscillation (SRV) Test Machine) 
was followed to evaluate grease formulations for both friction reduction and wear protection 
performance.[12]

2.2.2 Four-Ball Wear (ASTM D2266)
The test method described for ASTM D2266 (Standard Test Method for Wear Preventive 
Characteristics of Lubricating Grease (Four-Ball Method)) was followed to evaluate grease 
formulations for wear protection performance. [13] 

2.2.3 Four-Ball Weld (ASTM D2596)
The test method described for ASTM D2596 (Standard Test Method for Measurement of Extreme-
Pressure Properties of Lubricating Grease (Four-Ball Method)) was followed to evaluate grease 
formulations for extreme pressure performance.[14]

2.2.4 Mini-Traction Machine (MTM)
A Mini-Traction Machine (MTM) was used to evaluate frictional characteristics of lubricants in 
boundary and mixed lubrication regimes.  Tests were performed with a ball-on-disc configuration 
that consisted of a rotating steel ball pressed against an independently rotating steel disc immersed in 
lubricant.  The operating conditions were set by independently controlling the rotational velocities of 
the shafts that drove the ball and the disc, in order to obtain a particular combination of rolling speed 
and slide to roll ratio, as well as by controlling the contact force and the oil bath temperature.  The test 
method parameters used to generate the performance data from the MTM were as follows: 35 N load 
(~ 1 GPa), 50% slide : roll ratio, speed run from 3,000 to 10 mm/s, and alloy 52100 steel.  

For each grease formulation, three Stribeck curves were generated at 40, 60, 80, 100, 120, and 140 
C.  The average friction coefficient from three runs was recorded at each temperature.  The Stribeck 
friction coefficient was calculated by integrating the average Stribeck curve at each temperature.  
Additionally, electrical contact resistance (ECR) data versus rolling speed curves were generated at 40, 
60, 80, 100, 120, and 140 C for each formulation.  The average value from three runs was obtained at 
each temperature.  

2.2.5 Thermogravimetric Analysis (TGA)
Thermograms were obtained by thermogravimetric analysis (TGA) using a Perkin-Elmer TGA Q500 
instrument and the following method: nitrogen flow at 40 mL/min from 25 to 500 C, oxygen flow 
at 40 mL/min from 500 to 900 C, and 5 C/min temperature ramp.  These runs were analyzed with 
respect to the percent residual weight (%).
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2.3 Experimental Grease Sample Preparation
Commercial lithium-complex and an experimental calcium sulfonate base greases were used in this 
study.  The calcium sulfonate grease was prepared using a modification of the procedure described 
in US 5126062.[15]  The calcium sulfonate base grease was prepared by mixing the base oil, calcium 
detergent, water, alkylene glycol, and an alkylated arylsulfonic acid at 80 C.  Then, calcium hydroxide, 
12-hydroxystearic acid, acetic acid, and phosphoric acid were added and further heated at 185 C.  
Additives were blended into the greases, at the treat rates indicated in each experiment, by stirring at 
room temperature until the greases were homogeneous.

3 Results and Discussion
3.1 Tribological Performance in Lithium-Complex Grease
Initial studies focused on evaluating the molybdenum-based additives as single components in a 
lithium-complex grease by SRV (ASTM D5707), four-ball wear (ASTM D2266), and four-ball weld 
(ASTM D2596).  Lithium-complex grease was selected for initial studies as lithium derivatives, 
including simple and complex types, are included in over 70 % of greases.[16]  The results of these 
studies are included in Tables 2 and 3.  

As indicated in Table 2, both OTM salts were effective anti-wear agents as evidenced by the low wear 
volumes compared to the base grease.  Furthermore, S4N OTM also provided a significant drop in 
the coefficient of friction (COF).  While both MoDTCs lowered wear and friction, wear volumes were 
markedly higher compared to the OTM salts, particularly S4N OTM.  MoS2 provided only modest 
reductions in both wear volume and COF.  

Table 2: Frictional and anti-wear performance (SRV, ASTM D5707) in lithium-complex grease

Similar poor performance of MoS2 as a single component additive in the lithium-complex grease 
was observed in the four-ball wear and weld tests.  As shown in Table 3, the grease containing MoS2 
showed no improvement in the weld point compared to the base grease and minimal improvement in 
the wear scar diameter.  While both MoDTC-S and MoDTC-L reduced the wear scar diameter, only very 
modest improvements in the weld points were observed.  

Conversely, both OTM salts demonstrated improved wear protection and extreme pressure 
performance.  S4N OTM provided excellent anti-wear performance and a weld point comparable to 
a commercial thiadiazole complex additive.  For the imidazolium-based material (S2IM OTM), the 
wear results were comparable to that of the Thiadiazole Complex and actually exceeded the extreme 
pressure performance.  The DMTD Dimer provided the best overall extreme pressure performance 
and modest antiwear performance. 
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Table 3: Anti-wear (ASTM D2266) and extreme pressure (ASTM D2596) performance in lithium-complex grease

Next, the five molybdenum-based additives were evaluated in combination with two treat rates of 
ZDDP in a lithium-complex grease (Table 4).  In contrast to the relatively poor performance of MoS2 in 
the single component studies, the combinations of MoS2 and ZDDP showed dramatic improvements in 
both the wear protection and frictional performance. 

Similarly, MoDTC-S and S4N OTM with ZDDP both resulted in reduced wear volumes and COFs.  
The improvements in the wear protection for the formulations that contained MoDTC-L and ZDDP 
were minimal.  While the combination of S2IM OTM and ZDDP did lower the wear compared to the 
formulation containing only S2IM OTM, the frictional performance was still inferior compared to all 
ZDDP combinations with the other molybdenum-based additives.  

Overall, the results in lithium-complex grease contained in Tables 2-4 indicated that formulations 
containing S4N OTM provided a balanced performance profile across a range of test methods and 
conditions.

Table 4: Frictional and anti-wear performance (SRV, ASTM D5707) of 
molybdenum-based additives with ZDDP in lithium-complex grease
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3.2 Tribological Performance in Calcium Sulfonate Grease
While simple lithium soap and lithium-complex greases represent the majority of commercial grease 
volume, calcium-based greases are increasing in popularity.[16]  As a result of the growing usage of 
calcium-based greases, an additional study was conducted to evaluate the frictional performance of 
molybdenum-based additives in a calcium-based grease.  

For this study, S4N OTM, MoDTC-S, and MoS2 were each blended into an experimental calcium 
sulfonate grease at two treat rates of molybdenum and evaluated for frictional performance by 
MTM (Table 5).  These additives were selected because S4N OTM and MoDTC-S provided the most 
consistent performance improvements in the above studies with lithium-complex grease.  MoS2 was 
also included as it is one of the most commonly used molybdenum additives in grease applications.  

The data in Table 5 suggested that at the lower treat rate the molybdenum additives had very little 
impact on the frictional performance of the calcium sulfonate grease.  The Stribeck friction coefficients 
for the OTM salt and the MoDTC-S essentially matched those of the base grease at each temperature.  
The grease formulation containing MoS2 had notably higher friction compared to the additive-free 
calcium sulfonate grease throughout the testing.  Similar results (Table 6) were obtained for the MoS2 
formulation at the higher treat rate of molybdenum by MTM.  

However, both S4N OTM and MoDTC-S formulations exhibited lower Stribeck friction coefficients than 
the base calcium sulfonate grease at the higher temperatures.  These findings agreed with the single 
component results for MoS2 in the lithium-complex grease studies (vide supra) and suggested the S4N 
OTM and MoDTC-S structures can more readily form MoS2 sheets in the tribofilm compared to finely 
ground powdered MoS2.  

In particular, the grease containing S4N OTM provided significantly lower friction at temperatures 
as low as 100 C.  In contrast, the MoDTC additive did not substantially lower the Stribeck friction 
coefficients compared to the base grease until the temperature reached 140 C.  These data indicated 
that the two molybdenum additives activated to reduce the friction at different temperatures.  

Table 5: Frictional performance (MTM) in calcium sulfonate grease at 2,800 ppm Mo

Table 6: Frictional performance (MTM) in calcium sulfonate grease at 8,400 ppm Mo
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The MTM simultaneously measured friction and the electrical contact resistance (ECR) between the 
steel ball and the disc, which provided additional information on the environment between the two 
rubbing metal surfaces.  

Figure 2 contains the plots of the ECR data at several temperatures for the calcium sulfonate grease 
formulations at the higher treat rate of molybdenum.  The ECR plots clearly indicated that there 
was minimal metal-to-metal contact, even at 60 C, in the grease formulation containing S4N OTM.  
In addition, the metal surfaces remained separated throughout the remainder of the MTM testing.  
These data (along with the friction data) suggested that the OTM salt rapidly decomposed to form a 
protective, low-friction tribofilm.  

Conversely, both the additive-free calcium sulfonate grease as well as the formulations containing 
either MoS2 or MoDTC-S exhibited significant amounts of metal-to-metal contact at lower 
temperatures.  Even at 100 C, the ECR values were notably low for MoS2 and MoDTC-S formulations, 
particularly in the boundary lubrication regime.  The metal-to-metal contact in all formulations was 
minimal at the highest operating temperature of 140 C.  The frictional and ECR data suggested that 
although both the OTM salt and the MoDTC produced

Figure 2: MTM electrical contact resistance (ECR) results in calcium sulfonate grease at 8400 ppm Mo

protective tribofilms by the end of the MTM testing, S4N OTM activated at a much lower operating 
temperature than MoDTC-S.  These observations agreed with previous studies that demonstrated 
that an OTM salt (soluble in an engine oil) activated to form a low-friction, protective tribofilm at 
significantly lower temperature than an MoDTC in a similar formulation.[17]

3.3 Thermogravimetric Analysis (TGA) and Proposed Mechanism of Molybdenum Activation
A final study using TGA was performed to gain additional information on the decomposition pathways 
of S4N OTM and MoDTC-S.  In the literature, TGA helped elucidate the mechanisms for a variety of 
sulfurized molybdenum species.[18-20]  In the current study, samples of each additive were heated under 
nitrogen from 25 to 500 C and then under oxygen from 500 to 900 C.  

The TGA curves of weight loss for both additives are provided in Figure 3.  The TGA curves clearly 
showed that the initial onset of degradation happened at a much lower temperature for S4N OTM 
compared to MoDTC-S (167 versus 283 C, respectively).  
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Furthermore, the initial weight loss for the OTM salt was followed by a slow, gradual degradation 
process.  The residual weight immediately before the atmosphere was switched to oxygen at 500 C for 
the S4N OTM salt matched the theoretical amount for the initial formation of MoS3 (orange dashed line 
labelled MoS3).  Previous studies by Oumahi [21] demonstrated that the decomposition of molybdenum-
based additives in the presence of sulfur sources under certain conditions initially formed amorphous 
MoS3 prior to the expected MoS2.  Conversely, the degradation of MoDTC-S by TGA predominantly led 
to the direct formation of MoS2 (yellow dashed line labelled MoS2).

Figure 3: Thermograms for S4N OTM and MoDTC-S.  Solid lines refer to the residual weight (%) and dashed lines 
are the theoretical residual weights (%) for the indicated molybdenum species.  Samples were run under an 

atmosphere of nitrogen from 25 to 500 C and switched to oxygen from 500 to 900 C.

Upon switching to an oxygen atmosphere, the residues for both additives underwent oxidation to 
cleanly form MoO3.  Complete decomposition of MoO3 was observed as temperatures approached 
800 C.  Similar TGA curves were obtained when performed under an atmosphere of air (5 C/min 
temperature ramp, from 25 to 900 C); they indicated the rapid degradation of S4N OTM followed by a 
slow conversion of MoS3 to MoS2.

Based on all of the performance and analytical data obtained in this study, a mechanism for the 
activation of OTM salts is proposed, as depicted in Figure 4.  The first step of the mechanism is 
expected to involve homolytic cleavage of molybdenum-sulfur bonds, similar to mechanisms for 
the activation of MoDTCs.[5,6]  The MTM and TGA data support this process occurring rapidly and at 
comparatively lower temperatures for the OTM salts compared to traditional MoDTCs.  

The initial decomposition should result in the direct formation of MoS2 as well as various 
molybdenum-oxygen-sulfur-containing species (MoSxOy) and polysulfides (Sx2-).  Based on the TGA 
residue weight data and previous reported studies[21], these MoSxOy species most closely resembled 
amorphous MoS3.  

In the proposed mechanism, the MoSxOy species are converted gradually (in the presence of sulfur 
sources) to generate additional MoS2.  Unlike traditional sulfur-free molybdate esters and MoDTC 
additives[22-25], OTM salts appear to rely less on external sources of sulfur for the conversion of 

MoSxOy species to MoS2.  
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In both lithium-complex and calcium sulfonate grease formulations, OTM salts were shown to form 
low friction, protective tribofilms even in the absence of external sulfur sources such as ZDDP.  
Presumably, the polysulfides (Sx

2-) liberated in the initial decomposition of the OTM salts were used to 
convert MoSxOy species to MoS2 and to replenish MoS2 as it was oxidized.

Figure 4: Proposed mechanism for activation of OTM salt and degradation to form MoS2

4 Conclusions
A new class of molybdenum-based additives was developed for use in lubricants.  These additives are 
ionic in nature and contain highly sulfurized, binuclear oxothiomolybdate (OTM) dianion cores.  OTM 
salts can be low melting powders or room temperature ionic liquids, depending on the chemistry of 
the countercation.  

