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Abstract

The microstructure of lubricating greases greatly conditions their in-service
performance. In that sense, optimal testing protocols are required in order to accomplish
their correct morphological characterization. This study explores and compares the
suitability of Atomic Force Microscopy (AFM) and Scanning Electron Microscopy
(SEM) techniques for imaging six different commercial metallic soap-based greases and
two novel biopolymer-based formulations. Pros and cons of both techniques as well as
the effect of sample preparation protocol were analyzed. The results revealed a wide
variety of morphological characteristics depending on composition. Thus, the four
anhydrous calcium-based greases demonstrated two clearly distinct microstructures
(fibrous and granular) determined by the type of base oil employed. With regard to the
lithium complex greases, the typically reported microstructure characterized by well-
defined entangled and fibrous network was observed in both AFM and SEM techniques.
As for the two biopolymer-based greases, fiber networks were also encountered.
Besides this, selected greases were subjected to different tribological tests, and the
effect of high-shear frictional working treatments on their microstructure was also
analyzed. As a result of the friction and internal wear, the AFM results evidenced
microstructural changes which depended on grease composition. Overall, the combined
use of AFM and SEM techniques was demonstrated to be a powerful approach to

microstructurally characterize lubricating greases.
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1. Introduction

Nowadays, lubricating greases are of utmost importance for both a wide variety of
industrial applications and everyday lubrication challenges as they are designed to
maximize efficiency and prolong the useful service life of all moving equipment [1]. In
general, the design and development of lubricants require ample experience and
knowledge to obtain an appropriate behavior for specific applications. In the particular
case of lubricating greases, further adequate microstructure and related physical
properties must be reached from an appropriate sequence selection of both grease

ingredients and manufacturing process [2, 3].

Lubricating greases are essentially highly-structured two-phase colloidal suspensions
consisting of a thickening agent, usually a metal soap, such as lithium, sodium and
calcium salts of long chain fatty acids, dispersed in a lubricating liquid such as mineral,
synthetic or vegetable-derived oils. The thickener forms a three-dimensional gelling
network which traps the oil and confers the appropriate rheological and tribological
behavior to the grease [4, 5]. These particular rheological characteristics imparted by the
thickener make lubricating greases more convenient in some applications where
lubricating oils do not work properly, like rolling bearings. Actually, factors like
decreasing leakage and frequency of lubrication in hard-to-reach contacts, fluctuations
with temperature, loads, vibrations, etc. can be minimized when using greases [6]. Apart
from the main lubrication role, which is mainly performed by the lubricating oil, the rest
of differential and characteristic performance properties of lubricating greases are due to
the microstructure. Several authors have highlighted the role of the thickener in film
thickness [7-10], some of them emphasizing the thickener microstructure [11].

Recently, Cyriac et al. [12] pointed out in a very elucidating work the importance of
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grease microstructure on the lubrication film thickness, demonstrating that the smaller
thickener structural units, the thicker films were obtained. Hence, acquiring new
knowledge and understanding on how the microstructure of grease thickener can
provide functional properties for both, good lubrication performance and lifetime is

essential.

Microscopy methods like atomic force microscopy (AFM), scanning electron
microscopy (SEM) or transmission electron microscopy (TEM), reveals micro- and
nanoscale structural details, and therefore are powerful and effective tools for
visualising the lubricating grease morphology [13-18]. However, in spite of the
continual development and great diversity of microscopy techniques, microstructure
determination of lubricating greases remains a current challenge. This is because most
electron microscopy methods are based on observations of thin sections or surfaces that
show a cross-section of the structure. Besides that, some surface topographies of soft

specimens could be affected by the sample preparation/treatment method [19].

Despite the fact that there is a rather extensive literature describing the use of TEM and
SEM techniques to investigate the grease microstructure [13, 14, 16, 20], the two
techniques present some drawbacks. Both of them are vacuum based and, therefore the
oil component must be removed or its volatility reduced before analysis, for instance by
freezing the sample. The most common criticism associated to SEM and TEM analysis
is that these techniques can alter the original grease microstructure [14, 16, 21] as a
result of modifying the thickener-oil interaction balance. For instance, much more
agglomerated structural units have been observed using the SEM technique in washed

samples than those observed in non-washed samples using the AFM technique [12].
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Taking into account that greases may contain large amount of lubrication oil, one of the
main goals in this study was to establish a reliable method to observe the thickener
microstructure of different lubricating greases by preserving the integrity of the samples
as much as possible. In particular, since the AFM can work in various environments
(vacuum, air and liquid), many researchers have been interested in imaging soft or
biological samples [22, 23]. Furthermore, recent advances in AFM have enabled high-
speed imaging of soft samples allowing the direct visualization of biomolecules [24,
25]. So far, some specific observations of grease microstructures by means of atomic
force microscopy have been previously reported [12, 15, 18, 26-29]. However, it still
remains difficult to image the nanoscale topography of lubricating grease samples by
AFM, because some artifacts can arise due to non-desired interactions between the tip
and the sample as a consequence of several factors such as tip geometry, lateral forces
or grease textural and rheological properties. For instance, soft greases having low
consistency can induce the sticking of the tip to the sample and consequently, the AFM
image on the specimen microstructure can show artefacts or cannot be obtained. In this
sense, Hurley and Cann [11] were not able to obtain good observations in non-washed
samples using the contact mode. Some of these problems can be avoided by heating the
grease sample below the dropping point and then cooling down to obtain smooth
enough films [18, 26, 27]. However, this pre-heating protocol must be also optimized to
avoid any change in the thickener-oil interaction balance. In spite of the mentioned
limitations, this technique provides great advantages, as the microstructure analysis can
be performed under atmospheric pressure and enables to visualize surface

microstructure in almost non-perturbed grease samples.

Taking into account these considerations, this work aims to investigate the topography

(surface features) and morphology (overall shape) of different lubricating greases,
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including several commercial samples with different composition and some novel
biopolymers-based grease formulations, by means of SEM and AFM techniques and
compare the information that can be derived from both techniques. The pre-heating
protocol to obtain accurate AFM observations on non-washed samples was optimized.
In addition, the effect of high-shear working treatments on lubricating grease

microstructure in some tribological tests was also explored on selected samples.

2. Experimental

2.1. Materials

Eight lubricating grease samples differing on their composition were analysed from a
microstructural point of view. Samples C1-C6 were commercially available calcium and
lithium soap-based greases whereas biopolymer-based model samples M1 and M2 were
manufactured in the laboratory as described elsewhere [29, 30]. Compositional details
of the different lubricating greases analysed in this study as well as basic properties are
listed in Table 1. The selection of grease samples was done according to the different
compositional variables aimed to be studied, i.e. type of thickener and type and

viscosity of base oil.

