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Abstract: Using an optical interferometric technique, the grease film distribution under a pure rolling 

reciprocating motion is observed on a ball-disk test rig, to explore the transient response of grease, which is 

expected to fill the contact with thickener fiber and run for a long time under steady-state conditions. It is 

found that the reciprocating motion reduces the accumulation of the thickener fiber gradually with time. The 

maximum film thickness forms around the stroke ends. After 1,000 working cycles, very severe starvation 

occurs so that either the central or minimum film thickness becomes nearly constant over one working 

period. Thus, the life of grease lubrication under a transient condition is far below that under steady-state 

conditions. However, it is also found that by selecting a smaller stroke length, the thickener fiber spreads out 

in the contact instead of being removed from the contact at the 1,000th working period. When increasing the 

maximum entraining speed of the reciprocating motion to a certain value, during which the thickener fiber is 

not expected to accumulate under a steady-state condition, severe starvation occurs very quickly, causing 

surface damage. 
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1  Introduction 

In industrial applications, many key components such 

as gears, chain drives, and rolling element bearings 

work under a transient state. As an important branch 

of transient elastohydrodynamic lubrication (EHL), 

reciprocation is a common form of motion. Over the 

last 50 years, many researchers [1−6] have explored 

the oil film characteristics of reciprocating motion by 

experimental and theoretical methods.  

However, 90% of rolling element bearings, some 

gears, and chain drives are lubricated with grease. The 

thickener fiber existing in the grease forms a complex 

network structure in order to store oil, offering grease 

a superior advantage over oil lubrication. Because of 

the complex structure of grease, the influence of grease 

thickener fiber on lubrication has become an important 

issue in recent years.  

Li et al. [7] conducted an experimental investigation 

to explore crescent-shaped grease film in rolling and 

sliding microoscillation. They [8] also observed the 

transient grease film variation in a reciprocating motion 

during one working cycle. Wang et al. [9] studied 

the grease film distribution in a reciprocating sliding 

motion experimentally on a ball-disk test rig using 

an optical interferometric technique. They found that 

the grease film in a reciprocating motion exhibited 

different features than that of oil lubrication.  

In the first several working periods, the variations 

of the film shape in the first and second strokes  

are different. With an increase of the period number, 

the starvation effect gradually emerges, together 

with the occurrence of grease replenishment. After a 

large number of working periods, very severe grease 
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starvation occurs so that the central and minimum 

film thicknesses are thin and constant over a 

working period. 

Many studies on grease were based on steady-state 

conditions. Ali et al. [10] added shrapnel to a ball-disc 

test rig, pushing the grease back to the track in order 

to study the lubrication replenishment of the grease. 

Huang et al. [11] showed that the slide/roll ratio con-

tributed to replenishing the contact by transferring 

more grease to the vicinity of the contact to form a 

larger lubricant reservoir.  

Eriksson et al. [12] monitored the status of the 

ball-disk contact area and observed directly that the 

thickener fiber entered and passed through the contact 

area, resulting in fluctuations in the thickness of the 

grease film. Cann et al. [13] detected the thickener fiber 

through infrared reflectance spectroscopy technology 

in both the inlet and the outlet of the contact zone. 

This showed that the grease fiber has an oil storage 

function and participates in the lubrication together 

with the oil.  

Cyriac et al. [14] experimentally explored the 

influence of the thickener particle size and concentration 

on the grease EHL film thickness, and found that the 

film thickness increases with an increase in the particle 

size and concentration at medium speed. For the low- 

speed condition, Zhang [15] explored the lubrication 

characteristics of lithium grease mixed with glycerinum 

in point contacts. She also found that at low speed, 

the film thickness of the grease was higher than that of 

the corresponding base oil film owing to the presence 

of the thickener fiber.  

Laurentis et al. [16] experimentally measured the 

friction coefficients and film thickness of a series of 

commercial bearing greases and their bled oils. They 

also reported that for lithium greases, a thick film was 

formed at low speed, which was 3−10 times higher 

than that of their corresponding base oil film.  

Recently, Kanazawa et al. [17] found that at low 

speed, the type of thickener played a decisive role  

in the film thickness of the grease regardless of the 

viscosity of the base oil and the test temperature.   

It was found that the fiber group played a vital role 

in the film formation when the entraining speed was 

below a critical speed, making the film thickness greater 

than the theoretical film thickness (when considering 

only base oil lubrication) [15−17]. Above that critical 

speed, the grease film thickness was identical to that 

of base oil lubrication. The change of grease film 

thickness against the entraining speed represented a 

V-shape. 