Lithium-complex and calcium sulfonate grease formulations containing these additives as single 
components and in combination with ZDDP were evaluated using SRV, four-ball, and MTM bench tests.  
In addition, comparative examples of traditional molybdenum-based additives such as molybdenum 
disulfide and traditional molybdenum dithiocarbamates were included in the study.  
In general, the imidazolium-based OTM salt (S2IM OTM) demonstrated the best performance as an 
extreme pressure additive, whereas the quaternary ammonium-based OTM salt (S4N OTM) provided 
the most consistent improvements to friction, wear protection, and extreme pressure performance 
compared to the traditional molybdenum-based additives.  

While both the S4N OTM and a molybdenum dithiocarbamate were competent friction modifiers 
in a variety of grease formulations, the data suggested that the two additives followed different 
decomposition pathways.  Both ECR and TGA data indicated that OTM salt activation occurred at a 
significantly lower temperature resulting in a low friction, protective tribofilm more quickly than 
MoDTCs or MoS2.  

Overall, the results of this study demonstrate that the novel OTM salts are useful, multifunctional 
additives capable of delivering step-out friction reduction, anti-wear, and extreme pressure 
performance in grease applications.

This paper is based on a presentation given at the 86th NLGI Annual Meeting, June 11th, 2019, at JW 
Marriott Resort, Las Vegas, Nevada.
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ABSTRACT
This paper documents the recent development of several new process methods for making calcium 
sulfonate complex greases.  These new process techniques included: (1) the delayed addition of the 
primary non-aqueous converting agent relative to the addition of water; (2) the use of trace levels of 
alkali metal hydroxide; and (3) a delay after the addition of the facilitating acid and before the addition 
of the next reactive raw material.  By judicious use of one or more of these process methods, the 
overbased calcium sulfonate content of an NLGI No. 2 grade grease was reduced to between 15 and 22 
wt% without the use of pressurized manufacturing equipment.

This paper provides information on the use of these new process methods, their impact on relative 
grease cost and performance, and insight into why they work as they do.
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I.  INTRODUCTION
 
The first calcium sulfonate-based greases can actually trace their beginnings to the development of the 
highly overbased calcium alkylbenzene sulfonates from which they were made [1].  As that overbased 
calcium sulfonate technology continued to advance, the first overbased calcium sulfonate-based 
greases were developed from the mid-1960s through 1970 [2-6].  Typically, the calcium sulfonate grease 
structure was formed by changing the amorphous calcium carbonate within the overbased calcium 
sulfonate.  This chemical change involved the conversion of the amorphous calcium carbonate to 
nano-dispersed crystalline calcium carbonate, preferably calcite.  The chemical reagents used to cause 
this change were called converting agents.  These included water in combination with one or more 
non-aqueous converting agents, such as certain low molecular weight carboxylic acids (especially 
acetic acid, HOAc) and alcohols.  Those first simple calcium sulfonate greases were primarily used as 
rust preventative coatings.  The percentage of overbased calcium sulfonate required for such NLGI No. 
2 grade simple calcium sulfonate greases was typically at least 50 wt%.  

In 1985, the first calcium sulfonate complex grease technology was documented as a way to reduce 
the required level of the overbased calcium sulfonate, improve the low temperature mobility, and 
make the final products more suitable for a wider range of applications [7].  Those greases were 
made by first preparing a simple calcium sulfonate grease as previously disclosed.  The non-aqueous 
converting agents were also from the same chemical families as previously disclosed.  Specifically, 
acetic acid and methyl cellosolve (2-methoxyethanol) were the primary non-aqueous converting 
agents.  Also, a specific alkylbenzene sulfonic acid was added to help facilitate the conversion process.  
Typically, this facilitating acid was dodecylbenzene sulfonic acid (DDBSA).  Once conversion was 
complete, calcium12-hydroxystearate and a calcium borate were formed within the simple calcium 
sulfonate grease by reaction of the corresponding acids with calcium hydroxide.  The calcium 
hydroxide used in these reactions was derived from the small amount present in the overbased 
calcium sulfonate as well as calcium hydroxide added post-conversion.  The resulting greases typically 
required between 40 and 45 wt% overbased calcium sulfonate for an NLGI No. 2 grade product.  

In 1994, it was demonstrated that if at least a portion of the 12-hydroxystearic acid (12-HSA) was 
added pre-conversion, then the required amount of overbased calcium sulfonate in an NLGI No. 2 
grade grease could be further reduced to less than 28 wt% [8-9].  If conversion occurred under pressure, 
that amount could be reduced to less than 20 wt%.  

In this study, the pre-conversion 12-HSA was considered to affect the conversion process by acting 
as a converting agent.  When the conversion was done under pressure in a sealed reactor, no other 
converting agent (except water) was required.  In contrast, when the conversion was carried out 
under open conditions, an alcohol (typically methanol) was always added as the primary non-
aqueous converting agent.  In such cases, the pre-conversion 12-HSA was apparently insufficient to 
affect timely conversion without the alcohol.  The 12-HSA was accordingly a secondary non-aqueous 
conversion agent.  It should be noted that regardless of whether the conversion was done under 
pressure or under open conditions, the 12-HSA would have been expected to react with the most 
basic moiety available to form calcium 12-hydroxystearate.  Thus, 12-HSA performed the dual role of 
converting agent and complexing acid.

This progressive improvement in thickener yield (reducing the overbased calcium sulfonate 
required to provide an NLGI No. 2 grease) was shown to provide a corresponding improvement in 
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low temperature mobility and pumpability in the final grease [10].  This improvement would also be 
accompanied by a reduction in the formula cost, assuming other compositional features remained 
constant.

More recently, calcium sulfonate complex grease formulations were developed wherein all or part of 
the added calcium hydroxide (used to react with added complexing acids) was replaced by powdered 
calcium hydroxyapatite or calcium carbonate [11-12].  The primary non-aqueous converting agents were 
typically poly-hydric alcohols, especially alkylene glycols.  During the development of this technology, 
it was also demonstrated that the Strong Base Number of the overbased calcium sulfonate can affect 
grease properties.      

This paper focuses on three manufacturing process modifications that have been recently developed 
to provide improved thickener yield in calcium sulfonate-based greases made in open, non-
pressurized kettles [13-15].  They have been developed primarily as an improvement to the previously 
mentioned calcium hydroxyapatite-based chemistry.  However, they can be similarly useful when 
using other calcium sulfonate complex grease chemistries.  These three new manufacturing process 
modifications are summarized as follows:

1. Adding the primary non-aqueous converting agent after one or more delays relative to the addition 
of the initially added water.

2. Dissolving a very small amount of an alkali metal hydroxide in the pre-conversion or post-
conversion water added during the manufacturing process.

3. After adding the facilitating acid, waiting before adding the next reactive raw material.

II. EXPERIMENTAL

A.  General Approach
A series of calcium sulfonate-based greases was made to evaluate the effect of the three previously 
mentioned manufacturing process modifications on thickener yield.  Thickener yield was determined 
by calculating the wt% of the overbased calcium sulfonate for each grease.  Lower values of wt% 
overbased calcium sulfonate translate to better thickener yield.  On a few representative greases, 
other test properties were measured and reported.  

During the conversion process, the overbased calcium sulfonate is chemically changed so that it is no 
longer present in its original structure.  However, in this paper, for convenience and in accordance 
with established convention, the wt% overbased calcium sulfonate will be expressed as if it had not 
changed.  

As noted in a previous paper [1], the detailed conversion mechanism has not been elucidated in the 
open literature.  Such a complete explanation of this mechanism is well beyond the scope of this paper.  
However, based on the data obtained in the present study, some insights are provided concerning the 
conversion mechanism as it relates to the three process modifications.

B.  Equipment, Test Methods, and Raw Materials
All greases were made by the same operator using a tilt-head stand-style kitchen mixer with a 
planetary stirrer and electric heating mantle.  All weights were measured using an open pan analytical 
balance capable of measuring to the nearest 0.01 g.  Each grease was given three passes through a 
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three-roll mill with both gaps set at 0.03 mm (0.001 in).  The temperature of each grease just prior to 
milling was typically about 66 C.  

The primary test methods used to evaluate the greases were dropping point by ASTM D2265 and 
penetration by ASTM D217.  A modified ASTM D2265 procedure was used wherein the block 
temperature was set at 343 C to apply the same thermal stress to each grease.  It should also be noted 
that ASTM D2265 defines dropping points to values up to 316 C, and the correlation between ASTM 
D2265 values and real world grease performance is not defined at any temperature.  However, in this 
study, the modified dropping point method was used to measure changes in grease structural stability, 
and results were interpreted accordingly.

A few representative greases were additionally evaluated by the following test methods:

1. Worked 10,000 stroke penetration, ASTM D217
2. Roll Stability at 25 C and 150 C, ASTM D1831
3. Oil Separation Properties by Conical Sieve, ASTM D6184
4. Rust Preventative Properties, ASTM D1743
5. Copper Strip Corrosion at 100 C and 150 C, ASTM D4048
6. Four Ball Wear, ASTM D2266
7. Four Ball EP, ASTM D2596 

The three overbased calcium sulfonates used in this work had Total Base Number (TBN) values of 
approximately 400 mg KOH/g.  All TBN values were determined by ASTM D4739.  The Strong Base 
Number (SBN) values varied depending on the overbased calcium sulfonate used.  The SBN value for 
calcium sulfonate A was between 35 and 40.  For overbased sulfonates B and C, typical SBN values 
were approximately 55 and 45, respectively.  These values were determined by the suppliers.  SBN 
values were determined either by ASTM D4739 or by a proprietary method that provides results 
similar to ASTM D4739.  The units of mg KOH/g for TBN and SBN apply to all TBN and SBN values 
throughout this paper.  Kinematic viscosities were determined by ASTM D445.  

All raw materials were essentially 100% pure unless otherwise indicated.  Calcium hydroxide, calcium 
carbonate, anhydrous calcium sulfate, and calcium hydroxyapatite were all food grade purity powders 
with a mean particle size between 1 and 5 microns.  

Finally, appropriate safety measures were used during the preparation and testing of all greases in 
this paper.

III. RESULTS AND DISCUSSION

 A. Delayed Addition of Non-Aqueous Converting Agent Technique

  i.  General Considerations

A series of greases was prepared to evaluate the effect of delaying the addition of the primary non-
aqueous converting agent relative to water.  The following points applied to all greases prepared in 
this study.  
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1. 1. Raw materials were added in the order shown in the target formulation.  Additional information 
on the order of raw material addition is indicated in the time-temperature profile figures that 
describe the manufacturing procedure.  

2.  When a raw material (other than base oil) was added both pre- and post-conversion, this was 
indicated parenthetically in the target formulation. 

3. For most batches, only a portion of the base oil was added at the beginning, and the remainder 
was added as indicated in the time-temperature profile.  However, for some greases, the base oil 
addition followed a different pattern (discussed below as required). 

4. The initial water addition (converting agent) was included as a raw material in all target 
formulations.  However, water was lost during the process of heating each grease to its highest 
temperature.  Accordingly, the raw material sum shown for each target formulation is more than 
100 wt% by the amount of initially added water.

5. During the conversion process, Fourier Transform Infrared Spectroscopy (FTIR) was used to 
monitor the water content, and additional water was added as required to replace water lost due 
to evaporation.  This was necessary since sufficient water was required for effective conversion [12].  
Such additional water was not included in the target formulations.

6. The terms “conversion temperature” and “conversion temperature range” throughout this paper 
refer to 88 C and the range from 88 to 93 C, respectively.  However, this usage does not imply that 
the conversion process began when the batch reached 88 C.  In fact, compelling data are presented 
to prove the opposite.

7. The time required to heat each grease batch from initial ambient temperature (25 C) to the 
conversion temperature range (between 88 and 93 C) was typically from 50 to 60 min.  The actual 
timing of the addition of the various raw materials during the conversion process was an integral 
part of the manufacturing processes evaluated in this study.  Therefore, the time-temperature 
profile x-axis provides only an approximate process time record and should be interpreted as such.

8. Since all greases were made under open kettle, atmospheric conditions, the primary non-
aqueous converting agent was one of two alkylene glycols indicated in the formulations.  When 
12-HSA and/or HOAc were added pre-conversion, they were considered secondary non-aqueous 
converting agents and complexing acids.  When they were added post-conversion, they functioned 
only as complexing acids.

9. Boric acid and phosphoric acid, when used, were always added post conversion as complexing 
acids.  The formula for boric acid is written in this paper as B(OH)3 to more correctly expresses the 
fact that boric acid is a Lewis acid and not a Bronstead acid under the conditions of this work [11].  
The phosphoric acid was a 75 wt% aqueous solution.

10. The conversion process for each grease was monitored by visual examination of the thickness 
of the batch and by FTIR spectra from 860 to 890 cm-1.  As is well known, during the conversion 
process, the initial wide peak near 862 cm-1 (due to amorphous calcium carbonate in overbased 
calcium sulfonate) was replaced by a narrower peak near 882 cm-1 (due to crystalline calcium 
carbonate).

11. For some series of greases in this study, the wt% overbased calcium sulfonate and worked 
penetration values varied sufficiently to make direct comparison of thickener yield less than 
obvious.  In such cases, the wt% overbased calcium sulfonate value for a greases was re-calculated 
to what it would have been at a specific worked penetration value.  This made it easier to see 
trends in thickener yield.  In other series of greases, all greases had the same wt% overbased 
calcium sulfonate value.  In such cases, worked penetration values provided a direct comparison of 
thickener yields.