2.2. AFM observations

Morphological observations of grease samples were investigated using a multimode
AFM connected to a Nanoscope IV scanning probe microscope controller (Digital
Instruments, Veeco Metrology Group Inc., Santa Barbara, CA) using the tapping mode
with phase detection imaging at room temperature. Tapping mode amplitude
modulation microscopy is an adequate approach for imaging soft materials such as
lubricating greases because it involves the repeated oscillation of the cantilever at or

slightly below its resonant frequency. The amplitude of oscillation typically ranges from
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20 nm to 100 nm. The tip lightly interacts with the sample surface during scanning
providing high resolution images with minimum sample damage. Silicon
Nanosensors™ PPP-NCH AFM probes for tapping mode with a force constant of 42
N/m and resonance frequency of 330 kHz were used. Scan speed was set at 1 Hz and

scan windows were taken from 5 to 20 um.

In order to obtain good imaging quality the specimens for AFM examination require an
appropriate preliminary preparation. Grease sample preparation for accurate
observations is one of the most challenging and essential steps in AFM microstructural
analysis because of the grease low consistency. A pre-heating treatment at a temperature
below the dropping point of the lubricating grease was applied in order to form a
smooth surface which yields a good resolution. A MR Hei Standard hotplate from
Heidolph was used for heating grease samples. Different time-temperature combinations
comprised between 100 °C and 240 °C for 5-30 s were tested depending on the sample.
The optimized time-temperature procedures established for each sample are included in
Table 2. Afterwards, samples were cooled down to room temperature for some minutes
before placing them in the AFM holder and starting the scan sequence. In the particular

case of sample C4, accurate observations were only feasible without heating the sample.

2.3. SEM observations

The morphological analysis of the lubricating greases by means of scanning electron
microscopy (SEM) was performed in a JEOL microscope (Japan), model JSM-5410,
operating at 15 and 20 kV accelerating voltages. This scanning electron microscope

covers the practical magnification range from 200X to 13 000X.

Since SEM requires a hard vacuum in the sample chamber, the extraction of oil was
absolutely necessary to image the sample morphology. In the process of SEM analysis,

7
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preliminary treatment of the lubricating grease is one of the most time consuming steps.
The goal of extraction process is effective isolation of the thickener agent from the
matrix by use of a non-polar organic solvent with minimal effect on specimens. Hence,
oil was extracted by immersing the sample for one week in n-hexane. The solvent was
carefully replaced 3 - 4 times per day, until oil extraction was completed. Afterwards,
the samples were stored and dried at room temperature for a period of some days until
ready for use. Moreover, as conventionally done, in order to prevent charging of the
surface, reduce thermal damage and improve the secondary electron signal required for
topographic examination in the SEM, the samples were coated with a thin layer of gold

by means of a sputter coater HHV Scancoat Six SEM.

2.4.Tribological measurements

Three selected greases (C5, C6 and M1) were used as lubricants in a tribological contact
in order to evaluate the effect of a severe working treatment on grease microstructure.
Samples were placed in a tribological cell coupled with a controlled-stress rheometer,
Physica MCR-501 (Anton Paar, Austria), as described elsewhere [30]. At least three
replicates of each test were performed at room temperature on fresh samples and
resulting worked grease samples were analyzed by AFM. Tribological test conditions

are collected in Table 3.

3. Results and Discussion

3.1. Influence of sample preparation protocol

The influence of the pre-heating treatment on AFM imaging lubricating grease
microstructures was analysed on samples C5, a lithium complex-based grease, and C6, a

lithium-calcium complex grease. Figure 1 shows selected AFM micrographs of these
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samples obtained after applying different pre-heating temperatures and times. As can be
observed, there are significant microstructural similarities between the same samples as
long as the applied temperature was well below the dropping point of the grease and the
heating time was not longer than typically 15-30 s. However, the time-temperature
combination which produces significant changes in the microstructure depends on

grease consistency and thickener type.

It can also be noticed that the typical entangled fibrous microstructure is apparent in
sample C5 when heating at 200 °C for 30 s, where long and twisted individual fibres can
be detected. AFM phase micrographs still display the lithium soap thickener in the form
of highly entangled but slightly more agglomerated fibre network when pre-heating the
sample at 210 °C for 15 s. However, much more agglomerated fibres and compact

structure can be visualized at 225 °C.

Regarding sample C6, the lithium-calcium complex thickener forms a connecting
fibrous-granular microstructure, where the calcium soap appears dispersed and
homogeneously distributed in the form of granules of around 0.5 pm in a fibrous
network, which can be roughly observed by pre-heating the sample at 200 °C. The same
microstructure can be visualized with better resolution by pre-heating the sample at 225
°C. However, after heating at 240 °C, rather close to the dropping point (see Table 1), a
significant change in the microstructure can be clearly detected. The lithium soap
thickener appears like shorter and less intricate fibres network while the calcium soap
thickener remains dispersed in the grease matrix in form of larger spherical granules,
with sizes of around 2-4 pum. This increase in diameter of the calcium granules for
sample C4 could be attributed to a partial melting of the calcium thickener and further
re-crystallization. Furthermore, the base oil could evaporate at the surface producing the

agglomeration of thickener particles. These results strongly suggest that it is essential to

9
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determine the right time-temperature procedure before AFM imaging a specific
lubricating grease. In the next sections, AFM images obtained after optimizing the pre-
heating protocol are shown. The optimization of this pre-heating treatment dealt with
the application of different time-temperature combinations, in the ranges shown in
Table 2 for each specific grease, and the evaluation of the resulting microstructure.
Typically, the higher temperature and/or heating time, the higher resolution was found.
The optimum time-temperature combinations were considered those providing the
higher image resolution without inducing any significant microstructural change

compared to the non-heated or just slightly heated microstructure.

3.2. Comparison between AFM and SEM imaging of lubricating grease

microstructures

Although grease sample preparation for SEM and AFM imaging is really different,
actually they are complementary techniques. Thus, the AFM is adequate technique at
measuring surface height of the almost unperturbed sample, often at extremely high
resolution, while the SEM provides elemental analysis of the surface by detecting sharp
changes in height or slope of the thickener skeleton. Furthermore, one technique often

compensates for the imaging artefact of the other [31].

AFM and SEM techniques were used to examine the eight different lubricating grease
samples studied and actually similar microstructures were obtained. In general, two
main distinct types of thickener structure (fibrous and/or granular) were possible to
observe in both AFM and SEM micrographs. The AFM images reported in this section
were performed by using the tapping mode in phase imaging once considered the
optimum time-temperature sample preparation procedure which was previously

determined (see Table 2).

