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PRESIDENT’S PODIUM
Welcomes the Awards Committee
HONOR:

Respect that is given to someone who is admired.
One whose worth brings respect or fame.
An evidence or symbol of distinction.
The above are definitions of the word Honor. This year the
word HONOR can take on added meaning, for you can play
a key role in having an NLGI colleague honored at this year’s
NLGI Annual Meeting in Olympic Valley, California.
Each year, at the NLGI Annual Meeting, distinguished
individuals are recognized for their efforts in advancing
knowledge and understanding in the grease industry. The
NLGI strives to recognize and honor those who have furthered
themselves, their company and this industry.
Most likely you know of an individual who is deserving of
special recognition. This is the year that you spring into action
by nominating that someone special for one of the following
NLGI Awards:
• NLGI Award for Achievement – The Institute’s highest
award honors the achievement of those who have made
exceptional contributions to the growth and development
of the Institute.
• NLGI Fellows Award – Acknowledges valuable work within
the Institute, in the technical development of greases,
grease tests, or the promotion of grease usage.
• John A. Bellanti Sr. Memorial Award – Acknowledges
meritorious service on the NLGI Board, or on Technical
Committee projects or to the industry.
• NLGI Honorary Membership – Entitles lifetime honorary
membership to those who, over a period of years, have
served the Institute in some outstanding capacity and are
not now with a member company.

• Award for Educational Excellence – For outstanding
instruction as exemplified by subject knowledge and
presentation skills in NLGI educational courses.
• NLGI Author Award (Development) - For the best
paper presented at our Annual Meeting that focuses on
formulation, development, and manufacture of finished
greases.
• NLGI Author Award (Application) - For the best paper
presented at our Annual Meeting that focuses on testing,
selection, application or use of greases.
• Clarence E. Earle Memorial Award - For an outstanding
contribution to the technical literature relating to
lubricating greases during the year.
If you have thought about nominating someone in the past,
then now is the time to act. The next NLGI Annual Meeting
is being held June 9 – 12, 2018 at The Coeur d’Alene Resort in
Coeur d’Alene, Idaho. Imagine the pride you will feel should
your nominee be honored, amongst their peers, with an NLGI
Award.
Thank you in advance for your participation. We hope to
welcome you to The Coeur d’Alene Resort in June!
The 2018 deadline for nominations is February 16, 2018.
NLGI will also accept nominations for 2019.

Pat Walsh, Chair
Chuck Coe, Joe Kaperick, Anoop Kumar, David Turner
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MEDIA RELEASE

FOR IMMEDIATE RELEASE
Lee’s Summit, MO — The National Lubricating and Grease Institute (NLGI) is pleased to announce that Louisiana
State University is the recipient of the Annual NLGI Research Grant. Prof. Dr. Michael Khonsari, Department of
Mechanical and Industrial Engineering submitted an impressive research proposal titled “Determination of Grease
Life in Bearings via Entropy.” NLGI’s Research Grant Review Committee found Dr. Khonsari’s proposal to have the
strongest potential to advance the world’s understanding of lubricating greases.
NLGI received numerous applications last fall from universities and research institutions in the U.S. and abroad,
and its Research Grant Review Committee was asked to evaluate these proposals according to three principal
criteria: (1) technical merit, (2) filling a knowledge gap, (3) relevance to NLGI members. The committee consists
of lubricating grease experts with more than 170 years of combined experience. Each reviewer is a Certified
Lubricating Grease Specialist (CLGS™) and holds a post-graduate degree as well as professional credentials such as
STLE’s Certified Lubrication Specialist.
“We’re thrilled to award LSU as the recipient of the NLGI Research Grant,” said Dave Como, NLGI President. “We
look forward to partnering with LSU and Dr. Khonsari over the next year. NLGI members will be able to expand
their knowledge via LSU’s technical paper presentation during NLGI’s annual meeting after the research work is
complete as well as referencing their final written report on NLGI’s website.”
The application period for NLGI’s 2018 Research Grant Program begins
soon, with many proposals accepted online from Jan. 1 through March 15.
Up to $50,000 in grant money may be awarded in the year. Researchers
can find details, including a description of the program, qualifications and
criteria, and the application form at www.NLGI.org.
About the National Lubricating Grease Institute
As a nonprofit trade association founded in 1933 by pioneers of the
lubricating grease industry, the National Lubricating Grease Institute
(NLGI) was established with the goal of providing education, scientific and
technical information, expert advice, profitable partnerships and a global
forum for ideas and innovation. The mission of the organization is “to
provide resources relevant to the needs of the global grease community.”
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The Effect of Water
Ingress on the
Thickener Structure
in Bio-based Greases
By: Johanna Larsson and Roland Ardai
Axel Christiernsson International AB
ABSTRACT

Environmentally adapted greases are coming into contact
with water in most applications where they are used. Even
when they are contaminated with water these greases are
expected to provide lubrication, protect component surfaces
and keep contaminants out of bearings while maintaining their
rheological properties. Additionally, in the event of release into
the environment, these greases need to decompose without
any, or at least minimal, impact.
Previous studies performed by the authors evaluating
different types of bio-greases contaminated with water have
shown superior performance of anhydrous calcium greases.
The ability of a grease to keep its technical performance after
water ingress is related to how water interacts with and affects
the thickener structure. This paper presents how different
oil and thickener combinations respond to water and how
this affects grease performance as lubricants at both normal
operating conditions and at low temperatures.

INTRODUCTION

The more stringent government regulations worldwide
have led to an increased number of enquiries and requests
for bio-greases. For a grease producer, this leads to the need
for continuous product development of high performing
bio-greases, designed to be suitable for specific applications.
Even in regions without regulations, the availability of a wide
range of bio-greases makes it possible for the end-users to
have the choice of using a grease with less environmental
impact. But how can an end-user be sure that a good choice is
made? To combine the demand for environmental behaviour
and technical properties of lubricants, many countries have
introduced local and general labelling programs based on
voluntary schemes called ecolabels.
Ecolabels identify the environmentally preferable products
within a product category, and the authorization to use an
ecolabel is granted by an independent body. The purpose of the
labels is primarily to provide a guide for consumers searching

for “greener” products for their applications. The first ecolabelling program was set up in Germany 1977 and called the
Blue Angel (Der Blaue Engel). The Nordic Swan was started in
1989, and the European ecolabel, called EU Flower, in 1992.
In North America, the Environmental Choice program was
started in 1998 in Canada and the US Green Seal in 1989. Also
Japan set up its eco-labelling programme, EcoMark, in 1989
[1].
The world´s first government regulation requiring
environmentally acceptable lubricants (EALs) for marine use
is the Vessel General Permit or VGP 2013. This regulation is
strongly impacting the marine industry, saving our waters
and growing the EAL market. According to VGP 2013, all
lubricants used in an oil-sea interface must either be EALs
or compliant with an approved international eco-labelling
scheme. This means that even though criteria may be different,
all international eco-labelling schemes are valid for products
to be considered as EALs by VGP 2013. Therefore, not only
products for the marine industry are covered within VGP, but
those suitable for land-based applications too. Even though the
market share of bio-based greases is low overall, the need for
development work is high as new regulations force a greater
volume of EALs to be used [2]. And who knows what is to
come? For example, VGP will be revised during 2018, and EU
ecolabel is under revision already.
According to the 2015 NLGI Lubricating Grease Production
Survey Report, 0.68% of the total reported global grease
production used bio-based fluids. The survey shows that the
demand for bio-based greases is on the rise, from a share of
0.54% in 2012, which represents a worldwide increase of 26%
over a period of 4 years. Europe has the largest share of 2.44%,
which reflects an increase of 39% when compared with the
reported volumes from 2012 [3].
Due to the stringent government regulations and
environmental concerns, research on bio-based lubricants
is increasing. In addition, depleting petroleum reserves are
leading to greater interest in research and development of
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bio-products. Vegetable oil-based lubricants are finding
applications in many environmentally sensitive and total
loss applications. They possess excellent biodegradability,
lower eco-toxicity, higher viscosity index, good boundary
tribological properties, lower volatility and higher flash points
compared to petroleum-based products [4]. Literature based
on research and development of bio-based lubricants and
greases helps to highlight the potential in bio-based lubricants
[5]. With deeper knowledge on how to develop bio-greases,
[6] [7] product performance continuously improves and the
availability of suitable raw materials is high and increasing. The
Lubricant Substances Classification list (LuSC-list) provides a
wide selection of raw materials to use during the formulation
of products suitable for the European Ecolabel [8]. To qualify
for the European Ecolabel, a product should comply with
requirements limiting aquatic toxicity, biodegradability, bioaccumulative potential, exclude specific hazardous substances
and meet criteria for renewable raw material content.
Applications where the grease cannot be easily prevented
from leaking into the surrounding environment are often
referred to as loss lubrication systems, and they represent
an increasingly important target market for bio-greases. If
nothing stops the grease from leaking out of devices into the
environment, it is also difficult to avoid the ingress of water.
Even when they are contaminated with water, these greases are
expected to provide lubrication, protect the lubricated surfaces
and keep contaminants out of devices while maintaining
rheological properties. The ability of a lubricating grease to
withstand, reject or absorb water can, therefore, be of critical
importance in many areas.
Historically different types of greases have been developed
to combat the threats associated with water [9]. The increased
concern for the environment highlights the importance of
development of greases suitable for wet and cold conditions
and loss lubrication systems. The ability of a grease to keep
its technical performance after water ingress is related to
how water interacts with and affects the thickener structure.
Previous studies performed by the authors evaluating different

types of bio-greases contaminated by water were made on fully
formulated greases.
In this study, the authors actually took one step back at the
formulation level and produced greases without the use of
any polymers or additives. Their purpose was to increase the
knowledge of the fundamental properties of bio-greases by
performing experiments on base greases without the influence
of other components. This paper presents how different oil
and thickener combinations respond to water ingress and how
water affects their performance as lubricants across a range of
operating conditions. Two types of thickeners suitable for biogreases were selected, lithium and anhydrous-calcium soaps
based on 12-hydroxystearic acid, in combination with two
different base oils, rapeseed oil and biodegradable TMP ester.
In real applications, water comes in many types and forms
including fresh water, dirty industrial water, salt sea water,
metal working emulsions, high pressure steam, and ice and
snow. Experiments within this study are limited to looking at
the performance of greases contaminated with deionized water.
The reason for this study was not only to learn more about
the formulated base greases and how they performed when
contaminated with water, but also to take the knowledge
obtained from the study and apply it in the next step,
developing fully formulated high performance bio-greases.
Many regulations are under revision, and it is necessary to
act quickly in order to meet the growing demands for high
performance bio-greases!

MATERIALS and METHODS

Grease composition
Four greases were manufactured for this study, and their
important characteristics are summarized in Table 1. Each
grease consists of two components; soap and base oil, which
was used in both cooking and cooling procedures. The soaps
were made using a metal hydroxide, either lithium or calcium,
and 12-hydroxystearic acid. Components were selected based
on their suitability to produce bio-greases compliant with EU
Ecolabel and were formulated to NLGI 2 consistency grade.
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Grease manufacturing
Manufacturing lithium grease: The lithium greases were
made in a pilot reactor with a batch size of 5 kg according to
standard manufacturing procedures. The soap was synthesized
at around 35% of the total oil volume. The saponification
step using 12-hydroxystearic acid was performed at 90°C
with a hold time of 30 minutes. The temperature was then
increased to the top temperature of 198°C. The cooling step
was performed using 5% portions of oil with a hold time of
5 minutes. The grease was finally milled and deaerated for 1
hour.
Manufacturing calcium grease: The calcium greases were
made in a pilot reactor with a batch size of 5 kg according to
standard manufacturing procedures. The soap was synthesized
at around 35% of the total oil volume. The saponification
step using 12-hydroxystearic acid was performed with a
temperature ramp starting at around 80°C up to around
110°C over approximately 4 hours. The temperature was then
increased to the top temperature of 130°C. The cooling step
was performed using 5% portions of oil with a hold time of
5 minutes. The grease was finally milled and deaerated for 1
hour.

minutes total) the mixing procedure was stopped, and excess
water (not incorporated into the structure of the grease)
was decanted, and the actual amount of absorbed water was
calculated.
Mixing water in oil
In this study, DW was added to each oil (50/50 ratio) in a
sealed tube. They were mixed manually by turning the tubes
upside down and back 100 times. The purpose of preparing
the water-in-oil mixtures was to visually observe how the two
different types of oils mix with water. Pictures were taken
immediately after preparation and after storage to see how the
solubility changed over time. The low temperature behaviour
of the water-oil mixtures was investigated using rheological
measurements (described below) immediately after samples
were mixed.
Standard grease tests
In this study, greases were evaluated using a number of tests
that are common to the grease industry. These tests are suitable
for base greases without additives, see Table 2.

Mixing water in grease
Deionized water (DW, referred to as water) was mixed
homogenously into the greases using a DAC600 SpeedMixer.
The amount of water in grease was defined in terms of weight

Rheological measurements
The experiments to investigate low temperature flow
behaviour were performed on an Anton Paar rheometer MCR
301 using a parallel plate setup. The stainless steel plates had
a radius of 25 mm (PP50/S) and a sandblasted surface finish.
A small quantity of grease was loaded onto the lower plate,

fraction. The number of mixing cycles to properly mix a
specified volume of water into grease was observed, where one
cycle was performed at 1800 rpm for 5 minutes. Proper mixing
was obtained by observing with the naked eye if any visible
droplets were formed, indicating the presence of free water.
Before testing, each sample was deaerated with a final mixing
cycle of 800 rpm for 2 minutes. All greases were prepared with
5, 7.5 and 10% water. After repeated attempts of 15 cycles (75

after which the gap was set at 0.8 mm. To investigate the flow
behaviour at low temperatures, oscillatory measurements with
a speed of 0.1% strain at constant 10 rad/s angular frequency
were performed using a temperature ramp from 25°C down
to -35°C with a cooling rate of 3°C/min. This gave a total of
480 data points per experiment. Temperature control was
achieved to a precision of ±0,1°C. During the measurements, a
Peltier hood was lowered over the plates in order to guarantee
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a controlled temperature throughout the whole sample. The
experiments were replicated two times using fresh specimens
to check the reproducibility. The same temperature ramp test
was run on the pure oils as well as water contaminated oils.
All the setup parameters were the same as those used for
the grease tests, but the gap was 0.2 mm. Apparent viscosity
at 25°C was measured for the greases using a plate with a
radius of 12.5 mm (PP25) and gap setting of 1 mm. Rotating
measurements were performed with over a shear rate range of
0.1-100 s-1 giving a total of 50 data points.
Diffusion NMR
To look at how water was contained inside the greases,
diffusion nuclear magnetic resonance (diffusion NMR)
experiments were run on a 14.1 T (600 MHz) Bruker
spectrometer equipped with a Diff30 probe at 25°C. 1H
diffusion measurements were carried out in the z-direction by
using a standard stimulated echo sequence. D1 was set to avoid
T1 weighting. The gradient duration δ was set to 4 ms, and
the time between the leading edges of the two gradient pulses
Δ was increased from 20 ms to 160 s in 4 steps. The gradient
strength g was varied in 16 steps depending on the choice
of ∆ to get the same diffusion weighting. For each sample, 4
transients were collected. The processing (phasing and baseline
correction) and integration of the water peak was done with
Matlab (MathWorks Inc., USA). The normalized peak integral
I versus the diffusion-weighting factor b = (γgδ)2(∆−δ/3) (γ
is the magnetogyric ratio of 1H) was used to estimate the fast
and slow diffusion components, Df and Ds by fitting the first 4
and the last 4 points to I = I0 exp(−Db). For the slow diffusion
component, I0 reflects the fraction of slow diffusing water.
Magnetic resonance imaging – MRI
To investigate the way water was organized inside grease,
magnetic resonance imaging (MRI) experiments were
performed on the water contaminated greases (5% DW). A
spin-echo imaging sequence was used to acquire an image of
200 µm thick grease slice with a resolution of 20 x 20 µm and a
field-of-view of 10 x 5 mm. The repetition time was 1s.