12. For all penetration tests, the results are reported in the normal way as per ASTM D217 and D1403, 
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i.e., values are expressed in units of 0.1 mm.  As is customary throughtout the lubricating grease 
industry, these each such unit of 0.1 mm is referred to as a “point”.         

13. Columns and rows in tables are colored green for baseline greases and blue for non-baseline 
greases.         

  ii. Calcium Hydroxyapatite-Based Chemistry

Greases 1 – 4 were prepared to compare the effects of adding the primary non-aqueous converting 
agent (alkylene glycol A) at different stages of the grease-making process.  These four greases were 
made using a form of the calcium hydroxyapatite technology, the same target formulation (Table 1), 
and the same time-temperature profile (Figure 1).
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Greases 1 – 4 used overbased calcium sulfonate A; the primary non-aqueous converting agent was 
alkylene glycol A.  For each grease, 70% of the target formula amount of base oil was added at the 
beginning of the process.  An attempt was made to achieve a consistency as close as possible to the 
middle of the NLGI No. 2 grade range.  The remaining oil was added near the end of the process in an 
amount estimated to achieve the desired consistency.  

Course Description:  
As technology progresses, the design of advanced mechanical systems will rely on a greater understanding of 
tribological systems. This course seeks to educate students about the mechanisms of lubrication, friction and wear 
at a microscopic level. Topics include surface contact mechanics, lubrication regimes and the Stribeck curve, 
differences between abrasive wear modes and rolling contact fatigue, introduction to tribological testing, safe/
not-safe sliding, and common industrial applications for tribological design considerations.  
 
Target Audience:  
Appropriate for students new to the lubricants industry…such as those preparing to take the NLGI Basic Grease 
course or reviewing for the CLGS exam, and anyone seeking a great understanding of advanced engineering 
design. 

Fundamentals of Lubrication 
and Tribology

SUNDAY, JUNE 14, 2020 • NLGI 2020 ANNUAL MEETING
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Table 2 provides information on how Greases 1 – 4 differed in terms of the delayed addition of the 
non-aqueous converting agent.  Test data are also provided.  

As Table 2 indicates, Greases 1 and 2 were identical baseline greases wherein the initial water and 
alkylene glycol A (primary non-aqueous converting agent) were added together when the batch was 
at ambient laboratory temperature.  This addition took place near the beginning of the process, before 
the batches were heated to the conversion temperature range (between 88 and 93 C).  

For Greases 3 and 4, the alkylene glycol A was not added with the initial water.  Instead, it was added 
to the batch after the conversion temperature range was reached.  For Grease 3, there was a holding 
delay of 60 min at the conversion temperature range before adding the glycol.  For Grease 4, the glycol 
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was added immediately upon reaching the conversion temperature range (i.e., no holding delay).  Of 
course, all batches experienced a temperature adjustment delay while they were heated from 25 to 88 
C, typically between 50 and 60 min.
 
As can be seen from the Table 2 test results, Greases 1 and 2 (baseline greases) were essentially 
identical in terms of their worked 60 stroke penetrations and their wt% overbased calcium sulfonate 
A.  This was expected since the two greases were made by the same formula, same procedure, same 
equipment, and same operator.  

Greases 3 and 4 showed an improved thickener yield versus Greases 1 and 2.  Grease 3 was about 20 
points harder than the two baseline greases.  It also had a lower wt% overbased calcium sulfonate 
content than the baseline greases.  Grease 4 had a similar worked 60 stroke penetration compared to 
the baseline greases.  However, its wt% overbased calcium sulfonate content was lower than the two 
baseline greases.  

To better determine the relative thickener yields for Greases 1 – 4, the concentration of overbased 
calcium sulfonate A for each grease was recalculated.  This recalculation was done to estimate the 
wt% overbased calcium sulfonate A for grease with a worked penetration of 280.  An inverse linear 
relationship between wt% overbased calcium sulfonate and worked penetration was used for this 
calculation.
  
From these recalculated wt% overbased calcium sulfonate values, it was clear that both Greases 3 and 
4 had higher thickener yields compared to the two baseline Greases 1 and 2.  Grease 3, with its 60-min 
holding delay, had the best thickener yield of these four greases.  The only difference between Greases 
3 and 4 and baseline Greases 1 and 2 was the delayed addition of non-aqueous converting agent 
technique.  This leads to the first mechanistic insight:

Mechanistic Insight No. 1:  The delayed addition of the primary non-aqueous converting agent 
technique improved the thickener yield of calcium hydroxyapatite-based calcium sulfonate 
complex greases for the specific chemistries and processes herein described. 

A significant observation was made during the conversion process of these four greases.  For the 
baseline Greases 1 and 2, conversion occurred slowly and gradually as the conversion temperature 
range was reached and maintained.  Conversion appeared to be essentially complete after 45 min at 
the conversion temperature range.  

The conversion behavior was markedly different for Greases 3 and 4.  As the batches were heated to 
88 C (without the glycol), a slight thickening was apparent, and the batch appearance was similar to 
a “loose” pancake batter.  When the alkylene glycol was added to Grease 3 (after a 60-min holding 
delay), conversion took place almost instantaneously.  Within a few minutes, a very thick grease 
structure formed, and the FTIR peak change occurred.  

With Grease 4, once the alkylene glycol was added (immediately upon reaching 88 C), conversion 
occurred almost as rapidly as Grease 3.  Both Greases 3 and 4 were held at the conversion temperature 
for 45 min to duplicate the process used to prepare the two baseline Greases 1 and 2. 
 
Additional test data from Table 2 show that all four greases had good properties.  Thus, the delayed 
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addition of non-aqueous converting agent technique did not cause any consistent or significant 
deterioration of grease performance by the test procedures used in this study.  

iii. Calcium Carbonate-Based Chemistry

Greases 5 and 6 were made using a form of the calcium carbonate-based calcium sulfonate complex 
grease technology as discussed above.  This was done to determine if the delayed addition of non-
aqueous converting agent technique could provide similar thickener yield improvement with another 
calcium sulfonate-based grease chemistry.  The target formulation for Greases 5 and 6 is provided in 
Table 3.  The time-temperature profile for how these greases were made is provided in Figure 2.
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As can be seen from Figure 2 and Table 3, powdered calcium carbonate was the sole added calcium-
containing base used for reaction with complexing acids.  The calcium carbonate was added pre-
conversion.  This was in accordance with the previously discussed calcium carbonate-based calcium 
sulfonate complex grease chemistry.  

The formulation for Greases 5 and 6 differed from Greases 1 – 4 in two respects. First, overbased 
calcium sulfonate B was used in Greases 5 and 6  instead of overbased calcium sulfonate A that was 
used in the previous four greases.  Second, boric acid was not used as a complexing agent in Greases 5 
and 6, while it was used in Greases 1 – 4.

Details on the use of the delayed addition of non-aqueous converting agent technique and test data for 
Greases 5 and 6 are provided in Table 4.

Grease 5 was the baseline grease (no process delay), while Grease 6 was made with the delay 
technique (60-min holding delay at the conversion temperature).  

The wt% overbased calcium sulfonate B value for Grease 6 was recalculated to estimate the value for 
Grease 6 with the same worked penetration value as Grease 5.  

Once again, the delayed addition of non-aqueous converting agent technique improved the thickener 
yield.  However, the improvement in thickener yield for Grease 6 (vs. Grease 5) was not as large as the 
improvement for Grease 3 (vs. Greases 1 and 2, Table 2), even though the holding delay (60 min at 88 
C) was the same for Greases 3 and 6.  Greases 5 and 6 had high dropping point values, 332 and >343, 
respectively.  

As with Greases 1 - 4, Greases 5 and 6 showed differing behavior during the conversion process.  
Baseline Grease 5 converted slowly and gradually, similar to baseline Greases 1 and 2.  Grease 6 
converted rapidly once the alkylene glycol was added.  Even so, Grease 6 was held at the conversion 
temperature for about 45 min to duplicate the process experienced by the baseline Grease 5.   
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iv. Calcium Sulfonate Complex Chemistry (1994 Technology)

Greases 7 and 8, were made using a form of the 1994 calcium sulfonate complex grease technology. [8,9]  
The target formulation for Greases 7 and 8 is provided in Table 5, and the time-temperature profile is 
in Figure 3.

The primary feature of Greases 7 and 8 was the pre-conversion addition of a portion of the 12-HSA 
as both complexing acid and secondary converting agent.  A small amount of HOAc was also added 
pre-conversion.  Both greases used overbased calcium sulfonate B.  The initially added base oil was 
57 wt% of the total target formula amount.  The remaining formula oil in its entirety was added after 
conversion was complete, regardless of the impact on the final grease consistency.  Additionally, 
Greases 7 and 8 used boric acid as a post-conversion complexing acid, but did not use phosphoric acid, 
in accordance with the 1994 technology [8,9].
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Details on the use of the delayed addition of non-aqueous converting agent technique and test data for 
Greases 7 and 8 are provided in Table 6.

Grease 7 was the baseline grease where the delay technique was not used; Grease 8 used a 60-min 
holding delay at the conversion temperature.  Once again, the use of the delayed addition of non-
aqueous converting agent technique improved the thickener yield.  This improvement was very 
significant.  Both greases had the same final wt% overbased calcium sulfonate.  Grease 8 clearly had 
a much better thickener yield than Grease 7 because its worked penetration was almost 40 points 
harder than Grease 7.  The dropping point value for Grease 8 was also high (>343 C).    

As with the previous greases where the delayed addition of non-aqueous converting agent was used, 
Grease 8 exhibited slight thickening during the heating to conversion temperature step and during the 
holding delay.  Of course, during this time, water was present as a converting agent, but the glycol was 
not.  After the the primary non-aqueous converting agent (alkylene glycol A) was added, conversion 
was much more rapid compared to the baseline Grease 7.  

An important point should now be made concerning all the calcium sulfonate complex greases thus 
far described, regardless of the chemistry used.  When the delay method was used, the effect of just 
water (and any secondary converting agents) was observed during the delay before the addition of 
the primary converting agent.  Any effect that otherwise would have been imparted by the primary 
converting agent could not have occurred during such a delay since the primary converting agent 
had not yet been added.  After the delay, once the converting agent was added, obvious additional 
conversion effects were observed.  Those additional effects could have been caused by the direct 
reaction of the primary converting agent with overbased calcium sulfonate that had not yet been 
changed by the previously added water (if any such unchanged overbased calcium sulfonate 
remained).  Those additional effects could also have been caused by the primary non-aqueous 
converting agent reacting with species formed by the previous reaction of the overbased calcium 
sulfonate and the water.  Such a sequential reaction profile would have been an interactive effect from 
both water and primary converting agent.  

When the delay method was not used, obvious separation of effects of the water and the primary 
converting agent was not possible.  Instead, conversion processes caused by both water and primary 
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converting agent occurred simultaneously.  Those conversion processes could have included any 
effects due to only water reacting with the overbased calcium sulfonate, and any effects due to only 
the primary converting agent reacting with the overbased calcium sulfonate.  They could have also 
included sequential, interactive effects.  If such interactive effects were occuring, they could have 
potentially occurred from the time both water and primary converting agent were added until full 
conversion was accomplished.  However, when the delay technique was used, any interactive effects 
on conversion would not have been possible until the delay ended and the primary converting agent 
was added. 

These observations and all the preceeding test data lead to two more mechanistic insights:  

Mechanistic Insight No. 2:  Under the open process conditions herein used, the delayed addition of 
the primary non-aqueous converting agent technique modifies the overall conversion process in 
some yet unknown way as evidenced by the signficantly different conversion behavior as well as 
the improved thickener yield.

Mechanistic Insight No. 3:  The conversion water and the primary non-aqueous converting agent 
have different effects on the structure of overbased calcium sulfonate.  While these roles may be 
complementary and interactive, they are nonetheless distinct from each other.

v. Effect of Delay Conditions

To further explore the delayed addition of non-aqueous converting agent technique, a series of six 
more calcium hydroxyapatite-based calcium sulfonate complex greases, Greases 9 – 14, was made.  
They all had the same target formulation as the first four greases, Table 1.  Likewise, they were made 
by the same general time-temperature process, Figure 1.  These greases only differed with respect 
to the holding delay temperature and holding delay time, Table 7.  The baseline Greases 1 and 2 are 
included for ease of reference.

The holding delay temperature ranged from 25 to 88 C.  The holding delay time ranged from 30 to 150 
min.  For all greases, after the holding delay, the batch temperature was adjusted to 88 C, if needed, 
and the alkylene glycol A was then added without further delay.  

The worked penetrations of Greases 9 – 14 were always between 272 and 287.  The wt% overbased 
calcium sulfonate A was recalculated for baseline Greases 1 and 2 and for Greases 9 – 14 to estimate 
values for a worked penetration of 280.   
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Greases 9 – 14 had recalculated overbased calcium sulfonate contents between 20.9 and 22.3 wt%, 
which were lower than the baseline grease values of 24.5 and 24.1 wt%.  The lowest value, 20.9 
wt%, was obtained for Grease 11 where the holding delay temperature/time were 71 C/150 min. 
The consistently higher thickener yield of Greases 9 – 14 (Table 7) and Greases 3 and 4 (Table 2) 
compared to the two baseline greases conclusively showed that this improvement was real.  Dropping 
point values for Greases 9 – 14 were 337 C or higher.

In general, the conversion behavior of Greases 9 – 14 was similar to other greases where the delayed 
addition technique was used.

