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Abstract: Recent theoretical developments linking degradation to the thermodynamic concept of
entropy have allowed a new approach to modeling all types of degradation. The theory has been
successfully applied to wear, fatigue, and numerous other forms of degradation and experimentation
has confirmed its applicability to modeling the mechanical degradation of lubricating grease.
This paper overviews the mechanical degradation of grease, discusses past and present modeling
techniques, shows how new techniques can be used to predict grease life, and provides suggestions
for future research.
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1. Introduction

Grease is a common lubricant composed of base oil and a thickener and is used extensively in
machinery due to its unique properties. It is often the first choice of lubricant for rolling bearings,
journal bearings, slider bearings, gears, pivots, couplings, guides, pin-bushings, and sliding contacts,
especially if these are to be placed in an inaccessible location [1,2]. Because of its thickener structure,
grease has a relatively thick consistency (firmness), which differentiates it from oil. In contrast to oil,
this consistency allows grease to stay in place without the need for a complicated distribution system,
supply arrangement, or reservoir. Grease has good sealing capacity, resists leakage, provides corrosion
prevention properties, and needs little maintenance. Nevertheless, microstructural complexity and
its degradation during long-term operation render the development of predictive models of grease
behavior a difficult task. Grease is thixotropic, meaning its properties change with time upon agitation
(shearing) [3]. When the shearing stops, the properties partially return to their initial state, but not
completely [4]. The change in bulk properties due to shearing is mechanical degradation and is one of
the main ways through which grease degrades.

Grease degradation can be broken down into two regimes: physical degradation and chemical
degradation [5–8]. Physical degradation includes mechanical degradation of the thickener structure
due to shearing, separation of the base oil and thickener, evaporation of the base oil, and contamination
of the grease by foreign particles. Chemical degradation [9–11] involves all chemical reactions that
take place, including oxidation of both the base oil and thickener and the depletion of additives.
Chemical degradation is dominant at higher temperatures and during long-term storage of grease,
while mechanical degradation is typically dominant when a greased interface is subjected to shearing or
working the lubricant at high speeds [7]. This information can be visualized with Figure 1. In practice,
both chemical degradation and all types of physical degradation must be considered, and their
significance is heavily dependent on grease chemistry [12]. Nevertheless, as long as the operating
temperature is well below the oxidation temperature and there is no significant contamination or
evaporation, one can assume that mechanical degradation is the main determinant of grease life for
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many common greases. This is a common situation for lubricated machinery, particularly bearings,
and is the main focus of this review paper. For information on additional degradation mechanisms,
see the review by Rezasoltani and Khonsari [8].
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Figure 1. Dominant degradation mechanism across shear rate and temperature including long-term
storage (no shear); remade from Ito et al. [7].

Degradation is a central issue with the use of grease since it means a grease sample has a limited life.
As grease is put to use, its thickener structure degrades, its base oil leaks and/or evaporates, both the
thickener and base oil oxidize, and it tends to become contaminated with foreign particles. All of
these elements cause the grease’s overall properties to permanently change. Eventually, the properties
deteriorate so substantially from those of the pristine grease specified for its application that the
degraded grease becomes unusable for its intended purpose and must be replaced. A key property that
changes as a grease degrades is consistency: a measure of a grease’s overall “firmness”. Consistency
generally determines a grease’s suitability for a particular application and has a major influence on
a device’s performance. Pure mechanical degradation causes the consistency to become more fluid
since the thickener structure is fragmented into smaller pieces [8,13]. The destruction of the thickener
can be visualized through microscopy such as atomic force microscopy (AFM) or scanning electron
microscopy (SEM), and Figure 2 shows SEM comparing pristine grease to mechanically degraded
grease [8].

Figure 2. SEM comparing (a) fresh and (b) mechanically degraded grease [8].
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Estimating grease life is important since a bearing using grease with degraded properties has
the potential for premature failure. Ideally, grease is swept away from moving components once
a freshly-greased device begins operation, leaving only a thin film [6]. The excess grease should then
remain clear of these components, serving only as a lubricant reservoir. If degradation causes the
grease’s consistency to thin sufficiently, the grease may begin to leak out of the bearing, causing
lubricant starvation [14]. The degraded grease could also flow into space between moving parts,
where it will be churned. Churning can also be catastrophic since it causes significant oil bleed and
excessive heat to be generated. Since grease does not have an effective convective mechanism to
adequately dissipate this heat, churning can lead to significant chemical degradation. Additionally,
the bled oil may leak significantly and the grease will have overall dramatically different properties
from what is desired, meaning the lubrication will be ineffective. Poor lubrication will lead to a decrease
in mechanical efficiency, wear of solid surfaces, overheating, and eventually failure, causing significant
damage to any machine [1].