10
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Figures 2-4 show a comparison between the phase images taken by AFM and SEM
micrographs for the different lubricating greases studied. The two techniques present
different principles of operation and therefore the micrographs are presented in different
arrangements and window sizes. However, it is evident that all microstructures
determined by AFM are quite similar to those obtained by SEM analysis, which
demonstrates that oil extraction does not exert a great influence in the thickener
arrangement, at least from a qualitative point of view. Thus, the main difference
observed between the two sets of images is that SEM microstructures seem to appear
more agglomerated and collapsed as a consequence of oil removing. In a few cases, the
structural units are not easily detectable as a result of this collapse (see for instance
Figure 2, sample C4, and Figure 4, sample M2). Figure 2 shows different anhydrous
calcium soap microstructures formed in different oil media. Taking into account that all
samples are anhydrous calcium-based greases, completely different microstructures of
the soap thickener can be observed in both AFM and SEM analysis. Thus, the
microstructure of samples C1 and C4 consist of fine, small and slightly entangled and
twisted fibres as previously described [13,32], whereas a granular and/or sponge-like
thickener microstructure was detected in both AFM and SEM micrographs for samples
C2 and C3, when the thickener was dispersed in vegetable-derived oils. However, a
certain degree of crosslinked structures can be distinguished for sample C2 in the SEM
image taken at the highest magnification (Figure 2). On the other hand, a well-formed,
twisted and tangled fibrous network with thicker fibres but more agglomerated can be
detected by SEM operating with 20 kV accelerating voltage and 1000X-1200X

magnification for samples C1 and C4.

The typical twisted and tangled fibrous arrangements of lithium greases were observed

in sample C5 (Figure 3) using both AFM and SEM techniques. Due to the interactions

11
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between these colloidal particles and oil phase, these fibres have the ability to arrange
themselves into a specific fibrous microstructure. This characteristic lithium soap

arrangement is more evident in AFM images where the oil is present.

Concerning sample C6, the above discussed characteristic mixed structure, where the
lithium soap thickener appears distributed in a random manner in form of short and
dense fibres and the calcium soap thickener remains dispersed in the grease matrix in
form of spherical granules, was evidenced. Inspection of AFM images in Figure 3
reveals a quite complex phase behaviour of the two metallic soaps with the capacity to
perfectly immobilise the base oil. This particular microstructure is the most affected by
oil removing. However, still using the SEM technique it was possible to observe the

same structural network of granules dispersed in a fibrous structure (Figure 3).

Finally, Figure 4 shows selected AFM and SEM images of the two model biopolymer-
based greases used in this study. In the case of both samples, M1 and M2, it was
possible to observe a quite dense and tangled fibrous network which very much
resembles a lithium soap microstructure. Much finer and shorter fibres were observed in
the microstructure provided by the chemically modified methylcellulose (M1) using the
AFM technique. The fibres structure is also easily detectable in SEM images for sample
M1, although at different scale. However, the long and twisted fibres observed with
AFM in the lignocellulosic material-based grease (sample M2) were not really well
appreciated by SEM analysis, where only at 1000X magnification a fibrous structure

can be guessed.

3.3. Influence of compositional variables

12
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As can be deduced from the microscopy observations previously discussed, the
morphology of grease structure greatly depends on the composition, both type of
thickener and base oil. The typical morphologies given by the most common thickener
agents have been previously reported [4,13-15,18]. However, the influence of either the
base oil or the interaction between the base oil and the thickener has not still been
investigated in detail. Most widely used thickening agents in grease formulations are
fatty acid soaps of lithium and calcium. The AFM and SEM images of three different
calcium (C1), lithium (C5), and lithium-calcium (C6) thickening agents dispersed in a
mineral oil are compared (see Figures 1 and 2). Presuming similar hydrophobic
interactions between the mineral base oil and the fatty acid soaps, the different
morphologies are essentially due to the typical crystallization patterns of each fatty acid
soap. Microstructures of anhydrous and lithium complex soaps encountered in this
study are in agreement with those previously reported in the literature taken by SEM
and TEM analysis [13-16]. Relatively short, thin and not especially agglomerated fibres
can be observed by means of AFM analysis in the case of grease C1. This sample was
difficult to image after pre-heating by means of AFM due to an excessive softening of
the sample. This behaviour is particularly associated with a low viscosity of the base oil
(see Table 1). Hence, greases containing a low-viscosity base oil or high content of oil,
i.e. soft greases, may give poor images and some artefacts during scanning due to
contamination of the AFM-tip by the oil. The entangled fibrous structure of the
anhydrous calcium-based grease examined (C1) can be also observed in Figure 2 by
SEM. With regard to the lithium complex grease (sample C5), the typical fibrous and
entangled microstructure was observed in both AFM and SEM techniques (see Figure
3). Finally, in the case of sample C6, as previously discussed, Figure 3 shows the

overlapped microstructures given by the lithium and calcium thickeners, where the

13
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granular microstructure of the calcium thickener, clearly visualized as spherical

particles, appears distributed in the fibrous network provided by the lithium soap.

The AFM technique was also used to analyse the influence of different base oils on the
microstructure of four anhydrous calcium soap-based greases. As shown in Figure 2, the
C2 microstructure consists of a random granular arrangement of the calcium thickener
represented as clumps with different sizes. In the case of grease C3, similar
arrangements appear evenly and homogeneously distributed in the matrix of the grease,
yielding a more homogeneous and sponge-like structure. These morphologies are
associated to vegetable-derived natural base oils which provide more polar interactions
with the calcium soap. The differences in both types of samples may be attributed to the
soap concentration, presumably lower in sample C2 attending to the NLGI grades
(Table 1). On the contrary, completely different microstructures were observed for
greases C1 and C4. In both these cases, micrographs display the anhydrous calcium
soap thickener in the form of fiber networks, indicating that hydrophobic interactions
promoted by non-polar mineral or synthetic oils favour this type of crystallization

pattern.

3.4. Frictional working-induced microstructural degradation

Morphological lubricating greases analyses, conducted at completion of tribological
testing, are essential sources of information on how wear and friction processes
influence grease microstructure as a result of lubrication performance. As previously
reported, the structural degradation greatly influences the bulk rheology [7, 18, 20] and
the effect of friction on grease structure is referred as rheological wear [33-35]. The
influence of frictional tests on the microstructure of three selected lubricating greases

was investigated using the AFM technique as can be seen in Figure 5.

14
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AFM micrographs shown in Figure 5 provide a detailed understanding of the changes in
microstructure of lithium, methylcellulose and lithium-calcium thickener-phases
distributed in the oil matrix occurred during performing tribological tests. A constant
rotational speed (400 rpm) of the steel ball on the three inclined steel plates was applied
over 10 min using the three greases as lubricant in the contact. AFM technique reveals
some interesting features on structural degradation in the three greases. As can be
observed in the phase images shown in Figure 5 for sample C5, not dramatic changes in
the fibre network arose after performing the constant speed frictional test, resulting
thinner and not so agglomerated but more aligned fibres than the same unworked
sample (Fig. 5, sample C5a). This means that the frictional test, under these conditions,
does not produce any fibre breakdown but mainly the alignment and orientation of
fibres in this sample. In this particular grease, designed for operating under extreme
conditions of pressure, load and speed, the effect of severe working conditions may be
significantly dampened by the high oil viscosity (see Table 1). On the contrary, in
sample C6a, less densely arranged lithium soap thickener fibres, and a decrease in
diameter of the calcium soap granules may be very well noticed after working (Figure
5). It can also be observed that sample C6a forms an unlike microstructure connecting
the lithium thickener in form of longer and orientated fibres to the calcium thickener in
form of irregular granules. Regarding sample M1, it is obvious that more drastic
microstructural changes appear due to the friction and wear processes. In this case, fibre
length was clearly reduced and the fibrous structure appears slightly more agglomerated
and randomly orientated (Figure 5, sample M1a). This effect is much more dramatic
after performing a rotational speed sweep test between 0.1 and 1000 rpm (see Figure 5
sample M1b). These more severe test conditions amplify the effect of frictional