It should be noted that in all the greases thus far made (Greases 1 – 14), complexing acids were added 
both pre- and post-conversion.

vi. Calcium Sulfonate Complex Chemistry (1985 Technology)

In view of the results from the previous greases, two more calcium sulfonate complex greases were 
made.  Greases 15 and 16 were made according to the original calcium sulfonate complex technology 
as first disclosed in 1985 [7].  The target formulation is provided in Table 8; the time-temperature 
profile is provided in Figure 4.  
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For Greases 15 and 16, the only complexing acids were 12-HSA and boric acid.  Both were added only 
post-conversion.  A small amount of HOAc (as a secondary converting agent) was added as soon as the 
conversion temperature (88 C) was reached.  These compositional and processing techniques were 
in accordance with the original 1985 technology.  Additionally, Greases 15 and 16 used overbased 
calcium sulfonate B.  The primary converting agent was alkylene glycol A.  In both of these greases, all 
the base oil was added at the beginning regardless of the impact on the final grease consistency.
 
Details on the use of the delayed addition of the non-aqueous converting agent technique and test data 
for Greases 15 and 16 are provided in Table 9.

The delayed addition technique significantly improved thickener yield, as observed above.  Although 
both greases contained the same wt% overbased calcium sulfonate, Grease 16 had a worked 
penetration value that was 31 (units of 0.1 mm) harder than the baseline Grease 15.  Dropping points 
of both greases were high (>343 C).  
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Greases 1 - 16 used alkylene glycol A.  Some subsequent greases (below) used alkylene glycol B.  Both 
of these primary non-aqueous converting agents are fully miscible with water in all proportions, but 
essentially insoluble in the base oils used in this study.  The boiling points of both glycols are much 
higher than that of water.  Furthermore, the published chemical literature indicates that neither glycol 
forms azeopropic blends with water.  Therefore, it is unlikely that the delayed addition technique 
involves premature evaporative loss of the primary non-aqueous converting agent when inititally 
added with water to the batch, at least under the pre-conversion and conversion conditions of these 
greases.

Based on the above data, two more mechanistic insights can be stated:   

Mechanistic Insight No. 4:  The delayed addition of the primary non-aqueous converting agent 
technique improved the thickener yield regardless of the calcium sulfonate complex chemistry 
used in this study.  

Mechanistic Insight No. 5:  The reason for this thickener yield improvement must be due to a 
common feature present in all the calcium sulfonate complex grease chemistries and cannot 
rest upon a feature unique to any one such chemistry.  For instance, the reason for the delay 
technique’s thickener yield improvement cannot be due to the pre-conversion addition of 
complexing acids or their dual role as a secondary non-aqueous converting agent.  This is so 
because a very significant thickener yield improvement occurs when the delay technique is used 
even when such pre-conversion complexing acid addition does not occur.

It should be noted that in all the greases thus far described, complexing acids were used at one or 
more points in the process.  No greases were made without the use of at least some complexing acids. 

vii. Simple Calcium Sulfonate Chemistry

Next, a series of simple calcium sulfonate greases were made using technology disclosed from 1966 
through 1970 [2-6].  Greases 17 and 18 were made using alkylene glycol A.  Greases 19 and 20 were 
made using alkylene glycol B.  These greases were made for two reasons:  

1. To determine if the delayed addition technique improves thickener yield when no complexing 
acids are used.

2. To determine if such thickener yield improvement is specific to just one primary non-aqueous 
converting agent.  

The target formulations for Greases 17 – 20 are provided in Table 10.  The time-temperature profile 
for these greases is provided in Figure 5.
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All the base oil was added at the beginning of the process for each of these four greases.  Additionally, 
a small amount of HOAc was added as a secondary converting agent after the conversion temperature 
was reached.  This is in accordance with the original simple calcium sulfonate grease technology [2-6]. 

Details on the use of the delayed addition of non-aqueous converting agent technique and test data for 
Greases 17 – 20 are provided in Table 11.  
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Greases 17 and 18 (alkylene glycol A) had the same wt% overbased calcium sulfonate level; likewise, 
Greases 19 and 20 (alkylene glycol B).  Therefore, direct comparison of worked penetration values will 
provide a corresponding comparison of thickener yield.  

Regardless of which alkylene glycol was used, a significant thickener yield improvement was obtained 
when with the delayed addition technique.  The improvement was greater with alkylene glycol A than 
alkylene glycol B.  Similarly, the overall thickener yield was higher for Greases 17 and 18 (alkylene 
glycol A) than Greases 19 and 20 (alkylene glycol B).  

Dropping points for all four greases were 311 C or higher.  The two greases that used alkylene glycol A 
had somewhat higher values compared to the two greases that used alkylene glycol B.  

Alkylene glycol A provided superior thickener yield and higher thermal structural stability compared 
to alkylene glycol B when using this specific simple calcium sulfonate grease chemistry, regardless of 
whether or not the delayed addition technique was used.  The reason for these differences between 
alkylene glycols A and B cannot be determined without work that is beyond the scope of this paper.    

However, a more important point concerned the magnitude of the thickener yield improvement 
caused by the delay technique.  The magnitude of thickener yield improvement was similar for the 
simple calcium sulfonate grease that used alkylene glycol A (Grease 18 compared to Grease 17) 
and some previous greases that used complexing acids.  More specifically, when compared to their 
respective baseline greases, the thickener yield improvements were similar in magnitude when no 
complexing acids were used (Grease 18), when complexing acids were added only post-conversion 
(Table 9), and when they were added both pre- and post-conversion (Table 6).  In other words, the 
thickener yield improvement did not depend on when the complexing acids were added, or if they 
were added at all.  These facts strongly point to two more mechanistic insights:

Mechanistic Insight No. 6:  The common feature of the various calcium sulfonate complex grease 
chemistries acted upon by the delayed addition technique was not the choice of complexing acids 
used, or the timing of their addition, or if they were even added, or which primary non-aqueous 
converting agent was used.  Instead, the common feature was the the conversion process itself.  

Mechanistic Insight No. 7:  The improvement in thickener yield appeared to be due entirely, or 
almost entirely, to an improvement in the conversion and/or dispersion of the crystalline calcium 
carbonate formed from the amorphous calcium carbonate.  Therefore, the delayed addition 
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of non-aqueous converting agent technique did not appear to significantly impact the the 
formation of the complexing thickener components (such as calcium 12-hydroxystearate) or their 
contribution to thickener yield.  

These two mechanistic insights are signficant.  Nonetheless, the relationship between the individual 
roles of water and primary non-aqueous converting agent during the conversion process is still 
unclear.  The next two sections provide additional clarity on this subject.

viii.  Reverse Delay Technique

For Greases 1 – 18, either the conversion water and primary non-aqueous converting agent were 
added together near the beginning of the process, or the primary non-aqueous converting agent was 
added after a delay relative to the water.  Mechanistically, there were only three possible ways that 
the water and primary non-aqueous converting agent could have caused their respective chemical 
changes to the overbased calcium sulfonate during conversion:

1. The water caused certain chemical changes.  Then, the primary non-aqueous converting agent 
changed the species formed by the previous action of the water.  This would be a sequential, step-
wise interaction.

2. The primary non-aqueous converting agent caused certain chemical changes.  Then, the water 
changed the species formed by the previous action of the primary non-aqueous converting agent.  
This would be a sequential, step-wise interaction.

3. The water and primary non-aqueous converting agent acted together in a concerted way instead 
of sequential, step-wise reactions by first one chemical, and then the other.  This would be a true 
three-way interaction.

From the results thus far presented, it was clear that the first option occurred when the delayed 
addition technique was used, although the other two options were not ruled out.  In general, three-
way interactions such as the third option are very rare.  A net chemical reaction involving three 
reagents almost always involves a sequential mechanism where only two species react in each 
mechanistic step.  For this reason, the third option will not be considered further in this paper. 

To determine the action of the non-aqueous converting agent after it was added, another calcium 
sulfonate complex grease was made using the target formulation of Table 1.  Grease RD used the same 
calcium hydroxyapatite-based chemistry as Greases 1 – 4 and Greases 9 – 14.  It was also made by the 
time/temperature profile of Figure 1 except for one important point:  the addition of the primary non-
aqueous converting agent was not delayed relative to the initial water addition.  Instead, the initial 
water addition was delayed relative to the primary non-aqueous converting agent.  The alkylene glycol 
A was added at 25 C near the beginning of the process.  The initial water was not added until the batch 
was heated to 88 C and held in the conversion temperature range for 60 min.  Thus, Grease RD was 
made using a “reverse delay” technique.

Test results for Grease RD are provided in Table RD.  Results for the two baseline Greases 1 and 2, 
Greases 3-4, and Greases 9 – 14 are also summarized for ease of reference.    
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The thickener yield of Grease RD was not improved compared to the two baseline Greases 1 and 2.  
Unlike all the other greases in Table RD, there was a slight decrease in thickener efficiency for Grease 
RD.  Grease RD showed no such evidence of thickening while heating to 88 C.  After the 60-min holding 
delay,, it took more than 60 min before visible thickening was observed.  

Grease RD was the only grease thus far presented where the overbased calcium sulfonate was 
exposed to the primary non-aqueous converting agent when no water was present.  Thus Grease RD 
alone showed the effect of alkylene glycol A without water during a significant part of the conversion 
process.  Clearly, that effect on conversion was to decrease the thickener yield.  Additionally, after the 
water was added, it took significant time for any visible thickening to occur.  In contrast, when the 
initial water addition (alone) acted on the overbased calcium sulfonate, there was clear evidence of 
chemical change (visible thickening).  When the alkylene glycol A was added later (after the water 
had significantly reacted in some way with the overbased calcium sulfonate), complete conversion 
occurred very rapidly.  The meaning of these observations was made even more clear by a closer 
examination of the FTIR spectra during conversion.  

ix. FTIR Spectra During Conversion

In general, conversion of the amorphous calcium carbonate to crystalline calcium carbonate is always 
accompanied by changes in the FTIR spectra.  Typically, the initial wide peak near 862 cm-1 dissapears 
and is replaced by a narrower peak near882 cm-1.  However, the exact pathway whereby this FTIR 
change occurs is complex.  

In this study, the following changes in FTIR spectra were observed during the conversion process for 
each calcium sulfonate-based grease (simple or complex) thus far presented:

1. The initial peak at 862 cm-1 never changed directly to the final peak near 882 cm-1.  Instead, an 
intermediate peak between 872 and  877 cm-1 was always first observed.

2. As the 862 cm-1 peak diminished, the intermediate peak grew.  Typically, these two peaks were 
never completely resolved, but appeared as “joined humps”.  The 882 cm-1 peak grew out of the 
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upfield side of the intermediate peak.
3. Eventually, the intermediate peak ceased growing as the initial 862 cm-1 peak dissapeared and the 

882 cm-1 peak became dominant.
4. Finally, both the initial 862 cm-1 peak and intermediate peak vanished and, essentially, only the 882 

cm-1 peak remained.
5. When the initial water and primary non-aqueous converting agent were added at the same time, 

all of the steps of this FTIR peak progression were more gradual.
6. When the delayed addition of primary non-aqueous converting agent technique was employed, 

the intermediate peak grew during the delay when only conversion water was present.  For longer 
delays, the peak near 882 cm-1 started to emerge but never became dominant.  When the delay 
ended and the primary non-aqueous converting agent was added, the 882 cm-1 peak rapidly grew, 
became dominant, and then exclusive as the intermediate peak quickly vanished. 

 
These observations and those of Grease RD allow clearer statements on the roles of water and 
primary non-aqueous converting agent during conversion, and why an improved thickener yield was 
the result:

Mechanistic Insight No. 8:  The roles of the conversion water and the primary non-aqueous 
converting agent were not identical.  Conversion water without the primary converting agent 
caused a change in the structure of the overbased calcium sulfonate.  Likewise, the primary non-
aqueous converting agent also caused a change, and primarily affected the species formed by 
the reaction of overbased calcium sulfonate with water.  This appeared to be the case regardless 
of whether or not the delay technique was used, and whether or not the water and primary 
non-aqueous converting agent were added together.  Thus, the water and primary non-aqueous 
converting agent had complementary but distinct roles for the chemistries and processes 
described above.

Mechanistic Insight No. 9:  When both water and the primary non-aqueous converting agent were 
added together, both chemicals had an opportunity to react directly with the overbased calcium 
sulfonate, at least initially.  The direct reaction of the primary non-aqueous converting agent 
with the overbased calcium sulfonate did not improve thickener yield.  When the delayed addition 
technique was used, the overbased calcium sulfonate was mostly (if not completely) changed 
by the reaction with only water.  When, after the delay, the primary non-aqueous converting 
agent was added, direct reaction with the initial overbased calcium sulfonate was mostly (if 
not entirely) impossible.  Instead, the primary non-aqueous converting agent reacted mostly 
(if not entirely) with the species previously formed by reaction with water.  This sequential 
reaction of water (first step) and primary non-aqueous converting agent (second step) resulted 
in an improved dispersion of the crystalline calcium carbonate.  The higher surface area of this 
improved dispersion improved the thickening.  This was true at least as limited to the chemistry 
and process details herein described.

