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Executive Summary

� Lithium 12-hydroxystearate (Li 12HSA) forms fibrous structures.

� The thickening properties are developed at the critical micelle concentration which has been
found to be around the 4% to 5% soap concentration.

– This is supported by rheological measurements, atomic force microscopy, and dynamic
light scattering.

� Atomistic modeling shows that London dispersion forces drive the Li HSA into a fibrous
structure.

– The forces are strongest along the axis of the Li HSA

– Infrared analysis suggests the molecules interact along an axial direction (fibers) rather
than side-by-side (spheres).

� Two Li-12HSA molecules can interact in a few different structures.

– The most stable is with the Li and O in a planar structure and the tails pointing away
from each other.

– This structure is supported by infrared analysis

– The tails have a repulsive interaction of about 0.9 eV which is in the range of Van der
Waals forces.

� Molecular dynamics calculations show that Li 12-HSA molecule adsorb along the length of
the micelle bundle and be aligned with the long axis.

– The growth of the fibers due to London dispersion forces makes them thicker.

– The repulsion due to the ionic head groups coupled with the hydroxy groups staggers
the placement making the fibers longer.
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Motivation

The common understanding of how grease lubrication thickeners work is a “sponge” analogy. It
is difficult to determine when this analogy started but in 1951 Bondi et al. stated the consistency
of grease is due to the thin fibrous shapes of the soap forming a latticework that holds the oil by
capillary forces.[1] In 1954 Boner reviews the literature discussion between syneresis and bleed.[2]
Syneresis is the expulsion of liquid as the gel structure collapses and bleed is due to defects in
the gel network. These terms are used interchangeably but are related to the effects of pressure
on the lubricating grease; i.e. a sponge. The fibrous structure of lithium soap thickener in grease
was known from about that time through electron micrographs produced by Brown, Huddson, and
Loring.[3]

Grease, as we know it today, is a three dimensional network of thickener particles. These thickener
particles adhere to each other and the oil matrix through chemical and physical forces. The pores
of this network are filled with oil possibly held by the addition of capillary forces. The sponge-like
ability of grease is measured by the bleed property. Saatchi et al. developed a relationship between
grease bleed and thickener particle shapes.[8] The bleed property is related to the shape of the
thickener particles and the thickener particle shapes are in turn determined by the chemistry of the
thickener. So at this time grease performance as measured by bleed is determined by the chemistry
of the thickener. If the shape of thickener particles can be made independent of the chemistry then
the grease can be better tailored to the applications.

The key to make grease thickener shapes independent of chemistry is to first determine how the
thickener shapes initially form. This initial formation is determined by the intermolecular forces
between thickener molecules. If it can be determined how thickener particle shapes initially form
then by controlling those conditions other shapes might be achieved. If that is the case then
the bleed properties can be controlled independent of the chemistry. This project is designed to
determine how lithium 12-hydroxystearate thickener particles form into fibrous structures.

Testing

Grease Formulation

The greases used in this project were formed using an ISO VG 10 base oil, 12-hydroxystearic
acid, and LiOH. The greases were synthesized by heating the base oil to 150 °F and adding
12-hydroxystearic acid in a Kitchen Aide mixer fitted with a controlled heater. After the 12-
hydroxystearic acid melted and dissolved the temperature was raised to 200 °F and lithium hy-
droxide and water solution was added. The temperature was increased to 250 °F. Llithium 12-
hydroxystearate soap forms and the water is allowed to evaporate.

Rheology

Rheological testing was performed on a TA ARG-2 rheometer using a 40 mm 2° base angle cone.
Two types of rheological analysis were performed. Small angle Oscillating Stress Sweeps (SAOS)
and Frequency Stress Sweeps (FSS). The Loss modules (G”) and Storage modules (G’) were ob-
tained by the by the software and plotted, the crossover point of the two was used to see the
critical micelle formation. A number of different greases were formulated with varying thickener
concentrations to determine where the grease forms. Three different concentrations of grease 3%,
4% and 5% bracket the grease formation point and will be used to study the rheology changes as
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the grease forms.

The grease was tested in an SAOS experiment at 40 °F and a frequency of 1 Hz with the stress
ranging from 0.1 Pa to 1000 Pa. The loss (G”) and storage (G’) moduli and tan(δ) (the phase
difference between the input and output frequencies) were measured using the rheometer software
package. The point at which the loss modulus equaled the storage modulus is the point at which
micelle structures forms. Three additional greases were synthesized with the following concen-
trations: below critical micelle concentration, at critical micelle concentration, and above critical
micelle concentration.