Life models exist to ensure either a bearing or the grease within is changed before lubrication
issues can cause problems. Current widely-used estimates of grease life are mostly used in rolling
element bearings and are developed by their manufacturers [2]. The models used are empirical and
developed from testing bearings until failure in specially-designed test rigs. These bearing-dependent
results are then analyzed with statistical techniques, resulting in the current grease life models used
today. The L10 parameter, which represents the amount of time needed for 10% of a set of bearings to
fail, is commonly used as a bearing’s life [15,16]. This is dictated by bearing type, geometry, and all
modes of grease degradation [6]. Nevertheless, the bearing should be relubricated or replaced well
before failure, and common guidelines are to relubricate bearings at approximately half of the L10 [15]
or at the L01 [6].

The current grease life estimation methods used by manufacturers for bearings and other greased
devices are only valid for those devices, and testing results cannot be reliably applied to others.
In addition, these methods are generally incompatible with grease quality monitoring methods.
This means that, although a grease’s condition can be analyzed throughout its service life, predicting
the remaining life based on this analysis is still not well-defined. Because of these two major issues,
developing a model that can predict grease life for a general case and allow the user to update the model
through monitoring methods would be a significant step forward in preventing machine failure due to
poor lubrication. Promising new approaches for assessing grease degradation that allows both the
prediction of grease life and several updates of this estimate have been recently introduced [13,17–24].
This approach involves the application of irreversible thermodynamics to model the irreversible
changes that happen to the grease’s microstructure during use.

Irreversible thermodynamics refers to the second law of thermodynamics, which defines entropy
(S) and necessitates that the entropy of the universe always increases. The most basic way of thinking
about entropy is that it gives details about the direction and method by which processes occur
since the entropy of the universe always increases with no exception. When a process involves no
dissipative effects and is reversible, there is no change in entropy. A realistic case, however, is a process
that has dissipative effects such as heat transfer or chemical reactions where entropy is generated.
The generation of entropy means that this process is irreversible. For example, as a grease-lubricated
bearing rotates, the grease sample between the moving parts is sheared, irreversibly breaking down
its structure. This means that it will never again have exactly the same properties as it did initially.
The use of entropy, therefore, offers excellent potential for describing degradation in general and is
well-suited for lubricating grease.

Before applying the idea of irreversible thermodynamics to grease, a general framework for
formulating degradation was developed and applied to problems involving wear and fatigue.
Bryant et al. [25] established the framework for this by proposing the Degradation–Entropy Generation
(DEG) theorem, which proposes a degradation measure to be directly proportional to the entropy
produced for each dissipative process that occurs. The theorem also establishes that, if there is a critical
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value of degradation at which a failure occurs, there is also a corresponding critical value of accumulated
entropy generation. This idea was then successfully applied to problems involving wear [26–29] and
fatigue [30–34], where the results consistently gave further support to the DEG theorem.

The use of irreversible thermodynamics to model grease degradation was validated as a promising
idea by Rezasoltani and Khonsari [17], who established a linear trend between penetration values
(a measure of mechanical grease degradation) and entropy density generation (entropy generated
per unit volume). This work probed the tribology community to examine the results and to explore
the use of entropy generation as an indicator of grease degradation. If a model for grease is fully
developed, the DEG theorem could be used to identify the critical accumulated entropy generated
by significant degradation processes that results in a sufficiently degraded grease. This then leads
to a life estimate for any greased device operating under any conditions. This paper reviews recent
development toward this goal, with a summary table of relevant literature given by Table 1.

Table 1. Summary of literature relating entropy and the mechanical degradation of grease.

Paper 1 Novelty Remarks Conclusions

Friction and Wear of
a Grease Lubricated

Contact [35]
Kuhn, E.

Proposes a model describing
entropy flow in
a grease system

Measures energy dissipated,
resulting in

temperature increase

Provides detailed model of
entropy flow within a model

grease system

Correlation between
Mechanical Degradation

and Entropy [17]
Rezasoltani & Khonsari

First to model consistency
reduction of grease using
DEG theorem; establishes

linear trend

Measures comparative
penetration using rheometer;

validated using grease
worker and bearing tests

DEG theorem can be applied
to grease using

“net penetration” as the
degradation measure

Correlation between
Entropy and Structural

Changes [18]
Kuhn, E.