B. Evaluation of the Trace Alkali Metal Hydroxide Addition Technique

i. General Considerations

The delayed non-aqueous converting agent addition technique modified the conversion process, 
resulting in improved thickener yield.  However, the dispersed crystalline calcium carbonate resulting 
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from that conversion process was only one of two major contributors to the overall thickener 
structure.  The other contributor consisted of the calcium salts of the various complexing acids.  The 
formation and incorporation of those calcium salts into the overall thickener structure was expected 
to also play a role in the thickener efficiency and yield.  To better understand the importance of 
calcium salts in calcium sulfonate complex greases, it would be instructive to consider how simple 
(i.e., anhydrous) calcium soap-thickened greases are made.

When making anhydrous calcium soap-thickened greases, calcium hydroxide is typically reacted with 
a long chain fatty acid such as 12-HSA.  A small amount of water is usually added.  A small amount 
of sodium hydroxide (NaOH) is often also added to facilitate the reaction of the calcium hydroxide 
(a weak and mostly water-insoluble base) with the 12-HSA.  The most likely mechanism for this is a 
catalytic loop reaction where the strong, water-soluble base NaOH rapidly reacts with the 12-HSA to 
form the sodium salt [14].  This salt then undergoes a metathesis reaction with calcium hydroxide to 
form calcium 12-hydroxystearate and regenerate the NaOH.  The regenerated NaOH then reacts with 
more 12-HSA, and the process continues until all the calcium hydroxide has reacted.  This reaction 
sequence is provided in Figure 6.

When making calcium sulfonate complex greases, the direct reaction of 12-HSA and the other 
complexing acids with calcium hydroxide occurs quite easily.  The most likely reason is that the very 
large amount of calcium sulfonate acts as a detergent/dispersant to make the calcium hydroxide 
easily assessable to the 12-HSA and other complexing acids.  The use of small amounts of NaOH (or 
other alkali metal hydroxides) to facilitate such complexing reactions when making calcium sulfonate 
complex greases has not been previously disclosed in the open literature.  These facts beg the question 
of what effect, if any, a trace level of alkali metal hydroxide would have on the process whereby 
calcium sulfonate complex greases are made.  The next four sections answer that question.   

ii. Calcium Hydroxyapatite-Based Chemistry

A series of calcium sulfonate complex greases were prepared to evaluate the effect of added trace 
amounts of alkali metal hydroxide on the thickener yield.
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Greases 21 and 22 were made as follows:

1. Both used the same calcium hydroxyapatite-based chemistry and had essentially the same general 
composition as Greases 1 – 4, Table 1.  However, a very small amount of sodium hydroxide was 
added in the initial conversion water.

2. Obviously, the sodium hydroxide was present in the final greases as a sodium salt of a complexing 
acid.  However, for convenience sake, the concentration of sodium hydroxide in these and all other 
such greases was expressed as if it had not reacted.  Using this convention, the concentration of 
sodium hydroxide in Greases 21 and 22 was 0.06 wt%.  

3. Greases 21 and 22 were made using the same delayed addition of non-aqueous converting 
agent technique as was used in Grease 4:  alkylene glycol A was not initially added with the 
conversion water, but was added as soon as the batch was heated to 88 C (no holding delay).  A 
zero holding delay was chosen to make the combined use of the delayed non-aqueous converting 
agent technique and the trace alkali metal hydroxide addition technique as simple as possible for 
Greases 21 and 22.     

Both Greases 21 and 22 were made by essentially the same target formula and time-temperature 
profile as Grease 4 (Figure 1).  However, there was an important difference in how they behaved 
during conversion.  Grease 4 (which used the same delayed addition technique, but without the 
sodium hydroxide) thickened slightly as it was heated from 24 to 88 C.  Once the alkylene glycol A was 
added, conversion was almost immediate.  

Grease 21 did not behave like Grease 4.  Instead, as Grease 21 was heated from 25 to 88 C, its 
appearance changed and a layer formed, with appearance similar to a layer of thick whipped cream, 
indicating heavy foaming nearly one inch thick on the surface at the air interface.  Bubbles were not 
visible in the mixture under the surface foam, and there were no signs of gas evolution.  

This layer of surface foam not disappear until the alkylene glycol A was added at 88 C.  Once the glycol 
was added, the surface layer rapidly vanished.  However, the batch did not visibly thicken even after 
70 min.  At that point, a second equal portion of alkylene glycol A was added.  After about another 80 
min, visible thickening began to develop, and then, the batch rapidly became very thick and almost 
impossible to stir.  It was necessary to add most of the remaining formula oil in order to stir the 
grease.

None of the previous batches exhibited any foaming, bubbling, or gas evolution before or during 
conversion.  If such gas evolution had been observed, the likely cause would have been reaction of pre-
conversion acids with the amorphous calcium carbonate to generate carbon dioxide.  Such reactions 
would have been undesirable since they would have diminished thickener yield.  The observed 
absence of such gas-producing reactions for Greases 1 - 20 indicated that the pre-conversion acids 
reacted with hydroxide instead of carbonate.  

To investigate this unexpected behavior of Grease 21, an identical batch (Grease 22) was made with 
twice the target formula amount of alkylene glycol A added as soon as the batch was heated to 88 C.  
As Grease 22 was heated to 88 C, a thick foam surface layer (appearance similar to whipped cream) 
formed, and then vanished once the alkylene glycol A was added.  After about 60 min at conversion 
temperature, visible thickening was observed and a large portion of base oil was required to maintain 
effective stirring. 
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Test results for Greases 21 and 22 are provided below in Table 12A.  Greases 1, 2, and 4 are also 
included since they represent baselines for comparing the effects of the two process techniques.  

The use of both the delayed addition of non-aqueous converting agent technique and the alkali metal 
hydroxide technique (Greases 21 and 22) provided a significant further improvement to thickener 
yield compared to using just the delayed addition technique (Grease 4).  This was observed by 
examining the recalculated wt% overbased calcium sulfonate based on a constant worked penetration 
value of 280.  As with previous greases, all dropping point values were high.

A summary of the behavior during conversion of the five greases of Table 12A is provided below in 
Table 12B.
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The very small amount of NaOH in the initial conversion water caused a very obvious and significant 
change in the visible behavior before and during conversion compared to the greases where NaOH 
was not used.  This difference manifested itself in two ways:  first, the appearance of the thick foam 
layer (with whipped cream appearance) before reaching conversion temperature (88 C); and second, 
the long conversion time after addition of the alkylene glycol A, followed by extreme thickening.

The data provided in Tables 12A and 12 B provide the basis for two more mechanistic insights:

Mechanistic Insight No. 10:  The addition of a very small amount of sodium hydroxide to the 
initial conversion water provided additional thickener yield improvement in addition to that 
provided by the delayed addition of non-aqueous converting agent technique, for the specific 
chemistry and process details herein described.

Mechanistic Insight No. 11:  The addition of a very small amount of sodium hydroxide to 
the initial conversion water modified the conversion process by significantly slowing the 
development of a visible grease structure and by requiring a higher amount of primary non-
aqueous converting agent.  However, the modification of the overall thickener formation process 
did not begin with the addition of the primary converting agent at the conversion temperature 
(88 C).  The heavy foaming before the addition of the primary converting agent indicated that a 
change in the conversion process and/or other thickener formation processes had already begun.  
This was true for the specific chemistry and process details herein described.

iii. Calcium Hydroxyapatite-Based Chemistry (Additional Variables)

A series of six more calcium sufonate complex greases, Greases 23 – 28, was made using calcium 
hydroxyapatite-based chemistry.  Grease 23 was the baseline for this group of six greases, where 
neither process modification was used.  Greases 24 – 28 were made to determine the effect of the 
following compositional and process variables:  

1. A different overbased calcium sulfonate (overbased calcium sulfonate C).
2. A different base oil.
3. A different primary converting agent (alkylene glycol B).
4. A different form of the calcium hydroxyapatite-based chemistry in which boric acid is not used.
5. A holding delay of between 35 and 60 min once conversion temperature (88 C) is reached.
6. The holding delay temperature of 71 C instead of 88 C for one grease (Grease 26).  
7. A variation in concentration of alkali metal hydroxide.
8. Use of lithium hydroxide (Grease 27) and potassium hydroxide (Grease 28).  

The target composition for Greases 23 – 28, not including the small amount of alkali metal hydroxide, 
is provided below in Table 13.  
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All six greases were made using the time-temperature profile of Figure 1, except for the addition of the 
alkali metal hydroxide and the elimination of boric acid.  Details on the use of the two process methods 
and test data are provided in Table 14.
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Greases 24 and 25 were held at 88 C for 35 min before adding the alkylene glycol B.   By comparing 
these two greases with the baseline Grease 23, a very significant improvement in thickener yield was 
once again observed due to the combined use of the delayed addition of non-aqueous converting 
agent technique and alkali metal hydroxide technique.  This can be seen in Table 14 by comparing the 
recalculated wt% overbased calcium sulfonate levels of Greases 24 and 25 with their baseline Grease 
23.  Doubling the concentration of the NaOH had little or no effect on thickener yield (Grease 24 vs. 
Grease 25).

The significance of Grease 26 requires careful explanation.  Greases 24 and 25 gave very significant 
thickener yield improvements compared to their baseline, Grease 23.  Both Greases 24 and 25 
contained trace levels of NaOH in the conversion water and used the same delayed non-aqueous 
converting agent conditions (holding delay time 35 min and delay temperature 88 C).  As soon as the 
holding delay was completed, the alkylene glycol was added.  Grease 26 also contained trace NaOH 
in the conversion water.  However, it had a much longer delay (60 min, 71 C) before addition of the 
alklyene glycol, followed by a further temperature adjustment delay as the batch was heated from 71 
to 88 C.  Only then was the alkylene glycol added.  

When the addition of the non-aqueous converting agent was delayed relative to the initial water, only 
the conversion water portion of the overall conversion process could occur during the delay.  This 
conversion water portion of the overall conversion process was longer for Grease 26 than for Greases 
24 and 25.  As a result,  almost all thickener yield improvement (Grease 26 vs. baseline Grease 23) was 
lost.  

Both Grease 11 (Table 7) and Grease 26 (Table 14) used a similar delayed non-aqueous converting 
agent technique and a holding delay temperature of 71 C followed by an additional temperature 
adjustment delay to 88 C for addition of the alkylene glycol.  Grease 11 (no NaOH in the conversion 
water) had the best thickener yield improvement of any of the greases in Table 7.  However, for Grease 
26 (trace NaOH in the conversion water), this delayed addition technique eliminated virtually all 
thickener yield improvement.  
 
Although the greases  in Table 14 used a different base oil and primary converting agent than the 
greases in Table 7, these differences do not appear to be the reason for the decreased thickener yield 
of Grease 26.  The magnitude of thickener yield improvement of Greases 24 and 25 (compared to 
baseline Grease 23) was as large as the corresponding thickener yield improvement observed for 
Grease 11 (compared to baseline Greases 1 and 2).  

Using the chemistry and process conditions provided in Greases 23 – 25, alkylene glycol B appeared 
to be as favorably affected by its delayed addition (when NaOH was present) as was alkylene glycol A 
in Grease 11 (when NaOH was not present).  Thus, the elimination of thickener yield improvement for 
Grease 26 was due to more severe delay conditions combined with trace NaOH, rather than the use of 
alkylene glycol B.  Likewise, the difference in base oils between the Table 7 and Table 14 greases was 
not the reason.

Greases 27 and 28 showed that lithium hydroxide and potassium hydroxide did not provide as 
much thickener yield improvement compared to sodium hydroxide.  Lithium hydroxide in Grease 27 
was added as the solid monohydrate, and its concentration was expressed as such.  The potassium 
hydroxide in Grease 28 was added as a 47.9% aqueous solution in an amount that provided the same 



- 84 - 
NLGI Spokesman  |  VOLUME 84, NUMBER 1  |  March/April 2020 

moles of hydroxide ion as Grease 25.  Based on the data of Table 14, the relative ability of the three 
alkali metal hydroxides to improve thickener yield in this specific calcium hydroxyapatite-based 
chemistry was as follows:

NaOH > LiOH > KOH

In almost every grease where any alkali metal hydroxide was added, surface foam with a whipped 
cream appearance was observed until the alkylene glycol was added.  The only cases where this 
behavior differed was when very long holding delays were used and the heavy foaming eventually 
decreased or subsided.  It should also be noted that in each grease thus far described where an alkali 
metal hydroxide was added with the initial conversion water, pre-conversion12-HSA was also added. 

The information in Table 14, especially regarding Grease 26, provides the basis for an important 
additional mechanistic insight:

Mechanistic Insight No. 12:  The modification of the conversion process with NaOH actually 
degraded thickener yield when the conversion processes caused by water (without the primary 
converting agent) progressed beyond a certain point.  Thus, any overall improvement in 
thickener yield caused by pre-conversion presence of NaOH appeared to be a balance between 
two effects, one that tended to decrease thickener yield, and one that tended to increase thickener 
yield, for the specific chemistries and process details herein described.

iv. Calcium Sulfonate Complex Chemistry (1985 Technology)

Next, Greases 29 and 30 were made to determine whether the combined use of the delayed addition 
of non-aqueous converting agent technique and alkali metal hydroxide technique provide thickener 
yield improvement when using the original 1985 calcium sulfonate complex grease chemistry, where 
all complexing acids are added post-conversion.  Greases 29 and 30 were made using the same target 
formula as Grease 15 (Table 9) and the same time-temperature profile as Grease 15 (Figure 4), except 
for the use of the delayed non-aqueous converting agent technique and the addition of a small amount 
of NaOH.  Both Greases 29 and 30 had the primary converting agent (alkylene glycol A) added as soon 
as 88 C was reached (no holding delay).  For Grease 29, the NaOH was added in a portion of water 
immediately after conversion was complete.  For Grease 30, the NaOH was added in the intial portion 
of water, as with other greases described previously in this paper.  