FSS were performed to calculate the discrete relaxation spectrum (DRS) of the grease structure.
The DRS was calculated using time-temperature superposition (TTS) methods from the data col-
lected from the FSS experiments over four temperatures ranging from -15 to 18 ºC. Lithium 12-
hydroxystearate thickened greases were tested at 40, 25, 10, and 5 ºC. FSS experiments measured
the storage and loss moduli of the grease from 1-100 Hz at a strain of 0.1%. The low strain allowed
for the assumption that the grease operated in the linear viscoelastic regime and the structure was
not deformed during the test [6]. TTS analysis is part of the data analysis software. This calcula-
tion used the 40-degree curve as a reference curve and other OFS temperature results were shifted
to create a master curve [9]. A discrete relaxation spectrum calculation was performed and results
recorded. These curves were generated three times for each grease with the thickener structure
below the critical micelle concentration, at the critical micelle concentration, and above the critical
micelle concentration.

Dynamic Light Scattering

Dynamic light scattering was performed on a Brookhaven Research Goniometer and Laser Light
Scattering System. Dynamic light scattering of the samples was used to determine the size and
shape of the particles. Light scattering experiments are performed by passing a laser beam through
the sample and measuring the light that is deflected from the original path. The angle and intensity
of the deflected light is used to determine the size and shape of the particles. Grease is difficult to
determine because samples tend to be opaque. The samples need to be diluted to allow the beam to
pass through. The risk is that the size and shape changes as the sample is diluted. Multiple samples
diluted to different concentrations and measured did not see significant differences in particle size
or shape.

While performing DLS noise is a big concern, therefore, to prepare the samples the greases were
serially diluted and then filtered through a 5mm nylon mesh to remove any large agglomerations.
Hydrodynamic radius was obtained from all the sample to see how the micelles were forming at
the different concentration.

It is clear how the amplitude of the deflected light can be used to determine the size of the particles
but how is shape information determined? Particles of different shape will scatter the light through
different angles.

Figure 1 shows the comparison of calcium sulfonate and lithium complex greases in a dynamic light
scattering experiment. The top plot shows the scattering from calcium sulfonate thickened grease
at angles of 50, 70, 90, and 100 degrees. The scattered light intensity curves have the peaks in the
same position indicating spherical structures. A lithium complex grease in the lower plot at 60, 70,
and 90 degrees have the scattered intensity light peaks shifted. Calculations based on these shifts
give a form factor that is the same as that of rods or fibers.
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Atomic Force Microscopy

Atomic force microscopy was performed on a Bruker Dimension Icon AFM on tapping mode was
used with a spring constant of 50 N m−1. Samples were prepped by dabbing disks of flat Germanium
gently on their respective greases to smear it on the surface. After which the disks were washed
with petroleum ether and dried with air. A metal tip is moved across the sample and the height is
monitored. This gives an extremely precise measurement of the surface heights of the sample.

There have been a number of experiments that were performed to visualize the thickener structure
in grease. Recently atomic force microscopy (AFM) was used to look at the thickener structures.
Cyriac, Lugt, Bosman, Padberg, and Venner published images (See Figure 2) showing the different
types of thickener structures: fibrous, spherical, and platelet.[5]

Size Exclusion Chromatography

Size exlcusion chromatography (SEC) is a method of measuring the molecular weight distribution
of samples. Typically used for polymer samples. This method was used to determine if the size
of the agglomerated thickener would show up as a peak in the chromatogram. The samples were
dissolved in a suitable solvent and injected onto the chromatographic column. The column separates
the materials by molecular size which is related to the molecular weight eluting the larger molecules
first.

Results

ASED modeling of interatomic forces

Separation Distance

Two thickener molecules as described above and considered rigid were moved relative to each other
along the z direction; i.e. the separation distance. This calculated the potential energy surface.
The data collected were fitted to a Lennard-Jones 6-12 potential.[7] The fitted curve gave a value
of A= 33716293 and a value of B=1790.52 giving a calculated minimum distance of rmin =5.79�A.
The fitted value of rmin is close to the iterated value from the ASED computations of 5.68�A. The
results are shown in Figure 3.