Provides new structural
degradation model;

proposes crossover stress as
an indication of degradation

Uses dissipated frictional
energy and temperature

increase to calculate
entropy generated

Structural degradation vs
entropy supply shows
different slopes at low

entropy values

Tribological Stress of
Lubricating Greases [19]

Kuhn, E.

Compares mechanical
structural degradation for

different grease chemistries

Uses dissipated frictional
energy and temperature

increase to calculate
entropy generated

Differences in grease
chemistry lead to
vastly different

degradation behavior

Engineering Model to
Estimate Consistency

Reduction of Grease [20]
Rezasoltani & Khonsari

Proposes a method for
predicting grease life that
allows variable operating

conditions; proposes failure
as drop by one NLGI grade

Uses a model of shear stress
over time with characteristic

line to estimate grease life

Life prediction model shows
agreement with

experimental data

Mechanical Degradation of
Grease in an EHL Line

Contact [24]
Rezasoltani & Khonsari

Identifies three distinct
regions of grease lubrication

Rollers pressed together,
exposing grease to high

shear rates

Grease within
elastohydrodynamic

lubrication (EHL) contact
degrades very quickly but is
held in place by grease walls

Model for Shear
Degradation at Ambient

Temperature [13]
Zhou et al.

Shows two phases of grease
mechanical degradation;

proposes an aging equation

Grease aged through
a Couette aging device at

various shear rates; properties
measured with a rheometer

Rapid degradation occurs
initially followed by slower

degradation; entropy
concept validated

Master Curve for the Shear
Degradation of Lubricating

Greases [36]
Zhou et al.

Included the effect of
temperature to

previous results

Used Couette aging device
with added

temperature-controlled bath

Higher temperatures
increase mechanical

degradation; temperature
component added to the

previous model

Assessment of Mechanical
Degradation Using

Entropy Generation [21]
Lijesh & Khonsari

Explains two regions of
mechanical grease

degradation; proposes
online degradation
monitoring method

Uses torque meter to estimate
entropy generated; estimates
the time until grease drops by

one NLGI grade

Mechanical degradation is
akin to running-in followed
by steady-state; steady-state

is reached faster at low
shear rates
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Table 1. Cont.

Paper 1 Novelty Remarks Conclusions

Thermodynamics of Grease
Degradation [23]
Osara & Bryant

Includes thermal effects in
DEG-based analysis

Measures work done in
shearing grease with a paint

stirrer and resulting
temperature increase

Grease life experiments
well-modeled by
DEG trajectories

1 Paper titles are abbreviated.

The outline of this paper is as follows. In Section 2, the evolution of grease degradation theory is
presented. Section 3 then gives details of recent experiments and results, indicating the usefulness of
entropy in modeling grease degradation. Section 4 presents a practical application of experimental
results and presents a need for future research. Concluding remarks and future suggestions are given
in Section 5.

2. Grease Degradation Theory

Degradation is a process by which a system goes from some initial state to one of lesser quality or
desirability. Since degradation, by nature, can only decrease the quality or desirability of the studied
system, it is inherently linked to the production of entropy. Though the basic idea is a rather simple
one, quantifying this information so that it could be used is often difficult. Initial grease degradation
models compared the amount of energy used in shearing a grease to the damage on the microstructure.
This model [37–39] showed promise, but uses many specific parameters unique to one particular
shearing situation. It was only after the Degradation–Entropy Generation theorem [25] was established
in 2008 that a new modeling technique was developed using entropy. The initial application of the DEG
theorem to mechanical degradation of grease [17] showed promising results, making this approach the
most recent modeling tool available in describing grease degradation.

2.1. Quantifying Mechanical Degradation

A variety of techniques exist for monitoring the mechanical degradation of grease [8]; each of
which tracks a particular property as the grease is sheared. To make the best use of results,
the information gathered should be easily quantifiable. Therefore, properties such as shear stress,
viscosity, and consistency [22] are used in modeling degradation over time.

2.1.1. Shear Stress

A fundamental property of grease is that it is a shear-thinning fluid, meaning that its viscosity drops
with increasing shear rate. This means that the shear stress within a grease is not linearly dependent
on shear rate as is true for a Newtonian fluid, shown by Figure 3a [17]. Therefore, the viscosity is
a function of shear rate and it has an “apparent” value at a given shear rate. This adds complexity
to calculations since the shear rate profile must be known over the entire shearing time in order to
accurately calculate the energy dissipated. More importantly in the context of mechanical degradation,
grease is thixotropic, meaning that shear stress is a function of time even at a fixed shear rate, shown by
Figure 3b [20]. Shear stress can be directly associated with mechanical degradation of grease since the
accumulation of stress from shearing causes the structure to break down.
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Figure 3. (a) Grease’s shear-thinning nature [17] and (b) grease’s thixotropic nature [20].