Except the works of Li et al. [7, 8] and Wang et al. [9], 

all of the above experiments were carried out under a 

steady-state condition. The existence of thick grease 

film with the aid of thickener fiber at low speeds has 

become widely accepted. However, many machine 

elements work under long-period transient conditions. 

How the grease lubrication performs under transient 

conditions at a low entraining speed is unknown. 

Therefore, in this study, the grease distributions in a 

steady-state pure rolling condition and reciprocating 

rolling condition at low speeds over long working 

periods are compared to reveal the transient effect. For 

the reciprocating motion, the effects of the applied load, 

stroke length, and entraining speed were investigated. 

2 Experimental methods  

Experiments were conducted using a ball-on-disk 

apparatus. The contacting pairs were composed of a 

25.4-mm-diameter steel ball and a glass disk with a 

diameter of 150 mm and thickness of 15 mm. One side 

of the glass disk contacting with the steel ball was 

coated with a Cr layer that was approximately 20 nm 

thick in order to facilitate partial reflection. The 

properties of the steel ball and glass disk are listed in 

Table 1. 

The commercially available greases Kluber Centoplex 

3 and Centoplex 2EP were chosen. Either is a lithium- 

based grease consisting of antioxidant mineral oil. 

Grease Centoplex 2EP has a lower cone penetration 

value. The properties are listed in Table 2. 

All tests were conducted in a controlled laboratory 

environment at a constant room temperature of 23 °C. 

The glass disk and the steel ball had a driving 

system that was composed of an AC servomotor, a  

Table 1 Properties of ball and disk. 

Property Steel Glass 

Young’s modulus (GPa) 
Poisson’s ratio 
Density (kg/m3) 
Thermal conductivity (W/(m·K)) 
Specific heat (J/(kg·K)) 

210 
0.3 

7850 
46 
470 

81 
0.208 
2510 
1.11 
840 



Friction 8(1): 115–135 (2020) 117 

∣www.Springer.com/journal/40544 | Friction 
 

http://friction.tsinghuajournals.com

Table 2 Grease properties. 

Type Centoplex 3 Centoplex 2EP

Base oil 

Thickener 

Temperature range (°C) 

Cone penetration  

(25 °C, 0.1 mm) 

Base oil viscosity  

(40 °C, mm2/s) 

Base oil viscosity  

(100 °C, mm2/s) 

Dropping point  

DIN ISO 2176 (°C)  

NLGI grade 

Mineral oil 

Lithium soap 

−15 to 150 

220–250 

 

100 

 

10 

 

>190 

 

3 

Mineral oil 

Lithium soap 

−20 to 130 

265–295 

 

180 

 

14 

 

>190 

 

2 

 

high-precision reducer, and the coupling parts. A DFK 

23G618 color camera was used as a charge coupled 

device (CCD) to capture images at a frequency of 120 

frames per second. Red and green light sources were 

used in the experiments to illuminate the contact. 

The optical interference images were collected and 

then processed by software based on the dichromatic 

interference intensity modulation (DIIM) [18] technique 

in order to obtain the film thickness. 

The ball and the disk moved in the form of a 

triangular wave. The trace plot and points of mea-

surement are shown in Fig. 1. With T as the working 

period and vmax as the maximum surface speed, the 

stroke length L is 

L = 0.25vmaxT              (1) 

 

Fig. 1 Schematic diagram of reciprocating motion and trace 
points. 

3 Results and discussion  

In the following, experiments were first carried out 

under steady-state conditions and then under a  

reciprocating pure rolling motion. If not otherwise 

indicated, the results are presented mainly for the 

grease Centoplex 3.  

3.1 Steady state 

The variation of the central film thickness vs. the 

entrainment speed ve (ve = vb + vd, where vb and vd are 

the surface speeds of the ball and the glass disk in the 

entraining direction, respectively) under the steady 

state is given in Fig. 2 with a load w = 50 N. At higher 

speeds, the grease film thicknesses are practically 

identical to the solid line, which should be the film 

thickness obtained from the base oil [16, 17].  

For the two greases used in the current work, the 

types of base oils were unknown. Thus, the solid lines 

were drawn according to the variation of the film 

thickness. However, this did not hinder us from 

determining the relation of the grease film thickness 

and a higher entraining speed. For Centoplex 3, below 

a speed of approximately 0.02 m/s, the grease film 

thickness started to increase, although with small 

undulations, as the entraining speed decreased.  