Growth of Micelles

Constructing a model of 13 LiHSA in a cube 60�A on a side. The oil in this model consists of
197 hexatriacontane (C36H74), which yields about a 4% by weight mixture. A molecular dynamics
calculation shows a self-assembly of the LiHSA into a tubular structure as shown in Figure 4 The
calculated van der Waals interaction energy is 6.5 eV per molecule (627 kJ mol−1) which is close to
that calculated for the two molecules interacting.

These calculations were carried out using Biovia’s Molecular Studio suite of programs. One pro-
gram can survey the potential energy surface to determine the most likely adsorption sites. The
calculations show that the next LiHSA molecule will adsorb along the length of the micelle bundle
and be aligned with the long axis. The growth of the fibers due to London dispersion forces makes
them thicker. The repulsion due to the ionic head groups coupled with the hydroxy groups staggers
the placement making the fibers longer.
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Rheology

Rheology: SAOS

SAOS data were obtained from 3 different concentrations: 3%, 4% and 5%. Figures 3, 4 and 5
show the modulus vs percent strain. The crossover points where the storage modulus (G’) was
less than the loss modulus (G”) is the region where the behavior of the grease is that of a liquid
rather than a solid. We can see a significant difference amongst the crossover points between the 3
concentrations. Although there are no complex micelles forming at 3% there is still some stiffness
that is observed at pressure less than 1 Pascal, this can be explained by the small concentrations
of thickener molecules sticking to each other to form random and haphazard structures.

Rheology: FSS

Frequency stress sweeps were performed on 3%, 4% and 5% grease on a range of temperatures from
10 °C to 70 °C. The discrete relaxation spectra (DRS) were plotted and compared.

DRS were utilized to determine the crossover points listed in Table 1, i.e. points at which the storage
and the loss moduli are equivalent. In other words, the points at which the grease transformed from
either a solid to a liquid or a liquid to a solid. These crossover points can be seen in the master curves
and relaxation spectra of each of the tested greases. Master curves are data generated from the
TTS software and are the superposition of the frequency sweep curves translated in temperature.
The master curves are fitted to a generalized Maxwell model.

G′ =
n∑

i=1

Giτ
2
i ω

2

1 + ω2τ2i
(1)

G” =
n∑

i=1

ηiω

1 + ω2τ2i
(2)

where n is the number of crossover points, ω is the frequency, τ is the relaxation time, and η is the
grease viscosity. An example of the DRS calculated at 40 °C from the OFS tests performed at 10, 25,
40, and 65 °C is shown in Figure 3. The solid lines are the fitted DRS curve representations.

The positioning of the crossover points can be difficult to visualize from Table 1. Figures 4 and 5
display the crossover points and thickener concentrations for each of the greases.

In the only crossover point for the lithium hydroxystearate grease, the thickener concentration (3%)
below the CMC had the lowest frequency and highest modulus crossover value, while the thickener
concentration (5%) above the CMC had the highest frequency and lowest modulus crossover value.
Sensibly, the thickener concentration (4%) at the CMC value had a frequency and modulus between
the 3% and 5% samples.

The relaxation time for the system occurs at the crossover point. In Figures 8, 9, and 10 frequency
increases left to right across the x axis. Relaxation time is the reciprocal of the frequency so
relaxation time increases right to left. The relaxation time is shortest for the 3% concentration and
longer for the 4% concentration. No relaxation time is found for the 5% concentration under the
conditions of this test.

How can these results be interpreted? Thinking about the crossover point in frequency at low
frequencies of motion (left side of the plot) the material has time to respond and move out of the
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way. As the frequency of motion increases a point is reached where the motion is faster than the
material can respond so it seems more solid. Like slowly moving your hand through water versus
slapping the water. At 3% concentration the relaxation time is short which is indicative of smaller
particles. At 4% concentration the relaxation time increases which is indicative of larger particles.
There are also two peaks in the curve which may be due to different modes of interaction. This is
the initial thickener agglomeration showing grease characteristics which for soap thickeners is the
formation of fibrous structures. These fibrous structures not only get bigger (longer) but can also
entangle leading to longer relaxation times (lower frequency). The peak at 3% is near a frequency
of 100 Hz. 4% has a peak at 100 Hz and about 1 Hz. 5% has its peak at about 1 Hz. This is the
initial formation of the fibrous structures captured in the rheological response.

