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Abstract

Every year, significant amounts of non-biodegradable, toxic lubricants enter the environment. While legislative measures are
being taken to reduce the environmental impact of this pollution, demand for environmentally acceptable lubricants (EAL) is
increasing. These EALs differ in terms of their base oil and additives, thereby having a significant influence on the degradation
behavior and degradation-related changes of tribological performance like oil film formation or boundary layer formation.
However, the sensitivity of EALs to different degradation paths is not yet known. Therefore, the aim of this study is to
determine the sensitivity of different lubricants to degradation based on their change in tribological performance. For
this purpose, an ester- and polyglycol-based EAL as well as a mineral oil (polyalphaolefin) were degraded synthetically by
oxidative and hydrolytic degradation. The degraded lubricants are visually, rheologically and chemically analyzed. In addition,
the tribological performance in terms of oil film formation and tribological boundary layer formation was studied in a ball-on-
disc tribometer. Afterwards the results are compared to their corresponding fresh lubricants. For the tested ester-based
EAL no significant sensitivity to degradation could be shown, as no significant change in tribological performance occurred.
Both polyalphaolefin and polyglycol proved to be sensitive to degradation leading to a significant reduction in the tribological
boundary layer thickness. These results show, that mineral oil-based lubricants and EALs, as well as EALs themselves, differ in
terms of their sensitivity to degradation. These effects must be considered in qualification process of lubricants.
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composition.” EALs consist of alternative base oils like
esters or polyglycols and are restricted in terms of type and
concentration of additives. Due to this different chemical
composition, operational conditions and contaminants (e.g.,
oxygen and water) could lead to an accelerated degradation
and promote degradation paths (DP) like oxidation and
hydrolysis of the lubricant. These DPs can impair the proper-
ties of the lubricant (viscosity, effectiveness of additives) and
therefore the tribological performance of the lubricant in
terms of oil film formation and wear protection.'®"'® An
investigation of possible degradation-related changes in
tribological performance is not considered in the current
qualification processes of lubricants.'”'® This requires

Introduction

Lubricants are used in order to reduce friction and prevent
wear by separating the contacting surfaces of machine ele-
ments like bearings in machinery. During the operation of
these machinery almost 50% of the lubricants used end up
in the environment, which results in an annual pollution of
5 million tons of mostly non-biodegradable and toxic lubri-
cants in Europe.' In sensitive application areas like forestry,
shipping or food industry this pollution can have serious eco-
logical consequences. The possibility of these ecological
consequences led to stricter legal requirements in terms of
the usage of lubricants in those sensitive application
areas.”> Due to these legal requirements, operators of
machinery have to use environmentally acceptable lubricants

(EAL) in sensitive application areas.””

However, after switching from conventional mineral- or
polyalphaolefine-based lubricants to EALs an increase in
failures of machinery has been reported.®® A possible reason
for this increase in failures could be a more severe degrad-
ation of EALs during operation compared to conventional
lubricants, which could be caused by the different
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Table 1. Lubricant properties of used gear oils.

Density at
KVv40 KV100 Vi 20 °C Phosphorus
Name [mm/s?] [mm/s?] []  [kg/m?] [mg/kg]
PAO 14744 216l 173 848.64 371
EST 156.54  20.54 I53  976.14 151
PAG 14551 2725 226 1040.78 273

knowledge of the sensitivity of different lubricants to
degradation.

Therefore, the aim of this study is to examine the sensitiv-
ity of different lubricants to oxidative and hydrolytic degrad-
ation based on their change in tribological performance. For
this purpose, full formulated gear oils will be synthetically
degraded. Afterwards, the tribological performance in terms
of oil film formation and tribological boundary layer (TBL)
formation will be investigated and compared to the corre-
sponding fresh lubricants.

Materials and methods

Lubricants

In this study, three full formulated gear oils of ISO VG class
150 were used as lubricants. The lubricant properties are
listed in Table 1.

The kinematic viscosity at 40 °C (KV40) and 100 °C
(KV100), as well as the density, were measured for all lubri-
cants. Viscosity was determined using a capillary viscometer,
and density was measured using a pycnometer. The values of
the viscosity index (VI) were calculated based on the mea-
sured viscosity values.'” The phosphorus content of the
lubricants originating from the EP/AW additives was deter-
mined using inductively coupled plasma (ICP) analysis.