2.1.2. Viscosity

Viscosity can also be used to assess a grease’s degradation. Once again, the shear thinning,
thixotropic nature of grease provides somewhat of a challenge, as the viscosity depends on shear rate
and time, similar to shear stress. The viscosity of grease over time declines similarly to the shear
stress, so viscosity has similar advantages and disadvantages to shear stress as a tool for assessing the
mechanical degradation of grease. Overall, the viscosity and shear stress can be measured by a variety
of tools such as a rheometer, viscometer, or torque meter by measuring the grease’s resistance to shear
at a given shear rate.

2.1.3. Consistency

Consistency is a complex property of grease, which represents the overall “firmness”. Consistency
depends heavily on the base oil type, thickener type, thickener concentration, thickener structure,
and temperature [1]. Since mechanical degradation causes the thickener structure to permanently
change, it results in an overall change to the consistency of a grease sample. Therefore, at a given
temperature, the degradation of grease can be assessed by measuring its consistency. The actual
methodology for determining consistency has only one formal standard: the cone penetration test given
by the American Society for Testing and Materials (ASTM) standard D217 [40] in which a particular
cone-shaped weighted tool is allowed to fall into a standardized cup of grease. The depth of penetration
after 5 s is measured and used as a measure of consistency. In fact, this consistency measurement is
used to categorize a grease into one of nine grades defined by the National Lubricating Grease Institute
(NLGI). Since the NLGI grade of a grease is a major consideration in selecting a grease for a given
application, this penetration test is ubiquitous in the grease industry. Nevertheless, many researchers
find this test requires too large a grease sample and is inadequate for monitoring grease degradation,
so they opt to establish consistency through methods discussed in Section 3.1.2.

2.1.4. Infrared Spectroscopy

Grease can also be analyzed through infrared spectral analysis, where the absorbance at a range of
wave numbers is established. This method is extremely useful for examining the extent of changes to
the chemistry of the grease structure since any chemical reactions will cause a shift in the absorbance.
Changes in base oil content (due to evaporation) and additive content (due to oxidation) can be
established by infrared spectroscopy [8,41], but its use is limited in monitoring mechanical degradation.
Rather, it can be used as a justification that mechanical degradation is dominant by finding that
chemical reactions do not take place [13,36].
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2.2. An Energy Approach

Before the DEG was established, Kuhn developed a promising approach for characterizing
a grease’s degradation behavior subjected to shear [37–39]. This approach involved relating the changes
in a grease’s microstructure to the work done by shearing it, and he developed a grease degradation
model with similarities to solid body wear models. By relating wear rate with viscosity degradation
rate and establishing a limiting viscosity, Kuhn then found the amount of frictional energy required
per unit volume to be dissipated in the grease to reach the limiting viscosity [37]. This was established
as the limiting energy density. The accumulated energy dissipated per unit volume, erh, can then be
compared to the limiting energy density for that particular grease to assess microstructure damage.
The calculation of erh is given by Equation (1). Here, the accumulated frictional energy, erh, is a function
of shear rate,

.
γ(t), and shear stress, τ(t), integrated over the shearing time interval:

erh =

∫ t f

ti

.
γ(t) × τ(t) dt (1)

Once a grease reaches the limiting energy density, the grease has reached the state of maximum
structural degradation. By using an empirical relation for (t) given by Equation (2), erh can be given as
a function of time and structural degradation intensity, n. τlim and tlim are the shear stress and time
corresponding to the state of limiting viscosity:

τ(t) = τlim × (
t

tlim
)−n (2)

Equation (2) is then used with Equation (1), yielding Equation (3). This equation describes the
structural degradation as a function of time, but the exponent n depends both on the grease used and
the shearing conditions:

erh(t) = τlim × (
1

1− n
)(

t
tlim

)1−n (3)

While this method is grease- and process-specific, it is a promising approach since, if the details
are known about a specific shearing process, then the critical accumulated energy density could be
used as a criterion for failure, and this is simply a material property. The problem that arises is that
this analysis is limited to one specific process with one specific grease and changes to either one means
that n must be reevaluated. Therefore, a more robust method that can be more easily applied to any
shearing process with any grease is highly desirable.