degradation on grease microstructure also in samples C5 and C6. Thus, more

15
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pronounced fibre orientation can be detected in sample C5b also slightly reducing fibre
length. Similarly, sample C6 showed more reduced size of calcium soap granules, with
irregular shape, and not so interconnected in the lithium soap fibrous network after
performing a sliding velocity sweep test (see Figure 5 sample C6b). All these
morphological changes illustrated in Figure 5 may be directly related to internal

frictional and energetic processes as described by Kuhn [34, 35].

4. Conclusions

AFM and SEM techniques were used in this work to produce real space magnified
images of greases surface morphology. Lubricating grease microstructure mainly
depends on the nature of both the thickener and base oil employed. In the case of
anhydrous calcium-base greases used in this study, very different microstructures were
encountered depending on the base oil. Thus, the calcium soap thickener appears
distributed in the form of fine and slight entangled fibrous arrangement when using non-
polar mineral or synthetic base oils whereas a granular structure were found when using
vegetable derived oils. In relation to lithium complex soap-based grease, the typical
microstructure consisting of a fine dispersion of the crystallized lithium soap in the form
of long, twisted and well-entangled fibres were observed. The lithium calcium-complex
based grease showed a mixed microstructure where the lithium soap thickener appears
distributed in a random manner in form of short and densely arranged fibres while the
calcium soap thickener remains dispersed in the grease matrix in form of spherical
granules. Regarding the biodegradable biopolymer-based greases, fibrous networks

were also detected.

In general, it is possible to conclude that the time-temperature pre-heating protocol

plays an important role in AFM analysis. A certain pre-heating treatment on grease

16
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samples is generally convenient to improve image resolution. However, an excessive
heating results in significant microstructural alterations, particularly agglomeration of

thickener structural units.

On the other hand, SEM analysis provided detailed information on the dimensional and
spatial distribution of the thickener skeleton, once the base oil was completely removed,
normally at lower magnification than AFM. On the contrary, AFM technique allows to
determine the arrangement of thickener structure in the presence of the base oil, thus
considering the thickener-oil medium interactions, although generally with lower image
resolution than SEM. In this sense, it can be stated that SEM and AFM are
complementary analysis techniques for lubricating grease microstructural
investigations. Despite this fact, similarities between grease microstructures obtained

with both techniques were generally found.

Some tribological tests were conducted in order to investigate the influence of high-
shear frictional working treatments on lubricating grease. Based on the AFM results
obtained, important microstructural changes were observed as a result of the friction and
internal wear processes, which depends on both the severity of the frictional working
conditions and grease composition. The complex lithium grease structure appeared to be
more resistant to relatively gentle working conditions (constant sliding velocity for 10
min) only yielding fibre alignment. On the contrary, the complex lithium-calcium- and
especially the functionalized methylcellulose-based thickener structures clearly
exhibited a reduction in granule size and fibre length, respectively. More severe
frictional working conditions, achieved in a sliding velocity sweep tests, significantly
affect the three types of microstructures, resulting in all cases a reduction in the size of

the thickener structural units.

17
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Tables

Table 1. Composition of lubricating grease samples studied
ot Thickener : v ;
Lubricating . . ; NLGI Dropping | Base oil viscosity
Thick t B I .
greases ICKEner type ase ol cong;r; f,\r/?)t on grade point (°C) | at 40°C (mm?/s)
C1 Anhydrous calcium | Mineral oil - 2 150 68
C2 Anhydrous calcium Naturafl - 1 150 200
ester oil
C3 Anhydrous calcium | Castor oil ) 2 150 222
C4 Anhydrous calcium Syn;r;letlc - 2 150 38
C5 Lithium complex | Mineral oil - 2-3 > 250 1350
C6 Lithium caleium .ot il i 2 260 450
complex
M1 Functionalized |- . o ol 30 2 185 222
methylcellulose
M2 Functionalized - o1 7 3-4 160 222
lignocellulose pulp

Table 2. Optimum time-temperature combination for AFM sample preparation

procedure and operating ranges analyzed

Optimum time-temperature Operating ranges
Grease combination
samples . Operating temperature Operating time
Time (s) | Temperature (°C) range (°C) range (5)
C1 15 100 100-125 15-30
C2 5 150 120-150 5-30
C3 15 150 120-150 5-30
C4 0 25 only room temperature
C5 15 210 200-225 5-60
C6 30 225 200-240 30-60
M1 30 125 125-150 15-30
M2 5 150 150 5-30
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Table 3. Tribological and AFM measurements conditions for lubricating grease samples

tested in a tribological contact

Tribological measurements conditions

AFM time—-temperature sample

Grease preparation procedure applied
samples rotational . . 0 .
normal load (N) speed. (rpm) time (min) | temperature (°C) time (s)
5 40 400 12 210 15
40 0.1-1000 10 210 5
6 40 400 12 200 15
40 0.1-1000 10 200 15
ML 40 400 12 125 30
40 0.1-1000 10 125 30
24
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Figure captions

Fig. 1. Influence of the temperature-time procedure applied on sample preparation for
AFM imaging the microstructure of two lubricating greases: C5) a lithium complex
grease and C6) a lithium calcium complex grease. (window sizes of 20 um x 20 pum)

Fig. 2. Comparison between AFM (window sizes of 20 um x 20 um and 5 pm x 5 pm)
and SEM (15-20kV and 200-5000X magnification) micrographs corresponding to the
four anhydrous calcium soap-based greases studied (C1-C4).

Fig. 3. Comparison between AFM (window sizes of 20 um x 20 um and 5 pm x 5 um)
and SEM (20kV and 200-13000X magnification) micrographs corresponding to the
lithium complex (C5) and lithium calcium complex soap (C6) greases.

Fig. 4. Comparison between AFM (window sizes of 20 um x 20 ym and 5 pum x 5 um)
and SEM (15kV and 1000-13000X magnification) micrographs corresponding to model
biopolymer-based greases: chemically modified methylcellulose- (M1) and

lignocellulosic material (M2)-based greases.