Synthetic degradation of lubricants

For the synthetic degradation of the lubricants a well-known
test rig from industry (so called ZF-Apparatus) was used.
Using the ZF apparatus, thermal-oxidative degradation in
accordance with ASTM D2893 and hydrolytic degradation
in accordance with ASTM D2619 can be performed on the
lubricants.?>*! In addition, the ZF apparatus enables the deg-
radation of lubricating oil in sufficiently large quantities (up
to 6 liters) for subsequent analysis of the remaining tribo-
logical performance.”> The schematic structure of the
ZF-Apparatus is shown in Figure 1 and is explained in
more detail below.

In the structure shown, pressurized air is fed into the sys-
tem by a compressor (1). The pressurized air is then passed
through two filters with increasing fineness (5 pm (2) and
0.01 pum (3)) to remove contaminants such as particles, water
and the compressor oil. The pressure of the air flow is then
reduced to 1 bar above ambient pressure in a pressure regu-
lator (4) and passed through a gas washing bottle (5). The gas
washing bottle is filled with distilled water to ensure a flow of
saturated, humid air. After the gas washing bottle, the air
flow is directed to a flowmeter (6), where it is divided into
three individual air streams with defined flow rates. The indi-
vidual air flows are then directed into the three sealed glasses
(7). The glasses are placed in a heating bath (8) to regulate
the temperature of the lubricant. Through another opening
in the glass, the air flow is directed into a cooler (9), where
volatile components condense and are collected in a separate
vessel.

Two DP were carried out for the synthetic degradation of
the lubricants in the ZF-Apparatus. DPl aims at
thermal-oxidative degradation of the lubricant and is based
on ASTM D2893. During degradation, a temperature of
121 °C and a saturated air flow rate of 10 L/min were
set.2’ For DP2, distilled water was added to the glass in
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Figure |. Schematic structure of the ZF-Apparatus.
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Figure 2. Schematic representation of the ball-on-disc
configuration of the MTM (according to®).

accordance with ASTM D2619 to simulate hydrolytic deg-
radation of the lubricant.?' The water concentration was
25% by weight. In accordance with ASTM D2893, the test
duration for both DPs was 312 h. After the tests, samples
of the degraded lubricants were chemically and rheological
analyzed. The chemical analysis of the samples focused on
the properties of lubricants that are typically affected by deg-
radation. These include changes in kinematic viscosity, neu-
tralization number and the content of phosphor, which is an
indicator for the EP/AW-additives used in the lubricants. The
kinematic viscosity was determined using a capillary viscom-
eter in accordance with DIN 51659-3, the neutralization
number was measured by titration following DIN ISO
6618, and the phosphorus content was determined by ICP
analysis according to DIN 51399-1.

Evaluation of oil film formation

The lubricant’s ability to form a separating lubricating film
between contacting surfaces was evaluated using a
ball-on-disc configuration in a mini-traction machine
(MTM), combined with electric contact resistance (ECR)
measurements (Figure 2).

In the configuration shown, a ball with a diameter of
19.05 mm and a disc are used as test specimens. Both test
specimens are made of 100Cr6 bearing steel and have Ra
values of 0.01 pm. In the tests, the ball and disc are pressed
against each other with a load of 75 N (1250 MPa). A lubri-
cant temperature of 60 °C was selected, which reflects a typ-
ical temperature for lubricants in gearboxes.>>** The ball and
disc of the MTM are driven independently by two motors,
allowing precise control of the slide-roll ratio (SRR). The
SRR is typically expressed as a percentage, where a SRR
of 0% corresponds to pure rolling and a SRR of 200% corre-
sponds to pure sliding. During these measurements the SRR
is kept constant at 0%, while the rolling speed is gradually
reduced from 2500 mm/s to 5 mm/s. After the tests a sigmoid
curve (yellow line in Figure 3) was fitted according to the
measuring points of ECR (blue points in Figure 3).