Thus, a V-shape in the grease film thickness was 

formed, agreeing well with the findings in [15, 16]. 

They [15, 16] referred to the speed at the inversion 

point of the “V” as the “transition speed.” Above  

 

Fig. 2 Central film thickness vs. entrainment speed. 
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the “transition speed,” the thickener fiber usually 

does not enter the contact, and thus the film 

thickness is identical to that of the base oil. For the 

Centoplex 2EP grease, the lowest point of the V-shape 

was only 0.004 m/s.  

Then, experiments with ve = 0.01 m/s and w = 15 N 

were conducted. The glass disk was rotated for 500 

cycles, which took nearly 6 h (1 cycle TR (time of 

cycle) took about 42 s). As shown in Fig. 3, the optical 

interferometric images of the grease film and the 

corresponding midsection film thicknesses at 4 time 

instants, i.e., 10.5 s, 21 s, 31.5 s, and 42 s, in the 1st 

and 500th cycles were selected. In each optical inter-

ferometric image, the EHL contact was filled with the 

thickener fiber. This phenomenon did not change 

from the 1st to the 500th rotation. 

Owing to the existence of the thickener fiber, the 

midsection film thickness fluctuated irregularly in all 

of the images, with the average film thickness in the 

contact at around 0.2 μm. It was seen that for the 1st 

and 500th cycles, although they occurred during the 

same time instant, the distributions and fluctuations 

of the grease film were different, and the thickener 

fiber conglomerating in the conjunction was almost 

at the same amount.  

Figure 4 shows the optical images and the 

corresponding midsection film thicknesses with ve = 

0.01 m/s and w = 50 N for the four time instants, i.e., 

10.5 s, 21 s, 31.5 s, and 42 s, in the 1st and 500th cycles. 

With a higher load, the contact area was enlarged, 

and thus a large amount of grease thickener fiber 

was observed in the contact, such as in Fig. 4(c) 

and Fig. 4(d). Thus, a larger amount of grease film 

fluctuated, with the maximum film thickness at around 

0.3 μm in Fig. 4(c) and a minimum film thickness of 

0.06 μm in Fig. 4(h). It was seen that in the 500th 

cycle, the thickener fiber was spread more uniformly 

slightly by the motion.  

It was also seen that for the 1st and 500th cycles, 

the same as in Fig. 3, although at the same time instant, 

the distributions and fluctuations of grease film with 

the thickener fiber were different, the thickener fiber 

conglomerating in the conjunction was still at the 

same amount. 

 

Fig. 3 Interferograms and midsection film thickness during 1st and 500th cycle under pure rolling steady-state motion (ve = 0.01 m/s,
w = 15 N). 
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Figures 3 and 4 confirm that under steady-state 

conditions and specific working conditions, the existence 

of the thickener fiber was stable. 

3.2 Reciprocating motion  

Figure 5 shows the optical interferograms and the 

midsection thickness profiles over the 1st cycle at the 

12 trace points shown in Fig. 1 for vmax = 0.01 m/s, w = 

15 N, and T = 0.5 s with a reciprocating stroke L of 

1.25 mm. The maximum speed vmax and the applied 

load w are the same as the entraining speed and the 

load, respectively, in Fig. 3. In Figs. 5(b)−5(f), the motion 

is from the right to the left, while in Figs. 5(h)−5(k), the 

motion is in the opposite direction. 

Figures 5(a), 5(g), and 5(l) are at the stroke end with 

zero surface speeds. Figures 5(d) and 5(j) are at the 

stroke center, where the entraining speed reached  

a maximum of 0.01 m/s. In Fig. 5, over the entire 

workingcycle, the grease film distribution did not 

exhibit the typical feature of reciprocating oil film: 

the entrapment of lubricant at the stroke end when 

the maximum central film arrived at its maximum 

just a little after the stroke center [4, 5].  

In all of the optical interferometric images, there 

exists thickener fiber in the contacts. The midsection 

film thickness was influenced significantly by the 

thickener fiber. Where there was an aggregation of 

thickener fiber, there was a local upward dimple in 

film thickness. On the other hand, the grease film 

thickness became thin where the thickener fiber was 

less or absent, such as in Fig. 5(d) and Fig. 5(i) at the 

stroke centers. The corresponding midsection film 

thickness fluctuated slightly where there was a small 

aggregation of thickener fiber.  

