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Abstract

A performance of motor oil is influenced by base oil types and additives. Many ingredients such as
antioxidants, viscosity index improvers, detergents, and antiwear agents are added to lubricants
in order to improve its performances. Stability of motor oil is a concerned factor and widely used
to measure performance of automotive lubricants. Therefore, understanding the stability of motor
oil products is an initial step for improving the quality of lubricants. In this study, practical thermal
analysis methods of conventional differential scanning calorimetry (DSC) and thermal gravimetric
analysis (TGA) were used to evaluate the stability of 20 commercial motorcycle oils in 5 American
Petroleum Institute (API) grades. Oxidation induction time (OIT), oxidation onset temperature
(0O0T), volatility loss and activation energy were used as stability indicators to determine perfor-
mances in thermal degradation process at 100°C for 8 weeks. The OIT and OOT were employed
to evaluate oxidation stability. It was found that the latest API groups (SJ and SL) were more
stable than the previous categories such as SC, SF, and SG. Volatility and apparent activation
energies were used to determine thermal stability by TGA instrument. Stability of motor oils had
no correlation with the API category. Significant variation of OIT, OOT, volatility and the activation
energy within the same API category were observed during thermal degradation.

Keywords: thermal stability; degradation; oil oxidation; activation energy of motor oils.

1. Introduction

A lubricant market is driven by the growing automotive industry. Total lubricant demand is
estimated tobe 2.5 billion liters peryearin 2015 and projects to reach 3.2 billion liters per year
in 2020 1, In addition, motorcycles have always been a dominant market. A number of mo-
torcycles on the roads have been growing by approximately 18 million units per year. The
high demand for lubricant productsin developing countries come with several problems such
as counterfeit lubricants, reusing lube oil without appropriate re-refining processes and mixing
lubricants with poor quality oils. Using these low quality lubricants not only impacts engine
performances but also generates hazardous chemical vapors to the environment. These chemicals
contribute to chronic hazards including mutagenicity and carcinogenicity, which are very toxic
to humans [21, Oxidation stability and volatility are important factors to be considered as indi-
cators on the quality and performance of lubricants. Poor quality motor oils express a high
level of volatility and low oxidation stability. These properties directly affect the physical and
chemical properties of lubricants, for example, volatility relates to the fire and flash point of
the lubricating fluid in high-temperature conditions [31. Oxidation property of a lubricant can
lead to several undesirable results, suchas increased oil viscosity, the formation of corrosive
acids, and sludge buildups, which accelerating engine corrosion 41,

Thermal stability determination of lubricant by thermal analysis techniques are important
for the modern engine lubricants. Pressurized differential scanning calorimetry (PDSC) instru-
ment is used to determine the oxidative stability of engine oils such as OIT and OOT under
isothermal and dynamic conditions [5-81, This technique offers fast analysis (within an hour),
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high sensitivity, less waste sample after testing and reproducibility of measurements ®1, How-
ever, the PDSC instrument is not as common as the conventional DSC. In general thermal
analysis laboratories, the conventional TGA and DSC are widely used for numerous applica-
tions for a variety of materials. Many studies have reported that the conventional DSC could
be used as a tool to classify and evaluate the effectiveness of oxidative inhibitors, which added
to hydrocarbon products [1°-12] In addition, the evaporation loss of lubricating oil is also im-
portant in engine oil lubrication. It contributes to oil consumption in an engine and can lead
to a change in the properties of the oil, which could produce air pollution [*31, Therefore,
volatility of lubricant is an important factorthatimpacts the performances of formulated en-
gine oil. TGA technique is a common method for investigating weight loss of a sample while
the temperature is changed over time [*41, The ASTM D 6375 standard test method is used
for determining evaporation loss of lubricating oils by the thermogravimetric analyzer. Specif-
ically, Noack method gives useful volatility information in order to evaluate the volatility prop-
erties of motor oils [*31, Following this standard, a lubricant sample is quickly heated to 249°C
in the dynamic section then held isothermally. A TGA curve provides a percent mass loss
versus time, as shown in Fig. 1. For evaluation of oxidative stability by using the conventional
DSC instrument, the oxidation induction time (OIT) and oxidation onset temperature (OOT) can
be used to assess oil stability [*¢1. A typical OIT measurement is a plot of heat flow (mw/mg)
versus time (min). The OIT technique indicates the time fromthe beginning that oil is exposed
to oxygen gas in the isothermal condition until onset temperature peak occurs as shown in
Fig. 2.
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Fig. 3. Differential scanning calorimetry curve for the
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Moreover, activation energy is anotherindicator utilizing kinetic analysis to determine the

stability of lubricant. This application of TGA is based on the iso-conversional method of kinetic
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analysis under non-isothermal conditions, which is frequently used to determine the activation
energy of oxidative degradation study in oils [*°-2°1 It can be used as an analytical device for
accurately measuring weight change of a material subjected to a temperature history. The
weight loss information is used to determine the activation energy of lubricant samples. The
high quality motor oil depends on the type of base oil as well as additives 211, It should have
good stability and volatility properties because these factors lead to serious damages to the
engine. Determination of performances in an automotive lubricant through conventional thermal
analysis techniques are beneficial for the formulation of lubricant before a full-scale engine
testing, which is expensive and takes a longtime. Therefore, these practical methods can be
utilized forimproving the thermal performance of base oils and additives. In addition, thermal
stability information should be provided to customers, they could identify performances of
lubricants and select high performance lubricant without any influences of false commercials.

