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Abstract. The viscosity is the most important parameter to increase the lubricant film thickness in order to protect the
gear tooth surfaces against wear, pitting and micropitting. Industrial gear transmissions that demand high viscosity
lubricants use to perform nicely with lubricants composed by mineral base stocks and binders. However the current
trend is to use synthetics in these formulations since it is possible to blend lubricants in many different viscosity ranges
and they may be less aggressive to human health. New methodol ogies for four-ball tribometer have been developed to
investigate the performance of gear lubricants under dastohydrodynamic conditions. The results show that mineral
lubricants with higher viscosity have lower frictions coefficients while the synthetic blends with lower viscosity showed
a higher friction coefficient. The synthetic blends depend strongly on EP-additives to reduce wear.

Keywords: high viscosity, four-ball, € astohydrodynamic, EP-additives
1. INTRODUCTION

The current devel opment industry has been demanding the use of gearboxes transmitting more power with smaller
components. This tendency causes the gear teeth to operate under higher contact pressures. Moreover, the need to
reduce energy and lubricants consumption due to economic and environmental reasons has required the devel opment of
less viscous lubricants associated with smaller reservoirs applied in gear boxes. Thus, the lubricants are required to
operate under more severe conditions, where the teeth must be protected against wear with lower energy losses. The
energy losses are mainly due to the friction between teeth, but there are dso losses due to the movement of the
lubricant, diving gear in baths or pumping up the lubrication points (H6hn et al., 2012). The trend is to develop
formulations of lubricant with lower viscosities, but with additive packages capable of protecting the gear teeth, with
thinner lubrication films. The lubricant between the teeth of a gear are commonly subjected to pressures above 1 GPa
and shear rates between 10°e 107 s* (Matos, 2004), occurring mainly in the foot and head of the teeth. Such conditions
are referred to as e astohydrodynamic lubrication and illustrated in Fig. 1 (Stachowiak and Batchel or, 2006).
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Figure 1. Lubricant film and friction in a contact EHD (Stachowiak and Batchel or, 2006)
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Dowson (1995) states that the amount of lubricant required to sustain the proportions of micrometric
films formed in e astohydrodynamic lubrication is very sma | and there is a proportional relation between
viscosity and film thickness. So increasing the initia viscosity of the lubricant, the film thickness dso
increases, especialy when increasing the diding velocity (Luo et al., 1996). Hoglund (1999) proposes
that lubricant properties play a significant rolein lubricating film formation to reduce the friction between
the contact surfaces, especidly in eastohydrodynamic lubrication, for example, in gears, bearings and
cams. Lubricants with extreme pressure additives have been developed to operate under high |oads and
high dliding speeds that coexist in contact, being responsible for the formation of a protective film that
adheres to surfaces. The chemical reaction occurs primarily between the EP-additive materid and the
surface reducing film shear stress and reducing friction and wear (Stachowiak and Batchel or, 2006).

In order to investigate the tribological behavior of formulations under d astohydrodynamic conditions,
a Four Bal Tester was used, since it has reduced cost and requires small amounts of lubricants for the
test. The four-ball tribometer was Plint TE92 equipment that enables to apply norma oads up to 1000N
and rotational speeds between 60 rpm and 3000 rpm. In afour-ball test arotating ball is pressed against
three fixed bdls in a lubricant bath, as illustrated in Fig. 2, adapted from ASTM D2783-88 (1998)
standard. After the tests each, one of the fixed balls have a circular scar.
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Figure 2. Four-ball test (ASTM D2783-88, 1998)

The formulations with good lubricating performance in four-ball test as well as good coefficient of
friction and wear protection, become candidates for additiona tests in other tribometers, with more
expensive speci mens and |ubricant consumption, such as disc-disc and FZG (gear geometry) equipments.

2. EXPERIMENTAL METHODOLOGY

For each lubricant tested the friction coefficients were measured under different |oads, temperatures,
and dliding speeds. Furthermore, the wear protection was eval uated with a microscope and a profilometer.
The results obtained with this experimenta methodology may be used to pre-qudify formulations for
field tests.