RESULTS

Incorporation of water
The ability of the greases to be mixed with 5, 7.5 and 10%
water was determined by observing the number of required
spin cycles to properly mix the total amount of water into
grease. As visualized in Figure 1, 5% water required the
same force (one spin cycle) to be properly mixed into all the
greases, and, therefore, the majority of tests in this study were
performed on the greases mixed with 5% water. This means
that both the amount of water and the mixing procedure were
fixed, which is beneficial for the comparison of test results,
while the greases were treated in the same way.
Selected tests (rheological measurements) were also run
on samples with the fixed amount of 10% water prepared
using various procedures (from 10 up to 75 minutes in
the SpeedMixer). In the case of Ca-Veg, despite repeated

attempts of 15 spin cycles, only 9.6% water was mixed into this
particular sample.
The results from the MRI experiments are images showing
5% water trapped in the greases, visualized in Figure 2. It
needs to be pointed out here that the resolution of the MRI
imaging is 20µm, and so very large water inclusions are visible.
Compared to the MRI the diffusion NMR gave information
about how water was organised in the greases on a much
smaller scale.
Diffusion NMR experiments revealed two water populations
in all samples: one fast diffusing and one slow diffusing. This
is presented in Figure 3. The fast diffusing water population
is interpreted as water structures in the grease where water
molecules are less restricted in their movement, i.e. more
similar to free water than the slow diffusing population. Still,
the fast diffusing water population had a diffusion constant
which is two orders of magnitude slower than free bulk water
[10]. The slow diffusing water population can either be inside
much smaller structures or dissolved in the grease. From here
on, the two populations will be referred to as more restricted
and less restricted water.

To learn more about the behaviour of the oils in this study when exposed to water, an experiment was performed
observing the ability of oils to emulsify water. Pictures taken of unmixed oil and water were followed by pictures taken at
specific time intervals after mixing. The amount of emulsified water and the colour of the mixed phase for each tube were
observed. The pictures of the water-in-oil mixtures are shown in Figure 4.
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Structural and thermal grease properties
The consistency of a grease is given by the type and concentration of a thickener and the quality and distribution of the soap
structure. Figure 5 shows that the greases in this study had cone penetration values in the range of 265-295 (1/10 mm), which
represents NLGI grade 2 consistency. Figure 5 also shows the impact of mixing 5% water into the grease on consistency.
The mechanical stability is the ability of the thickener to withstand shear degradation. In this study, the Shell Roll Stability
(SRS) test was used, which simulates the rolling action inside a roller bearing. The penetration values before and after the
testing cycle at ambient temperature (2 hours) were measured with a ½-scale cone, and the differences were reported, see
Figure 6.
When the tests were modified using more severe conditions (80°C for 50 hours), which is used commonly to verify thermal
shear stability, not all samples could be measured. Three of the samples mixed with water were too soft to be analysed in
the cone penetration test; only the Ca-Est grease was measured, see Figure 7. Therefore, rheological methods for measuring
apparent viscosity were also run on the greases after the SRS test (80°C for 50 hours) without and with water, and fresh greases
as references. The flow curves can be seen in Figure 8.
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The thermal stability of the greases mixed with water was studied and the results from the dropping point test can be
seen in Figure 9. Oil separation tests gave more information about the thermal behaviour of the greases and how they
behaved when contaminated with water (Figure 10).
The effect of water on oil separation tests depended on the base oil. For greases formulated with vegetable oil, bleed
was 33-36% greater with water than without water. The opposite was true for greases formulated with TMP ester. These
results are consistent with observations that DW formed a more stable mixture with TMP ester than rapeseed oil (Figure
4). Vegetable oil based greases released more of their fluid phase than ester based greases because water separated much
faster from vegetable oil than TMP ester. In addition, cone penetration tests (Figure 5) showed that water had a much
greater effect on consistency of vegetable oil based greases than ester based greases. Obviously, effects of DW on grease
consistency depended on both thickener type and base oil.

Water resistance
Two different static tests were run to evaluate the direct response of greases to water. The water resistance test evaluates
the ability of a grease to resist degradation by the action of water at 90°C. The water spray off test evaluates the ability of a
grease to remain on a metal surface when subjected to water spray. All greases performed very well in the water resistance
test regardless of whether the samples were fresh or had been mixed with water (Figure 11).
In contrast, the more severe water spray off test resulted in 100% of the grease being sprayed off the plate for every
sample. Therefore, the water spray off test was also performed with a reduced runtime of 1 minute instead of 5 minutes in
an attempt to differentiate these greases. Under these modified conditions, the Ca-Est grease (67%) did outperform the
others (94-97%) and, furthermore, when contaminated with water gave an even better result (60%). All results from these
water tests can be seen in Figure 11.
- 12 VOLUME 81, NUMBER 6

Low temperature performance
To learn about the low temperature flow properties, several tests were performed. Flow pressure is the pressure required
to push an amount of grease through a specific test nozzle, at a specific temperature. The nozzle is filled with grease and
connected to an air pump and a barometer. An equilibrium time of 2 hours is applied before the measurement starts.
Flow pressure is a method often used to determine the low temperature performance of a grease, and the reported
temperature will then be the lowest at which the applied pressure remains below 1400 mbar. For the purpose of this
study, the low temperature behaviours were observed at -10, -20, -30 and -40°C with results visualized in Figure 12. How
the performance of each grease changed after the water was mixed in can be seen in Figure 13. In those cases where the
flow pressure exceeded 1400 mbar, pressure was not reported and considered a failed result.
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The rheological measurement performed with a temperature ramp showed the change in complex viscosity of the
greases with and without water from 25°C down to -35°C (Figure 14). For this test greases contaminated with 5 and
10% water were evaluated. Figure 15 visualizes the behaviour of each grease mixed with water. To better understand the
low temperature rheological behaviour of the different greases, the two oils used in the grease formulation were also
measured both with and without water (Figure 15).
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DISCUSSION

Incorporation of water
The first observation from the sample preparation when
water was added to the greases was that calcium thickened
grease showed greater resistance to water than the lithium
thickened greases, which easily absorbed 10% DW. The second
finding was that these two base oils affected the mixing of
water into these greases, with the rapeseed oil based calcium
grease showing a greater resistance to incorporation of water.
Despite repeated attempts to mix in water, only 9.6% water was
incorporated into the Ca-Veg grease.
The images from the MRI experiments showed that the water
seemed to be organized differently depending on the type of
thickener, which supports the observation from the water-ingrease mixing where the ability to incorporate water was also
seen to be different for the type of thickeners in this study.
Figure 2 shows that both calcium greases contained many
relatively large water inclusions (larger than 20 µm), whilst
there were no similar water inclusions in the lithium greases.
As mentioned before, only large water inclusions could be
observed using this particular MRI.
On a much smaller scale, the results from the diffusion NMR
experiment helped to understand how water was taken up, or
actually how the water molecules moved inside these greases.
Two distinct populations of water were seen in the experiment,
one less restricted and one more restricted. The experiment
also gave the proportion of the two populations.
What can be seen from the diffusion NMR experiment is
that there was no significant difference in less restricted water
content for these greases, Figure 3. For the more restricted
water, the difference is small but there is a different behaviour
when it comes to the shape of the curves versus time. These
graphs were more linear for rapeseed oil based greases
and more bent or nonlinear for ester based greases. The
explanation for a curve to appear bent is most probably caused
by a difference in the shapes of the water inclusions. This
would result in a changing diffusion rate over time. The same
behaviour was observed when looking at the fraction of larger
water inclusions, where ester based greases which increased
over time (non-linear curve), and the vegetable oil based
greases which appeared to be linear.
The results from the diffusion NMR experiments were not
that easy to interpret. However, it seems like water was taken
up differently in the greases in this study, and this appears to
be linked to a combination of both the thickener and oil. From
the water-in-oil experiments shown in Figure 4, differences
were expected for technical behaviour of these greases
contaminated with water because the TMP ester emulsified
water to a much greater degree than the rapeseed oil, which
separated from DW almost immediately.

Structural and thermal properties
When water was mixed into the greases, they all became
softer with one (Ca-Veg) not even staying in NLGI grade 2.
The opposite behaviour was observed for Ca-Est, which was
almost unaffected by water (Figure 5).
In the first SRS test (ambient temperature, 2 hours) results
were very good for both anhydrous calcium greases (Figure
6). With water added, both thickeners behaved differently.
For lithium greases, the change in consistency doubled, whilst
calcium greases remained unchanged. With the large drop
in consistency when water was added to Ca-Veg, the overall
performance for this sample was not very good.
In the modified, more severe SRS tests (80°C for 50 hours),
calcium greases showed the best performance (Figure 7).
Three greases could be considered as fluids (penetration values
> 445 1/10 mm) and therefore could not be tested with the
½-scale cone. Ca-Est with water showed the best performance,
even though the shear stability was poor compared to the
reference grease without water. The flow curves from the
apparent viscosity measurements supported the consistency
measurements.
With the aim to investigate the shear stability of the water
contaminated greases after the modified SRS test, the flow
curves showed best performance for Ca-Est whilst Ca-Veg lost
the most structure (Figure 8).
The thermal stability of the water contaminated greases
were shown to be in line with the performance of the greases
without water, with dropping points of 150°C for the calcium
greases and around 200°C for the lithium greases (Figure 9).
The oil separation test, however, showed different behaviour
of the water contaminated greases compared to the greases
without water. For both ester based greases, an observation
was made of less oil bleed whilst the rapeseed oil based greases
bled more oil (Figure 10). These results are consistent with
observations that DW formed more stable mixtures with ester
than rapeseed oil (Figure 4).
Water resistance
The combination of good water repellent properties and low
temperature behaviour is often challenging to achieve in a
single grease. For example, improved water resistance can be
reached using appropriate polymers, however, this in turn can
have an adverse impact on the low temperature performance
of grease. Even though the greases in this study did not contain
any polymers, they showed good resistance to water.
However, the much more severe water spray test showed
the impact on performance of not using polymers to improve
the adherence to the metal surface, resulting in 100% of all
greases being sprayed off the test plate. In the modified water
spray off test (test duration reduced from 5 to 1 minute), the
Ca-Est grease performed better than the others and better
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surface adhesion. It was observed that adhesion of both ester
based greases improved when water was mixed in, whilst the
rapeseed oil based greases were unchanged with near complete
spray off (Figure 11).
Low temperature performance
The results from the flow pressure test of the greases without
water were not difficult to predict while the type of base oil
determined the low temperature behaviour of a grease, even
though the soap content also contributed to the performance.
The rapeseed oil based greases showed the poorest results with
a low temperature performance level at -20°C. Improved low
temperature flow behaviour was observed for the ester based
greases at -40°C. (See Figure 12 and Figure 13).
What can be observed for the water contaminated greases
was, however, more of a surprise. Instinctively, one might
think that performance of grease contaminated with water
should suffer in the flow test at sub-zero temperatures, but this
was obviously not the case for all of these greases. Improved
performance was observed for both vegetable oil based greases,
meaning they showed lower resistance to flow when water was
present. The opposite behaviour was shown by the ester based
greases, which needed higher forces in order to flow at certain
temperatures. The observations from the flow pressure test
indicate that water had been incorporated differently into these
greases depending on the type of oil.
How the water emulsifies in each combination of thickener
and oil can affect grease response in flow pressure tests.
Relatively large water crystals might adhere to the walls of the
nozzle and introduce uncertainty to this test. On the other
hand, water molecules might disturb the crystallization of
the oil, working similar to a PPD (pour point depressant).
Data from this study were not strong enough to identify or
differentiate between mechanisms.
In the low temperature rheometer test, greases were
investigated with contamination of 5 and 10% water. The
flow curves in Figure 14 show the complex viscosity during
cooling, which can be interpreted as structural changes
increasing the resistance to oscillating movement. It is clear
that crystallization built up during dynamic cooling. Above
-20°C, the temperature ramp curves are similar and linear for
greases with and without water contamination, and Li-Veg has
the lowest viscosity. Below -20°C, all the curves change quickly,
especially the Li-Veg which shows the highest increase in
viscosity. The calcium soap in vegetable oil slows the structural
change, possibly by interfering with the crystallization of the
vegetable oil. Ester based greases outperformed the vegetable
oil based greases, which correlated with the lower pour point
of the oil, but the two soaps had different effects. The Ca-Est
quickly built up structure below -30°C. As seen in Figure
15, the performance of water contaminated greases changed
dramatically for Ca-Veg, whereas Ca-Est did not change at all.
Starting with Li-Veg, there was an increased viscosity in the

case of water contamination. It seems like the water increased
the flow resistance in general but did not change the shape
of the curves, so the interaction between the soap and the
vegetable oil did not change, but was reinforced by water. The
Li-Est decreased in viscosity when contaminated with water.
This trend was the opposite of Li-Veg, but the same behaviour
when it comes to unchanged shape of the curves. This could
mean that the water incorporated properly (as seen in the MRI
experiment), softened the soap structure (the TMP ester allows
more water to emulsify than for the vegetable oil) but had no
chance to crystalize separately.
For Ca-Veg, it looked like water ingress affects the structure,
but below -20°C the water started to freeze and sharply
increased the flow resistance. This was a consequence of the
big size of water droplets in the grease structure (Figure 2)
combined with the resistance of water to emulsification in
rapeseed oil. The soap probably separated and was not able to
perform in the same way as in the more homogenous grease
without water. The change of the curve shape also supported
the possibility of two partly separated phases, and the
inflection point was the temperature at which the water phase
started to change and boosted the resistance of the crystalizing
vegetable oil.
The effect of water contamination is negligible in the case of
the Ca-Est grease. This behaviour was predictable by seeing
water resistance of this kind of product in the past, but the
image from the MRI experiment showed big water droplets
which may lead one to expect a similarity in effect shown
by the Ca-Veg sample. At least a change in the shape of the
curves was expected, but nothing remarkable happened.
The explanation of this can most probably be found in the
behaviour of the TMP ester when mixed with water, as seen
in Figure 4. Big water drops in the calcium grease have less
resistance to be mixed with the TMP ester compared to the
case with rapeseed oil with a much larger resistance to mix and
a higher chance to crystalize.
Overall, the low temperature rheometer tests showed that
the viscosity of one grease did not change when water was
incorporated (Ca-Est), one increased (Li-Veg), one decreased
(Le-Est) and one behaved differently (Ca-Veg) from the others.
To understand the correlation between the impact of the base
oil and the water contamination, the same test was run with
pure base oils and water contaminated base oils. The results in
Figure 15 showed that the viscosity did not change noticeably
across the temperature range for the ester, but viscosity did
start to increase around -25°C for the vegetable oil.
With water contamination, both base oils started to show
irregularities in the viscosity at -20°C. Below -25°C for the
water contaminated vegetable oil, viscosity sharply increased
as a crystalized structure built up. Below -30°C the water
contaminated ester showed increasing irregularities but it
did not build up a solid system until -35°C. Unfortunately,
-35°C is the lowest temperature that can be achieved with
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the rheometer used in this study. Below -35°C the water
contaminated ester probably increased viscosity, but the
momentum of the increase is a very interesting question and
future studies will include tests performed with prolonged
cooling rates to further investigate these phenomena.