In this work, we have investigated the thermal stability of 20 motorcycle oils during thermal
degradation for 8 weeks by using practical thermal analysis methods to obtain values of OOT,
OIT, volatility loss and activation energy. The change of quality in lubricants were estimated
by a correlation of a trend in thermal stability.

2. Materials and methods
2.1. Motorooils

Twenty conventional motorcycle oils were obtained from 20 brands commonly available in
local lubricant markets. The tested lubricants consisted of international brands and local
brands, which were suitable for 4-stroke motorcycle engines. In this investigation, viscosity
grade of all samples were Society of Automotive Engineers (SAE) 40 of which 5 brands in SC
category; 5in SF; 4in SG; 3 in SJ and 3 in SL category. About 30 mL of each lubricant fluid
wasfilled in a glass cylinder container (2.5 cmdiameter and 9.5 cm height) without closing a
lid and stored at 100°C for 8 weeks. Every 2 weeks, 2 mL of each sample was collected for
determination of volatility loss, OIT and OOT in order to observe changes of performances.

2.2. Oxidation onset temperature (OOT) analysis according to the ASTM E 2009

According to the ASTME 2009 standard for the OOT test, approximately 3 mg of lubricant
samples were heated at a constant rate of 10°C/min from 25°C to 100°C in an oxygen atmos-
phere with constant flow rate of 50 mL/min. The oxidation onset temperature was specified
from its DSC curves of the exothermic process.

2.3. Oxidation induction time (OIT) analysis according to the ASTME 1858

Thermal stability of lubricants was analyzed in term of OIT test according to the ASTM E
1858 standard. Approximately 3 mg of sample was placed into an uncovered aluminum pan
and were held initially at 25°C under nitrogen flow of 50 mL/min. The temperature was in-
creased to 210°C with a heating rate of 40°C/min, still under the same nitrogen flow. When
reaching the defined temperature, hold for 5 min and switched nitrogen to oxygen gas at 50
mL/min then held at 210°C (isothermal) for 60 min. The OIT was measured by DSC signal
when an exothermic reaction onset was observed.

2.4. Volatility analysis according to the ASTM D 6375

The procedure followed the ASTM D 6375, using 61 =3 mg of lubricant samplesin an opened
aluminum crucible with an internal diameter of 0.56 cm. The temperature was increased from
50°C to 220°C with a heating rate of 100°C/min and followed by heating to 249°C at 10°C/min.
The isothermal period was held at 249°C for 30 min with air purge at a total flow rate of 80
mL/min. The percentage of evaporation loss of lubricants was determined by the TGA curve
of the sample at 30 min after isothermal period. The TGA results were used to compare the
volatility of samples for performance evaluation.
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2.5. Determination of activation energy

The conventional TGA was used to evaluate the kinetics of motor oils. Non-isothermal ther-
mogravimetry has been applied to determine activation energy. Approximately 5.0 mg of se-
lected sample was filled in a 70 pL alumina crucible and placed into TGA instrument. Samples
were heated fromthe ambient temperature to 600°C under a nitrogen atmosphere with a flow
rate of 100 mL/min. The experiments were conducted at 4 constant heating rates of 5, 10, 20
and 30°C/min as shownin Fig. 4 at percent conversion of 10, 20, 30, 40, 50, 60, 70, 80 and
90% were utilized to determine the activation energy. The decomposition of oil samples was
evaluated to quantify the rate of aging of oils at different conditions. The kinetic models are

based on the following fundamental rate equations [22],
da

E

2= dexp (- =) f(a) (1)

where E is the activation energy of the kinetic process; 4 is the Arrhenius parameter also

called the pre-exponential factor and R the universal gas constant. The conversion depend-

ent function, f(a) is assumed that the degradation reaction is a simple nth-order reaction.
The conversion dependent termcan be expressed as

fla) =0 -ao)™ (2)

where n is the order of the kinetics, which is characterized by the first order kinetics n=1

for decomposition of oil 23],

The integral form of the equation (1) can be written as:

X dx A (T E AE E
glx) = J, oo EfTo exp (— E) aT = srP (E) (3)

where B denotes the heating rate of ethe xperiment.
Kissinger- Akahira- Sunose (KAS) methodis based on the Coats, and Redfern approximation

[24] which has been employed and the function of the integral isoconventional KAS method is
given by [25],

n(E)= () £

Equation (3), temperatures at various chosen values of conversions are determined at dif-
ferent heating rates. The activation energy can be obtained from the slope of the strength-

line by plotting In(8/T?) on y-the axis versus 1/T on x-the axis at a given level of the conver-
sion as shownin Fig. 5.
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Fig 4. Typical TGA curves for weightloss Fig 5. The Kissinger- Akahira-Sunose (KAS) plots
profiles at different heating rates of SC1 for thermal degradation of lubricant at different

rates and conversion level (a) : 0.1-0.9
3. Results and discussion

3.1. Initial product performances

Twenty commercial motor oils having the same SAE viscosity grade at number 40 were inves-
tigated to determine the oxidative stability and volatility before thermal degradation test. They
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were in 5 categoriesincluding SC, SF, SG, SJ, and SL. These engine oil samples were analyzed
according to the three ASTM standards and the results of volatility loss, OIT and OOT are
shownin Table 1.