To evaluate oil film formation, the rolling speed at the
transition from fluid to mixed friction was determined. For
this purpose, the rolling speed at which the sigmoid ECR
curve first falls below 100% was identified (red cross in
Figure 3). When the ECR value drops below 100%, the elec-
trical contact resistance decreases due to direct contact
between the roughness peaks of the ball and the disc indicat-
ing the transition from fluid friction to mixed friction. If the
transition from fluid friction to mixed friction occurs at low

Boundary friction | Mixed friction | Fluid friction
Solid body contact Safe operation ‘
1007 o EcRdata points P2 S A et
Fitted curve Y
8041 X Transition point: 654.71 mm/s
[ ]
< 60]
e o /%
D 40
[ ]
201 ®
O- JER IR N PP PP S ._---..-._ .. .
10! 102 103
Rolling speed [mm/s]

Figure 3. Determination of the transition point based on the measurement of the contact resistance.
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Figure 4. Schematic illustration of the ball-on-disc configuration
of the MTM with the SLIM extension.

rolling speeds, the lubricant ensures a thick and stable oil
film. Accordingly, low rolling speeds at the transition to
mixed friction are preferable in terms of wear-resistant oil
films. Based on preliminary results this method has a devi-
ation of around 13%.

Evaluation of tribological boundary layer formation

During mixed or boundary friction, wear protection is pro-
vided by a tribological boundary layer. This tribological
boundary layer (TBL), also referred to as a tribofilm, forms
as a result of reactions between EP/AW additives and the
contacting surfaces, thereby protecting them from wear.
Accordingly, the remaining -effectiveness of EP/AW

additives in degraded lubricants is critical for wear protection
and is therefore investigated. For the investigation, the
ball-on-disc configuration of the MTM was expanded by
an optical system, the so-called spacer layer imaging method
(SLIM). This configuration can be seen in Figure 4. The test
parameters were a contact load of 75 N (1250 MPa), a lubri-
cant temperature of 120 °C, a SRR of 50%, and a specific
lubricating film height (A) of 0.5. These test parameters are
typically used in the literature for investigations of TBL on
the MTM.?"?° The corresponding rolling speeds for lubri-
cants are determined based on the A value and the respective
lubricant properties (Table 1). This results in a rolling speed
of 51 mm/s for PAO, 50 mm/s for EST and 33 mm/s for
PAG.

To analyze TBL formation, the ball is pressed against a
glass disc coated with a semi-transparent layer of chromium
and silicon dioxide at defined time intervals during the test.
The contact surface between the glass disc and ball is illumi-
nated with white light. This light is reflected partly by the
chrome layer and partly by the steel ball. If a TBL has formed
on the steel ball, the light waves must pass the boundary layer
before they are reflected by the steel surface. The reflected
waves from the steel ball and glass disc form an interference
pattern, which is then recorded by a camera. The thickness of
the boundary layer can be determined by comparing the
interference pattern with a calibrated map. If the process is
repeated at several time steps during the experiment, the tran-
sient boundary layer formation during the experiment can be
determined.?”-2%3° Therefore, after a test duration of 5 min,
10 min, 15 min, 30 min, 45 min, 60 min, 90 min, 120 min,
150 min, 180 min, 210 min, and 240 min, a SLIM image is
created. Based on these SLIM images the mean boundary
layer thickness is determined.

Fresh

Figure 5. Comparison of visual appearance of fresh and degraded oil samples for determination of degradation related changes.
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Figure 6. Comparison of kinematic viscosity of fresh and degraded oil samples for determination of degradation related changes.

Results

This section presents the results of rheological and chem-
ical analysis. Furthermore, the results of the tribological
performance in terms of oil film formation and TBL for-
mation are shown. The results for the fresh samples are
marked with a green dot, while the degraded samples

are marked with a red triangle (DP1) and a blue square
(DP2).
Rheological and chemical analysis

This subsection describes the changes of the oil samples due
to degradation based on the changes in visual appearance as
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Figure 7. Comparison of neutralization number of fresh and degraded oil samples for determination of degradation related changes.

well as rheological and chemical properties. In Figure 5 the
changes in visual appearance of fresh and degraded oil sam-
ples are presented.

