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Grease is an extraordinarily complex lubricant with a complex material–property
relationship, and to shed more light on its importance, we decided to launch the first
Special Issue of “Lubricants” purely focusing on the most recent developmental trends
of grease applications. In recent years, significant research progress has been achieved
concerning greases applied for electrified powertrains, ranging from specific grease chem-
ical formulations for special applications to how grease interacts with various surfaces.
This Special Issue has compiled top research papers related to lubricating greases, hoping
to establish an annual trend for discussing the latest global developments encompass-
ing all R&D areas related to the innovation development of greases for automotive and
manufacturing industries.

In total, six research articles, two technical notes, one perspective, and one case
report were compiled, all pertaining to tribology and lubricating greases. Conrad et al.
investigated the influence of thickeners on the crystallization, melting, and glass transition
of lubricant greases. The type and concentration of the added thickeners had a notable
impact on the properties of greases formulated from mineral oil, polyalphaolefin, alkylated
naphthalene, propylene glycol, and trimellitate [1]. Three manuscripts focus on analyzing
the tribological behavior and performance of varying greases for their intended applications.
Senatore et al. studied the tribological behavior of novel 7.5 wt.-% carbon nanotube-based
(CNT) lubricant greases in polyalphaolefin (PAO) with and without 1.0 wt.-% MoS2. Their
results indicated that the novel CNT-based greases exhibited superior tribological properties
when compared against other commercial greases [2].

Meanwhile, Vafaei et al. compared and evaluated the lubrication properties of three
different bio-based polymer thickener systems and developed bio-based greases via a ball-
on-disc tribometer [3]. In a study presented by Garrido et al., the tribological performance of
four commercial electric motor (EM) greases, with varying quantities of polyurea or lithium
thickener with mineral or synthetic-based oil, were evaluated through the measurement of
friction and the wear of silicon nitride sliding on hardened 52,100 bearing steel. The results
provided an explicit comparison of commercially available EM greases across a wide range
of applications and relevant metrics [4].

Gurt and Khonsari highlighted the relevant parameters associated with the rheometer
penetration test and the recommended testing procedure for measuring the consistency of
various greases. Their results were compared to data obtained from yield stress, crossover
stress, and cone penetration tests [5]. For a different methodology, Khonsari et al. detailed
the results of a novel approach for the evaluation of the water-resistance of greases to quan-
tify degradation. This newly developed approach, known as the contact angle approach,
involves the measurement of the contact angle of a water droplet on the surface of a sample
of grease [6].
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Kakoi presented a formulation of a point-contact elasto-hydrodynamic lubrication
analysis for an isothermal, non-Newtonian flow, with the employment of a coordinate
system of pressure gradient. The formulation detailed in this study was applied to a
grease that had previously been evaluated to compare results to verify the validity of the
formulation [7].

On a different subject for grease application in EV and hybrid vehicles (HVs),
Shah et al. [8] discussed the role of grease lubrication in electric vehicles (EVs) and hybrid
vehicles (HVs) in terms of performance requirements. The future development of lubri-
cating grease used in EVs and HVs needs to be improved for meeting the lubrication and
thermal management requirements [8]. Shah et al. also pointed out greases need to be
formulated for new factors in electrical vehicles (EVs), including the increased presence of
electricity, electrical currents, and noise in an EV due to the absence of an internal combus-
tion engine (ICE) [8]. The major differences between EVs and conventional ICEVs can be
grouped into the following technical areas: energy efficiency, noise, vibration, harshness
(NVH) issues, the presence of an electrical current and electromagnetic fields from electric
modules, sensors, and circuits, and bearing lubrication. Additional considerations include
the thermal transfer, seals, corrosion protection, and materials’ compatibility. Shah et al.
reviewed the future development trends of EVs/HVs on driveline lubrication and thermal
management requirements. Due to the increased number of electrical components, such as
electric modules and sensors, greases must be formulated to be unreactive with electricity.
In addition, the role of grease lubrication in electric vehicles (EVs) and hybrid vehicles
(HVs) is crucial in terms of performance requirements. Comparisons of grease lubrication
in EVs and HVs from IC engines for performance requirements were reviewed in terms of
electrical and thermal properties under different operating conditions.

Loysula et al. investigated the fictitious lubrication performance in a four-ball tester
in accordance with ASTM D2596. The findings of this study indicated that the parameter
“speed ramp up time” is an essential component that should be researched by grease
manufacturers to prevent the use of grease with fictitious extreme pressure (EP) behav-
ior [9]. Georgiou et al. highlighted the development of a reliable, quantitative method
for measuring the tackiness and adhesion of greases. The study highlighted the influence
of temperature on the tackiness of greases and the reproducibility of the standardized
tackiness method [10].

The editors of this Special Issue would like to provide a final conclusion regarding the
importance of grease for future EV/hybrid vehicle lubrication applications [11,12]. The
future development of electric vehicles will globally influence the selection and develop-
ment of gear oils, coolants, and greases, as they will be in contact with electric modules,
sensors, and circuits, and will be affected by the electrical current and electromagnetic
fields. The increasing presence of electrical parts in EVs/HVs requires the corrosion protec-
tion of bearings and other remaining mechanical components. Thus, it is imperative for
specialized greases to be explored for specific applications in EVs/HVs to ensure maximum
protection from friction, wear, and corrosion to guarantee the longevity of the operating
automobile [11,12].

Author Contributions: Conceptualization, methodology, validation, writing—original draft prepa-
ration, writing—review and editing, all authors together. All authors have read and agreed to the
published version of the manuscript.
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Glass Transition
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Abstract: This study investigates crystallization, melting and glass transition of Li- and Ca-12-
hydroxystearate greases in relation to the pour point of the corresponding oils. The base oils for the
greases are mineral oil, polyalphaolefin, alkylated naphthalene, propylene glycol, and trimellitate. For
the mineral oil-based greases the crystallization temperature Tc increases and the melting temperature
Tm decreases upon addition of thickener. The pour point of the mineral oil then is 3 K below Tc

and does not properly define the lowest application temperature for mineral oil (MO) based greases.
Both thickeners induce a small increase of the glass transition temperature (1–3 K) of the synthetic
oils polyalphaolefin, alkylated naphthalene, propylene glycol. The pour point of the base oils
correlates well with the onset of the glass transition in the corresponding grease indicated by a
sharp increase in grease viscosity. Pure trimellitate with unbranched alkyl chains does not crystallize
upon cooling but shows noticeable supercooling and cold crystallization. As the percentage of
thickener in corresponding greases increases, more oil crystallizes upon cooling 20 K above the
crystallization temperature of the trimellitate without thickener (−44 ◦C). Here, the thickener changes
the crystallization behavior from homogeneous to heterogeneous and thus acts as a crystallization
nucleus. The pour point of the base oil does not provide information on the temperature below which
the greases stiffen significantly due to crystallization.

Keywords: lubricating grease; heterogeneous crystallization; glass transition; rheology; differential
scanning calorimetry (DSC)

1. Introduction

Concerning the lubrication conditions in operation, the higher viscosity of the base
oils and higher consistency of the greases at low temperatures, the friction factor increases
slightly [1]. In the case of mineral oils, as the proportion of paraffin crystals increases with
decreasing temperature, the sliding friction also increases. Nonetheless, the outflow of
mineral oil provides adequate lubrication during sliding [2]. Unlike mineral oil, ester oils
crystallize to the extent of blocking the rheometer [3]. Thus, it would also block a tribological
contact during operation. Practical test methods such as the low-temperature torque test
for wheel bearings (ASTM D4693 [4]) or ball bearings (ASTM D1478 [5]) determine the
suitability of greases for low temperatures. Although these standards are close to practical
experience, they do not provide information on whether the base oil in lubricating greases
precipitate crystals and thus change their flow properties upon cooling. In practice, the pour
point according to ASTM D97 [6] is measured for this purpose. The pour point indicates the
temperature when the base oil stops flowing as a sample vessel is tilted. Previous research

Lubricants 2022, 10, 1. https://doi.org/10.3390/lubricants10010001 https://www.mdpi.com/journal/lubricants
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has shown that crystallization and viscosity increase are responsible for oils stop flowing at
temperatures below the pour point. However, some oils can crystallize at temperatures
above the pour point if given enough time [3].

Mineral oils precipitate paraffin crystals below the crystallization temperature (Tc),
turning Newtonian mineral oils into shear-thinning suspensions. The transition from New-
tonian to viscoelastic behavior is indicated by a significant slope increase in an Arrhenius
diagram (ln(η)-T−1) below the crystallization temperature [7]. The necessary supercooling
(ΔT = Tc − Tm) for precipitation of paraffin crystals is hardly dependent on the shear rate
and the cooling conditions and is almost constant at about ΔT = −10 K. The crystallization
temperature can be equated with the pour point of mineral oils [3].

Unlike mineral oils, which are mixtures of paraffinic, naphthenic, and aromatic hydro-
carbons, synthetic oils consist of chemically uniform compounds with a comparatively nar-
row molecular weight distribution. The synthetic oils polyalphaolefin, polyalkylenglycole,
alkylated naphthalene, and tris-(2-ethylhexyl)trimelltiate solidify glass-like below −70 ◦C.
Upon cooling, the viscosity of these base oils increases steadily and follows a Williams–
Landes–Ferry Equation (WLF) down to 20 K above the glass transition temperature [3].

Ester oils with linear alkyl chains and a narrow molecular weight distribution crys-
tallize with strong supercooling effects [8]. Using the example of a trimellitate with linear
alkyl chains (C8–C10), the viscosity increases steadily up to the crystallization temperature.
At the crystallization temperature, the viscosity rises abruptly. However, crystallization
does not lead to shear-thinning suspensions as in mineral oils but to a solid [3].

The crystallization temperatures of a base oil in a lubricating grease may differ from
the pure base oil due to the catalytic effect the thickener on crystallization, i.e., heteroge-
neous crystallization. From a thermodynamic point of view, nucleation in a base oil is
spontaneous when the size of nuclei corresponds to a critical size, which decreases with
increasing supercooling (ΔT = Tc − Tm). Particles in a liquid can act as nuclei with a larger
critical nucleation radius, resulting in a lower energy barrier for nucleation and less super-
cooling [9]. The necessary condition for particles to catalyze nucleation is that they have
melting temperatures far higher than the melting point of the lubricating oil and remain
solid, which is the case for common thickeners such as Li- and Ca-12-hydroxystearate [10].

From a kinetic point of view, the rate of nucleus formation depends on viscosity, i.e.,
the lower the temperature, the lower the nucleation rate. Approaching the glass-transition
temperature TG, the nucleation rate becomes infinitely small. Since the temperatures for a
maximum nucleation rate and maximum crystal growth rate are not identical, lubricating
oil composition and cooling rate significantly influence supercooling. When the maximum
crystal growth rate temperature is below the glass temperature TG, nuclei are absent, and
glass-like solidification takes place upon cooling [10,11].

If such base oils are processed into lubricating greases with Li- or Ca-12-hydroxy
stearate, the thickener type and concentration determine the consistency of the metal soap
greases. The metal soap must be melted in the base oil and then cooled under defined
conditions. During this process, a thickener structure forms, which is responsible for the
viscoelasticity of the lubricating greases [12]. With Li-12-hydroystearate as a thickener, a
network of platelets is formed at low concentrations, which changes into fine and dense
fibril-like structures at higher concentrations [13]. Calcium complex soaps, for example,
build globular structures [14]. Even at relatively low thickener concentrations, metallic
soaps cause viscoelasticity of the lubricating greases and, above a specific concentration,
forming a viscoelastic liquid with a yield point [15].

In the context of base oils and associated lubricating greases, the question arises
whether and what influence the thickener type, and concentration have on crystallization,
melting, and glass transition temperatures. These questions are discussed in detail below,
based on rheological and thermoanalytical measurements for various lubricating greases.
The relevance of the base oils’ pour point for the low-temperature behavior of corresponding
greases will also be addressed.
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2. Materials and Methods

Table 1 lists the base oils used with the kinematic viscosities at 40 and 100 ◦C, the
viscosity index, and the respective pour point. The crystallization behavior and low-
temperature rheology is previously examined in detail and the base oils are classified in
three groups [3]. Group I contains a mineral oil (MO), Group II includes amorphously
solidifying synthetic lubricating oils (PAG, KR-008, PAO8), and Group III comprises a
crystallizing synthetic lubricating oil (EO).

Table 1. Classification (Group I–III), kinematic viscosity (ν), viscosity index (VI), pour point (ASTM
D7346 [16]), and chemical nature of the base oils.

Chemical Nature Group ν @40 ◦C/cSt. ν @100 ◦C/cSt. VI Pour Point/◦C

MO mineral oil (SN 100/SN 500) I 48 5.3 105 −12
PAO8 polyalphaolefin II 47 8 139 −66

KR−008 alkylated naphthalene II 36 7 68 −54
PAG polypropylenglycole II 57 10.4 188 −51
EO Trimellititate * III 52 8.1 128 −57

* with linear C8–C10 alkyl groups.

From the base oils listed in Table 1, lubricating greases with Li- and Ca-12-hydroxystearate
were prepared. Ca-12-hydroxystearate greases were prepared by melting the Ca-12-
hydroxystearate in the base oil at 120 ◦C for 30 min, while the Li-12-hydroxystearate
lubricating greases were prepared by melting Li-12-hydroxystearate above the melting
point of 212 ◦C. After cooling to room temperature, homogenization of the cooled sus-
pensions was carried out on a three-roll mill (Exakt Advanced Technologies GmbH, 50I,
Norderstedt, Germany). Greases with thickener concentrations lower than 5 wt.% were
homogenized with an Ultra-Turrax (IKA GmbH, Staufen, Germany). Table A1 in the ap-
pendix lists the exact composition of the lubricating greases with the respective worked
penetration Pw (DIN ISO 2137 [17]) and corresponding NLGI class (DIN 51818 [18]).

2.1. Rheological Measurements

The steady shear measurements were performed with MCR301 and 702 rheometers
from Anton Paar (Ostfildern-Scharnhausen, Germany). A plate-plate geometry with 25 mm
in diameter (PP25) made of stainless steel was used as measuring system with a gap of 1 mm.
In the temperature range between 20 and −40 ◦C the Peltier unit was purged with dry air
(dew point: −80 ◦C) to prevent condensation and freezing of humidity. Measurements
below −40 ◦C were performed using a PP25 geometry covered by a low-temperature
CTD450 cell and an EVU10 controller for liquid nitrogen, both from Anton Paar (Ostfildern-
Scharnhausen, Germany). Temperature-dependent oscillatory shear measurements were
performed at an angular frequency of ω = 10 rad s−1 and an amplitude of γ = 0.05%. Strict
care was taken to ensure that the linear viscoelastic (LVE) range was maintained in the
temperature range investigated. All rheological experiments were performed in triplicate
with fresh samples for each measurement.

2.2. Differential Scanning Calorimetry (DSC)

Heat flow measurements during the cooling and heating cycles were performed with
a DSC 204 F1 Phoenix® (Netzsch, Selb, Germany) in a pierced aluminum pan with a sample
weight of approx. 10 mg to detect glass transition, crystallization, and melting of the
lubricating greases. The measurements were carried out in the temperature range from
25 to −60 ◦C with heating and cooling rate of 2 K min−1. For the extended temperature
range down to −180 ◦C, a Netzsch DSC 204 cell with a CC 200 L controller for liquid nitro-
gen was used. The lubricating grease samples were cooled with −20 K min−1 from 25 ◦C to
−180 ◦C, held for 5 min, and then heated with a rate of +10 K min−1. All thermoanalytical
experiments were performed in triplicate with fresh samples for each measurement.
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3. Results and Discussion

3.1. Crystallization and Melting of Lubricating Greases Based on Mineral Oil (Group I)

Figure 1 shows the absolute value of the complex viscosity |η*| as a function of the
temperature for the pure mineral oil (MO) and two mineral oil greases, with different Li-
(a) and Ca-12-hydroxystearate (b) concentrations during cooling (empty symbols) and
heating (filled symbols). Upon cooling, the complex viscosity increases steadily until
the crystallization temperature Tc,rheo is reached. Below Tc,rheo, the slope of the complex
viscosity curve increases sharply. The complex viscosity increases levels off below −20 ◦C.
On reheating, the complex viscosity of the greases first decreases sharply until the melting
temperature Tm,rheo is reached, which is always higher than Tc,rheo. Above Tm,rheo, the
absolute values of the complex viscosities of the cooling and heating cycles overlap. The
reason for the sharp change in slopes on cooling and heating, respectively, is the formation
and dissolution of paraffin crystals. Previous investigations on the mineral oil MO have
shown that the MO changes from a Newtonian liquid to a shear-thinning suspension below
Tc,rheo [3].

(a) (b) 

Figure 1. Absolute value of the complex viscosity |η*| as a function of temperature from cooling
(empty) and heating (filled) of pure mineral oil and two lubricating greases based on mineral oil
of different proportions of (a) Li and (b) Ca-12 hydroxystearate at a heating and cooling rate β of
2 K min−1, angular frequency ω of 10 rad s−1 and deformation γ of 0.05%. The dashed line marks
the crystallization temperature Tc,rheo and the melting temperatures Tm,rheo are marked by arrows.

Above the melting temperature Tm,rheo, the temperature range in which the oil be-
haves Newtonian, the level of the complex viscosity increases with increasing thickener
concentration from 0.5 Pas without thickener to approx. 104 Pas with 15.0 wt.% Li-12-
hydroxystearate and 15.8 wt% Ca-12-hydroxystearate as thickener, respectively. Below the
temperature of −20 ◦C, the viscosity reaches a level of about 105 Pas regardless of thickener
type and concentration. The complex viscosity of the greases at temperatures lower than
−20 ◦C is affected mainly by the presence of paraffin crystals.

Figure 2 depicts the crystallization temperatures Tc,rheo and melting temperatures
Tm,rheo of mineral oil greases with Li- (a) and Ca-12-hydroxystearate (b) as a function of
thickener concentration. Tc,rheo and Tm,rheo were obtained by intersecting two tangents
above and below the significant slope change in Figure 1. The mineral oil without thickener
exhibits a crystallization temperature Tc,rheo of −11.7 ± 0.15 ◦C and a melting temperature
Tm,rheo of −0.8 ± 1 ◦C. Regardless of Li- or Ca-12-hydroxystearate greases, the crystalliza-
tion temperatures increase to values between −8 and −10 ◦C, and the melting temperatures
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decrease to values between −5 and −7 ◦C. The supercooling (ΔT = Tc − Tm) decreases
from approx. 11 K without thickener to approx. 3 K for Li-12-hydroxystearate and approx.
5 K for Ca-12-hydroxystearate greases at a thickener concentration of about 5 wt.% and
essentially remains constant when the fraction of thickener is further increased.

(a) (b) 

Figure 2. Crystallization- (Tc,rheo) and melting temperature (Tm,rheo) as a function of thickener
concentration w for Li-12-hydroxystearate (a) and Ca-12-hydroxystearate (b) based on mineral
oil (MO), obtained from small amplitude oscillatory shear rheometry cooling and heating cycles
(see Figure 1) with an angular frequency ω = 10 rad s−1, deformation γ = 0.05% cooling and heating
rate of β = 2 K min−1. Tc,rheo, and Tm,rheo are obtained by intercepting two tangents above and
below the significant slope change in Figure 1. The supercooling (ΔT = Tc − Tm) decreases from
approx. 11 K without thickener to approx. 3 K with Li-12-hydroxystearate and approx. 5 K with
Ca-12-hydroxystearate. A dashed line marks the pour point of −12 ◦C.

The increase in crystallization temperature Tc,rheo is presumably caused by the thick-
ener particles in the base oil. The thickener particles provide crystal nuclei, favoring the
formation of paraffin crystals at higher temperatures, here about −8 ◦C [9,10]. Conse-
quently, the crystallization temperature of the lubricating greases is 4 K above the pour
point of the mineral oil (−12 ◦C). A small amount of dissolved thickener in the base oil
presumably causes the decrease in Tm [19].

3.2. Lubricating Greases Based on Non-Crystallizing Synthetic Base Oils (Group II)

Figure 3a displays the absolute value of the complex viscosity and Figure 3b the
specific heat flow

.
q as a function of temperature for the grease with the synthetic base oil

PAO8 and 22 wt.% Li-12-hydroxystearate (PAO8-22) as a thickener. In the logarithmic plot,
the complex viscosity increases approximately linearly with decreasing temperature up
to the onset of the glass transition (TG,PAO8-22 = −83 ± 0.2 ◦C). The absolute value of the
complex viscosity increases sharply in the temperature interval between −66 ◦C and TG,
but remains constant at a high level of 107 Pas below TG. The lubricating greases based on
KR-008 (Figure A1) and PAG (Figure A2) behave similarly, see Appendix A. Notably, the
temperature at which the two tangents fitted to the sections of the |η*| curve with different
slope agrees with the pour point and the end of the section in which |η*| steeply increases
corresponds to the glass transition temperature. According to the nucleation theory, for
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oils such as PAO8, the maximum temperature of crystal growth rate is below the glass
temperature TG [10,11].

Figure 3. (a) Absolute value of complex viscosity |η*| as a function of temperature for the lu-
bricating grease made from the base oil PAO8 with 22 wt.% Li-12-hydroxystearate as a thickener
(PAO8-22), measured in oscillatory shear with the deformation amplitude γ = 0.05%, angular fre-
quency ω = 10 rad s−1 and cooling rate of −10 K min−1. Lines are to guide the eye. (b) Specific
heat flow

.
q of the PAO8-22 grease at a heating rate of 10 K min−1. PAO8 shows a glass transition

temperature TG at −83 ± 0.2 ◦C, marked by a solid line. The dashed line marks the pour point for
the base oil PAO8 of −66 ◦C.

Figure 4 compares the glass transition temperatures TG of the base oils PAO8, KR-008
and PAG (abscissa) and the corresponding lubricating greases (ordinate) with Li and Ca-12-
hydroxystearate as a thickener. Glass transition temperature of the lubricating greases is
always slightly higher (≈2 K) than that of the corresponding base oil but hardly depends
on the thickener concentration at least in the investigated concentration range and stays
always below −70 ◦C. The solidification behavior of greases based on non-crystallizing
synthetic base oils does not change significantly due to the added thickener. The pour
point as well as the glass transition temperature for these base oils and lubricating greases,
respectively, are good indicators for their lowest application temperature.

3.3. Greases Based on Crystallizing Synthetic Base Oils (Group III)

The absolute value of the complex viscosity of the lubricating greases based on the
trimellitate EO increases uniformly on cooling down to the crystallization temperature
Tc and then rises abruptly. The ester crystallizes to such an extent that the rheometer
blocks, and no further measurements are possible [3]. For this reason, the crystallization
behavior of trimellitate greases was investigated primarily using differential scanning
calorimetry (DSC).

Figure 5 shows the heat flux from DSC measurements during cooling (a) and reheating
(b) for Ca-12 hydroxystearate lubricating greases with thickener concentrations between
0.5 and 13 wt.%. During cooling, in the temperature range between −10 ◦C and −50 ◦C,
an exothermic signal arises at thickener concentrations higher than 1 wt.%, which in-
creases in magnitude with increasing thickener concentration and the peak shifts to higher
temperatures. The onset temperature increases slightly.
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Figure 4. Comparison of the glass transition temperatures of pure base oils PAO8, KR-008, and
PAG (abscissa) and lubricating greases with different Li and Ca-12-hydroxystearate concentrations
(ordinate) obtained from DSC-measurements at 10 K min−1. PAO8 with 22 wt.% (PAO8-Li-22, PAO8-
Ca-22), KR-008 with 10 and 11 wt.% (KR-008-Li-10, KR-008-Li-11, KR-008-Ca-11) and PAG with 11
and 15 wt.% (PAG-Li-11, PAG-Li-15, PAG-Ca-11). The dashed line represents the angle bisector on
which the TG’s of the pure oils lie (PAO8, PAG, and KR-008).

Figure 5. Heat flow
.
q as obtained from DSC measurements during cooling (a) and reheating (b)

for Ca-12 hydroxystearate greases with thickener concentrations of 0.5, 1, 2, 7, 9, and 13 wt.% with
trimellitate (EO) as base oil at a cooling (a) and heating (b) rate of 2 K min−1. The integral of the
exothermic signals during cooling and heating represent the crystallization enthalpy Δhc,cooling and
Δhc,heating, respectively. The integral of the endothermic peak represents the enthalpy of fusion
(i.e., melting) Δhf. Tc,cooling and Tc,heating are the onset temperatures of the crystallization peaks. Tm

is the offset of the melting peak.
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In addition, an exothermic peak is observed during heating in the temperature range
between −45 ◦C and −30 ◦C. The crystallization enthalpy during heating Δhc,heating de-
creases with increasing thickener concentration and is not measurable anymore for thick-
ener concentrations >9 wt.%; peak temperatures and peak widths remain the same. Above
−10 ◦C, melting of the sample begins. Melting temperature and area of the endothermic
peak do not change with thickener concentration. However, the peak becomes somewhat
flatter and broader with increasing thickener concentration.

Figure 6 shows melting temperature Tm and crystallization temperature during
cooling (Tc,cooling) and heating (Tc,heating) of the trimellitate (EO) based Li- and Ca-
12-hydroxystearate greases as a function of thickener content. The melting temper-
ature Tm = 7.8 ± 0.4 ◦C is independent of thickener type and concentration and the
same is true for the crystallization temperature determined during the heating cycle
Tc,heating = −46.1 ± 1.9 ◦C.

(a) (b) 

Figure 6. Crystallization temperatures obtained during cooling (Tc,cooling) and heating cycles
(Tc,heating) and melting temperature Tm, as a function of thickener concentration w for Li-12-
hydroxystearate (a) and Ca-12-hydroxystearate greases (b) based on trimelltiate (EO), obtained
from the onset temperature of the exothermic peaks of DSC measurements with 2 K min−1 cooling
and heating rate (Figure 5). The crystallization temperature at heating Tc,heating is independent of the
thickener fraction at about −45 ◦C, and the melting temperature is about 7.8 ± 0.4 ◦C. The dashed
line marks the pour point of −57 ◦C.

The pure ester (EO) does not crystallize upon cooling but only upon heating
(Tc,heating = −43 ± 0.3 ◦C). The presence of thickener causes the oil to crystallize during
both, cooling and heating cycles. For Li-12-hydroxystearate contents between 1 and 11 wt.%
crystallization can be observed upon cooling and heating, for thickener contents above
11 wt.% only during cooling. Up to a thickener concentration of 11 wt.% the crystallization
temperature Tc,cooling increases linearly from −34 ◦C to −17 ◦C, but the crystallization
temperature during heating Tc,heating remains constant at −46.1 ± 1.9 ◦C. Above 11 wt.%
the Li-12-hydroxystearate greases crystallize only during cooling and the crystallization
temperature is Tc,cooling = −16.7 ± 0.7 ◦C.
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The trimellitate (EO) in Ca-12-hydroxystearate greases crystallizes at thickener con-
centrations between 0.5 and 9 wt.% during cooling and heating and above 9 wt.% only
during cooling. With increasing thickener concentration, the crystallization temperature
upon cooling increases slightly from −22.1 ± 1.1 ◦C to −19.0 ± 1.0 ◦C, whereas the crystal-
lization temperature upon reheating remains constant at −43.7 ± 0.4 ◦C, irrespective of
thickener concentration.

The enthalpy of fusion Δhf = 92.5 ± 3.0 J g−1 (endothermic, Figure 5b) is larger than
the crystallization enthalpy Δhc = 73.5 ± 6.0 J g−1 because crystal growth is to some extent
too slow to cause a detectable heat flux signal. Furthermore, the total enthalpy of fusion
Δhf and crystallization Δhc are independent of the thickener concentration, indicating that
only the base oil crystallizes.

Figure 7 shows the specific enthalpies of crystallization of the greases based on trimel-
litate (EO) during cooling Δhc,cooling (a) and heating Δhc,heating (b) relative to the total
enthalpy of crystallization Δhc = Δhc,cooling + Δhc,heating as a function of Li- and Ca-12-
hydroxystearate concentration.

(a) (b) 

Figure 7. Specific enthalpies of crystallization during cooling Δhc,cooling (a) and heating Δhc,heating

(b) normalized to the total enthalpy of crystallization Δhc = Δhc,cooling + Δhc,heating of the trimellitate
(EO) based greases vs. concentration of Li- and Ca-12-hydroxystearate as determined from DSC mea-
surements (see Figure 5) at cooling/heating rates of 2 K min−1. The total enthalpy of crystallization
remains constant at Δhc = 73.5 ± 6.0 J g−1for both types of thickeners. Ranges (1–3) highlight the shift
in the supercooling effect. Range (1) indicates predominantly cold crystallization, (2) crystallization
upon cooling and heating, and (3) predominantly crystallization upon cooling.

According to ISO 11357-7 [20] the exothermic peaks’ total area during cooling and
heating corresponds to complete crystallization, and thus the percentage of crystallization
during cooling and heating can be calculated. Figure 7 depicts that the percentage of crystal-
lizing base oil upon cooling increases with increasing thickener concentration. As already
shown in Figure 5, this indicates a monotonically increasing proportion of heterogeneous
crystallization. At thickener concentrations >9 wt.% Ca-12-hydroxy stearate and >11 wt.%
Li-12-hydroxystearate, respectively, only crystallization during cooling occurs because
heterogeneous nucleation is predominant.
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In the case of the pure trimellitate (EO), nuclei form below the temperature range in
which crystal growth is optimal. In case of greases, the thickener creates interfaces at which
nuclei can form in the temperature range in which crystal growth takes place. Since nuclei
are present, crystal growth is detectable as an exothermic DSC signal [9–11].

At low thickener concentrations (0–9 wt.% for Ca-12-hydroxystearate and 0–11 wt.%
Li-12-hydroxystearate) only a few nuclei are present. Therefore, only a few crystals start
to grow, and the crystal growth rate is not fast enough for complete crystallization before
reaching the lowest measuring temperature (see Figure 5a).

At thickener concentrations >9 wt.% for Ca-12-hydroxystearat and >11 wt.% for
Li-12-hydroxystearate, sufficient amounts of nuclei are present to allow for complete
crystallization of the ester upon cooling.

Due to heterogeneous crystallization, the lubrication greases crystallize approximately
37 K above the pour point. Thus, the pour point is not suitable to judge the low temperature
application behavior of greases based on trimellitate (EO) with linear alkyl chains (C8–C10).

4. Conclusions

This study investigates the influence of thickener type and concentration on the
crystallization, melting and glass transition of greases made from three different base oil
types (Groups I–III) using rheological and thermoanalytical measurements. Group I is
represented by a mineral oil (MO), Group II includes amorphously solidifying synthetic
lubricating oils (PAG, KR-008, PAO8), and Group III comprises the crystallizing synthetic
lubricating ester oil (EO).

4.1. Lubricating Greases Based on Mineral Oil (Group I)

During cooling below the crystallization temperature Tc,rheo, mineral oils precipitate
paraffin crystals. Upon further cooling the complex viscosity reaches an absolute value of
about 105 Pas, regardless of the thickener type and concentration. The suspension formed
by the deposition of paraffin crystals is responsible for the increasingly stiff consistency of
the lubricating greases. On reheating, above the melting temperature Tm,rheo, the absolute
value of the complex viscosity returns to the initial level. The different thickener types
(Li- or Ca-12-hydroxystearate) have a significant effect on crystallization (+4 K) and melting
temperature (−4 K). The pour point (−12 ◦C) of the mineral oil is 3 K lower than the
crystallization temperature of the lubricating grease and 7 K lower than the melting tem-
perature. This indicates that the pour point does not properly define the lowest application
temperature for mineral oil (MO) based greases.

4.2. Lubricating Greases Based on Non-Crystallizing Synthetic Oils (Group II)

Group II oils do not crystallize but solidify glass-like at temperatures below −70 ◦C.
This group includes polyalphaolefin (PAO8), alkylated naphthalene (KR-008), and polypropy-
lene glycol (PAG). The addition of Li-12-hydroxystearate does not change the glass transi-
tion temperature significantly. The absolute value of the complex viscosity of these greases
increases steadily with decreasing temperature. At about 20 K above TG, however, the
absolute value of the complex viscosity increases sharply, i.e., the slope of the |η*| vs. T
curve changes significantly. The onset of this steep viscosity increase is equal to the pour
point of the corresponding oil and the latter thus is an appropriate measure for the lowest
application temperature of these greases.

4.3. Lubricating Greases Based on Crystallizing Synthetic Oils (Group III)

Group (III) oils crystallize with strong supercooling effects up to cold crystallization.
Trimellitate (EO) with linear C8-C10 alkyl chains belongs to this group. This ester oil (EO)
shows that adding minor thickener concentrations (about 0.5 wt.% Ca-12-hydroxystearate,
1 wt.% Li-12-hydroxystearate) causes the ester to crystallize partly upon cooling and partly
upon heating. The fraction of crystallization during cooling rises with increasing thickener
concentration until the ester oil crystallizes only upon cooling. This is due to heterogeneous
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nucleation, which becomes more significant with increasing thickener concentration. As a
result of heterogeneous nucleation, the crystallization temperature rises from −45 ◦C to
−20 ◦C. In contrast, the melting temperature Tm remains constant at 7 ◦C independent
of the thickener concentration and thickener type. The investigations show that using
lubricating greases based on this ester oil below the melting temperature is not advisable.
Especially for lubricating greases based on trimellitate (EO), the pour point of −57 ◦C is
inappropriate as indicator for the lowest application temperature.
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Appendix A

Table A1. Base oil, thickener type, mass concentrations of thickener, fulling penetration Pw [17], and
corresponding NLGI class [18] for the lubricating greases.

Base Oil Thickener wthickener/wt% PW/0.1 mm NLGI Class

MO Li-12-hydroxystearate

2.0 n.a n.a
5.0 430 ± 6 000/00
10.0 362 ± 9 0
15.0 264 ± 2 2/3
20.0 212 ± 2 3/4

MO Ca-12-hydroxystearate

0.5 n.a. n.a.
1.0 n.a. n.a.
2.0 n.a. n.a.
3.0 n.a. n.a.
5.0 n.a. n.a.
7.8 454 ± 6 000
10.0 427 ± 6 00
11.0 335 ± 3 1
12.1 244 ± 3 3
13.0 221 ± 2 3
14.0 204 ± 5 4
15.8 195 ± 2 4

PAO8

Li-12-hydroxystearate

22.0 286 ± 4 2
KR-008 10.0 281 ± 7 2
KR-008 11.0 247 ± 1 3

PAG 11.0 306 ± 5 1/2
PAG 15.0 271 ± 12 2

PAO8 22.0 227 ± 9 3
KR-008 Ca-12-hydroxystearate 11.0 244 ± 1 3

PAG 11.0 231 ± 5 3
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Table A1. Cont.