Table 1. The initial volatility loss (%), oxidation onset temperature (OOT, °C) and oxidation induction
time (OIT, min) of twenty lubricants having the following API: SC, SF, SG, SJ, and SL categories

Lubricants Volatility oIT ooT Volatility loss oIT ooT
API loss (%) (min) (°C) Lubricants (%) (min) (°C)
SCo1 8.3 9.4 246.2 SGO01 19.0 15.0 248.0
SC02 4.7 7.7 235.1 SGO02 17.8 55.1 266.4
SCO03 4.8 8.3 236.7 SGO03 14.1 59.8 276.5
SC04 6.8 5.2 228.1 SG04 11.5 48.7 263.9
SCO05 5.6 8.3 230.4 sJo1 10.2 58.0 272.0
SFO1 15.0 23.4 257.0 SJ02 11.8 66.2 282.7
SF02 11.8 16.0 248.5 SJ03 20.8 57.9 271.3
SF03 8.5 17.9 249.7 SLO1 21.2 65.0 279.0
SF04 8.0 8.7 238.8 SL02 13.5 115.0 293.9
SF05 6.3 17.1 250.2 SL03 6.6 92.7 287.8

Stable motor oil should have high oxidation temperature (OOT) and long oxidation time
(OIT) value. The results revealed that the average of OOT value for each API category in-
creased from 235°C to 287°C and got better in the alphabetical order of the oil categories.
There was a gap between the minimum and maximum of OOT values within each category.
The range for SC, SF, SG, SJ], and SL were 18.1, 18.2, 28.5, 11.4 and 14.9, respectively, and
these ranges reflected the quality of motor oils within the group. A narrow range implied that
members of the same API had almost the same quality while there was quite a different oxi-
dative stability in the group with a large range. The relationship of the API categories and the
oxidative stability evaluated by OOT also showed that the lubricantsin the latest API service
category (SL) was more stable than the previous category oils (SC, SF, SG, and SJ). The mean
of the OOT was in the following order from the lowest to the highest: SC (235.3°C), SF
(248.8°C), SG (263.7°C), SJ (275.3°C) and SL (286.9°C). The OOT value was a suitable tool
to identify a poor oxidative oil in a category. For example, in SF category, SF04 had the lowest
OOT of approximately 239°C, which was significantly lower than the OOT mean of 248.8°C.
Therefore, the OOT values could be used as an indicator to evaluate the thermal stability of
motor oils. The stability of the 5 API categories was also determined by OIT showing that the
OIT of lubricants in each API category was in good agreement with the OOT data. Increasing
the OIT accompanied with a higher oxidation temperature. Note that the two motor oils (SC3
and SC5) in SC group had a similar OIT value (8.3 mins), but the results of OOT were different:
230.4°C and 236.7°C, respectively. For the most stable oil, SL02 had the longest OIT (115
mins) while OOT was the highest value (293.3°C) among all investigated motor oils. The volatility
property provided by the Noack volatility test of the 20 lubricant fluids are shown in Table 1. There
were 6 oils including SF01, SG01, SG02, SG03, SJ03 and SLO1 whose evaporative loss were
more than 14%, especially, SJ03 and SLO1 had more than 20% of volatilization while SC2 and
SC3 were good volatility oils having the lowest volatility. Therefore, the volatility rate is also
an important factor for lubricants. A high volatile oil should be considered when using these oils.

In this study, there was no significant correlation between volatility loss and the API cate-
gory. Forthis set of commercial lubricants, it was found that there was also no direct relation-
ship between SAE viscosity grade and volatility because all samples were in the same SAE
viscosity grade, but they had different volatility properties. Moreover, the SAE viscosity grade
was not a good indicator for providing the volatility information to the customers. The API
category was also not a good indicator to determine the volatility of each motor oil, and there
was no volatility trend when API category change fromSC to SL. However, there was a good
correlation between the API category and oxidative stability that the later API category such
as SJ and SL was more stable than the previous categories (SC, SF, and SG).
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3.2. Thermal stability during degradation

Twenty motor oils were degraded at 100°C for 8 weeks, and samples were collected every
2 weeks during the degradation test period. The oxidative stability and volatility results were
obtained using DSC and TGA instruments.