CONCLUSIONS

In this study, calcium and TMP ester were shown to be
the best combination of thickener and oil to keep the soap
structure unchanged when 5% water was added. The rapeseed
oil based greases showed the highest drop in consistency, but
only one of them, the combination with calcium (Ca-Veg),
changed to the extent that it was no longer NLGI grade 2 after
water was mixed in.
The combination of calcium and TMP ester also showed the
best ability to withstand shear degradation after water ingress
even when the temperature was elevated to 80°C. This means
that even if the thermal stability of the lithium greases was
higher than the calcium greases, as measured by the dropping
point, the calcium greases showed better combination of shear
and thermal stability.
The oil separation test gave an indication as to the different
behaviour of the greases mixed with water depending on
the base oil, with TMP ester based greases showing less oil
bleed than the equivalent rapeseed oil based samples. In tests
performed on the water contaminated greases, the modified
water spray off test showed benefits for the ester-based greases
and, in particular, for the calcium thickened grease (Ca-Est).
The low temperature tests, in cases of water contamination,
showed in general a better performance by the ester-based
greases, which is expected from the technical properties of the
oils. In the rheometer test, there was superior low temperature
performance in the case of water contamination of grease
formulated with calcium soap and TMP ester (Ca-Est). It was
obvious that these greases behaved differently, which was most
probably due to how water was taken up and organized within
these grease structures.
The conclusion from previous studies was that the type of
thickener rather than the type of oil seemed to determine
how water was taken up by grease [11]. This paper gave
the opportunity to perform a deeper investigation, and the

findings indicated that a combination of both oil and thickener
contributed to the performance of grease contaminated with
water. Calcium greases showed a greater resistance to allowing
water into the thickener structure, and the big droplets formed
were in turn affected by the properties of the oil, with the
TMP ester that emulsified water to a much higher degree than
rapeseed oil showing a much better resistance to the mix in of
water.
The lithium greases incorporated water easily, and for this
type of thickener, the choice of oil seemed to be less important.
To get a better understanding of the different grease structures,
Figure 16 visualizes schematically lithium and anhydrous
calcium 12-hydroxy stearate soaps. With the visual soap
structures and the ability of the oils to incorporate water, it is
obvious that greases made with different thickener types and
base oils with different characteristics play a significant role
when it comes to the capacity to incorporate water. Of the
oils used in this study, the TMP ester showed less resistance
to emulsify water whilst the rapeseed oil almost immediately
separated from the water. The summary in Figure 17 shows
environmental impacts of these greases combined with
performance related to water.
As seen in this study, the soap and base oil combination is
essential to handle highly water contaminated lubricating
points where EAL greases are used. The performance is
not connected exclusively to the soap or to the oil; it is a
combination of the two that is important. The knowledge
gained during these experiments will help in formulating
improved products for specific applications. But if
previous studies on fully formulated greases are taken into
consideration, it cannot stop here. The additives, and especially
the tackifiers, will significantly influence grease performance in
the presence of water.
The investigation of bio-greases is planned to continue one
step further in order to more deeply examine EAL compliant
oils and additives, and to add new building blocks to the
knowledge of environmentally adapted greases.
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A new automotive lubricating grease was formulated using
polytetrafluoroethylene (PTFE) to thicken polyalphaolefin
(PAO) base oil. This grease was developed to meet targets
for rheology and protection against wear for automotive
applications. The formulation was developed and the
manufacturing process was optimized using computational
data analysis instead of a more typical trial-and-error
approach. The computer data analysis methodologies were
design of experiment (DOE), regression analysis (RA), and
evolutionary algorithm (EA).
In this study, a DOE methodology was employed to optimize
the process of designing a lubricating grease. Typically,
a lubricant is designed through use of a combination of
technical knowledge, prior experience, and trial-and-error
experimentation to develop a starting point for formulation
and processing conditions. Then, modifications are made
along the way to improve the formulation and processing
procedures. While this methodology will get the job done, it
may take longer and produce a less optimum product than one
created through a DOE methodology.
This study illustrates the benefits of a well-laid-out DOE plan
to design a new PAO-PTFE formulation for the lubrication
of automotive steering shafts and other components. Data
from the DOEs were analyzed by RA to construct empirical
models. Then, some models were optimized using an EA.
The final results were predictions of the optimal formulation
and manufacturing procedures for this grease. These
predictions were compared with data for validation. Results
from this study support the application of DOE, RA, and EA
methodologies to develop formulations and manufacturing
procedures.

Introduction

There are many goals to be considered when designing a
new product. During the development of any material or
product, careful attention must be paid to raw materials,

manufacturing process, and validation testing. However, it is
not always feasible to perform extensive experimental designs
including all the validation testing for every possible variable
due to time and cost constraints. Many times in industrial
laboratories, future generations of products are developed by
modifying existing ones, which inherit their advantages (and
sometimes their problems). This creates a situation where a
new formulation is not optimized and scaling up is difficult
because it is not optimum for the new formulation.
A low yield in scale-up or production, cost variances due to
increased amounts of raw materials or time, and inconsistent
product performance data can occur when a formulation or
production process is not robust A robust product or process
design is insensitive to changes caused by normal variability.

Background

This study applies a design of experiments (DOE)
methodology to develop and optimize a new lubricating
grease formulated using a fluoropolymer thickener
(polytetrafluoroethylene, PTFE) to bind a polyalphaolefin
(PAO) oil. This grease is intended for automotive steering
applications. The manufacturing process for these materials
can range from very simple mixing to a much more
complicated process that involves specialized mixers,
homogenizing equipment, and milling processes. A DOE
approach was used to develop this product with more control
and less variability than typical trial-and-error approaches.
Design of Experiments Methodology - Basics
DOE is a set of tools and guidelines for running experiments
in a controlled fashion. DOEs can provide insight into the
factors that affect the outcome of a process or product.
In this study, DOE is used to develop the formulation and
processing conditions for a PAO-PTFE grease that meets
targets for anti-wear and rheology performance.
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In this study, the general steps of the DOE methodologies
are:
1. I dentify variables (also referred to as ‘factors’) that
will possibly influence the product/process and its
performance. The various factors and levels for the three
DOE are listed below.
1. Wear/Kinematic Viscosity (KV) DOE
		
i. Load (kg): 20, 40, and 60
		
ii. Speed (rpm): 600, 1,200, and 1,800
		
iii. Temperature (°C): 25, 62.5, and 100
		
iv. K
 inematic Viscosity (at 40°C, cSt): 30,
115, and 200
		
v. Wear Additive Concentration (%): 0, 0.5,
and 1.0
2. Main Process DOE
		
i. Mixing Type: Single Planetary and Double
Planetary
		
ii. O
 il Temperature (°C): 25 and 100
		
iii. PTFE Type (Particle Size, μm): 1 and 5
		
iv. PTFE Concentration (%): 40 and 50
		
v. Mixing Time (h): 2 and 8
3. Optimization DOE
		
i. PTFE Concentration (%): 45 and 50
		
ii. Mixing Time (h): 4 and 12
2. M
 odel Selection: In this part of the study, different DOE
models were evaluated for their fit in the experiment
and chosen based on trade-offs like time, cost, and
importance.
3. P
 erform DOE: All testing was completed in a randomized
order with as many controls as possible in place.
4. A
 nalyze the responses (results of interest from DOE):
Statistical Analysis software (Minitab) was used for this
analysis including ANOVA (analysis of variance) and
regression to determine the significant factors in the
experiments.
5. P
 erform Computational Optimization: The empirical
equations from the regression analysis were used in a
purely computational optimization to predict the results
of the optimization DOE and illustrate where additional
time/costs can be saved with a robust experimental model.
6. Validate Empirical Equation and Optimize

Materials and Methods

Experimental Goals
The primary purpose of this study is to design and develop
a new lubricating grease using DOE and optimization
methodologies. The key steps in this study are.
1. Utilize DOE and ANOVA to study formulation
variables that effect rheology and wear protection
of a PAO/PTFE lubricating grease.
2. Use Response Surface Methodology and
Evolutionary Algorithms to optimize a grease
formulation.

In this study, the following materials, equipment, and
methods are used.
Raw Materials
• PAO 6 and 40 cSt Base Fluids.
• Alkylated Phenyl-Alpha-Naphthylamine and
Methylene bis (dibutyldithiocarbamate) and
tolutriazole derivative Antioxidant Additives
• Amine Phosphate and Borate Ester Anti-Wear
Additives
• Two different types of PTFE, Type A and Type
B, with primary particle sizes of 1 and 5 μm,
respectively
Grease Preparation
Grease samples were prepared using single and double
planetary mixers for combination of the PAO fluid with PTFE
powder. Processing of the grease was then finished through
a colloid mill with the number of passes controlled for all
samples. The number of mixing hours was also controlled to
reduce variability in the experiment.
Experimental Methods
• Kinematic Viscosity: Testing was performed
according to ASTM D445 using a calibrated glass
capillary viscometer.
• 4-Ball Wear: Testing was performed according
to ASTM D4172 using a Falex Four-Ball Wear
instrument. This unit was capable of 60 kg load and
1,800 rpm with a maximum temperature of 150°C.
• Apparent Viscosity: Testing was performed using a
Brookfield DV-iii Rheometer with a T-B spindle at 1
rpm and 25°C.
Product requirements
• Kinematic Viscosity: Between 80 and 150 cSt at
40°C
• 4-Ball Wear: Less than 0.5 mm
• Apparent Viscosity: Between 12,000 and 16,000
Poise (P) at 25°C
• Cone penetration: NLGI grade 1.5 to 2 (Secondary
to apparent viscosity for this application)
Software Tools
For the statistical analysis and DOE work, Minitab 17 was
used while the optimization algorithm was written in Matlab.
DOE Approach to Formulation - Details
The purpose of using a DOE approach to the formulation
of a lubricating grease is the same as it is in other applications
to improve a process, design a material, or solve any scientific
problem. Using well-planned and structured experiments
combined with statistical analysis, the effects of variables and
interactions can be estimated through empirical modeling that
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replaces more computationally expensive simulations through
a data driven construction [1] [2] [3]. This engineering
methodology is used when it is difficulty to directly measure
the response of interest. A DOE model is only as good as the
data points; they must be valid points and different enough
from each other to provide useful insights.
In its simplest form, linear regression analysis helps to
explain the relationship between two or more variables
through statistical analysis. From this analysis, data based
models are created that can be used for prediction of the
response to different values of the variable. An example of
where this could be used is in the testing of different materials
for the exterior of the Space Shuttle. Simulations of air flow,
heat transfer, radiation resistance will all have to be performed.
Different geometries, materials, etc. will all have to be
simulated which could take days, months, or even years.
There were several stages to grease development using DOE
in this study. First, the base oil viscosity and the concentration
of the anti-wear additive are determined. A Box-Behnken
response surface DOE was used to find the optimum
viscosity and percentage of an additive package to provide
protection from wear. Second, the sources of variation in the
manufacturing process and the new product’s rheology were
investigated using a full factorial DOE. And third, the grease
manufacturing process was optimized.
A key calculation in regression analysis and experimental
design is the coefficient of determination (R2). This value
represents the proportion of the variance of the dependent
variable that is related to the independent variable. The
coefficient of determination indicates the correlation
between predicted values from an empirical model and the
actual values. It also indicates the correlation between the
independent variables and the system response. The coefficient
of determination is measured on a scale of 0 to 1 which
represents no correlation (0%) or complete correlation (100%).
This means the closer R2 is to 1, the higher the percentage of
variability that is explained by the empirical model.
Experimental Designs
Three different experimental designs were used in this
study. First, a Box-Behnken response surface design was
used to determine the kinematic viscosity of the base oil and
the optimum level of anti-wear additives in the formulation.
Second, a fractional factorial design was used to determine the
important factors that impact the manufacturing process of the
grease and the rheology. Third, a central composite response
surface design was used to optimize the manufacturing process
to ensure a robust design.
The Box-Behnken response surface design was chosen to
determine the kinematic viscosity and the optimum level of
anti-wear additive to minimize the wear as tested by ASTM
D2266 (4-Ball Wear). This design was chosen instead of
a standard central composite response surface as all test
parameters were in the design space and the experiment could

be performed with fewer runs. Because all of the points of
interest in this experiment were within the design space, axial
points were not tested due to the limitations of the instrument.
This experiment tested the full bounds of the speed, load, and
temperature for the 4-Ball equipment used in the experiment.
This allowed kinematic viscosity and additive percentage to be
researched and optimized for the newly designed product.
After the kinematic viscosity and additive concentration were
selected, a 25-1 Half Fractional Factorial DOE was created to
model the possible production processes, Figure 1. The type of
finish processing was held constant with homogenization and
milling. The mixing type was an important variable with single
planetary (Hobart) and dual planetary mixing styles being
studied. The amount of mixing time, thickener concentration,
and the average PTFE particle size were also tested as variables
in this study. The final variable studied was the oil temperature
when the PTFE was added to prior to mixing.
Because this DOE was a 25-1 half fractional design, it
required 32 runs for full resolution. Instead this was run as
Half Fractional Factorial DOE design which required only
16 runs. This gives the model a Level IV resolution which
maintains full resolution on the main effects but confounds the
2 Way effects. This is not as risky as it would seem due to the
hierarchy principle, which states that when two interactions
are confounded with one another, the interaction that is the
most likely to be significant is the one containing factors whose
main effects are themselves significant [5]. This combined with
effect sparsity (Pareto rule) which means that only a few of the
main factors turn out to be important, allows us to consider a
Level IV resolution as low risk. This design will, however, have
less resolution of the 3 way effects because they are confounded
with the main effects and there is no way to decouple them [5].
The mixing time (prior to milling) was included to help
determine the threshold that is needed to make this product
consistently homogeneous. The PTFE type and concentration
were included in this model as it was expected that these two
factors will be part of the optimization of the product. Finally,
the oil temperature when the PTFE was added was included
to measure the effect of this variable. The experiments were
run with two replicates to add resolution to the degrees of
freedom in this design. Based on the number of samples tested
in this experiment, there was a 95% Statistical Power Level to
determine a standard deviation of 1.365σ in the model [5].
Wear Additive Level Selection Results
The results of the Box-Behnken response surface experiment
to determine the kinematic viscosity and the concentration of
the additives needed for this application provided formulation
constraints for this product development. The optimum level
for the anti-wear additives was determined to be 0.5% with a
kinematic viscosity of 115 cSt. This formulation produced a
wear scar of 0.38 mm which was less than the 0.5 mm target.
Contour plots were created to illustrate the effects of speed,
temperature, load, and viscosity on the wear rates. Figures 2
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and 3 are two-dimensional illustrations of the
wear scar area as a function of two variables.
The interaction effect of additive
concentration versus speed was linear as the
wear scar increased incrementally with the
speed, Figure 2. However, the wear increased
slightly faster at the highest concentrations of
the additive package. The additive temperature
contour plot showed a relationship between
the temperature, additive concentration, and
wear scar, Figure 3. Based on these data and the
contour plot, this additive package appeared
to be best suited for addition at 75⁰C at a
concentration of 0.5% or less.
The contour plot of viscosity and additive
concentration showed a strong relationship,
Figure 4. The wear was greatest at the extremes
of the viscosity and additive concentrations
(both high, both low) and least at the opposing
corners (high viscosity and low additive
concentration, low viscosity and high additive
concentration).
In the absence of anti-wear additives, it
was expected that there would be more wear
for lighter viscosity and less wear for heavier
viscosity oils. Without additives, the fluid
could provide protection through full film
lubrication. The calculated theoretical film
thickness was greater than 2 μm for the heavier
oil in this study.
In the presence of a high level of anti-wear
additives, it was hypothesized that there would
be better protection and less wear at low
viscosity because of the presence of the additive
in the contacts. However, wear would be
greater at higher viscosity because there would
be less mobility of additives into the contacts.
The impact of load on the wear rate is shown
in the contour plot in Figure 5. Wear increased
as the load increases with no additives, as
expected. For loads below 30 and 50 kg and
above, the additive package provided more
wear protection as the concentration increased.
However, at 40 kg, the additive concentration
had no significant effect on the level of wear.
This result is interesting because 40 kg is the
standard load condition for the 4-Ball Wear
Test (ASTM D4172).
Based on the application conditions, the
contact stresses produced an equivalent load
of 40 kg at an average temperature of 75⁰C,
and a sliding speed of approximately 800 rpm.
The optimum additive level was 0.5% with a
kinematic viscosity of 115 cSt. The resulting
wear scar was 0.38 mm, which is less than the
target specification of 0.5 mm.