This energy approach, related to mechanical wear quantification techniques, was used due to
the existing degradation theory. However, as the use of entropy to model degradation was studied
further, researchers found encouraging results. Experimental results, which strongly link entropy to
degradation date back to 2000, when many researchers [42–44] found a strong correlation between wear
and the production of entropy. As this linear trend between degradation and entropy was observed in
an increasing variety of experiments, a theory was developed to link them.

2.3. The Entropy Approach

2.3.1. Degradation–Entropy Generation Theorem (2008)

The DEG theorem [25] was established in 2008 upon consideration of the gap between existing
testing machinery capabilities and a scientific theory that had the ability to model degradation
dynamics. The main idea of the DEG theorem is to use entropy generation as a fundamental measure
of degradation, leading to the creation of appropriate degradation models that are consistent with
the laws of thermodynamics. The power of the DEG theorem is in its description of some measure of
degradation, w, as a function of some quantity, i, of dissipative processes. This degradation measure
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is a linear combination of the entropy generated, S′, by each process multiplied by a corresponding
degradation coefficient, B. The simplified main equation can be given in rate form as Equation (4):

dw
dt

=
∑

i

Bi
dS′i
dt

(4)

For example, if two independent dissipative processes cause a system to degrade, Equation (4)
can be rewritten as (5), with a dot signifying a derivative:

.
w = B1

.
S′1 + B2

.
S′2 (5)

After identifying each dissipative process, their corresponding B values can be determined
through isolation, and thus the degradation rate can be defined as a function of entropy generation rate.
An important consequence of this relation is that, if there is a critical degradation measure at which
the studied system is considered sufficiently degraded, there is a corresponding sum of accumulated
entropy generation from each dissipative process which consistently yields that state.

Immediately after the DEG was proposed, it was found to yield remarkably accurate results
compared with existing degradation equations, such as Archard wear [45] and fretting wear [46].
In fact, it was shown that the use of the DEG theorem results in a relationship that subsumed Archard’s
adhesive wear model. Furthermore, by using the DEG theorem, these equations could be examined
in greater depth [27,47]. More importantly, the DEG theorem was then used to describe degradation
mechanisms that did not have previously existing equations, such as fatigue fracture [31,47,48] in
metals and composites, battery degradation [22,49,50], and grease degradation [13,17–24]. In fact,
its use in modeling fatigue fracture led to the discovery of a so-called Fatigue Fracture Entropy.
The DEG theorem is currently being used with success in an increasing number of fields, and it has
proven to be a useful tool in modeling many types of degradation.

2.3.2. Entropy Generation by Shearing Grease

Entropy is produced through dissipative processes. These processes could include heat transfer,
adhesion, abrasion, plastic deformation, fracture, phase change, chemical reactions, diffusion, mixing,
or some combination of these [22]. For quantifying the rate of change of the specific entropy of
a tribological system in the context of wear, Equation (6) is used—the derivation of which is given by
Lijesh et al. [29]:

.
sg =

σ·
.
γ

ρT
−

.
emt

T
+ k

(grad T)2

T2 −
.
sgmt −

∑
k

ηkdNk (6)

This equation breaks down the total rate of entropy change of a system into five terms. The first
(and most dominant in describing mechanical grease degradation) consists of stress induced by shearing,
σ, strain rate,

.
γ, density, ρ, and temperature, T. This first term describes the entropy generated from

friction between two rubbing bodies which plastically deforms the asperities in contact. The second
term describes entropy generated from mass transfer, and consists of the rate of heat removed through
mass transfer,

.
emt, and temperature. The third term gives the entropy produced by heat transfer through

conduction and uses the thermal conductivity, k, the temperature gradient, and the temperature.
The fourth term,

.
sgmt , represents the entropy flow due to mass leaving the control volume. Finally,

the fifth term uses the chemical potential, ηk, and the number of moles, Nk, to describe entropy change
due to chemical reactions.

Through reasonable assumptions for investigating mechanical degradation of grease, this equation
can be heavily simplified. The second and fourth terms are eliminated by considering a grease sample
as a closed system. The third term can be eliminated by assuming that a negligible temperature
increase occurs due to shearing the grease, which is acceptable for the aging devices used to induce
mechanical degradation. The fifth and final term can be eliminated by neglecting all negligible chemical
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reactions that may take place during mechanical aging. This leaves only the first term, which describes
an accumulation of stresses induced by shearing. This term can be rewritten in its most useful form for
grease shearing as Equation (7) [17]:

Sg,vol =

t∫
o

τ(t)·
.
γ(t)

T
dt (7)

This equation gives the accumulated entropy density generation, Sg,vol, as a function of the shear
stress, τ, and shear rate,

.
γ. According to the DEG theorem and assuming the grease only degrades

through shear, this Sg,vol value is directly proportional to the degradation of the grease with a coefficient,
B, to be found experimentally.