Stability of motor oils during thermal degradation were determined in terms of OIT (mins),
OOT (°C) and volatility (%) over 8 weeks of aging test at 100°C. The data of 5 lubricants in
the API SC category was taken every 2 weeks and plottedas shown in Fig. 6 (a) for OOT (°C)
using the left axis, and for OIT (mins) using the right axis. Fig. 6 (b) was volatility of the 5
lubricants in SC grade. The OOT values of the 5 motor oils showed that SC5 was quite a high
oxidative stability motor oil to fight against an oxidation because its OOT values of 230°C
remained almost unchanged during 8 weeks.
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Fig. 6 (a) Values of OOT (°C) shown on the left axis for the upper group of data and OIT (min) shown on
the right axis for the lower group of the five lubricants within the API SC grade tested over eight weeks
of heating at 100°C

In contrast, OOT of SC1, SC2, SC3 and SC4 degraded over the testing period. Specifically,
SC1 showed the highest OOT but degradedfrom 246.2°C to 231.4°C after 8 weeks. For SC2,
SC3, SC4 and SC5, OOT results revealed that before degradation test (0 week), SC3 had
higher OOT than SC2, SC4 and SC5. However, 8 weeks later, SC5 was more stable than SC2,
SC3, SC4 and SC2 was more stable than SC3 and SC4, which had the lowest OOT of 217-
218°C. Foroxidative stability determined by time of oxidation at isothermal methods, so called
OIT values, the 5 motor oils had similar oxidative stability trend. Their OIT values slightly
decreased overthe period, except SC5, which remained unchanged at 8.3 mins. SC1 had the
highest OIT values (9.4 mins) over 8 weeks which only slightly decreased by 0.8 mins at the
end of the test. For SC2 at the beginning of the test, it had lower OIT than SC3. However,
after 8 weeks their OIT values were almost the same at approximately 7 mins. The lowest
stability in SC group was SC4. It had the shortest OIT value at every oxidation point. These
OIT values were significantly lower than the others.
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Fig. 6 (b) Volatility loss (%) of the five lubricants within the API SC grade tested after eight weeks of
heating at 100°C

Fig.6 (b) showed volatility loss (%) of 5 motor oils in SC grades. Over 8 weeks of thermal
degradation at 100°C, the volatility loss changed only slightly from no loss for SC1 to maxi-
mum of 0.4% for SC2. It was noted thatthese motor oils did not volatile much in 8 weeks.
Moreover, volatility loss revealed that SC2 and SC3 had almost the same volatility loss of
stock conditionat two weeks. SC3 increased volatility loss but SC2 still unchanged. After two
weeks, SC3 volatility remained steady while SC2 volatility slowly increased. Both SC2 and SC3
had similar volatility loss of 5.2% at the end of the degradation period. From the data shown
in Fig. 6 (a and b) it could be concluded that SC5 was a good stable motor oil. It had quite
high oxidative stability and volatility although it did not have the best OIT, OOT and volatility
properties. In contrast, SC1 showed the best oxidative stabilities in term of OOT and OIT but
its evaporation was very high. Therefore, SC1 was not a good motor oil in this group.

The oxidative stability test for 8 weeks at 100°C for SF group were shown in Fig 7 (a). The
trend of OOT for the SF 5 motor oils decreased over the testing period. SF1 had the highest
OOT values throughout 8 weeks while SF4 had the lowest OOT value. For SF2, SF3, and SF5,
they had almost the same OOT value in the fresh condition. Aftertwo weeks, the OOT of SF3
was higher than that of SF5 and SF2; all three motor oils declined slowly to an almost similar
value (234-235°C) at the end of the degradation test. In SF group, OIT of all 5 samples de-
creased within 8 weeks. SF1 was the most stable motor oil, and its OIT values were the highest
during the degradation period. In contrast, SF4 had very low stability when compared with
the others although its OIT was almost unchanged. Moreover, the OIT results reveal that the
oxidation property trends of SF2, SF3, and SF5 went down over the period. After 4 weeks,
SF2 expressed quite high stability becauseits OIT remained unchanged and it was higher than
that of SF3 and SF5. However, the OIT decreased after that, and it was the same as SF3 at
the end of the testing while SF5 had higher OIT than SF2 and SF3.

Volatility loss (%) of all oils was shown in Fig 7 (b). There were 4 motor oils including SF1,
SF2, SF3, and SF5 that did not change their volatility property while SF4 increased its volatility
loss by 0.8% during 6 weeks and stayed constant at 8.8% until the end of the degradation
test. The volatility property of all aged oil samples after 8 weeks showed that SF3 and SF4
had almost similar volatility loss of approximately 9% while SF1 and SF2 had high volatility
approximately 15% and 12%, respectively. By comparison, SF5 was the best oil in term of
volatilization in this group because of the lowest volatility loss of about 6%. According to the
oxidation property and volatility loss, it was obvious that SF2, SF3, and SF5 had good oxidative
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stability. However, when considered volatility property, SF5 had the best oxidation and vola-
tility property. In contrast, SF1 was the best in terms of oxidative stability but poor volatility.
A high performance lubricant requires high oxidative stability and low volatility rating.
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Fig. 7 (a) Values of OOT (°C) shown on the left axis for the upper group of data and OIT (min) shown on
the right axis for the lower group of the five lubricants within the API SF grade tested over eight weeks
of heating at 100°C
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Fig. 7 (b) Volatility loss (%) of the five lubricants within the API SF grade tested after eight weeks of
heating at 100°C