2.1 Lubricant formulations
The tested ubricants were devel oped for application in gear systems used in industrial speed reducers
and typically have high viscosity. Lubricants were compared with two different basic stocks. one with

minera asphalt base and the other with a synthetic one. Each lubricant base was d so formulated with one
extreme pressure additive (EP). The oils formulations used in thisinvestigation are showed in the Tab. 1.
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Table 1. Lubricant formul ations

Lubricant Basis EP - Additive
A1lEP Minerd (asphaltic) Yes
AlS Minerd (asphaltic) No
S1EP Synthetic Yes
S1S Synthetic No

The dynamic viscosities and densities were measured at 40°C and 100°C. The results are showed in
the Tab. 2.

Table 2. Viscosities of the |ubricant formulations

L ubricant Dynamic Viscosity [Pas] Density [adim.]
40°C 100°C 40°C 100°C
AlEP 3.26 0.0800 0.931 0.891
AlS 431 0.0954 0.941 0.901
S1IEP 2.07 0.0733 0.910 0.871
S1S 2.14 0.0758 0.917 0.878

The purpose is to compare the tribological behavior between a synthetic blend and a highly viscous
lubricant used in gear boxes with high torque transmission. The EP-additive contribution is dso
investigated and the blends containing this additive have lower viscosities than the formulations without
it.

2.2 Friction cogfficient tests

In order to achieve all thelubrication regimes, the tests in the Four-Badll tribometer were designed with
four different normal loads. Under each normal load, the rotation speed was increased from 60 rpm (0.02
mv/s, diding speed) to 2870 rpm (1.10 m/s, diding speed). Each rotation speed was maintained for 10
minutes, enough to stabilize the measure of the coefficient of friction, which was related to lubricant
sample, normd load, diding speed and temperature. This procedure presented good repeatability. The oil
temperature was controlled and the temperatures of 40°C and 100°C were chosen to reproduce the same
ones of the viscosity measurements. In the Tab. 3 the diding speeds and Hertz pressure of each normal
load can be observed.

Table 3. Friction coefficient tests conditions

Temperatures [°C]

40 | 100

Normal Loads[N] (Hertz Pressure [GPa])

98 (2.17) \ 196 (2.73) \ 583 (3.94)

Sliding speeds [m/g]

002 | 005 | 010 | 020 | 030 | 040 | 060 | 080 | 100 | 110

The friction coefficient measures at 40°C with different diding speeds are shown in the Fig. 3. Similar
daameasured at 100°C are shown in the Fig. 4.

The charts in Fig. 3 and Fig. 4 indicate that minera oil with EP-additive has lower coefficients of
friction in dl test conditions. It can also be observed that the synthetic oil without EP-additive has shown
higher coefficients of friction in amost all test conditions. It isinteresting to note that the coefficients of
friction were not significantly different by varying the temperature, with an interesting exception of
minerd oil with EP-additive, which showed friction coefficients |ower under the highest load (588N) and
a 100°C. Maybe the EP-additive works better reducing friction in minerd oil formulaions under high
contact pressures and high temperatures. This behavior was not observed in the synthetic oil. The test
results indicate that a substantia reduction of the lubricant viscosity may not necessarily result in reduced
friction.

727

ISSN 2176-5480



ISSN 2176-5480

Costa Jr., J. B. da, Oliveira, S. J. R de, Lazaro, L. M. S. M. and Lastres, L. F.
Investigation of the Lubrication Performance in Four-ball Tests of Lubricants for Industrial Gears Transmission

a)

98N
0,200
0,180
0.160 ° 4

0,140 .
. mAIEP
0,120

.
000 {* 4 x .

e L " ASIEP
0080 {ge

>oe
3
»>
+n

+AlS

. S

Friction coefficient

0,060

.
0.040 { g

0,020

0,000 T T T T T 1
0,00 0,20 0,40 0,60 0,80 1,00 1,20

Sliding speed [m/s]

b)

196N
0,200 -
0,180 -
0,160 -

0,140 -

0120 o mALEP

0,100 - , *A1S

”»
op
o>
o

»

>

e >
[ E 3 3

A S1EP
0,080 ~ L
[ ]

L] ®515

Friction coefficient

0,060 -

0,040 ~

0,020 ~

0,000 T T T T 1
0,00 0,20 0,40 0,60 0,80 1,00 1,20

Sliding speed [m/s]

588N

0,200 -
0,180
0,160 |
0,140 |
0,120 53 ‘
0,100 mm g

BALEP

+A1S

" &)
> e

ASIEP
0,080 -

e
*

®51S

0,060 - ]