Figure 1: Cube Plot of Main DOE Factors

Figure 2: Contour Plot of Wear (mm) vs. Speed (rpm) and Additive
Concentration (%)

Figure 3: Contour Plot of Wear (mm) vs. Temperature (°C) and Additive
Concentration (%)

Figure 4: Contour Plot of Wear (mm) vs. Viscosity (cSt) and
Additive Concentration (%)

Figure 5: Contour Plot of Wear (mm) vs. Load (kg) and
Additive Concentration (%)

Main DOE for Product Design

After the DOE to determine the kinematic viscosity and additive concentration was completed, a 25-1 Half Fractional
Factorial DOE was performed to model the possible production processes. The type of finish processing was held constant with
homogenization and milling. The mixing type was an important variable with single planetary (Hobart) and dual planetary mixing
styles being studied. The amount of mixing time, thickener concentration, and PTFE particle size were also tested as variables in
this study. The final variable studied was the temperature of the oil when the PTFE was added to prior to mixing.
The initial DOE model was reduced to the final model by eliminating terms that had no statistical significance. This was done
iteratively because removal of each factor influenced the calculation of the remaining terms. The terms were removed by the
highest order first to help reduce the confounding with the other terms. This new model represented >99.5% of the variation in the
design R2. This model also produced the following regression equation where f is the Brookfield apparent viscosity. This regression
equation will be used in the computational optimization as the objective function.
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The calculated variance in variation factor (VIF) of 1.0 gives an
idea of the severity of multicollinearity, which occurs when two
or more variables in a regression model are highly correlated.
This means that one variable can be linearly predicted from the
other with a high degree of accuracy. From this result, it was
shown that there was virtually no correlation between the model
terms. This indicated that the model is orthogonal based, as it

has a VIF of around 1. Based on the final model, fitted means
were then calculated based on the regression equation for all
other points in the design space that were not tested. The cube
plot with these fitted means is shown in Figure 6. In Figure 7,
the Pareto chart of the standardized effects from the final DOE
model is plotted.
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Figure 6: DOE Cube Plot with Fitted Means

Figure 7: Pareto Chart of the Standardized Effects
Through analysis of the ANOVA results in Table 1 from the
DOE and as shown in the Pareto chart in Figure 7, it is apparent
that all the main factors except mixing type were significant. The
DOE also discovered several interaction effects.
The correlation between PTFE type and concentration was
expected based on historical experience with the material. The
two grades of PTFE chosen for this work had slightly different
thickening efficiencies, probably related to the primary particle
size and the surface area of the PTFE particles. The interaction
effect between mixing time and concentration has illustrated
the need to modulate the amount of mixing time based on the
amount of PTFE thickener used and the final apparent viscosity
to maximize the thickening efficiency. While this could have been
an apparent assumption, this study proved this to be a statistically

significant factor in the manufacturing of a
lubricating grease.
As the oil temperature for PTFE addition
increased, the PTFE thickening efficiency
also increased, which in turn lowered the
concentration required to meet the Brookfield
apparent viscosity requirement. The possible
reasons behind this are 1) the thinning of the
oil at higher temperature allows it to wet out
the surface of the PTFE particles better; or 2)
the heat deforms the PTFE and allows for better
mechanical mixing of the oil and thickener.
This is a very important factor because base oil
temperature can vary during the manufacturing
of a grease depending on production schedules
an season of the year.
The type of mixing was not always significant
by itself, but it sometimes had a significant
interaction effect that depended on the PTFE
type. With Type B PTFE, the type of mixing did
not matter, but for Type A PTFE, the extra shear
provided by the dual planetary mixer made a
significant difference at given concentration
level and mixing time. The mixing type also had
an interaction effect with the amount of PTFE
used in the formula. While both styles of mixing
can accomplish the end goal, one style will be
more efficient above a concentration threshold.
This creates an economic trade-off between the
cost of mixing time and the ROI of the mixing
equipment.
Oil temperature also correlated with the mixing
time. This led to the hypothesis that there was
a three-way interaction between mixing time,
PTFE concentration, and oil temperature.
Although the interaction of mixing type and oil
temperature was significant, it was most likely a
consequence of the confounding of mixing time,
PTFE type, and PTFE concentration. A further
study could be done to investigate further, but
that would be beyond the scope of this study.
Since both factors will be controlled in the optimization, this will
be assumed to be based on confounding.
The residuals from the 25-1 half-fractional DOE are displayed
in Figures 8, 9, and 10. The residuals are normally distributed
and evenly spaced. There are two residuals that are slightly higher
outliers on either end. These two runs represent maximums of
the response and were verified through additional repeated runs
for validation. When the residuals were tested with the Anderson
Darling test [9], it confirmed the normality. This shows how
well the model represents the data and the amount of error.
From these results, the data models 99.5% of the variation in the
process. Based on this and the normal distribution, there was very
little error (true or random).
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In the residuals versus fit plot, Figure 9,
there is a vertical line of residuals that could
represent a possible error in the experiments.
These points were the measurements of
greases prepared with the highest PTFE
concentration and blended with the double
planetary mixer. This showed a very strong
interaction and correlation. The overall
random distribution of points around zero
illustrates that there was very little random
error in this experiment.
The residuals plotted against observation
order in Figure 10 are randomly distributed
around zero and clearly illustrate that there
was no error introduced into the experiment
through the order in which the greases were
tested. This indicates that the experimental
testing plan was properly randomized, and the
order of testing had no effect on the results.

Figure 8: Normal Residual Plot

Optimization

With an accurate empirical model that
represents this experimental process and
a region of the design space that is on
both edges of the specification, a Central
Composite Response Surface DOE Design
can be built around it. Since this face had a
response on both sides of the specification,
the goal is to move the response towards
the Optimum Region. There were many
significant factors in the full DOE. To save
costs and time for this Response Surface
Methodology (RSM) DOE, the model is
reduced where it makes the most sense and
where trade-offs are acceptable.
Before the RSM model was constructed, a
computational optimization was performed
to aid in the prediction and setting of model
parameters. This optimization methodology
was a multi-objective genetic algorithm.
Through the analysis of the 25 Half Fractional
DOE, a regression equation was created. This
objective function was used to optimize the
apparent viscosity (f) and was combined with
a second objective function which was created
to minimize the cost of the product. The
objective functions and constraints are on the
next page.

Figure 9: Residual Plot Vs. Fit

Figure 10: Residual Plot Vs. Run Order
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This optimization requires working with two objective
functions which had conflicting optimal solutions. This meant
that as the apparent viscosity was maximized, the optimal
solution for cost degraded. To solve this optimization problem,
the Genetic Evolutionary Multi-Objective Optimization
technique was used [4]. Since this evolutionary algorithm
is a partial stochastic search method for determining the
optima on the Pareto Frontier, multiple runs were made
to validate the results. The solutions produced from this
optimization algorithm did not guarantee an optimal
solution as tradeoffs would be needed to satisfy both
objective functions.
The Multi-Objective Genetic Evolutionary method used
in this optimization was set up in the following manner.
The initial populations were tested using minimums,
maximums, and a random starting point. The selection
process for choosing parents for the next generation
was based on a tournament function, which chooses
individuals for the mating pool at random and then selects
the best individual out of that set to be a parent. Children
for the next generation are created 99% by a crossover
function and 1% by mutation. The mutation of a child in
the next generation is governed by a Gaussian function
where the random number used to decide whether to
mutate or not is from a Gaussian distribution.
The multilobe function that was used in Matlab utilizes
a controlled elitist genetic algorithm (variant of NSGA-II
[4]). This type of genetic algorithm always favors individuals
with a better fitness value (rank) to the objective function.
This type of genetic algorithm also favors individuals that
increase the population diversity even with a lower fitness
value. The diversity of a population is important to maintain a
convergence to an optimal Pareto Frontier. The diversity of the
population is maintained by controlling the elite members of
the population as the algorithm progresses. This is controlled
by two functions (ParetoFraction and DistanceCrowding)
which control the elitism through diversity. The ParetoFraction
function limits the number of individuals which are elite
members on the Pareto Frontier, as domination by pure elite
members of the population may lead to solutions that are not
optimal or less optimal in the Pareto Frontier. The distancing
function helps to maintain diversity on the Pareto Frontier by
favoring individuals that are relatively far away on the Frontier.
This algorithm stops the optimization run if the spread, which
is a measure of the spacing distance on the Pareto Frontier,
becomes smaller than the stopping tolerance. The migration
of individuals that could be strong candidates was checked in
both direction of sub-populations, meaning that the nth subpopulation migrates into both the (n −1)th and the (n +1)th
sub-populations. This helps ensure that all possible solutions
are covered in the optimization method.
In Figure 11, the Pareto Frontier for the two objective
functions is shown. The Pareto Frontier represents a series of

optima that exist in the feasible design objective space. The
Pareto Frontier plot has one objective function plotted on
each axis and a curve which represents all the feasible Pareto
Solutions or optima which satisfy both objective functions.

Figure 11: Pareto Frontier Plot for
Computational Optimization
The two objective functions were evaluated 10 times each
using the Genetic Evolution method with four different
starting points to look for statistically significant differences.
With a 95% confidence interval, it was found that all
evaluations had no statistical difference between groups or
within the different groups.
Because of the DOE, boundary constraints were found for
manufacturing this product with high repeatability. This also
helped create the framework for the optimization work in
this project. To maximize the main controlling factor of the
PAO-PTFE grease (Brookfield Apparent Viscosity), we would
originally end up moving towards the upper anchor point on
the Pareto Frontier as cost increases greatly.
Through use of the genetic evolution algorithm, a set of
conditions was found for each of the control variables that
satisfied both objective functions. However, as it is impossible
to optimize two objective functions simultaneously, some
trade-offs must be made. These trade-offs will be made to
balance the main performance characteristics of the PAOPTFE grease and the objective function for cost.
Through the computational optimization, it was determined
that this product can be designed to meet the solutions found
on the Pareto Frontier after making some trade-offs. After
doing a trade-off analysis, it was determined that the target
values would be 47.5% PTFE (Type B), 10 hours of mixing at a
temperature of 63 to 86⁰C The mixing style was not significant,
although it did have a stronger effect on the Type A PTFE,
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which illustrates that either mixing style can be utilized. The
RSM design will move forward with the double planetary
mixing system and the Type B PTFE based on its relative
cost and because the DOE showed it to be more efficient
in thickening efficiency. All other non-variable factors will
continue to be controlled.
The final two factors, the variables for the RSM design, are
PTFE content and mixing time. The response surface design
will be a full factorial central composite design (CCD) with
these two continuous factors. This design will have four
cube points, seven total center points (three in the cube, four

axial), and four axial points. The alpha value for the design
will be 1.41421 which was calculated for this design to ensure
orthogonality and rotatability. By making the response surface
design rotatable, all points will be equidistant from the design
center giving them the same prediction variance. The limits for
the DOE will be built around the axial points with the mixing
time being a low of 4 hours and a high of 12 hours and the
concentration of PTFE having a low of 45% and a high of 50%.
This places the centroid point at 8 hours and 47.5% and the
cube points spaced around this based on the alpha value.
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Response Surface Methodology
Results

The ANOVA analysis of the results for the
response surface design showed that the
only terms of statistical significance were
concentration and the two-way interaction of
concentration and mixing time. There were no
quadratic effects in this model. As the quadratic
terms were insignificant, the model was reduced
by removing the mixing2, concentration2, and
the block terms in the model, one at a time.
The variance inflation factor (VIF), which
describes the severity of multicollinearity, shows
that there is virtually no correlation between
the terms of the model. It also indicates that the
model is orthogonal, as the VIF is around 1.
The residuals from the DOE, as seen in Figure
12, are normally distributed with no outliers.
This represents how well the model represents
the data and the amount of error. From these
results, the coefficient of determination R2
shows that the model accounted for 93.99% of
the variation in the data. Based on this result
and the normal distribution, there is very little
error (true or random).
In Figures 13 and 14, the Brookfield response
is plotted on a contour plot. All the design
points have been included for the cube,
center, and axial points to help visualize
the design space. In Figure 13, the contours
have been colored based on the performance
goals for the product, with red and green
representing material that is outside of and
within specification, respectively. As can be
seen in this plot, many possible points satisfy
the specification, so additional knowledge
and factors must be used to select the process
conditions. In Figure 13, data tags were added
along the 48% concentration line. The 48%
concentration level was chosen to ensure a
robust solution and minimize cost. At this
concentration level, a mixing time of 4 to 8
hours produced an apparent viscosity that
stabilized around 12,700 Poise (P). Additional
testing was done with a 48% concentration and
24 hours of mixing; this result fell within this
stabilized range.

Figure 12: Normal Probability Plot for RSM Optimization

Figure 13: RSM Optimization Contour Plot of Apparent Viscosity

Figure 14: RSM Optimization Contour Plot of Apparent
Viscosity w/ Data Flags

Conclusions

The use of design of experiments (DOE) methodology in this work has allowed for a product to be designed and
optimized in a manner that reduces the amount of time needed as well as the development cost. In Table 3, this
Planned DOE is compared to several “One at a Time” experimental development projects of similar complexity. In this
Table, various times associated with development are compared as well as a normalized time for the project and a total
development timeline. It is also important to note that in traditional trial-and-error approaches, it is very easy to miss
important factors and interactions that can be misleading and lead to future problems that entail additional development
and scale-up costs.