Fig. 5. Effect of tribology testing on the morphology of samples C5, C6 and M1. Left
side: fresh grease samples; right side: greases submitted to frictional tests, a) 40N at a
constant speed of 400 rpm, and b) 40N and rotational speed sweep (0.1-1000 rpm) in a

ball-on-plate tribocontact. (window sizes of 20 um x 20 gm and 5 gm x 5 um).
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Abstract

The microstructure of lubricating greases greatly conditions their in-service
performance. In that sense, optimal testing protocols are required in order to accomplish
their correct morphological characterization. This study explores and compares the
suitability of Atomic Force Microscopy (AFM) and Scanning Electron Microscopy
(SEM) techniques for imaging six different commercial metallic soap-based greases and
two novel biopolymer-based formulations. Pros and cons of both techniques as well as
the effect of sample preparation protocol were analyzed. The results revealed a wide
variety of morphological characteristics depending on composition. Thus, the four
anhydrous calcium-based greases demonstrated two clearly distinct microstructures
(fibrous and granular) determined by the type of base oil employed. With regard to the
lithium complex greases, the typically reported microstructure characterized by well-
defined entangled and fibrous network was observed in both AFM and SEM techniques.
As for the two biopolymer-based greases, fiber networks were also encountered.
Besides this, selected greases were subjected to different tribological tests, and the
effect of high-shear frictional working treatments on their microstructure was also
analyzed. As a result of the friction and internal wear, the AFM results evidenced
microstructural changes which depended on grease composition. Overall, the combined
use of AFM and SEM techniques was demonstrated to be a powerful approach to

microstructurally characterize lubricating greases.

Keywords: AFM; SEM; lubricating grease; microstructure; friction
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1. Introduction

Nowadays, lubricating greases are of utmost importance for both a wide variety of
industrial applications and everyday lubrication challenges as they are designed to
maximize efficiency and prolong the useful service life of all moving equipment [1]. In
general, the design and development of lubricants require ample experience and
knowledge to obtain an appropriate behavior for specific applications. In the particular
case of lubricating greases, further adequate microstructure and related physical
properties must be reached from an appropriate sequence selection of both grease

ingredients and manufacturing process [2, 3].

Lubricating greases are essentially highly-structured two-phase colloidal suspensions
consisting of a thickening agent, usually a metal soap, such as lithium, sodium and
calcium salts of long chain fatty acids, dispersed in a lubricating liquid such as mineral,
synthetic or vegetable-derived oils. The thickener forms a three-dimensional gelling
network which traps the oil and confers the appropriate rheological and tribological
behavior to the grease [4, 5]. These particular rheological characteristics imparted by the
thickener make lubricating greases more convenient in some applications where
lubricating oils do not work properly, like rolling bearings. Actually, factors like
decreasing leakage and frequency of lubrication in hard-to-reach contacts, fluctuations
with temperature, loads, vibrations, etc. can be minimized when using greases [6]. Apart
from the main lubrication role, which is mainly performed by the lubricating oil, the rest
of differential and characteristic performance properties of lubricating greases are due to
the microstructure. Several authors have highlighted the role of the thickener in film
thickness [7-10], some of them emphasizing the thickener microstructure [11].

Recently, Cyriac et al. [12] pointed out in a very elucidating work the importance of
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grease microstructure on the lubrication film thickness, demonstrating that the smaller
thickener structural units, the thicker films were obtained. Hence, acquiring new
knowledge and understanding on how the microstructure of grease thickener can
provide functional properties for both, good lubrication performance and lifetime is

essential.

Microscopy methods like atomic force microscopy (AFM), scanning electron
microscopy (SEM) or transmission electron microscopy (TEM), reveals micro- and
nanoscale structural details, and therefore are powerful and effective tools for
visualising the lubricating grease morphology [13-18]. However, in spite of the
continual development and great diversity of microscopy techniques, microstructure
determination of lubricating greases remains a current challenge. This is because most
electron microscopy methods are based on observations of thin sections or surfaces that
show a cross-section of the structure. Besides that, some surface topographies of soft

specimens could be affected by the sample preparation/treatment method [19].

Despite the fact that there is a rather extensive literature describing the use of TEM and
SEM techniques to investigate the grease microstructure [13, 14, 16, 20], the two
techniques present some drawbacks. Both of them are vacuum based and, therefore the
oil component must be removed or its volatility reduced before analysis, for instance by
freezing the sample. The most common criticism associated to SEM and TEM analysis
is that these techniques can alter the original grease microstructure [14, 16, 21] as a
result of modifying the thickener-oil interaction balance. For instance, much more
agglomerated structural units have been observed using the SEM technique in washed

samples than those observed in non-washed samples using the AFM technique [12].
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Taking into account that greases may contain large amount of lubrication oil, one of the
main goals in this study was to establish a reliable method to observe the thickener
microstructure of different lubricating greases by preserving the integrity of the samples
as much as possible. In particular, since the AFM can work in various environments
(vacuum, air and liquid), many researchers have been interested in imaging soft or
biological samples [22, 23]. Furthermore, recent advances in AFM have enabled high-
speed imaging of soft samples allowing the direct visualization of biomolecules [24,
25]. So far, some specific observations of grease microstructures by means of atomic
force microscopy have been previously reported [12, 15, 18, 26-29]. However, it still
remains difficult to image the nanoscale topography of lubricating grease samples by
AFM, because some artifacts can arise due to non-desired interactions between the tip
and the sample as a consequence of several factors such as tip geometry, lateral forces
or grease textural and rheological properties. For instance, soft greases having low
consistency can induce the sticking of the tip to the sample and consequently, the AFM
image on the specimen microstructure can show artefacts or cannot be obtained. In this
sense, Hurley and Cann [11] were not able to obtain good observations in non-washed
samples using the contact mode. Some of these problems can be avoided by heating the
grease sample below the dropping point and then cooling down to obtain smooth
enough films [18, 26, 27]. However, this pre-heating protocol must be also optimized to
avoid any change in the thickener-oil interaction balance. In spite of the mentioned
limitations, this technique provides great advantages, as the microstructure analysis can
be performed under atmospheric pressure and enables to visualize surface

microstructure in almost non-perturbed grease samples.

Taking into account these considerations, this work aims to investigate the topography

(surface features) and morphology (overall shape) of different lubricating greases,
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including several commercial samples with different composition and some novel
biopolymers-based grease formulations, by means of SEM and AFM techniques and
compare the information that can be derived from both techniques. The pre-heating
protocol to obtain accurate AFM observations on non-washed samples was optimized.
In addition, the effect of high-shear working treatments on lubricating grease

microstructure in some tribological tests was also explored on selected samples.

2. Experimental

2.1. Materials

Eight lubricating grease samples differing on their composition were analysed from a
microstructural point of view. Samples C1-C6 were commercially available calcium and
lithium soap-based greases whereas biopolymer-based model samples M1 and M2 were
manufactured in the laboratory as described elsewhere [29, 30]. Compositional details
of the different lubricating greases analysed in this study as well as basic properties are
listed in Table 1. The selection of grease samples was done according to the different
compositional variables aimed to be studied, i.e. type of thickener and type and

viscosity of base oil.