Details on the use of the two process methods and test data for Greases 29 and 30 are provided in 
Table 15.  The baseline Grease 15 and its test data are also provided. 
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Greases 29 and 30 provided a very significant increase in thickener yield compared to their baseline 
Grease 15, shown by recalculated wt% overbased calcium sulfonate values in Table 15.  The large 
thickener yield improvement of Grease 29 (compared to baseline Grease 15) could not be due to any 
effect by NaOH on the conversion process since the NaOH was added after conversion was completed 
and a simple calcium sulfonate grease was formed.  The improvement in the Grease 29 thickener yield 
had to be due to some other effect of the NaOH on thickener formation that occurred after its addition, 
i.e., the formation of calcium 12-hydroxystearate and the calcium borate, and their incorporation into 
the overall thickener structure.  

All observations from Table 15 support the concept that trace NaOH was responsible for two effects:  
one that was deleterious to conversion and thickener yield, and one that improved thickener yield.  
Based on the results for Grease 29, the second effect did not alter the conversion process, but would 
involve the reaction of the 12-HSA as a complexing acid.

Perhaps the most significant aspect of Greases 29 and 30 was their behavior before and during 
conversion.  For Grease 30, there was no foam with the appearance of whipped cream during the 
heating step to the conversion temperature (88 C) or during the actual conversion.  For Grease 29, 
when the NaOH was added, a substantial grease structure had already formed due to the completed 
conversion.  Foaming behavior would, therefore, not be possible.  

Summarizing the behavior of all the greases where an alkali metal hydroxide was added at some point 
in the grease making process, the following can be stated:

1. When both alkali metal hydroxide dissolved in water and 12-HSA were present before conversion, 
surface foam with the appearance of whipped cream formed.

2. When 12-HSA was present before conversion, but NaOH was not, no foam with whipped cream 
appearance was observed.

3. When NaOH was present before conversion, but 12-HSA was not, no foam with whipped cream 
appearance occured.
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These three observations taken together provide the basis for the next two mechanistic insights.

Mechanistic Insight No. 13:  During the initial heating to conversion step in the process, and 
during the conversion process itself, foaming with a heavy whipped cream appearance was due 
to a surface active species formed by the reaction of NaOH and 12-HSA (or another compound 
that required the presence of both sodium hydroxide and 12-HSA). 

Mechanistic Insight No. 14:  The most likely candidate for the surface active material formed 
before and during conversion was a very low concentration of sodium 12-hydroxystearate, which 
would be expected to form during the metathesis reaction between calcium hydroxide, NaOH, and 
12-HSA.

In each of the greases where trace NaOH improved thickener yield, one or more complexing acids - 
specifically 12-HSA - were always used at one or more points in the process.  Before the cause of the 
thickener yield improvement due to trace NaOH can be determined, its effect must be determined in 
calcium sulfonate greases where no complexing acids are used.  

v. Simple Calcium Sulfonate Chemistry

A simple calcium sulfonate grease, Grease 31, was made using the same target formula (Table 10) and 
time-temperature profile (Figure 5) as Greases 17 and 18, except for the pre-conversion addition of 
NaOH.  Grease 31 was made to determine whether the delayed addition of non-aqueous conversion 
technique and alkali metal hydroxide technique would improve thickener yield in the absence of 
complexing acids.

Details on the two process methods and test data for Grease 31 are provided in Table 16.  The baseline 
Greases 17 and 18 and their test data are also provided.  
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The delayed addition of non-aqueous converting agent technique for Grease 31 differed from 
baseline Grease 18.  This was necessary because the delay temperature/time conditions for baseline 
Grease 18 were similar to those used for Grease 26 where almost all thickener yield improvement 
was eliminated.  (See the previous discussion concerning Grease 26.)  For this reason, the primary 
converting agent  (alkylene glycol A) was added in Grease 31 as soon as 88 C was reached (no holding 
delay).  This delayed addition technique has already been shown to work well with the trace NaOH 
techique where alkylene glycol A was also used.  (See Greases 21 and 22 in Table 12B; Greases 29 and 
30 in Table 15.) 

Table 16 results showed that the pre-conversion presence of NaOH in Grease 31 did not provide 
further thickener yield improvement compared to baseline Grease 18.  Instead, the thickener yield 
actually became significantly worse (311 vs. 290 in units of 0.1 mm).  Additionally, the dropping 
point value was reduced from >343 to 248 C.  Clearly, when no complexing acids were present before 
or after conversion, the pre-conversion presence of a small amount of NaOH actually damaged the 
thickener structure.  This damage occurred even when there was no holding delay.  In just the time it 
took to heat the batch from 25 to 88 C, the trace NaOH caused the observed deleterious effect.  This 
fact combined with all the previous results supports three more mechanistic insights.

Mechanistic Insight No. 15:  Small levels of NaOH in the initial conversion water exerted a 
deleterious effect on this part of the conversion process.  When no complexing acids were used, 
this deleterious effect resulted in a lower thickener yield and a thickener structure that was 
significantly less thermally stable than baseline grease.

Mechanistic Insight No. 16:  When 12-HSA was used as a complexing acid, the presence of small 
levels of NaOH nonetheless resulted in an overall improved thickener yield.  The trace NaOH 
indeed provided two opposing effects on thickener yield and structural stability.  There was 
a deleterious effect unrelated to the addition of 12-HSA, and a beneficial effect on the overall 
thickener structure related to 12-HSA. 

Mechanistic Insight No. 17:  The most likely candidate for this second effect is the metathesis 
reaction whereby the calcium 12-hydroxystearate was more efficiently formed, or more 
efficiently incorporated into the overall structure, or both.  This effect more than compensated for 
the deleterious effect of the NaOH on the simple calcium sulfonate grease thickener component, 
as long as the time/temperature delay in the addition of the primary non-aqueous converting 
agent did not exceed some yet to be determined limit. 
   
C. Evaluation of the Delay After Addition of Facilitating Acid Technique

i. General Considerations

The addition of a small amount of DDBSA near the beginning of the manufacturing procedure is a 
common feature of various documented calcium sulfonate complex grease chemistries.  Typically, the 
DDBSA is added after the initial base oil and the overbased calcium sulfonate are added.  Very little 
information was found in the literature concerning the function of this facilitating acid beyond it being 
called a “detergent sulfonate”[7-9].  It seems highly unlikely that detergency, in the most generic sense, 
is the function that it provides, because the overbased calcium sulfonate (present at about 20 times 
the level of the DDBSA) is a very effective detergent primarily used in motor oils [1]. However, this 
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small amount of DDBSA is apparently required for efficient formation of a calcium sulfonate complex 
grease structure.

Since DDBSA is an alkylbenzene sulfonic acid, its pKa is approximately -6.5.  Carboxylic acids such as 
12-HSA and HOAc have pKa values of about 5.  Thus, DDBSA is a much stronger acid than 12-HSA or 
HOAc [16].  Since carboxylic acids easily react with the most basic moieties in an overbased calcium 
sulfonate, then DDBSA will certainly do so as well.  The mechanism whereby the facilitating acid 
improves grease structure formation must somehow involve the reaction of the DDBSA with a basic 
moiety within the overbased calcium sulfonate.  

It is reasonable to assume that the DDBSA reacts with the most basic moiety available, i.e., some of the 
residual calcium hydroxide present in the overbased calcium sulfonate.  Given the pKa value of DDBSA, 
that reaction should be rapid.  The small amount of resulting calcium dodecylbenzene sulfonate 
initially incorporated into the overbased calcium sulfonate structure and/or the reaction water may 
somehow alter the conversion and initial grease formation processes.

ii. Calcium Hydroxyapatite-Based Chemistry

A calcium sulfonate complex grease, Grease 32, was made using the target formula and procedure 
of Greases 1 – 4 as provided in Table 1 and Figure 1, respectively.  Grease 32 was made using a form 
of the delayed addition of non-aqueous converting agent technique.  Specifically, the primary non-
aqueous converting agent (alkylene glycol A) was not added with the initial conversion water, but was 
added 30 min after the conversion temperature (88 C) was reached.  However, Grease 32 also used 
another process modification:  after the DDBSA (facilitating acid) was added to the initial base oil and 
overbased calcium sulfonate A, the mixture was allowed to remain at 25 C for 48 h without stirring 
before proceeding to the next step.

Results for Grease 32 are provided in Table 17, along with results for Greases 1 and 2 (baseline with 
no delay techniques) and Grease 9 (same delayed addition of non-aqueous converting agent technique 
only) for comparison.  
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The use of the delay after addition of facilitating acid technique in combination with the delayed 
addition of non-aqueous converting agent technique provides a very significant improvement in 
thickener yield compared to the other greases.  Since all the greases in Table 16 were made using the 
same target formula and procedure (other than the delay methods), it is clear that the 48 h delay after 
facilitating acid addition greatly improved thickener yield.

As with all other greases previously discussed, no bubbling or signs of gas evolution were detected 
before or during conversion.  Thus, the addition of the DDBSA showed no signs of reaction with 
carbonate.  This was further evidence that the calcium hydroxide residue in the overbased calcium 
sulfonate (and not the amorphous calcium carbonate portion) reacted with the DDBSA in all the 
greases.

After the 48 h delay, there was no significant change in the appearance of the blend of initial base 
oil, overbased calcium sulfonate A, and DDBSA.  The blend was clear and bright with no sign of 
precipitation.  Although the mechanism for the dramatic improvement of the thickener yield of Grease 
32 cannot be stated, it is clear that the calcium dodecylbenzene sulfonate and/or reaction water 
formed within the overbased calcium sulfonate A caused a change in structure after 48 h that did not 
occur when such a delay did not take place (Greases 1, 2, and 9).  This information and the Table 16 
results allow one final mechanistic insight to be made:  
  
Mechanistic Insight No. 18:  When making a calcium sulfonate-based grease, the calcium 
dodecylbenzene sulfonate formed by prompt reaction of DDBSA with the overbased calcium 
sulfonate A was not the only chemical change that occured in the overbased sulfonate when 
sufficient time was allowed.  By an as yet unknown mechanism and alteration of thickener 
structure, the formation of calcium dodecylbenzene sulfonate and/or reaction water slowly 
modified the overbased calcium sulfonate resulting from this reaction.  There was no apparent 
visible difference between initial and modified versions of overbased calcium sulfonate.  
Nonetheless, modification improved the ability of overbased calcium sulfonate to convert much 
more efficiently, incorporate other thickener components into the structure more efficiently, or 
both, for the specific chemistry and process details herein described. 

IV. CONCLUSIONS

The results discussed above support the following conclusions:

1. When making calcium sulfonate-based greases under open, non-pressurized conditions, the 
conversion process had at least two components.  One was due to the initially added water (and 
any secondary non-aqueous converting agents, if present).  The other was due to the primary 
non-aqueous converting agent.  These processes were complimentary and interactive, but were 
nonetheless distinct.  

2.  In terms of thickener yield improvement, the most desirable conversion chemistry scenario was 
to have a sequential reaction profile.  This sequential reaction profile first involved the reaction/
modification of the overbased calcium sulfonate with only water.  Then, the primary non-aqueous 
converting agent reacted with, or otherwise modified, the species formed by the action of the 
water on the overbased calcium sulfonate.  
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3. When open, non-pressurized conditions were used, a delayed addition of the primary non-aqueous 
converting agent relative to the initially added water encouraged this most desirable conversion 
chemistry scenario.  This generally resulted in an improved thickener yield compared to the 
corresponding grease wherein water and primary converting agent were initially added together. 

4. The change in the conversion process caused by the delayed addition of the primary non-aqueous 
converting agent, and the resulting thickener yield improvement, occurred over a wide range of 
calcium sulfonate grease chemistries because the conversion process itself (and not the reaction of 
added complexing acids) was being affected by these process conditions. 

5. When open, non-pressurized conditions were used, trace levels of alkali metal hydroxide 
(especially sodium hydroxide) dissolved in the initial water provided at least two effects on 
the calcium sulfonate complex grease formation chemistry.  One was a deleterious effect on the 
conversion process itself.  The other was a beneficial effect on the participation of the complexing 
acids (especially 12-HSA) as they reacted and were incorporated into the thickener structure. 

6. As long as the temperature/time conditions of the delay of addition of primary non-aqueous 
converting agent were not too excessive, the beneficial effect more than compensated for the 
deleterious effect.  The result in such cases was further improvement in thickener yield when 
open, non-pressurized conditions were used. 

7. When making calcium sulfonate complex greases, the facilitating action of initially added DDBSA 
was more than a non-specific, generic detergency.  The calcium dodecylbenzene sulfonate and/
or reaction water that was rapidly formed also modified the chemical structure and subsequent 
reactivity of the overbased calcium sulfonate.  This modification in its fully manifested form was a 
secondary effect that was not as rapid as the initial reaction to form the calcium dodecylbenzene 
sulfonate.   

8. When open, non-pressurized conditions were used, allowing additional time (a delay) for this 
secondary effect to occur resulted in further improvements in thickener yield beyond what would 
otherwise have been obtained. 

9. Much more work will be needed to completely understand the mechanistic details and chemistry 
involved in calcium sulfonate complex thickener formation.  The same is true for the ways that 
chemistry is changed by the three process modifications described in this paper. 
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NLGI Interviews Paul A. Bessette
President, Triboscience & Engineering, Inc.