3. Application of DEG Theorem to Grease—Testing and Results

The first use of the DEG theorem for describing grease degradation was performed by Rezasoltani
and Khonsari [17], whose experimental results showed a clear linear trend between comparative
penetration values and Sg,vol in 2014. This is shown in Figure 4. The trend remained true independent
of shear rate and temperature, although a limited temperature window exists in which the temperature
is not too high to induce significant oxidation and not too low to induce excessive condensation from
the air in the room. The trend was even validated through the use of completely different testing
devices. This initial work connecting the DEG theorem to grease proved a major step forward in
gaining the ability to accurately predict grease life.

Figure 4. Rheometer aging test results [17].

3.1. Experimental Procedures

To test the application of the DEG theorem to mechanical degradation, experiments were carefully
designed to ensure that mechanical degradation was the dominant degradation mechanism.

3.1.1. Aging Methods

To induce mechanical degradation, grease is stressed in some way. For a short period of aging time,
this can even be done with a rheometer [17,18] which allows continuous measurements of rheological
properties during the degradation. To age grease for extended periods of time, researchers [13,21]
developed custom Couette-type rigs such as the one shown in Figure 5 [13]; others used a journal
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bearing [17] or a paint stirrer [23]. Additionally, researchers used a grease worker to age grease similarly
to the prolonged working section of ASTM standard D217 [13,17,21].

Figure 5. Couette aging test rig used by Zhou et al. [13].

3.1.2. Degradation Measurement

Common choices for measuring mechanical degradation are changes in shear stress, viscosity,
and consistency. As previously discussed, shear stress and viscosity are intimately related properties
that change similar to degradation. Consistency, however, is a bulk property with numerous proposed
methods for its quantification, and each can give slightly different results.

Shear stress and viscosity can be found by measurements with numerous rotating measurement
devices, such as a rheometer, a viscometer, and a torque meter. Use of a rheometer and viscometer
provides a direct way of measuring viscosity or shear stress, as a range of shear rates are imposed
on the sample and the resulting resistance to rotation is measured by the device. These machines
output “flow curves”, which can show viscosity or shear stress as a function of shear rate. Results
can be compared over time to observe the decrease in shear stress or viscosity at a given shear rate.
The use of a torque meter is not quite as straightforward, as it must be linked to a motor or other
rotational power supply. The initial conditions for the torque meter must be carefully determined
so that future measurements are accurate. Lijesh and Khonsari [21] give a methodology for the use
of a torque meter in monitoring mechanical degradation, and its implementation proves useful in
allowing online degradation monitoring.

Consistency measurement has one accepted standard—the cone penetration test—but its use in
mechanical degradation experiments is impractical. ASTM standard D217 [40] requires a large cup of
grease in order to perform tests. Even a 1/4 scale penetration test [51] requires a quantity of grease
that is excessive for many mechanical aging devices. Therefore, researchers use alternative methods,
such as a fixed-load compression test or an oscillatory strain sweep test in a rheometer to evaluate
consistency. The fixed-load compression test is similar to the cone penetration test. In this test used by
references [17,21], a grease sample is placed at the base of a rheometer and the top plate is lowered
until a gap of 1.5 mm exists between it and the base. A compressive force of 2 N is applied, and the
resulting displacement of the top plate is used as an indication of consistency in a similar manner as
the cone penetration test.

Alternatively, the yield stress or crossover stress of a grease sample can be used as an indication of
consistency. There exist numerous methods of calculating yield stress, with each method potentially
yielding vastly different results. Cyriac et al. [52] propose a yield stress evaluation method that gives
repeatable results. This procedure uses an amplitude sweep oscillatory test in a rheometer, typical results
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of which are given by Figure 6a [13]. This test involves placing the grease sample between rheometer
plates, where the top plate oscillates at a fixed frequency but an increasing amplitude. As stress
begins to build within the grease, it will eventually reach the yield stress, where grease structure
begins to break down. Cyriac et al. [52] define the yield stress as the first point on a stress–strain plot
at which there is 0.5% deviance from a line (shown in Figure 6b [53]). This is calculated based on
a piecewise third-order polynomial curve fit among adjoining measurement points. The crossover
stress, τc, can also be found in the amplitude sweep oscillatory test, and is marked in Figure 6a. Both
the yield stress and crossover stress can be used as an indication of consistency, but depend on the
oscillatory frequency chosen.