Dynamic Light Scattering Results

This results of dynamic light scattering for 3, 4, and 5% concentrations of Li 12-HSA show some
interesting trends that compare favorably with the idea that the grease structure forms around the
4% concentration range. The size distributions for the 3% and 4% mixtures are bimodal with a
region of small size and a region of large size. This changes radically at the 5% where the large
particles disappear entirely leaving only a small agglomerate of very narrow size distribution. The
size covers about 90% of the particles and is between 1400 and 1800 nm. The composition of the
large particles in the 3% and 4% concentrations is unknown further investigation would resolve the
issue.

Atomic Force Microscopy

Atomic force microscopy was used to measure the 3% and 5% concentration samples, see Figure 14.
We found the 3% sample devoid of surface structure. The 5% sample shows short but fibrous like
structures.

Size Exclusion Chromatography

Would the formation of agglomerates maintain their structure and possibly show up as a peak in
a size exclusion chromatogram. Figure 15 shows the chromatograms for 3, 4, and 5% Li 12-HSA
along with the chromatogram of the base oil. Very little difference is seen in the chromatograms
indicating the agglomerates may not act as a single component or the structure is destroyed under
the conditions of chromatography.

Discussion

Regardless of micelle concentration, all greases at lowest frequency show a higher loss modulus than
a storage modulus. This would be where the greases have the longest relaxation time to flow, and
as such, it is sensible that they would behave more like a viscous liquid than an elastic solid. As the
relaxation times get shorter (frequency increases), then the greases should behave increasingly like
an elastic solid as there is less time for oil to flow. This is in accordance with commonly accepted
viscoelastic theory regarding time-temperature superposition [4].

This project was designed to determine the initial formation of grease which in turn is the initial
agglomeration of thickener particles. This happens at about 4% thickener concentration of Li 12-
HSA. The soap thickener forms fibrous structures which is supported by rheological studies, atomic
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force microscopy, dynamic light scattering, and modeling. The fibers grow in diameter due to
London dispersion forces and lengthwise due to ionic head group interaction.

The head group interaction is supported by a combination of computational chemistry and infrared
analysis. The computations were performed on molecules with short “tails” so the full attraction
of the hydrocarbon tails and the effects of the hydroxy group. So for a short tail without hydroxy
groups there is a repulsive force. A longer tail with a hydroxy group yields an attractive force.

Motivation for this project was to determine the forces involved in the initial agglomeration of
grease thickener particles. This information then can be used to determine if the shape of the
agglomerate can be controlled and manipulated to produce other shapes like spheres or platelets.
If that can be accomplished then the combinations of thickener chemistry and bleed due to the
shape can yield grease with novel properties.
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Tables

Table 1: Crossover points.

Concentration Soap Frequency (hertz) Modulus (pascal)
3% 75.5 7.7
4% 0.9 2195
5% Not Found Not Found
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Figures

Figure 1: Dynamic light scattering graphs comparing calcium sulfonate and lithium complex
greases.

Figure 2: Structure of grease as seen through AFM.
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Figure 3: Energy vesus separation in the z-direction and fit to Lennard-Jones 6-12 potential.
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Figure 4: Image of LiHSA from molecular dynamics calculation.

Figure 5: Cone and Plate Rheometry of 3% LiOH grease in oil showing Oscillatory Stress vs
Modulus .
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200 Pa to 300 Pa

Figure 6: Cone and Plate Rheometry of 4% LiOH grease in oil showing Oscillatory Strain rate vs
Modulus.

Figure 7: Cone and Plate Rheometry of 5% LiOH grease in oil showing Oscillatory Stress vs
Modulus.

Figure 8: The discrete relaxation spectra of the Time-Temperature superposition of 3% LiOH .
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Figure 9: The discrete relaxation spectra of the Time-Temperature superposition of 4% LiOHs.

Figure 10: The discrete relaxation spectra of the Time-Temperature superposition of 5% LiOH.

Figure 11: Raw DLS results for 3% LiOH.
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Figure 12: Raw DLS results for 4% LiOH.

Figure 13: Raw DLS reults for 5% LiOH.

Figure 14: AFM results for 3% and 5% Li 12HSA grease.
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Figure 15: Size exclusion chromatography results for 3% and 5% Li 12HSA grease.
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