Fall River, MA, 02720 USA
By Mary Moon and Raj Shah

All photos courtesy of Paul A. Bessette

‘Numerous small 
accomplishments 
lead to big 
things!’ according 
to Paul Bessette.
How big? How 

about inventing synthetic 
greases, solving technical 
conundrums, growing his 
own company, volunteering 
for NLGI, editing journals, 
continuously developing his 
vocabulary and reading list 
- plus celebrating his 50th 
wedding anniversary in Paris.   
To learn how Paul makes things 
happen, read his stories…

NLGI: What is your 
backstory?

PAB: I was raised in Brockton, 
MA (a suburb of Boston) 
and grew up on the east side 
of the city. My Father was a 
carpenter, and Mother was a 
homemaker. I was the oldest 
of nine children, and with such 
a large family, the first one 
was usually the best dressed. 
As I kid, I was mesmerized 
by Mr. Wizard, Don Herbert. 
His demonstrations and 
explanations of physical events 
kept my eyes glued to the TV.

I attended Brockton High 
School and always had a 
penchant for things technical. It 

was my high school chemistry 
teacher who deftly employed 
a form of ‘adolescent alchemy’ 
to stimulate my interest in 
chemistry. The subject satisfied 
my need to understand nature 
at a level that pleased my 
curiosity. 

I continued my education 
and graduated with a BS 
Chemistry degree from Lowell 
Technological Institute, now 
part of the University of 
Massachusetts Lowell. Then I 
did graduate work in polymer 
science at Brooklyn Polytechnic 
(now part of New York 
University.)

Aside from having two well-
recognized polymer scientists 
as lecturers at Brooklyn 
Polytechnic, my fondest 
memory of graduate school 
was attending a lecture by Paul 
J. Flory, the polymer chemist 
Nobel Laureate. Frequently, 
great scientists are depicted 
by media outlets as too 
preoccupied with their theories 
to dress properly. Flory arrived 
in a black suit, white shirt, and 
red tie. He was impeccably 
attired. Brilliance is not always 
disheveled!

In retrospect, I have been 
extremely fortunate and 
blessed by a wonderful, 

exceptional faculty, and 
wonderful mentors all through 
my professional career.    

NLGI: What brought you into 
the grease industry?

PAB: I launched my career 
by joining Ciba-Geigy as 
a chemist. Although Ciba-
Geigy represented a fertile 
environment for a young bench 
chemist, an ad in C&E News 
caught my eye. 

NLGI: So what did you do?

PAB: I joined Nye Lubricants 
Inc. (Fairhaven, MA) in 1976 
and was employee #7. At 
that time what I knew about 
oils and grease you could 
put in your eye. But since I 
was Nye’s only technically-
trained employee, the 
responsibility was mine to 
develop formulations, design 
production methods, and 
acquire production and lab 
equipment. 

I have fond memories of these 
halcyon days at Nye when a 
customer would order a few 
pails of grease and there would 
be company-wide euphoria! In 
retrospect, George Mock, Sr., 
who handled the business end 
of the Company, and I were a 
great team in that we both had 
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an insatiable desire to grow the 
business and solve lubrication-
related problems. Together, we 
transformed a garage operation 
into a globally-recognized 
supplier of specialty synthetic 
lubricants. (Nye employed 180 
people and generated USD 
51 million in sales in its fiscal 
year 2018 throughout North 
America, Europe and Asia. The 
FUCHS Group (Mannheim, DE) 
acquired Nye Lubricants Inc. on 
January 24, 2020.) 

NLGI: This sounds like 
an exciting but risky 
opportunity. 

PAB: Two initiatives gave me 
the confidence that technical 
and economic success was 
achievable at Nye. 

First, we decided to start in-
house production of an oil, 
an ester synthesized from 
an aromatic alcohol and 
9-phenylstearic acid, originally 
made by Hamilton Watch 
Company for the mechanical 
watch trade. We fortified this 
oil with a rust inhibitor and 
sold it as a non-spreading 
watch oil. From a technical 
standpoint, a non-spreading 
oil may sound oxymoronic, 
a contradiction in terms. But 
this oil was autophobic; it 
formed a monolayer and did 
not migrate across its own 
surface to form a thicker film. 
(My own hypothesis was that 
the ester’s aromatic groups 
generated high surface tension 
due to the orientation of pi (π) 
bonds on its benzyl groups 

interacting with charges on 
metal surfaces.) The most 
notable use of the oil was to 
lubricate bearings in camera 
mechanisms on Lockheed 
SR-81 Blackbirds, long-
range, high-altitude strategic 
reconnaissance aircraft 

operated by the US Air Force 
between 1964 and 1998. When 
Eastman Kodak discontinued 
the sale of 9-phenylstearic acid, 
PML79 went the way of the 
Edsel.
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a license to manufacture a 
synthetic grease they called 
Unitemp 500. I subsequently 
visited the Texaco facility in 
Beaumont, TX and had an eye-
opening tour of their facility. I 
was completely unprepared for 
the magnitude of the operation! 

NLGI: And the second 
influential initiative at Nye? 

PAB: In the early eighties, I 
received a phone call from 
Paul Cook at Texaco’s Beacon, 
NY facility asking if Nye would 
be interested in obtaining 

But my host thoroughly 
explained the process for 
making the grease, and Texaco 
was willing to sell the Charlotte 
colloid mill used in finishing 
the grease. So Nye took on this 
challenge.

Scaling up a manufacturing 
operation is difficult, but 
scaling down also has 
challenges. Although Texaco 
made a single batch per year, I 
opted to make 100 pounds at a 
time, and that decision proved 
prudent. The grease contained 
10% purified indigo dye, the 
same dye used in denim fabric 
for blue jeans. It was a constant 
struggle to keep myself (and 
the production area) from 
turning blue emotionally and 
physically. 

The manufacturing issues, 
stoichiometry, and unique 
rheology of Unitemp 500 
were eventually solved, and 
the grease was renamed 
Rheotemp 500. This grease was 
the antithesis of rheological 
stability, since the difference 
between unworked and 
worked cone penetration 
data, or delta between Po 
and P60, was approximately 
100 units. However, the 
grease had a long history of 
successful performance in 
high-speed rolling element 
bearings. I suspect the success 
of Rheotemp 500 was perhaps 
due to rheological channeling 
and its ability to appreciably 
soften in the ball path while 
maintaining a non-zero yield 
stress elsewhere in the race.

We are the most diversified and respected resource for independent news, data 
and information for global lubricants industry. www.LubesnGreases.com

Subscribe today   USD $2500 

Find out more at LubesnGreases.com/electric-vehicles

2020 publishing dates February, May, August & November

N E W  M A R K E T  R E P O R T  F O R  2 0 2 0

Do you have a
2020 EV strategy?

Read the NEW 2020 Lubes’n’Greases 
Perspective on Electric Vehicles and  
get the insight you need to help develop  
your 2020 EV strategy.   

In the NEW annual report, we look at the 
latest developments in EVs & the lubricants 
market, in-depth discussion of EV lubricants  
& additive technology, legislation, forecasts 
and more.
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NLGI: When did you start 
your own Company? 

PAB: After 24 years at Nye, I 
opted to strike out on my own 
in and started Triboscience 
& Engineering, Inc. in 2000. 
I consulted for Engineered 
Custom Lubricants (Aurora, 
IL), DuPont (Wilmington, DE), 
Castrol USA (Naperville, IL), 
and several other companies. 
Moreover, I worked as an 
expert witness on legal cases 
involving several major 
tribological disasters. 

For me, the most painful 
case involved the loss of a 
commercial airliner off the 
coast of California due to 
the catastrophic failure of a 
lead screw. A lead screw is a 
mechanism that translates 
rotary or turning motion into 
linear motion, for example, in 
mechanisms that drive or move 
component parts. In this case, 
the lead screw controlled the 
orientation of the horizontal 
stabilizer in the tail of the 
aircraft to prevent pitching or 
undesirable vertical movement 
of the nose of the plane. 
Inadequate grease lubrication 
of the lead screw and nut 
were identified as the cause of 
the crash. To my knowledge, 
the grease suppliers were 
exonerated.

From my review of reams of testimony germane to tribology, 
questions linger in my mind:

How important is the compatibility of two greases in a 
lubricating film? Specifically, how does lack of compatibility 
between different thickeners impact grease tribology?

Although two greases may be compatible per ASTM D6185, 
should they be mixed if their base oils differ in kinematic 
viscosity by more than 10 cSt at 40 C?

EST. 1985Servo Filling Systems
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It’s worth a reminder to never 
attempt aircraft maintenance 
while aloft. Land the aircraft as 
soon as possible.

NLGI: Did you work on other 
cases? 

PAB: The most outlandish 
case I worked on concerned 
a young man who inherited 
a high-performance muscle 
car from his father. In order to 
improve horsepower, cylinders 
of nitrous oxide, aka ‘laughing 
gas’, were connected to the 
carburetor via plastic lines that 
ran through the cabin behind 
the glove compartment. 
One evening, travelling 
at approximately 30 mph 
(according to plaintiff 
testimony), he was severely 
burned. He alleged that a faulty 

transmission had overheated 
and caused the transmission 
fluid to volatilize and leak, 
travel under the vehicle against 
the air flow, enter the cabin, 
and ignite. This scenario was 
promulgated by his expert 
witnesses, technical people 
with degrees from prestigious 
universities in California. Two 
factors about N2O stuck in my 
technical craw:

Although nitrous oxide s non-
flammable, it’s an oxidizing 
agent. The molecule contains 
69.5 percent oxygen and 
promotes combustion when 
given an opportunity.

Nitrous oxide is an anesthetic 
and used by some human 
beings to induce euphoria or 
synaptic malfunction.

I never learned how that 
case was settled, but I still 
have a sad feeling that 
the manufacturers of the 
transmission and transmission 
fluid paid a ransom to 
discharge that lawsuit. The 
notion that the transmission 
overheated was sheer 
nonsense. When I inspected the 
transmission, I observed only 
a smidgeon of heat-induced 
metallic discoloration.

      Petro-Lubricant 
Testing Laboratories, Inc.

116 Sunset Inn Road 
Lafayette, N.J. 07848
Phone: 973-579-3448 

Email: Info@petrolube.com

www.Petrolube.com
Quality Assurance and Certifications: ISO 9001-2015 - ISO/IEC 17025-2017

Over 600 Standardized, Custom and Industry Test Methods 

Affordable RUSH Testing Fees

Upfront Pricing and Quotes Available

Immediate Access to Knowledgeable Staff

38 Years of Experience Testing Lubricants of All Types

•
•

•

•
•

(ASTM, Fed. Std. 791, DIN, PTI, ISO, SAE, EN, IP, JIS, AAR etc. and Many Corporate Specifications) 

Serving Clients Worldwide

Grease kettle at TS&E
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NLGI: What was the next step 
in the development of TS&E?

PAB: I think it was 2002 when 
I received an invitation from a 
longtime friend, Vern Wedeven 
of Wedeven Associates 
(Edgmont, PA), to give a 
lubricant seminar to group of 
engineers at HP in Vancouver, 
WA. After the lectures, I was 
asked to provide lubricant 
samples to HP for evaluation. 
This turned out to be 
serendipitous, because HP later 
became an angel investor and 
supported TS&E’s transition 
from solely consulting to 
manufacturing as well. 

NLGI: How would you 
describe the current status of 
TS&E?

PAB: Thriving. TS&E focuses 
on providing customers with 
technically-driven chemistry 
solutions for engineering 
problems. The foundation 
of our success is our Quality 
Policy: Companywide 
commitment to excellence and 
customer satisfaction through 
effective quality management 
and continuous improvement. 

In 2007, we installed 
manufacturing equipment 
and began producing oils and 
greases under the Tribosyn® 
brand. Our white drums and 
other packaging set us apart 
in a world of red, blue, and 
green. Besides perfluorinated 
polyether (PFPE)s, our product 
line now includes calcium 
sulfonates, esters, PAOs, PAGs, 
and silicones for grease and 

lubricant applications in 
automotive, aviation, military, 
pharmaceutical, electronics, 
and food and beverage 
industries. . 

Our service team performs 
everything from consulting 
to reverse engineering 
and custom formulation 
development based on 
engineering specifications. We 
provides laboratory testing 
services,  lab and pilot scale 
ups, toll manufacturing, 
grease deaeration, specialty 
packaging, and ultrafiltration of 
oils and greases.

Besides typical benchtop 
formulation equipment, our 
laboratory has a four-ball 
wear machine, a four-ball EP 
machine, a pressure differential 
scanning calorimeter, and a 
controlled-stress rheometer. 
My favorite instrument is a 
spiral orbit tribometer (SOT). 
Ed Kingsbury, a friend and 
colleague from Draper Labs, 
gifted it to me 16 years after 
he tried unsuccessfully to sell 
it to me. I regard the SOT as a 
unique research tribometer 
with the capacity to faithfully 
simulate the behavior of 
bearings. It can monitor friction 
force, electrical resistance, 
temperature, and coefficient of 
friction for a single lubricated 
ball bearing. In our lab, it’s 
been put to good use studying 
the tribochemical behavior of 
additives and greases.   

We recently achieved two 
milestones. In 2017, TS&E 
acquired the G-Lube specialty 

lubricants business from Opus 
Tertium, LLC (Dallas, TX). And 
US patent 10,526,560 was 
awarded recently to Benjamin 
Clarke from Torrlube Company 
(Santa Barbara, CA) and myself.    
NLGI: What are your research 
interests? 