Base Oil Thickener wthickener/wt% PW/0.1 mm NLGI Class

EO Li-12-hydroxystearate

0.5 n.a. n.a.
1.0 n.a. n.a.
2.0 n.a. n.a.
3.0 n.a. n.a.
5.0 n.a. n.a.
8.0 n.a. n.a.

11.0 442 ± 6 000/00
13.0 361 ± 5 0
15.8 272 ± 5 2
18.0 252 ± 1 2/3
20.0 183 ± 10 4

EO Ca-12-hydroxystearate

0.5 n.a. n.a.
1.0 n.a. n.a.
2.0 n.a. n.a.
3.0 n.a. n.a.
5.0 n.a. n.a.
7.0 438 ± 12 000/00
8.0 437 ± 8 000/00
9.0 434 ± 8 000/00

10.0 316 ± 3 1
11.0 254 ± 2 2/3
12.0 242 ± 4 3
13.0 253 ± 5 2/3

n.a.: not applicable

Figure A1. (a) Complex viscosity |η*| as a function of the temperature of the lubricating grease made
from the base oil KR-008 with 10 wt.% Li-12-hydroxystearate as a thickener (KR-008-10), measured
in oscillatory shear with the deformation γ = 0.05%, angular frequency ω = 10 rad s−1 and cooling
rate of −10 K min−1. Lines are to guide the eye. (b) Specific heat flow

.
q of the KR-008-10 grease at a

heating rate of 10 K min−1. The grease shows a glass transition temperature TG at −74.5 ± 0.4 ◦C,
marked by a solid line. The dashed line marks the pour point for the base oil KR-008 of −54 ◦C.
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Figure A2. (a) Complex viscosity |η*| as a function of temperature of the lubricating grease made
from the base oil PAG with 11 wt.% Li-12-hydroxystearate as a thickener (PAG-11), measured in
oscillatory shear with the deformation γ = 0.05%, angular frequency ω = 10 rad s−1 and cooling rate
of −10 K min−1. Lines are to guide the eye. (b) Specific heat flow

.
q of the PAG-10 grease at a heating

rate of 10 K min−1. The grease shows a glass transition temperature TG at −77 ± 0.2 ◦C, marked by a
solid line. The dashed line marks the pour point for the base oil PAG of −51 ◦C.
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Abstract: The tribological behavior of novel 7.5 wt% carbon nanotube-based lubricant greases in
PAO (polyalphaolefin) oil with and without 1.0 wt% MoS2, together with several other commercial
greases such as calcium, lithium, were studied. The test results showed a marked reduction of
frictional coefficient achieved by the CNTs based grease samples with an average benefit of around
30% compared to conventional greases. The steady state test under 1.00 GPa average contact pressure
in a mixed lubrication regime and the fretting test showed the best results in terms of friction
reduction obtained by CNTs greases. Steady state tests at higher average contact pressure of 1.67 GPa
proved to have a lower friction coefficient for CNTs grease containing MoS2; otherwise CNTs grease
without MoS2 showed an average value of CoF comparable to calcium and lithium greases, both in
a boundary and a mixed regime. The protection against wear, a considerable decrease (−60%) of
reference parameter was measured with CNTs grease with MoS2 (NLGI 2) in comparison with the
worst conventional grease and −22% in comparison with the best conventional grease. The data
indicated that our novel carbon nanotube greases show superior tribological properties and will have
promising applications in the corresponding industry.

Keywords: grease; PAO; CNTs; wear; coefficient of friction; tribological behavior; fretting; sliding

1. Introduction

Most of the failures and energy losses of mechanical systems are due to friction and
wear, so lubrication could be considered one of the most effective ways to reduce surface
damage and energy dissipations. Lubricants decrease wear and friction in mutual contacts
between coupled surfaces. Several types of additives in lubricants (e.g., Extreme pressure
(EP), antiwear (AW), Frequency-modulation (FM)) yield specific requirements for good
lubrication. The previous research proved that lubricants’ tribological properties have
been improved using nanoparticles as a new additive [1]. Nanoadditives enhance the
lubricating characteristics due to the tiny particles’ size and morphology that can fill the
surface asperities and realize the lubrication mechanisms (i.e., rolling effect, mending effect,
polishing effect, protective film formation [1,2]). Research has focused on several typologies
of nanomaterials, such as chalcogenides, metal oxides, and carbon-based additives in oil or
grease [3–9]. For instance, experimental research has proved that metal oxides added to
lithium grease can significantly improve the lubricants’ tribological behavior. As reported
in [10], the lubricating properties of grease specimens with different concentrations of
Al2O3 nanoparticles have been investigated using a pin-on disc apparatus. Results have
shown a reduction of COF and wear scar width by approximately 57.9% and 47.5%,
respectively. Moreover, research has been carried out on the effects of agglomeration of
selected nanoparticles, such as zirconia, within a lithium grease [11]. Experimental analysis
on friction properties has proved the addition of 1 wt% ZrO2 nanoparticles to pure lithium
grease can decrease the friction coefficient to 50%. Nevertheless, the agglomeration of
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ZrO2 nanoparticles in the lithium grease can increase the friction coefficient by two times
compared to that for the pure grease. Applying nanomaterials and nanotechnology in
lubrication has also become increasingly popular to achieve green manufacturing and
its sustainable development. To this end, water-based nanolubricants are emerging as
promising alternatives to the traditional oil-based lubricants [12].

As nanomaterials are of growing interest for lubricating systems, more and more atten-
tion has been given to carbon nanotubes (CNTs). Their tubular structure exhibits excellent
mechanical characteristics (i.e., high tensile strength, high elastic modulus [13,14], high
thermal and electrical conductivity [15–18]) and good lubrication properties, enhancing
wear and coefficient Friction (CoF) reduction [19].

In the last few years, the use of carbon nanotubes as additives in lubricating oil/grease
has increased, and many research studies have proved that CNTs, with the single-wall
(SWCNT) or multi-wall (MWCNT) structure, can improve the tribological performances
of the lubricant significantly, compared to a traditional one. For instance, the tribological
behavior of Co-based single wall carbon nanotubes has been investigated as an antiwear
and extreme pressure additive to SAE base oil. Friction and wear have been evaluated, and
it has been found that the SWCNTs are more efficient than the commercial oil additives;
tests proved the decreasing of the friction coefficient, using only 0.5 wt% carbon nanotubes
to the base oil [20]. Different concentrations of multi-wall carbon nanotubes have been
added as additives to two mineral oils; the samples were tested for their antiwear, load
carrying capacity, and friction coefficients. The experimental results have shown that the
addition of MWCNTs to base oils exhibited good friction reduction and antiwear properties:
wear and friction have decreased by −68%/−39% and −57%/−49%, respectively, in the
case of MWCNTs-based mineral oils compared with the two reference mineral oils [21].

A weighted percentage of 1 wt% of carbon nanotubes in a traditional lithium-based
grease can improve EP properties, load-carrying capacity, AW, and friction performances [22].
Moreover, the CNTs concentration affects the lubricant’s tribological characteristics, as
shown in [23], whereas the different percentage of nanoparticles has been added to a
common calcium-based grease. Carbon nanotubes have been added together with other
nanoparticles in a calcium grease, and improvements have been observed not only in
reduced wear and friction but also in other important characteristics of a lubricant grease,
such as shear stress, apparent viscosity, drop point, and thermal conductivity [24–26].

CNTs have been used with different nanoparticles and materials to improve the tribo-
logical behavior of lubricants [27–29]. Wang et al. coated the surface of carbon nanotubes
with a uniform copper nanoparticle. This successful coating for the nanocomposite was
achieved through the modification of the CNTs surface with spontaneous polydopamine
(PDA). The friction and wear were reduced by 33.5% and 23.7% when 0.2 wt% of the
prepared nanocomposite was used. The improvement in the lubrication properties was at-
tributed to uniform coating and the formation of transfer films on the rubbing surfaces [30].
Akbarpour et al. studied the wear and friction of a composite made of MWNTs, copper,
and SiC. The result revealed that 2 vol% of SiC and 4 vol% CNT and Copper had the
highest wear resistance and a lower friction coefficient [31]. Song et al. used the chemical
vapor deposition technique to grow several layers of MoS2 on the surface of the carbon
nanotubes. The CNTs were oxidized by acids to prepare strongly oxidized CNTs (SOCNTs).
0.02 wt% of SOCNTs with dibutyl phthalate (DBP) achieved a reduction in the friction
coefficient and wear scar diameter by 57.93% and 19.08%, respectively [32].

According to the ASTM D288, the definition of lubricating grease is “a solid to a
semi-fluid product of a thickening agent in a liquid lubricant. Other ingredients imparting
special properties may be included” [33]. The thickener agent gives a solid to semi-fluid
structure to the lubricant grease and affects many of its main properties. Recently, a new
class of nanogrease has been defined using carbon nanotubes as a thickener phase in
the lubricant. SWCNTs and MWCNTs have been added into the polyalphaolefin (PAO)
oils to form stable and homogeneous CNT grease with potential heat transfer, conduc-
tive, and lubricative properties. The rheological investigation of these CNT greases has
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provided information concerning the formation of a stable tridimensional structure and
particle-particle interactions of CNT suspensions, explaining its excellent lubricating perfor-
mances [34]. The characterizations of four selected CNT greases have shown high dropping
temperatures, very low oil leaking percentages even at high temperatures, and a substantial
increase in thermal and electrical conductivities [35]. Experimental tests have been carried
out to investigate the enhancing tribological properties of CNT grease compared to the
base oil grease. It has been showing that CNTs play a more significant part in lubrication,
which greatly improves the lubricating effect on wear and friction [36–39].

In this research, CNTs, single-wall and multi-wall (SWCNTs and MWCNTs) have been
added separately into polyalphaolefin oils (DURASYN_166), with and without MoS2, to
form stable and homogeneous CNT greases. The tribological behavior has been investi-
gated in steady-state and fretting sliding conditions, and performance comparisons have
been conducted with commercial calcium and lithium greases.

2. Experimental Section

2.1. Materials

SWCNTs and MWCNTs were purchased from Carbon Nanotechnologies Incorpora-
tion (CNI, Houston, TX, USA now Unidym Inc). Carbon nanotubes were used as received
with no further purification or functionalization. SWCNTs are of average diameter 1.4 nm
and are found in “ropes” which are typically *20 nm in diameter or *50 tubes per rope
with lengths of 0.5–40 microns. Thermal conductivity is around 35 W/mK at room tem-
perature. No electrical conductivity data are available. The sample purity is 70–90 vol%.
There are 10–25 vol% carbon black and <5 vol% residual catalyst metal impurities in the
samples. For MWCNTs, the diameter is around 20–40 nm, and the standard length is
around 0.5–40 microns. No thermal and electrical conductivity data are available. The
sample purity is around 90 vol%. There are <10 vol% carbon black (amorphous carbon)
and a small amount (<0.5 vol%) of catalyst metal impurities in the samples. DURASYN
166 is a commercial polyalphaolefin oil product purchased from Chemcentral (Chicago, IL,
USA). MoS2 nanoparticles were purchased from Sigma Aldrich (St. Louis, MO, USA). Since
traditional calcium and lithium greases are commonly employed in industrial lubrication,
they were chosen in order to set a comparison to the tribological performance of CNTs
grease. Commercial samples of Eurogrease I.G. NLGI 2 calcium based, Eurogrease C.M.3
NLGI 3 lithium based and Eurogrease G.O. NLGI 2 lithium based with MoS2 additives
from Rilub SpA (Ottaviano, Italy) were used as reference.

2.2. Grease Fabrication

Sonication was performed using a Branson Digital Sonifier, model 450. A three-roll
mill by Ross Engineering Inc. (Savannah, GA, USA) was used to incorporate the CNTs
to make the stable and well-dispersed greases. The carbon nanotube greases were made
by adding a calculated amount of nanotubes (single-wall or multi-wall) into a beaker that
contained an appropriate amount of oil (e.g., DURASYN 166, Polyalphaolefin). 5 wt%
MoS2 was added to carbon nanotube grease to see how the additive would influence the
physical property. In this paper, we use two greases: singe-wall carbon nanotube (SWCNTs)
grease and multi-wall carbon nanotube (MWCNTs) grease with MoS2. The experimental
procedure to make nano grease is as follows: first, the fluids were sonicated 5–10 times,
each time 1–2 min. Second, the fluids were poured into a three-roll mill, repeated 5–8 times.
Finally, black, stable, and well-dispersed greases were manufactured and collected.

2.3. Tribological Characterization

The tribological test rig for exploring nano additives’ effectiveness is the Wazau TRM
100 (Dr.-Ing. Georg Wazau Meß Prüfsysteme GmbH, Berlin, Germany) with the ball-on-
rotational disc setup as in the drawing in Figure 1. The selected mating materials are:
(ball) steel X45Cr13, hardness: HRC 52-54, diameter: 8 mm, mean surface roughness:

21



Lubricants 2021, 9, 107

0.2 μm; (disc) steel X155CrVMo12-1, hardness: HRC 60, diameter: 105 mm, mean surface
roughness: 0.5 μm.

Figure 1. Ball on disk setup and rotational tribometer.

The tribological tests were carried out to investigate two different lubrication regimes
and fretting operating conditions. A normal load level of 20 or 95 N was applied to attain
an average hertzian contact pressure around 1.00 and 1.67 GPa, respectively. The average
grease temperature was kept constant at room temperature in each test. The relative motion
between the steel ball and the disc was pure sliding at two-speed levels: 5 and 500 mm/s.
According to previous results for the same tribopair geometry, average contact pressure,
temperature, the boundary lubrication regimes, and the mixed lubrication superposition
of the boundary, and elastohydrodynamic lubrication (EHL) regimes were covered. The
fretting test was designed by applying an alternate rotating motion to the disk to cover a
75◦ angle with 2 Hz as the frequency.

Both the ball and the disk were pre-cleaned, and the grease was then evenly pasted
on the disk sliding pathway by forming a layer with 2 mm thickness. The test length was
60 min in steady-state condition and 120 min for fretting. Thus, the actual sliding distance
was 18 and 1800 m for the speed of 5 and 500 mm/s, respectively. The sliding distance was
1131 m for the fretting portion/phase of testing.

The friction coefficient has been indirectly measured in real-time using a torque sensor
located under the ball holder plate. After each tribotest, the wear damage circle on the top
of the worn steel ball was offline measured through a 3D confocal microscopy.

3. Results and Discussion

3.1. Tribological Results

The results of the frictional tests were performed under the operating conditions de-
scribed above in Section 2.3. In both, the investigated lubrication regimes are summarized
in Table 1. Tests were also performed to analyze the behavior of the lubricating grease
samples for the wear damage of the steel ball surface. In particular, the worn surface
of the steel ball was analyzed using a 3D confocal microscope to measure the wear scar
diameter (WSD). According to the ISO/IEC Guide 98-3:2008, the expanded uncertainty
of the frictional data and WSD measurements are 5.0 × 10−3 and 1 μm, respectively, by
assuming the coverage factor k = 2.

The high frequency acquired frictional data were processed through a rolling mean to
filter out spike values and typical oscillations of such measurements.

The steady-state test at 5 mm/s of sliding speed and initial average hertzian pressure
equal to 1.00 GPa provided the graphs collected in Figure 2. The graphs show CoF values
in a narrow range of 0.12–0.14, with high similarities between Calcium soap, Lithium
soap, and CNT-based grease (0.13 as average). The two remaining samples, i.e., Lithium
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soap with MoS2 and CNTs with MoS2 provided lightly higher CoF. This outcome confirms
the effectiveness of MoS2 as an additive in oil and lubricant grease in extreme–pressure
conditions, tougher than non-critical conditions as from this test.

Figure 2. Friction coefficient in boundary regime under 1.00 GPa average contact pressure.

In Figure 3, the increasing value of sliding speed (500 mm/s) results in a marked
difference in the steady-state value of the friction coefficient. Except for the Calcium soap
grease, showing high CoF variability in the first 25 min of the test, all the samples reach
their asymptotic value quickly. The former result is not unexpected as the Calcium soap
grease with NLGI grade 2 does not bear sliding condition with speed as high as 500 mm/s;
the latter behavior underlines a good reduction achieved by the CNTs based samples with
CoF in the range 0.11–0.12 with a reduction up to −35% compared to conventional greases
over the second part of the test characterized by stationary behavior.

Figure 3. Friction coefficient in mixed regime under 1.00 GPa average contact pressure.

The measurements at a sliding speed of 5 mm/s and initial average hertzian pressure
of 1.67 GPa are shown in Figure 4. In these conditions, the friction coefficient values are in
the range 0.10–0.13, and for this test, the trend of the graphs is relatively constant. Again,
the CoF values are comparable for some samples, such as Lithium soap, Lithium soap with
MoS2 additive, and CNTs based grease. Interesting performances are observable for the
Calcium soap grease and CNTs based grease with MoS2 additive, whose CoFs are around
0.10. This behavior is expected for these tested samples. As previously explained, the
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Calcium based grease allows good tribological behavior in non-critical working condi-
tions, e.g., at low temperatures and low speeds, whereas the properties of molybdenum
bisulphide and carbon nanotubes, combined in the grease sample increase its tribological
characteristics.

Figure 4. Friction coefficient in boundary regime under 1.67 GPa average contact pressure.

Furthermore, all samples exhibited decreased friction coefficient values while increas-
ing normal load, demonstrating good lubricating capacity under high loads and low speeds
in a boundary lubrication regime. As a matter of fact, the friction coefficient showed a
tendency to decrease with increasing contact pressure. According to previous works [3,4],
the shear stress increased less rapidly in proportion to the contact pressure. This leads to a
reduction of the friction coefficient with increasing pressure at a given level of sliding speed.

Among the frictional tests discussed in this paper in a steady-state condition, the
most demanding combination of sliding speed and load is given by the test in a mixed
lubrication regime obtained at 500 mm/s and 1.67 GPa, seen in Figure 5. Once again, it
is worth noting that the trend of the graphs in Figure 5 is nearly constant for all samples,
except for Calcium soap grease with CoF peaks as high as 0.27, as is further confirmed in
the discussion regarding the test at low speed and load, Figure 4.

Figure 5. Friction coefficient in mixed regime under 1.67 GPa average contact pressure.
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The samples of Lithium soap, Lithium soap with MoS2, and CNTs based on the CoF
curves are approximately superimposable, presenting CoF falling in the same range of the
boundary test at 1.67 GPa, 0.12–0.13. In contrast, the CNTs based grease with MoS2 showed
a noticeable reduction in CoF: −28% compared to the three previous samples, by attaining
an outstanding reduction to 0.09.

The last set of graphs collected in Figure 6 includes measurements of frictional be-
havior exhibited by the five grease samples under the characteristic fretting condition by
applying sliding alternate motion to the frictional conjunction with frequency 2 Hz. The
test length was 120 min with a covered sliding distance of 1131 m. In fretting conditions,
unlike the previous ones in which the sliding speed is constant, stability at high speed
is not expected for each CoF graph since the oscillating conditions may require a longer
running-in time for the tribopairs’ steel surfaces as well as the grease thickener structure.
Along with the already exhibited lack of stationarity of the Calcium soap grease, even the
Lithium soap and Lithium soap with MoS2 additive show high variability of CoF over the
whole 2-h test with average values attaining 0.15, 0.13, respectively.

C
oF

 [-
]

Figure 6. Friction coefficient in the fretting test under 1.67 GPa average contact pressure.

The CNTs based greases show lower CoF values, with an average value under 0.09
and a remarkable reduction of −35% with respect to the best performing conventional
grease. Even the amplitude of CoF oscillations in testing CNTs based grease is drastically
reduced by showing enhanced structural stability of the thickener and overall industrial
reliability of the lubricant.

The frictional and wear data also correlate well, resulting in a positive correlation
(0.8 Pearson index), Tables 1 and 2. This outcome is not obvious in such test conditions.
Table 3 underlines the outstanding results achieved by using CNTs based grease with wear
parameter reduction close to −60% in comparison with the worst conventional grease and
−22% in comparison with the best conventional grease.
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Table 1. The average friction coefficient in boundary and mixed regime.

Scheme

Friction
Coefficient in

Boundary Regime [-]

Friction
Coefficient in

Mixed Regime [-]

Contact
Pressure
1.00 GPa

Contact
Pressure
1.67 GPa

Contact
Pressure
1.00 GPa

Contact
Pressure
1.67 GPa

Ca soap grease NLGI 2 0.13 0.11 0.15 0.16
Li soap grease NLGI 3 0.13 0.13 0.14 0.12

Li soap grease with MoS2 NLGI 2 0.14 0.12 0.15 0.13
CNTs grease NLGI 2 0.13 0.12 0.12 0.12

CNTs grease with MoS2 NLGI 2 0.14 0.13 0.11 0.11

Table 2. Wear scar diameter (WSD) in boundary and mixed regime.

Sample

Wear Scar Diameter
(WSD)

in Boundary Regime [μm]

Wear Scar Diameter
(WSD)

in Mixed Regime [μm]

Contact
Pressure
1.00 GPa

Contact
Pressure
1.67 GPa

Contact
Pressure
1.00 GPa

Contact
Pressure
1.67 GPa

Ca soap grease NLGI 2 228 385 407 808
Li soap grease NLGI 3 630 268 358 557

Li soap grease with MoS2 NLGI 2 321 307 398 551
CNTs grease NLGI 2 195 333 260 930

CNTs grease with MoS2 NLGI 2 231 333 300 556

Table 3. The friction coefficient and wear scar diameter in the fretting test.

Sample
Friction

Coefficient in
Fretting Test [-]

Wear Scar Diameter
(WSD)

in Fretting Test [μm]

Ca soap grease NLGI 2 0.16 915
Li soap grease NLGI 3 0.15 547

Li soap grease with MoS2 NLGI 2 0.13 481
CNTs grease NLGI 2 0.08 407

CNTs grease with MoS2 NLGI 2 0.09 374

3.2. Surface Analysis Results

The SEM images were acquired on the worn surfaces of steel ball specimens after the
fretting test. By comparing SEM-XRD spectra collected on the worn surface of the steel
ball specimen after tribological tests with conventional greases and CNTs based grease,
a significant difference in carbon content was found on the steel surface. As shown in
Figure 7, the carbon content on the steel ball’s worn surface after test with Calcium soap
grease is around 15%, and other SEM measurements confirm this on a different portion of
the worn surface.
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(a) (b) 

Figure 7. (a) SEM image of a worn surface ball of steel ball: Calcium soap grease; (b) EDX spectrum: Calcium soap grease.

The same analysis performed on the steel ball’s worn surface post-tribological test
with CNTs based grease shows lower carbon content (around 6–8%), Figure 8. In the same
spectrum, it is worth noting the presence of Molybdenum.

  

(a) (b) 

Figure 8. (a) SEM image of a worn surface ball of steel ball: CNTs based grease with MoS2; (b) EDX spectrum: CNTs based
grease with MoS2.

The well-known literature analysis of the friction reduction mechanism introduced
by nanoparticles as lubricant additives finds in the following list the more convincing
physical explanations: rolling-sliding “rigid” motions together with flexibility properties,
nano additive exfoliation, and material transfer to the metal surface to form the so called
“tribofilm” or “tribolayer”, electronic effects in tribological interfaces, surface roughness
improvement effect or “mending”; along with the more classical hypothesis of surface
sliding on lower shear stress layers due to weak interatomic forces, valid also for micro-
scale additives used for decades. In the case of the samples proposed in this paper, along
with the transfer of nanoparticles from semifluid lubricant to steel mating surfaces, CNTs
used as sole thickener seem to provide to the bulk structure of the grease a marked
stability of the tribological response over the whole spectrum of the performed tests from a
qualitative point of view. From a quantitative point of view, frictional reduction is always
good, the CoF has a marked reduction in fretting conditions. On the other hand, wear
reduction is substantial only in the case of the fretting test and further optimization may be
needed to increase wear protection in a broader range of load/speed combinations. The
outstanding behavior in fretting conditions could be attributed to a more consistent and
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fatigue-resistant performance of CNTs thickener in comparison to conventional greases
based on metallic soap.

4. Conclusions

The tribological behavior of novel carbon nanotube-based lubricant greases in PAO
with and without MoS2 was studied. The test results showed a marked reduction of
frictional coefficient achieved by the CNTs based grease samples with an average benefit
of around −30% compared to conventional greases. The steady state test under 1.00 GPa
average contact pressure in a mixed lubrication regime and the fretting test showed the
best results in terms of friction reduction obtained by CNTs greases. Steady state tests at a
higher average contact pressure of 1.67 GPa proved to have a lower friction coefficient for
CNTs grease containing MoS2; otherwise, CNTs grease without MoS2 showed an average
value of coefficient of friction comparable to commercial calcium and lithium greases, both
in a boundary and a mixed regime. Related to the protection against wear, a considerable
decrease (−60%) of reference parameter WSD has been measured in the fretting tests with
CNTs grease with MoS2 (NLGI 2) in comparison with the worst conventional grease and
−22% in comparison with the best conventional grease. The wear protection increase
offered by novel greases was not relevant in the steady state test and further investigations
aimed at optimizing such a behavior should be developed. The overall results indicated
that the novel carbon nanotube greases show superior tribological properties and will have
promising applications in the corresponding industry.
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Abstract: One commonly used lubricant in rolling bearings is grease, which consists of base oil, thick-
ener and small amounts of additives. Commercial greases are mostly produced from petrochemical
base oil and thickener. Recently, the development of base oils from renewable resources have been
significantly focused on in the lubricant industry. However, to produce an entirely bio-based grease,
the thickener must also be produced from renewable materials. Therefore, this work presents the
design and evaluation of three different bio-based polymer thickener systems. Tribological tests
are performed to characterize lubrication properties of developed bio-based greases. The effect of
thickener type on film thickness and friction behavior of the produced bio-based greases is evaluated
on a ball-on-disc tribometer. Moreover, the results are compared to a commercial petrochemical
grease chosen as benchmark.

Keywords: bio-based grease; grease lubrication; film thickness; friction measurements; polyurea thick-
ener

1. Introduction

Lubricant industry develops and produces lubricating oils and greases for the lubri-
cation of machine elements such as rolling bearings. Lubricants are essential to reduce
friction and thus energy consumption on the one hand, and to prevent premature failure
of machine elements due to wear. Lubricants also play an important role in damping
the vibrations in bearings and decreasing the dissipated energy by decreasing the friction
coefficient in the contact. Most lubricants available on the market today are still produced
petrochemically, i.e., on the basis of fossil raw materials. With considering the expected
shortage of fossil raw materials and the associated increase in the cost of products based on
fossil raw materials, the industry is increasingly focusing on products made from renew-
able raw materials and the necessary adapted manufacturing processes [1,2]. Furthermore,
in Germany, approximately 50% of the mineral oil-based lubricants used are released, each
year, to the environment as a result of leakage or accidents, which causes environmental
pollution due to chemical materials [3]. The first step toward developing biodegradable
lubricants is to design sustainable lubricants, which are made of bio-based materials as an
alternative to chemical resources [1].

Bio-based lubricants, such as ester or castor oil, are already available on market, which
can be applied as an alternative to mineral oils [4]. In a recent study a bio lubricant is
applied in a journal bearing and the friction behavior is compared to a mineral and a
synthetic oil. It was found that, the bio lubricant showed lower friction compared to the
mineral lubricant, however the synthetic oil showed the lowest friction [5]. In particular,
there has been a focus on vegetable oils, such as palm oil and sunflower oil., to find a
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suitable bio-based lubricant. Vegetable oils in comparison with mineral oils are renewable,
easy to obtain, environmentally friendly, economically cheaper and hence, sustainable [6].
There was also a suggestion for application of bio lubricants based on soybean oil improved
by epoxy compounds, shown in [7].

Usually, a bearing grease is based on around 70 to 97% of base oil, up to 10% of
additives and around 3 to 30 wt.% [8]. According to literature, it is accepted to call a
material biogenic or bio-based if it is biodegradable or it is produced partly or completely
from renewable raw materials, as defined in [9]. The thickener system can be either
based on lithium soaps of fatty acids or petrochemical based oligomers or polymers
such as polyureas. Although, bio-based lubricants can be an alternative to commercial
petrochemical greases [10], they still need to be developed and a reliable application
must be approved. Regarding data from Agency for Renewable Resources (Fachagentur
Nachwachsende Rohstoffe e.V.-FNR) the available greases on market are maximum 85%
bio-based, since the thickener system is normally not bio-based. To develop a full bio-based
grease, base oil and thickener system must be made from renewable materials. Recently,
there has been some works on the development of a complete bio-based greases. The results
demonstrated in [11] reveal, that a cellulose pulp from the Eucalyptus Globulus plant was
obtained as the raw material to produce a thickener system for a bio-based grease. The
cellulose pulp was also optimized in another study as a suggestion for bio-based thickener
production [12]. Moreover, in [13] it was shown that bio-based greases were developed
based on castor oil and high-oleic sunflower oil with cellulose fibers as thickener. In
other studies, friction coefficients of developed bio-based greases were comparable to the
petrochemical greases [14–16]. Even the wear in bearing with application of bio-based
greases were shown to be lower than petrochemical greases in [17]. Although, some bio-
based greases have been proposed recently, it becomes more and more difficult to consider
economic limits and ecological goals at the concurrently Therefore, new suggestions for bio-
based greases are always needed [18]. An alternative for producing bio-based thickeners is
to develop polymer-based thickeners, such as polyurea, from sustainable materials, due to
their high abilities compared to raw materials. If the thickener system is a lithium soap of
conventional high molecular weight fatty acids, it represents a bio-based thickener. The
main differences between biogenically thickeners to non-biogenic thickeners is the origin
of the raw materials.

Promising bio-based feedstocks for the production of lubricating greases include
1,5-pentamethylene diisocyanate (PDI) [19], 2,5-bisaminomethylenefuran (BAMF), 1,5-
pentamethylene diamine (PDA) and 4,4′-diaminodiphenylmethane (MDA). PDA can al-
ready be obtained from glucose as reported in [20] and can be reacted with phosgene to
give PDI. In this way, PDI with a biocarbon content of up to 70% can be obtained. BAMF
can also be synthesized on the basis of glucose [21]. Hydroxymethylfurfural (5-HMF) is
first obtained as the base chemical and converted to BAMF in several steps. At the present
time, MDA cannot yet be produced bio-based on a large scale. However, MDA is produced
on the basis of aniline, the sustainable production of which is already being worked on [22].
Thus, a substitution by bio-MDA is foreseeable in the near future.

Therefore, in this study we present the synthesis of bio-based polyurea thickener
systems as well as the production method and chemical characterization of bio-based
greases. Moreover, the focus of this study is to elucidate the tribological performance of the
produced bio-based greases in comparison to a petrochemical reference grease. To evaluate
the tribological performance, the results of film thickness and friction measurements on a
ball on disc tribometer are discussed.

2. Lubricants and Methods

In the following the method of development and production of the bio-based greases
are explained. Then to characterize the produced bio-based greases, methods of qualifica-
tions regarding tribological characteristics of the bio-based greases are explained.
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2.1. Bio-Based Grease Development and Production

To produce the polyurea thickener systems, an in-situ polymerization of the monomers
in castor oil was carried out. The reaction follows the mechanism of a polyaddition reaction.
Three polyureas were prepared based on pentamethylene diisiocyanate (PDI) that was
reacted with one of the diamines (a–c) (Scheme 1). As reaction vessel an ULTRA TURRAX®

Tube Drive with ST-20 mixing vessel was used. The monomers were heated to melt and
mixed in the oil at 100 ◦C. The PDI was added to the reaction mixture as the last component
under stirring. After the addition of all components was completed, stirring was continued
for another 2 min. A gel-like structure was typically formed within 10 s. The reaction
progress was controlled by FTIR spectroscopy (Bruker Tensor 27, Berlin, Germany) shown
in Figure 1. If the conversion was incomplete after two minutes and isocyanate bands
were still detectable with the C-N band at 2270 cm−1, more stearyl amine was added to the
reaction mixture until the C-N band completely disappeared. All three thickeners have a
weight share of 15% of the grease. After cooling, the lubricating greases were homogenized
by means of a three-roll mill.

Scheme 1. Reaction scheme of polyurea grease production with all components.

For all three polyurea systems the same monomer ratio was chosen, i.e., diiso-
cyanate:diamine:monoamine was 1:0.75:0.25. This results in a degree of polymerization of 9
for the chain length of the polymer thickeners. The theoretical chain length was calculated
using the CAROTHERS equation [23].

Figure 1. IR-spectroscopy of all three bio-based greases. Bio-based grease 1: PDI-BAMF (orange),
bio-based grease 2: PDI-PDA (red) and bio-based grease 3: PDI-MDA (blue).

The successful production of the desired polymeric thickener structures was verified
by 1H-NMR spectroscopy (Bruker DPX-400, Berlin, Germany). First, the respective grease
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was extracted with ethyl acetate in a Soxhlet extractor for three hours. The solid residue
was dried under reduced pressure and the thickeners were obtained as yellow powder.
Since polyureas are nearly insoluble in organic solvents, the powder was dissolved in
concentrated sulfuric acid (98%). To determine the chemical shift δ, a capillary with
deuterium oxide phase-separated was used as reference in 1H-NMR spectroscopy.