2.2. AFM observations

Morphological observations of grease samples were investigated using a multimode
AFM connected to a Nanoscope IV scanning probe microscope controller (Digital
Instruments, Veeco Metrology Group Inc., Santa Barbara, CA) using the tapping mode
with phase detection imaging at room temperature. Tapping mode amplitude
modulation microscopy is an adequate approach for imaging soft materials such as
lubricating greases because it involves the repeated oscillation of the cantilever at or

slightly below its resonant frequency. The amplitude of oscillation typically ranges from
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20 nm to 100 nm. The tip lightly interacts with the sample surface during scanning
providing high resolution images with minimum sample damage. Silicon
Nanosensors™ PPP-NCH AFM probes for tapping mode with a force constant of 42
N/m and resonance frequency of 330 kHz were used. Scan speed was set at 1 Hz and

scan windows were taken from 5 to 20 um.

In order to obtain good imaging quality the specimens for AFM examination require an
appropriate preliminary preparation. Grease sample preparation for accurate
observations is one of the most challenging and essential steps in AFM microstructural
analysis because of the grease low consistency. A pre-heating treatment at a temperature
below the dropping point of the lubricating grease was applied in order to form a
smooth surface which yields a good resolution. A MR Hei Standard hotplate from
Heidolph was used for heating grease samples. Different time-temperature combinations
comprised between 100 °C and 240 °C for 5-30 s were tested depending on the sample.
The optimized time-temperature procedures established for each sample are included in
Table 2. Afterwards, samples were cooled down to room temperature for some minutes
before placing them in the AFM holder and starting the scan sequence. In the particular

case of sample C4, accurate observations were only feasible without heating the sample.

2.3. SEM observations

The morphological analysis of the lubricating greases by means of scanning electron
microscopy (SEM) was performed in a JEOL microscope (Japan), model JSM-5410,
operating at 15 and 20 kV accelerating voltages. This scanning electron microscope

covers the practical magnification range from 200X to 13 000X.

Since SEM requires a hard vacuum in the sample chamber, the extraction of oil was
absolutely necessary to image the sample morphology. In the process of SEM analysis,

7
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preliminary treatment of the lubricating grease is one of the most time consuming steps.
The goal of extraction process is effective isolation of the thickener agent from the
matrix by use of a non-polar organic solvent with minimal effect on specimens. Hence,
oil was extracted by immersing the sample for one week in n-hexane. The solvent was
carefully replaced 3 - 4 times per day, until oil extraction was completed. Afterwards,
the samples were stored and dried at room temperature for a period of some days until
ready for use. Moreover, as conventionally done, in order to prevent charging of the
surface, reduce thermal damage and improve the secondary electron signal required for
topographic examination in the SEM, the samples were coated with a thin layer of gold

by means of a sputter coater HHV Scancoat Six SEM.

2.4.Tribological measurements

Three selected greases (C5, C6 and M1) were used as lubricants in a tribological contact
in order to evaluate the effect of a severe working treatment on grease microstructure.
Samples were placed in a tribological cell coupled with a controlled-stress rheometer,
Physica MCR-501 (Anton Paar, Austria), as described elsewhere [30]. At least three
replicates of each test were performed at room temperature on fresh samples and
resulting worked grease samples were analyzed by AFM. Tribological test conditions

are collected in Table 3.

3. Results and Discussion

3.1. Influence of sample preparation protocol

The influence of the pre-heating treatment on AFM imaging lubricating grease
microstructures was analysed on samples C5, a lithium complex-based grease, and C6, a

lithium-calcium complex grease. Figure 1 shows selected AFM micrographs of these
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samples obtained after applying different pre-heating temperatures and times. As can be
observed, there are significant microstructural similarities between the same samples as
long as the applied temperature was well below the dropping point of the grease and the
heating time was not longer than typically 15-30 s. However, the time-temperature
combination which produces significant changes in the microstructure depends on

grease consistency and thickener type.

It can also be noticed that the typical entangled fibrous microstructure is apparent in
sample C5 when heating at 200 °C for 30 s, where long and twisted individual fibres can
be detected. AFM phase micrographs still display the lithium soap thickener in the form
of highly entangled but slightly more agglomerated fibre network when pre-heating the
sample at 210 °C for 15 s. However, much more agglomerated fibres and compact

structure can be visualized at 225 °C.

Regarding sample C6, the lithium-calcium complex thickener forms a connecting
fibrous-granular microstructure, where the calcium soap appears dispersed and
homogeneously distributed in the form of granules of around 0.5 pm in a fibrous
network, which can be roughly observed by pre-heating the sample at 200 °C. The same
microstructure can be visualized with better resolution by pre-heating the sample at 225
°C. However, after heating at 240 °C, rather close to the dropping point (see Table 1), a
significant change in the microstructure can be clearly detected. The lithium soap
thickener appears like shorter and less intricate fibres network while the calcium soap
thickener remains dispersed in the grease matrix in form of larger spherical granules,
with sizes of around 2-4 pum. This increase in diameter of the calcium granules for
sample C4 could be attributed to a partial melting of the calcium thickener and further
re-crystallization. Furthermore, the base oil could evaporate at the surface producing the

agglomeration of thickener particles. These results strongly suggest that it is essential to

9
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determine the right time-temperature procedure before AFM imaging a specific
lubricating grease. In the next sections, AFM images obtained after optimizing the pre-
heating protocol are shown. The optimization of this pre-heating treatment dealt with
the application of different time-temperature combinations, in the ranges shown in
Table 2 for each specific grease, and the evaluation of the resulting microstructure.
Typically, the higher temperature and/or heating time, the higher resolution was found.
The optimum time-temperature combinations were considered those providing the
higher image resolution without inducing any significant microstructural change

compared to the non-heated or just slightly heated microstructure.

3.2. Comparison between AFM and SEM imaging of lubricating grease

microstructures

Although grease sample preparation for SEM and AFM imaging is really different,
actually they are complementary techniques. Thus, the AFM is adequate technique at
measuring surface height of the almost unperturbed sample, often at extremely high
resolution, while the SEM provides elemental analysis of the surface by detecting sharp
changes in height or slope of the thickener skeleton. Furthermore, one technique often

compensates for the imaging artefact of the other [31].

AFM and SEM techniques were used to examine the eight different lubricating grease
samples studied and actually similar microstructures were obtained. In general, two
main distinct types of thickener structure (fibrous and/or granular) were possible to
observe in both AFM and SEM micrographs. The AFM images reported in this section
were performed by using the tapping mode in phase imaging once considered the
optimum time-temperature sample preparation procedure which was previously

determined (see Table 2).