Table 3: Time Comparison of DOE and “One at a Time” Experiments
Results from this DOE and optimization of a new PAO-PTFE lubricating grease show that it is feasible to reduce the
variation in the process which allows for a more robust product design. The DOE provided critical knowledge regarding
this product design and gave solid evidence about interactions during the manufacturing process of the lubricant. The
empirical formula developed in this study allowed for a computational optimization that was a very good approximation
of the response surface optimization. This is an area where additional time and expense can be saved with confidence
(high R2) in the future using the empirical formula and optimization.
The Box-Behnken experiment illustrated the interactions of various factors in the wear testing and how kinematic
viscosity and the additive concentration affected the wear produced by the lubricant. Through understanding these
relationships between test conditions, viscosity, and the additive, it was possible to predict the wear based on the
conditions of the end-use application. This deeper understanding of how and why the lubricant performs made it easier
to target a formulation to solve the tribological problem based on statistical data.
The use of statistical analysis and design of experiments methodology may be considered time-consuming and
expensive. Through this study, it has become apparent that the development of a new product through DOE optimization
methods can be far more efficient in time and cost than “one at a time” experiments. The success of this approach
depends on the expertise of staff that understand the raw materials and project goals to develop appropriate statistical
models.
It has been many years since the term “tribology” was coined following the Jost report [10]. The focus in the industry is
centered around reducing friction and conserving energy. The use of DOE methodologies is a step forward on that path,
as it can help conserve time and energy expended to development products and optimize them to meet real world needs.
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DOE Appendix

Design of Experiments Methodology - Details
The use of regression analysis and Analysis of Variance (ANOVA) are critical statistical tools used in the analysis
of a DOE experiment. There are many types of DOE models including factorial, central composite, Box-Behnken,
D-Optimal, and Taguchi. In Figure A1, the different types of DOE models are illustrated in a three-dimensional
geometry where the cube represents the experimental design region.
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Figure A1: DOE Models
Before a DOE is undertaken, other tools like a fishbone
(Ishikawa) diagram are used to specify expected causes of
variation in a process or product. This would typically be
created by a team comprised of stakeholders and subject
matter experts (SME) in a brainstorming session where the
goal is to identify the important factors and levels to be tested
in the experiment. In an experiment, levels can be considered
as the boundaries for a process or design region.
Some keys to the success of a DOE is accurate data collection,
control of all possible variables, and randomization. If an
experimental design is randomized, the bias effects in the
response can be reduced or eliminated. The control of variables
is critical to a good experiment as the error will increase
significantly without control. Sometimes this will happen as
one variable will be considered non-significant by the team or
hard to control (HTC).
A good example of this is the oil temperature when an
additive is combined with the oil. In this study, the additive
was added to oil at 100⁰C in some cases, while other times it
was added to oil at ambient temperature. This temperature
factor was not included in the initial DOE study however when
the results were analyzed, there was unexplained variance in
the results. After performing the experiment again and taking
this variable into consideration, the temperature at which this
additive was added to the oil was found to be a significant
factor and to have interaction effects on mixing time,
processing time, and other factors.
The above example illustrates some keys to success and
possible pitfalls of ignoring significant factors. Even in a case
where a factor itself may not be highly significant on its own, it
may have strong interaction effects that reduce the accuracy of
the DOE. It is critical that all the experimental conditions are
as controlled and accurate as possible.
The simplest of these DOE models is the general factorial
design. These experiments consist of 2 or more variables that

have at least two levels for each variable. In a full factorial
experiment, all levels for all variables are studied, which
allows the experimenter to learn about each independent
variable and its effect on the response as well as
interactions with other variables. This works well for small
or well-defined experiments, but in cases where there are
many factors or levels, a fractional factorial design is used.
Fractional factorial models use half or a quarter of the
test points and estimate the remainder through statistical
methods.
The central composite design (CCD) [7] as shown in
Figure A2 expands upon the factorial model by adding
center and axial points and is a typical method used to fit
a second order response surface. The axial points are test
points that are found outside of the full factorial design
surface and are spaced equally away from the center-point
by α. The α value is designed to ensure orthogonality
and rotatability of the design and by making the design
rotatable, all points will be equidistant from the design
center giving them the same prediction variance. Ensuring
that the design is orthogonal allows for individual effects to be
estimated independently with minimal confounding as well as
making sure the model coefficient is uncorrelated.

Figure A2: Two and Three Factor Central Composite Design
The central composite design is normally applied with
a response surface methodology (RSM) for a sequence of
designed experiments to obtain an optimal response from a
system or process. When using RSM, it is normal to first run
a factorial DOE and once an area of improvement has been
found, a numerical optimization method like steepest descent
(or ascent) can be used to find the region of the optimum
(See Figure A3.). Once in the optimum design region, a RSM
experiment can be performed to find the response surface
around an optimum point which will tell you how the system
response responds to changes in the variables. This is typically
seen as curvature in the response which represents finding the
contours of a design and moving from an optimum value to
one of degrading performance.

- 35 NLGI SPOKESMAN, JANUARY/FEBRUARY 2018

The Box-Behnken [8] [9] experimental design is a type of response
surface design but with a major difference that it does not contain an
embedded factorial design. This design is normally chosen when all
the test points needed for the experiment must be contained within
the design space and axial points are not feasible. Since all the test
points fall within the design space, they will be combinations of the
high and low levels for the factors and their midpoints. This design
will also incorporate center points; however, corner points are not
evaluated as this design operates under the assumption that the
corner points (the extremes of all factor levels) rarely occur together
and are not evaluated directly. This allows fewer experimental runs as
the data for the corner points are estimated. This design also allows
good estimation of main factor effects and second order interactions.
Its downside is that it cannot be used for sequential experiments as it
lacks the embedded factorial design.

Figure A3: RSM Design Methodology
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Innovative Microwave Grease Processing
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Synopsis:

In recent years, there has been a growing interest in the
production of biobased and biodegradable greases. The use
of newer raw materials in these greases has introduced a
different level of complexity beyond existing intricacies of
grease making. However, the introduction and practice of
a new patented microwave-based processing technology in
2010 helped to reduce some of those complexities. An earlier
paper on the introduction of this processing technology was
presented at the 23rd Annual General Meeting of the European
Lubricating Grease Institute (ELGI) in 2011 (Paris, France).[1]
The present paper reports on the construction and operation
of an updated production scale microwave-based reactor that
expands the types of products that can be manufactured using
microwave technology. This paper also describes changes and
improvements that were made to the equipment and compares
efficiency and cost reduction benefits of the new technology
and a conventional manufacturing process.[2], [3]

An Update on Manufacturing Biobased Grease
Using Microwaves
Introduction
Typical methods for making grease include the use of a heat
transfer oil that is circulated in the chambers of a jacketed
vessel to heat the vessel surfaces and cook grease inside the
vessel. The temperature of the heat transfer oil can be raised
by using electric heating elements, heating fuels, or natural
gas. Heat transfer systems also include heat exchangers that
use water or a cooling fluid to help lower the temperature of
the heat transfer oil and control the temperature needed for the
chemical reactions to make grease.
The latent heat in the oil, the vessel jacket, and transfer
pipes make it difficult to reach and reliably maintain accurate
temperatures. Temperature overshooting can result in
overheated products, and undershooting can require additional
time and adjustments to complete the grease-making process.
Heat transfer oil methods are limited by the fact that product
inside the vessel has to be heated by very hot metal surfaces
of the vessel. There can be a temperature difference of several

hundred degrees between the walls of the vessel and the
product at the center of the vessel . Products that touch the
vessel walls can be exposed to temperatures far above the
needed reaction temperatures. As an example, lithium greases
require reaction temperatures exceeding 392⁰F (200⁰C). For
the product to reach these temperatures, the heat transfer oil
and the walls of the vessel could be 572⁰F (300⁰C) or higher.
When vegetable oils are heated this way, the layers of oil
that touch the high temperature walls of the vessel can be
damaged due to overheating. The oxidation stability of the
final product can be reduced as a result. Also, this method of
heating requires conversion of electrical energy (when using
heating elements) or chemical energy (when using fuel ) to
thermal energy, then application of the thermal energy to
metal surfaces, and finally, heat transfer via conduction from
hot metal surfaces of the vessel to the product. Each energy
conversion stage presents some energy loss and contributes
to large cumulative losses. Additionally, it is necessary to use
elaborate scrapers and drivers to prevent grease adherence and
overcooking on the vessel walls in some types of reactors.
Microwave heating eliminates the need for jacketed
vessels and heat transfer media. Instead, electrical energy
is converted to microwaves at high energy efficiency levels;
these microwaves are applied directly to the product to heat
it. Provided that microwaves can penetrate the product, they
can heat it uniformly with minimal mixing or circulation and
without the use of scrapers.
Description of the basic process
In a typical grease making process, a fatty acid, like stearic
acid, is reacted with a strong base resulting in a soap and
other byproducts. Bases commonly used in soap and grease
manufacturing include sodium, lithium, aluminum, calcium,
titanium, and barium compounds. The reaction takes place in
situ in base oil, so the soap is diluted with oil and somewhat
fluid. Otherwise, if soaps were manufactured on the basis of
reaction stoichiometry alone, they would become too stiff to
flow and handle at lower temperatures. Also, specific soaps
behave differently at various temperatures. Lithium-based
greases, for example, tend to be fully liquid at higher reaction
temperatures in the 302 to 428°F (150 to 220⁰C) range.
Lithium soaps are liquefied when they are cooked inside a
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jacketed vessel with hot vessel walls, and liquefaction increases
the thermal conductivity of the mixture. But, for other soaps
like aluminum based soaps, the reacted product becomes thick
at the initiation of the reaction and heat transfer within the
mixture becomes difficult, requiring more elaborate mixing
such as dual or triple motion mixing equipment.
Biobased Greases
Biobased greases can be made with different base oils
including vegetable oils, plant oils, animal fats or various
esters derived from plants, vegetables or animals. These
base oils exhibit unique behaviors when exposed to extreme
temperatures. At subzero temperatures, various fats in
vegetable oils freeze at different temperatures resulting in
behavior that is different than that of petroleum base oils. At
temperatures exceeding 302°F (150⁰C), vegetable oils begin to
oxidize faster than mineral oils and can initiate polymerization,
which is followed by the propagation process (which is
usually terminated before full polymerization occurs). The
propagation process can be ongoing even after the product is
fully formulated. The product could continue to polymerize,
albeit rather slowly, at storage temperatures. Steps can be
taken to fully terminate polymerization to extend shelf life.
The formation of polymers in the finished lubricant negatively
impacts the lubricity property of the grease, although in some
applications this could possibly be desirable.
When using a jacketed vessel, the oil could be exposed to
hot reactor walls at temperatures of 550 to 600°F (350 to
450°C). Oil layers that come in contact with metal at such high
temperatures are practically burnt, as shown by their darkened
color. Surface scrapers continuously mix and replace burnt
layers with fresh oil on the vessel wall surfaces.
Microwave Heating Process

Simply described, industrial microwaves operate at 915 MHz,
which is different than the frequency of household microwaves
operating at 2450 MHz. At 915 MHz, the polarity of the waves
changes at 915 million cycles per second. Dipolar molecules
like water or vegetable oil attempt to align themselves with
these waves. This results in the oil molecules vibrating and
colliding with each other, generating frictional heat. This
heat is then conducted throughout the product and increases
impacts between molecules, resulting in faster heating. Mineral
oils differ from vegetable oils in terms of molecular polarity
and response to microwaves. However, several means that are
beyond the scope of this paper have been developed to use
microwave processing to make greases from mineral oils.
Production Scale Microwave Grease Manufacturing
Updated
The 2011 ELGI paper described a metal vessel with two
waveguides for applying microwaves to make grease. That
vessel had small propellers near the bottom along with four
circulation jets placed 90 degrees apart to create a vortex and
provide mixing. The propellers were submerged under the
liquid surface to prevent the possibility of microwave leakage
through their shafts. Figure 1 illustrates the initial reactor,
which has been used successfully to manufacture lithium
greases for over 5 years.
When attempting to make aluminum complex grease in
this reactor, the product failed because aluminum complex
grease thickened up immediately at the top of the tank and
the circulation equipment did not effectively mix the product.
Only the top layers of product were exposed to incoming
microwaves and reacted properly. After numerous attempts
and trials with various mixing schemes, it became clear that a
new vessel with mixing arms would be needed.

Figure 1: (Left) Two waveguides from two transmitters attached to the top of the grease reactor; (Right) Illustration of the
original reactor with propeller and circulation jets
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Improvements in Reactor Design
For greases that thicken up as soon as the reaction begins,
attempts to use circulation did not help mix the product.
Worm holes formed where hotter materials found their way
to the inlet of the pumps from circulation jets. Microwaves
superheated the top layers of the product and left unheated
materials at the bottom of the vessel. Figure 2 shows the
bottom of the reactor used for manufacturing lithium grease
next to the new reactor with mixing paddles designed for
stirring products like aluminum complex grease.
When applying microwaves to metallic vessels, arcing can
occur if there are gaps between metal components where the
waves can resonate. High intensity arcing could be hazardous
if there are flammable gasses present; and in the long term,
low intensity arcing could cause pitting on the surfaces of the
vessel. Also, a rotating metal shaft can act as an antenna and a
conduit for the microwaves to escape from the shaft ends. A
new design was incorporated that utilizes mixing arms but
overcomes the microwave seepage at the shaft ends. This new
design also prevents arcing as the paddles approach the surface

walls of the vessel and form momentary narrow metal-tometal gaps.
Figure 3 shows the two current microwave reaction vessels
side by side. These vessels are not jacketed, which reduces
manufacturing cost. In the new design, the waveguides
are split to form four points of entry in order to improve
uniformity of heating along the elongated horizontal shape of
this vessel. Since two microwave transmitters are used, each
transmitter feeds its microwaves into two branches as seen in
Figure 3 (right).
Additional features in the new tank include arc detectors,
product return lines, and safety switches for access door and
ventilation openings. As explained in the 2011 ELGI paper,
various size openings can be incorporated into vessels to allow
visual access to products within while microwaves are applied.
However, microwave choking techniques must be used to
prevent microwaves from escaping from those openings.
Choking refers to design concepts that reduce microwave
leakage by scattering or absorbing microwaves. For example,
there is a metal screen on the glass door of most household

Figure 2: (Left) Inside view of the original reactor with propellers; (Right) the inside view of the new modified
reactor with mixing paddles

Figure 3 (Left): Original vertical reactor used for manufacturing lithium based grease with two waveguide entries;
(Right) new horizontal reactor with four microwave waveguide entries
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microwave ovens to prevent microwaves from escaping. In this
project, the shaft ends and the large exit port under the vessel
are equipped with choking devices to contain the microwaves.
Automatic microwave leak detectors at each of these points are
programmed to shut down the transmitters if a microwave leak
is detected.
Comparison of Reactors
In order to compare microwave and jacketed reactors, two
batches of the same grease formulation (an aluminum complex
grease, NLGI grade #3) were prepared using these two different
heating systems. One reactor used a 200-gallon tank with
scrapers and an 80 kW hot oil heater, and the other used a
500-gallon tank with microwave heating. Figure 4 presents the
schematics of these two reactors.
The heating of the base oil and melting of the fatty acid were
reasonably rapid for both vessels because the base oil was
liquid and heat transfer from the walls of the conventional
vessel to the rest of product was rather efficient.

However, after the aluminum thickener was added to the
jacketed conventional mix tank, the product became thick
with the consistency of powdery cake. (Similar behavior was
observed when making other batches of grade #3 greases.) Air
gaps formed in the product, and they negatively impacted heat
transfer from the hot walls of the conventional vessel to the
rest of the product, Figure 5. Aluminum complex grease exited
the circulation pump in the form of a thick ‘noodle’, Figure 5.
In contrast, in the horizontal mixer with microwave heating,
microwaves penetrated the product to various depths based
in their intensity. With some mixing, the product was heated
efficiently to completion. Figure 6 (left) shows aluminum
complex grease with some gel formation after the completion
of the reaction. Fully reacted aluminum complex grease in
the new reaction vessel after stirring with mixing paddles
(submerged) is also shown in Figure 6 (right). The lighter
product color indicates less burning of the oil in the microwave
process than in the reactor with a conventional heating jacket
(Figure 5).