Using the bio-based grease 1 (PDI-BAMF system) as an example, the analysis of the
1H-NMR spectrum is shown below. Using the 1H-NMR spectrum of the bio-based grease 1
thickener (Figure 2) the successful synthesis of the chemical structure can be confirmed.
With 1H-NMR the real number of protons for a structure can be determined, if the amount
for one signal is exactly known. As can be seen from Figure 2 with exception of the protons
(5) between the urea group and the furan ring, all protons are visible in the spectrum. These
protons are overlaid by the signal of the reference D2O. Since the FTIR spectra (Figure 1)
showed that no C-N band is present anymore in the greases, a complete reaction with
the termination reagent stearyl amine can be assumed. Thus, there are two alkyl end
groups per polymer chain and the protons of the methyl end group (1) can be seen at
0.66 ppm. Since this signal is baseline separated it can be used as an internal reference
for the integration of all signals of the spectrum and refers to six protons per polymer
chain, due to the fact that each methyl end group has three protons. This makes it possible
to determine the exact number of protons for the other signals in the spectrum. For this
purpose, the integral of the methyl group protons (1) is set to six. The protons of the CH2
groups of the alkyl chains (4) in the immediate vicinity of the urea groups also give a
baseline separated signal. Therefore, this integral allows an exact determination of the
number of repeating units within the polymer chain. For the PDI-BAMF system, four
protons must therefore be subtracted from the integral (4), since they belong to the end
group. This results in 36 protons. Since there are four protons for (4) per repeat unit, this
value is divided by four. This results in an average repeat unit of nine for the polymer
chains of the PDI-BAMF thickener. The experimentally determined value of the mean
repeating units were in good agreement with the previously calculated using the Carothers
equation [23].

Figure 2. 1H-NMR spectrum of the PDI-BAMF thickener (bio-based grease 1).

Furthermore, the relative flow limit of the three lubricating grease systems was inves-
tigated by using an MCR 302 rheometer (Anton Paar, Ostfildern, Germany). Oscillation
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measurements according to DIN 51810-2 at 25 ◦C were performed. A plate-plate system
with a geometry diameter of 25 mm was used. Forty-one data points were recorded for
a shear deformation between 0.01 and 100%. The measurements were performed at a
constant angular frequency of 1.59 Hz and a constant gap size of 1.000 mm. The flow limit
was determined by the intersection of the logarithmically plotted curves from the storage
and loss modulus. It was shown that castor oil is a suitable candidate regarding stability of
produced grease and tribological characteristics such as friction coefficient [13,14,24]. Thus,
castor oil was chosen as the base oil to produce the bio-based greases.

2.2. Qualification of Bio-Based Greases

The thickener systems and the stable bio-based greases were synthesized at TU Dort-
mund. The produced bio-based greases and grease properties are listed in Table 1. All
bio-based greases had NLGI-class 2 as the result of investigations on penetration depth
given in Table A3 in Appendix A. Furthermore, a petrochemical grease is also used for
comparison the bio-based greases, which is also listed in Table 1.

Table 1. Summary of the bio-based greases and tested lubricants. PAO = polyalphaolefine.

Grease Base Oil Thickener
Base Oil Kinematic
Viscosity at 40 ◦C

Bio-based 1 Castor oil (a) PDI-BAMF 254 mm2/s
Bio-based 2 Castor oil (b) PDI-MDA 254 mm2/s
Bio-based 3 Castor oil (c) PDI-PDA 254 mm2/s

Berutox FH 28 EPK 2 PAO Polyurea 220 mm2/s

Tribological tests were performed at the Institute for Machine Elements and Systems
Engineering (MSE) of RWTH Aachen University to characterize the greases. For this
purpose, the film thickness in the EHD contact was measured on a steel ball-on-glass disc
EHD2-Tribometer from PCS Instruments as shown in Figure 3. A polished steel ball with a
diameter of 19.05 mm was pushed against a glass disc with 47 N. The resulting Hertzian
pressure was aimed to be 700 MPa and the temperature during the measurements was set
to 40 ◦C. The film thickness measurements were conducted based on the interferometry
concept, which is described in [25]. This method of measurements was also used in the
literature [26]. Film thickness measurements were performed under pure rolling conditions,
where the sliding effects were not present in the contact.

Figure 3. EHD2-ball-disc tribometer of PCS Instruments.

As preparation for the film thickness measurements, the grease was distributed on
the disc with a grease film height of approximately 0.1 mm using a grease distributer
following the measurement procedure described in previous work by the authors [27].
Before the actual measurement, the grease was uniformly distributed on the rolling track
in the contact area by applying a 15 min running-in phase at a constant rolling speed of
30 mm/s. During the film thickness measurement, the rolling speed was continuously
increased from 4 mm/s to 1000 mm/s in approximately 45 min. For oils, the relation of
film thickness over rolling speeds is known to be linear in double logarithmic diagrams [8].
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Therefore, to compare the film thickness of greases over rolling speed to base oil, the film
thickness was measured six times at 61 logarithmically distributed rolling speeds under
pure rolling condition, i.e., slide-to-roll-ratio (SRR) of 0%.

As the next characterization method, developed bio-based greases were tested by
mean of friction losses in the EHD contact. In order to do so, the friction measurements
were conducted using the EHD2-ball-on-disc tribometer. In contrast to the film thick-
ness measurements, the steel ball was pressed against a polished steel disc and a torque
transducer measured the traction forces acting on the ball. The friction coefficients were
calculated by dividing the traction forces by the normal forces given to the ball. The
schematic representation of this procedure is shown in Figure 4.

Figure 4. Schematic of the steel ball on steel disc friction measurements on EHD2 tribometer.

The material and roughness properties of the glass disc and steel disc and steel balls
for measurements are listed in the Table 2.

Table 2. Table of tribometer disc and ball material properties.

Property Glass-Disc Steel-Disc Steel-Ball

Modulus of Elasticity 75 GPa 207 GPa 207 GPa
Poisson Ratio 0.21 0.29 0.29

Surface Roughness (Rq) 0.8 nm 4.7 nm 6.1 nm [28]

The lubricant conditions in the rolling contacts can be determined based on the
definition of lambda ratio as in [29,30]:

λ = h0/
√(

R2
q,1 + R2

q,2

)
(1)

where h0 is the film thickness and Rq is root-mean-square roughness of contact bodies.
According to [29,30], for values of higher than 3 for lambda, fluid regime and sepa-

ration of both contact bodies is expected. Knowing the roughness of glass disc and steel
ball from Table 2, corresponding film thickness value of lambda 3 was calculated equal to
18 nm. Analog to steel all and glass disc, corresponding film thickness of steel ball and steel
disc can be calculated as 23 nm. The values show very small film thickness corresponding
to lambda = 3. Therefore, it was assumed that no mixed lubrication regime occurs during
the film thickness and friction measurements for the whole rolling speed range.

A relative speed between ball and disc was set to induce friction in the contact for
friction measurements. Therefore, an SRR of 15% was adjusted. The greases are evenly
distributed on the steel disc. Then, a running in phase was set before the actual friction
measurement in analogy to the film thickness measurements. The EHD contact pressure for
film thickness measurements was also 700 MPa and 40 ◦C. For each grease, both positive
and negative SRR values were measured. This means that both scenarios of faster ball
rotation than the disc and vice versa were measured. For each of the positive and negative
SRR values, three independent measurements have been performed. In each test the rolling
speed was increased from 15 mm/s to 1000 mm/s. The results were averaged to represent
the trend of friction coefficient dependent on rolling speed.

36



Lubricants 2021, 9, 80

3. Results and Discussion

In this section, three subsections are defined to demonstrate the results of characteri-
zation of bio-based greases. First, chemical characterization of the greases after production
in labor is included. In the second subsection, results of film thickness measurements
are explained. The three bio-based greases and the reference grease were compared and
evaluated regarding the film formation capability and the occurrence of starvation. In the
third subsection, the friction coefficients of the different greases were evaluated dependent
on rolling speeds.

3.1. Chemical Characterisation

Through the knowledge of the exact chemical structure of the thickeners, it is possible
to determine the proportion of bio-based carbons for all three thickener systems (Table 3).
The castor oil used was completely bio-based and accounts for 85 weight percent of the
total grease. The remaining 15 weight percent was thickener, as no additives were used.
The PDI used has a bio-carbon content of 70%. The BAMF and PDA used were bio-based.
Stearyl amine and MDA were used as petrochemical products. For the bio-based grease 1
thickener (PDI-BAMF), this resulted in a value of 64% bio-based carbon. Taking the weight
percentages into account, the total value was 95% bio-based carbon. Similarly, for the
bio-based grease 3 thickener (PDI-PDA), this resulted in a value of 62 percent bio-based
carbon for the thickener and a total value of 94% bio-based carbon by weight for the system.
For the bio-based grease 2 thickener (PDI-MDA), only 20% bio-based carbon was obtained
for the thickener which results in 88% bio-based carbon by weight. In all three systems, the
maximum proportion of bio-based carbon can thus be increased by at least 3%, and in the
best case by as much as 10%, compared commercially available systems that are currently
used.

Table 3. Overview of all analytical data of the three thickener systems.

Grease Thickener
Repeating

Units
Amount of

Bio-Based C [%]
Flow Limit

[%]
Dropping
Point [◦C]

Bio-based 1 (a) PDI-BAMF 9 95 16 226
Bio-based 2 (b) PDI-MDA 9 94 5 193
Bio-based 3 (c) PDI-PDA 9 88 25 252

A flow limit of 16% was determined for the bio-based grease 1. Bio-based grease 3 had
a flow limit of 25% shear deformation, which was the highest value of the three systems.
Bio-based grease 2 showed the lowest value with a flow limit of only 5% (Figure 5). The
flow limit of the bio-based greases can be correlated with the chemical structure of their
thickeners. Both bio-based grease 1 and 2 contain aromatic thickener systems. The presence
of aromatics in the polymer backbone results in a reduction of the chain mobility and
stiffening of the polymer chain that may also facilitate π-π-stacking between different
chains [31]. The chain stiffening increases even further for the PDI-MDA system, hence
the lowest yield point is expected here. The bio-based grease 3 does not contain aromatics
in the polymer backbone of the thickener and thus has the highest chain mobility. This
allowed the system to withstand shear stress from the geometry for longer, resulting in
a higher flow limit. The correlation of chain mobility as a function of polymer backbone
has already been observed in rheology for other applications [32] and is in agreement with
the literature.

Additionally, the dropping points of all systems were determined (Table 3). For the
bio-based grease 1 a dropping point of 226 ◦C could be determined. The bio-based grease 3
had a dropping point of 252 ◦C. For the bio-based grease 2 a dropping point of 193 ◦C was
determined. Class 2 was determined for the NLGI class of all three systems.
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Figure 5. Flow limit determination for bio-based grease 1 (purple), bio-based grease 2 (green) and
bio-based grease 3 (blue).

3.2. Film Thickness Measurements

In the first set of tribological characterization we measured the film thickness on
ball-on-disc tribometer by varying the rolling speed to identify the onset of starvation for
each grease. The results of film thickness measurements are shown in Figure 6.

As a reference, film thickness measurement of castor base oil with a measured kine-
matic viscosity of 254 mm2/s at 40 ◦C is also shown. As stated before, three measurements
were averaged to represent the trend of film thickness dependent on rolling speed. The
aim of the development of bio-based greases was to identify the bio-based thickener and
base oil combinations, which can be used in industry instead of potentially harmful petro-
chemical based greases and thus reduce harmful environmental influences. Therefore, a
petrochemical reference grease was also used to carry out film thickness measurements in
comparison to the bio-based greases.

As shown in the upper left diagram in Figure 6, up to the speed of 100 mm/s, film
thickness of bio-based grease 1 was higher than base oil. This is caused by thickener effects,
as already described in [33–36]. From a rolling speed of 100 mm/s, film thickness increases
with further increasing rolling speed, similar to base oil behavior. This effect was the
hydrodynamic film formation which mainly depends on the rolling speed and base oil
viscosity. In the speed range between 100 mm/s to 1000 mm/s, the base oil dominates the
film formation, and thickener effects, assumingly, play a minor role [37]. In slower speeds,
up to 100 mm/s, it was shown that bio-based grease 1 had the same film thickness as the
reference grease. From 100 mm/s, it was shown that the bio-based grease even higher
film thickness than the reference grease, and with increasing the speed the film thickness
difference also increases. The hydrodynamic behavior was not captured in reference grease.
In upper right diagram in Figure 6, the film thickness of bio-based grease 2 was smaller
than base oil curve up to 20 mm/s. The hydrodynamic behavior of bio-based grease 2
ranges from 20 mm/s to 150 mm/s. Above that speed, the film thickness decreases with
increasing rolling speed. This may happen due to an insufficient amount of lubricant
replenishment in contact [8]. As presented in lower left diagram in Figure 6, hydrodynamic
behavior of bio-based grease 3 starts at 20 mm/s and no decrease below the base oil curve
can be detected.

In the lower right diagram in Figure 6, three bio-based greases are compared. It can be
seen that the bio-based grease 2 shows the smallest film thickness up to 70 mm/s among
all bio-based greases. Probably, the effect of thickener in bio-based grease 2 was the least
distinctive. Up to 70 mm/s, bio-based grease 1 shows around 100 to 300 nm higher film
thickness compared to bio-based grease 3. Thus, bio-based greases 1 and 3 with thickener
systems PDI-BAMF and PDI-PDA show a tendency to form higher separating films over
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the tested range of rolling speeds in comparison to bio-based grease 2 with thickener
system PDI-MDA.

Figure 6. Film thickness of bio-based greases over rolling speed compared to reference grease and base oil at hertzian
contact pressure of 700 MPa at 40 ◦C with SRR = 0 on steel ball on glass disc tribometer: (a) film thickness of bio-based
grease 1, reference grease and base oil over rolling speed; (b) film thickness of bio-based grease 2, reference grease and base
oil over rolling speed; (c) film thickness of bio-based grease 3, reference grease and base oil over rolling speed; (d) film
thickness of bio-based grease 1, 2 and 3 and base oil over rolling speed.

The results of the lubricant film thickness measurement also correlate with the chem-
ical structure of the thickeners. As previously shown with the rheology measurements,
the chain mobility also has a decisive influence on the formation of the lubricant film.
The polymer chains of the PDI-MDA system (bio-based grease 2) have the highest chain
stiffness, from which a small contribution of the thickener structure to the formation of the
lubricating film can be deduced. The PDI-BAMF system (bio-based grease 1) also contains
an aromatic structure, but has a higher chain mobility. The PDI-PDA system (bio-based
grease 3) has the highest chain mobility and is, therefore, the most effective in film thickness
formation.

3.3. Friction Measurements

The second method of characterization of the bio-based greases in this paper was
measuring the produced friction coefficients on EHD contact on steel ball on steel disc
measured by EHD2 tribometer by varying the rolling speed. Friction measurements were
also conducted on the petrochemical reference grease to have a comparison with the
bio-based greases.
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The results of friction measurements are shown in Figure 7. In the upper left diagrams
of Figure 7, it can be seen that friction coefficient in higher speeds, up to 800 mm/s, was
same between bio-based grease 1 and the reference grease. The higher scatter in results was
also observed in lower speed due to small grease particles passing through the contact, as
was also captured in [38]. As shown in the upper right diagrams of Figure 7, the bio-based
grease 2 shows similar friction coefficients to the reference grease up to 30 mm/s. In
average speeds, from 30 mm/s to 400 mm/s, friction coefficient of the bio-based grease 1
was lower than the reference grease, and by higher speeds, from 30 mm/s, show both
greases again the same friction coefficients. From the lower left diagrams of Figure 7, it
can be seen that the friction coefficient of bio-based grease 3 is lower than the reference
grease in all speed ranges up to 1000 mm/s. The friction coefficient of bio-based grease 3
decreases even further with increasing rolling speed.

Figure 7. Average friction coefficient of bio-based greases over rolling speed compared to reference grease at hertzian
contact pressure of 700 MPa at 40 ◦C with SRR = 15% on steel ball on steel disc tribometer: (a) average friction coefficient
of bio-based grease 1 and reference grease over rolling speed; (b) average friction coefficient of bio-based grease 2 and
reference grease over rolling speed; (c) average friction coefficient of bio-based grease 3 and reference grease over rolling
speed; (d) average friction coefficient of bio-based grease 1, 2 and 3 over rolling speed.

The bio-based greases are compared among each other in lower right diagram in
Figure 7. It can be generalized that bio-based grease 3 results in the smallest friction
coefficient. Up to 200 mm/s, bio-based grease 2 and 3 lead to similar values. The increase
of friction at higher speeds for bio-based grease 3 can be linked directly to the decrease of
film thickness and the occurring starvation at those speeds.
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4. Conclusions

In this study, bio-based greases based on three bio-based polyurea thickener systems
and bio-based castor base oil were developed and the tribological lubrication behavior of
the greases was characterized on a ball-on-disc tribometer.

Results of film thickness and friction measurements of the bio-based greases as well as
the corresponding pure castor base oil are compared among each other. The main results
are summarized as follows:

• The bio-based grease 3 with PDI-PDA and bio-based grease 1 with PDI-BAMF system
show comparable chemical and physical properties to known urea thickeners.

• The bio-based grease 2 with PDI-MDA system shows worse chemical and physical
properties to known urea thickeners.

• The synthesized thickeners have a higher proportion of bio-based carbon and thus
increase the total proportion of bio-based carbon to up to 95% for the whole grease.

• For small velocities up to 100 mm/s rolling speed, bio-based grease 1 shows better
film forming behavior due to higher film thickness compared to the other developed
greases. In higher speeds show bio-based grease 1 and 3 similar film thickness. The
bio-based grease 2 shows smaller film thickness than 1 and 2 in thickener dominant
area up to 70 mm/s and in higher speed ranges from 100 mm/s. Bio-based greases 1
and 3 are shown to have comparable to higher film thickness compared to the reference
petrochemical grease.

• Friction coefficient of bio-based grease 3 is smaller in comparison to the other investi-
gated greases. Thus, bio-based grease 3 induces less friction in the contact compared
to other greases. Friction coefficient of developed bio-based grease 3 is shown to be
lower than the comparable petrochemical reference grease.

• Since bio-grease 3 has advantageous film forming and friction behavior, the bio-based
thickener type PDI-PDA in combination with castor oil seems to be most promising
for full bio-based greases for an application in rolling contacts.

The developed bio-based polyurea greases show promising qualification results com-
pared to reference petrochemical grease regarding film formation and friction coefficients.
However, to have a complete bio-based grease, which can be used in industry, further
qualification tests such as thermal stability of the greases and anti-wear properties of the
greases must be performed. To investigate the anti-wear properties, experiments on bearing
test rigs, as shown in [39], must be performed in future works. Furthermore, to develop a
fully bio-based grease, production of the bio-based additives also should be focused.
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Appendix A

Castor oil from Carl Roth (Karlsruhe, Germany), 1,5-pentamethylene diisocyanate
(PDI) from Covestro (Leverkusen, Germany), 4,4′-diaminodiphenylmethane (a) (MDA),
1,5-pentamethylene diamine (c) (PDA), stearyl amine from TCI (Zwijndrecht, Belgium)
and 2,5-Bis(aminomethyl)furan (BAMF) from Carbosynth (Compton, UK) were used to
produce the greases (Figures A1 and A2).

Figure A1. 1H-NMR spectrum of the PDI-PDA thickener.

Figure A2. 1H-NMR spectrum of the PDI-MDA thickener.

Table A1. Overview of all analytical data of the three thickener systems.

Thickener PDI Diamine Stearylamine Castor Oil

(a) PDI-BAMF 483 mg, 1 eq. 296 mg, 0.75 eq. 211 mg, 0.25 eq. 9590 mg
(b) PDI-MDA 398 mg, 1 eq. 384 mg, 0.75 eq. 174 mg, 0.25 eq. 9590 mg
(c) PDI-PDA 520 mg, 1 eq. 258 mg, 0.75 eq. 227 mg, 0.25 eq. 9590 mg
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Table A2. NLGI-Class determination.

Bio-Based Grease Penetration Depth [10−1 mm] NLGI Class

(a) PDI-BAMF 281 2
(b) PDI-MDA 294 2
(c) PDI-PDA 270 2

Table A3. Thermal stability of the bio-based greases.

Bio-Based Grease Dropping Point [◦C] Tdegradation at 10% mass lost [◦C]

(a) PDI-BAMF 225.8 279
(b) PDI-MDA 192.8 281
(c) PDI-PDA 251.6 275
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Abstract: Greased bearings in electric motors (EMs) are subject to a wide range of operational re-
quirements and corresponding micro-environments. Consequently, greases must function effectively
in these conditions. Here, the tribological performance of four market-available EM greases was
characterized by measuring friction and wear of silicon nitride sliding on hardened 52100 steel.
The EM greases evaluated had similar viscosity grades but different combinations of polyurea or
lithium thickener with mineral or synthetic base oil. Measurements were performed at a range of
temperature and surface roughness conditions to capture behavior in multiple lubrication regimes.
Results enabled direct comparison of market-available products across different application-relevant
metrics, and the analysis methods developed can be used as a baseline for future studies of EM
grease performance.

Keywords: grease; hybrid bearings; electric vehicles; electric motors; friction and wear

1. Introduction

Electric vehicles (EVs) are emerging as the future of transportation as the market
shifts from internal combustion engine vehicles (ICEVs) to electrification [1,2]. Although
EVs are more energy efficient than ICEVs, energy losses in electric motors (EMs) are still
considerable [3,4]. Mechanical losses in EMs mainly derive from friction in bearings [3,5,6].
Further, about 40–60% of early EM failures are said to be premature bearing faults [4,7],
with most failures being due to improper lubrication [7]. Grease is used in 80–90% of rolling
bearings [3,8], and, consequently, failed grease lubrication is the predominant cause of EM
bearing failure [9–11]. Another source of premature bearing failure that adversely affects
EM life is exposure to electrical environments, like those found in EVs [4]. Formulating
greases for EV applications is a particular challenge because of key differences between
the environment and operating conditions in EVs and those experienced by greases in
traditional ICEVs, particularly, speed, temperature, and materials. These conditions are
also experienced by greases in industrial EMs.

First, EMs in industrial applications and EVs are operated at high speeds. Grease
lubrication is very dependent on speed and can exhibit inverse Stribeck behavior where
friction is low at low speeds [12,13]. This deviation from the behavior of lubricating oils is
most significant at low λ ratios, i.e., small film thickness to effective surface roughness ra-
tios [12]. In addition, at low speeds or nominal boundary conditions, friction is determined
by grease thickener alone and is lower than that predicted for base oil [12,14,15]. Grease
film thickness is larger than calculated for a base oil at low speeds, and the same or smaller
than calculated at higher speeds [5,16–21]. Therefore, the wide range of speeds expected
for EMs introduces additional challenges when selecting or designing greases for EV or
industrial applications.

High temperature is another challenge for grease lubrication in EMs. Although some
increase in temperature can be beneficial because it helps grease bleed and, thus, resupplies
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lubricant to the bearing contact track [16,22], high temperatures can also generate harsh
operating environments. High rotor speeds generate heat [3], and EMs can reach operating
temperatures of 150 ◦C [23] or even 180 ◦C [24] for some applications. Therefore, greases
used in EM bearings can experience thermal degradation in the form of oxidation and
decreased lubricating capabilities as a result of EM operating environments [9–11]. More
specifically, grease can suffer thermo-oxidation degradation as a result of high temperature
during bearing operation [9], and, at temperatures >120 ◦C, oxidation ages grease which
affects its lubricity and decreases grease life [8,25]. Note that aging will affect the rheological
properties of the grease differently depending on its formulation [14]. The result of high
temperature and high speed is grease degradation, which affects the chemical composition
of the grease, as well as its physical properties that can adversely affect film formation,
leading to ineffective lubrication [9].

Another challenge for grease lubrication of EMs is that the materials of bearings may
differ from those in traditional motors. Specifically, many EM bearings have ceramic
components that act as insulators to mitigate issues related to stray current. Stray current
can damage both the bearing and the grease, as well as generate heat, which can cause
localized melting of metal surfaces, cause pitting, break particles loose, and embrittle
materials [26,27]. In addition, grease that is electrically conductive can amplify these effects
and accelerate bearing damage [27]. Current discharge also causes grease degradation by
thermal-oxidation and evaporation of the base oil and additives, which then makes grease
rigid [26]. The adverse effects of stray current on bearing failure will be more prevalent as
EVs become a larger portion of the transportation sector [4]. Therefore, it is necessary to
better understand how the electric environment influences EM bearing/grease systems [4]
and develop tribological knowledge of non-traditional bearing materials operating in
EM environments.

The most common ceramic material used for such applications is silicon nitride. Sili-
con nitride is suitable for bearings due to its mechanical properties across wide temperature
ranges, electrical insulation, thermal shock resistance, excellent fracture toughness, wear
resistance, long life, and reliable low maintenance operation [28,29]. Silicon nitride serves
as a bearing insulator [26] that disrupts stray current in EMs and, thus, minimizes grease
thermal degradation and melting of material that leads to wear. Often, silicon nitride
is used in hybrid bearings that consist of ceramic rolling elements and traditional steel
raceways [26]. Hybrid bearings have been found to last longer than predicted based on
the Lundberg-Palmgren theory [30], and grease life with hybrid bearings was found to be
up to four times longer than with traditional all steel bearings [26]. However, there are
issues associated with the use of ceramic bearing elements, particularly related to lubricant
additives. For example, phosphorus-based additives were found to not react with silicon
nitride as they would with steel so the tribofilms formed were not effective in improving
silicon nitride bearing life [31–33]. Another potential issue is that hybrid bearings experi-
ence higher contact stress than all steel bearings under the same applied load [30], due to
the higher hardness of ceramics, which corresponds to smaller contact areas.

The aforementioned challenges with grease lubrication in EMs can be partially ad-
dressed through design or selection of greases specifically for EM environments. Thickener
type, base oil type, and viscosity all have a significant impact on film thickness and friction
for grease lubricated rolling/sliding contacts [12–14,34]. Greases are continually changing,
as formulators and designers seek to optimize lubrication in different operating environ-
ments, while remaining compatible with component materials. For example, recent studies
have used nanotechnology to create novel additives for grease formulations that improve
lubricity and grease life [3,35–37]. Another study focused on extending EM bearing life
by reducing grease degradation and found this can be achieved with the use of an an-
tioxidant and high-temperature composite grease formulation [9]. Continued research in
the area of grease formulation is crucial because grease behavior is extremely application
dependent [22].
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Grease optimization often focuses on identifying the best combination of base oil
and thickener for EM applications. Studies have evaluated the lubrication mechanisms
associated with synthetic or mineral base oil with urea or lithium thickener. For instance,
an ester-polyurea grease used for EMs with silicon nitride ceramic rolling elements was
found to have excellent life, resist high operating temperatures, and withstand high speeds
experienced in the motor [26]. Synthetic base oils resist higher temperatures, while gener-
ating low friction and improving service life [3,38]. Although lithium thickened greases
are currently the most widely used [8], some studies suggest urea thickened grease may
generate lower friction and thicker films, as well as have a closer correlation to typical
Stribeck behavior than lithium thickened greases [12]. A study comparing custom polyurea
and lithium thickened greases on bearing steel was performed to characterize performance
at 25, 70, and 120 ◦C and average surface roughness of 10, 100, and 200 nm [12]. Polyurea
greases were shown to have the lowest friction at low speed, average surface roughness of
100 nm Ra, and temperatures of 70 and 120 ◦C. Further, it was reported that polyurea had
thicker low-speed films than lithium greases [12].

Based on the current findings, it is evident that both base oil and thickener affect
grease performance and that optimizing this performance for EM applications requires
characterization at the conditions in which the motor will operate. Specifically, EM greases
are subject to higher temperatures and may be required to function with different bearing
materials than traditional applications. Here, we tested the tribological performance of four
commercially available greases with formulations/additives designed for EM applications,
with different combinations of mineral or synthetic base oil with lithium (complex) or urea
thickeners. The study focused on lubrication of silicon nitride sliding on steel across a range
of temperature and surface roughness conditions. The tribological performance of these
greases and bearing materials was quantified in terms of friction and wear. Characterization
included both ball-on-disk and 4-ball tests, as well as an analysis of the results in terms of
lubrication regimes. Finally, the four greases were evaluated based on a ranking system
that emphasized priorities for EM applications.

2. Materials and Methods

Four commercially available greases were studied, all of which were designed for
EM applications, per manufacture specifications. All EM greases had an International
Standard Organization Viscosity Grade (ISO VG) of 100 and a National Lubricating Grease
Institute (NLGI) grade of 2, but with different combinations of thickener and base oil
types. The specific greases studied were: synthetic-polyurea (SP), mineral-polyurea (MP),
mineral-lithium (ML), and synthetic-lithium complex (SL). Note that, since the tested
greases were commercially available, formulation details, such as additive composition and
concentration, were not known. Table 1 provides the reported information for each grease.

Table 1. EM grease specifications.

EM Grease Acronym
Base Oil
Viscosity at
40 ◦C (cSt)

Base Oil
Viscosity at
100 ◦C (cSt)

Base Oil
Density at
15 ◦C (g/cm3)

Dropping
Point (ASTM
D2265 ◦C)

Synthetic-polyurea SP 100 14 0.85 250
Mineral-polyurea MP 100 12 0.88 260
Mineral-lithium ML 100 11 0.93 180
Synthetic-lithium complex SL 100 14 0.85 260

Two types of experiments were conducted to characterize the tribological performance
of the EM greases. First, a Rtec Instruments Multi-Function Tribometer equipped with
a temperature chamber was used to perform unidirectional sliding ball-on-disk tests,
illustrated in Figure 1a. In those tests, a silicon nitride ceramic bearing ball with a 9.525 mm
diameter and an average surface roughness (Ra) of 20 nm were used. The ceramic balls

47



Lubricants 2021, 9, 59

met grade 5 quality specifications. The flat disk had a 50.8 mm diameter and was made
of hardened 52100 steel. An Allied High Tech Metprep 3 polisher was used to polish the
disks with the use of a silicon carbide abrasive pad in water suspension for non-directional
surface finish. The disks were polished to achieve a final average surface roughness of 10,
35, 60, 120, or 200 nm. Based on the ball and disk roughness, average composite roughness
cases evaluated were 22, 40, 63, 122, and 201 nm. The surface roughness of the disks was
measured using a Bruker DektakXT contact mode profilometer. Prior to testing, all testing
surfaces were ultrasonically cleaned in heptane.

(a)
(b)

Figure 1. Greases were characterized using two test configurations: (a) Ball-on-disk and (b) 4-ball. The tests were performed
with various combinations of steel (S) and silicon nitride ceramic (N) samples.

Ball-on-disk test parameters closely adhered to ASTM D5707-16 with some modifica-
tions to capture key conditions expected in EM environments, specifically, bearing material,
temperature and surface roughness. The load was 10 N, corresponding to a maximum
Hertz contact pressure of 1.2 GPa, and the sliding speed was 250 mm/s. Temperatures
tested were 40, 100, and 150 ◦C. For each test, about 500 mm3 (pea size amount) of grease
was applied to lubricate the samples. A grease scoop was employed for tests at 40 ◦C
to avoid starvation by continuously pushing the grease back onto the track [12,13,17,18].
All tests were run to 400 m total sliding distance, and each test condition was repeated
three times.

Second, a Falex Multi-Specimen Test Machine was used to perform 4-ball testing,
illustrated in Figure 1b. The 4-ball tests enabled different combinations of silicon nitride and
hardened 52100 steel to be evaluated. Three different material configurations were tested:

• one steel rotating element on three steel stationary elements (SS3),
• one silicon nitride ceramic rotating element on three steel stationary elements (NS3),

and
• one steel rotating element on three silicon nitride ceramic stationary elements (SN3).

The SS3 case resembled a traditional all steel bearing assembly, and the NS3 case
resembled a hybrid bearing assembly. The SN3 resembled an inverted hybrid bearing
assembly, meaning that the material typically used for the races was used as the rolling ele-
ment and vice versa. All-ceramic bearings are infrequently used for standard applications,
so the NN3 configuration was not tested here. Test parameters followed the ASTM-D2266
standard. The load was 392 ± 2 N, which corresponds to a maximum Hertz contact pres-
sure of 4.6 GPa for the SS3 configuration and 5.2 GPa for the NS3/SN3 configurations.
The silicon nitride ceramic test balls met grade 5 quality specifications and had a surface
roughness of 20 nm Ra. The steel balls met grade 10 specifications and had 25 nm Ra. The
speed was 1200 ± 60 revolutions per minute for 60 minutes, and the temperature was held
at 75 ◦C ± 2 ◦C. All four greases were tested using each material configuration; the SS3

and NS3 results are averages of three tests, and the SN3 results are averages of two tests.
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Error was calculated as the difference between the maximum and minimum wear for each
configuration and grease.

Images captured of the worn ball surfaces were obtained using a Leica Optical Micro-
scope (Model DM 2500M) for both test methods. For the ball-on-disk tests, wear volume
was calculated per ASTM G-133-05. Specific wear rate was then calculated by dividing the
volume by the load and total sliding distance. For the 4-ball test, wear scar diameters were
measured per ASTM D2266-01. Those measurements were then used to calculate the wear
area of the scar.

3. Results

3.1. Ball-on-Disk Wear

Wear rate as a function of surface roughness for all EM greases is shown in Figure 2a.
For smooth surfaces, the wear rates of the four greases are similar, although the lowest
wear is observed for the MP. In contrast, there is more differentiation between the greases
on rougher surfaces, where the ML consistently exhibits the lowest wear rate. In addition,
for these testing parameters, greases with mineral base oil have lower wear rate than the
synthetic base greases.

(a) (b)

(c) (d)
Figure 2. Wear results from EM grease ball-on-disk tests. (a) Wear rate as a function of roughness and (b) change in wear
rate with roughness at 100 ◦C. (c) Wear rate as a function of temperature and (d) the change in wear rate with temperature
at 35 nm Ra (composite Ra of 40 nm) for MP and ML.

49



Lubricants 2021, 9, 59

The sensitivity of wear rate to changes in roughness was quantified as the slope of
a linear fit to the data. Although this analysis is based on an assumption that wear rate
increases linearly with roughness, the approach enables direct comparison of the greases.
The slope calculated from a linear fit to the wear rate versus roughness data is shown in
Figure 2b. This analysis indicates that wear rate with the ML grease is the least dependent
on surface roughness. In addition, of the tested greases, greases with mineral base oil have
less wear-roughness dependence than the synthetic base greases.

Wear rates at different temperatures are shown in Figure 2c. At 40 ◦C, there is no
observable wear for any of the greases. The lowest wear rate at 100 ◦C is observed for
the ML grease and, at 150 ◦C, is found for the SL grease. Additionally, at 100 and 150 ◦C,
for the greases tested here, lithium thickened greases have a lower wear rate than their
polyurea counterparts.