Differences of the thermal stability of four motor oils in the SG group was determined by
dynamic OOT (°C) and isothermal OIT (min) and were shown in Fig. 8 (a). The oxidative sta-
bility property in terms of OOT showed that SG3 had the highest OOT and stayed relatively
constant during the degradation test. This behavior indicated that SG3 had good oxidative
stability compared with the rest. SG2 performed slightly better than SG4 within 6 weeks. After
that, the OOT oxidative stability of both oils was nearly the same at approximately 259°C. SG1
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had the lowest OOT over the degradation test. At the end of the degradation test, OOT of SG1
decreased by 12.5°Cwhile the other lubricants such as SG2 SG3 and SG4 had smaller changes
of 7.4, 5.7 and 5.4, respectively. For this reason, it was concluded that SG1 had the lowest
oxidative stability in SG group. OIT test of four SG motor oils revealed that throughout the
degradation test, SG2 and SG3 were the most stable oils for SG group.
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Fig. 8 (a) Values of OOT (°C) on the left axis (the upper group) and OIT (min) on the right axis (the
lower group) of the five lubricants within the API SG grade tested over eight weeks of heating at 100°C
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Fig. 8 (b) Thermal degradation test in eight weeks in terms of volatility loss (%) of the five lubricants
within the API SG grade tested after eight weeks of heating at 100°C

The OIT results of both oils were the same after 2 weeks. At the end of the degradation
test, SG2 and SG3 had OIT at 53.2 mins, which was the highest oxidation time in this SG
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group. SG4 was more stable than SG1 but its oxidation time was not as good as that of SG2
and SG3. Therefore, SG1 was the least stable when considered OIT and OOT values.

Fig. 8 (b) showed volatility loss (%) by TGA of four motor oils in SG group. The overall
volatility trends of SG2, SG3, and SG4 stayed relatively constant at 17.8, 14.1 and 11.5%,
respectively. Only SG1 oil had a different volatility behavior. It was the highest volatile oil in
SG category and at the end of degradation, the volatility increased by 0.4%. The results from
Fig. 8 (a and b) showed that SG3 was the most dominant in the oxidation properties. It had
the highest OOT and OIT during the degradation test. However, SG3 evaporated more than
SG4 by 2.6%. This small difference was not significant. Therefore, SG3 had the best perfor-
mance in SG group.

The results for SJ group were illustrated in Fig. 9 (a). The oxidative stability of three motor
oils showed that OOT of all motor oils were reduced with increasing incubation time. SJ2 was
more stable than SJ1 and SJ]3. Before the degradation process, SJ2 was oxidized at approxi-
mately 283°C. After 8 weeks, the oxidative stability decreased by approximately 8°C. The OIT
result revealed that stability of SJ1 was higher than SJ3. These 2 oils had almost the same
oxidation temperature before the degradation test. Over the period, they had similar oxidation
trends. However, S]1 had better stability than SJ3 because its OOT value was higher. At the
end of the degradation process, SJ1 OOT was reduced by only 6.4°C while SJ3 OOT was re-
duced by 10°C. The OIT results showed the same oxidation trend as the OOT results. SJ2 was
the most stable oil in this group because its OIT was the longest while SJ1 and S]3 had almost
the same oxidation induction time. Fig. 9 (b) presented the difference of volatility property
(%) over 8 weeks of three oils in S] category. SJ1 maintained low volatility property and
stayed constant in volatility loss over the degradation test. This volatile behavior indicated
that SJ1wasa good quality motor oil. For volatility loss of the others, there was a small change
of 0.1% volatility for SJ2 while SJ3 had the highest volatility loss of 21%. The order of volat-
ilization of 3 oils was SJ3 > SJ2 > SJ1. The thermal stability of SJ group shown in Fig. 9 (a
and b) indicated that SJ2 had a better performance in the oxidative stability and volatility than
the others.
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Fig. 9 (a) Values of OOT (°C) on the left axis (the upper group) and OIT (min) on the right axis (the
lower group) of the five lubricants within the API SJ] grade tested over eight weeks of heating at 100°C
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Fig. 9 (b) Thermal degradation test in eight weeks in terms of volatility loss (%) of the five lubricants
within the API SJ grade tested after eight weeks of heating at 100°C