Figure 4: (Left): Schematics of the jacketed conventional mix tank; (Right): the horizontal mixer with microwave heating);

Figure 5 (Left): Thick grease during reaction in a conventional reactor with a heated jacket; (Right): long noodle-shaped
product exiting from the pump;
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The following charts show
the time/temperature/kW
relationships for each of the
two processes. The hot oil
heater for the conventional
process has a maximum
rating of 80 kW. Because it
is not clear how much of the
electrical power was used to
maintain the temperature
of the hot oil in the vessel
jacket, the value of 70 kW
was used for the first 2
Figure 6 (Left): Reacted grease with gel formation in the microwave reactor after sitting for an hour;
hours of the process, and
(Right): Grease after mixing with the rotating paddles in the microwave reactor;
then it was assumed to be
lower, 36 kW and 10 kW,
for the remaining part of the
process (Figure 7). It should be
noted that a better reactor with
more effective mixing design
could have reduced the process
time.
For the microwave reactor,
however, the amount of kW
power input is specified by the
microwave process controller.
Product temperature rapidly
reached 149 to 167°F (65
to 75°C), and the input was
adjusted to zero to allow
addition of the fatty acids.
After restarting the microwaves
at temperatures between 185
and 203°F (between 85 and
95°C), the aluminum thickener
(a liquid) was pumped into
Figure 7: Time/temperature/kW chart for the vessel with conventional heating (14 hours)
the vessel without stopping
Not surprisingly, temperature and current draw for the drive
microwave input.
controllers were observed to be consistent for multiple batches.
Upon initial thickening of the mixture, the speed of mixing
Figure 8 shows the time/temperature/kW charts for the newly
was increased to ensure uniform blending. Otherwise,
designed 500-gallon capacity microwave reactor with mixing
unmixed product could overheat on top where the waves are
paddles.
applied. This could result in a quick rise in the temperature of
The microwave control systems for the new reactor provide
the top layer, which could pose a flash fire risk.
more
advanced and accurate reaction conditions. The
Microwave input was reduced to 90 kW and then to 30 kW
Programmable Logic Controller (PLC) can control the
while product temperature continued to climb. Since the
microwave intensity to within 1 degree C (less if desired) and
mixer utilizes a Variable Frequency Drive (VFD) to control
hold the product at the desired temperature indefinitely. This
its speed, the operator could determine the completion of the
accurate temperature control provides for a more predictable
reaction by monitoring the current draw on the drive motor
and consistent reaction. Furthermore, the time/temperature
of the mixing arms. In this case, the current draw increased
relationship directly correlates with the kW power applied
nearly 50% during the reaction process, then leveled off and
to the product. If one transmitter is shut down, the time
remained unchanged for nearly 15 minutes, indicating that
requirement for heating would almost exactly double.
further heating would not impact thickening and the process
This control in the entire process means that grease making
was complete.
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Figure 8: Time/
temperature/kW chart for
the microwave reactor with
mixing paddles (3.5 hours)

approaches a scientific level of predictability and reduces
the artistic aspect of the process. Figure 9 shows a screen
shot indicating the set points and microwave input levels.

Conclusions

Batches of the same grease formulation were produced
with two different processes, a conventional reactor with a
heated jacket and a new reactor with microwave heating.
This comparison showed that significant time saving could
be achieved with the use of microwave heating. While
the conventional heating method used in this study could
have been modified to improve heating efficiency, the fact
remains that heat transfer in a thickened grease is slow and
difficult in vessels with heated jackets and scrappers.
The use of microwaves to manufacture an NLGI grade
#3 aluminum complex grease was not only more energy
Figure 9: A screen shot of the controller for microwave inputs
efficient but also yielded a more homogenous and higher
quality product compared to a conventional jacketed vessel.
on the manufacture of aluminum complex greases. Further
The use of microwaves for manufacturing biobased greases
investigation will be needed on the potential benefits of using
has helped to reduce the manufacturing costs in three different
microwaves for manufacturing lithium based greases.
ways. First, the process time was reduced considerably thus
requiring less manufacturing and labor time. Secondly, the
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Abstract

Tackifiers are vital component of lubricant oils and greases.
These products prevent fling-off due to the centrifugal force of
high-speed parts, eliminate drip under the constant effect of
gravity, and improve the feed of lubricant through mechanical
systems. This feat is achieved by very high molecular weight
polymers which impart an elastic-like behavior, often called
‘stringiness’ or ‘tackiness’, to oil and grease.
The generation of heat and resulting oxidative damage under
high performance/heavy duty applications is a key concern for
establishing long-lasting stringiness in lubricants. The premiere
tackifier chemistry, polyisobutylene (PIB), has a known
vulnerability to heat. Base oil purity of lubricants and their
additives can accelerate or slow the loss of tack in oil at high
temperature. Tack in Group III/IV base oils shows excellent
thermal stability which implicates certain components of
Group I/II oils. Olefin copolymer tackifiers show greater
thermal stability than PIB chemistry but are much less effective
at adding tack to oil.
This article presents a series of thermal studies on PIB and
olefin copolymer tackifiers using Group III oil spiked with
model compounds from different Group I/II impurities. It is
shown that mono- or polycyclic aromatics have a complex
relationship depending on the molecular weight of the
tackifier. Sulfur demonstrates a beneficial effect while nitrogen
accelerated degradation. Further testing led to the finding of a
novel ‘tack preservative’ which extended the thermal stability
of PIB tackifiers beyond the stability of competing olefin
copolymers.
A technical discussion of tackifier science and the underlying
thermodynamics of thermal degradation is included.

I. Introduction

Tackifiers provide a unique form of non-Newtonian behavior
separate from viscosity that aids a lubricant in remaining on a
surface under shear. This is observed as tackiness or stringiness
in that the modified lubricant will produce fine filaments of oil
due to the tackifier additive. High molecular weight polymers
(Mn > 200k, Mv >1M) pre-dissolved into oil are the active
ingredient in these additives. Mn and Mv are conventions used
to describe the non-uniform distribution of polymer chain
lengths in a sample as either a population-weighted or sizeweighted average, respectively.1 Large polymers are known for
their ability to impart many new properties to their solutions
in oil or solvent.2 Background information about the chemistry
and physics of polymers is given in Appendix 1.
A tackifier product largely consists of two components:
the base oil and a dissolved polymer of high molecular
weight. Olefin copolymers (OCP) or polyisobutylene (PIB)
at Mn>100K (Mv>1M) are typical current state-of-the-art
polymers. Their structures are shown below in Figure 1. The
tackifier is added to lubricants at treat rates of less than 1wt%
to provide adherence between the oil and surfaces.
The tack of a lubricant may be characterized by methods
as simple as working the oil between one’s fingers to more
quantitative methods like a ductless siphon.3 Ductless
siphon, pictured in Schematic 1, is a reproducible method for
quantitatively measuring the amount of tack in an oil sample.
However, tack tests are performed at room temperature and
do not encompass the range of conditions the tackifier product
will experience during its service life.

Figure 1: Chemical structure of PIB and OCP polymers
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Schematic 1: Ductless siphon schematic, modified from Rudnick4
It is well-known that long polymers are sensitive to
thermomechanical degradation. Continual mechanical shear
acting on a polymer coil in solution will stress the chemical
bonds along the backbone and cause scission of the bonds.5
Since viscoelastic properties like viscosity index and tack are
inherently tied to chain length, this chain scission causes loss
of performance.
The thermal contribution to thermomechanical degradation
is less understood. Chain scission along the polymer backbone
spontaneously occurs above a specific temperature for each
polymer. This may occur due to reaction with oxygen or
thermally generated radicals for olefin-copolymer (OCP)
tackifiers. For polyisobutylene (PIB) tackifiers, the chain
scission occurs as an inherent property of the polymermonomer chemistry. While this structure grants more
tack than an OCP of equal Mn, it also introduces a critical
vulnerability to temperature.

Figure 2: Extrapolated curves
showing remaining string length
versus time at different temperatures
for a high MW PIB tackifier. Data
show that string length is very stable
below 90˚C but is rapidly lost at
higher temperatures.

For example, Figure 2 is a plot of data from the ductless
siphon test. These data show the effect of temperature on
tackiness. The % string length remaining versus the time at
which a sample PIB tackifier (0.8wt% PIB 600k, 98.2% Group
III oil, no antioxidant) was conditioned at a set temperature.
These curves were extrapolated from individual data points to
fit the equation %S = 100 – exp(αt), where α is a degradation
coefficient that scales exponentially with temperature. String
length was measured via ductless siphon.4 From these curves,
high MW PIB-oil solutions will last for months at <80˚C,
weeks from 80-100˚C, days from 100-150˚C, and hours
>150˚C in Group III oil. Greater stability is reported for
solid, bulk PIB.6 Detailed information about PIB is given in
Appendix 2.

Since tackifier additives are two-component systems of oil
and polymer it is worth discussing the role of the oil used to
dissolve the additive and to prepare the lubricant. Previous
work has shown that even low (<5wt%) concentrations of
Group I/II base oils added to Group III can drastically affect
PIB stability at elevated temperatures.12 These less refined oils
may contribute components which disrupt the equilibrium
between polymerization and depolymerization of PIB at high
temperature and accelerate decomposition.
Group I oils are produced through the cracking of crude oil
into lighter products which are solvent refined. This solvent
process reduces the content of ‘aromatics’ like benzene and
non-carbon ‘heteroatoms’ like sulfur (S), nitrogen (N),
and chlorine (Cl) but does not eliminate them. Aromatic
content may be 10-20% of the oil by weight while S, N, and
Cl occur at up to 300 ppm concentration. Group II oils are
hydrogenated to >90% saturated hydrocarbons and minimal
heteroatom content. Group III oils are hydrocracked using a
more aggressive hydrogenation that breaks C-C bonds of cyclic
components in the oil. Naphthenic content is greatly reduced.
While Group III oils possess high viscosity indexes, the purity
of these oils comes at higher cost and often they exhibit poor
compatibility in comparison to Group I/II oils.
This study uses several approaches to measure tack and
improve the thermal stability of PIB tackifiers. In the first
section, we focus on base oil impurities as a follow-up to
prior work in Group I/III oils.12 In the second section, we
report a ‘tack preservative’ based on beneficial impurities of
Group I oils. In the final section, we describe preliminary
work in finding alternatives to OCP and PIB chemistries for
use in tackifiers. The goal of this effort is to understand the
foundations of tackifier polymer stability, improve on this
established technology, and identify new polymer chemistries
to advance the state-of-the-art.

II. Experimental

II.a. Base Oil Impurity Study
Polymer-oil solutions were prepared in two stages.
Stock Solutions: Commercial linear PIB and OCP polymers
were chosen to examine the effects of composition on viscosity,
tack, and thermal stability. A short PIB (Mn = 200k, “PIB
200k”) and long PIB (Mn=600k, “PIB 600k”) were chosen
to examine dependences on molecular weight. A relatively
long OCP (Mn=200k, “OCP 200k”) was included to compare
performance and thermal stabilities with the short PIB of the
same molecular weight.
Stock solutions of these three polymers (PIB 200k, PIB 600k,
and OCP 200k) were prepared at 1wt% polymer in Group III
oil. The same lot number of Group III oil was used throughout
the experiments. Due to thermal instability and oxidation the
polymers were dissolved into the oil via gentle mixing at 80˚C
for 72 h. No antioxidant was included unless where noted.
Tackifiers with Impurity: Tackifier products containing 0.8
to 1.0wt% polymer and 0.1wt% of one impurity (see below)

were prepared from the tackifier stock solutions. Polymer
content was varied to obtain initial viscosities of 20-25 cSt
at 100˚C and initial string lengths of 70 – 99 (via ductless
siphon).4 The ductless siphon test was performed on 100 mL
of sample in a standardized 100 mL graduated cylinder. String
length is reported as a number without units as the change in
sample level from the “100 mL” mark to the level at which the
oil string breaks during evacuation of the sample. One ‘point’
of string length equated to a height of 2 mm. PIB 200k and
OCP 200k solutions contained 1wt% polymer while PIB 600k
solutions contained 0.8wt% to account for higher tack with
longer chain length. Control groups were prepared for each
polymer with no added impurity.
The impurities chosen for this study are single representative
species from within varying classes of ‘bad actors’ in less
refined lubricant and crude oil stocks.13, 14 A bad actor in oil is
assumed to cause a qualitative loss in performance or stability
in the product. Compounds containing rings, unsaturation,
sulfur, nitrogen, and chlorine are known to promote the
degradation of polymers and base oils through the formation
of radicals or reactions with active ingredients. Four classes of
impurity were tested by preparing four tackifiers with impurity,
each containing one representative species:
• Monocyclic aromatics – Alkylated benzene (0.1wt% C6H5
in tackifier)
• Polycyclic aromatics – Naphthalene (0.1wt% naphthalene in
tackifier)
• Sulfur – Thiosulfates (0.1wt% S in tackifier)
• Nitrogen – Primary alkyl amine (0.1wt% N in tackifier)
II.b. Tack Preservative Study
Tackifiers with Tack Preservative: From screening of
good and bad actors in the dilute tackifiers, a novel additive
described as a ‘tack preservative’ was identified. Tackifiers were
prepared from the PIB and OCP stock solutions previously
described with varying wt% of the preservative added.
Sample High Temperature Lubricants: Lubricants
were prepared to assess the performance of the novel tack
preservative with both PIB tackifier and OCP-based viscosity
modifier. These contain 0.01 – 0.1wt% polymer, 25wt% of a
Group II-based OCP viscosity modifier with PSSI 22%, and
Group III diluent oil. The dilution of tackifier polymer and tack
preservative along with the inclusion of the Group II-based
OCP represents a worst-case scenario. This condition aided in
optimizing a robust, high-temperature product.
II.c. Thermal Degradation Testing
Two methods of high temperature degradation were
performed: long-term degradation at 150˚C for 16 h and
rapid degradation at 200˚C for 2 h. These two testing regimes
were found to induce tack loss to varying degrees. Similar
oven-based tests are common in evaluating antioxidants
for lubricants under milder conditions (60-70˚C).15 These
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conditions were sufficient to observe loss of tack across a
range of different tackifier products and lubricants. The longterm test is convenient for overnight trials while the high
temperature 2 h degradation allows multiple trials per day for
rapid optimization of formulas.
Samples were pre-heated in 600 mL beakers on a wellventilated hotplate to the desired oven temperature. Once
the temperature was reached each beaker was placed into
a PID-controlled heating oven (+1˚C) for a period of up to
24 h. Portions of each sample were taken periodically (90 g
per string length test; 20 g per viscosity test) within minimal
disturbance to the samples. It is important to pre-calculate the
total sample mass required.

The lubricants were tested for viscosity at 40/100˚C using a
capillary viscometer (ASTM D445) to ensure similar starting
viscosities. Viscosity values are reported as needed.