The temperature dependence of the wear rate is very different for synthetic versus
mineral based greases. Specifically, the wear rate increases approximately linearly between
100 and 150 ◦C for the mineral greases, but is nearly constant for the synthetics. Due to
this behavior, the linear approximation cannot be used to quantify the change of wear rate
with temperature for the synthetic greases. However, the linear fit was performed for the
mineral greases as shown in Figure 2d. The wear rate is less dependent on temperature for
the ML grease than the MP grease.

3.2. Ball-on-Disk Friction

Friction results for each grease are shown in Figure 3. On average, friction increased
with surface roughness for all greases (see Figure 3a). In addition, on most surfaces, friction
was lowest for the SL grease. On the rougher surfaces, the ML also exhibited low friction
behavior. For these tests, the lithium based greases had lower friction than the polyurea
greases, except on the smoothest surfaces where the friction coefficient was below 0.08 for
all greases.

(a) (b)
Figure 3. Friction results from EM grease ball-on-disk tests. Friction coefficient (a) as a function of surface roughness at
100 ◦C and (b) as a function of temperature at 35 nm Ra (composite Ra of 40 nm).

Friction at three different temperatures is shown in Figure 3b. At 40 ◦C, the lowest
friction was exhibited by the SP grease whereas, at 100 ◦C, the SL grease had the lowest
friction. At both 40 and 100 ◦C, the friction was lower for synthetic greases than their
mineral counterparts. At 150 ◦C, the friction coefficient was comparable for all four greases.

The friction trends with respect to roughness and temperature are not linear. This
is primarily because both roughness and temperature affect the lubrication regime. Fur-
ther, increasing temperature can promote grease bleed such that the degree of starvation
decreases with increasing temperature [16]. So, the effect of these parameters on friction
cannot be quantified using a simple linear fit. Instead, these trends will be analyzed in the
context of the Stribeck curve, as discussed later.
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3.3. 4-Ball Test

Results from the 4-ball tests are shown in Figure 4. ML had the lowest wear across
all three bearing configurations. The performance of ML might be attributable to thicker
lubricating films that provide more separation between interacting surfaces or better anti-
wear film formation. For the SS3 and NS3 configurations, average wear increased as
ML < MP < SP < SL. However, this trend cannot be directly explained since the 4-ball
test is primarily measuring anti-wear behavior, and the additive composition of these
commercial greases is unknown. For the SN3 configuration, wear was high for all four
greases, and large error bars precluded direct comparison between the greases.

Figure 4. Wear area for four greases and three bearing configurations measured using the 4-ball test.
Representative wear patterns (from left to right): SS3 circular wear scar on steel ball, NS3 circular
wear scar on steel ball, and SN3 elliptical wear scar on ceramic ball.

Comparing the different material combinations, for all greases, the lowest average
wear was observed for NS3, followed by SS3 and then SN3. The observation that wear
for NS3 was lower than that for SS3 is consistent with previous reports that grease life
with hybrid bearings is longer than with standard bearings [26]. Lower wear for NS3 is
also consistent with experimental and anecdotal observations that suggest longer lives for
hybrid bearings than estimated by the Lundberg-Palmgren equations [30].

In contrast, the SN3 configuration consistently had very high wear. This configuration
also exhibited qualitatively very different behavior than the other two material pairs. As
shown in the insets to Figure 4, the wear scars for the SS3 and NS3 configurations are
circular, while those for the SN3 are elliptical. The wear mechanism of the rotating elements
determine and may cause non-circular wear scars of the stationary balls [39]. Therefore,
the difference may be attributable to the hardness of the rotating element. For SN3, the steel
ball is the rotating element attached to the spindle (upper ball), while the three lower balls
are silicon nitride. Material hardness affects material wear; a softer steel ball rotating on a
harder ceramic ball causes the wear scar to elongate with increasing material deformation,
thus causing relative displacement between the upper and lower balls.
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4. Analysis & Discussion

4.1. Lubrication Regime Analysis

The friction results shown in Figure 3 suggests that changing either roughness or
temperature caused a transition between lubrication regimes. The lubrication regime can
be determined by the lambda ratio:

λ =
h(

Ra2
ball + Ra2

disk
)1/2 , (1)

where h is the film thickness, Raball is the average roughness of the ball, and Radisk is
the average roughness of the disk. Although the exact values of λ corresponding to
transitions between lubrication regimes vary in the literature, they are often defined by
λ � 3 for full film lubrication, 1 � λ � 3 for mixed lubrication, and λ � 1 for boundary
lubrication [34,40,41]. However, these transition values are not absolute, and studies have
shown that full film or mixed lubrication is possible even in cases where λ would typically
suggest boundary lubrication (e.g., λ � 1) [41].

For bearings, the λ ratio also affects contact fatigue life. Low λ ratios are associated
with surface deformation and distress [2]. In the context of the conditions studied here,
small surface roughness and low temperature conditions that correspond to higher λ ratios
will have lower contact fatigue and longer life.

To calculate λ, we first had to determine film thickness. It is known that the film
thickness of a grease may be larger or smaller than the film thickness for its base oil,
depending on the operating conditions [12,34]. However, there is no standard equation or
method of calculating grease film thickness that is applicable for all conditions. Therefore,
as a first order approximation, we calculated film thickness using the Hamrock and Dowson
equation [2] for central film thickness with parameters for the base oil:

h ≈ hc = 2.69R
(

Uη

ER

)0.67
(αE)0.53

(
W

ER2

)−0.067
(1 − 0.61e−0.73k), (2)

where U is the speed, R is effective radius, E is effective elastic modulus, α is the pressure-
viscosity coefficient, η is the ambient viscosity, W is the load, and k = 1 for a spherical
geometry. Most of these parameters are constant for the ball-on-disk tests. However,
the ambient viscosity and pressure-viscosity coefficient were calculated for each test based
on the rheological properties of the base oil and the temperature. Table 2 summarizes the
film thickness and λ ratio for each EM grease, temperature, and roughness case considered
in this study.

The friction measured from the ball-on-disk tests is plotted as a function of the calcu-
lated λ ratio to create a Stribeck curve in Figure 5. The large λ cases correspond to tests
run on smooth surfaces and at lower temperatures. Conversely, rough surfaces and high
temperatures lead to small λ ratios. The general shape of the Stribeck curve in Figure 5
indicates that our tests included the mixed regime, where friction decreases with λ, and the
full film regime, where friction increases with λ.
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Table 2. EM grease calculated film thickness (hc in nm) and lambda (λ) ratio at all tested composite
roughness and temperature combinations.

Temperature ◦C 40 100 100 100 100 100 150

Composite Roughness nm 40.3 22.4 40.3 63.3 121.7 201 40.3

SP hc 117 28.3 28.3 28.3 28.3 28.3 13.7
λ 2.89 1.27 0.70 0.45 0.23 0.14 0.34

MP hc 151 27.8 27.8 27.8 27.8 27.8 11.3
λ 3.74 1.25 0.69 0.44 0.23 0.14 0.28

ML hc 142 26.9 26.9 26.9 26.9 26.9 11.0
λ 3.52 1.20 0.67 0.42 0.22 0.13 0.27

SL hc 117 28.3 28.3 28.3 28.3 28.3 13.7
λ 2.89 1.27 0.70 0.45 0.23 0.14 0.34

The greases clearly exhibit full film at larger lambda ratios. In this regime, the lowest
friction was exhibited by the SP and SL (synthetic greases). The mixed regime is clearly
observed at small λ ratios. Here, as composite roughness increases, λ values decrease,
and friction tends to increase. In mixed lubrication, the lowest friction was observed for
the ML and SL (greases with lithium thickener). Across most of the lubrication regimes
measured, SL had the best friction performance.

Figure 5. Stribeck curve based on measured friction and calculated λ ratios for four greases tested
across all roughness and temperature conditions.

The transition between the full film and mixed lubrication regimes is important
because both friction and wear are higher in the mixed regime due to asperity contacts in
the interface. Therefore, it is desirable to remain in the full film regime as long as possible.
To identify the λ ratio at which the full film-mixed transition occurs for each grease, we
found the intersection of a linear fit to the data in the mixed regime and a linear fit to the
data in the full film regime. The two largest λ ratios for each grease were fit for full film,
and the three smallest λ ratios were fit for the mixed regime. Figure 6 shows the linear fits
and their intersection which was identified as the transition lambda (λt). The λt values for
each grease were found to be: SP at λt = 0.48, MP at λt = 0.47, ML at λt = 0.37, and SL at
λt = 0.58.

The ML grease had the lowest λt, indicating that the interface would remain in the full
film regime the longest with increasing temperature or roughness. However, it is important
to note that ML also has higher friction in this transition region. So, ML’s lower λt suggests
the lubricant is able to maintain a thicker lubrication film than the other greases, but this
comes at a cost of higher viscous friction. On the other hand, SL has a larger λt value but
considerably lower friction than the rest of the tested greases in this transition range. In
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fact, despite having a larger λt value, SL maintained lower friction at most test conditions.
This analysis shows there is a compromise between low friction in full film lubrication and
how long the interface will remain in that regime before the onset of mixed lubrication.

(a) (b)

(c) (d)
Figure 6. Independent linear fits performed for the mixed and full film regimes for (a) SP, (b) MP, (c) ML, (d) SL. The inter-
section of the two lines corresponds to the transition lambda λt.

4.2. Predicted Lubrication Regime Transitions

The λ ratio determines lubrication regime, as well as contact fatigue. In our study,
this critical ratio is determined by surface roughness, grease properties and temperature.
So, for a given grease, roughness, and temperature, the λ value can be calculated, and the
conditions at which the lubrication regime transitions to mixed can be predicted.

Surface roughness affects this calculation directly, as it appears in the denominator
of Equation (1). Temperature indirectly affects the film thickness as calculated using
Equation (2) through its effect on η and α. The grease itself determines the values of η
and α and their temperature dependence. To predict λ for any temperature T, we used a
linear equation for α(T) and the Vogel equation [2] for η(T), both fit to available grease
data. Then, λ was calculated directly using the equations for α(T) and η(T), combined
with Equations (1) and (2).

This analysis was performed for each grease at temperatures ranging from 30 to 200 ◦C
and composite roughness values from 20 to 200 nm Ra. The predicted λ values are shown
as color contour plots in Figure 7. In addition, shown are horizontal planes corresponding
to λt, the ratio at the transition between mixed and full film lubrication, identified from
the friction data for each grease in Figure 6. The intersection between this plane and the
surface predicted as described above indicates the temperature and surface roughness at
which the interface will transition from full film to mixed lubrication. Such an approach
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can be used as part of the design process to guide selection of a grease, surface roughness
specifications, or prescribed limits on operating conditions.

(a) (b)

(c) (d)
Figure 7. Contour plots with predicted λ ratios for each of the four commercially available EM greases: (a) SP, (b) MP,
(c) ML, and (d) SL. The transition between full film and mixed lubrication (λt) is shown as a horizontal plane.

4.3. Grease Evaluation

The four greases evaluated in this study exhibited varying levels of performance at dif-
ferent surface roughness and temperature conditions. These observations are summarized
briefly here.

As observed in Figure 2a, MP had the lowest wear rate on smooth surfaces, while ML
had the lowest wear on rough surfaces. ML was also found to exhibit the least dependence
of wear rate on surface roughness. On average, greases with mineral base oil had lower
wear rate and roughness dependence than the synthetic base greases. In high temperature
tests (150 ◦C), the lowest wear rate was found for the SL grease. In addition, the wear rate
of the synthetic greases did not change with temperature at high temperatures, while an
increase in wear rate with temperature was observed for the mineral greases. In the 4-ball
tests, ML had the lowest wear across all the various bearing configurations. For the SS3

and NS3 configurations, average wear increased as ML < MP < SP < SL. Larger wear rates
increase material debris, which can have implications, such as artificial surface roughness,
reduced lubricating capabilities, and abrasion/erosion, so low wear is extremely important.

In terms of friction, on most surfaces, friction was lowest for the SL grease. For rougher
surfaces, the lithium greases generally had lower friction than the polyurea greases. On
very smooth surfaces, the synthetics had lower friction than the mineral based greases. In
terms of temperature, at 40 ◦C, the lowest friction was exhibited by the SP grease whereas,
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at 100 ◦C, the SL grease had the lowest friction. At both 40 and 100 ◦C, the friction was
lower for synthetic greases than their mineral counterparts. The friction data was also used
to determine transitions between the full film and mixed lubrication regime. This analysis
showed that under these testing parameters, ML had the lowest λt, indicating that the
interface would remain in the full film regime the longest with increasing temperature or
roughness. However, ML also had higher friction in this transition region indicating that
the lubricant maintained a thicker lubrication film at a cost of higher viscous friction. In
contrast, SL had a larger λt ratio but considerably lower friction than the rest of the tested
greases in this range.

While the comparisons between greases in terms of individual performance metrics
are valuable, they need to be combined to determine which grease is best for a given
application. Therefore, it is necessary to develop a grease evaluation and comparison
method to assess these commercially available greases. Performance metrics included are
low temperature (40 ◦C) friction, low surface roughness (10–60 nm Ra) friction and wear,
high surface roughness (120–200 nm Ra) friction and wear, high temperature (100–150 ◦C)
friction and wear, wear dependence on surface roughness, and NS3 (best represents EM
hybrid bearings) wear from the 4-ball tests. The ranking system was developed with EM
bearing applications in mind, so high temperature friction and wear were given twice the
weight of the other metrics. The greases were ranked 1 through 4 (or 8 for high temperature
parameters), where 4 (or 8) was best. The results are shown as radar plots in Figure 8.

The individual rankings for each grease were summed to give an overall score, shown
next to the radar plots in Figure 8. Based on the overall score, for the testing parameters
used here, the two lithium greases outperformed the two polyurea greases (SL = 34 >
ML = 31 > SP = 25 > MP = 22). The overall score can also be separated into a friction
rating and a wear rating, both of which are reported next to the radar plots in Figure 8.
In terms of friction performance, the results indicate that the synthetic greases had better
overall friction performance than the mineral based greases (SL = 19 > SP = 14 > ML = 10
> MP = 7). Consistent with the overall rating, SL exhibited the best friction performance,
particularly at high temperatures. However, different trends are observed for wear, and the
overall wear scores indicate that mineral greases outperformed their synthetic counterparts
(ML = 21 > SL = 15, MP = 15 > SP = 11). The ML exhibited the best wear performance
and, particularly, the least dependence of wear on surface roughness. MP and SL were
tied for the second-best, but the good rating of SL was largely due to its low wear at high
temperature whereas MP outperformed SL in all other wear metrics, particularly wear at
low surface roughness.

Generally, the overall ratings, along with the radar charts themselves, serve as guide-
lines with which a designer can evaluate each grease based on metrics important for the
application being considered. However, it should be noted that long duration and high
speed bearing/grease life tests would be useful as another metric to include in this type of
analysis for grease evaluation for EM applications.
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Figure 8. Grease ranking system based on a 1 to 4 scale (or 1 to 8 for high temperature parameters).
A ranking of 4 (8) corresponds to best and 1 to worst. Low temperature is 40 ◦C, high temperature is
100–150 ◦C, low Ra is from 10–60 nm Ra, and high Ra from 120–200 nm Ra.

5. Conclusions

The tribological behavior of commercially available EM greases on hybrid bearing
materials was characterized and evaluated. Results showed that EM grease products have
notable differences in performance across different roughness and temperature conditions.
These variations in performance have important implications for lubrication and design
limitations. In general, greases whose performance is least affected by changing operating
conditions will be more likely to meet the tribological needs of EMs.

Surface roughness has a significant impact on tribological properties. Rougher surfaces
generally correspond to more friction and wear since they tend to have smaller local film
thickness and higher pressure at asperity peaks [34,42,43], which result in high shear
rates and stresses [12,42,43]. In contrast, surfaces with low roughness increase grease life
and are less demanding in terms of lubrication ability since interacting smooth surfaces
are more easily separated by lubricating films [8]. Yet, extremely smooth surfaces risk
sudden seizure and asperities on rough surfaces may be useful for retaining lubricant [2].
Therefore, surface roughness plays a key role in determining the performance of grease
lubricated systems.

Another important parameter for grease tribology is temperature, particularly for
high-speed bearings. EM grease is known to be susceptible to thermo-oxidation degrada-
tion during high temperature bearing operation [9], which can lead to grease lubrication
failure and, consequently, bearing failure [4,9–11]. Thus, grease formulations that do not
compromise lubrication capabilities at high temperatures and resist thermal-oxidation are
likely to be better for lubricating EM bearings. Temperature also influences film thickness
through its effect on viscosity and the pressure-viscosity coefficient. Low temperature envi-
ronments may be beneficial to achieving thicker lubricating grease films and reduce wear
but will increase viscous friction. Further, excessively thick and viscous grease films may
cause contact starvation from poor grease bleed and lack of reflow [16], which also leads
to an increase in friction [22]. On the other hand, an increase in temperature can reduce
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viscous friction and activate grease bleed, but, under high temperatures, film thickness can
decrease [16,22,44] to levels that may promote harsher operating conditions detrimental
to grease and bearing life. Consequently, EM greases will need to be optimized for high
operating temperatures and formulated to have minimal temperature dependence.

Both temperature and surface roughness affect the lubrication regime, as quantified
by the λ ratio. Ideal λ ratios during operation will be small enough to achieve low friction
but not so small that there is a transition into mixed or boundary lubrication. Ideal λ ratios
can also have a positive effect on bearing contact fatigue, prolong component life, and
improve energy efficiency. Therefore, maintaining a consistent λ ratio across temperature
and roughness conditions is a key factor in component design and grease selection.

EM grease formulations also need to be optimized for hybrid bearing materials,
assuming the continued use of hybrid bearings to combat stray current. Umbrella grease
type products might not capture all lubrication requirements [34] and, consequently, may
jeopardize performance and system life. Further, non-traditional bearing material and
material configurations can exhibit wear mechanisms distinct from those observed in
traditional steel bearings. The 4-ball test results reported here indicate the ideal hybrid
bearing configuration is ceramic rolling elements on steel races (NS3). The inverse bearing
configuration, steel rolling elements on ceramic races (SN3), generated significantly larger
and abnormal wear. Additionally, the NS3 configuration was found to have better wear
performance than traditional SS3 bearings, which has positive implications for hybrid
bearings and grease life.

The results of a comprehensive set of friction and wear tests, using 4-ball tests and ball-
on-disk measurements across a range of roughness and temperature conditions, showed
that SL had the best overall performance under the conditions tested here (Figure 8). SL
provided low wear at 40 nm Ra or less and consistently maintained low friction throughout
both the full film and mixed lubrication regimes. When results were analyzed in terms
of friction and wear separately, it was found that synthetic greases had the best friction
behavior, while mineral greases had the best wear performance, with ML being best overall
in terms of wear. However, ultimately grease selection will depend on the application.
In the process of comparing four greases, this study also developed an approach for the
λ ratio and the transition between lubrication regimes (Figure 7) that may be useful as a
design tool more generally.

Going forward, the tribological performance of potential hybrid bearing materials
combined with grease formulations for EMs need to be fully explored under conditions that
resemble the environments of the target application. This is particularly important because
tribology will play an important role enabling the electrification of the transportation
industry, and, through tribological research, EM bearing lubrication can be optimized
for EVs as it has been for ICEVs. In this context, the study reported here is a baseline
and a template for further grease research in EM environments. Further, the present
study demonstrates that market-available EM grease products can vary significantly in
performance, providing insight into the effects of operating conditions and design criteria
on grease behavior.
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Abstract: Because of the influential role of consistency in selecting a grease for a given application,
accurate and meaningful methodologies for its measurements are vitally important. A new method,
recently introduced, uses a rheometer to compress a grease sample to evaluate a relative consistency
between a fresh and degraded grease; however, the results of this approach compared to a standard
penetrometer and other methods of assessing consistency have not been studied. This paper takes
a closer look at the relevant parameters involved in the rheometer penetration test and establishes
a recommended procedure for its use. The consistency of various greases is then tested using this
method and compared to results obtained from yield stress, crossover stress, and cone penetration
tests. The results indicate that rheometer penetration may be used to assess the change in consistency
for a given grease but should not be used to compare different greases. For this purpose, the crossover
stress method is recommended, which is shown to correlate very well with cone penetration while
using a simple procedure and allowing the use of a substantially smaller sample. A strong power
law correlation between crossover stress and cone penetration was found for all greases tested and is
presented in Figure 12.

Keywords: grease consistency; grease testing; cone penetration; rheometer testing

1. Introduction

The consistency of a lubricating grease is often considered to be its most important
rheological property. It generally dictates the suitability of a grease for a particular ap-
plication. Consistency broadly refers to the firmness of a grease, indicating a grease’s
ability to remain in place (resist leakage) within bearings and to form stable channels of
lubricant [1]. These channels are important to the functionality of a bearing because they
serve as reservoirs from which moving parts draw lubricating fluid over the operational
lifetime of a machine [2]. Hence, consistency serves as an important metric for selecting a
grease, and the capability to properly quantify this property is of great importance.

The main test to measure grease consistency is the cone penetration test given by
ASTM D217 [3]. In this test, a cone is dropped into a grease sample for 5 s and the depth to
which the cone penetrates is used as a measure of consistency. This test requires a large
sample of grease—approximately 450 grams according to ASTM D217—so the alternative
scaled-down tests given by ASTM D1403 [4] are able to provide penetration results with
smaller samples. The penetration depth obtained from any of these tests is usually used
to assign a grade to a grease for succinctly characterizing its nature to a broad market of
consumers.

Using specialized equipment such as a rheometer is becoming increasingly popular for
assessing the rheological properties of grease. This apparatus requires a very small sample—
less than two grams—and provides quantitative results that can assess grease consistency.
It is perhaps even more precise than the cone test with the advantage of requiring a simpler
operational procedure while allowing for temperature control. These tests are often used
to evaluate a “critical” stress but have also been used as a way of conducting a penetration
test [5,6]. The methodology of conducting a penetration test is quite simple, whereas the
calculation of critical stresses demands an understanding of viscoelasticity.
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A viscoelastic material is one that has properties of both a liquid and a solid. Grease,
for instance, can be considered a viscoelastic solid material since it behaves as a solid unless
sheared. Once sheared past a critical point, it begins to flow. The quantification of this state
is of great interest for characterizing a substance, but the exact definition of this state has
been a subject of debate for years [7]. In addition to having different definitions, there are
various methods for evaluating this state, including the use of steady flow curves, creep
measurements, stress ramps, stress sweeps, and oscillatory tests [8,9]. Nevertheless, in the
context of lubricating grease, two distinct points found through oscillatory tests—the yield
point and flow point—have come to be popular choices for characterizing a grease.

Oscillatory rheometry involves the analysis of viscoelastic materials by monitoring
their stress response to oscillating strain (or vice-versa). The solid-like behavior is charac-
terized by the storage modulus, which describes the ability of a material to store energy
through elastic deformation and is in phase with the oscillating input. Alternatively, the
liquid-like behavior is characterized by the loss modulus, which describes the ability of
a material to lose energy through viscous dissipation and is out of phase with the input.
These two parameters both change as the state of stress within material changes, so im-
posing an increasing stress or strain amplitude (often called an amplitude sweep) in an
oscillatory test is often an ideal way of examining viscoelastic behavior. Results of an
amplitude sweep can then be used to calculate the yield point and/or flow point.

The yield point, characterized by the yield stress, is considered by many to be the end
of the linear viscoelastic range at which the structure begins to be considered damaged.
One choice is to define the linear viscoelastic range as the region where the storage modulus
is independent of strain. Another choice is to use the end of stress-strain linearity [10] as the
yield stress. Due to the recent popularity of the second choice in analyzing grease [9–14],
it will be used as the definition of yield stress throughout this paper.

The flow point, characterized by the crossover stress, is the point at which the storage
modulus and loss modulus cross over each other. Upon commencing an amplitude sweep,
the storage modulus will quickly reach a plateau value, but eventually start decreasing.
The flow point will be considered the point where the storage modulus decreases enough
to cross over the loss modulus, temporarily signifying a material with properties more
closely resembling a liquid than a solid. Both this point and the yield point are indications
of how “solid” a given material is and are considered properties akin to consistency.

Over time, overall grease consistency can permanently change due to the shear irre-
versibly breaking the structure, due to oil bleed, leakage, and evaporation, due to contami-
nation, and due to chemical reactions [15]. This change in consistency has been used to
track the degree of degradation a grease has undergone [5,16,17]. A sampling of in-service
grease in conjunction with a degradation model can be used to estimate the remaining
useful life. However, the cone penetration tests given by ASTM D217 and ASTM D1403
require a larger sample of grease than is used for many applications. This means the
consistency of an in-service grease cannot be measured with these methods. Therefore, it is
advantageous to have alternative consistency tests that allow the use of a small sample of
grease. One such test intended for field use is provided in a test kit given by the bearing
manufacturer SKF, but the resolution of the results is limited to the grade. Therefore,
rheometer tests allowing more precise results and temperature control using a very small
sample have a significant value. A closer examination of these tests is the main focus of
this paper.

This paper examines common consistency tests in Section 2, takes a closer look
at a proposed method for assessing consistency through a rheometer penetration test
in Section 3, compares results of these tests to each other in Section 4, presents a discussion
of results in Section 5, and gives concluding remarks in Section 6.

2. Examination of Consistency Tests

The most common tests of grease consistency will be overviewed and a discussion of
each is provided.
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2.1. Cone Penetration Test

The accepted method for testing grease consistency is the cone penetration test given
by ASTM D217 [3]. In this test, a cone is dropped into a cup of grease and the depth of
penetration is used as a measurement of consistency. This value of penetration is used
to assign a grade to a grease from 000 to 6. The National Lubricating Grease Institute
(NLGI) defines the ranges of penetration corresponding to the grade as given in Table 1.
The values of penetration are given in tenths of a millimeter, often called decimillimeters
and abbreviated as dmm.

Table 1. National Lubricating Grease Institute (NLGI) grades and applications [18].

NLGI Grade Penetration [dmm] Food Equivalent
Common

Application

000 445–475 Ketchup Gear boxes/low
temperature use

00 400–430 Yogurt Gear boxes/low
temperature use

0 355–385 Mustard Centralized
lubrication systems

1 310–340 Tomato paste General purpose
bearings

2 265–295 Peanut butter General purpose
bearings

3 220–250 Butter High-speed bearings
4 175–205 Frozen yogurt Very high-speed

bearings
5 130–160 Fudge Low-speed journal

bearings
6 85–115 Cheddar cheese Very slow journal

bearings

The grades in this scale are defined so that they span 30 dmm and have gaps of
15 dmm between grades. This leads to some ambiguity in labeling a grease, where many
choose to assign half grades. For instance, some would choose to assign a grade of 2.5 to a
grease with a worked penetration of 260 dmm.

As the cone penetrates deeper into the grease sample, grease begins to lift out of the cup
as is demonstrated in Figure 1. As penetration increases, this geometry-dependent behavior
begins to influence penetration readings. ASTM D217 indicates that the penetration for
soft greases is a function of cup diameter if its penetration is above 265 dmm. However, the
grease eventually reaches a point where the complicated nature of the squeezing of grease
between the cone and the lip of the cup becomes even more of a determinant of the final
penetration value. To account for this, the standard mandates that the cone be perfectly
centered when the penetration reading is above 400 dmm.

Not only does the cone penetration test require a substantial quantity of grease, it
also demands a skilled operator in order to obtain consistent results. A significant source
of error in this test is the presence of pockets of air within the grease sample. This is
particularly relevant for measuring the unworked penetration of a grease sample, as
loading the sample into the grease cup can easily form large pockets of air. Therefore,
having an unskilled operator can cause inconsistent measurements of consistency using
the cone penetration method.
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(a) (b) 

Figure 1. Grease cup (a) before and (b) after cone penetration.

2.2. Rheometer Oscillatory Tests

A rheometer—such as the one pictured in Figure 2—has the capacity to perform
numerous useful tests to analyze viscoelastic materials. Through oscillatory strain sweep
measurements, properties of viscoelastic materials can be found without potential errors
from sample fracturing [19] and with minimal sensitivity to gap height and plate rough-
ness [9,10,20]. Two parameters will be investigated here: the yield point—corresponding
with the yield stress—and the flow point—corresponding with the crossover stress. The def-
inition set forth by Cyriac et al. [10] will be used for yield stress, where the end of stress-
strain linearity measured from an oscillatory amplitude sweep is considered the yield point.
For the crossover stress, the first point at which the storage modulus and loss modulus
reach the same value will be considered the definition.

 

Figure 2. Anton Paar MCR 301 rheometer used in experiments

When performing these tests, there are many choices for geometry, but parallel-
plate geometry is perhaps the most common. In addition, there are many choices of
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plate diameters, but 25 mm and 50 mm are among the most common. For rheological
measurements, a smaller diameter will measure higher stresses than a larger diameter if
all other variables are held constant. Therefore, the results obtained from different plate
diameters cannot be reliably compared. Nevertheless, a smaller diameter is generally
advantageous because it is easier to load the sample, and only a small quantity of the
sample is needed despite having slightly reduced testing precision.

Another important consideration for rheometer tests is the sample loading procedure.
In fact, different methods of loading a sample can cause errors of up to 30% in some
cases [21]. The typical procedure is to apply a sample to the lower and/or upper plate
and then lower the top plate to a gap slightly larger than the measurement gap. At this
point, a tool is used to clear (trim) all the sample that is not directly between the plates.
The top plate is then lowered to the measurement gap and the measurement is performed.
A standard procedure is to trim the sample at a gap 5% greater than the measurement gap,
but trimming the sample at 2.5% above the measurement gap is also reasonable.

Another consideration is the state of stress within the sample as it is being measured.
Upon lowering the top plate, there can be a large resistive force acting on the top plate
due to the compression of the sample. This effect is especially pronounced when using a
plate with a large diameter. This is generally dealt with in one of three ways: waiting for
the sample to relax (relaxation), shearing the sample a small amount (pre-shear), or doing
nothing and immediately commencing measurement. For many measurements, this choice
is inconsequential. However, in some cases, this can have a significant effect, and this is
explored in Sections 3 and 4.

Overall, performing these measurements requires an operator to learn how to use a
rheometer, but the actual treatment of a sample is quite straightforward and far less prone
to operator error than the cone penetration test.

2.3. Alternative Penetration Tests

Though the cone penetration tests given by ASTM D217 and ASTM D1403 are the
officially recognized penetration tests, there are other penetration tests that can possibly be
used to assess grease consistency. Two of the most prominent include the consistency test
found within the SKF grease test kit [22] and the rheometer penetration test.

The consistency test provided in the SKF grease test kit is intended for the in-service
sampling of grease and needs only a very small sample. This consistency test is an example
of a constant-volume squeeze flow [23]. It is done by first applying a cylindrical-shaped
sample of grease to a glass plate using a jig. Then, another glass plate is carefully placed
above this one and a weight is put atop it. The weight is allowed to cause the grease to
spread between the plates for 15 s and the final diameter of the sample is compared to rings
on a sheet of paper to determine consistency. This only has the resolution to determine the
NLGI grade and relies on the final sample shape being close to circular. In practice, a used
grease sample may be quite nonhomogeneous and contaminated, leading to a non-circular
spread, which will add difficulty to determining the result.

The rheometer penetration test has been used in the past [5,6] but will be examined
more in-depth in Section 3.

3. Details of Rheometer Penetration Test

The geometry given by the rheometer penetration test is an example of “imperfect
squeeze flow” [23,24], with the geometry having neither a constant area nor constant
volume. In this configuration, there is a complicated variable pressure imposed by the
fluid squeezed as the gap closes [23]. This leads to some difficulty in deriving analytical
equations describing the relationships among parameters, such as displacement, force,
area, and velocity. Therefore, these parameters were investigated empirically.

Many variables were identified for the rheometer penetration test, including sample
preparation, gap height, penetration time, and normal force imposed. Similar to the
oscillatory tests done in a rheometer, the test geometry and sample preparation are key
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variables that must be arbitrarily chosen. For the same reasons as in the oscillatory tests,
it appears that the 25 mm diameter plate configuration is a good choice, and this was used
in the previous works mentioned.

All rheometer experiments were conducted using an Anton Paar MCR 301 rheometer
at room temperature. Each sample was measured three times and the average value is
presented with error bars corresponding to one standard deviation. In most cases, the
standard deviation is quite low and error bars are not visible. An overview of the greases
used in the experiments is provided in Table 2.

Table 2. Greases used.

Grease Abbreviation Thickener Type Labeled NLGI Grade

LiC00 Lithium complex 00
LiC0 Lithium complex 0
LiC1 Lithium complex 1
LiC2 Lithium complex 2
LiC3 Lithium complex 3

AlC2.1 Aluminum complex 2 *
AlC2.2 Aluminum complex 2
CaS2 Calcium sulfonate 2
PU2 Polyurea 2

* The measured consistency of this grease was approximately grade 1.

In choosing the gap height, the main constraint is that the ratio of the plate’s radius to
gap height should be greater than or equal to 10 to avoid edge effects [25]. The selection of
the plate diameter is another important parameter, as results of similar experimentation [24]
indicate that there is a complicated dependency of rheological measurements on plate
geometry. For these measurements, a 25 mm diameter top plate was selected. This is a
common size and can allow for using a small sample of grease while allowing a reasonable
gap. In order to satisfy the radius-gap constraint given above for a 25 mm diameter, the
gap must be below 1.25 mm. Hence, a 1 mm gap was chosen for the experiments reported
in this paper.

The next thing to be examined is sample preparation. Measurements of the same
sample were taken using a standard 5% trim with no pre-shear, a 100% trim without pre-
shear, a 5% trim with pre-shear, and a 5% trim with a 20-min relaxation period. Using a 5%
trim without pre-shear or a relaxation period means that the top plate is initially lowered
to a height 5% above the measurement gap where the sample is trimmed before lowering
the top plate to the measurement gap and immediately commencing the measurement.
Using a 100% trim means the top plate is initially lowered to twice the measurement gap
where the sample is trimmed before lowering the plate and immediately commencing
measurement. The 5% trim with pre-shear means the sample was trimmed at 5% above the
measurement gap but after the plate was lowered to the measurement gap, a shear rate
of 5 s−1 was induced for 5 s before commencing measurement. Finally, the 5% trim with
relaxation period means that after trimming the sample at 5% above the measurement gap,
the top plate is lowered to the measurement gap and a pause of 20 min is taken before
commencing measurement.