The pictures show a darkening of the color for all
degraded oil samples. EST changes color from light brown
to black as a result of DP1 and DP2. DP1 results in a darker
color than DP2 for EST. With PAO and PAG, the color of the
oil sample changed from a transparent, colorless tint to a dar-
ker tint. Similar to EST, DP1 tended to cause darker discol-
oration of PAO and PAG. The changes in kinematic viscosity
under ambient pressure are shown in Figure 6. The diagrams
show the kinematic viscosity of each lubricant (fresh and
degraded) for the temperature range from 40 to 120 °C.
The curves were extrapolated based on ASTM D341 using
the measured values for V40 and V100.>! The diagrams
show that DP1 and DP2 did not cause any significant change
in viscosity for the respective lubricants, as the curves are
almost identical. In a next step, the viscosity was examined
more closely at temperatures of 60 °C and 120 °C, as these
correspond to the temperatures selected for the tests. In terms
of kinematic viscosity at 60 °C, a slight increase in viscosity
was observed for all lubricants with both DPs. DP1 tended to
have a stronger influence on the viscosity of lubricants at 60 °
C than DP2. The maximum increase of viscosity was 2.5%
for PAG and DP1. Similar to the viscosity at 60 °C, a slight
increase in viscosity could also be seen for all lubricants with
both DPs at 120 °C. PAG also showed the biggest change in
viscosity (4.2%) due to DPI.

The neutralization number of the oil samples was deter-
mined to investigate the change of acidic components due
to degradation. The results of this analysis are presented
for the fresh and degraded oil samples of each lubricant in
Figure 7. The neutralization number of EST showed a signifi-
cant decrease due to DP1, which led to a reduction by 0.43
(44.3%). The reduction in the neutralization number of
EST due to DP2 was 0.1 (10.3%), which was smaller than
DP1.

For PAO, DP1 had less influence on the neutralization
number than DP2. While DP1 did not cause a significant

change in PAO (0.04), DP2 resulted in a slight reduction
of 0.13 in the neutralization number. Overall, the observed
changes corresponded to an increase of 6.3% for DP1 and
a decrease of 20% for DP2. In the case of PAG, both DPs
had no effect on the neutralization number and only led to
negligible changes. Nevertheless, with the exception of
EST degraded by DPI, the changes in the neutralization
number for all degraded oil samples remain within the
expected standard measurement deviation of 10%.

The results of the elemental composition of the oil sam-
ples are shown in Figure 8. The diagram shows the change
in phosphorus content of EST, PAO, and PAG as a result
of DP1 and DP2 compared to the fresh sample. For EST, a
slight decrease in phosphorus content was observed for
both DP1 and DP2, with a greater reduction for DP2
(17 ppm, 11%) compared to DP1 (6 ppm, 4%). A similar
trend was observed for PAO, where DP2 caused a more pro-
nounced decrease in phosphorus content (51 ppm, 13.7%)
than DP1 (8 ppm, 2%). PAG exhibited the same behavior,
with a reduction of 20 ppm (7%) for DP2 and 9 ppm (3%)
for DP1. The results of the oil samples degraded by DPI
and DP2 show a tendency towards a reduction in phosphorus
content compared to the corresponding fresh lubricant. Here,
the lubricants degraded by DP2 tended to show a greater
reduction than DP1. However, with the exception of PAO
degraded by DP2, the individual reductions in phosphorus
content of the degraded oil samples fall within the expected
standard measurement deviation.

Oil film formation

In this subsection the results of the oil film formation of the
fresh and degraded lubricants are presented. The results of
the transition points from mixed to fluid lubrication are pre-
sented in Figure 9 for fresh and degraded samples of EST,
PAO and PAG. It can be seen that the impact of both DPs
on rolling speed at transition point of the lubricants is not sig-
nificant. The observed changes fall within the 13% uncer-
tainty of the measurement method. Therefore, the oil film
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formation of all lubricants was not significantly influenced by
both DPs.

TBL formation

The results of the TBL formation are presented in Figure 10.
The diagrams show the mean thickness of TBL for fresh and
degraded samples of EST, PAO and PAG at different time
steps. In the first 5 min the mean thickness of all oil samples
(fresh and DPs) is at 5 nm. In the following no significant
growth of TBL is observed for both fresh and degraded oil
samples of EST. The final mean thickness of TBL for oil
samples of EST is at 10 nm. Therefore, no significant influ-
ence of both DPs on TBL formation could be observed.
However, for PAO and PAG the formation of TBL was
affected. TBLs of the fresh samples of PAO and PAG con-
tinue growing until a test duration of 80 min (PAO) or

120 min (PAG). The final mean thickness of TBL is 40 nm
for PAO and 25 nm for PAG.