III. Results and Discussion

III.a. Tackifier Stability
Tackifiers of 1wt% PIB or OCP (Mn = ~200k) in pure Group
III oil were initially prepared to demonstrate the short- and
long-term temperature stabilities of these major tackifier
chemistries. Due to the structure of the oil and polymer,
the OCP has better initial string length than the PIB at the
same treat rate in oil. It is worth noting that string length and
viscosity will vary by the specific compatibility between a given
oil and polymer. This compatibility determines K and a in the
Mark-Houwink equation, [η]=KMa.
Two testing regimes were developed for slow and fast
thermal degradation of samples based on the plots in Figure
2. Since the rate constant of reactions scale by exp(-ΔHrxn/T)
increasing the temperature will cause exponentially faster
degradation.9 16-24 h at 150˚C and 1-2 h at 200˚C produced
adequate string length loss for samples of initial string 60-99 to
provide useful information in optimizing formulations.
Figure 3 shows the remaining % string length of Mn=200k
PIB and OCP tackifiers held at 150 and 200˚C over several
hours. While PIB degrades significantly in both cases, these
two regimes show different behavior for the OCP. The
degradation period of 1 h at 200˚C produced roughly the same
remaining string length as 16 h at 150˚C in PIB. This is due to
the thermally induced chain scission due to the unfavorable
thermodynamic stability of isobutylene polymers.
In the OCP sample (Figure 3) the shorter 200˚C degradation
did not produce the same level of string length loss as the
longer, cooler 150˚C trials. OCP degradation occurs through
slower oxidation of the polyolefin which requires diffusion of
polar oxygen through a dense hydrocarbon fluid. Degraded
OCP samples were yellowed or light orange while degraded
PIB remaining water-white and clear.
Mono-substituted polyolefins are more prone to oxidation
due to the tertiary carbon, CR3H, which generates radicals
more easily due to the radical-stabilizing effect of the alkyl
group along the polymer backbone. Oxidation occurs more
readily on that tertiary alkyl site for the same reason. In
general, the OCP string length survives thermal degradation
better than in PIB of equivalent length. High temperature
tackifiers have thus far relied on OCP chemistries for this
reason.17 However, they are not as efficient at producing tack as
PIB in most oils at low wt% as demonstrated in Figure 4: below
0.5wt% polymer the PIB 200k polymer provides better string
length than OCP 200k, given the same chain length.
PIB remains desirable, despite its temperature sensitivity,
due to its production through well-controlled cationic
polymerizations which produce extremely high MW grades
of pure PIB.18 PIB-based tackifiers have lower initial color
and better oxidative stability than OCP which allows them to

II.d. String Length and Viscosity Testing
Prior studies on tackifier stability at high temperature
primarily focused on viscosity to characterize these materials.12
In this study, string length was chosen as the primary metric
for measuring tackifier stability to expand on the available data
for tack loss at high temperature.
String length was measured on 100 mL samples at 25˚C
via the ductless syphon method.4, 16 Schematic 1, above,
presents a standard ductless siphon setup using simple and
readily available laboratory equipment – two vacuum flasks,
tubing, a capillary tube, and a vacuum pump. String length
measurement was performed by placing 100 mL (80 – 100
grams) of oil sample into a 100 mL graduated cylinder. The
cylinder was placed below the 1/16” ID capillary tube. The
tube was lowered to the “100” mark on the cylinder, slightly
below the surface of the oil sample. The vacuum pump, which
was connected to the capillary tube through a series of vacuum
flasks and hoses (Schematic 1), was turned on to draw a
20 – 25 psi vacuum through the capillary tube. The vacuum
suctioned the oil sample up into the capillary tube to produce
a string of oil. Evacuation of the oil sample from the cylinder
by the oil string continued until the string broke due to the
balance of surface tension and non-Newtonian forces. This
process lasted one to ten minute depending on the tackiness
of the oil. The liquid level remaining in the cylinder was read.
“String length” was reported, without units, as the difference in
liquid level from the initial “100” mark to the final level from 0
- 100. Each increment of string length was roughly equivalent
to a vertical height of 2 mm. In this work, oils were prepared
such that initial string length before degradation was within
0 – 100 and string length was measured without dilution. In
typical analysis, a tackifier product is evaluated at 0.5wt% in
ISO 68 paraffinic oil.
This method is used by Functional Products Inc. as an
arbitrary but quantitative measure of the tackiness of oilpolymer samples. The reported value is the maximum length of
a single thread of tackified oil withdrawn from a standard 100
mL graduated cylinder (Kimax 20025-H) by vacuum capillary
tube. String lengths are only reported up to 99. Strings longer
than 99 tend to be thin enough to be buoyant in air and
complicate the measurement.
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remain dominant in non-high temperature applications.
This access to high MW grades of PIB is beneficial to high
temperature tackifiers. If string length at high temperature is
lost incrementally over time then starting with greater string
length would provide a longer time before the polymer is
degraded to a length too small to provide sufficient tack. This
was tested with a higher grade of PIB (Mn=600k, Mv=6M).
Figure 4 shows the relationship between wt% PIB and string
length for two grades of PIB (200k and 600k) in Group III oil.
String length by treat rate in very high MW polymers is not a
simple exponential curve like viscosity in viscosity modifiers.19

Tripling the chain length can provide up to twice the string
length and produces a viscoelastic plateau from 0.3 to 0.8 wt%.
This plateau corresponds to the transition from semi-dilute
to dilute concentration regions for an entangled polymer
solution.2 From this plot, the longer polymer (PIB 600k) is
obviously better at providing tack however it also possesses
this unique plateau where loss of polymer concentration from
0.8 to 0.3wt% does not incur a loss in string length. High
temperature tackifiers should target this concentration regime.
The tackifier samples produced in this study were prepared
with these considerations in mind.

Figure 3: OCP tackifiers possess better high temperature resistance than PIB
tackifiers at high, rapid heating (200˚C) but fail over long periods at lower heat
due to oxidation

Figure 4: String length for PIB and OCP
tackifiers prepared with 0-1wt% polymer.
PIB 200k and 600k are better than OCP
200k at providing string length at under
0.5wt% in oil, such as after dilution of the
tackifier product in the lubricant; PIB 600k
is understandably better at providing tack
than PIB 200k. PIB 600k experiences a
‘plateau’ from 0.3 to 0.8wt% due to its long
chain length.
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III.b. Base Oil Impurity Study
This work was initiated to complement a prior study on
PIB and OCP tackifier stability in pure and impure Group III
oils.12 The results suggested that even low concentrations of
impurities present in the Group III diluent oil of a lubricant
additive can compromise the tack of a Group III-based
lubricant at high temperature.
As discussed in the experimental section, several modified
Group III oils containing a single representative species
of impurity from Group I and II oils were prepared for
tackifier formulation. Monocyclic aromatics (via alkyl
benzene), polycyclic aromatics (via naphthalene), sulfur (via
thiosulfates), and nitrogen (via alkyl amine) were solubilized
in oil at 0.1wt% of the functional group or element of interest.
A control with no impurity was also prepared. Samples of
PIB 200k and PIB600k were solubilized at 1wt% and 0.8wt%,
respectively, in the Group III oils to initial viscosities 20-25
cSt @ 100˚C and string lengths of 63-67. % string length
remaining for degraded samples was
calculated versus these initial string
lengths.
Thermal degradation was
performed under the long-term high
temperature condition (150˚C for 16
and 24 h) with string length samples
pulled from the sample beakers at
those prescribed times. Figure 5
shows the 16 and 24 h string lengths
for PIB 200k (top) and PIB 600k
(bottom) tackifiers.
Without any impurity, both PIB
200k and 600k degrade to 1-5% of
their initial string lengths in 16 h.
The PIB 600k maintains better string
length in 16 h however they both
reach the same negligible string
length by 24 h. These results are
expected based due to the difference
in initial chain size. The addition of
heteroatoms (N and S) and aromatics
(monocyclic and polycyclic)
produced varying effects in the two
PIB samples.
Heteroatoms accelerated string
loss in PIB 200k but reduced
string loss in PIB 600k at 16 h.
Phenolic compounds like butylated
hydroxytoluene (BHT) use oxygen as
a heteroatom to abstract and stabilize

radicals from interacting with lubricants.15 Nitrogen and sulfur
compounds are generally reserved for anti-corrosion and
extreme pressure additives but their electronegativity would
grant them some affinity for the spare electron on radicals.20
This would slow the attack of thermally generated radicals on
the large PIB 600k chains. 0.1wt% nitrogen reduced both PIB
string lengths below the pure Group III (none) PIB samples
by 24 h. Nitrogen compounds are oxidized to reactive nitrates
species over time. Nitrogen may initially absorb radicals from
the oil to initially slow degradation but will later be easily
oxidized by addition of O2 to give the reactive oxides. NO2 will
proceed to oxidize the alkyl chains and its effect will add to the
thermal chain scission breakdown of PIB.
Sulfur-treated PIB 600k maintained high string lengths for
16 and 24 h. Sulfides and thiols have high affinity for radicals
due to their electronegativity, multiple lone pairs, and ability
to form bonds to many atoms at one time. Like nitrogen,
sulfur compounds are eventually oxidized to reactive SO2

Figure 5: % string length results from PIB 200k and PIB 600k tackifiers degraded at 150˚C
show a benefit from heteroatoms and aromatic compounds at 0.1wt% over 16-24 h of
thermal treatment. This is contrary to the conception of these compounds as ‘bad actors’.
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however sulfur did not produce the same degree of string loss
as nitrogen. The slower rate of string length loss may be due to
nitrogen and sulfur intercepting oxygen before it react with the
polymers, essentially acting as antioxidants.
Aromatics, both mono- and polycyclic, had an inverse effect
with respect to MW. PIB 200k string length loss was reduced
during 150˚C treatment with mono- and polycyclic aromatics
impurities. PIB 600k was generally unaffected after 24 h
though the benzene-doped sample gave a high % string length
value at 16 h. The results for these two categories are shown
in Figure 5. Lower MW PIB produced lower string length
loss after the 150˚C. This was unexpected since aromatic
compounds have been identified as promoting the formation
of radicals in oil.13 The difference in outcome may be due to the
fixed 0.1wt% concentration used for all the modified Group
III oils prepared. Unsaturation may be as high as 10-20%
in some base oils. Aromaticity of a compound stabilizes the
radical, making it easier to form, through resonance which
disperses the high energy radical over a large area.8 Aromatic
compounds tend toward generating radicals through breakage
of the C-H bond but also tend to recombine with alkyl radicals
rather than hydrogen radicals.8 Recombination occurs when
two radicals, essentially two half bonds, react to form a stable
single bond. Multiple PIB radicals attacking the same aromatic
compound could temporarily build chain length and prolong
tack loss in principle. This would occur, for example, when the
larger portions of two broken PIB chains attached to a single
aromatic molecule to produce a chain of similar or larger
size than the original PIB chains. If this effect occurs then it
is observed more prominently in the shorter PIB chain with
polycyclic aromatics where the % string length remaining
after 16 and 24 h was the highest among degraded PIB 200k
samples.
Further study is needed to determine the concentration limits
for the benefit effects of heteroatoms and aromatic impurities.
Both types of impurities have some interaction with radicals
generated from the oil or polymer at high temperature. As
discussed, PIB is continually breaking bonds into radicals
and recombining radicals back into chains in a temperaturedependent equilibrium. Above its ceiling temperature the
breakage is favored and a net amount of radicals is generated

as the chains revert to monomer. These excess radicals may
proceed to accelerate degradation by attacking other sections
of polymer. When impurities that interact with radicals are
added this complex exchange of reactions becomes much
more complicated. Impurities may help prevent further
attacks on the PIB chains by PIB radicals but the additives
will also prevent reassembly of broken chains when two
PIB radicals recombine. There is precedent for this type of
reaction in polymerization and it is the basis for the field of
‘reversible addition-fragmentation (RAFT)’ polymerization.21
RAFT agents work by selectively binding (“addition”) and
releasing (“fragmentation”) alkyl radicals to sulfur groups
at high temperature to control the speed of radical-initiated
polymerizations and produce narrow molecular weight
distributions. Many such RAFT agents are capable of adding
two or more alkyl radicals. In effect, these sulfur-based
compounds add two alkyl radicals together. Since PIB breaks
down at high temperature into multiple radicals a compound
with two or more sulfur groups could potentially reconnect the
PIB chain at the site of breakage.)
This study did not include species which are a combination
of the different impurity types. Crude oil feedstocks contain
many species of heteroatoms and unsaturated components but
also combinations of unsaturated heteroatom compounds.14
Aromatic nitrogens like aniline will have a different interaction
than alkyl amines, for example. It is difficult to establish
a representative sampling of all these components for
testing since there are very few published works about the
composition of lubricant base oils at the molecular scale.
From these results we may draw a few conclusions. First,
the representative species of impurities in less refined oils
(Group I and II) are not equally or always responsible for
the degradation of PIB tackifiers at high temperature. Cases
were observed with neutral, positive, or negative outcomes
to the addition of the impurities at 0.1wt%. These effects are
summarized in Table 2. Polycyclic and sulfur compounds had
beneficial effects on the string length of PIB 200k and 600k
with long- and short-term thermal degradation. Second, 24
h at 150˚C appears to be sufficient in determining the longterm stability of tackifiers with impurities at high temperature.
Multiple samples gave higher % string length remaining than
the pure control group but gave the
same or worse results after 24 h. A
16 h overnight trial is not sufficient
for anticipating this loss. Third,
this work has shown that there are
alternative chemistries to butylated
hydroxytoluene (BHT) in preserving
the string length of tackifiers at high
temperature.

Table 2: Summary of the observed effects of 0.1wt% impurity in PIB-based tackifiers
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III.c. Tack Preservative
to low concentrations. No string length loss was observed
Based on the initial findings from the base oil impurity study
for any concentration of the additive from 0.001 to 0.1wt%
a larger selection of ‘beneficial’ impurities was surveyed for
at 200˚C for 1 h. A concentration of ~0.05wt% is required
their effectiveness in preserving tack at high temperature.
to also resist string length loss over 2 h. This concentration
Upon further review it was determined that one compound in
regime is possible even at low treat rates in a finish lubricant
particular showed promise as a new type of additive.
through a tackifier modified by this additive. While high
This novel ‘tack preservative’, TP, acts partially as an
treat rates provide better heat resistance to the tack the extra
antioxidant however its structure also provides additional
tack preservative content contributes additional color after
functions specific to PIB-based tackifiers at high temperature
degradation. 0% preservative gives an ASTM D1500 color of
unlike butylated hydroxytoluene (BHT) tested in a prior
<0.5 after 2 h at 200˚C; <0.01% is 0.5 – 1.0 in color; 0.05% is
study.12 While BHT added to PIB tackifiers in Group III
1.5 in color; and 0.1% is 2.0.
reduced string loss considerably it did not confer high
temperature resistance at 0.001wt% BHT after
addition of a few percent Group I oil. High treat rates
of BHT may have been effective but BHT has poor
compatibility
Optimization of this high temperature tack
preservative was performed using results from the
fast 1 h and 2 h 200˚C degradation method. This
is reliable for generating substantial PIB string
length loss and observing any effects of an additive.
Throughout a series of different experiments we can
propose how and under what conditions this tack
preservative operates.
PIB 200k, PIB 600k, and OCP 200k were compared
as simple two-component polymer-oil tackifiers with
and without the new additive using the long- and
short-term thermal treatments. The resulting string
lengths after thermal degradation, shown in Figure 6,
were used to assess the effectiveness of the additive for
varying tackifier polymers.
Figure 6 compares the % string length remaining
versus OCP and PIB tackifiers containing 0 and
0.1wt% of the tack preservative. In the 150˚C trials,
top of Figure 6, the tack preservative provides
long-term stability of tack for both OCP and PIB
chemistries. The preservative’s chemical structure
allows some anti-oxidant behavior. Remarkably, in
the case of the high MW PIB there is no loss of string
length versus the original unheated PIB tackifier. The
performance is similar between OCP 200k and PIB
200k, both having roughly the same chain length,
but works best with longer chains (PIB 600k). It is
also notable that the % string length value is stable
Figure 6: The tack preservative provided high temperature resistance
between 16 and 24 h for PIB while OCP varies over
to the tackifiers which allowed high retention of string length after
24 h at 150˚C and 2 h at 200˚C. PIB-based tackifiers exhibit the most
time.
dramatic improvement suggesting that the tack preservative is specific
Initial treat rates for the tack preservative were based
to PIB. The behavior of OCP between 150˚C and 200˚C suggests an
on the 0.1wt% treat rate from the base oil impurity
antioxidant effect over long-term, lower temperature heating for OCP
study. A series of varying treat rates in 0.8wt% PIB
tackifiers.
600k in Group III oil were prepared. PIB 600k was
chosen since it provides the highest tack and had the
best performance with the new additive. The results in Figure
7 show the robust performance of this additive from high
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BHT. As previously shown, BHT greatly reduces
string length loss at high temperature when only
Group III oil is used with PIB.12 Impurities from less
refined oils compromised the effect of BHT.
In short, the lubricant using the tack preservative
was formulated in Group III oil with a Group
II-based commercial OCP viscosity modifier to
test the operation of the tack preservative in a
sample lubricant. A series of these lubricants with
viscosities from 26-30 cSt at 100˚C and initial string
lengths of 75-80 were prepared to optimize the
content of tackifier polymer and tack preservative
for a sample high temperature tackifier product.
These sample formulations are described in Table
3. They do not specify the wt% Group II oil in the
OCP viscosity index improver (“OCP VII”).
Sample A0 is the control group: a Group III
lubricant with PIB tackifier and OCP viscosity
Figure 7: The tack preservative is effective in the PIB 600k tackifier over
modifier. The % string length after 2 h at 200˚C
a very wide range of treat rates from 0.001wt% (10 ppm) to 0.1wt%. No
is 71% which is greatly improved over the simple
improvement was observed at >0.05wt%.
0.8wt% PIB 600k tackifier with 0% additive in
Figure 6. This is due to the contribution of larger
The tackifiers discussed thus far have only been twopercentages of shorter OCP polymer to provide viscosity in
component solutions of PIB or OCP polymer and Group III
addition to the small percentage of long PIB tackifier. As the
oil. A lubricant often includes polyolefin viscosity modifiers to
PIB tackifier degrades due to thermal instability the viscosity of
improve the viscosity index and achieve a more stable viscosity
the degraded lubricant is maintained by the more stable OCP
across a large temperature range. A series of tests were
viscosity modifier. When the PIB tackifier is used as the sole
performed to show the robustness of the tack preservative with
source of viscosity improvement (without an OCP viscosity
mixed PIB and OCP polymer chemistries in a finish lubricant.
modifier) then viscosity will decay exponentially under heating
The PIB 600k polymer and tack preservative were added to
as the small concentration of highly effective tackifier chains
Group III-based oil with an OCP-based viscosity modifier.
break down into a small concentration of short pieces that do
As shown in Figure 6, olefin copolymers are not affected
not provide tack or viscosity. The oxidation-prone nature of the
by the tack preservative due to the difference in chemical
OCP viscosity modifier may also help prevent oxidation of the
structure between PIB and OCP. It is important to note that
PIB.
increasing the viscosity of a tackified oil multiplies the string
When the tack preservative was added at a treat rate based
4
length though no additional tackifier is added. Obviously the
on Figure 7 (Sample A1) it reduced 1 h % string length
addition of the OCP viscosity modifier will improve the initial
and increased 2 h % string length versus the initial string
string length of the finish lubricant but it will also dilute the
length. The string length was stabilized between the two
concentration of tackifier and tack preservative and physically
measurements but an 18% loss of string was still observed. In
block the interaction between those two components. An
prior samples from Figure 6 and 7 no string length loss was
excess of this OCP-based viscosity modifier was included
observed. It was hypothesized that the preservative required
(25wt%). The oil in this modifier was Group II to further
some minimum concentration in the oil to affect the PIB
demonstrate the improved performance above simply adding
and survive radicals generated by the oil. The treat rate of