At the stroke ends of Figs. 5(a) and 5(l), the grease 

film shapes as well as the midsection film thickness 

were not identical. The upward entrapment was mainly 

owing to the large or small aggregation of the thickener 

fiber, other than the squeeze effect [4, 5, 8]. If we 

compare Fig. 5 with Fig. 3, we can see that much of the 

thickener fiber was removed from the EHL contacts.  

In Figs. 5(d) and 5(i), the entraining speed is the 

same as that in Fig. 3, but only a small amount of 

thickener fiber remained in the contact, and the  

 

Fig. 4 Interferograms and midsection film thickness during 1st and 500th cycle under pure rolling steady-state motion (ve = 0.01 m/s, 
w = 50 N). 



120 Friction 8(1): 115–135 (2020) 

 | https://mc03.manuscriptcentral.com/friction 

 

midsection film thickness in Figs. 5(d) and 5(i) was 

around 40% smaller than that in Fig. 3. Moreover, the 

obvious upward entrapment shown in Figs. 5(e)−5(h) 

is a stochastic phenomenon as the large or small 

aggregation of the thickener fiber was not fixed.  

In Fig. 5(h), the previous cavitation zone turned 

into an inlet starvation zone, resulting in a reduction 

in film thickness at the right side. Therefore, the 

variation and thickness of the grease film was dominated 

by the thickener fiber, although the entraining speed 

also exerted a small influence. 

Figure 6 shows the results for the 5th cycle. The film 

shape shown in Figs. 6(c), 6(d), 6(i), and 6(j) takes on 

the EHL film shape at a low entraining speed. Com-

pared with Fig. 5, there are differences as described 

below. First, the midsection film thickness was 

obviously reduced, especially in Figs. 6(a)−6(c) and 

6(j)−6(l). Second, the thickener fiber in the contacts of 

Fig. 6 was much less than that in Fig. 5. 

Third, in Figs. 6(a) and 6(l), a chunk of thickener 

fiber appeared, demonstrating that there was a re-

plenishment of grease from the sides of the running  

 

Fig. 5 Interferograms and midsection film thickness during 1st cycle under pure rolling reciprocating motion (vmax = 0.01 m/s, w = 15 N,
T = 0.5 s, L = 1.25 mm). 
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track. What is worth explaining here is that the grease 

thickener fiber was not fixed at the same location and 

should have been in a dynamic state. Comparing the 

interferograms at the stroke ends of the first cycle 

and the 5th cycle (Fig. 5(l) and Fig. 6(l)), the morphology 

and location of the grease fiber are different. In 

addition, during the entire experimental process, the 

grease thickener fiber at the stroke end sometimes 

disappeared or became less and then appears again. 

Thus, the authors assume the reappearance was caused 

by grease replenishment. 

Figure 7 gives the results for the 1,000th cycle. Very 

severe grease starvation occurred, and there was 

very little thickener fiber left in the contact zone. The 

remaining thickener fiber fluctuated with the film’s 

thickness very locally, such as in Figs. 7(a), 7(b), 7(e), 

and 7(h) or in Figs. 7(j)−7(l). The dark rectangle shown, 

for example, in Figs. 7(a), 7(i), 7(k), and 7(l) or the 

triangular shape in Figs. 7(e)−7(g), represent the shape 

of the inlet grease starvation zone, which is actually  

 

Fig. 6 Interferograms and midsection film thickness during 5th cycle under pure rolling reciprocating motion (vmax = 0.01 m/s, w = 15 N, 
T = 0.5 s, L = 1.25 mm). 
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the shape of the outlet cavitation zone in the previous 

stroke. 

Figure 8 illustrates the variation of the central film 

thickness of 18 selected working cycles. With a small 

number of working cycles from 1−5, it is seen that the 

maximum central film thickness existed around the 

stroke end, other than around the stroke center. Like 

the contact in the steady state, the thickener fiber 

was conglomerated in the contact with a low or zero 

entraining speed. By contrast, around the contact center, 

where the entraining speed was below the “critical 

speed” of 0.02 m/s, much of the thickener fiber was  

removed from the contact so that the film thickness 

became low.  