Results of the sample preparation investigation are displayed in Figure 3 and show
that using pre-shear does not appear to influence the result when compared to the 5%
trim. Allowing the sample to relax for 20 min before subjecting it to penetration appeared
to slightly decrease the penetration, but also led to a higher standard deviation in this
case. Adding 20 min to a 20 s test is also impractical. Nevertheless, the method with the
lowest standard deviation of results is the case of the overfilled gap, where the sample
was trimmed at 2 mm and immediately subjected to penetration. This method yielded a
consistently lower penetration when compared to the 5% trim, which is an expected result
when considering the nature of squeezing flow. The repeatability of this method led to its
implementation in subsequent measurements.
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Figure 3. Rheometer penetration results of PU2 with a 4 N normal force comparing a standard 5%
trim to a 100% trim, a pre-sheared sample, and to a sample relaxed for 20 min.

To select an appropriate penetration time, one must examine the penetration as a
function of time. Figure 4 examines the gap height over time as a constant normal force is
imposed on grease samples. This figure considers a range of forces between 2 N and 8 N
and uses greases ranging from grade 00 to grade 2. For some grease types, a low normal
force will cause the plate to barely move or, in some cases, not move at all. In cases where
the top plate moves, the initial velocity (slope of this plot) is approximately the same but
begins to level off as the plate nears a steady state. Because of this, it takes longer for the
top plate to reach a steady state when the plate must travel a longer distance. Nevertheless,
for all cases, it appears that 20 s is sufficient, confirming the results of a previous study [6].
Therefore, 20 s was used for all subsequent measurements.

Figure 4. Rheometer gap height as a function of time for various greases and forces.

The next thing to look at is how penetration is affected by changing the normal
force. For this examination and all future rheometer penetration test results, data will be
presented as net penetration to provide a similar meaning as cone penetration. This will be
defined as the final gap height subtracted from the initial gap height. In this way, the higher

67



Lubricants 2021, 9, 14

the penetration, the less firm a given grease is. In addition, the units of mm are converted
to mm/100, which also corresponds to the percentage of the initial gap.

Figure 5 shows that there is a clearly nonlinear trend relating net penetration and
normal force for a given grease sample. It is possible to separate the trend into three regions:
a region where the force is too low, a region where the force is too high, and a region in the
middle where the force is appropriate for measuring consistency. For greases below grade 1,
the first region is not visible on the plot because imposing a force of less than 1 N using the
rheometer often led to no movement. A force of 1.2 N would work well to determine the
consistency of a grade 00 or grade 0 grease. However, it would not be able to determine any
significant difference between grade 1 and grade 2 grease. Similarly, a force of 4 N would
work well for a grade 1 or grade 2 grease but would not be useful for any grease below
grade 1. Generally, the goal of testing greases with the rheometer penetration method
is to keep results within the middle region. This means that the rheometer penetration
test needs to vary the force according to the consistency of the grease chosen in order to
keep results within the region of approximately between 15 mm/100 and 80 mm/100.
Unfortunately, this means that if the rheometer penetration results are to be correlated with
other tests, each normal force must be considered individually.

Figure 5. Rheometer net penetration as a function of force for various grease grades.

The final procedure developed for assessing the consistency of a grease using the
rheometer penetration test involves first applying the sample to the base plate and/or
upper plate of the rheometer. The top plate is then lowered to 2 mm where the sample is
trimmed, and then lowered to the measurement gap of 1 mm. The desired normal force is
imposed for 20 s, and the difference between the initial and final value is reported as the
net penetration value. If the net penetration is not between 15 mm/100 and 80 mm/100,
then the force should be changed.

4. Comparison of Tests

The procedure developed for testing grease consistency using a rheometer penetration
test will now be compared with the cone penetration test, yield stress measurements,
and crossover stress measurements to observe correlations among these tests at room
temperature.

4.1. Materials and Procedures

In order to test as wide a range of consistencies as possible and to obtain various
intermediate consistencies, greases (given in Table 2) were sheared for various intervals in
a standard grease worker specified by ASTM D217. For many of the greases, such as PU2
and AlC2.1, this led to considerable changes in consistency. However, some of the other
grease types, such as all the lithium complex greases tested, showed a minimal change in
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consistency from the mechanical shear of the grease worker. In order to obtain an even
wider array of consistencies, the lithium complex greases were mixed together in various
ratios and the calcium sulfonate grease was contaminated with small amounts of water
(under 10 percent by weight). The procedure for mixing involves placing the desired ratio
of materials together in the grease worker and working for a minimum of 500 strokes.
Overall, the exact proportions of greases, the exact concentration of water, and the exact
number of strokes are not relevant to this investigation. This study is exclusively focused
on examining the similarities and differences among the various consistency tests using
the same sample in each.

Unless indicated otherwise, all results of oscillatory tests (calculation of yield stress
and crossover stress) were conducted using a 25 mm flat plate with a 1 mm gap at 1 Hz
with no relaxation or pre-shear. These tests, as well as cone penetration measurements and
rheometer penetration measurements, were done three times, and the average value is
presented.

4.2. Identifying Variables

A further investigation of variables was conducted for the oscillatory tests. These tests
calculated the yield stress and crossover stress of one particular sample but assessed the
influence of plate size, plate roughness, overfilling the gap, and pre-shearing the sample.
The results are summarized in Figure 6.

 

(a) (b) 

Figure 6. Comparison of (a) yield stress and (b) crossover stress of LiC2 worked for 60 strokes using
an overfilled sample compared to a pre-sheared sample compared to a standard 5% trim.

The results based on plate properties indicate that, as expected, the smaller plate
measured a higher yield stress and crossover stress than the larger plates. In addition, it
appears that the surface roughness of the plate does not cause a significant difference in
the results. This is also expected, as one of the advantages of oscillatory rheometry is the
minimal sensitivity to plate roughness.

A pre-shear of 5 s−1 for 5 s prior to measuring the critical stresses was done to intensify
the effects of sample manipulation during testing and assess the sensitivity of the test to
initial conditions. This investigation revealed that pre-shear had a significant effect on
calculating yield stress but had a small effect on calculating crossover stress. Due to the
relatively large standard deviation observed when using pre-shear, it was not used for
subsequent tests.

Overfilling of the sample with a 100% trim was found to significantly affect results for
both yield stress and crossover stress. In addition to overestimating both stresses, a higher
standard deviation was noticed for results obtained using an overfilled gap. Therefore,
care was taken to cleanly trim every sample at 5% above the measurement gap.
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4.3. Rheometer Penetration Test Results

Here, the results of all four tests considered (cone penetration, rheometer penetration,
yield stress, and crossover stress) will be compared. The first set of results presented
involves looking more closely at the rheometer penetration test. Because different normal
forces must be used to test different greases, here, each normal force has an associated set of
data. For simplicity, only one set of data will be presented; however, this set is particularly
representative of all data collected. Figures 7 and 8 compare the rheometer penetration test
done using a 5 N normal force to other consistency tests.

Figure 7. Cone penetration vs rheometer penetration for various greases with a 5 N normal force.

 

(a) (b) 

Figure 8. Comparison of (a) yield stress and (b) crossover stress with rheometer penetration at a
force of 5 N for various grease types.

Figure 7 shows that there is a general positive correlation between cone penetration
and rheometer penetration; however, different greases show slightly different behaviors.
This means that using a rheometer to assess the change to a particular grease’s consistency
would be a valid approach, but comparing two different greases to each other with this
approach would not. Using a linear correlation between cone penetration and rheometer
penetration in this case would likely lead to excessive error and it is, therefore, recom-
mended that this approach not be taken if one is interested in comparing the consistency of
different greases.

Results shown in Figure 8 are perhaps even more indicative that a correlation between
rheometer penetration and the other tests that should not be used in practice since a
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meaningful trend cannot be established. Nevertheless, a comparison of the other tests
yielded interesting results.

4.4. Oscillatory Test Results

The next results shown compare the oscillatory test results to each other and to cone
penetration results.

Figure 9 shows the relationship between yield stress and crossover stress for the
greases selected. As expected, based on another study [8], there is a general positive corre-
lation between these two measurements. However, there is one particularly notable cluster
of data points associated with the LiC3 grease. These points were found to completely
deviate from the expected trend and indicate that there is some important discrepancy
between yield stress and crossover stress.

Figure 9. Yield stress vs crossover stress for various greases.

Figure 10 shows the relationship between cone penetration and yield stress, where a
general negative correlation is established. This figure, once again, shows that the LiC3
grease deviates from the expected trend by a significant amount. This grease appears to
have a much lower cone penetration value than the PU2 grease, yet it shows a similar value
of yield stress. Because of this, it is not recommended to use this measure of yield stress to
estimate cone penetration.

Figure 10. Cone penetration vs yield stress for various greases.

Figure 11 shows a plot of cone penetration (CP) vs. crossover stress (CS), where the
correlation is significantly better than in any of the preceding plots. In this case, the LiC3
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grease fits in exactly where it would be expected and no grease deviates significantly from
the overall trend. These data are fitted to a power law in Figure 12, where the coefficient of
determination is above 0.95. Because of the good fit for all types of greases tested, it appears
that using a rheometer to measure crossover stress could be used as a reasonable substitute
for the cone penetration test.

Figure 11. Cone penetration vs crossover stress for various greases.

–

Figure 12. Cone penetration (CP) vs crossover stress (CS) for various grease types with a power fit.

5. Discussion

When considering tests of grease consistency, it is important to realize that consistency
is an overall property of a given sample. Even within a sample, there are likely localized
differences in consistency that can cause different samples of the same batch to show
different results. This can be especially pronounced when a grease has been in storage
and/or has experienced large temperature fluctuations. As is displayed in Figure 13,
greases can even appear visually nonhomogeneous. The non-homogeneity of the grease
by itself can cause a significant difference between an unworked sample and one that is
worked for merely 60 strokes in a grease worker.
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Figure 13. Smooth texture of worked grease in the cup below compared to the rough texture of
unworked grease above it.

Though it is important to note that some of the apparent uncertainty of a grease’s
consistency is due to the grease sample itself, the method for testing consistency plays a
dominant role.

5.1. Rheometer Penetration

Overall, the rheometer penetration test shows different trends with different greases.
It is possible that the results correlate with some property that was not investigated,
but there is no clear correlation between it and any of the other tests considered. Perhaps
finding the properties—such as tackiness, base oil viscosity, or other rheological properties—
responsible for causing the poor correlation would help give a deeper understanding of
the tests themselves as well as grease performance.

Nevertheless, an interesting metaphor between the rheometer penetration test and the
cone penetration test can be drawn despite significantly different geometries. The minimum
penetration value that corresponds to an NLGI grade (grade 6) is 85 dmm, while the
maximum penetration value that corresponds to an NLGI grade (grade 000) is 475 dmm.
This is despite the fact that the minimum possible value of penetration is 0 dmm and the
maximum value (where the cone hits the bottom of the cup) is 635 dmm. If this is scaled
to the rheometer test with a 100 mm/100 starting gap, this corresponds to a minimum
penetration of 13.4 mm/100 and maximum penetration of 74.8 mm/100. Despite the
completely different geometry, this appears to match somewhat closely with the desirable
middle region for the rheometer penetration test. This is especially true for greases within
the range of grade 0 to grade 2.

5.2. Cone Penetration

Though the cone penetration remains one of the most common tests, many critics
contend that the results of the test do not indicate useful information about a grease. For
instance, some point out that it is likely more important to look at pumpability and other
grease flow characteristics than cone penetration [26] when considering a grease for a given
application. However, the test is such a fundamental tool in measuring a grease that it is
unlikely to go away any time soon. In addition, it has an advantage over the other methods
used herein in that it can test very firm greases. Greases corresponding to an NLGI grade

73



Lubricants 2021, 9, 14

of 4 or above are generally unsuitable for use in a rheometer, while the cone is designed
such that it will give a meaningful penetration value.

A look at the interaction of grease, the cone, and the cup during the cone penetration
test shows that there are different phases of the test. The first phase is where the cone
penetrates initially and the portion of the cone with a very steep angle causes rapid
penetration. This is useful for testing very firm greases where a normal wide cone design
would show a negligible penetration.

The second phase involves shallow penetration of the “main” cone body, which is
roughly independent of the diameter of the grease cup. According to ASTM D217, this
takes place for penetration values below 265 dmm. In this phase, grease begins to be lifted
out of the cup, but not enough to significantly impact results.

The third phase is a transition phase, where the grease is lifted out of the cup and
begins to be squeezed between the cone and the cup rim. In this region, the geometry of
the cup starts to become a significant factor in penetration measurement. This roughly
corresponds to the region of penetration between 265 and 400 dmm.

Finally, the fourth phase of cone penetration is where the cup geometry plays a major
role in penetration. A large amount of grease is squeezed between the cone and the lip of
the cup, causing the cup geometry to play a major role in determining penetration. If a
cup of grease with different dimensions were used, it is expected that the penetration
values would be significantly different. As is mentioned in ASTM D217, in order to obtain
consistent readings for grease within this region (above 400 dmm), it is imperative to center
the cone exactly above the cup.

A final note on the cone penetration test is that there are scaled-down alternatives given
by ASTM D1403 with correlations between these tests and the full-scale test. These linear
correlations are clearly empirical, pointing out some difficulty in describing the behavior
of grease during this test with an analytical method. In addition, these tests are further
restricted by not allowing the testing of 000 and 00 greases.

5.3. Critical Stress

The evaluation of critical stresses through oscillatory rheometry appears to be a useful
tool in measuring grease properties. The yield stress method used appears to be more
sensitive to variables such as pre-shear and overfilling compared to the crossover stress
method. In addition, the yield stress method does not appear to correlate well with cone
penetration. Results from this study as well as the paper defining the procedure [10] show
that a grease with a higher cone penetration may or may not have a lower yield stress.
This does not mean that this method has no value but does indicate that it is a poor choice
for estimating cone penetration and NLGI grade.

6. Conclusions

After a procedure was established for conducting rheometer penetration tests, the
method was used to assess the consistency of various greases and compared to other
methods of assessing consistency. It was found that the rheometer penetration test does not
correlate well with any of the other tests and is, therefore, only recommended to quickly and
easily monitor the change in consistency to a particular grease. Though using this method is
acceptable to monitor the change in consistency to a particular grease, it is not acceptable to
compare the consistency of different greases to each other. There is clearly some parameter
responsible for the lack of agreement between the rheometer penetration test and other
tests and investigating this lack of agreement can be beneficial for understanding the tests
themselves as well as the general nature of grease.

An interesting result from the experiments is that the crossover stress test appears
to be an excellent substitute for the cone penetration test. This test is simple to perform,
can use a very small sample, is not particularly sensitive to sample preparation, allows
for temperature control, and correlates very well with cone penetration. The main dis-
advantages are that it requires an expensive instrument and relies on arbitrarily chosen
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parameters such as plate diameter, gap height, and oscillatory frequency. Nevertheless,
many researchers use the same variables and if a 25 mm flat plate is used with a 1 mm
gap at 1 Hz, the equation given by Figure 11 would be a valid way of estimating cone
penetration using the crossover stress. This relationship holds true for all grease types
tested and is expected to hold for any other grease type.

Overall, these methods of assessing consistency can be used as a tool for monitoring
the degradation of grease due to processes such as shear, oil bleed, contamination, and
chemical reactions. However, it is important to keep in mind that the consistency of a grease
can appear to change simply because a given sample has a different balance of thickener
and oil compared to the average. Thus, appropriate sample selection is an important
factor for in-service sampling and even sampling of an unused grease that has been in
storage. Once an appropriate sample is taken, it appears that using oscillatory rheometry
to calculate the crossover stress has a significant value for reliably assessing the consistency
of a grease.
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Abstract: Grease is highly susceptible to degradation due to regular usage and the severity of the
operating conditions. Degradation can negatively impact the performance of grease-lubricated
machinery, demanding frequent maintenance to avoid premature failure of machine elements.
Quantification of grease degradation has proven to be a formidable task, for which no accepted
standards are currently available. In this paper, we extend the results of a novel approach devel-
oped recently for the evaluation of the water-resistant property in grease to quantify degradation.
The methodology is based on measurements of the contact angle of a water droplet on the surface of
a sample of grease. We report the results of extensive tests performed on different grades of lithium
complex greases to evaluate the variation of contact angle values with the composition of grease.
The measurements were compared with penetrometer readings to quantify a relationship between
the grease consistency and contact angle. Detailed study results are also presented on three types
of greases sheared in a grease worker for a different number of strokes: contact angle and the yield
stress values were measured and compared. Finally, the tribological characteristics were determined
for two greases that exhibited a low or high change in their contact angles.

Keywords: grease degradation; contact angle; yield stress; shearing; tribology properties

1. Introduction

Grease has widespread application in machinery components such as rolling element
bearings, pin bushings and journal bearings [1–7], gears [8–10], slide-ways [11,12], and the
like. In these applications, grease composition changes with time, degrading its perfor-
mance. As a result, the efficiency of the machine deteriorates to the extent that, eventually,
the grease can no longer adequately protect the surfaces, at which point failure becomes
imminent. To avoid forced shut down, machine operators are required to periodically
inspect the health of the grease and replenish or replace it, as deemed necessary.

Grease degradation occurs due to physical changes, chemical changes, or a combina-
tion thereof [13–15]. Physical degradation occurs due to bleed-off and/or evaporation of
base oil and contamination by particles and/or water. This type of degradation primarily
prevails during the shearing of greases below 50 ◦C. On the other hand, chemical degra-
dation is a result of oxidation of the base oil, or depletion of the additives, occurring at
temperatures higher than 50 ◦C. In general, grease is more prone to physical degradation at
high operating speed (i.e., high shearing rate), while chemical degradation occurs at high
operating temperatures or during long-term storage [15]. The focus of the present work is
on assessing the degradation of grease due to physical change.

The industry typically measures the physical changes in grease by evaluating its
consistency through the worked penetration test provided in the American Society for
Testing and Materials (ASTM) standard D217 [16]. In this test, a cone of standard shape
and weight is released to fall into a cup of grease, after which the depth of penetration
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into the sample is recorded. The larger the penetration value, the lower is the consistency,
and vice versa. ASTM D217, however, requires a large amount of grease, which is not
practical when trying to assess the consistency of small amounts of grease taken from roller
element bearings or other lube points. To overcome this complication, Rezasoltani and
Khonsari [17] employed a rheometer for assessing grease degradation by monitoring the
change in the rheological properties and correlating it to the mechanical degradation of the
grease. The mechanical degradation was determined by squeezing the grease between two
parallel plates and measuring the difference in the plate position after 60 s. The mechanical
degradation of the grease can also be determined in a rheometer by measuring the yield
stress, zero viscosity, cross-over stress, etc.

Lijesh and Khonsari [18] extended the approach proposed by Rezasoltani and Khon-
sari [17] for developing a predictive model for determining the degradation of grease
from their operating NLGI grade and thereafter estimating their remaining useful life.
Specifically, they based their degradation assessment on a relationship between the change
in the grease consistency and entropy generation. For example, the drop in the consistency
of a pristine grease of NLGI grade 2 to NLGI grade 1 or 0 can be considered an indica-
tion of the reduction of performance and the necessity for re-lubrication. Testing via a
rheometer requires far less grease compared to D217; however, an expensive rheometer and
appropriate technical expertise are required, making it unaffordable for many industries.

Lijesh et al. [19] very recently developed a unique approach to quantify the water
repellant properties of grease by measuring the contact angle of a droplet of water on the
surface of a grease sample. In this method, a small quantity of grease is spread over a
surface, a water droplet is dropped on it, and the contact angle of the water droplet is
measured. The contact angle values are dependent on the type and composition of the
grease, i.e., thickener, base oil, and additives. Thus, we hypothesize that the degradation of
grease can also be effectively characterized using the contact angle approach. The immedi-
ate advantage of this approach is that only a small quantity of grease is needed. Ideally,
a portable instrument can be built for testing grease performance in the field [20,21].

To validate the hypothesis, experiments were performed by degrading grease in a
grease worker and measuring the contact angle after periodic intervals. In the present work,
the evaluation was performed for three types of greases. The change in the contact angle
values after a different number of strokes was considered for evaluating the degradation
characteristics of the grease. To corroborate the findings, the same greases were also tested
in a rheometer. To gain further confidence, two of the greases rendering higher and lower
variation in contact angle with time were tested for tribological performance in a tribometer.

The outline of this paper is as follows. Section 2 provides the details of the instruments
used for shearing grease, i.e., a grease worker for measuring the rheological properties
and a rheometer for measuring contact angles. Section 3 is devoted to the presentation
of results, followed by a discussion in Section 4. In Section 5, summary and concluding
remarks are provided.

2. Materials and Methods

Table 1 shows the list of eight commercially available greases considered for the
present investigation. It includes the base oil, the type of thickener, the color, and NLGI
grades of each grease.

Table 1. Grease designation with thickener and base oil types.

Grease Label Thickener Types Base Oil Type Color NLGI Grade

Li_m Lithium based Mineral oil Blue 3, 2, 1, 0, 00
Li_P Lithium based Poly-alpha-olefin oil Pink 2
CaS Calcium sulfonate Mineral oil Green 2
PU Poly-urea Mineral oil Blue 2
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2.1. Grease Worker

The grease was degraded by shearing in the grease worker rig shown in Figure 1.
This rig contained a 2 hp gear reduction motor, plunger assembly, a grease cup, cover,
and an electrical counter. The plunger assembly consisted of a handle, a shaft, and a
perforated plate. The handle had an oval shape slot to convert the rotary motion of the
motor to linear-reciprocating motion. The number of strokes was counted using an electric
counter. The shearing action was induced in grease by reciprocating the handle and shaft
inside the grease cup and forcing grease to pass through a series of holes in the plunger.

 
Figure 1. Modified grease worker.

Grease samples of 30 g by weight were sheared in the grease cup at 1 s−1 shear rate at
room temperature (25 ◦C). The grease from the cup was then used for evaluation under
three cases: Case 1: 10,000 strokes, Case 2: after 86,400 strokes (i.e., after 24 h), and Case 3:
after 172,800 strokes (i.e., after 48 h). Measurements of grease samples were performed
using a digital scale with an accuracy of 0.1 mg. The testing conditions were selected such
that the grease sheared enough to show considerable degradation within the cases.

2.2. Water Droplet Analyzer

The drop shape analyzer (Krüss, Hamburg, Germany) shown in Figure 2 was used
to determine the contact angle of the water droplets on the grease surface. This setup
consisted of a camera (IDS UI-5480CP-M-GL GigE camera) and adjustable lens (Thorlabs
AC254-075-A-ML Lens) through which the water droplet on grease sample was analyzed.
Using an adjustable screw, the height of the sample stage was adjusted such that the water
droplet was in line with the lens height. The angle of the lens was further adjusted by
an alignment screw, as needed. The apparatus provided a monochromatic blue light that
helped in obtaining a clear and distinguishable image of the droplet from the background.
The apparatus used the captured image to calculate the contact angle θ via the built-
in software.
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(a) (b) 

Figure 2. Drop shape analyzer.

A mold made of polymer with rhombus shapes was used in the present work to
achieve consistent thickness and a uniform surface of grease. To remove the trapped air,
the grease in the mold slots was completely compressed. The grease sample was refilled
again if trapped air was observed. The slot containing grease to be tested was kept in
front of the camera and a 5 μL water drop was placed on the grease surface using a 10 μL
syringe. Due to the semi-solid nature and complex structure of grease, the dimensions
of the droplets on the grease surface changed with time, making it difficult to capture
the image instantaneously. To address this issue, a video of the droplet was recorded for
more than 5 min at 3 frames/s. Images of the water droplet from the video after 60 s
were considered for measuring the contact angles. The standard operating procedure
is explained in Appendix A and also an explanation of the methodology is provided
elsewhere [19]. It was made sure that the grease sample considered for testing was at 25 ◦C.

2.3. Rheometeric Tests

The yield stress results for grease sheared for different numbers of strokes were
measured using a rheometer (Anton Paar MCR 301, Graz, Austria) shown in Figure 3.
The details of the specification of the rheometer are provided elsewhere [18].

  
(a) (b) 

 
(c) 

Sa = 0.66 μm 

Sa = 0.43 μm Sa = 1.206 μm 

Figure 3. Rheometer for measuring yield stress and penetration.80
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To determine the yield stress, a grease sample of 2 mm thick and 15 mm diameter was
placed onto the stationary surface (see Figure 4a). The plate was moved to the desired gap
thickness of 1 mm (Figure 4b) and the excess grease was trimmed off (Figure 4c). To remove
the deformation history due to the squeezing of grease, sufficient rest time was provided
to relax.

Figure 4. Procedure for placing the grease samples between the plate and stationary surface: (a) place
the grease sample; (b) squeezing the grease to the required gap; (c) trimming of the excess grease.

The yield stress values were determined from the shear stress-strain plot. The plot
was obtained by oscillate-sweeping the plate from 0.001% to 1% at a fixed frequency
of 1 Hz. The oscillatory strain sweep approach was adopted due to its robustness and
reliability. Further, the results obtained were insensitive to the geometry of the plates,
surface roughness, the gap between the plates, and the frequency of shearing [22,23].
The yield stress is the point on the stress-strain curve where the coefficient of determination
(R2) between the third-order polynomial fit of the experimental values and a linear fit is
found to be greater than 99.5% [23].

2.4. Tribometer

The change in the tribological performance (friction and wear) of the grease with
water contamination was studied using a tribometer setup, shown in Figure 5. The setup
consisted of a stationary disk with projection sliding against a rotating disk with a groove
(see Figure 5). The tribometer setup was designed for performing pin-on-disk; However,
to perform disk-on-disk tests, a disk holder was designed and built (see Figure 5).

The stationary disk was fastened to the disk holder and connected to a dual load
sensor through the suspension. Similarly, the rotating disk was fastened to a lubricating
cup and then to the driven pulley. The driven pulley was connected to the motor using the
driving pulley through a belt-pulley drive system. The dual load sensor was attached to
the motion control drive to measure the applied load in the vertical direction and frictional
force in the horizontal direction. Using the motion control drive, the required displacement
in the vertical as well as horizontal motion was achieved. Inbuilt software was used to
control the motions of the motor and control drive. The additional details of the setup are
available in [24,25].

The mean diameter and thickness in the stationary part were 30 and 2 mm, respec-
tively. The depth, mean diameter, and thickness of the groove in the rotating part were
1, 30, and 8 mm, respectively. Experiments were performed at 30 N load and 0.126 m/s for
3 h. The weight loss was determined using a weighing gauge having an accuracy of 0.1 mg.
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(a) (b) 

Figure 5. Tribometer setup.

3. Results

3.1. Pristine Grease

Initial testing was performed on the pristine grease to study the variation in contact
angle with different grades of lithium-based greases. Greases were sheared in the grease
worker for 60 strokes, and the worked penetration values were determined using a pen-
etrometer. Figure 6 shows the results of the contact angle measurement as a function of the
worked penetration. From this figure, the existence of a linear correlation between different
NLGI grade greases and contact angle values can be observed.

  
(a) (b) (c) 

Figure 6. Worked penetration vs. contact angle for different NLGI grade grease.

3.2. Degraded Grease

In this section, results are provided for degraded greases induced in the grease worker
for different strokes. The contact angle values are measured and compared with the
rheological property.

3.2.1. Water Droplet Analyzer

A water droplet was dispensed on the grease surface. The droplet was recorded for
more than 60 s. From the recorded video, the images of the water droplet at 60 s were
considered for evaluation. The contact angle of the captured images was determined using
the built-in software. The values of the contact angle at 60 s for PU grease for different
cases are plotted in Figure 7. It can be observed that the contact angle values tended to
drop with the increase in the number of strokes.
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(a) (b) (c) 

Figure 7. Contact angle for PU grease for different cases.

Similarly, the contact angle values obtained for Li-P and CaS greases for different cases
are shown in Figure 8a,b and Table 2. Referring to these figures, it can be inferred that for
both types of greases, the contact angle values were reduced with the number of strokes.

  
(a) (b) 

Figure 8. Contact angle for Li-P and CaS greases for different cases: (a) Li-P; (b) CaS.

Table 2. Average contact angle values for Li-P and CaS greases.

Cases Li-P CaS

1 103 95.4
2 101 93
3 98.6 91.7

3.2.2. Rheometric Measurements

The yield stress values for all three types of greases and for Cases 1–3 were determined
from the shear stress-strain plots obtained from the oscillatory sweep experiments [26,27].
The shear stress-strain plots for PU, Li-P, and CaS greases are presented in Figure 9a–c,
respectively.
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63° 

54.6° 

56.7° 

Figure 9. Shear stress versus shear rate plot for Cases 1–3, for all greases: (a) PU; (b) Li-P; (c) CaS.

From the obtained shear stress-strain values and using the linear fit function in Matlab,
the yield stress values were determined for R2 > 99.5%. Yield stress values for Cases 1–3
were determined for PU, Li-P, and CaS greases and the values are shown in Figure 10a–c,
respectively. It is observed that the yield stress values were reduced with the increasing
number of strokes.

 
Figure 10. Yield stress for PU, Li-P, and CaS greases for different cases; (a) PU; (b) Li-P; (c) CaS.

4. Discussion

The contact angle values of water droplets on grease surfaces depend on the composi-
tion and types of the ingredients used for developing greases. Therefore, it was postulated
that greases having the same types of ingredients, but in different proportions, have differ-
ent contact angles. To test the hypothesis, contact angle values were measured for different
grades of Li-m greases, and the results are provided in Figure 6. A linear relationship be-
tween the contact angle values and different NLGI grade penetration values was observed.
This concludes that through the contact angle values, different grades of the same kind
of grease can be determined. Further, in a very recent finding, Lijesh and Khonsari [18]
demonstrated the existence of a relationship between the NLGI grade reduction and degra-
dation. Therefore, by measuring the contact angle of the grease, one can determine the
degradation of grease.

The three types of greases (PU, Li-P, and CaS) were degraded in the grease worker,
and the contact angle values were measured for Cases 1–3. The measured contact angle
values for PU grease are shown in Figure 7 and for Li-P and CaS greases are shown in
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Figure 8a,b, respectively. From these figures, it can be observed that the contact angle
values decreased with an increasing number of strokes, i.e., with the degradation of grease,
the contact angle values reduced. The percentage changes of contact angle values between
Cases 1 and 3 for all three greases are plotted in Figure 11a.

 

Figure 11. Change in contact angle and yield stress values calculated between Cases 1 and 3: (a) contact angle; (b) yield
stress.

Further, to gain more confidence in the results obtained using the contact angle
approach, the rheological change in grease with degradation was evaluated by determining
yield stress values. Shear stress versus strain values for all greases and cases are plotted
in Figure 9, and the measured yield stress values for PU, Li-P, and CaS greases are shown
in Figure 10a–c. The change in yield stress values was determined for all the greases and
plotted in Figure 11b. From Figure 11a,b, the highest and lowest changes were determined
for PU and CaS greases, respectively. In other words, the PU grease degraded faster while
CaS degraded slowly.

Tribological Performance

To further assess the importance of a grease having lower degradation with time,
experiments were performed on a tribometer for 3 h, and tribological properties (i.e., fric-
tion coefficient and weight loss) were determined for Pu and CaS greases. The online
friction coefficient values for both greases are plotted in Figure 12. In the case of CaS grease,
the friction coefficient values remained almost constant, signifying satisfactory operation.
For the PU grease, however, the friction coefficient values exhibited significant fluctuation
after 130 min. The reason for the fluctuation can be attributed to the interference of worn-
out particles between the sliding surfaces. To investigate, an optical surface profilometer
was used to examine the 3D profiles of the rotating disk surface. Figure 13a shows the sur-
face profile at the pristine condition and Figure 13b,c shows the profiles for the PU and CaS
greases, respectively. The measured roughness value of the pristine surface was 0.43 μm,
while the surfaces tested with PU and CaS greases were determined to be 1.2 and 0.66 μm,
respectively. From the surface roughness values and the 3D profile images provided in
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Figure 13, the following observations are made: (i) the surface roughness values increased
by performing experiments, and (ii) the surface of rotating disks operated with PU grease
caused more damage than CaS grease. Therefore, the CaS grease protected the disk surfaces
from wearing out, whereas the PU grease degraded faster and after 130 min. of shearing,
it failed to protect the surfaces.

   
(a) (b) (c) 

Figure 12. Online recorded friction coefficient values for PU and CaS greases.

 

Figure 13. 3D profile image of rotating disk: (a) pristine surface; (b) worn-out surface with PU grease; and (c) CaS grease.

The average friction coefficient values and measured weight loss after completion
of the experiment are plotted in Figure 14a,b, respectively. From these figures, it can be
concluded that CaS showed better tribological performance than PU grease. This finding is
in agreement with the findings of the contact angle approach.
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Figure 14. Average friction coefficient and weight loss values for PU and CaS greases: (a) average friction coefficient;
(b) weight.

5. Conclusions

This paper is dedicated to the development of a procedure for the characterization of
grease degradation using the contact angle approach. In this approach, a water droplet is
placed onto the grease surface and the contact angle of the water droplet is measured. It is
postulated that this approach has the potential to reflect the change in the composition of
the grease, which in turn can be employed for determining the degradation of the grease.
To validate, a contact angle test was performed on different grades of Li-m greases and
the results were compared with those obtained by penetration tests. A linear correlation
was observed between them, indicating the capability of the contact angle approach in
determining the change in consistency of the grease. PU, Li-P, and CaS greases were sheared
in a grease worker for a different number of strokes and their degradation was evaluated
by measuring the contact angle values and comparing these with the yield stress values.
From both approaches, it was found that the PU grease degraded faster and CaS grease
degraded slower. To assess the importance of the finding, experiments were performed
on a tribometer to evaluate the tribological properties of PU and CaS greases. From the
experimental results, it was concluded that the wear and friction coefficient values for PU
grease were higher than those of CaS grease. Further, for PU grease, the generation of wear
particles was observed. This concludes that CaS grease degraded at a lower rate compared
to PU grease, which is in agreement with the findings of the contact angle approach.
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Appendix A

Step 1: Collect grease samples from the machinery or components which need to be
tested. The volume of sample required is 75 mm3; i.e., around 0.25 g of grade
2 grease.