The oxidative stability properties of motor oils in SL category were shown in Fig 10 (a). All
OOT values were reduced after the thermal degradation process. It was noted that SL2 had
the highest OOT before the aging test then reduced by 12.5°C after 8 weeks. The OOT of SL1
and SL3 were lower at 287.8°C and 279°C and decreased by 6.2 and 7.1°C at the end of the
degradation test. Although SL2 had the highest oxidative stability that reached 294°C, after 8
weeks the OOT decreased sharply to 281.4°C, which was almost the same temperature as
that of SL3. For this reason, SL3 should be identified as a high performance motor oil in SL
group. The OIT result showed the oxidation time of SL motor oils in Fig 10 (a).
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Fig. 10 (a) Values of OOT (°C) on the left axis (the upper group) and OIT (min) on the right axis (the
lower group) of the five lubricants within the API SL grade tested over eight weeks of heating at 100°C
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Fig. 10 (b) Thermal degradation test in eight weeks in terms of volatility loss (%) of the five lubricants
within the API SL grade tested after eight weeks of heating at 100°C

It could be observed that SL2 oil had the same trend as its OOT results, its OIT reduced by
21 mins over 8 weeks. For SL1 and SL3, OIT results had no change in oxidation time at 65
and 93 mins, respectively. A good stable oil should have constant OIT value and take a long
time to be oxidized. The OIT results showed that SL3 was the most stable oil in this group.
The volatilization of three motor oils was evaluated and showed in Fig. 10 (b). SL1 had the
highest volatility at 21.2% and increased slightly to 22.2% at the end of the test. However,
SL3 had better volatility than SL2. The volatility property of SL2 was 13.5% while SL3 was
6.6%. The volatility loss of both oils remained constant over 8 weeks. The results indicated
that SL3 had the best volatile property (lowest loss) and remained unchanged. SL3 also had
the best oxidative stability in SL group.

The OOT and OIT results were provided by the conventional DSC, which was very useful
tool for characterizing the oxidative stability of commercial motor oils. An exothermic peak
from DSC output signal expressed the hydrocarbon chains that were oxidized by a free radical
mechanism [2¢], Tt expressed level of resistance of a motor oil to oxidation reaction during the
testing period [271, In the analysis of OOT and OIT results, it was observed that there was a
good correlation between the latest service API category and oxidative stability. The newer
API category showed higher oxidative stability than the old category. This was a clear indica-
tion of the latest API standard accompanies with better anti-oxidation properties of the lubri-
cants 28], The rate of oxidation of lubricant was influenced by the quality and type of base oil
as well as the antioxidant additives. Antioxidants played an important role to protect the lub-
ricant in service by limiting the chemical changes and degradation [2°1. Moreover, OOT and
OIT applications were widely used for assessing the improvement of oxidative stability of lub-
ricants [39-321, Both OOT and OIT are good for quality identification and should be provided to
customers. TGA Noack application was a good method for evaluating the volatility of lubricant.
It was useful for estimation of volatility oil at high temperature condition such as engine op-
erating temperature. Rate of volatility depended on the differencesin molecular structure of
base oil and additives 331, The results of TGA Noack indicated that increase of volatility in oil
was not influenced by the SAE viscosity grades and the API service categories. The differences
of volatility in individual motor oil exhibited the lubricant’s tendency to vaporize. The high
volatility motor oil was not recommended because there may not have enough lubricant to
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lubricate and reduced the heat generated between surfaces in the engine. Moreover, high
volatility lubricants had a chance to be consumed more than low volatility oil at the normal
operating temperature of the engine. It caused several serious problems of engines such as
oil starvation, which would generate friction, wear and raise temperature of engines 341, As
shown in this study, volatility testing data should be added to productlabels in order to better
inform customers of the critical information of motor oils. The results of the oxidative stability
and volatility during the thermal degradation process revealed useful information about per-
formance of several API grades.

3.3. Kinetics of thermal decomposition

Kinetics of thermal decomposition in motor oils were determined using data obtained from
TGA result. The temperature ranges were shifted to higher temperatures when heating rate
was increased. In addition. Following the KAS method plotted of 1/T versus In (B/T2) at 9
conversion levels (a) at 0.1-0.9, all plots had a strong linear relationship (r*> > 0.98). The
apparent activation energies (E;) were calculated fromthe slope of the linear regression equa-
tion at different conversion levels. Table 2-6 are lists of the apparent activation energies of
fresh and aged lubricantsin SC, SF, SG, SJ and SL category, respectively. It was clearly shown
that the trends of apparent activation energy increased from low to high conversion levels
because long chain hydrocarbons remained in the base oil degraded at high activation energy 351,
Moreover, the average of the apparent activation energy of 5 categories in all fresh motor oils
was higher than the aged lubricants. This showed that fresh lubricants are more stable than
aged lubricants because chemical structures of base oils change fromlong chain hydrocarbons
to aromatic compound during long exposure to high temperature for long period. Moreover,
straight chains are substituted by aromatic rings and decrease the oxidative stability of lubri-
cants[36-37],

Table 2. Activation energies determined of fresh and aged lubricants using Kissinger-Akahira-Sunose
method in the API SC grade