Table 3: Formulations prepared to test and
optimize the performance of the novel
tack preservative in a realistic lubricant
containing OCP viscosity modifier, Group
II oil, and diluted tackifier. Performance
was maximized by doubling the tackifier
polymer content and raising the level of
preservative by an order of magnitude.
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tack preservative was increased by an order of magnitude to
produce Sample A2. This increase in additive improved 1 h
heat resistance but greatly reduced 2 h heat resistance versus
samples A0 and A1. Higher preservative to PIB ratios appear to
accelerate degradation of string length. The initial improvement
at 1 h may have been the preservative acting as an antioxidant
prior to accelerating degradation.
The hypothesis guiding formulation was adjusted to consider
both the ratio of tack preservative and PIB and their overall
concentration in the lubricant. Sample B0 was produced as the
control group for the B series of samples with double the PIB
content versus the A0-A2 samples. This gave the same 1 h %
string length remaining value as sample A0 with half the PIB.
B0 had better 2 h % string length remaining as A0 but not better
than additized A1. Tack preservative was added to the control,
B0, to produce additized sample B1. This was an improvement
on string length stability at high temperature versus the A0-A2
series. However string length stability remained lower than the
results with the simple PIB 600k tackifier in Figure 6. Sample
B2 was prepared using an order of magnitude more tack
preservative to achieve no string loss after 1 h and 2 h at 200˚C.
In summary, we have demonstrated a novel tack preservative
which prevents the measurable loss of tack during long-term
(16-24 h at 150˚C) and short-term (1-2 h at 200˚C) thermal
degradation experiments. This new additive is capable of
operating in Group III base oil with an OCP viscosity modifier.
Additionally, less pure Group II diluent oils do not prevent the
tack preservative from functioning, unlike BHT in prior studies.
III.d. Preliminary Investigation of High Temperature
Polymers
OCP and PIB polymers are only a small part of the
commercial polymer sector. There are roughly thirty polymers
common in industrial applications and these are separated
into four tiers.22 Several inherently high temperature polymers
with working temperatures ranging up to above 200˚C were
obtained to prepare high temperature polymer-oil solutions.
Polyethylene terephthalate (PET) is an engineering polymer
with very low cost containing aromatic terephthalate in its
backbone. Polysulfone (PSU) is known for its relatively weak
solvent resistance. Polyphenylsulfone (PPSU) was chosen due
to its lower polarity and higher hydrocarbon content than
polysulfone. Polyetherimide (PEI) is a high performance
polymer with high polarity which is attractive for ester-based
Group V oils. Standardly available extrusion grades of polymer
were obtained to avoid the cost of specialized formulations.
Engineering and high performance polymers are typically
polar with ether, amide, or ketone linkages between subunits
of benzene. These linkages have positively and negatively
charged bonds which cause a strong attraction between chains
to neutralize these charges.23 ‘Pi-pi stacking’ occurs between the
non-polar benzene units and further strengths that attraction.23
Solvents and oils to dissolve the high polymers must then
interact with both the polar linkages and non-polar benzene
backbone to disrupt the attraction between chains.
The most effective solvent was a mixture of toluene and methyl

ethyl ketone (MEK). The two components of this co-solvent
system contribute both the polar and aromatic solvency
required. This solvent system produced a range of effects on
the polymers. PET was dissolved in toluene:MEK at room
temperature to concentrations as high as 10wt% to form a gel.
PSU with toluene:MEK formed an interesting free-flowing latex
phase. PEI gave a similar effect with much greater viscosity
with toluene:MEK. PPSU turned from clear to white from the
toluene:MEK but did not flow.
While the toluene:MEK blend is effective in some cases it has
a low boiling point (90˚C) that limits its application and creates
the issue of flammable vapors. Elevated temperatures used in
lube oil (~80˚C, 180˚F) and grease (~200˚C, 400˚F) production
would not be compatible with this method. Dissolution of the
polymers in high solvency base oils like Group I, naphthenic,
bright stock, and esters near the flash point of the oil (150200˚C) was not successful.
Based on this initial inquiry there are several
recommendations for future work. Most high performance
polymers only begin to melt above 200˚C and though many
high solvency base oils can approach this temperature the
oils will become oxidized. Nitrogen blanketing or autoclaving
is necessary. Another consideration is the initial form of the
polymer. Extruded polymer may be ground down but powdered
grades for applications like rotomodeling offer high surface areas
to accelerate the rate of dissolution. Greater solubility may also
be accomplished by selecting special grades of polymer with
some fraction of the benzene backbone replaced by more soluble
C4-C6 alkyl units.23 For example, nylon, polyphthalimide, and
Kevlar are all polyamides which differ primarily by aromatic
content from 0-100%.

IV. Conclusions

Lubricant additives are most often needed in extreme,
high temperature conditions when they are most likely to be
degraded. Tackifiers based on polyisobutylene chemistry are
especially sensitive to long- and short-term periods of heating
due to their chemical structure. Improving the state-of-the-art
for high temperature tackifier stability was approached from
three areas in this investigation. Conventional wisdom guides
high temperature lubricant formulation toward Group III oils
due to lower impurities like aromatics and heteroatoms.
We have demonstrated, through studying individual impurity
species added to Group III oil, that base oil composition versus
thermal stability of PIB is more complicated than originally
thought. Some ‘bad actors’ exhibit a stabilizing effect for PIB
at 0.1wt% (1000 ppm) concentration. More work is needed
to tell if this trend continues for high or lower concentrations
of impurity. Lessons learned from the base oil impurity study
helped develop a novel tack preservative which greatly stabilized
string length in PIB-based tackifiers over 2-24 h of high
temperature treatment. This new additive can correct for the
thermal instability of PIB and serve as the active ingredient in
new high temperature tackifier formulations
Preliminary work on expanding the library of polymers
suitable for tackifier products did not identify a promising

candidate from the high performance polymer family. Polymer
physics predicted effective viscosity modification and tack
if such polymers could be dissolved. Based on this work it
appears that PIB modified with the tack preservative is the
most cost-effective and readily available way to advance the
current performance of tackifiers at high temperature.
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Appendix I – Chemistry and Physics of Tackifiers

Unlike simple liquids like solvents or water, polymer
solutions have unique properties due to the connectivity
between many repeat units in macromolecules. Solvent and
water molecules in solution are in constant movement, and
though they collide, there is very little restriction in their
motion. Their diffusivity, the ability to diffuse through the
molecules of the solution, is very high. These liquids will
flow spontaneously. Polymers are linear chains of many
small monomers in one large molecule. They have a larger
cross-sectional area and experience more drag as they diffuse
through the solution. As a consequence, solution diffusivity is
greatly reduced versus the sum of its parts. The diffusivity of
polymer chains in an oil-based solution scales by a factor of
N-3/2, where N is the number of monomers or repeat units (N
= Mn/M1).2, 24
If many sufficiently long polymers are in the solution, then
the polymer chains create additional obstacles for one another.
The chains can become entangled like spaghetti and at this
point the polymers cannot diffuse like solvent molecules
through solution in three-dimensions. The polymers may only
travel in a snake-like manner backward or forward in onedimension through ‘tube-like’ openings between the many
entangled chains. The prevailing theory of how polymers
diffuse under these conditions was developed by de Gennes
and is appropriately called the ‘reptating tube model’ after the
reptating (the term for how a snake moves) way a chain must
travel through a network of other polymer chains in solution.25
The longer a polymer chain is, the slower it snakes its way
between the other polymer chains.
This condition greatly slows down the physical response of
the polymer solution, such as flow under gravity or response
to shear. A given polymer solution with chains of length N
and concentration φ has a characteristic timescale, τ, for
responding to interactions such as shear, gravity, surface
tension, or flow. For a dilute solution or non-polymers
τ is negligible and action-reaction occurs ‘instantly’. On
the contrary, concentrated or polymeric solutions have a
noticeable τ value where mundane interactions such as
pouring the solution exceed this timescale.
Returning to de Gennes’s tube-like theory, polymer solutions
take a long time to flow because the individual chains must
work their way through the entangled network. Very long
chains move slowly as it takes proportionally longer for

them to travel a distance equal to their own length. The
time required for a polymer to diffuse its own length is the
fundamental definition of τ.2 When physical interactions occur
faster than τ the solution behaves in a non-Newtonian manner
since the polymers cannot flow fast enough to respond. Tack
or stringiness in oil is an example of one application of nonNewtonian behavior. Efficient tack-producing polymers
achieve this effect at concentrations as low as 0.01wt% for Mn
> 100K (Mv > 1M).

Appendix 2 – Polymer Thermodynamics

PIB is well-known for its unique properties due to the dialkyl
substitution at the 1- position of ethylene.7 Polyethylene and
polypropylene possess symmetry in their structures which
limits the rotation of C-C bonds along the backbone. As
a result the polymer chains do not expand or entangle as
readily in oil. Entanglement is critical for viscosity and tack.
PIB has two alkyl groups at the 1- position which remove
the symmetry bias from the rotation of the C-C backbone
and allow it to turn freely. This increases the flexibility of the
PIB polymer chain and allows it to entangle more effectively.
This polymer also has the benefit of producing water-white
solutions in oil with high clarity even at very high molecular
weights due to its very low crystallinity. However, the same
structural elements in the polyisobutylene chain which allow
high tackiness also enable special temperature sensitivity only
observed in highly substituted polyolefins.
During polymerization, strong reactive C=C bonds are
converted to weaker C-C bonds as monomers are added to the
polymer chain. The excess energy is released as heat, called
the ‘enthalpy’ of reaction (-ΔH˚).8 This confinement of once
freely moving monomer units to the polymer chain also causes
a loss of disorder or ‘entropy’ (-ΔS˚). However, the second law
of thermodynamics requires all processes to increase the total
entropy of a system (-ΔStotal<0).9 For polymerization to occur
successfully the thermal disorder from the heat released by
the reaction (-ΔH˚) must overcome the entropy lost from the
monomers (-ΔS˚).8 This balance is expressed as the Gibbs free
energy (-ΔG˚), where T is temperature:
A process may only proceed forward and yield a stable
product while -ΔG˚>0. The process is then called ‘favorable’.
Polymerization conditions are engineered to achieve -ΔG˚>>0
and one way to do so is by varying temperature, T. If -ΔG˚<0
during or after the polymerization then the process is
‘unfavorable’ and may spontaneously reverse itself at some
rate. This rate is governed by the field of ‘kinetics’ which
describes the speed at which a process moves between the
initial and final states of a process that were determined by
thermodynamics.10
Several key thermodynamic parameters of polymerizations
are listed in Table 1 for different polymer families. The
general trend is that -ΔH˚, -ΔS˚, and -ΔG˚ of a monomer
decrease with increasing ‘steric hindrance’ from additional
alkyl groups on the monomer in polyolefin and polystyrene
series. Steric hindrance is an effect of overcrowding in a
chemical structure that prevents the structure from rotating

into an efficient, energy minimized orientation. As a result,
the final polymer structure is higher energy which causes a
lower difference in energy between reactants and product.
Therefore a lower enthalpy of polymerization is released and less
capable of offsetting the loss of entropy. Unsaturated polymers
like polybutadiene and polyisoprene benefit from additional
alkyl groups due to stabilization of the double bonds in the
polymer. As previously stated, higher -ΔH˚ and -ΔS˚ are more
thermodynamically favorable.

Table 1: Enthalpy, entropy, and free energy of polymerization,
reproduced from Wiley11
1,1-disubstituted olefins like isobutylene and methylstyrene
exhibit low enthalpies (-ΔH˚) of polymerization due to the
steric hindrance of two functional groups on the active chain
end.8 Typical monomers have a -ΔH˚ of 80-100 kJ/mol and
-ΔSp of 100-140 J/mol-K.11 Isobutylene has a -ΔH˚ of only 54
kJ/mol with a -ΔS˚ of 120 J/mol-K. The resulting temperaturedependent -ΔG˚ of isobutylene is much lower than usual and
-ΔG˚<0 is possible at less than 100˚C. The cross-over point
when -ΔG˚=0 is called the ceiling temperature, Tc. Below
Tc, depolymerization of PIB to its monomeric units occurs.
The equilibrium concentration of monomer, [M], from the
depolymerization may be expressed in terms of Tc, -ΔH˚, and
-ΔS˚ as:8

Actual Tc may differ from estimated Tc due to additional
complex interactions.11 Depolymerization of a polyolefin
backbone is understood to be a homolytic cleavage of the
C-C bond into two alkyl radicals. In PIB, these two radicals
can reassemble back into bond to restore the original chain.
The radicals may also graft to other parts of the polymer
to reconstitute the chain in a slightly different, more stable
configuration. This effect delays PIB degradation in bulk.11
However unsaturated compounds and heteroatoms in a PIB-oil
solution may scavenge these radicals as chain-transfer agents
and prevent reassembly.8
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