Step 2: Apply the grease sample to the rhombus slot.

 

Step 3: Remove the excess grease. The grease is reapplied if air bubbles are entrapped in
the grease.

 

Step 4: Keep the mold in front of the lens of the drop shape analyzer.

Step 5: Start button in the software provided for drop shape analyzer is clicked.

Step 6: Drop water droplet on the grease surface.
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Step 7: Wait for more than 60 s.

Step 8: Stop the recording.

Step 9: Time for water droplet touching the grease surface is noted and the contact angle
of the droplet after 60 s from the noted time is measured.
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Abstract: This paper presents a formulation of point contact elastohydrodynamic lubrication analysis
for an isothermal, non-Newtonian flow. A coordinate system of the pressure gradient was employed
herein. A Couette flow and a Poiseuille flow were considered along the directions of the zero and non-
zero pressure gradients, respectively. The Poiseuille flow velocity was assumed to be represented by a
4th-order polynomial of z along the film thickness direction. The Couette flow velocity was assumed
to be represented by a linear function of z. Subsequently, the modified Reynolds equation, which
contains an equivalent viscosity, was obtained. Using Bauer’s rheological model, the formulation
presented in this study was applied to a grease that has been previously experimented upon. The
results of previous studies were compared with those of the present study and a reasonable agreement
was noted. The distribution of the equivalent viscosity showed a notable difference from that of
Newtonian flow. The formulation can be incorporated easily to the usual elastohydrodynamic
lubrication calculation procedure for Newtonian flow. The method can be easily applied to other non-
Newtonian rheological models. The equivalent viscosity can be calculated using the one-parameter
Newton-Raphson’s method; as a result, the calculation can be performed within a reasonable time.

Keywords: elastohydrodynamic lubrication; isothermal; non-Newtonian; point contact; grease
lubrication; Bauer’s model; pressure gradient; equivalent viscosity

1. Introduction

Performing experiments on non-Newtonian flows, including grease flows, is con-
siderably time-consuming and costly. Therefore, it is important to numerically analyze
the phenomena corresponding to non-Newtonian flows. Numerical approaches can help
obtain a variety of data that cannot be determined experimentally. Grease flows can be
well defined using Bauer’s model; however, owing to the extreme complexity of this
model, it is difficult to determine the exact solution as well as approximate solutions for
point contact, isothermal, non-Newtonian elastohydrodynamic lubrication (EHL) analyses.
Therefore, it is convenient that the non-Newtonian EHL calculation can be executed within
a reasonable calculation time and without large modification to the usual Newtonian EHL
calculation procedure. Kochi et al. [1] performed experiments on grease under soft EHL
conditions and measured the film thickness and traction forces. The method proposed in
the present study can be applied to the grease considered in Kochi et al. [1] to validate this
theoretical approach.

1.1. Classification of Calculation Methods

As shown in Figure 1, the Z-direction is considered to be the film thickness direction.
The flow velocities along the X- and Y-directions are denoted by u and v, respectively, which
are functions of x, y, and z; however, when considering only z dependency, the velocities
can be expressed as u(z) and v(z), respectively. The numerical methods for isothermal,
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non-Newtonian EHL analyses can be classified in terms of the accuracy of u(z) and v(z),
as follows:

Method 1: Exact solution of u(z) and v(z) is obtained.
Method 2: Approximate solution of u(z) and v(z) is obtained.

Figure 1. Global coordinate system O, X, Y, Z.

Method 2 can be further classified in terms of the employed coordinate system.

Method 2-A: Local X-direction is the sliding direction.
Method 2-B: Local X-direction is the direction of the pressure gradient.

1.2. Previous Works

Several methods have been proposed to solve isothermal, non-Newtonian EHL prob-
lems. Kauzlarich and Greenwood [2] obtained the exact solution of line contact EHL
problems considering the Herschel–Bulkley model. Conry et al. [3] obtained an exact
solution of line contact EHL problems by considering Eyring’s model. Specifically, the
velocity u(z) was represented by a function containing cosh, indicating that, in general,
u(z) and v(z) cannot be precisely represented using polynomials of z. Dong and Qian [4]
obtained an approximate solution of line contact EHL problems considering Bauer’s model
and using the weighted residual method. Peiran and Shizhu [5] proposed a method to
obtain an exact solution of point contact EHL problems for general rheological models by
using an equally divided Z-direction mesh. Subsequently, the authors applied the method
to a line contact EHL problem. Kim et al. [6] attempted to obtain an exact solution of
point contact EHL problems by considering Eyring’s model. Ehret et al. [7] considered the
X-direction to align with the sliding direction and obtained an approximate solution of u(z)
and v(z) represented by the 2nd order polynomial of z by using the perturbation method.
Thus, researchers have obtained two effective viscosities: one along the sliding direction
and another along the perpendicular direction.

Greenwood [8] focused on the considerable amount of computation time required
to obtain an exact solution and compared two approximation methods. Sharif et al. [9]
considered the X-direction to align with the sliding direction and developed a method
to obtain an exact solution of point contact EHL problems for an arbitrary rheological
model. Using this approach, the authors obtained two effective viscosities along the X- and
Y-directions. Liu et al. [10] formulated a method to obtain an exact solution of point contact
thermal EHL problems considering Eyring’s model. Yang et al. [11] formulated a general
Reynolds equation for point contact EHL problems by dividing the flow into Couette and
Poiseuille flows. Subsequently, the authors obtained an exact solution of line contact EHL
problems considering the power law model and demonstrated the effectiveness of their
proposed method. Furthermore, Bordenet et al. [12] obtained an exact solution of pure
rolling point contact EHL problems considering Bauer’s model for n = 1/2 and applied
the approach to grease.

2. Overview of the Proposed Method

In this work, an isothermal, non-Newtonian EHL formulation considering Method
2-B was developed. Although this approach does not yield the exact solution of u(z) and
v(z), the calculation is simple and fast. As shown in Figure 2, the local Xc-direction is
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considered as the direction of the pressure gradient d, and the Yc-direction is considered to
be perpendicular to Xc. The flow velocities in the Xc- and Yc-directions are denoted as uc
and vc, respectively. As the pressure gradient toward Yc is zero, the flow vc is assumed to
be a Couette flow, which can be represented using a linear function of z. As the pressure
gradient toward Xc is generally non-zero, the flow uc is assumed to be a Poiseuille flow,
which can be represented using a 4th-order polynomial of z. As uc and vc cannot be
precisely represented by polynomials of z, they are expanded using polynomials of z. In
such cases, the 6th-order or even higher order polynomials can be considered; however,
in this work, a lower 4th-order polynomial was employed. A viscosity corresponding to
the Newtonian flow was obtained and termed as the equivalent viscosity. To replace the
viscosity of the Newtonian flow with the equivalent viscosity, which is a typical process
when evaluating EHL problems, the method proposed by Venner and Lubrecht [13] can
be used without any change for the isothermal, non-Newtonian EHL calculation. Given
a rheological model, any non-Newtonian isothermal point contact EHL problem can be
solved using the proposed method.

Figure 2. Local coordinate system Oc, Xc, Yc.

The calculation procedure consists of two steps. First, the Newtonian EHL calculation
is executed for the base oil that yields the Newtonian pressure distribution. Second,
using the pressure distribution as the initial value, the non-Newtonian EHL calculation is
executed for the non-Newtonian flow. The local coordinate system, Oc, Xc, and Yc, at a
particular point, depends on the pressure gradient and it is determined simultaneously in
the process to obtain the pressure distribution. The equivalent viscosity is calculated based
on the local coordinate system in each iteration loop to obtain the pressure distribution.
Here, the method was applied to an experimental grease characterized by Bauer’s model.

3. Calculation of Velocity Distribution as a Function of z

Figure 1 presents the XYZ coordinate system. The force balance of a fluid can be
expressed as follows [10]:

∂τx

∂z
=

∂P
∂x

(1)

∂τy

∂z
=

∂P
∂y

(2)

where P is the pressure of the fluid, and τx and τy are the shear stresses in the X- and
Y-directions, respectively. The parameters τ and

.
γ are defined as follows:

τ =
√

τx2 + τy2 (3)

.
γ =

√
∂u
∂z

2
+

∂v
∂z

2
(4)
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In Bauer’s model, τ is assumed to be represented as a function of
.
γ, as follows [1,14,15]:

τ =
(

τ0 + k1· .
γ + k2· .

γ
n
)
·ηn

η0
(5)

Here, τ0, k1, k2, and n are Bauer’s rheological parameters, and ηn and η0 represent
the P dependent viscosity and ambient viscosity of the base oil, respectively. In this work,
according to Dong and Qian [4], the parameters τ0, k1, k2, and n were assumed to be
P-independent known values determined from the τ-

.
γ curve measured at the ambient

pressure. In Eyring’s model, according to Conry et al. [3] and Johnson and Tevaarwerk [16],
the relationship between τ and

.
γ can be expressed as follows:

.
γ =

τ0
′

ηn
sin h

(
τ

τ0′

)

Here, τ0
′ is Eyring’s rheological parameter. Therefore, the relationship between τ and

.
γ can be rewritten as follows:

τ = τ0
′·sin h−1

(
ηn

.
γ

τ0′

)

The effective viscosity η∗ can be defined as follows:

η∗ = τ
.
γ

(6)

The effective viscosity η∗ is a function of
.
γ, which in turn is a function of z. The shear

stresses τx and τy are assumed to be represented as

τx = η∗ ∂u
∂z

(7)

τy = η∗ ∂v
∂z

(8)

Substituting Equations (7) and (8) into Equations (1) and (2), respectively, yields

∂

∂z

(
η∗ ∂u

∂z

)
=

∂P
∂x

(9)

∂

∂z

(
η∗ ∂v

∂z

)
=

∂P
∂y

(10)

The pressure gradient vector d is defined as follows:

d =

(
∂P
∂x

,
∂P
∂y

)
(11)

Similar to the method employed by Yang et al. [11], this method involves the flow
being divided into Couette and Poiseuille flows. As shown in Figure 2, the Xc-direction is
considered to be along d, and its direction vector is n1. The Yc-direction is perpendicular
to d, and its direction vector is n2. The local coordinate system, Oc, Xc, and Yc, at a given
point depends on the pressure gradient and is determined simultaneously in the process to
obtain the pressure distribution. In the Xc and Yc coordinate system, Equations (9) and (10)
can be rewritten as follows:

∂

∂z

(
η∗ ∂uc

∂z

)
= d (12)

∂

∂z

(
η∗ ∂vc

∂z

)
= 0 (13)
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d =
√

d·d (14)

Furthermore, the velocities uc(z) and vc(z) satisfy the following boundary conditions:

uc(0) = U−, uc(h) = U+, vc(0) = V−, vc(h) = V+ (15)

Here, U+ and U− denote the velocities of the upper and lower surfaces in the Xc-
direction, respectively; V+ and V− denote the velocities of the upper and lower surfaces in
the Yc-direction, respectively. Although the velocities uc(z) and vc(z) cannot be represented
by polynomials exactly [3], here they are approximated and expanded using polynomials
of z so that the velocities satisfy Equation (15), as follows. In this case, the variables a1 and
a2 are unknown.

uc(z) =
ΔU
h

·z + U− − a1·z(h − z)− a2·z2(h − z)2 (16)

vc(z) =
ΔV
h

·z + V− (17)

Here, h is the fluid film thickness, and ΔU and ΔV denote the velocity differences;
specifically, ΔU= U+ − U− and ΔV= V+ − V−. A higher order term of z, for example,
z3(h − z)3, can also be considered; however, in this work, the lower-order approximation
was chosen. As the pressure gradient toward the Yc direction is zero, vc was assumed to be
a Couette flow and approximated considering a linear equation of z. Furthermore, as the
pressure gradient toward the Xc-direction is generally non-zero, uc was assumed to be a
Poiseuille flow and approximated using a 4th-order polynomial of z. If d = 0, then uc is
also a Couette flow, and Equation (16) can be replaced with the following equation:

uc(z) =
ΔU
h

·z + U− (18)

The following equations are derived from Equations (16) and (17):

∂uc

∂z
= u′(z) =

ΔU
h

− a1·(h − 2z)− a2·2z(h − z)(h − 2z) (19)

∂vc

∂z
= v′(z) =

ΔV
h

(20)

The following equations are derived from Equation (19):

u′(0) =
ΔU
h

− a1h (21)

u′(h) =
ΔU
h

+ a1h (22)

u′
(

h
4

)
=

ΔU
h

− a1
h
2
− a2

3h3

16
(23)

u′
(

3h
4

)
=

ΔU
h

+ a1
h
2
+ a2

3h3

16
(24)

If rheological constitutive equations are given, the effective viscosity η∗(z) can be
calculated using Equations (4)–(6), (16) and (17). The integration of Equation (12) from
z = 0 to z = h yields Equation (25), and the integration of Equation (12) from z = h/4
to z = 3h/4 yields Equation (26). These equations are used to determine the values of a1
and a2.

η∗(h)·
(

ΔU
h

+ a1h
)
− η∗(0)·

(
ΔU
h

− a1h
)
= dh (25)
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η∗
(

3h
4

)
·
(

ΔU
h

+ a1
h
2
+ a2

3h3

16

)
− η∗

(
h
4

)
·
(

ΔU
h

− a1
h
2
− a2

3h3

16

)
=

dh
2

(26)

Equations (21) and (22) show that both η∗(h) and η∗(0) do not contain a2. Therefore,
Equation (25) does not contain a2 and contains only the unknown variable a1. The equation
can be solved using the one-variable Newton–Raphson method. Although Equation (26)
contains both a1 and a2, a1 has been determined using Equation (25). Consequently,
Equation (26) can be considered as an equation involving only the unknown variable
a2. Thus, it can also be solved using the one-variable Newton–Raphson method. To
determine a1, a non-dimensional variable b1 defined using Equation (27) and a function
f1(b1) defined using Equation (28) are introduced. The value of b1 can be calculated
considering f1(b1) = 0.

b1 = log
(

2a1ηn

d

)
(27)

f1(b1) = η∗(h)·
(

ΔU
h

+ eb1
dh
2ηn

)
− η∗(0)·

(
ΔU
h

− eb1
dh
2ηn

)
− d·h (28)

When b1 is near the solution, Δb1 can be calculated using the following equation:

0 = f1(b1 + Δb1) � f1(b1) +
d f1

db1
·Δb1 � f1(b1) + eb1

dh
2ηn

[η∗(h) + η∗(0)]·Δb1 (29)

In other words, the new candidate b1new of b1 is calculated using the iterative process
of Newton–Raphson’s method, as follows:

b1new = b1 + Δb1 = b1 − f1(b1)

a1h [η∗(h) + η∗(0)]
(30)

As η∗(h) and η∗(0) are originally functions of b1, d f1/db1 includes dη∗/db1; however,
in this work, the dependency was ignored, and Δb1 was approximated as in Equation (30).
To determine a2, a non-dimensional variable b2 defined using Equation (31) and a function
f2(b2) defined using Equation (32) are introduced. The value of b2 can be calculated
considering f2(b2) = 0.

b2 =
2a2h2ηn

5d
(31)

f2(b2) = η∗
(

3h
4

)
·
(

ΔU
h

+ a1
h
2
+ a2

3h3

16

)
− η∗

(
h
4

)
·
(

ΔU
h

− a1
h
2
− a2

3h3

16

)
− dh

2
(32)

When b2 is near the solution, Δb2 can be calculated using the following equation:

0 = f2(b2 + Δb2) � f2(b2) +
d f2

db2
·Δb2 � f2(b2) +

15dh
32ηn

[
η∗

(
3h
4

)
+ η∗

(
h
4

)]
·Δb2 (33)

In other words, the new candidate b2new of b2 is calculated using the iterative process
of Newton–Raphson’s method, as follows:

b2new = b2 + Δb2 = b2 − f2(b2)

[η∗(3h/4) + η∗(h/4)]
·32ηn

15dh
(34)

As η∗(3h/4) and η∗(h/4) are originally functions of b2, d f2/db2 includes dη∗/db2;
however, in this work, the dependency was ignored, and Δb2 was approximated as in
Equation (34). Subsequently, in the iteration process of Newton–Raphson’s method, only
η∗ depends on the rheological characteristics. Therefore, if the rheological equation corre-
sponding to Equation (5) is incorporated, any isothermal, non-Newtonian EHL calculation
can be performed. As per the Newton–Raphson method, the initial value for both b1 and b2
can be zero. As both variables a1 and a2 are solved using the one-variable Newton–Raphson
method, the calculation can be performed within a reasonable time.
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4. Calculation of Equivalent Viscosity, Flow, and Surface Force

The flow q1 along the n1 direction can be defined using Equation (16), as follows. The
density ρ is assumed to be independent of z.

q1 =
∫ h

0 ρuc dz =
∫ h

0 ρ
[

ΔU
h ·z + U− − a1·z(h − z)− a2·z2(h − z)2

]
dz

= ρUh − ρa1h3

6 − ρa2h5

30

(35)

Here, U is the average velocity in the Xc-direction and can be expressed as follows:

U =
U+ + U−

2
(36)

The equivalent viscosity ηeq is defined as follows:

ηeq =
5d

2(5a1 + a2h2)
(37)

Consequently, q1 can be represented as

q1 = ρUh − ρh3

12ηeq
·d (38)

The flow q2 along the n2 direction can be derived from Equation (17), as follows:

q2 =
∫ h

0
ρvc dz = ρVh (39)

Here, V is the average velocity in the Yc direction and can be expressed as follows:

V =
V+ + V−

2
(40)

Hence, in the XYZ coordinate system, the flow vector q can be expressed as

q =
(

ρUh − ρh3

12ηeq
·d
)
·n1 + ρVh·n2

= ρUh·n1 + ρVh·n2 − ρh3

12ηeq
·d·n1

= ρUh − ρh3

12ηeq
·
(

∂P
∂x , ∂P

∂y

) (41)

Here, U is the average velocity vector of the upper and lower surfaces, defined
as follows:

U = U·n1 + V·n2 =
(
Ux, Uy

)
(42)

Ux and Uy denote the average velocities in the upper and lower surfaces in the XY-
direction, respectively. When the mass conservation law is applied to Equation (41), the
following modified Reynolds equation is obtained.

∂ρUxh
∂x

+
∂ρUyh

∂y
− ∂

∂x

(
ρh3

12ηeq
·∂P
∂x

)
− ∂

∂y

(
ρh3

12ηeq
·∂P
∂y

)
= 0 (43)

The difference in the representation of Equations (41) and (43) and that of Newtonian
flow only pertains to the viscosities ηeq and ηn, respectively. In fact, the equivalent viscosity
ηeq defined by Equation (37) was determined so that Equations (41) and (43) maintain
the same form as that of Newtonian flow. Therefore, the EHL calculation procedure for
Newtonian flows, such as the method proposed by Venner and Lubrecht [13], can be
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applied to the current calculation by simply replacing ηn with ηeq. The shear stress τ1 along
the Xc-direction can be expressed as

τ1(z) = η∗ ∂uc

∂z
= η∗

[
ΔU
h

− a1·(h − 2z)− a2·2z(h − z)(h − 2z)
]

(44)

Therefore, the surface forces P10 and P1h acting on the lower and upper surfaces along
the Xc-direction, respectively, can be defined as

P10 = τ1(0) = η∗(0)·
(

ΔU
h

− a1h
)

(45)

P1h = −τ1(h) = −η∗(h)·
(

ΔU
h

+ a1h
)

(46)

The shear stress τ2 along the Yc-direction is expressed as

τ2 = η∗ ∂vc

∂z
= η∗ ΔV

h
(47)

Therefore, the surface forces P20 and P2h acting on the lower and upper surfaces along
the Yc-direction, respectively, can be defined as

P20 = τ2(0) = η∗(0)·ΔV
h

(48)

P2h = −τ2(h) = −η∗(h)·ΔV
h

(49)

In the XYZ coordinate system, the surface force vectors P0 and Ph that act on the lower
and upper surfaces, respectively, can be expressed as

P0 = P10·n1 + P20·n2 (50)

Ph = P1h·n1 + P2h·n2 (51)

5. Application to a Grease

As mentioned previously, Kochi et al. [1] conducted experiments on grease under soft
EHL conditions and measured the film thickness and traction forces. In the present study,
the proposed method was applied to one of the greases considered in the study by Kochi
et al. [1] so as to validate the theoretical approach. Grease A in the literature [1] was chosen
to test the proposed method. The modified Reynolds equation, as expressed in Equation
(43), was solved using a multi-level method, as reported by Venner and Lubrecht [13].
The commercial program Tribology Engineering Dynamics Contact Problem Analyzer
(TED/CPA) V852 was employed. Figure 3 illustrates the calculation conditions. The upper
body was a steel ball, and the lower body was a disk composed of glass or polycarbonate
(PC). The rheological properties of the grease were assumed to be represented by Bauer’s
model, according to existing literature [1]. Detailed properties of the steel, glass, PC, and
grease are described in the previous study [1]. The pressure dependency of the density was
defined using Dowson–Higginson’s formula, as follows:

ρ(P) = ρ0· p0 + β·P
p0 + P

, ρ0 = 1, p0 = 590 MPa, β = 1.34 (52)
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Figure 3. Calculation condition.

The pressure dependency of the base oil viscosity was assumed to be defined using
Barus’ formula:

ηn(P) = η0· exp(αP), η0 : 49.5 mPa·s, α : 14 GPa−1 (53)

In particular, Equation (6) diverges when
.
γ approaches zero. It was assumed that if

.
γ is lower than a certain value cmin=100.0 s−1, then η∗ varies linearly with the gradient
dη∗/d

.
γ at cmin. Bauer’s parameter k1 was assumed to be the base oil ambient viscosity η0.

The values of Bauer’s parameters τ0, k2, and n were determined from the apparent viscosity
curve of grease A, as shown in Figure 9 of Kochi et al. [1]. When P = 0, the curve was
assumed to pass through the following three points: 100 mm/s, 6.46475 Pa·s; 10,000 mm/s,
0.16712 Pa·s; and 1,000,000 mm/s, 0.06573 Pa·s.

The values of τ0, k2, and n were determined to ensure that Bauer’s curve passes
through the abovementioned three points, as follows:

τ0 = 0.000621839 MPa, k2 = 6.99118·10−7, n = 0.7248 (54)

Figure 4 presents the central film thickness of grease A and base oil as a function of
the rolling velocity in the case of pure rolling and Fz = 10 N. The solid lines show the
calculation results and the dotted lines show the experimental results. The experimental
data were read using the caliper from Figure 4 of Kochi et al. [1]. Figure 4a,b shows the
cases of a PC disk and glass disk, respectively. The calculation range was set as follows:
−1.0 ≤ X ≤ 0.4 and −0.6 ≤ Y ≤ 0.6.

Figure 4. Comparison of film thickness between the calculation and the experiment.

However, in the case of grease A, a glass disk, and a velocity of less than or equal to
300 mm/s, the range was set as follows: −0.35 ≤ X ≤ 0.14 and −0.2 ≤ Y ≤ 0.2.
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In these cases, the oil film was thin and the wide range calculation became hard to
perform. In the case of the PC disk, the calculation results exhibited good agreement with
the experimental results. In the case of the glass disk, the results of the base oil showed some
difference but the other data showed reasonable agreement. Figure 5, which illustrates a
sample calculation, shows the distribution of P, h, and ηeq for the case involving a PC disk,
a pure rolling velocity of 1200 mm/s, and grease A. Typically, in the case of pure rolling
velocity,

.
γ is small and ηeq is large. In addition, only the appearance of the distribution of

ηeq differs from that of the base oil. Figure 5d shows the distribution of ηeq at section Y = 0.
It can be seen that ηeq becomes extremely large at the center, where the pressure gradient is
small and the flow volume is low.

Figure 5. Distribution of P, h, and ηeq of grease A at a rolling velocity of 1200 mm/s.

Figure 6 presents the traction coefficient as a function of the slide roll ratio when
Fz = 20 N. The solid lines show the calculation results and the dotted lines show the
experimental results. The experimental data were read using the caliper from Figure 8 of
Kochi et al. [1]. The slide roll ratio is the difference between the upper and lower velocities
divided by their average value. The traction coefficient was calculated according to the
approaches proposed in the existing literature [1,17]:

TRC =
TX0 − TXh

2Fz
(55)

Here, TX0 and TXh denote the X-direction traction forces acting on the lower and
upper surfaces, respectively; Fz is the load. The calculation range was −0.8 ≤ X ≤ 0.5,
−0.5 ≤ Y ≤ 0.5. The calculation results were in fairly good agreement with the experimen-
tal results.
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Figure 6. Comparison of the traction coefficient between the calculation and the experiment.

Figure 7, which illustrates a sample calculation, shows the distribution of P, h, and
ηeq for the case involving grease A and a slide roll ratio of 10%. Only the appearance
of the distribution of ηeq differs from that of the base oil, exhibiting a figure eight in the
vicinity of the contact point. Figure 7c,d shows the same distribution of ηeq in different
display ranges. It can be observed that ηeq reduces in the rapid flow region. The figure
eight phenomenon is characteristic of non-Newtonian flow, in which the apparent viscosity
becomes large at a low velocity gradient. This phenomenon can be explained as follows.
Let the XY coordinates of points A, B, C, and D be (−0.1, 0), (+0.1, 0), (0,−0.1), and
(0,+0.1), respectively. The velocity gradient vector n1 at these points are approximately
(+1, 0), (−1, 0), (0,+1), and (0,−1), respectively, as shown in Figure 8a. When a2 in
Equation (37) is neglected, ηeq can be expressed as follows:

ηeq =
d

2a1
(56)

Calculating a1 from Equation (25) and substituting it into Equation (56) yields:

ηeq =
[η∗(h) + η∗(0)]

2
· 1
1 + ΔU

dh2 [η∗(0)− η∗(h)]
(57)

At points C and D, the direction of flow and that of n1 is orthogonal, so ΔU = 0.
Consequently, the equivalent viscosity parameters ηeq,C and ηeq,D at points C and D are
given as follows:

ηeq,C = ηeq,D =
[η∗(h) + η∗(0)]

2
(58)

At point A, where n1 directs towards +X and the velocity gradient at Z = h is greater
than that at Z = 0 (as shown in Figure 8b), the following equation is satisfied:

η∗(0) > η∗(h), ΔU = Ux
+ − Ux

− > 0 (59)

At point B, where n1 directs towards −X, and the velocity gradient at Z = h is smaller
than that at Z = 0 (as shown in Figure 8c), the following equation is satisfied:

η∗(0) < η∗(h), ΔU = −(
Ux

+ − Ux
−) < 0 (60)

In any case, the equivalent viscosity parameters ηeq,A and ηeq,B at points A and B
become smaller than ηeq,C and ηeq,D by the effect of the second term of Equation (57). In the
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pure rolling case, where ΔU is 0, Equation (57) results in Equation (58). It can be understood
that in such a case, no figure-eight-shaped distribution appears as is shown in Figure 5c.

 
Figure 7. Calculation results of grease A at a 10% slide ratio.

 
Figure 8. Explanation of the figure eight phenomenon.

6. Conclusions

In this study, an isothermal, non-Newtonian EHL formulation of Bauer’s model was
performed using the local coordinate system of the pressure gradient. The flow toward
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the pressure gradient was assumed to be a Poiseuille flow and was approximated using
a 4th-order polynomial of z. The flow along the direction of the zero pressure gradient
was assumed to be a Couette flow and was approximated using a linear function of z. The
following results were obtained.

(1) A modified Reynolds equation, which contains an equivalent viscosity, was obtained.
(2) The EHL calculation procedure for Newtonian flows can be applied to non-Newtonian

flows by simply replacing the Newtonian viscosity with the equivalent viscosity.
(3) If rheological equations are incorporated, any isothermal, non-Newtonian EHL calcu-

lation can be performed easily.
(4) As the equivalent viscosity is calculated using the one-variable Newton–Raphson

method, the EHL calculation can be performed within a reasonable calculation time.
(5) Using Bauer’s model, the formulation was applied to a grease that was evaluated

experimentally by Kochi et al. [1]. The results obtained using the proposed method
and the experimental results were compared, and reasonable agreement was noted.

(6) In the case of sliding velocity, the equivalent viscosity shows a figure-eight-shaped
distribution in the vicinity of the contact point.

However, the proposed method yields an approximate solution. If the Poiseuille flow
and Couette flow cannot be approximated using a 4th-order polynomial of z and a linear
function of z, respectively, the obtained results may be inaccurate. The application limits
of the current formulation are not clear. Therefore, future work should be focused on
determining these limitations.
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Abstract: Electric vehicle sales are growing globally in response to the move towards a greener
environment and a reduction in greenhouse gas emissions. As in any machine, grease lubricants
will play a significant role in the component life of these new power plants and drivetrains. In
this paper, the role of grease lubrication in electric vehicles (EVs) and hybrid vehicles (HVs) will
be discussed in terms of performance requirements. Comparisons of grease lubrication in EVs and
HVs for performance requirements to current internal combustion engines (ICEs) will be reviewed
to contrast the major differences under different operating conditions. The operating conditions
for grease lubrication in these EVs and HVs are demanding. Greases formulated and manufac-
tured to meet specific performance specifications in EVs and HVs, which will operate within these
specific electrification components, will be reviewed. Specifically, the thermal and electrified ef-
fects from the higher operating temperatures and electromagnetic fields on lubricant degradation,
rheology, elastomer compatibility, and corrosion protection of the grease need to be evaluated to
accurately meet the performance requirements for EVs and HV. The major differences between EVs
and conventional ICEVs can be grouped into the following technical areas: energy efficiency, noise,
vibration, and harshness (NVH), the presence of electrical current and electromagnetic fields from
electric modules, sensors and circuits, and bearing lubrication. Additional considerations include
thermal heat transfer, seals, corrosion protection, and materials’ compatibility. The authors will
review the future development trends of EVs/HVs on driveline lubrication and thermal management
requirements. The future development of electric vehicles will globally influence the selection and
development of gear oils, coolants, and greases as they will be in contact with electric modules,
sensors, and circuits and will be affected by electrical current and electromagnetic fields. The increas-
ing presence of electrical parts in EVs/HVs will demand the corrosion protection of bearings and
other remaining mechanical components. Thus, it is imperative that specialized greases should be
explored for specific applications in EVs/HVs to ensure maximum protection from friction, wear,
and corrosion to guarantee the longevity of the operating automobile. Low-viscosity lubricants and
greases will be used in EVs to achieve improvements in energy efficiency. However, low-viscosity
fluids reduce the film thickness in the driveline application. This reduced film thickness increases the
operating temperature and reduces the calculated fatigue life of the bearings. Bearing components
for EVs/HVs will be even more crucial as original equipment manufacturers (OEMs) specify these
low-viscosity fluids. The application of premium bearing components using low-viscosity grease will
leverage materials, bearing geometries, and surface topography to combat the impact of low-viscosity
lubricants. In addition, EVs and HVs will create their own NVH challenges. Wind and road noise are
more prominent, with no masking noise from the ICE. Increasing comfort, quality, and reliability
issues will be more complicated with the introduction of new electrified powertrain and E-driveline
subsystems. This paper elaborates on the current development trends and industrial test standard
for the specified grease used for electrical/hybrid driveline lubrication.
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1. Introduction

Due to the amount of wear and friction present in an automotive vehicle, lubricants
are essential for the longevity and function of cars. Greases, which are boundary lubricants,
are essential to the protection of car parts, preventing them from breaking down. Not only
are they formulated specifically for the purpose of preventing wear, but they are also made
to withstand the conditions of a car in action. Greases prevent rusting and accumulation
of debris on surfaces by forming a protective layer; in addition, greases’ many properties
such as their ability to flow at high temperatures while also being excellent at dissipating
heat are what make them valuable and widely used [1]. A vast majority of applied greases
will last throughout the entire lifetime of vehicles and do not need to be reapplied.

Greases are commonly derived from petroleum or synthetic materials. Synthetics are
often preferred as they can typically function over a wider range of temperatures compared
to those made from petroleum [2]. Furthermore, different types of vehicles can operate
under different conditions and with either a higher or lower number of variables. For
example, vehicles operating under higher/lower moisture, extreme loads, and having high
speed bearings will all require different grease specifications to properly protect against
corrosion and wear. This can be done through the usage of thickeners and additives such
as rust inhibitors and anti-wear and friction-reducing agents [3].

In electrical vehicles (EVs), greases need to be formulated for new factors, the major
ones being the increased presence of electricity, electrical currents, and noise in an EV due
to the absence of an internal combustion engine (ICE) [4]. Due to the increased number of
electrical components such as electric modules and sensors, the greases must be formulated
to be unreactive with electricity. Usually, the noise of an engine will mask the creaks and
rattles of a car, but as an EV is silent, any noise from the lack of lubrication and contact
of surfaces will become much more apparent. Furthermore, a larger amount of grease
must be used in an EV than in an internal combustion engine vehicle (ICEV) as the need
for lubrication is higher in an EV. To further the understanding of the need of greases in
EVs, this perspective paper will focus on the new variables that are present in EVs that
necessitate a specified formulation of greases.

2. Greases in Automotive

2.1. Types of Greases and Their Usages

The most common types of greases are soaps, of which different options are shown in
Table 1 along with their properties and applications. Lithium greases are widely used for
their lubricity, shear stability, and thermal resistance [3,5]; calcium-based ones have better
water resistance but worse thermal resistance, and sodium greases have high dropping
points but cannot operate above 120 ◦ [6]. These greases are created through the blending of
base oils and thickeners through intense mixing until the mixture becomes gelatin-like [3,7].
Overall, lithium grease has been shown to impart the advantages of high adherence, non-
corrosiveness, available at high pressures, and moisture resistance, making it compatible
with several OEM applications such as EVs/hybrid vehicles (HVs) [8,9]. Other types of
greases include polyuria (PU), clay, and silica. PU greases’ high operating temperature,
oxidative protection properties, and low bleed features make them useful for permanent
sealing applications [10]. Clay greases are inert and favored in the food industry [3].
Although silica-based greases are a strong thickener, they are very sensitive to heat.
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Table 1. Greases containing mineral oil (soaps) (Adapted from [8]).