It is also seen that the five curves do not coincide 

with each other. At around 0.4T−0.6T, the thickness of 

the 1st cycle was nearly the smallest, thus demonstrating 

that the distribution of the grease thickener fiber was 

not fixed at the same location. Rather, it should have 

been in a dynamic state, affected by the motion and  

 

Fig. 7 Interferograms and midsection film thickness during 1,000th cycle under pure rolling reciprocating motion (vmax = 0.01 m/s,
w = 15 N, T = 0.5 s, L = 1.25 mm). 
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the replenishment. Figure 8(b) shows the results for 

the 10th, 20th, and 50th cycles. The film thickness in 

the 10th cycle is the thickest, but those of the 20th 

and 50th cycles surpass each other at some points  

in the cycle. Generally speaking, the film thickness is 

reduced with an increase in the number of working 

cycles.  

Figure 8(c) shows the results for the 100th, 200th, 

300th, 400th, and 500th cycles. The five curves resemble 

each other and decrease with an increase in the cycle 

number, but not as drastically as shown in Fig. 8(b). 

Figure 8(d) shows the results for the 600th, 700th, 

800th, 900th, and 1,000th working cycles. That of the 

600th cycle has a shape similar to those in Fig. 8(c).  

The other four curves nearly overlap with each other 

and become constant over one working cycle. This 

indicates that under very severe starvation conditions, 

there was a very thin layer of lubricant remaining 

between the two surfaces so that the change in the 

entraining speed in the triangular form had no impact. 

This feature of the film thickness becoming constant 

after many cycles was shown by Wang et al. [9] in 

grease experiments with a reciprocating sliding 

motion. 

Figure 9 shows the variations of the minimum film 

thickness over a number of selected working cycles 

with vmax = 0.01 m/s, w = 15 N, T = 0.5 s, and L = 1.25 mm. 

Figure 9(a) shows the minimum film thickness changes 

in cycles 1−5. It can be seen that the change in the film 

was more drastic owing to the existence of the fiber 

clusters. The film thicknesses in the 10th, 20th, and 50th 

cycles are shown in Fig. 9(b), in which the minimum 

film thicknesses of the 20th and the 50th cycles are 

lower than those of the 10th cycles owing to obvious 

grease starvation.  

The three curves in Fig. 9(b) follow the variation of 

the entraining speed, i.e., they obtained their minimum 

values at the stroke end while reaching their maximum 

values around the stroke center. This is because with 

such a low velocity and a light load, the minimum 

film thickness rested at the boundary of the Hertzian 

circle, where large thickener fiber clusters usually do 

not exist.  

In Fig. 9(c), the curves for the 100th, 200th, 300th, 

400th, and 500th cycles follow the same shape as that 

in Fig. 9(b), although with an increasing number of 

working cycles, the general value of the minimum 

film thickness decreases. For the curves of the 400th 

and 600th cycles, the value around 0.4−0.6 suddenly 

increases. This should be generated by grease reple-

nishment. From the 700th cycle, the minimum film 

thickness falls to a horizontal line. 

In Fig. 4, the thickener fiber aggregates in the form 

of irregular strips. The average film thickness was  

around 0.2 μm and did not change much over long 

working cycles. Figure 10 shows optical interferometric 

images and corresponding midsection film thicknesses 

with a heavier load w = 50 N and all other parameters 

remaining unchanged.  

In Fig. 10, the thickener fiber aggregates in large or  

 

Fig. 8 Variation of central film thickness in some typical working periods (vmax = 0.01 m/s, w = 15 N, T = 0.5 s, L = 1.25 mm) 
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Fig. 9 Variation of minimum film thickness in some typical working periods (vmax = 0.01 m/s, w = 15 N, T = 0.5 s, L = 1.25 mm). 

 

Fig. 10 Interferograms and midsection film thickness during 1st cycle under pure rolling reciprocating motion (vmax = 0.01 m/s, w = 50 N,
T = 0.5 s, L = 1.25 mm). 
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small circular heaps. In the beginning of the motion, 

in Figs. 10(a) and 10(b), the film thickness was quite 

thick at around 0.3 μm (the entraining speeds were  

0 and 0.0033 m/s, respectively). There is nearly as 

much thickener fiber in Figs. 10(a) and 10(b) as in Fig. 

4. With an increase in the entraining velocity, much of 

the thickener fiber was removed from the contact.  