Figure 6. (a) Typical results of amplitude sweep oscillatory test with crossover point marked [13] and
(b) test results used to determine yield stress [53]; note that these figures are from different studies.

3.2. Experimental Results

Rezasoltani and Khonsari [17] established a linear trend between net penetration and entropy
generated per unit volume, Sg,vol, for mechanically degraded grease, shown by Figure 4. Similar results
were obtained through aging in a rheometer, grease worker, and journal bearing, indicating that this
line was indicative of the degradation behavior of that particular grease. Using the linear nature of the
DEG theorem, the slope of this “characteristic line” relating consistency (a measure of degradation)
and entropy represents the B coefficient for mechanical degradation from Equation (2).

Additional experiments were performed by various researchers [13,18,21] seeking to repeat and
more completely describe this behavior. Zhou et al. [13] performed mechanical aging across a wider
range of Sg,vol values and calculated representative penetration values for direct comparison to the
results of Rezasoltani and Khonsari, shown in Figure 7. These results indicated two separate regions of
grease degradation with two different slopes: an initial, relatively brief, region with rapid degradation
followed by a long region with slower degradation.

Lijesh and Khonsari [21] compared this behavior to the transient/run-in and steady-state regions
of mechanical wear and reported that the length of the transient region is dependent on shearing
conditions. They showed that degradation takes a longer time to reach steady-state when sheared
at a higher shear rate. This information was then used as an explanation for why two slopes were
not observed during the initial experiments of Rezasoltani and Khonsari: the shear rates used for this
experimentation could be considered relatively low, meaning the transient region makes up a negligible
portion of the total aging period. Despite its typically brief nature, it is important to understand
how a grease changes throughout the transient region to ensure that proper lubrication is maintained
throughout and after it. Nevertheless, since grease degradation is associated with prolonged shearing,
the effect of the first slope is typically negligible.
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Figure 7. Degradation vs. entropy—results of (a) Rezasoltani and Khonsari compared to those of
(b) Zhou et al. [13].

4. Practical Application

These experimental results are an encouragement for the use of the DEG theorem in grease life
modeling, showing that the cumulative amount of entropy generated in shearing a grease serves
as an ideal description of the grease’s state of mechanical degradation. Such a model only requires
the user to establish the amount of entropy generated in order to determine how much mechanical
degradation has occurred. Once the amount of entropy generated can be described in terms of time,
a life prediction model can be developed.

4.1. Predicting Grease Life

The first step in developing a grease life model is establishing a point at which grease is
considered failed. Since grease is often selected for its consistency grade for a given application,
some researchers [20,21] have defined grease failure as the point at which grease is no longer within the
same NLGI grade as it was initially. This means that, once the consistency of grease has degraded to
that of the grade below it, it can be considered failed. Using this information, one can simply determine
the amount of entropy that must be generated in order to reach this failure state.

The steady-state characteristic line (from Figure 5) of a grease provides the ability to estimate the
life of grease based on a change in the consistency. By defining failure as a drop in consistency by one
NLGI grade, one must first find the consistency of the lower NLGI grade by the same method that
will be used to describe degradation. Rezasoltani and Khonsari used fixed-load compressive tests in
a rheometer and found the penetration corresponding to a grade 1 grease. The characteristic line of
a grade 2 grease was then used to find the amount of entropy generated corresponding to this amount
of penetration, shown in Figure 8 [20]. Generating this amount of entropy through purely mechanical
degradation should then consistently yield this failure state, so details about a particular shearing
situation are required to find the time needed to generate this much entropy.

Equation (4) gives the entropy generated as a function of time for pure mechanical degradation and
can be used in estimating grease life. Assuming the shear rate and temperature are constant throughout
shearing, the only parameter that must be determined is the shear stress. Using the Maxwell model
for estimating shear stress over time, the shear stress becomes a first-order differential equation [20].
All required information then becomes available for predicting the life of a grease. Though it will
complicate the evaluation of Equation (7), this model allows for changes in operating conditions,
such as a change in rotational speed of a shaft. This concept is demonstrated by Rezasoltani and
Khonsari [20], who apply this model to a grease sheared for 22 h at one shear rate, then at another until
its consistency drops by one NLGI grade. Calculations show good agreement with experimental data.
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Figure 8. NLGI grade 2 grease penetration vs. Sg,vol with failure criterion [20].