Soap Base or
Thickener

Min. Drop pt. ◦C (◦F)
American Society

for Testing and
Materials (ASTM)

D556 IP 132

Min.
Usable
Temp.
◦C (◦F)

Max Usable
Temp.
◦C (◦F )

Rust
Protection

Available
with Extreme
Pressure (EP)

Additive

Use Cost
Official

Specification

Lime (calcium) 90 (190) −20 (0) 60 (140) Yes General
purpose Low BS 3223

Lime
(calcium),
heat stable

99.5 (21)
or 140 (280)

−20 (0)
−55 (−65) 80 (175) * Sometimes Yes

General
purpose and

rolling
bearings

Low

BS 3223
DEF STAN

91-17 (LG 280)
DEF STAN

91-27 (XG 279)
MIL-G-10924B

Sodium,
conventional 205 (400) 0 (32) 150–175

(300–350) Yes No

Glands,
seals low–
medium-

speed
rolling

bearings

Low

Sodium and
calcium
(mixed)

150 (300) −40 (−40) 120–150
(250–300) Yes No

High-speed
rolling

bearings
Medium

DEF 2261A
(XG 271)

MIL-L-7711A

Lithium 175 (350) −40 (−40) 150 (300) Yes Yes All rolling
bearings Medium

DEF STAN
91-12 (XG 271)

DEF STAN
91-28 (XG 274)
MIL-L-7711A

Aluminum
complex 200 (390) −40 (−40) 160 (320) Yes Mild EP Rolling

bearings Medium/high

Lithium
complex 235 (450) −40 (−40) 175 (350) Yes Mild EP Rolling

bearings Medium

Clay None −30 (−20) 205 (400) * Poor Yes Sliding
friction Medium

* Depending on conditions of service.

Overall, approximately six different types of greases are present in a vehicle system—
the majority of which are soap greases. Lithium greases are present in car hinges to gears.
White greases are used for water sealing and surface adhesion. Aluminum greases are often
used in wheel bearings, and copper greases are used in exhaust assemblies and battery pole
connections. Finally, red rubber greases are present in areas with O-rings and hydraulic
systems, and brake greases are used in drum and disc brakes [11].

2.2. Load

Viscosity does play a critical role in determining load-carrying capacity in fluid film
hydrodynamic bearings. Load-carrying capacity is directly proportional to viscosity and
operating speed and inversely proportional to the square of film thickness.

For EHL (ElastoHydrodynamic Lubrication) conditions, due to the nature of the
contact of the roller elements and the race—Hertzian by nature—the elastic deflection of
mating surfaces significantly influences the load being driven by the material properties of
the bearing vs. the viscous-elastic properties of the oil phase in grease. For a Newtonian
oil, the following equations govern the film thickness [12,13]:

LINE CONTACT: (ho/R) = (2.65 G0.54 U0.7)/W0.13 (Dowson, 1970) (1)

POINT CONTACT: (ho/Rx) = 3.63 U0.68 G0.49 W−0.073 (1 − e−0.68k) (2)

where viscosity is contained within the Speed Parameter (U) and load is contained within
the Load Parameter (W). In EHL conditions, the film thickness is minimally affected by the
load, as seen by the magnitude of the powers for each W shown in the equations.
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2.3. Viscosity

Generally, the selection of viscosity is determined by bearing speed, operating temper-
ature, bearing dimensions, and race surface finish. For roller element bearings, the focus
will be on EHL conditions, which covers many of the conditions these bearings operate in.

The previous equations relate the variables needed to arrive at the optimal viscosity
by determining film thickness. More specifically, they relate surface speed and required
viscosity to determine the minimum EHL film thickness needed to match the composite
surface roughness in the loaded contact area. From our previous discussion on load, we
will focus on these variables given that the contribution of load to this determination is
minimal under EHL conditions. There are graphical relationships that relate viscosity and
speed to determine the optimal viscosity.

The next step is to determine the correct viscosity at the bearing operating tempera-
ture. Using the readily available viscosity curves, the ISO grade for the application can
be determined.

Final confirmation of the correct operating viscosity is determined by calculating the
specific film thickness:

Lambda = Specific Film Thickness =
h
σ

= λ

where h = film thickness from the previous equations and

σ= measured surface roughness (r.m.a., microns)

The choice of the correct viscosity minimizes asperity contact in the element load
zone. Specific Film Thickness confirms the chosen viscosity, estimated from bearing speed
and temperature, and yields the film thickness for the specific bearing surface finish
characteristics. Lambda can have a significant effect on bearing fatigue life.

Lambda values below 1.5 reflect a dramatic loss of bearing fatigue life. Under this
condition, the film thickness is not high enough to cover the average asperity height,
leading to excessive friction and wear of the race and roller element surfaces. Lambda
values between 1.5 and 3.0 contribute to an increased fatigue life, reflecting the ability of
the film to cover load zone asperities. Lambda values above 3.0 exhibit increasing but
diminishing improvements in fatigue life.

Determination of the correct viscosity is followed by determination of the National
Lubricating Grease Institute (NLGI) grade needed for the application. The next step is
determining the temperature range at which the grease will work. Care must be taken
so as to not over- or underestimate the operating range, as catastrophic failure can occur.
Therefore, it is always advised to measure the temperatures of the components if possible.
Oftentimes, multiple greases can be found suitable to a particular application, at which
point it should come down to the costs unless the item is already on hand [8].

2.4. Grease Formulation Issues

Since greases are formulated to operate within a specific range of conditions, operating
outside those conditions or prolonged exposure to high temperatures will have a negative
impact on the longevity of said grease. Figure 1 shows a correlation between induction time
and the grease life—data obtained from the ASTM D 3527 test. A relationship is noticeable
in that as the induction time increases, so does the life of the grease. Further testing in
Figure 2 shows that an increase in temperature also leads to a decrease in induction time,
thereby reducing the life of the grease. This is because greases with longer induction times
achieve higher oxidative stability [14].
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Figure 1. Induction time vs. grease life (ASTM D 3527 Test) [14].

Figure 2. Temperature effects on induction time [14].

3. Performance Requirements for Grease Used in EVs and HVs

In EVs/HVs, a new configuration was designed to use an electrical motor combined
with a battery module system for generating energy power. Instead of an engine, which
is lubricated with oil and transfers power to a transmission and from there to the wheels,
a battery module system powers an electric motor that drives the wheels. When design-
ing EVs, lubrication engineers must select gear oils, coolants, and greases to meet new
driveline requirements. The EV/HV configuration design has created substantial impact
on driveline lubrication and thermal cooling requirements in the areas of electrical and
thermal transfer characteristics, energy efficiency, and the presence of electric currents and
magnetic fields. In addition, more system-related requirements such as noise, vibration,
and harshness (NVH), seals, and materials’ compatibility are also being considered for
important performance characteristics.
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3.1. Electrical and Thermal Characteristics for Grease Used in EVs and HVs

In many HV or EV advanced system designs, automotive lubricants such as drivetrain
fluids or grease lubricating encounter the integrated electric motor (e-motor) and ther-
mal management devices. This leads to the addition of electrical and thermal properties
which must be considered on top of conventional lubricant properties. The introduction of
electrification components has been targeted for energy efficiency and long-term durabil-
ity. Automotive industries have asked for the implementation of specialized automotive
lubricants or driveline fluids to allow for appropriate thermal cooling specifications, to
present bearing protection, to ensure corrosion protection, and to offer oxidation and
sludge control.

Recently Tung, Woydt, and Shah published a paper related to the future trends
of HV/EV driveline lubrication and thermal management [9]. They also reported that
grease specifically designed for driveline lubrication of HVs and EVs should include
appropriate electrical properties to guarantee protection from corrosion and be well suited
with insulating materials [9,15,16]. There are two additional considerations on electrical
conductivity and thermal conductivity of fluids. If the electrical conductivity of the liquids
exceeds a certain value, current leaking can occur. However, if it is too low, degradation of
the oil can occur because of lubricant oxidation, a direct outcome of electrical arcing in oil,
and leads to a decrease in the protective ability of the fluid. Lubricants are not conductive
but rather dissipative, though additives can affect the level of electrical conductivity.
Conductivity might increase, however, as oxidation causes an oil to deteriorate. Additive
suppliers suggested that lubricants susceptible to oxidation are potentially problematic.
They also need to have appropriate thermal transfer characteristics, offer high-speed
bearing protection, and provide oxidation and sludge control.

3.2. Electric Field Interactions with Driveline Lubricant or Grease Used in EVs/HVs

To understand driveline lubrication under the electric field is very crucial for EV/HV
applications by automotive and lubricant suppliers. In a recent publication by Chen, Liang,
and co-authors [15], they pointed out that lubricant properties under electric field interac-
tion must be investigated. These important properties can be described as the electrostatic
interaction, the electric charge distribution, the formation of transfer film/structural change,
and the chemical–physical property changes. It has been found that lubrication is aided
by weak electrostatic interactions. Static charges and the transient polarized charges on
surfaces, which may be induced and strengthened by the externally applied field, enhance
electrostatic interactions. They also claimed that at low electric potential, wear is adhesive-
type dominated, while it is abrasive-type dominated when the potential is high. DC has
been observed to enhance friction while the friction is reduced by AC. This interaction
mechanism is due to vibration induced by the electrostatic force which is fluctuating under
electric field. Structural change/oxidative transfer film formation in some material combi-
nations (e.g., graphite–graphite, graphite–copper) has been found responsible for increased
wear and reduced friction under the application of the external electric field [9,15].

In addition, Rhee, Yan, He, Xie, and Luo [14–16] indicated that chemical reactions and
physical absorption occur at material interfaces under the influence of an external electric
field, leading to a change in surface friction and lubrication behavior. Electric carrier (or
electron–hole) charge distribution through the formation of localized quantum dots and
electron–hole recombination affects interfacial mobility and surface friction properties [14–16].

3.3. Electric Breakdown Mechanisms of Lubricants and Grease

Besides the electrical properties of driveline lubricants or lubricating grease described
in the above section, automotive R&D scientists [9,15–18] have reported that a highly
fluctuating charged environment requires specially tailored lubricants to avoid component
damage and premature failure due to improper lubrication. Major lubrication failure
mechanisms explored can be classified into lubricant degradation, microbubble formation,
and electrowetting. In the lubricant degradation mechanism, the lubricant base oil and
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thickeners undergo chemical oxidation to form carboxyl compounds. Lubricity is lost on
account of the formation of highly viscous and acidic degradation products and agglomer-
ation of additives. Heat generation causes faster base oil evaporation. Local overheating in
EV/HV lubricants can lead to microbubble formation, which may then be driven by viscous
drag, pressure gradient, and dielectrophoretic forces. The formation of these microbubbles,
which are unstable and coalesce, tends to destabilize lubrication upon electrical breakdown.
The microbubbles form more rapidly in conditions of electrode insulation. In addition,
the electric field induces interfacial stress on a non-polar lubricant confined between two
metallic surfaces in the electrowetting mechanism. Due to differing dielectric properties, a
two-phase dispersion of lubricant may also destabilize this mechanism and can lead to the
spread and breakdown of the lubricant when the electrostatic stress is too high.

3.4. Thermal Cooling Requirements for Lubricants and Grease Used in Electrical/Hybrid Systems

The heat generation rates in engine power controllers, computer chips, and optical
devices/systems are on the rise because of future development trends that favor higher
speeds and smaller features for increased performance for engine components, microelec-
tronic devices, and brighter beams for optical devices [9]. Thermal cooling has become
one of the main focuses of advanced industries such as microelectronics, transportation,
manufacturing, and metrology. Electric hybrid and fuel cell vehicles use power electronics
to control their electric motor. Power electronics require their own cooling loop including a
heat exchanger, pump, and radiator. Power densities exceeding 100 W/cm2 while needing
to maintain a temperature below 125 ◦C may eventually exceed 250 W/cm2. Conventional
cooling methods to promote heat rejection rates apply increased surface areas such as
fins and microchannels for heat dissipation. However, current thermal cooling designs
have already reached their threshold. For HVs or EVs, the cooling requirements are more
stringent than IC engines, especially in the case of fast charging and heavy consumption.
Lithium-ion batteries and EV motor systems need to maintain the correct temperature
range by cooling means. If they exceed this range, the batteries will face a “runaway”, not
deliver the same power, and, more importantly, they will degrade quickly. Power electron-
ics are also very susceptible to heat, especially during recharging. Heat sinks are used to
draw away heat. Solutions for the thermal management of EVs or HVs have been described
in the recent publication [9] by Tung, Woydt, and Shah. For example, advanced thermal
management approaches such as microchannels for cooling batteries or fast-charging cables
or immersion of battery cells in a dielectric fluid have been commercialized in energy and
automotive industries.

Thermal Management and Measurement of Thermal Conductivity of Driveline Grease

The future development of thermal management technologies is encumbered by the
urgent demand for thermal protection and cooling of electrification components. The tradi-
tional method for thermal cooling can no longer be progressed. New requirements have
been enforced for high-performance cooling in electrical vehicles, batteries, motors, and
power electronics [9]. New developments in thermal management of EVs/HVs are helping
to extend the driving range and lifetime requirement. Global research activities using
advanced coolants have the scientific merits and high potential for application in thermal
cooling technologies. To meet these thermal management requirements, automakers are
using combinations of cooling fluids and advanced thermal cooling devices throughout
the electrical/hybrid propulsion system to improve overall energy efficiency and coolant
compatibility with electrification components. In the next few sections, the authors will
review the state-of-the-art thermal management technology used for meeting thermal
cooling and extended driving range requirements of EVs/HVs.

Recently, lubricant industrial researchers [18–23] have investigated the thermal prop-
erties of lubricants or grease operated under tribological sliding conditions. Pettersson
and Callen [18,19] have shown the fundamental phenomenon that the base oil molecular
structure determines the thermal capacity and thermal conductivity of a lubricant [18].
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The higher the number of the rotational and vibrational quantum states, the higher the
thermal capacity [19]. When there are multiple vibrational and rotational states, it takes
a higher energy input to increase the averaged kinetic energy, e.g., the temperature. In
addition, Gedde and Jin [20,21] have indicated that the thermal conductivity of base oil
was correlated to the molecular diffusivity in the fluid. The more easily the molecules of a
lubricant pass through each other, the higher the lubricant thermal conductivity. This also
means that there is a relationship between the lubricant viscosity and lubricant thermal
properties because both the molecular quantum state density and the diffusivity closely
correlate to the lubricant viscosity. This correlation can restrict the selection of the lubricant
when both the tribological working condition and thermal management are considered.
When tribological working conditions take a higher priority, it is difficult to change the base
oil thermal properties. Thus, it is quite desirable to change the lubricant thermal property
with some additives.

Jin, Shaikh, and Barbés have found out that driveline lubricants can significantly
increase the thermal conductivity and thermal capacity of a lubricant by adding nanoparti-
cles to the lubricant [21,22]. Essentially, adding those dispersed nanoparticles increased
the carriers of thermal energies. Adding 0.8 vol% of silica nanoparticles can double the
thermal conductivity of a lubricant [21]. Polyalphaolefin (PAO) containing 0.5 vol% carbon
nanotubes has a more than 50% thermal conductivity compared to neat PAO. However,
nanoparticles also lower the specific heat of the lubricant [23]. In addition, Chen and Dai
and colleagues also investigated the synergistic effects of nano-lubricant additives [24,25].
They indicated that this nano-lubricant additive can be used to optimize the thermal prop-
erty of a lubricant to fit any specific powertrain cooling design. Moreover, the nanoparticle
additive improves the tribological performance of lubricants. They have shown substan-
tial experimental evidence using this nano-lubricant additive which can dissipate heat
extremely fast in EV/HV cooling processes.

In the lubricant industry, the most common experimental method for measuring the
thermal conductivity of a lubricant is called the transient hot-wire method [26,27]. The
transient hot-wire experimental set-up was simple to perform and had high accuracy. This
method used a Pt or Ni wire which was sealed inside a cylindrical pressure vessel filled
with lubricant. The wire was heated up for a short amount of time electrically, and its tem-
perature was monitored simultaneously by its electric resistance. The thermal conductivity
and the thermal capacity of the lubricant can be calculated from the temperature change
of the wire. In general, this measurement can be modeled as an axisymmetric thermal
transportation problem [26]. It has an additional advantage when used to characterize
lubricants, as the lubricant thermal properties are highly correlated with its pressure, and
the pressurized transient hot-wire method is easy to achieve.

3.5. The Other Requirements for Grease Used in EVs and HVs

Another three major issues that are present in EVs or HVs are energy efficiency,
noise, and electrification components [28]. Another important aspect of an EV is the
increased presence of electrification components and how the greases will be affected by
the electromagnetic fields and electrical currents. These place an even higher emphasis
on corrosion prevention as the electrical currents will corrode the metallic components
at a faster rate as compared to those in a regular ICE. In this perspective paper, we will
discuss these important areas and their specific requirements used in EVs/HVs in the
following sections.

3.5.1. Energy Efficiency

While EVs are extremely efficient in energy consumption, reports have shown that as
much as 57% of the energy used by the car is for overcoming frictional losses [29]. The main
components considered to make up the large frictional loss include motor, tires, steering
system, wheel bearings, joints, suspensions, and a few others [29]. Friction losses observed
in electrical motors (EMs) are attributed to the heat produced by rotors, vibration, wear,
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and going against wind resistance. In rolling bearings, the main sources of friction loss
are from churning, sliding, which is the source of the greatest friction loss of bearings,
rolling, and seal sliding friction [30]. For these, a good lubricant or grease is expected to
properly offset the frictions. To improve the energy efficiency of grease in these bearing
applications, synthetics, primarily polyalphaolefins (PAOs), are used. Given the mix of
sliding and rolling contact in the load zone of point contact bearings (ball and spherical
roller bearings), PAO-formulated greases have improved traction properties compared to
mineral oil-formulated greases. Greases are mainly used in bearings and gears due to them
being more of a solid than oil lubricants, as they will not leak out of components and cause
damage. Since the usage of greases is much easier with bearings and gears, about 85% of
all bearings are lubricated with grease. As increasing energy efficiency is a big focus in the
EV industry, all opportunities to reduce friction will help achieve the goal of reaching a
range of up to 400 miles [31].

Energy efficiency can be correlated to lubricating film thickness. Thinner lubricants
reduce viscous friction, allowing more energy to be conserved. However, greases will
reduce lubricating film thickness at high temperatures and bring their own challenges on
wear protection of sliding surfaces. A thinner lubricating film will be closer to the mixed
and boundary lubrication regimes where wear is a concern. Striking a balance between
the capability to remain in a full film lubrication regime and the wear protection towards
thinner lubricating films is a crucial turning point that enhances energy efficiency using
low-viscosity lubricant or grease. Several papers have emphasized that a new approach
using either surface coatings or lower-roughness surfaces will ensure a thin lubricating
film to separate surfaces and mitigate wear.

One of the most significant challenges for EVs is to extend the driving range besides
energy efficiency. This challenge also imposes the infrastructure of wide-spread recharging
stations. Without recharging infrastructure, all passengers must be prepared to give up
the 300- to 400-mile ranges they are accustomed to in a conventional vehicle. Automotive
engineers are looking for innovation approaches to improve energy efficiency by making
vehicles lighter and by reducing torque in all components.

3.5.2. Electrification Components

The projected growth of EVs and HVs in the automotive industries has made evolu-
tional changes in propulsion system electrification components. Powertrain and driveline
components will be enhanced by electric motors and E-drive configuration. Electrification
components including electric motors or regenerative brake components will be integrated
in this advanced configuration with thermal management systems for cooling applications.
Electric motors and power electronics will be in contact with the cooling fluids. Coolants
are required to cool motors and power electronics by removing heat for thermal manage-
ment. In addition, automotive lubricants for electrified propulsion systems must function
as effective coolants and reduce the corrosion of copper windings, on top of needing com-
posites and rare earth magnetic materials while upholding wear and oxidation protection
and energy efficiency.

Dr. Kuldeep K. Mistry [28] at The Timken Co. in Ohio also indicated that the develop-
ment of electric vehicles will influence the selection and development of gear oils, coolants,
and greases, because the lubricating oils or greases will be in contact with electric modules,
sensors, and circuits. It will be affected by electrical current and electromagnetic fields.
Soon, the number of electrical connections is expected to quadruple. In this context, one of
the key life-limiting considerations will be corrosion.

Although grease oils will prevent moisture from reaching the surfaces, thus preventing
rust, the presence of electromagnetic fields will create another challenge. Electromagnetic
fields can propagate without the need for a solid medium. The amount of energy transferred
is dependent on the intensity of the field, the frequency of its oscillation, and the dielectric
properties of the material. The more energy the object absorbs, the more quickly the object
will be heated. The object will gain heat as the frequency of the electromagnetic field
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increases. However, if the temperature diffusion rate is slower than the rate at which
the electromagnetic field releases its energy, the temperature will increase rapidly [31].
As electric motors produce electromagnetic fields, there is a chance for the premature
degradation of greases. The electrical discharge and free radicals will react with the oxygen
in greases, creating hydrogen peroxide and continuing the chain of free radical reactions.
This leads to the oxidation of base oils and thickeners, which causes a loss in lubricity.
In addition, components within the grease will start to separate and the thermal effects
from the electrical discharge will cause certain parts to evaporate and eventually cause
grease failure [18,31]. To this degree, experiments have shown that a conductive lubricant
will help with its corrosion prevention. This is because non-conductive greases will trap
the energy from electrical currents and electromagnetic fields, leading to a sudden release
and causing great damage [18,31]. However, if the material is conductive, then while
the electrical currents will pass through, it will be in a much smaller amount and cause
less damage.

3.5.3. Noise

The absence of an ICE to mask vibrations, harshness, squeaks, and rattles will trigger
more problems such as NVH and buzz, squeak, and rattle (BSR). Chad Chichester has reported,
in a recent Society of Tribologists and Lubricant Engineers (STLE) publication [28,29], that
NVH and BSR can affect sensors that are increasingly used in vehicle safety and guidance.
The choice of greases used in EVs/HVs is different from those available on the market today
and can reduce or eliminate noise which will help make vehicles safe.

3.6. Future Development Trends for Grease Used in EVs/HVs

As EVs are different from ICEs, it is important to know their different future require-
ments. Of the multitude of greases on the market, lithium greases are a top choice because
of their high adherence, non-corrosiveness, and moisture resistance—all of which allow
them to be compatible with and protect components [28,29]. Lithium grease has shown
to impart the advantages of high adherence, non-corrosiveness, and moisture resistance,
making them compatible with several OEM applications such as EVs/HVs. Aluminum
and urea greases perform well too; however, their production is associated with hazardous
processing and constraints on process balance.

It is predicted that the use of eco-friendly and bio-degradable greases will increase.
Additionally, corrosion protection, low-temperature performance, and water resistance,
among others, will rise in interest [29–31]. It is also important to consider that it is more
favorable to produce a grease with low torque functionality through thickeners, base oils,
and additives while ensuring that the properties of the electrical and surfaces remain
unaltered. In the future, it is likely that instead of general greases for all types of EVs,
custom-made ones will be favored due to the variabilities in EV designs and the factors
they will bring into the formulation of greases [18,32]. While PU greases are currently not
commonly used in EVs, they might be of interest in the future due to their lifelong sealing
functions, long-life properties at high temperatures, and low noise characteristics. PU
grease formulations have inherent oxidation inhibition chemistry as part of the thickener,
leading to long life at elevated temperatures. When coupled with PAO stocks, these
products can contribute to significant improvements in grease life at elevated bearing
temperatures. Furthermore, improved filtration practices and thickener reaction control
have contributed to lower noise properties by controlling particles’ size and overall particle
contamination. This leads to quieter noise levels in rotating bearings.

Desired lubricant properties in EVs/HVs [15,33,34] have been grouped into a table as
shown in Table 2. All the required lubricant properties that need to test their performance
characteristics are compared with the conventional lubricants used in the ICEs. This
table indicates that these newly developed tests such as electrical conductivity, thermal
conductivity, extreme speed, and bearing protection capability are crucial performance
characteristics to meet HV or EV performance requirements.

114



Lubricants 2021, 9, 40

Table 2. Desired lubricant properties in electric vehicles (EVs)/hybrid vehicles (HVs) compared with in internal combustion
engine vehicles (ICEVs) (adapted from [15,33,34]).

Serial Number
Lubrication
Parameter 1 ICEV Requirement EV Requirement Location 2

1 Acid value Should be within acceptable limits to avoid corrosion (ASTM
D 974) and DIN 51558 may be referred)

Should be extremely low
compared with ICE to avoid
any corrodibility of polymer
parts or motor components

All

2 Anti-foaming Should have anti-foaming properties

Anti-foaming is highly
desirable at high entertainment

speeds of lubricant due to
higher susceptibility to

foaming

2–5

3 Corrosion resistance Should not corrode the
metallic parts

Should be highly compatible with polymers and metal working
parts and not lead to corrosion All

4 Degradability Resistance to thermal
degradation Resistance to thermal and electrical degradation 2

5 Density Moderate- to high-density
oils preferred Low-density lighter oil preferred 3–5

6 Dielectric strength Moderate to low is
acceptable

Should not undergo dielectric breakdown under a high electric
field 2

7 Electrical conductivity Should have a good
insulating property

Should be moderately conductive to remove static charges but
not highly conductive which can cause short-circuiting 2

8 Flammability Should not be flammable
under high heat

Should not be inflammable under high heat and electrical
discharge conditions All

9 Flash point High flash and fire points are
desired

The flash and fire points need to be very high compared with
ICE All

10 Heat transfer
Should have moderate to

high heat transfer coefficient
to dissipate engine heat

Should have a high transfer coefficient and cooling property to
remove large heat generated due to high motor speed 1,6

11 Longevity

Should last an acceptable life
time, needs refilling and oil
change. Many new models
are designed for fill-for-life

Long life or fill-for-life preferred All

12 Pour point
Low to moderate pour point

of lubricant is acceptable
depending on geography

Pour point for EV lubricant, for the same geographical location,
would be the same as that of an ICEV lubricant. However, low

pour point is desired for operability at wider environmental
conditions at the global scale for new EV designs

All

13 Temperature stability
Should be stable in the

working temperature range
of the engine

Should be stable under a wide temperature range and be able to
withstand sudden and multiple thermal shocks and temperature

gradients
2–5

14 Viscosity High viscosity preferred to
support the bearing load

Low viscosity preferred for better cooling performance (Van
Rensselar, 2019) 1–6

15 Volatility

Should not be volatile under
the influence of thermal and

pressure variations of the
engine

Should have even better volatility resistance than ICE oils
considering frequent start stops and shock loads All

16 Water resistance
Should have water resistance
and a hindrance to water in
oil type emulsion formation

Should have higher water resistance and hydrophobicity to
avoid electro-wetting All

17 Wear resistance Should have anti-wear
properties

Should not lead to wear of components at high temperature and
electric field conditions 2–5

1 In reference to specific lubrication types required for vehicles in Figure 3B. 2 The location numbers are in reference to the labels present in
Figure 3B.
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Figure 3. (A) Comparison of battery and ICE sizes and (B) an image of the main areas where lubrication is required in an EV
(Tesla), hybrid electric vehicle (HEV) (Volkswagen NetCarShow), and ICEV (Subaru Forester showroom), respectively [15].
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3.7. ASTM Standard Test Development for Grease Used in EVs or HVs

Various ASTM standard tests [34] have been developed to ensure the required perfor-
mance specifications for grease operation in EVs or HVs. Among these ASTM standard
tests, the most important test parameters are shown in Table 3. For example, oil viscosity is
developed according to the load, speed, and operating temperature of the application [32].
While viscosity should be reduced to minimize friction loss, too low of a viscosity hinders
durability and causes the lubricant to leak out of the bearings. This brings into play oxida-
tion properties and dropping point when in extreme temperatures. Oxidation, enhanced by
spark discharges, deteriorates the oil and increases the chances of sludge buildup, which
hinders thermal control from the motor. Additives are added to modify these properties,
but some may be counterintuitive and shorten the life span of the grease. Lastly, the lubri-
cant must maintain electrical properties such as volume resistivity, dissipation factor, and
dielectric strength to avoid electrical losses in the system [32]. Overall, the lubricant must
be formulated to balance all these requirements. Table 4 depicts specific grease properties
that must be tested today for operation in EVs or HVs.+

Table 3. Laboratory test specifications for electrical properties (adapted from [34]).

Test Specification Required Characteristics

ASTM D149 Dielectric strength
ASTM D257 DC resistance or conductance
ASTM D1816 Dielectric breakdown voltage of insulating liquids
ASTM D2624 Electrical conductivity of aviation and distillate fuels
ASTM D4308 Electrical conductivity of liquid hydrocarbons

GRW or SKF Be Quiet Grease noise bearing test (company tests)
To be developed Loss tangent tan δ

To be developed Relative permittivity

Table 4. ASTM laboratory test specifications for functional driveline fluids or greases (adapted
from [34]).

Required Characteristics Test Specification

DIN 51819 FAG FE8 (wear of rollers) Superior wear properties under accelerated
rolling contact fatigue

DIN 51821 FAG FE9 Grease life/oxidation stability
ASTM 02265 Dropping Point High operating temperatures

IP 121, ASTM D1742, ASTM D6184 Excellent oil release properties
ASTM D4170, D7594 Fretting Fretting wear resistance and low friction

SNR FEB2 (company test) False brinelling test
ASTM 06138 Anti-Rust Test Corrosion resistance

ASTM D1478 Col start torque Low-temperature torque
ASTM D4950 NLGI Grade Consistency

ASTM D217 Worked Cone Penetration (100Kx) Mechanical/work stability
ASTM D1831 Grease roll stability Resistance to physical degradation

ASTM D2266, D2596, D7421, D5706 Extreme pressure (EP) properties
ASTM D1264 Water wash out Water resistance

ASTM D4289 Elastomer compatibility Seal compatibility

Courtesy of Kuldeep Mistry and The
Timken Co.

In addition, ASTM Corrosion Tests [32] for grease have been developed such as the
ASTM D4048 Copper Corrosion from Grease, D5969 Corrosion of Grease in Sea Water,
and D1743—Corrosion Preventive Properties of Lubricating Greases. ASTM offers other
basic lab test methods for specific properties related to electric fields and thermal cooling
conditions, which have yet to be reviewed and assessed for greases used in EVs or HVs. A
future publication for further standard test methods will be addressed.
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4. Conclusions

Greases have been used in manufacturing and automotive industries and have been
rapidly evolving in recent decades to meet the demands of modern automobiles. While
some greases have specific niche applications, the most common ones are those that
are versatile and can be used in a wide variety of situations. Lithium-based greases, for
example, are some of the most popular greases on the market due to their wide temperature
tolerance and high dropping point. The reason for their popularity is due to the effective
solution for a major cause of grease failure—high temperature. Greases operating at high
temperatures and loads for ICEVs’ components cannot be applied for EVs. EVs or HVs,
while they also produce heat, prefer to operate in cooler conditions, requiring specific
greases that can function at those temperatures as well.

Furthermore, one important aspect of EVs or HVs not present in ICEVs is the specific
performance requirements of electrification components. These create electromagnetic
fields and electrical currents, leading to potential issues as the field can transfer energy with-
out the need for a physical medium. It became common for greases—especially thermally
and electrically non-conductive ones—to absorb too much of the energy and eventually
degrade due to oxidation and evaporation. The difference in operating conditions leads to
a difference in requirement of lubricants in the two vehicles. The preferred cooler tempera-
ture of EVs leads to the pursuit of both a lower viscosity and density of lubricants while
the opposite is true for ICEVs. While ICEVs are abundant today, EVs will undoubtedly
become the future and their lubrication and grease components will be a focal point.

The major differences between EVs and conventional ICEVs can be grouped into the
following technical areas: energy efficiency, noise, vibration, and harshness (NVH) issues
and the presence of electrical current and electromagnetic fields from electric modules,
sensors and circuits, and bearing lubrication. Additional considerations include thermal
transfer, seals, corrosion protection, and materials’ compatibility. The authors will review
the future development trends of EVs/HVs on driveline lubrication and thermal manage-
ment requirements. The future development of electric vehicles will globally influence the
selection and development of gear oils, coolants, and greases, as they will be in contact
with electric modules, sensors, and circuits and will be affected by electrical current and
electromagnetic fields.

The increasing presence of electrical parts in EVs/HVs will demand the corrosion
protection of bearings and other remaining mechanical components. Thus, it is imperative
that specialized greases should be explored for specific applications in EVs/HVs to ensure
maximum protection from friction, wear, and corrosion to guarantee the longevity of the
operating automobile.
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Abstract: The extreme pressure (EP) behavior of grease is related to its additives that can prevent
seizure. However, in this study following ASTM D2596 four-ball test method, the EP behavior of
greases was modified without any changes to its additive package. A four-ball tester with position
encoders and variable frequency drive system was used to control the speed ramp up time or delay
in motor speed to demonstrate higher grease weld load and lower grease friction that were fictitious.
A tenth of a second delay in speed ramp up time had showed an increase in the weld load from
7848 N to 9810 N for grease X and 6082 N to 9810 N for grease Y. Further increase in the speed
ramp up time to 0.95 s showed that the greases passed the maximum load of 9810 N that was
possible in the four-ball tester without seizure. The mechanism can be related to the delay in rise
of local temperature to reach the melting point of steel required for full seizure or welding, that
was theoretically attributed to an increase in heat loss as the speed ramp-up time was increased.
Furthermore, the speed ramp up time increased the corrected load for grease X and Y. This resulted
in lower friction for grease X and Y. This fictitious low friction can be attributed to decrease in surface
roughness at higher extreme pressure or higher corrected load. This study suggests that speed ramp
up time is a critical factor that should be further investigated by ASTM and grease manufacturers, to
prevent the use of grease with fictitious EP behavior.