However, there was still a large heap generating  

a large upward dimple and several small heaps of 

thickener fiber generating small fluctuations in the 

film thickness. Where there was no thickener fiber, the 

film thickness was small, for example, at 0.06 μm in 

Fig. 10(f). The large accumulation of thickener fiber 

reached a diameter of about 150 μm (as shown in 

Figs. 10(e) and 10(h)), which was 3/4 of the radius of 

the Hertzian contact radius. At the stroke center 

(Figs. 10(d) and 10(i)), there was less accumulation of 

the thickener fiber. In comparing Figs. 5(d) and 5(i), 

the size of the accumulated thickener fiber is prominent. 

Figure 11 presents the results for the 5th working 

cycle. In Figs. 11(a)−11(d), the size of the aggregation 

of the thickener fiber becomes much smaller and also 

irregular. In other figures, the thickener fiber appears 

as a circular aggregation. The large circular aggregation 

has a diameter of only 50 μm. In Figs. 11(a), 11(b), 

11(k), and 11(l), the average film thickness was 0.2 μm, 

 

Fig. 11 Interferograms and midsection film thickness during 5th cycle under pure rolling reciprocating motion (vmax = 0.01 m/s, w = 50 N, 
T = 0.5 s, L = 1.25 mm). 
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while in the other figures, the average film thickness 

is reduced to 0.1 μm by the reduction in the thickener 

fiber aggregation size. An obvious reduction in film 

thickness is seen where there was no thickener fiber 

aggregation. 

Figure 12 shows the results for the 100th cycle. 

From the startup of the motion, only 50 s passed. With 

a heavier load, the occurrence of grease starvation 

occurred much earlier. A severe grease starvation 

zone is observed in every figure. The zone has a long 

diamond shape (drawn with a blue solid line). This 

zone can enter the contact area and move back and 

forth by the motion. Depending on the motion of the 

inlet starvation zone, the zone usually appears as a 

dark triangle of different sizes. 

In Fig. 12, the thickener fiber exists in a bean shape. 

The majority of the aggregations of the thickener fiber 

had a diameter 1−3 μm. The largest one was around 

20 μm in diameter. The inlet starvation zone is much 

larger, but only this diamond zone produces a 

significant effect on the film thickness. It is seen that 

the overall film thickness was reduced, and the average 

film thickness was around 0.05 μm. These small 

aggregations caused only small fluctuations. 

 

Fig. 12 Interferograms and midsection film thickness during 100th cycle under pure rolling reciprocating motion (vmax = 0.01 m/s, 
w = 50 N, T = 0.5 s, L = 1.25 mm). 
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The diamond-shaped starvation zone grows with 

an increase in the starvation severity. At the 1,000th 

cycle as shown in Fig. 13, very severe starvation occurs, 

and the starved triangle disappears. The aggregations 

of the thickener fiber behave like a floccus dispersion. 

Then, the average film thickness was only around  

10 nm. It is difficult to distinguish the stroke center 

and the stroke end. 

Figure 14 shows the variation of the central film 

thickness for vmax = 0.01 m/s, w=50 N, T = 0.5 s, and 

L = 1.25 mm. The central film thickness fluctuated 

drastically across 1−5 cycles. The same as what is shown 

in Fig. 8(a), at the stroke ends, the thickness is great, 

while at the stroke center it is thin. Generally, it tends to 

decrease. After 20 cycles, with local small fluctuations, 

the central film thickness decreased with an increase 

in the working cycle and is barely influenced by the 

entraining speed. In Fig. 8, with a small load of 15 N, 

this severe starvation occurs after 700 cycles.  

Figure 15 shows the changes in the minimum film 

thickness. Different from the variation in the central 

film thickness, the minimum film thickness in the  

 

Fig. 13 Interferograms and midsection film thickness during 1,000th cycle under pure rolling reciprocating motion (vmax = 0.01 m/s, 
w = 50 N, T = 0.5 s, L = 1.25 mm). 
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first cycle was around 0.1 μm and did not change as 

significantly as the central film thickness. In the first 

10 cycles, there were small fluctuations, and they did 

not change much during the first 20 cycles. After   

20 cycles, the trend was horizontal with a value of 

around 20 nm, no longer governed by the variation 

of the entraining speed. 

Figure 16 shows the optical interference image and 

the midsection thickness profiles for the first working 

cycle with vmax = 0.01 m/s, w = 50 N, T = 0.3 s, and L = 

0.75 mm. A load of 50 N produced a Hertzian contact 

diameter of 0.4 mm, which was about half of the stroke 

length. In the first three figures, there are several 

thickener fiber clusters in the contact, resembling the 

steady-state optical images in Fig. 4. The average film 

thickness was around 0.2 μm. 