Alternatively, a method has been proposed [21] which monitors the entropy generation rate
as a grease degrades. This method proposes that grease has failed once its entropy generation rate
reaches the starting entropy generation rate of a grease one NLGI grade below it. If grease is sheared at
a constant shear rate and temperature, the entropy generation rate is proportional to the shear stress.
The relationship is demonstrated in Figure 9 [20,21].

Figure 9. (a) Shear stress vs. time [20] compared with (b) entropy generation rate vs. time [21] at a fixed
shear rate.

Figure 10 shows the decrease in entropy generation rate over time for an NLGI grade 1 grease.
The dashed blue line represents the starting entropy generation rate of an NLGI grade 00 grease,
and the grade 1 grease is considered failed once its entropy generation rate declines to this point.
The calculation of the entropy generation rate was performed through the use of a torque meter,
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which recorded the instantaneous torque acting on the shaft. By comparing torque readings across
time, one can monitor the changes to a grease’s rheological properties. This allows online monitoring
of the grease’s state of degradation.

Figure 10. Entropy generation rate over an extended period of time [21].

Such an online monitoring method has the potential to drastically reduce machine failure since
it can give details on the lubrication performance in real time. This method can be applied to any
industrial machinery for which it is practical to dedicate a torque sensor. Though only minimal testing
has been performed and this should be viewed as a proof of concept, this method could provide
another significant step forward in improving machine reliability. Further improvements in this
technique should include additional information such as oil bleed, film thickness, and temperature.
Though monitoring only the temperature of a bearing can be an effective way of determining that it is
about to fail [54], this method does not give sufficient warning, meaning significant damage may occur
before it can be taken out of service.

4.2. Future Directions

The application of irreversible thermodynamics has provided a path forward for the evolution of
grease life models, but there remains research to be performed before the models can be confidently
used in practice. The overall intent of these models is to describe grease performance so that machinery
operates as efficiently as possible or for as long as possible. To this end, quantifying the failure
conditions for each particular device should be further explored. For example, the proposal that grease
is failed upon a consistency or viscosity reduction to a lower NLGI grade should be adjusted to more
completely describe conditions leading to failure.

So far, the entropic model has been applied to pure mechanical degradation with success, but the
testing environments used do not resemble field applications of grease. All research discussed has
treated grease as homogeneous, without considering the intricate and chaotic nature [54] of grease flow
within a field environment. Therefore, a complete model would likely have to be developed for each
particular grease application, since the conditions can vary significantly. Such a model would account
for the transient phases of grease flow, oil separation and leakage, and the corresponding changes to
the effectiveness of lubrication.

In addition, there are clearly other mechanisms of degradation that lead to machinery failure and are
not included in mechanical degradation. For some grease microstructures, mechanical degradation does
not even have a significant effect on the overall changes to the structure [12]. For these greases especially,
a model that includes other forms of degradation—particularly oxidation—is essential. A promising
start to incorporating thermal effects (without oxidation) into mechanical degradation models has been
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introduced by Zhou et al. [36]. Additionally, Osara and Bryant [23] provide a DEG-based approach that
incorporates thermal effects with high accuracy, and this proves a step forward in the development
of a complete model. Further research can expand on this approach, adding further degradation
mechanisms such as contamination and evaporation. Overall, any model developed must be validated
with field testing in order to be used with confidence.

5. Conclusions

Entropy has proven to be an effective tool in developing models of degradation, and its
application to grease shows promise for useful life prediction. This approach is the first to be
based on thermodynamic degradation theory instead of empirical studies, meaning it is not restricted to
a particular set of degradation conditions. Experimentation conducted so far shows that a basic model
of pure mechanical degradation of any grease can be easily developed. For greases that show dramatic
changes through mechanical degradation and are used in situations where mechanical degradation
is dominant, such a basic model could be reasonable for estimating grease life. For many situations,
however, mechanical degradation is relatively insignificant and a model must include additional
degradation mechanisms. In addition, the details of grease lubrication are complicated, and many
simple models are inadequate to properly describe the changes to grease properties and grease flow
that lead to failure.

Further research should be performed linking changing grease properties to machinery failure
for a range of operating conditions, which will help establish more suitable failure criteria for grease
degradation. This information can then be used with advancing thermodynamic grease models to
give more meaningful life estimations. Additionally, all mechanisms of grease degradation must
be considered, particularly oxidation, contamination, and oil leakage. Most importantly, any model
developed must be thoroughly field-tested to ensure it can be reasonably applied to real situations.
Overall, the concept of entropy has proven to be a promising tool in modeling grease degradation,
and these thermodynamic models have enormous potential to allow grease-lubricated machinery to
last significantly longer.
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