The degraded samples of PAO and PAG show similar to
EST no further TBL formation after the first 5 min. The final
mean thickness of TBL is between 2 nm (PAO degraded by
DP2) and 10 nm (PAG degraded by DP1) for the degraded oil
samples of PAO and PAG. Therefore, due to a decrease of TBL
thickness of 90% for PAO and 67% for PAG a significant influ-
ence of degradation on TBL formation could be observed.

Following the SLIM tests, the surfaces of the balls were
examined using an optical microscope. Microscope images
of the ball surfaces are shown in Figure 11. For all lubricants,
the running surface within the contact zone exhibited a
brownish boundary layer, while scratches indicative of
wear were barely visible. Brown discoloration of boundary
layers has been associated in the literature with the formation
of phosphate layers.>?> However, the intensity of the brown
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discoloration varies among the microscope images for fresh
and degraded PAO and PAG.

While the fresh PAO and PAG samples exhibit strong
brown discoloration, the degraded PAO and PAG samples
show a significantly lower discoloration intensity. In add-
ition, the brown discoloration intensity of DP1 is greater

than that of DP2. These optical microscope observations
for PAO and PAG therefore indicate reduced TBL formation
in the degraded oil samples. In contrast, for the EST samples,
differences in brown discoloration intensity between fresh
and degraded oils are negligible. Accordingly, the optical
microscope images of EST do not indicate a significant
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Figure 11. Optical microscope images of the ball surfaces after SLIM tests.

influence of degradation on TBL formation. Overall, the
optical microscope observations are consistent with the
SLIM test results. This may suggest a qualitative correlation
between the intensity of brown discoloration on the ball sur-
face and the boundary layer thickness determined in the
SLIM tests, whereby stronger discoloration tends to coincide
with greater boundary layer thickness.

Discussion

The results of the rheological and chemical analysis show-
case a degradation related change of EST, PAO and PAG.
This can be determined primarily by the color change of
the lubricants due to DP1 and DP2. A change in color indi-
cate a chemical change (e.g., oxidation) of the lubricants as
a result of degradation.'* An oxidation of the lubricant will
typically lead to an increase in neutralization number because
of the formation of acidic by-products.'*** However, the
results of this study tended to show a decrease in the neutral-
ization number as a result of degradation. The reason for this
increase could lie in the EP/AW-additives. In this study ash-
less EP/AW-additives (e.g., phosphoric acid esters) have
been used. These phosphoric acid esters tend to degrade dur-
ing degradation, which was pointed out in other studies.'>'®
Due to the degradation, molecules of the phosphoric acid
esters undergo a reaction, which can lead to the formation
of less acidic components.'>'® As a result of the increasing
amount of less acidic components, the neutralization number
of the lubricant decreases.'>'® Despite the possible change in
EP/AW-additives, the additive content remained unchanged
because the phosphorus content remained roughly the
same. This was expected since during DP1 and DP2 no
TBL formation took place. Therefore, no consumption of
phosphor is expected during degradation. The measurements
of kinematic viscosity also showed no significant change for
EST, PAO, and PAG.

The results of the transition points show no influence of
degradation on oil film formation for all lubricants. This

agrees with the values of the kinematic viscosity at 60 °C
and ambient pressure. These measurements also did not
reveal a significant decrease in viscosity that could be
responsible for a reduction in oil film formation. As the vis-
cosity remained unchanged at 60 °C, it can be assumed that
the pressure-viscosity coefficient remains unchanged as well.
The reason for this is, that lubricants influence the oil film
formation by their operating viscosity and pressure-viscosity
coefficient (o) according to Hamrock and Dawson.>* In sum-
mary, oil film formation is not affected by the investigated
DP and therefore does not indicate sensitivity to degradation
for the lubricants examined.