Con- Activation energy (kJ/mol)

version SC1 SC2 SC3 SC4 SC5

fresh aged fresh aged fresh aged fresh aged fresh aged
91.98 90.43 78.81 74.87 89.79 80.39 86.12 83.84 77.67 75.04
92.04 88.94 78.77 76.62 99.40 89.61 98.77 87.04 87.97 84.56
93.57 90.99 80.95 79.26 105.91 98.35 100.05 95.92 95.81 88.84
92.48 89.08 83.12 82.61 104.56 96.63 99.58 97.13 98.20 92.56
98.85 95.07 85.58 84.08 106.85 99.40 105.66 102.79 102.38 99.34
97.28 96.23 88.49 87.36 115.48 107.92 106.22 104.76 104.05 98.83
100.57 99.77 91.02 88.64 113.49 105.34 107.58 106.73 107.69 103.28
103.21 102.94 94.46 91.04 116.18 109.10 112.96 110.62 112.95 107.06
107.99 106.79 98.65 96.13 119.19 113.43 114.62 113.12 118.99 114.41
Mean 97.55 95.58 86.65 84.51 107.87 100.02 103.51 100.22 100.63 95.99

[eNeolololoNoNolNoNo]
CoOoONOTUA WNH

Table 3. Activation energies determined of fresh and aged lubricants using Kissinger-Akahira-Sunose
method in the API SF grade

Con- Activation energy (kJ/mol)
version SF1 SF2 SF3 SF4 SF5

fresh aged fresh aged fresh aged fresh aged fresh aged

0.1 84.59 79.61 75.38 72.27 85.35 78.04 82.22 74.52 85.08 78.40
0.2 96.90 92.50 83.62 79.99 93.71 86.64 89.01 87.94 94.39 86.97
0.3 97.03 95.48 87.35 84.48 97.91 90.75 91.33 86.02 99.89 91.85
0.4 100.60 97.90 90.18 87.41 106.98 94.99 93.42 89.02 103.17 95.88
0.5 104.80 101.20 93.08 90.38 105.17 98.69 96.48 91.29 106.74  98.51
0.6 107.80 103.70 96.20 92.34 109.12 101.32 100.95 93.77 110.14 103.26
0.7 110.80 106.80 98.65 95.14 112.72 109.67 101.56 97.09 115.71 107.84
0.8 115.40 110.10 100.92 98.84 116.67 108.43 104.76 99.73 122.91 120.76
0.9 118.20 114.90 104.57 102.33 121.33 113.14 108.37 103.04 137.86 134.84
Mean 104.01 100.24 92.22 89.24 105.44 97.96 96.46 91.38 108.43 102.03
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Table 4. Activation energies determined of fresh and aged lubricants using Kissinger-Akahira-Sunose
method in the API SG grade

Con- Activation energy (kJ/mol)
version SG1 SG2 SG3 SG4
fresh aged fresh aged fresh aged fresh aged

0.1 74.86 75.94  76.89 69.72 82.15 79.4 79.64  73.37
0.2 80.83 80.78 82.55 77.18 89.53 87.23 89.56 86.88
0.3 83.32 82.15 84.64 79.72 92.47 90.91 94.45 85.47
0.4 85.41 83.54  86.60 84.03 94.87 92.39 98.35 89.36
0.5 88.40 84.94  89.53 82.61 96.55 94.90 102.51 95.15
0. 92.06 86.13 91.45 84.05 98.80 96.12 105.80 98.79
0.7 95.94  87.29 96.24 85.57 100.93 98.84 108.78 100.04
0.8 100.71 89.09 97.54 86.56 102.59 100.74 112.55 99.73
0.9 105.28 91.02 100.24 88.29 105.44 102.70 117.14 107.57

Mean 89.65 84.54  89.52 81.97 95.93 93.69 100.98 92.93

Table 2 showed activation energy results of SC group. SC3 and SC4 were the most stable
oils in this group. At the initial condition, the average apparent activation energy of SC3 and
SC4 were 107.87 and 103.51 kimol?, respectively. After the degradation period, the average
apparent activation energy of these 2 motor oils drops by approximately 8 and 3 kimol!,
respectively. SC1, SC2 had activation energy below 100 kJmol™! before the ageing period. After
8 weeks, activation energy decreased by approximately 2 kJmolt. SC5 decreased activation
energy by approximately 5 klmolt. Afterthermal degradation test, its activation energy was
almost the same as that of the SC1.The apparent activation energy results indicate that a
motor oil having higher activation energy is more stable than that with a lower average ap-
parent activation energy [351, Table 3 clearly indicated that SF5 was the most stable motor oil
in SF group. The average apparent activation energy reached 108.43 kJmol! at the fresh
condition and dropped to 102.03 kJmol! after 8 weeks of ageing test. SF1 and SF3 had quite
a high activation energy at 104.01 and 105.44 kJmol™!, respectively. However, the activation
energy of SF2 and SF3 were not over 100 kimol™. Especially, SF3 was the lowest stability in
SF group. Table 4 showed the average apparent activation energy of SG grade. It indicted
that after degradation test, SG3 and SG4 had the highest activation energy (93-94 kimol?!).
However, when compared activation energy results at the fresh condition of 2 motors. SG4
had a significantly greater value than SG3 by approximately 5 kJmol™t. This shows that SG3
was the most stable motor oil in SG group. The apparent activation energy of SJ and SL grades
were listed in Table 5and 6, respectively.