In Figs. 16(d) and 16(e), several circular heaps are 

formed, causing considerable fluctuations in the film 

thickness. However, around the stroke end (1/2T) in 

Figs. 16(f)−16(h), the aggregations of thickener fiber 

become fewer and scattered, and the average film 

thickness was around 0.1 μm. It is seen that in Figs. 16(k) 

and 16(l), there are considerable conglomerations of 

thickener fiber.  

Figure 17 gives the results for the 1,000th cycle. The 

previous aggregations of the thickener fiber spread 

out, covering a larger area in the contact zone. 

Therefore, the film thickness was not reduced much. 

The average film thickness was around 0.1 μm, higher 

than that for L = 1.25 mm. However, around the stroke  

 

Fig. 14 Variation of central film thickness in some typical working periods (vmax = 0.01 m/s, w = 50 N, T = 0.5 s, L = 1.25 mm). 

 

Fig. 15 Variation of minimum film thickness in some typical working periods (vmax = 0.01 m/s, w = 50 N, T = 0.5 s, L = 1.25 mm). 
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end (Figs. 17(f)−17(h)), very little flattened thickener 

fiber remained, and the film thickness was thinner. 

This is because in the first cycle (Figs. 16(f)−16(h)), 

there was little thickener fiber in the contact.  

Figure 18 shows the central film thickness for vmax = 

0.01 m/s, w = 50 N, T = 0.3 s, and L = 0.75 mm. In  

Fig. 18(a), for the first five cycles, although there are 

fluctuations, for each curve at around 0T (or 1T), the 

central film thickness was the largest. By contrast, at 

around 1/2T, the central film thickness was smallest. 

This feature is different from the variation over one 

cycle with L = 1.25 mm.  

With an increase in the working cycle, the central 

film thickness around 0T (or 1T) was reduced, while 

around 1/2T, it decreased and then increased again. 

During the 1,000th cycle, the fluctuation still existed. 

The valley shape does not change over 1,000 cycles. 

Figure 19 shows the minimum film thickness. The 

variation in the minimum film thickness was not  

as drastic as that of the central film thickness, and 

from the 5th cycle, it became a straight line over the 

cycle. 

Figure 20 provides the optical interferograms and 

the midsection thickness profiles for the 1st cycle for  

 

Fig. 16 Interferograms and midsection film thickness during 1st cycle under pure rolling reciprocating motion (vmax = 0.01 m/s, w = 50 N,
T = 0.3 s, L = 0.75 mm). 
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Fig. 17 Interferograms and midsection film thickness during 1,000th cycle under pure rolling reciprocating motion (vmax = 0.01 m/s, 
w = 50 N, T = 0.3 s, L = 0.75 mm). 

 
Fig. 18 Variation of central film thickness in some typical working periods (vmax = 0.01 m/s, w = 50 N, T = 0.3 s, L = 0.75 mm). 
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Fig. 19 Variation of minimum film thickness in some typical working periods (vmax=0.01 m/s, w=50 N, T=0.3 s, L=0.75 mm). 

 

Fig. 20 Interferograms and midsection film thickness during 1st cycle under pure rolling reciprocating motion (vmax = 0.1 m/s, w = 15 N, 
T = 0.5 s, L = 12.5 mm). 
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vmax = 0.1 m/s, w = 15 N, T = 0.5 s, and L = 12.5 mm. 

From Fig. 2, it is seen that the entraining speed vmax = 

0.1 m/s is at the right of the bottom of the V-shape. 

That is, under a steady state with an entraining velocity 

of 0.1 m/s, the thickener fiber did not influence the film 

thickness distribution. At the stroke ends (Figs. 20(a), 

20(g), and 20(l)) or close to the stroke ends (Figs. 20(b) 

and 20(k)), there was thickener fiber in the contact, and 

the midsection film thickness showed a fluctuation. 

In the other optical images, a typical EHL film shape 

is seen and the midsection film thickness is very smooth. 

Figure 21 shows the results for the 200th cycle, it is 

seen that the film thickness in the contacts was reduced 

greatly by the severe starvation. Except for those 

around the stroke ends (Figs. 21(a), 21(b), 21(g), and 

21(l)) in which there was a very small amount of 

scattered thickener fiber in the contact, bilateral 

scratches (indicated as white solid lines) of the glass 

surface appear in each image.  