In terms of TBL formation, no influence of degradation on
EST could be identified. These results are in contrast to the
measurements of neutralization number. In those measure-
ments a decrease of neutralization number especially due to
DP1 is shown, which may indicate a change of EP/
AW-additives due to degradation. However, previous studies
have shown that ester-based lubricants can form TBLs based
on an oxide layer.>> These TBLs had a thickness of approxi-
mately 10 nm, consistent with the findings of this study, and
demonstrated good wear protection in standardized bearing
tests according to DIN 51819.>>¢ For PAO and PAG a sig-
nificant reduction in TBL thickness at the end of the tests
could be observed. Despite this, the results of the neutraliza-
tion number and phosphorus content did not show a significant
decline. However, recent studies figured out that the formation
of phosphate-based TBL can be hindered due to water in the
lubricant.>”° Water can be dissolved in the lubricant during
the degradation with humid air (DP1) and water (DP2). Due to
small amounts of dissolved water it is possible that lubricant
properties like neutralization number and viscosity remain
unchanged.®” The water dissolved in the lubricants causes
on the one side that long phosphate chains break apart into
short phosphate chains, which accumulate on the surface.*”°
On the other hand, water binds to the short-chain phosphates
on the surface via hydrogen bonds, which leads to passivation
of the layer and prevents further growth.*® Due to those effects
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the thickness of the TBL remains thinner compared to the
fresh lubricant.*”>° In summary, TBL formation of PAO
and PAG was affected by degradation, leading to a reduced
TBL thickness and indicating sensitivity to degradation. In
contrast, TBL formation in EST was not affected and therefore
does not indicate sensitivity to degradation.

Conclusions

Due to legal requirements, EAL are becoming increasingly
important. However, after switching from conventional
polyalphaolefine-based lubricants to EALs an increase in
failure of EAL lubricated machinery has been reported.®™
One possible reason for this increase is severe degradation
of EALs during operation, which resulted in a change of
tribological performance (e.g., oil film formation and tribo-
logical boundary layer (TBL) formation). The aim of this
study was therefore to determine the sensitivity of ester-
and polyglycol-based EALSs, as well as a conventional lubri-
cant (polyalphaolefin), to degradation, by analyzing changes
in oil film and TBL formation. Based on the results, the fol-
lowing conclusions can be drawn:

e Both degradation paths (DPs), oxidative and hydro-
lytic, led to a similar degradation behavior in the
respective lubricants. This indicates an impact on the
degradation-related change in tribological perform-
ance for even small amounts of water (e.g., dissolved
water).

e The ester-based lubricant used in this study showed no
sensitivity to degradation among the DPs examined.
Neither oil film formation nor TBL formation were
influenced by either DP. The tendency of degraded
ester-based lubricants to form oxide-based TBLs
must be verified by appropriate chemical measure-
ments (e.g., electron probe microanalysis).

e The lubricants based on polyglycol and polyalphaole-
fin showed sensitivity to degradation for both DPs due
to a reduction in TBL formation. This behavior could
be caused by the decomposition of EP/AW additives
or the presence of dissolved water. For this reason,
when qualifying lubricants based on polyglycols and
polyalphaolefins, the effects of degradation on TBL
formation should be considered.

Further investigations will be conducted to determine the
sensitivity of the tested lubricants to other DP, such as
thermo-mechanical degradation in roller bearings. In add-
ition, further rheological and chemical analysis are to be car-
ried out. The focus of these analysis is on the determination
of changes of pressure-viscosity coefficient (o) and chemical
structure of the additives. Furthermore, investigations of the
composition of the tribological boundary layers formed dur-
ing the tests will be carried out.
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Appendix

Abbreviations

DpP Degradation path

EAL Environmentally acceptable lubricant

ECR Electric contact resistance

EP/ Extreme pressure/anti-wear-additives

AW-additives

EST Ester-based environmentally acceptable

lubricant

ICcp Inductively coupled plasma

KVi00 Kinematic viscosity at 100°C

KV40 Kinematic viscosity at 40°C

MTM Mini-traction machine

PAG Polyglycol-based environmentally

acceptable lubricant

PAO Polyalphaolefin-based lubricant

SLIM Spacer layer imaging method

SRR Side-roll ratio

TBL Tribological boundary layer

Vi Viscosity index
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