Table 5. Activation energies determined of fresh and aged lubricants using Kissinger-Akahira-Sunose
method in the API SJ grad

Con- Activation energy (kJ/mol)
version SJ1 SJ2 S33

fresh aged fresh aged fresh aged
0.1 84.02 79.82 81.66 75.73 82.37 78.31
0.2 89.83 83.87 89.03 83.06 88.67 82.98
0.3 95.93 88.74 94.51 88.55 91.66 84.05
0.4 102.23 92.38 100.39 91.94 94.18 85.91
0.5 108.28 97.92 104.69 99.32 95.90 87.63
0.6 113.86 103.62 109.19 103.16 98.28 89.94
0.7 120.25 107.42 117.58 108.41 100.25 91.98
0.8 128.72 112,92 117.58 114.87 104.38 95.19
0.9 136.93 121.98 122.41 121.18 110.86 101.22

Mean 108.89 98.74 104.12 98.47 96.28 88.58

SJ1 and SJ2 were more stable than SJ13 for fresh motor oil. After degradation, they had a
similar average apparent activation energy of 98-99 kJmol 1. However, at fresh condition SJ1
had higher average apparent activation energy than SJ2 by approximately 5 kimol-t. In SL
group, ageing condition of SL3 exhibited the most stable lubricant in this group and showed
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the highest activationenergy among 19 motor oils (average activation energy =104.2 kimol
1). In fresh condition, the activation energy of SL3 was very high (108.92 kJmol'!) while SL1
and SL2 were 103.72 and 106.08 kIJmol?, respectively. After the degradation period, SL3
decreased its average activation energy only by 4 kJmol* while SL1 and SL2 lost activation
energy by approximately 8 and 21 kJmol*.

Table 6. Activation energies determined of fresh and aged lubricants using Kissinger-Akahira-Sunose
method in the API SL grade

Con- Activation energy (kJ/mol)
version SL1 SL2 SL3

fresh aged fresh aged fresh aged
0.1 79.68 72.92 82.25 66.78 95.18 90.26
0.2 84.06 80.09 92.46 75.38 98.88 95.01
0.3 95.57 86.78 97.75 78.98 100.56 97.23
0.4 99.92 91.45 102.22 83.07 103.88 99.97
0.5 104.69 97.21 107.29 85.61 107.05 105.56
0.6 108.12 98.61 112.29 89.09 112.31 109.25
0.7 113.83 103.18 116.79 92.68 118.31 114.59
0.8 119.56 111.77 120.52 95.70 120.79 116.51
0.9 128.09 118.18 123.12 98.41 123.33 119.39

Mean 103.72 95.58 106.08 85.08 108.92 105.31

The activation energy analysis of freshand aged motor oils can be used to characterize the
stability of lubricants. This study showed that there was no correlation between the activation
energy and lubricant grades. The differences of the apparent activation energy depend on a
formulation of base oils and additives present in motor oil. These variations can be attributed
to the complex organic transformations occurring during degradation of the motor oil [35],
These components such as base oil, antioxidants, detergent, corrosion inhibitors, viscosity
index improvers, anti-wear agents, and anti-foaming agents are important factors and impact
to the changes in the apparent activation energy of motor oils. Determination of stability by
using the apparent activation energy during thermal degradation process provide a better
understanding in physiochemical properties of motor oils.

4. Conclusions

The results of these studies can be used to characterize the performance of motor oils.
Good oxidative stability of lubricants had high OOT, OIT, and the activation energy while vol-
atility loss was low. Using the common DSC to determine OIT and OOT were very useful for
evaluation of the oxidative stability in lubricants. The TGA Noack test provided valuable infor-
mation on volatilities of lubricant. It simulated real life conditions, which lubricant exposed to
a high temperature and air. Volatility measured by Noack did not correlate well with the SAE
viscosity and the API categories. Moreover, mass loss data of TGA can be used to calculate
the apparent activation energy. This is an important tool for stability study.

These lubricant properties shown from this work are practical and powerful indicators for
characterization performance of lubricant productsin the market.
¢ Oxidative degradation was critical information to determine a performance of motor oils.

e The SAE viscosity and the API category were not good factors to determine the volatility of
commercial motor oils.

e The latest API category (SL) were more stable than the previous categories (SC, SF, SG,
and SJ).

e Lubricants with the same SAE viscosity and API category could show significant differences
in their oxidative stability and volatility.

e Stability of lubricant can also be evaluated in term of the activation energy, and there is no
correlation between the activation energy and API grades.

Pet Coal (2019); 61(2): 222-238
ISSN 1337-7027 an open access journal

236



Petroleum and Coal

e The ageing testis important to physiochemical degradation study of motor oils. These ther-
mal analysis applications such as OIT, OOT, volatility and the activation energy can be used
for stability determination.
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