Friction coefficient

0,040
0,020 -

0,000

T T T 1
0,00 0,20 0,40 0,60 0,80 1,00 1,20

sliding speed [m/s]

Figure 3. Friction coefficient behavior at 40°C - Loads: @) 98N ; b) 196N ; c) 588N
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Figure 4. Friction coefficient behavior at 100°C - Loads: &) 98N ; b) 196N ; c) 588N

2.3 Thewear tests

In order to complement the study of tribologicad behavior of the formulaions, wear tests were
conducted in the four-ball tribometer. The test conditions were chosen from ASTM 4172-94 (2004)
standard, that establishes wear tests with diding speed of 0.47 m/s (1.200 rpm) during 1 hour with normal
loads of 392N or 147N an oil bath temperature of 75°C.
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The higher normal load, 392N, was chosen to investigate the lubricant behavior under high contact
pressures, since the transmission gears are increasingly required to transmit more power with the same
geometrical dimensions, resulting in higher contact pressures and the need of better materias and
lubricants to protect their surfaces. The objective of the wear tests was to investigate the ability of the
lubricants to protect the surfaces agai nst the wear under high contact pressures.

After the tests in the tribometer, the scar diameters were measured in all the fixed balls, in optical
microscopic with x-y table, which movement is performed by two micrometers with resolution of 0.01
mm. Each scar diameter was measured in two orthogond directions. The results, presented in the Tab. 4,
are the mean value of the measured scar diameters. The scar prafiles were measured with the profilometer
Taylor Hobson, Taysurf 50, asit is shown in Fig. 5 and the scar pictures are shown in Fig. 6.

scar

scar diameter

Figure 5. Scar deptﬁ measuring in afixed ball with a profilometer

Table 4. Geometric wear results

L ubricant Fric_ti_on Scar diameter | Wear depth | Roughness Ra | Roughness Rq
Coefficient [mm] [pm] [um] [pm]
A1EP 0.074 0.53 5.94 0.283 0.403
Al1S 0.078 0.56 4.84 0.507 0.846
S1EP 0.075 0.33 0.59 0.055 0.077
S1S 0.108 0.90 22.65 0.452 0.717

The wear test results show that the synthetic lubricant with EP-additive has the best performance
compared to the other formulations. The wear was so low, confirmed by the small scar depth, that it was
difficult to measure its diameter. On the other hand, the same synthetic lubricant without EP-additive
showed the highest wear compared to the other formulations. The high wear and high coefficient of
friction presented by synthetic lubricant without additive indicates that this formulation must not be used
under elevated contact pressures. For the mineral lubricants, the results obtained were similar in
magnitude, but the formulation without EP-additive showed higher wear and friction coefficient than the
formulation with additives. The lack of EP-additive reduces performance, but this effect was more
significant in the synthetic formulations. The high viscosity of mineral formulations produces afilm thick
enough to protect the surfaces even in the absence of EP-additive. So the synthetic based lubricant is not
recommended for use under elastohydrodynamic conditions with high Hertz pressures. It is dso
interesting to note that despite the better wear protection performance of synthetic based lubricant with
EP-additive, its friction coefficient was higher than the one measured in the mineral oil formulation with
EP-additive. Therefore, tests have shown that higher friction coefficients not always indicate that there
will be more material removal .
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Figure 6. Images in the scars obtained from wear tests — fixed balls

3. CONCLUSIONS

Four different lubricant formulations have been tested in the Four-bal tribometer to compare the
performance between synthetic and mineral (asphatic) based lubricants, with and without EP-additive.
Friction coefficients were measured under different loads, temperatures and diding speeds, and aso the
wear protection according to ASTM 4172-94 (2004) standard. The results show that the mineral lubricant
with high viscosity and EP-additive presented lower friction coefficients in al tested conditions.
However, the synthetic formulation with EP-additive had a better performance than the others in the wear
test under high contact pressures. Even not having a coefficient of friction as low as minerd ail, itslower
viscosity may reduce energy losses associaed with the movement of the gears in gearboxes. The
synthetic formulation without EP-additive showed a very low performance on the wear protection,
practically making its use not recommended. Therefore, the synthetic blend with EP-additive can be
considered a candidate to replace asphdtic oils of high viscosity in industrial gearboxes.
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