PAB: My research interests 
include improving methods 
of grease filtration, vapor 
pressure of synthetic 
lubricants, thermodynamic 
stability, low temperature 
rheology of greases, and 
advanced rolling element 
bearing greases.

At work in the lab

NLGI: From your perspective, 
what have been some of the 
most important technical 
developments in the grease 
industry?

PAB: Looking back at my 
40-plus-year career, there 
are three major technical 
developments that I’m most 
content with:

First, there was the 
development of techniques to 
ultrafilter lubricating grease. 
There was a great deal of 
pushback from the industry 
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that forcing grease through a 
10-micron membrane would 
remove additives and thickener. 
However, that criticism was ill 
founded since the dimensions 
of ultrafiltration membrane 
pores are orders of magnitude 
larger than the molecules of 

additives and agglomerates 
of thickener when dispersed. 
Ultrafiltration not only reduces 
particulate contamination, 
but often improves thicker 
yield, removes potential stress 
raisers, and reduces bearing 
vibration.

Second is the application of 
thermal analysis to determine 
thickener content in used 
grease samples. The advantage 
of the technique is that it is not 
limited to signal saturation due 
to Beer’s Law.

Third is the progress 
made transitioning from 
polytetrafluorethylene 
dispersed in CFCs to dry 
technology.  This was indeed 
a quantum leap in reducing 
the environmental issues 
associated with PFPE grease 
production and reducing the 
production cycle to a minimum.

NLGI: And you returned to 
the classroom? 

PAB: I would have preferred 
a PhD in polymer chemistry, 
but the MBA was an advanced 
degree that I could pursue on 
a part-time basis at University 
of Massachusetts Dartmouth, 
only a few miles from my 
home. Most of the courses 
were case studies, similar to 
many MBA programs. The 
major pedagogical benefit was 
learning to work as part of a 
team and incorporate divergent 
points of view to solve a 
particular problem. 

Grease Industry
NLGI: What are your 
thoughts about the future of 
the grease industry around 
the world?

PAB: I remain eternally 
optimistic regarding the future 
of the lubricant industry 
globally because this industry 

Australia's leading independent experts 
in the development, manufacture and 
supply of high-performance grease, 
lubricants and advanced products and 
services specialising in key industry 
market segments including:

• Mining & Construction
• Agricultural
• Transportation
• Automotive
• Heavy & Light Industrial
• Food
• Specialty
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has the right stuff. Science, 
technology and tribology 
have accomplished a great 
deal in extricating humanity 
from the drudgery of plowing 
fields, combating virulent 
disease, having sufficient 
fiber for clothing. Tribology’s 
contributions are numerous 
but consider the contribution 
it has made to the longevity 
of the automobile.  How much 
energy is saved globally due 
to the reduction of friction in 
those applications where it 
matters?

Moreover, lubrication 
transcends the gamut of 
possible technologies. 
Automotive, aerospace, 
energy production, medicine, 
mining, railroad, and other 
applications all benefit from 
the world of lubrication. 
Even ball point pens use 
silicone grease, and silica 
thickened polyalphaolefins 
reduce fretting corrosion 
in automotive electrical 
conductors. Lubricants 
continue to improve, and 
as long as there is friction, 
tribology has a role to play.

People are the main reason for 
all the success in this industry. 
I’ve met many wonderful 
and intelligent scientists and 
engineers who work in the 
grease industry.

NLGI: Does the grease 
industry face any threats?

PAB: As an industry, we 
need to take an active role in 
the debate on the future of 

hydrocarbons. Energy is the 
bedrock commodity, and it has 
economic impacts on every 
downstream activity including 
the production of lubricants. 
Where would our industry be 
without hydrocarbon resources 
recovered from the earth? 
The abundance of natural gas 
in the US due to fracking has 
transitioned us from an energy 
importer to a net exporter. I’m 
sanguine that the same minds 
that developed horizontal 
drilling will eventually tackle 
the problems of extracting 
methane hydrates from solids 
on ocean floors. The estimated 
amount of gas in these deep 
ocean sources dwarfs all 
terrestrial sources of carbon.

advantages of heating 
lithium 2-hydroxystearate 
powder in a base oil, rapidly 
cooling the mixture followed 
by homogenization. That 
December, I received a 
Christmas card from Iran.  One 
on one diplomacy is often the 
best form of international 
détente. 

Being a successful tribologist 
for so many years, befriending 
so many wonderful people and 
being able to travel globally has 
certainly eliminated many of 
life’s asperities!

NLGI Activities

NLGI: Do you have any 
favorite memories about 
your involvements with 
NLGI?

PAB: I served as Vice Chairman 
of the NLGI Grease Education 
Course for ten years and peer-
reviewed many technical 

Dinner at an ELGI Meeting in Cyprus

NLGI: Other thoughts about 
the grease industry?

PAB: I guess the best way to 
make friends is to be one and 
I’ve always been willing to 
provide technical information 
to colleagues. While in 
Cyprus, I was approached by 
an ELGI attendee from Iran 
who asked for information 
about dry technology. 
I spent approximately 
an hour discussing the 

The NLGI Spokesman, February 1995
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papers. I was grateful to receive 
recognition (NLGI Fellow 
Award, Meritorious Service 
Award, Achievement Award, 
Clarence E. Earle Memorial 
Award, and Author Award).
The greatest pleasure I had 
as Vice Chairman of the NLGI 
Grease Education Course 
was making my annual calls 
to recruit instructors. On 
its face it seemed to be a 
tedious assignment, but when 
volunteers were cheerful and 
pleased to hear from me, it was 
a spirit-lifting experience. I 
fondly recalls many colleagues 
who volunteered to teach NLGI 
Grease Education Courses:

Paul gratefully acknowledges 
these NLGI Grease Education 

Course Instructors
George Arbocus

Dick Frye
Gian Fagan
Joe Gordon

Diane Graham
Roberta Jaffe

Henry (Hank) Kruschwitz
Kathryne Labude
Arch Mekterian
Bob Portword

Tom Risdon
Ron Shubkin

Paul Vartanian 
Tim Wilson

Plus 
NLGI: Do you find time for 
other volunteer activities?  
Philanthropy? 

PAB: Earlier in my career, 
I was frequently asked 
to judge middle and high 
school science fairs, which 

I thoroughly enjoyed. It 
was extremely gratifying to 
observe how intelligent young 
people grapple with technical 
issues and obtain firsthand 
knowledge about chemistry, 
physics, engineering and 
biology. Unfortunately, not once 
in the years I served as a judge 
did the media visit to witness 
the best our educational 
system has to offer.

As to philanthropy, my wife 
and I have contributed to 
the Cardiology Department 
at Massachusetts General 
Hospital (Boston, MA), Regis 
College (Weston, MA), and the 
University of Massachusetts at 
Lowell. Moreover, the Paul A. 
Bessette Scholarship has been 
established for science majors 
at the University.

I’ve always balanced my 
personal life by placing family 
first and work second fiddle.  
That same philosophy was 
extended to all those who work 
with me!

NLGI: What about hobbies? 

PAB: I’ve enjoyed racquetball, 
skiing, and reading. Although 
my reading tastes are quite 
eclectic, I’m most content 
reading about math and 
science. 

I thoroughly enjoyed 
Napoleon’s Buttons, which 
discusses how 17 molecules 
changed history. The authors 
are Penny Le Couteur and Jay 
Burreson.
The Harvard entomologist, 
Edward O. Wilson is a gifted 
writer. His book, Naturalist, 
is a wonderful exposé of his 
life studying insects and his 
fascination with all things 
natural.

For those who enjoy cerebral 
weight lifting, Symmetry and 
Spectroscopy: An Introduction 
to Vibrational and Electronic 
Spectroscopy, by Daniel 
C. Harris and Michael D. 
Bertolucci, is an extensive dive 
into the interaction of matter 
and electromagnetic radiation.
I’ve also thoroughly enjoyed 
works by Linus Pauling, 
especially his first-year 
textbook, General Chemistry. 

And when the world-renowned 
physicist Richard (Dick) 
Feynman passed away in 1988, 
in tribute I read his Lectures on 
Physics.  How better to honor 
the memory of a profound 
scientist.

Paul with his grandson
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Paul also highly recommends these recently-published books:

• Absolutely Small: How Quantum Theory Explains Our 
Everyday World, Michael D. Fayer

• Golden Rice, Ed Regis
• Confessions of a Greenpeace Dropout: The Making of a 

Sensible Environmentalist, Patrick Moore
• Inconvenient Facts: The science that Al Gore doesn’t want 

you to know, Gregory Wrightstone
• Energy: A Human History, Richard Rhodes
• More from Less: The Surprising Story of How We Learned to 

Prosper Using Fewer Resources – and What Happens Next, 
Andrew McAfee

• Justice on Trial: The Kavanaugh Confirmation and the 
Future of the Supreme Court, Carrie Severino and Mollie 
Hemingway

• Grant, Ron Chernow
• Paris: The Novel, Edward Rutherford

NLGI: What is your 
most memorable dining 
experience?

PAB: My wife, Jean, and I visited 
Paris to celebrate our 50th 
wedding anniversary. My most 
memorable highlight, the piece 
de resistance, was dinner at the 
Hotel de Crillon. We received 
all twelve courses shown on 
this menu, and remembering it 
makes my mouth water. Dinner 
started with a tomato salad and 
progressed to foie gras, turbot, 
ratatouille, duck prepared with 
morel mushrooms, cheeses, 
chocolates, and a meringue. 
Each of the various courses 
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was paired with a selected wine. It was fabulous 
evening, since we were also dinning with 
longtime friends. 

Jean and I were in Paris for our 25th anniversary 
and serendipitously discovered the Crillon for 
after dinner drinks. Going back on our 50th was 
a marvelous stroll down memory lane!

This interview series, started in 2019 by Dr. 
Moon and Dr. Shah, gives NLGI members a bit of 
insight into the professional and personal lives 
of their colleagues, developments in the grease 
industry and the role of NLGI worldwide. If you 
would like to suggest the name of a colleague 
for an interview (or volunteer to be considered 
as a candidate), please kindly email Mary at 
mmmoon@ix.netcom.com or Raj at  
rshah@koehlerinstrument.com.

Dr. Mary Moon is Technical Editor of The 
NLGI Spokesman. She writes scientific and 

marketing features published in Lubes’n’Greases 
and Tribology & Lubrication Technology 
magazines, book chapters, and other works. 
Her experience in the lubricant and specialty 
chemicals industries includes R&D, project 
management, and applications of tribology and 
electrochemistry. She served as Section Chair of 
the Philadelphia Section of STLE. 

Dr. Raj  Shah is currently a Director at Koehler 
Instrument Company and was an NLGI board 
member from 2000 to 2017. He is an elected 
fellow of NLGI, STLE, INSTMC, AIC, Energy 
Institute and the Royal Society of Chemistry. A 
Chartered  Petroleum Engineer from EI and a 
Chartered Chemical Engineer from IChemE, he is 
currently active on the board of STLE and on the 
advisory boards of the Engineering Departments 
at SUNY Stony Brook, Auburn University and 
Pennsylvania State University.  More information 
on Raj can be found at https://www.astm.org/
DIGITAL_LIBRARY/MNL/SOURCE_PAGES/
MNL37-2ND_foreword.pdf

Le Crillon Menu

https://www.astm.org/DIGITAL_LIBRARY/MNL/SOURCE_PAGES/MNL37-2ND_foreword.pdf
https://www.astm.org/DIGITAL_LIBRARY/MNL/SOURCE_PAGES/MNL37-2ND_foreword.pdf
https://www.astm.org/DIGITAL_LIBRARY/MNL/SOURCE_PAGES/MNL37-2ND_foreword.pdf
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Monday, June 15 ........... Poster set up (10 am-5 pm)
Tuesday, June 16 ............ Poster set up (7-9 am)
Tuesday, June 16 ............  Poster judging (10 am-12 pm) & (2-4 pm)
Wednesday, June 17 ...... Announcement of Winners (4:30 pm at Technical Session 4)
Wednesday, June 17 ...... Poster Dismantle (5-6 pm)

LOCATION
The poster area is located in the Garden Foyer of the JW Marriott Turnberry Resort & Spa. Easels will be available 
for displays on poster board. Pushpins and velcro will be available for posters that need to be fastened to a panel. 
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Judging will take place on Tuesday, June 16 at 10 am-12 pm & 2-4 pm. Winners will be announced Wednesday, 
June 17 in the Technical Session 4 meeting room. Three awards will be given to the student poster presenters. 
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1ST ANNUAL
NLGI STUDENT POSTER 
COMPETITION
NLGI is hosting its first student poster session at the 2020 
Annual Meeting in Miami, FL from June 14-17 at the JW 
Marriott Turnberry Resort & Spa.
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India Conference Recap
Number of delegates     

271
Number of delegates from abroad 

32 
Number of exhibit booths   

28 
booths by 22 companies 

Number of technical presentations 

23
(Technical Paper 21 and 2 Business Talk)

Best paper award     
Mr. Mehdi Fathi-Najafi, Nynas AB, Sweden 

Grease Production, CO2 emission…
a New Relationship!

Best India paper  
Dr. Somnath Chattopaddhyay,  

Balmer Lawrie & Co Ltd, 
Applications Research Laboratory, Kolkata
Development of Extreme Pressure greases 

using Nano solid dispersion
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