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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.
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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 SKE, 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 ACon}m(?n
pplication
000 445-475 Ketchup Gear boxes/low
temperature use
00 400430 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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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



Lubricants 2021, 9, 14

6 of 16

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 theometer 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 557! 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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Rheometer Penetration of PU2
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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.

Gap Height over Time
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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
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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.

Net Penetration vs Force
1 mm Gap, 25 mm Plate
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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.

Yield Stress of LiC2 Crossover Stress of LiC2
800 _
140 OOverfill gg;;e_gl:ear
120 B Pre-Shear 700 et
i © 5% Trim
— 5% Trim n“f 600
& 100 5
% 80 8 500 I
5 P 400
0 60 o
s * 3 300
& 40 3
© 200
20 5
100
0
0

25mm Rough  50mm Rough 50mm Smooth
25mm Rough 50mm Rough 50mm Smooth

(@ (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 557! 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.

Opverfilling 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.

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

Crossover Stress vs
Rheometer Penetration (5 N)
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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.

Yield Stress vs Crossover Stress
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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.

Cone Penetration vs Yield Stress
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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.

Cone Penetration vs Crossover Stress
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Figure 11. Cone penetration vs crossover stress for various greases.
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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
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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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