Figure 22 shows the contact area at the stroke center 

that was captured during the 300th cycle. The glass disc 

surface was damaged owing to the lack of effective  

 

Fig. 21 Interferograms and midsection film thickness during 200th cycle under pure rolling reciprocating motion (vmax = 0.1 m/s, w =
15 N, T = 0.5 s, L = 12.5 mm). 
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Fig. 22 Interferograms and scratches of glass disk after 300th 
cycle under pure rolling reciprocating motion (Centoplex 3, vmax = 
0.1 m/s, w = 15 N, T = 0.5 s, L = 12.5 mm). 

lubrication. Figures 20−22 demonstrate that at the 

near right of the V-shape bottom, grease lubrication 

under reciprocating motion was detrimental to the 

surfaces.  

Experiments were also conducted for grease 

Centoplex 2EP with maximum entraining speeds of 

0.001 m/s, 0.002 m/s, and 0.003 m/s in a pure rolling 

reciprocating motion. All three entraining speeds are 

at the left side of the bottom speed of the V-shape. 

Since the entraining speeds were very low, the contact 

was full of thickener fiber at the beginning of the 

motion, but with an increase in the working period, 

the removal and replenishment of the thickener 

fiber happen at the same time but the removal was 

predominant.  

After 1,000 working periods, around the stroke 

center, the majority of the thickener fiber was removed 

from the contact, but the starvation was not severe 

because of the very low entraining speed. Moreover, 

around the stroke end, much of the thickener fiber 

was pushed out of the contact, while the remained 

amount was bulldozed, as in Figs. 17(a)−17(d).  

Experiments for Centoplex 2EP with a maximum 

entraining speed of 0.04 m/s showed that at 100 

working periods, a patch of the Cr-layer on the glass 

disk surface was removed at the stroke center (shown 

as a black spot in Fig. 23).  

For both Centoplex 3 and Centoplex 2EP, it is seen 

that the transient behavior was different from that 

under steady-state conditions. Moreover, at the right 

of the V-shape bottom, the grease lubrication could 

damage the contact surfaces because less thickener 

fiber can enter the contact. Since the only added factor  

 

Fig. 23 Interferograms and scratch of glass disk at 100th cycle 
under pure rolling reciprocating motion (Centoplex 2EP, vmax = 
0.04 m/s, w = 15 N, T = 0.5 s, L = 5 mm). 

was the transient velocity, i.e., the acceleration, the 

authors assume that the acceleration was responsible 

for the behavior under a reciprocating motion. Experi-

ments will be carried out to clarify this mechanism in 

the future.  

4 Conclusions  

In this study, the variations of EHL contacts filled with 

grease thickener fiber in a pure rolling reciprocating 

motion were explored by using the optical interfero-

metric technique. The transient results were compared 

with the results for a pure rolling steady-state condition. 

The effects of the stroke length and maximum entraining 

speed were also investigated. The conclusions are 

summarized as follows: 

(1) At a low entraining speed, the contact is conglo-

merated with thickener fiber. Under a steady state, 

the lubrication state as well as the aggregation 

amount of the thickener fiber in the contact barely 

changes over long working hours. For reciprocating 

motions, the grease film thickness is the thickest at 

the stroke ends.  

With an increase in the number of working 

cycles, the thickener fiber is gradually removed 

from the contact, grease starvation occurs, and 

the film thickness is subsequently reduced. After 

several hundreds of working cycles, the central 

and minimum film thicknesses fall and become 

horizontal, regardless of the variation of the 

entraining velocity. The actual life of the grease 

lubrication under a reciprocating condition is far 

below that of the steady-state condition.  
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(2) The effect of the load in a steady-state condition 

simply increases the contact area to accommodate 

more fiber. The actual life of the grease lubrication 

in a reciprocating motion decreases with an increase 

in the applied load. 

(3) With the same load and maximum entraining speed, 

the shorter the stroke length, the longer the actual 

life of the grease lubrication. With a shorter stroke 

length, after 1,000 working cycles, the thickener 

fiber is spread out in the contact instead of being 

removed. 

(4) For both types of grease, a maximum entraining 

speed to the right of the lowest point of the V-shape 

is chosen to carry out the experiment. It is seen that 

under this condition, only around the stroke end, 

the contact is filled with thickener fiber in small 

working cycles, and very severe starvation occurs 

rapidly, causing surface scratches on the glass disk. 

The results demonstrate that around the near right 

of the bottom of the V-shape, grease lubrication 

under a reciprocating motion is detrimental to the 

surfaces. 
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