10
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Figures 2-4 show a comparison between the phase images taken by AFM and SEM
micrographs for the different lubricating greases studied. The two techniques present
different principles of operation and therefore the micrographs are presented in different
arrangements and window sizes. However, it is evident that all microstructures
determined by AFM are quite similar to those obtained by SEM analysis, which
demonstrates that oil extraction does not exert a great influence in the thickener
arrangement, at least from a qualitative point of view. Thus, the main difference
observed between the two sets of images is that SEM microstructures seem to appear
more agglomerated and collapsed as a consequence of oil removing. In a few cases, the
structural units are not easily detectable as a result of this collapse (see for instance
Figure 2, sample C4, and Figure 4, sample M2). Figure 2 shows different anhydrous
calcium soap microstructures formed in different oil media. Taking into account that all
samples are anhydrous calcium-based greases, completely different microstructures of
the soap thickener can be observed in both AFM and SEM analysis. Thus, the
microstructure of samples C1 and C4 consist of fine, small and slightly entangled and
twisted fibres as previously described [13,32], whereas a granular and/or sponge-like
thickener microstructure was detected in both AFM and SEM micrographs for samples
C2 and C3, when the thickener was dispersed in vegetable-derived oils. However, a
certain degree of crosslinked structures can be distinguished for sample C2 in the SEM
image taken at the highest magnification (Figure 2). On the other hand, a well-formed,
twisted and tangled fibrous network with thicker fibres but more agglomerated can be
detected by SEM operating with 20 kV accelerating voltage and 1000X-1200X

magnification for samples C1 and C4.

The typical twisted and tangled fibrous arrangements of lithium greases were observed

in sample C5 (Figure 3) using both AFM and SEM techniques. Due to the interactions
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between these colloidal particles and oil phase, these fibres have the ability to arrange
themselves into a specific fibrous microstructure. This characteristic lithium soap

arrangement is more evident in AFM images where the oil is present.

Concerning sample C6, the above discussed characteristic mixed structure, where the
lithium soap thickener appears distributed in a random manner in form of short and
dense fibres and the calcium soap thickener remains dispersed in the grease matrix in
form of spherical granules, was evidenced. Inspection of AFM images in Figure 3
reveals a quite complex phase behaviour of the two metallic soaps with the capacity to
perfectly immobilise the base oil. This particular microstructure is the most affected by
oil removing. However, still using the SEM technique it was possible to observe the

same structural network of granules dispersed in a fibrous structure (Figure 3).

Finally, Figure 4 shows selected AFM and SEM images of the two model biopolymer-
based greases used in this study. In the case of both samples, M1 and M2, it was
possible to observe a quite dense and tangled fibrous network which very much
resembles a lithium soap microstructure. Much finer and shorter fibres were observed in
the microstructure provided by the chemically modified methylcellulose (M1) using the
AFM technique. The fibres structure is also easily detectable in SEM images for sample
M1, although at different scale. However, the long and twisted fibres observed with
AFM in the lignocellulosic material-based grease (sample M2) were not really well
appreciated by SEM analysis, where only at 1000X magnification a fibrous structure

can be guessed.

3.3. Influence of compositional variables
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As can be deduced from the microscopy observations previously discussed, the
morphology of grease structure greatly depends on the composition, both type of
thickener and base oil. The typical morphologies given by the most common thickener
agents have been previously reported [4,13-15,18]. However, the influence of either the
base oil or the interaction between the base oil and the thickener has not still been
investigated in detail. Most widely used thickening agents in grease formulations are
fatty acid soaps of lithium and calcium. The AFM and SEM images of three different
calcium (C1), lithium (C5), and lithium-calcium (C6) thickening agents dispersed in a
mineral oil are compared (see Figures 1 and 2). Presuming similar hydrophobic
interactions between the mineral base oil and the fatty acid soaps, the different
morphologies are essentially due to the typical crystallization patterns of each fatty acid
soap. Microstructures of anhydrous and lithium complex soaps encountered in this
study are in agreement with those previously reported in the literature taken by SEM
and TEM analysis [13-16]. Relatively short, thin and not especially agglomerated fibres
can be observed by means of AFM analysis in the case of grease C1. This sample was
difficult to image after pre-heating by means of AFM due to an excessive softening of
the sample. This behaviour is particularly associated with a low viscosity of the base oil
(see Table 1). Hence, greases containing a low-viscosity base oil or high content of oil,
i.e. soft greases, may give poor images and some artefacts during scanning due to
contamination of the AFM-tip by the oil. The entangled fibrous structure of the
anhydrous calcium-based grease examined (C1) can be also observed in Figure 2 by
SEM. With regard to the lithium complex grease (sample C5), the typical fibrous and
entangled microstructure was observed in both AFM and SEM techniques (see Figure
3). Finally, in the case of sample C6, as previously discussed, Figure 3 shows the

overlapped microstructures given by the lithium and calcium thickeners, where the
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granular microstructure of the calcium thickener, clearly visualized as spherical

particles, appears distributed in the fibrous network provided by the lithium soap.

The AFM technique was also used to analyse the influence of different base oils on the
microstructure of four anhydrous calcium soap-based greases. As shown in Figure 2, the
C2 microstructure consists of a random granular arrangement of the calcium thickener
represented as clumps with different sizes. In the case of grease C3, similar
arrangements appear evenly and homogeneously distributed in the matrix of the grease,
yielding a more homogeneous and sponge-like structure. These morphologies are
associated to vegetable-derived natural base oils which provide more polar interactions
with the calcium soap. The differences in both types of samples may be attributed to the
soap concentration, presumably lower in sample C2 attending to the NLGI grades
(Table 1). On the contrary, completely different microstructures were observed for
greases C1 and C4. In both these cases, micrographs display the anhydrous calcium
soap thickener in the form of fiber networks, indicating that hydrophobic interactions
promoted by non-polar mineral or synthetic oils favour this type of crystallization

pattern.

3.4. Frictional working-induced microstructural degradation

Morphological lubricating greases analyses, conducted at completion of tribological
testing, are essential sources of information on how wear and friction processes
influence grease microstructure as a result of lubrication performance. As previously
reported, the structural degradation greatly influences the bulk rheology [7, 18, 20] and
the effect of friction on grease structure is referred as rheological wear [33-35]. The
influence of frictional tests on the microstructure of three selected lubricating greases

was investigated using the AFM technique as can be seen in Figure 5.
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AFM micrographs shown in Figure 5 provide a detailed understanding of the changes in
microstructure of lithium, methylcellulose and lithium-calcium thickener-phases
distributed in the oil matrix occurred during performing tribological tests. A constant
rotational speed (400 rpm) of the steel ball on the three inclined steel plates was applied
over 10 min using the three greases as lubricant in the contact. AFM technique reveals
some interesting features on structural degradation in the three greases. As can be
observed in the phase images shown in Figure 5 for sample C5, not dramatic changes in
the fibre network arose after performing the constant speed frictional test, resulting
thinner and not so agglomerated but more aligned fibres than the same unworked
sample (Fig. 5, sample C5a). This means that the frictional test, under these conditions,
does not produce any fibre breakdown but mainly the alignment and orientation of
fibres in this sample. In this particular grease, designed for operating under extreme
conditions of pressure, load and speed, the effect of severe working conditions may be
significantly dampened by the high oil viscosity (see Table 1). On the contrary, in
sample C6a, less densely arranged lithium soap thickener fibres, and a decrease in
diameter of the calcium soap granules may be very well noticed after working (Figure
5). It can also be observed that sample C6a forms an unlike microstructure connecting
the lithium thickener in form of longer and orientated fibres to the calcium thickener in
form of irregular granules. Regarding sample M1, it is obvious that more drastic
microstructural changes appear due to the friction and wear processes. In this case, fibre
length was clearly reduced and the fibrous structure appears slightly more agglomerated
and randomly orientated (Figure 5, sample M1a). This effect is much more dramatic
after performing a rotational speed sweep test between 0.1 and 1000 rpm (see Figure 5
sample M1b). These more severe test conditions amplify the effect of frictional