Keywords: four-ball tester; heat dissipation; speed ramp up; ASTM D2596; grease weld load;
grease friction

1. Introduction

Several standards have been developed to establish grease performance and load car-
rying capability [1–4]. Both good [5] and poor correlation [6] has been reported within the
different methods using similar lubricants. These have been explained by either similarities
or differences between the contact geometries, configurations, and scuffing detection crite-
ria. One such method, the four-ball tester [1,7] having high precision, has been widely used
to manage lubricants’ batch production quality control. It has helped scientists to select
additives, both conventional as well an environment friendly nanoparticle, for extreme
pressure, wear prevention and antifriction grease behavior [5,8,9]. Often, short duration
four ball tests of 10 s or 60 s is found to be effective in determining the competing effect
of additive molecules in surface deposition, tribofilm formation and protection against
friction, seizure, and wear. These short duration test methods are standardized and fre-
quently validated by D02 committee in ASTM—American Standards for Testing Materials.
ASTM D2596-15 and ASTM D2783-15 are such test methods that are widely practiced by
lubricant manufacturers to determine the extreme pressure (EP) behavior of greases. These
standards offer vital information about seizure prevention by EP additives at a given load
that is known as “weld load” [1]. Almost every grease specification sheet carries the four
ball weld load data, as it is intended to help the consumers to choose the best grease to
prevent seizure of critical components under starved lubrication conditions. Therefore,
weld load data is important for both the grease consumers and manufacturers, with a

Lubricants 2021, 9, 33. https://doi.org/10.3390/lubricants9030033 https://www.mdpi.com/journal/lubricants

121



Lubricants 2021, 9, 33

higher weld load indicating better capability against failure. However, this critical data
could be “manipulated” within the scope of ASTM D2596-15 or D2783-15, and it can “trick”
the consumers to use the lubricant that can be detrimental to critical components.

In ASTM standards like D2596 or D2783 the lubricant is compressed and sheared
between the four balls (top ball and three bottom balls) for 10 s (see Figure 1). The mean
speed of the top ball is fixed at 1770 rpm. This test is repeated at every load stage from 6 kg
to 800 kg or until the full seizure.

 

Figure 1. Four ball tester and four ball test configurations in the ball pot.

Seizure is represented by the sudden jump in the motor torque due to melting and
fusion of steel balls followed by welding of four balls. To achieve higher weld load the
lubricants are formulated with high performing EP additives [5]. In contrary, the desired
weld load could also be achieved by tuning the speed “ramp up time” in the four-ball
tester. Speed ramp up time is the delay in time taken to reach the mean speed of 1770 rpm.
Although the mean speed is described in the ASTM standards, the ramp up time is not
mentioned, that could result in fictitious grease lubrication performance. There have been
four ball test reports that showed effect of speed on grease wear [10] and effect of delay in
applied load on lubricant scuffing loads [11]. However, there are no reports on the effect of
ramp up time on grease seizure load or weld load.

In this study, we have developed a four-ball test method to control and measure
the speed ramp up time or delay in motor speed in the four-ball tester, whose effect on
weld load, friction and wear is investigated for two types of greases. And we propose
mechanisms that can explain the changes in weld load and friction due to delay in reaching
the mean speed.
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2. Materials and Methods

2.1. Greases

Two commercial high weld load greases that can offer protection against wear, scuffing
and pitting in gear drives were used in this study. These greases are labelled as grease X and
grease Y. Both the greases were NLGI grade 00, they had same density of 0.92 g/cc at 20 ◦C,
kinematic viscosity of 500 cSt at 100 ◦C, flash point greater than 200 ◦C, thermal stability of
tribofilms was equal to 120 ◦C and FZG scuffing load stage was equal to or better than 12.
There was no information about composition of extreme pressure additives used in these
greases. And it is not critical for this study because we are focused on consequences of the
test method on grease lubrication behavior. Moreover, we are not investigating lubrication
mechanism based on the composition of greases.

2.2. Controlling the Speed Ramp Up Time and Load in a Four-Ball Tester

Computer controlled and automated four ball tester (Model–FBT3) from Ducom
InstrumentsTM (Groningen, The Netherlands) was used in this study (see Figure 1). A
variable speed direct drive motor without any belt or pulley arrangements was used to
control the speed between 300 rpm to 3000 rpm. Speed ramp up time, that is time delay
in motor speed to reach 1770 rpm starting from 0 rpm was controlled using the position
encoders. Position encoders can precisely identify the angular position of the spindle in
the motor. And they were in closed loop with the variable frequency drive system that
controlled the flow of current to the motor, and the motor speed. Variable frequency drive
ensures that the speed ramp up time is not affected by starting motor torque that is crucial
for ASTM D2596. The direct drive motor without any gear box was compatible with peak
load of 10,000 N, to sustain maximum torque at zero speed. Safety controls were used
to prevent the overflow of current to the motor at the peak torque operating conditions.
The labview based WinDucom software was used to set the desired speed ramp up time
for each test. In this study we chose speed ramp up time 0.15 s, 0.25 s and 0.95 s, that is
the time delay for motor to reach a preset mean speed of 1770 rpm (see Figure 2A). The
above time intervals were chosen considering the motor capabilities and technology used
in commercial four ball testers.

The data acquisition and display system in WinDucom software allowed the user to
view and store the real time changes in speed profiles.

Ducom four ball tester is equipped with an automated pneumatic loading system that
can control the actual load between 100 N to 10,000 N. The standard error at 10,000 N was
±20 N or 0.2%. The test balls were preloaded to a desired load at zero rpm and the load
was maintained stable during the spindle rotation for the entire test duration of 10 s and
at all the different speed ramp up time (see Figure 2B). The data acquisition and display
system in WinDucom software allowed the user to view and store the real time changes in
load profiles.

2.3. Pass Load and Weld Load

According to ASTM D2596, the grease is packed into the ball pot with three stationary
steel balls (supplied by SKF, E-52100, with diameter of 12.7 mm, Grade 25 extra polish,
hardness 65 to 66 HRC) at a temperature of 27 ± 8 ◦C, the top steel ball connected to the
motor is brought in contact with the bottom three steel balls at a fixed load. The top steel
ball rotates at a mean speed of 1770 ± 60 rpm for a test duration of 10 s. If there was no
welding of the test balls, the load is increased to the next load step, using a look up chart
for load steps given in the ASTM D2596.

The weld load is the load step at which the test balls local temperature reached the
melting point of steel, that fused the four balls. At this point the friction torque sensor in
the four-ball tester exceeds the safety value and shuts down the motor. This represents the
failure by grease lubricants to prevent seizure. The load step prior to the weld load is the
pass load. The pass load represents the state of the grease lubricant after incipient seizure
and before the full seizure. The pass load and weld load for grease X and Y was measured
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at a speed ramp up time of 0.15 s, 0.25 s, and 0.95 s. There were new steel balls used for
each test.

The cleaning procedures in this study followed the ASTM D2596.

Figure 2. Measurement and controls for speed ramp up time and normal load in a Ducom four-ball
tester. Real time changes in the speed profiles (A) and load profiles (B) at ramp up time of 0.15 s,
0.25 s and 0.95 s. Note: Ramp up time is the time taken to reach the average speed of 1770 rpm
(average speed follows ASTM D2596-15, see the figure inset) and the motor was designed for full
torque or load at zero speed.

2.4. Ball Mean Wear Scar Diameter and Corrected Load

At every pass load there is severe wear on the three test balls in the ball pot. The
mean value of the wear scar diameter on these three test balls can be measured using a
microscope to determined ball mean wear scar diameter. The corrected load is a pass load
that is compensated with the wear. It is calculated by multiplying the pass load with the
ratio of Hertzian contact diameter to ball mean wear scar diameter. The corrected load was
determined for grease X and Y at a speed ramp up time of 0.15 s, 0.25 s, and 0.95 s.

2.5. Friction Coefficient

The friction measuring system in the four-ball tester has been extensively described in
the US patent US 2017/0176319 A1. Friction torque was measured using a load cell, that
was in contact with the moment arm fixed to the ball pot in the four-ball tester. Coefficient
of friction was calculated from the measured friction torque and applied load as per ASTM
D5183 [12] The data acquisition and display system in WinDucom software allowed the
user to view and store the real time changes in friction coefficient profiles. The average
friction coefficient was calculated by determining the mean of all the friction coefficient
values acquired during a pass load test for grease X or grease Y.
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3. Results

3.1. Changes in Pass Load, Corrected Load, and Weld Load

Speed ramp up time had an influence on the pass load, corrected load and weld load
of grease X and Y (see Figure 3). As shown in Figure 3A, the pass load and corrected load
increased with an increase in ramp up time, they were in power-law relationship for grease
X. A similar trend was observed for grease Y however the power law relationship was
weaker compared to grease X (see Figure 3B). As shown in Figure 3C, the weld load for
grease X was 7848 N, and the grease Y had a lower weld load of 6082 N, at the ramp up
time of 0.15 s. At higher ramp up time of 0.25 s, that is a tenth of second delay in motor
speed, the grease X and Y had the same weld load of 9810 N. Grease X and Y had passed
maximum load of 9810 N in the four-ball tester at a speed ramp up time of 0.95 s.

Figure 3. Influence of speed ramp up time on corrected load, pass load and weld load for grease X
and Y. A correlation between speed ramp up time and load (corrected load and pass load) for grease
X (A) and grease Y (B), and the changes in weld load due to ramp up time for grease X and Y (C). All
the measurements were in duplicate.
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3.2. Changes in Friction Coefficient

Friction coefficient for the greases was in the range of 0.04 to 0.07, and it was affected
by the changes in corrected load driven by changes in the speed ramp up time (see Figure 4).
As shown in Figure 4A, the friction coefficient increased and then decreased before reaching
a stable plateau. The average friction coefficient for grease X and Y decreased as there was
an increase in corrected load, that was driven by an increase in speed ramp up time (see
Figure 4B).

Figure 4. Influence of speed ramp up time on friction for grease X and Y. Real time changes in
the friction profiles for grease X (A) and the relationship between average friction coefficient and
corrected load due to an increase in ramp up time (B). All the measurements were in duplicate.

4. Discussion

This is the first study that has experimentally shown that the grease performance as
determined by weld load and friction coefficient can be influenced by the speed ramp
up time or delay in motor speed—an unknown four-ball test parameter until now. It
is fascinating to see that a tenth of second delay in motor attaining the mean speed of
1770 rpm, that is an increase in speed ramp up time from 0.15 s to 0.25 s, had increased
the weld load and decreased the friction coefficient for both the greases. Grease weld
load represents the inability of EP additives in grease to form a stress activated antiseizure
tribofilms that resist sudden rise of local temperature on the steel balls. Seizure occurs
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when the local flash temperature, reaches the melting point of steel (approximately 1400 ◦C)
resulting in welding of four steel balls [13,14]. A tenth of a second delay in attaining the
mean speed means the local temperature is still below the melting point temperature of
steel. Therefore, we observed an increase in weld load at higher speed ramp up time.
It was possible to never reach the local melting point temperature of steel at a speed
ramp up time of 0.95 s. This can be attributed to the timescale over which heat is built-up
and dissipated that becomes more important than overall energy available at the contact,
referred to as friction power intensity [15]. The frictional power loss (units of J/s·mm2)
and heat dissipation rate (units of J/mm2) differ with the dissipation rate accounting for
the timescale the contact is subject to the available frictional power. The frictional power
loss and dissipation rate were calculated using the available data in the four-ball tester:

(1) Applied load is equal to 8000 N. The actual normal contact force between all the balls
is 9798 N (refer to the Appendices A.1 and A.2)

(2) Spindle rotation is equal to 1770 rpm. This translates to actual sliding speed of
0.678 m/s. (refer to the Appendices A.1 and A.2)

(3) An average friction coefficient value of 0.05 was used based on the data presented
in Figure 3A,B and the Appendix A.5 for calculation of coefficient of friction in a
four-ball tester.

(4) Initial Hertzian contact diameter, per contact is 0.826 mm. (Normal load of 3266 N
per ball, Poisson ratio of 0.27 and elastic modulus of 205 GPa were used). Hence, the
total initial contact area for all three balls is 1.61 mm2.

Frictional power loss per contact area (for all three balls) is [coefficient of friction ×
actual normal force × sliding velocity]/(total contact area), that results in 206 J/s·mm2.

In Figure 2A (inset) the ramp up time to reach the maximum speed was different,
which implies that the available frictional power of 206 J/s·mm2, was dissipated at different
rates for the three different speed ramp-up time.

Dissipated heat or heat flow at different ramp-up time can be calculated using the
linear method (frictional power × ramp-up time) and the integral of the area within the
curve depicted in Figure 2. Please refer to Table 1 for the heat dissipation rates. Both the
methods indicate that there was a severe increase in loss of heat (5 times) as the speed ramp
up time was increased from 0.15 s to 0.95 s. Thus, the available heat was not adequate
for the local conditions to reach to the critical flash temperatures at higher ramp up time
thereby leading to a higher weld load. Unfortunately, there are no tools to measure the
local temperature rise in a four-ball tester that could have helped us to experimentally
confirm this hypothesis.

Table 1. Calculated heat dissipation rates measured for the different speed ramp up time.

Ramp Up Time (s)
Frictional Power Loss

per Contact Area
(J/s·mm2)

Dissipated Heat during
Ramp Up [J/mm2],
Linear Ramp Up

Dissipated Heat during
Ramp Up [J/mm2], Integral of
Ramp Up Curves in Figure 2

0.15 206 206 × 0.15 = 31 29
0.25 206 206 × 0.25 = 51.5 39.6
0.95 206 206 × 0.95 = 195.7 142.8

Antiseizure tribofilms formed on the steel surface depends on the type of additive
composition in the greases. Grease Y that had poor resistance to seizure compared with
grease X had demonstrated a better behavior and it was equal to grease X. This was again
triggered by a tenth of a second delay in motor speed. It was interesting to observe that
performance of antiseizure tribofilms in grease Y was highly exaggerated by increasing
the speed ramp up time compared to grease X. This is an evidence that the tribofilms can
react differently to the speed ramp up time. Although it is interesting to investigate the
physicochemical nature of these tribofilms, the focus of this paper has been limited to
demonstrating the changes in lubricants performance.
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Lubricity of grease as determined by friction coefficient was also exaggerated by
speed ramp up time. A tenth of a second delay in motor speed had showed a tremendous
improvement in grease friction. This can be attributed to an increase in corrected load. At
higher load the steel surface and tribofilms are subjected to extreme pressure conditions
that can decrease their surface roughness, that could have resulted in decrease in the
friction [16]. In line with this mechanism the grease Y that had higher corrected load
compared to grease X also showed lower friction compared to grease X.

5. Conclusions

ASTM D2596 was developed with an understanding that seizure prevention by EP lu-
bricants is largely affected by factors like actual load, ball diameter, sliding speed, lubricant
temperature and friction that were directly accountable for changes in local tempera-
ture. Therefore, it makes sense that these parameters were well described in the standard.
However, this study shows that

• Antiseizure and friction performance of grease were improved without modifying
the grease chemistry by using the most unknown four-ball test parameter called the
speed ramp up time

• Furthermore, it will be crucial to mention the speed ramp up time along with the weld
load in the grease data sheet.

• It is important to revise the standard to include the speed ramp up time that had a
significant influence on seizure prevention by EP lubricants.
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Appendix A. Calculation of Actual Load, Sliding Speed and Coefficient of Friction in

Four-Ball Tester

Appendix A.1. Calculation of Subtended Angle in Four Ball Tetrahedral Configuration via
CAD Method

For calculating the contact radius of the ball interface, we must know the vertical
contact angle, (θ) subtended between the top ball and the bottom three balls. Refer to the
image for details. The angle is derived via 3d CAD-based assembly measurements.

Details of the steps used to arrive at the angle are illustrated in the images on the
right-hand side.

The first image shows a typical 4-ball assembly as it manifests on a four ball testerHere
all the four balls are of identical diameters and measure 12.7 mm.

A cut section view is generated exactly with the center of two balls taken simultane-
ously. One being the top ball which is held in the collet and the other one is one of the balls
which are locked in the ball pot.
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A sketch is generated using the references created in the assembly model. The half-
angle (θ) here is measured at 35.26◦, which is the angle of contact with respect to the axis of
rotation and the direction in which the normal load (N) is applied.

 
Figure A1. Illustration of four ball assembly in four-ball tester.

 

Figure A2. Illustration of top ball in contact with the bottom balls at a fixed angle within a four-ball
assembly in four-ball tester.

Appendix A.2. Correlating Applied Test Load, P, with the Local Normal Resultant Force, N,
on the Balls

From Section 1, we know that the vertical angle subtended at the contact points of the
ball is 35.26◦ (θ). Knowing this, we can correlate the test load, P, applied to the assembly
with the resultant force, N, at the contact. The following steps are used for this:

P = cos(35.26◦)× N

P = 0.8164N

or:
N = 1.2247P

where, P is the applied load during a test.
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Appendix A.3. Measurement of Frictional Torque and Local Frictional Forces, on the Ball

The frictional torque (FT) is measured using a module which consists of a load cell
and arm attached to the ball pot and displayed on controller. Using the displayed value,
we calculate:

FT = f × r

where, f is the frictional force between the contacting balls or:

f = FT/r

f = FT/0.00366

f = 272.929 × FT

where, r = distance on contact of ball from center (in m):

r = sin 35.26 × (diameter of the ball/2)

r = 0.577 × (0.0127/2)

r = 0.577 × 0.00635 = 0.00366 m

Appendix A.4. Measurement of Sliding Velocity at the Initial Contact for ASTM D4172 Test

The distance between the central axis of rotation of the top ball and the point of contact
between any of the bottom three balls, r, was calculated in Section 3.

Knowing ‘r’, the sliding velocity at the point of contact can be calculated as:

v =
2πrN

60

where v = sliding speed in m/s, r = distance between ball contact and central axis, in m,
N = speed of rotation in RPM. For ASTM D2266, N = 1770 RPM. From FBT tetrahedral
geometry, d = 0.00366. Hence, sliding speed v = (2 × PI × 0.00366 × 1770)/60 = 0.678 m/s.

Appendix A.5. Calculation of Coefficient of Friction Using Applied Load, P, and Measured Friction
Torque, FT

Moving on, the coefficient of friction—CoF (μ) is calculated by using the formula:

μ = f /N

where, f is the frictional force between the contacting balls, N is the resultant load between
the contacting balls.

Now, with the information and derivations from Appendices A.1–A.3, we can calculate
CoF:

μ = 272.929FT/1.2247P

Therefore, CoF at the ball contact can be calculated with the following formula:

μ = 222.854 × FT/P
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Abstract: In this work, we report on the most recent progress in studying temperature influence on
tackiness of greases, as well as the reproducibility of the method. Tackiness and adhesion of greases
have been identified as key intrinsic properties that can influence their functionality and performance.
During the last eight years, a reliable method to quantify the tackiness and adhesion of greases has
evolved from an experimental lab-scale set-up towards a standardised approach, including an ASTM
method and a dedicated test tool. The performance of lubricating greases—extensively used in
diverse industrial applications—is strongly dependent on their adherence to the substrate, cohesion
and thread formation or tackiness of the greases. This issue attracts more and more industrial interest
as the complexity in grease formulation evolves and it is harder to differentiate between available
greases. With this method, grease formulators will have an efficient measurement tool to support
their work.

Keywords: grease; tackiness; adhesion

1. Introduction

Tackiness was first identified as an intrinsic characteristic of adhesives materials in
the 1940s [1]. Based on this fundamental work, tackiness was defined as the resistance
needed to separate two solid surfaces joined by an adhesive layer in its liquid state [1]. In
the following years, the term tackiness was adopted in different industrial fields, including
that of grease manufacturing. However, depending on the industrial application, it is
interpreted in a different way. For example, in the elastomer industry, it is considered as
the work required to remove a material from a polymeric film/material [2,3], whereas in
the grease industry, tackiness is viewed as the ability of a grease to form threads as it is
being pulled apart [3].

Up to now, the most widely used method to evaluate thread formation (tackiness)
of greases is the finger test [3]. Based on this empirical method, a grease film is applied
between the thumb and index finger, and then they are pulled apart, resulting in the
formation of grease threads (Figure 1). According to this test, the longer the threads are,
the higher the tackiness of the grease is. The finger test might be a simple-to-perform and
zero-cost method, but it is also very empirical and subjective since the results are strongly
dependent on the user who is performing the test. Indeed, depending on the amount of
grease used and the retraction speed, a different result can be obtained. Another field test
that is also used to assess the tackiness of greases is the hammer test [4]. In this method,
a 5-pound hammer head is dropped onto a small quantity of grease applied on an anvil.
The distance to which the grease is thrown or spreads determines its tackiness (a higher
distance means higher tackiness). This method also has the disadvantage that it is not well
controlled and that it measures the consistency of the grease upon impact and provides less
information about the adhesion or tackiness. In addition, the sensitivity of this approach is
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rather poor, especially when comparing similar greases. For this reason, there is a strong
need to develop a consistent, repeatable method that can quantify tackiness.

 

Figure 1. Thread formation during physical separation of a grease.

During the last 10 years, more sophisticated experimental methods with different
testers have been developed [5–10]. In all cases, the theoretical principle is based on measur-
ing the interaction forces between a probe and a grease layer. From the obtained know-how,
the authors have developed a dedicated tester that measures adhesion, separation energy
and thread formation (tackiness) of greases from indentation–retraction curves. According
to this method, a fixed grease volume is applied on a standardised steel holder. An indenter
is gradually brought into contact with the grease until a preset contact load (maximum
force in Figure 2). Then, the indenter is gradually moved away from the greased substrate
under well-controlled conditions until there is complete physical separation. The pull-off
force is identified as the force required to start the physical separation of the indenter
from the grease (indicated by the minimum force in Figure 1). As the indenter is retracted,
a grease thread forms (Figure 2), which resembles the finger test (Figure 1). The thread
length is defined as the displacement from the start of the separation until the force is zero
(thread is broken). In addition, the separation energy (Se) is defined as the energy needed
to fully separate the indenter from the grease by the pull-off force and is calculated from
integration of the area between the start-up of the retraction motion (minimum force) and
complete physical separation (Figure 2). Based on this method, tackier greases form longer
threads, as with the finger test, whereas the pull-off force relates to the adhesion (also
known as stickiness). There is a common misconception that the pull-off force (adhesion) is
also an indication of tackiness (thread formation). However, this is not the case, as proved
by recent research publications [11,12].

Figure 2. An indicative indentation–retraction curve and measured values.
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Despite the significant progress that has been made to quantify grease tackiness,
several aspects still need to be addressed. For example, it is known that the performance
of greases is temperature dependent. This means that their intrinsic properties, including
adhesion, cohesion and tackiness (thread formation), should be also influenced by the
temperature in which they operate. Up to now, all tackiness test protocols have been
performed at room temperature. Thus, in this work, an attempt is made to investigate the
effect of temperature on the adhesion, cohesion, and tackiness of industrial greases. This
is gaining importance as new greases are formulated for high-temperature applications
like in automotive, aeronautics and metal forming [13]. Furthermore, the repeatability and
reproducibility of this method are discussed, as they are key criteria for the systematic
development and ranking of greases. Finally, in this work, a first attempt is made to
investigate the influence of grease degradation due to wear on its adhesion and ability to
form threads.

2. Materials and Methods

The adhesion and tackiness of greases were measured with a Falex Tackiness Adhesion
Analyser (TAA) tester (Figure 3a). As counter-material, a 3 mm Ø copper ball was used
(Figure 3b). The selection of a point contact and a copper ball is based on the authors’
previous experience [9], where they observed better repeatability of measurements with
this combination. The reason is that point contacts create well-defined individual strings,
whereas copper is a relatively inert metal. Different contact geometries (e.g., flat-on-flat)
and material combinations can also be used. For this method, a specialised 316 stainless
steel holder with a surface roughness (Sa) of ≤0.4 μm (ISO 25178) was developed. This
holder consists of 15 individual grease scoops (Figure 3c). Each grease scoop was filled
in carefully with approximately 1 mL of grease and then carefully spread with a spatula,
forming a homogenous flat surface (Figure 3c). The 15 scoops can be then used to perform
15 different indentation–retraction test profiles with variable conditions (e.g., retraction
speeds, contact load and temperatures).

  
(a) (b) 

 
(c) 

Figure 3. (a) Tackiness Adhesion Analyser (TAA), (b) mN load sensor with 3 mm Ø Cu ball attached to it and (c) grease
scoop holder with 15 individual pots (positions).
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A 15-step profile was programmed to perform indentation–retraction measurements
under 5 different retraction speeds and 3 temperatures in one automatic run. The complete
profile is given in Table 1. Ten repeats (cycles) were performed per condition for the same
grease to get information about the repeatability of the method and to perform statistical
analysis of the obtained data.

Table 1. Indentation–retraction test profile.

Step
Retraction

Speed (mm/s)
Temperature

(◦C)
Retraction

Distance (mm)
Repeats
(Cycles)

1 0.1 30 10 10
2 0.5 30 10 10
3 1 30 10 10
4 2 30 10 10
5 5 30 10 10
6 0.1 60 10 10
7 0.5 60 10 10
8 1 60 10 10
9 2 60 10 10
10 5 60 10 10
11 0.1 90 10 10
12 0.5 90 10 10
13 1 90 10 10
14 2 90 10 10
15 5 90 10 10

During each indentation–retraction measurement (cycle), the force on the load sensor
was measured as a function of the displacement of the indenter, and the absolute values
of the pull-off force, thread length and separation energy (as explained in Figure 2) were
extracted and analysed with an Excel macro software and with OriginLab® OriginPro
9 software.

In this work, 8 fully formulated commercially available greases were tested. A de-
scription of these greases is given in Table 2. However, due to confidentiality, their names
and compositions are not included.

Table 2. Overview of greases used in this work.

Grease NLGI Grade Thickener Base Oil

A 2 Lithium complex ISO VG 220 (kinematic viscosity
of 220 cSt at 40 ◦C)

B 2 Lithium Mineral base (kinematic viscosity
of 220 cSt at 40 ◦C

C 1–2 Complex calcium sulphonate
Synthetic (PAO) mineral

(kinematic viscosity of 80 cSt at
40 ◦C)

D 00 Paratac Paraffinic base oil (kinematic
viscosity of 90 cSt at 40 ◦C)

E 2 Lithium complex Mineral base (kinematic viscosity
of 150 cSt at 40 ◦C

F 2 Polymer-modified lithium Mineral base (kinematic viscosity
of 115 cSt at 40 ◦C

G 2 Polymer-modified lithium Mineral base (kinematic viscosity
of 115 cSt at 40 ◦C

H 2 Calcium mineral base (kinematic viscosity
of 115 cSt at 40 ◦C
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3. Results and Discussion

3.1. Effect of Temperature

The performance of greases is strongly dependent on the contact conditions/geometry
and the environment under which they operate [9]. This method can perform multiple
measurements of adhesion and tackiness under varying conditions automatically so that
the speed, load and temperature can be recorded with one run. Based on the authors’
previous experience [6–12], an optimised test profile is proposed, as presented in Table 1. In
this profile, the speed and temperature vary, whereas the load remains constant. The reason
for not changing the load, too, is that for the selected contact geometry (point contact)
and load range, the adhesion and tackiness appear to be less prone to load variations. Up
to now, the majority of research work on adhesion and tackiness has focused mainly on
contact conditions and less on the temperature effect, which is a proven factor influencing
the performance and lifetime of greases [14–18]. Indeed, as can be seen in Figure 4, for the
selected greases and temperature range, the increase in temperature leads to an increase
in both adhesion (pull-off force) and tackiness (thread formation). However, depending
on the formulation of the grease a different behaviour can be monitored. For example,
the pull-off force of grease A significantly increases when increasing the temperature
from 30 to 90 ◦C (Figure 4a). This indicates that the grease attaches more firmly onto
the steel substrate (bottom of the grease scoop). In addition, this increase appears to be
more gradual for grease A (Figure 4a) than for greases B (Figure 4c) and C (Figure 4e),
where a sharp rise increases at 90 ◦C. A similar behaviour in terms of adhesion is observed
for greases B and C. It is also very interesting that the same temperature dependence is
observed for both retraction speeds, namely 0.1 and 1 mm/s, which is an indication that
this behaviour is temperature related. Indeed, the viscous and viscoelastic responses of
greases are significantly influenced by temperature changes [19–21]. In addition, phase
transitions within the microstructure of the grease can also influence its yield strength [22]
and force required for the deformation and separation of this layer.

When evaluating the tackiness (thread formation) of greases A, B and C (Figure 4b,d,f),
a different temperature effect is observed between them, as, for example, grease C seems to
be less temperature dependent (for the selected range) than greases A and B. Furthermore,
it should be pointed out that adhesion (pull-off force) is a different grease characteristic
than tackiness (thread length). For instance, when comparing greases A and C, grease A
has a higher pull-off force than C but forms shorter threads. To put it in simple terms,
grease A is stickier than grease C, yet grease C is tackier than grease A.

To illustrate that adhesion and tackiness are two different intrinsic properties of
greases, a comparative test was designed and performed. In particular, a duplicate test was
performed for the same grease, counter-material and test conditions, but in the second run,
anti-stick paper was fixed to the bottom of the grease scoop, as shown in Figure 5a. The
interesting outcome of these tests is that the thread formation (tackiness) is not affected by
the use of anti-stick paper (Figure 5b), but on the contrary, the pull-off force (stickiness)
drops significantly (Figure 5c). This clearly indicates that adhesion and tackiness should be
considered separately.
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(a) (b) 

(c) (d) 

( ) (f) 

Figure 4. Effect of temperature and retraction on the pull-off force and thread formation of greases (a,b) A, (c,d) B and
(e,f) C.
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(a) 

(b) (c) 

Figure 5. (a) Grease scoop with anti-stick paper. Effect of anti-stick paper on the (b) thread formation (tackiness) and (c)
pull-off force (adhesion) of grease D for 0.1 and 1 mm/s retraction speed at 30 ◦C.

3.2. Repeatability and Reproducibility of Method

A significant step towards the standardisation of this method is to evaluate its repeata-
bility and reproducibility. To achieve this, firstly the influence of the test apparatus was
evaluated by testing the same grease by the same user and under the same test conditions
with nine different TAA modules (see Figure 6). Results in terms of pull-off force and thread
length were similar between the nine modules, as the fluctuation within one test group is
in the range of 8–16% for the pull-off force and 4–12% for the thread length and between
the different modules around 8% and 7%, respectively, at 0.1 mm/s. When increasing the
retraction speed, the fluctuation between the individual test groups can rise up to 25%
(depending on the grease). In particular, for the same grease, when the retraction speed is
1 mm/s, the fluctuation within one test group is in the range of 4–25% for the pull-off force
and 6–12% for the thread length and between the different modules is around 16% and
11%, respectively.
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(a) (b) 

  
(c) (d) 

Figure 6. Comparison of 9 different modules for grease E. (a) Pull-off force and (b) thread length for 0.1 mm/s retraction
speed at 30 ◦C. (c) Pull-off force and (d) thread length for 1 mm/s retraction speed at 30 ◦C.

What is also very interesting is that the repeatability of other greases, under lower
speed retraction conditions (0.1 mm/s), is also in the range of 8–16% for the pull-off force
and 5–12% for the thread length for each module (Figure 7). Again, the fluctuation between
groups is similar to the variability between the different modules, which is around 8% for
the pull-off force and 7% for the thread length.

 
(a) (b) 

Figure 7. Comparison of 9 different modules for grease F. (a) Pull-off force and (b) thread length for 0.1 mm/s retraction
speed at 30 ◦C.
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As a second step, a comparison between users was performed for the same grease,
module and test conditions, as presented in Figure 8. The fluctuation between the five
users at 0.1 mm/s is 7–12% for the pull-off force and 5–13% for the thread length. These
values fall again within the fluctuation observed in each measurement group (one user,
one module and one grease), which is approximately 8% for the pull-off force and 6% for
the thread length at 0.1 mm/s speed.

 
(a) (b) 

Figure 8. Comparison of (a) pull-off force and (b) thread length between 5 different users for the same modules for grease
G. Test conditions: 0.1 mm/s retraction speed at 30 ◦C.

It should be pointed out that the reproducibility of grease measurements with other
standard methods like ASTM 2509 Timken tests is 73% and X*sqrt(average) for ASTM
D4170 Fretting tests. Thus, the authors believe that the developed protocol is quite repeat-
able and in line with other standardised methods and that the observed fluctuations are
mainly due to the heterogeneous and complex nature of greases [23].

3.3. Other Possibilities: Grease Monitoring

One of the potential applications of this method is to use it to easily monitor changes
in the behaviour of a grease. Since only a small quantity of grease is needed per test, it
can be used to evaluate changes in the adhesion and tackiness of greases in the field, as,
for example, in a wind turbine. Thus, it can be potentially used to monitor changes in the
structure of a grease. For instance, the effect of wear on the adhesion and tackiness of a
grease can be seen in Figures 9 and 10. Indeed, the more severe the wear conditions (point
contacts in four-ball vs. line contact for Timken tests) and the smaller the quantity of the
grease used (15 g four-ball vs. 5 kg for Timken tests), the more significant the effect of wear
degradation on the pull-off force and thread length.

  
(a) (b) 

Figure 9. Effect of 4-ball wear testing (ASTM D2596) on the (a) pull-off force (adhesion) and (b)
thread length (tackiness) of grease H.
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(a) (b) 

Figure 10. Effect of Timken testing (ASTM D2509) on the (a) pull-off force (adhesion) and (b) thread
length (tackiness) of grease H.

4. Conclusions

In this work, the most recent progress on measuring the adhesion and tackiness of
greases with the indentation–retraction approach is presented. In particular, the ability
of a grease to adhere to a surface (pull-off force) and to form threads when it is being
pulled apart (tackiness) strongly depend on the temperature. However, the influence of
temperature is not the same for these two grease characteristics. In addition, it was proved
that adhesion is strongly dependent on the holder, which means that this property is system
oriented. On the other hand, thread formation does not seem to be influenced; thus, it
is more of an intrinsic characteristic of the grease. As a follow-up, the influence of other
environmental factors such as humidity and material composition will be investigated.

For this method to move towards standardisation, its repeatability and reproducibil-
ity should be addressed. From an internal round robin exercise, it was found that the
repeatability of the method for one group of measurements (one module, one tester and
one grease) is in the range of 5–15%. A similar fluctuation was found between the different
modules for the same grease and user, as well as between different users for the same
grease and module. From the authors’ point of view, this indicates that the method is quite
repeatable and reproducible and that the fluctuation is possibly due to the heterogeneous
and complex grease structure. However, to draw safe conclusions, a more extended round
robin is underway between different labs and well-defined and formulated greases. An-
other possibility of this method, apart from grease formulation and development, can also
be grease condition monitoring.
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