degradation on grease microstructure also in samples C5 and C6. Thus, more
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pronounced fibre orientation can be detected in sample C5b also slightly reducing fibre
length. Similarly, sample C6 showed more reduced size of calcium soap granules, with
irregular shape, and not so interconnected in the lithium soap fibrous network after
performing a sliding velocity sweep test (see Figure 5 sample C6b). All these
morphological changes illustrated in Figure 5 may be directly related to internal

frictional and energetic processes as described by Kuhn [34, 35].

4. Conclusions

AFM and SEM techniques were used in this work to produce real space magnified
images of greases surface morphology. Lubricating grease microstructure mainly
depends on the nature of both the thickener and base oil employed. In the case of
anhydrous calcium-base greases used in this study, very different microstructures were
encountered depending on the base oil. Thus, the calcium soap thickener appears
distributed in the form of fine and slight entangled fibrous arrangement when using non-
polar mineral or synthetic base oils whereas a granular structure were found when using
vegetable derived oils. In relation to lithium complex soap-based grease, the typical
microstructure consisting of a fine dispersion of the crystallized lithium soap in the form
of long, twisted and well-entangled fibres were observed. The lithium calcium-complex
based grease showed a mixed microstructure where the lithium soap thickener appears
distributed in a random manner in form of short and densely arranged fibres while the
calcium soap thickener remains dispersed in the grease matrix in form of spherical
granules. Regarding the biodegradable biopolymer-based greases, fibrous networks

were also detected.

In general, it is possible to conclude that the time-temperature pre-heating protocol

plays an important role in AFM analysis. A certain pre-heating treatment on grease
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samples is generally convenient to improve image resolution. However, an excessive
heating results in significant microstructural alterations, particularly agglomeration of

thickener structural units.

On the other hand, SEM analysis provided detailed information on the dimensional and
spatial distribution of the thickener skeleton, once the base oil was completely removed,
normally at lower magnification than AFM. On the contrary, AFM technique allows to
determine the arrangement of thickener structure in the presence of the base oil, thus
considering the thickener-oil medium interactions, although generally with lower image
resolution than SEM. In this sense, it can be stated that SEM and AFM are
complementary analysis techniques for lubricating grease microstructural
investigations. Despite this fact, similarities between grease microstructures obtained

with both techniques were generally found.

Some tribological tests were conducted in order to investigate the influence of high-
shear frictional working treatments on lubricating grease. Based on the AFM results
obtained, important microstructural changes were observed as a result of the friction and
internal wear processes, which depends on both the severity of the frictional working
conditions and grease composition. The complex lithium grease structure appeared to be
more resistant to relatively gentle working conditions (constant sliding velocity for 10
min) only yielding fibre alignment. On the contrary, the complex lithium-calcium- and
especially the functionalized methylcellulose-based thickener structures clearly
exhibited a reduction in granule size and fibre length, respectively. More severe
frictional working conditions, achieved in a sliding velocity sweep tests, significantly
affect the three types of microstructures, resulting in all cases a reduction in the size of

the thickener structural units.
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Tables

Table 1. Composition of lubricating grease samples studied
f ot Thickener ; oy ;
Lubricating Thickener type Base ail concentration NLGI Dr_opp(l)ng Base f,’" V|30023|ty
greases (% wi) grade point (°C) | at 40°C (mm?/s)
C1 Anhydrous calcium | Mineral oil - 2 150 68
C2 Anhydrous calcium Naturafl - 1 150 200
ester oil
C3 Anhydrous calcium | Castor oil i 2 150 222
C4 Anhydrous calcium Syn;?letlc - 2 150 38
C5 Lithium complex | Mineral oil - 2-3 > 250 1350
C6 Lithium caleium .ot il i 2 260 450
complex
M1 Functionalized |- . o ol 30 2 185 222
methylcellulose
M2 Functionalized - o1 7 3-4 160 222
lignocellulose pulp

Table 2. Optimum time-temperature combination for AFM sample preparation

procedure and operating ranges analyzed

Optimum time-temperature Operating ranges
Grease combination
samples . Operating temperature Operating time
Time (s) | Temperature (°C) range (°C) range (5)
C1 15 100 100-125 15-30
C2 5 150 120-150 5-30
C3 15 150 120-150 5-30
C4 0 25 only room temperature
C5 15 210 200-225 5-60
C6 30 225 200-240 30-60
M1 30 125 125-150 15-30
M2 5 150 150 5-30
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Table 3. Tribological and AFM measurements conditions for lubricating grease samples

tested in a tribological contact

Tribological measurements conditions

AFM time—-temperature sample

Grease preparation procedure applied
samples rotational . . 0 .
normal load (N) speed. (rpm) time (min) | temperature (°C) time (s)
5 40 400 12 210 15
40 0.1-1000 10 210 5
6 40 400 12 200 15
40 0.1-1000 10 200 15
ML 40 400 12 125 30
40 0.1-1000 10 125 30
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Figure captions

Fig. 1. Influence of the temperature-time procedure applied on sample preparation for
AFM imaging the microstructure of two lubricating greases: C5) a lithium complex
grease and C6) a lithium calcium complex grease. (window sizes of 20 um x 20 pum)

Fig. 2. Comparison between AFM (window sizes of 20 um x 20 um and 5 pm x 5 pm)
and SEM (15-20kV and 200-5000X magnification) micrographs corresponding to the
four anhydrous calcium soap-based greases studied (C1-C4).

Fig. 3. Comparison between AFM (window sizes of 20 um x 20 um and 5 pm x 5 um)
and SEM (20kV and 200-13000X magnification) micrographs corresponding to the
lithium complex (C5) and lithium calcium complex soap (C6) greases.

Fig. 4. Comparison between AFM (window sizes of 20 um x 20 ym and 5 pum x 5 um)
and SEM (15kV and 1000-13000X magnification) micrographs corresponding to model
biopolymer-based greases: chemically modified methylcellulose- (M1) and

lignocellulosic material (M2)-based greases.

Fig. 5. Effect of tribology testing on the morphology of samples C5, C6 and M1. Left
side: fresh grease samples; right side: greases submitted to frictional tests, a) 40N at a
constant speed of 400 rpm, and b) 40N and rotational speed sweep (0.1-1000 rpm) in a

ball-on-plate tribocontact. (window sizes of 20 um x 20 gm and 5 gm x 5 um).
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