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Editor's Note: | have always
wholeheartedly endorsed
infrared analysis of used-
oil samples, provided the
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been appropriately taken into

account with the calibration
of the instrument. At times,
too much faith is put into the

technology to provide a result
without effectively accounting

for variances in the oil's for-
mulation or in the measure’s
own variances. This month's
Editor's Choice paper delves
into a longtime standard in

the reporting of FTIR results
and attempts to improve the

accuracy of the result. The pro-

posed methodology is based
on the newly instated ASTM

methods, which were decades
in the making, and will perhaps

aid in building momentum to
approve new standards for
other parameters.

Evan Zabawski, CLS
Editor
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ABSTRACT

This article describes a procedure, based on ASTM standards D7214 and E2412, that has
been defined to improve quantification of oil oxidation in used engine oils. Taking into ac-
count typical problems that can be found in this type of sample, including thermal oxidation
and fuel dilution, Fourier transform infrared (FTIR) spectra were analyzed also considering
the effect of the oil formulation. Two zones were considered inside the typical wave number
range for quantification of oxidation, where those problems can be detected and assessed
more easily: zone A between 1725 and 1650 cm-1, where the main oxidation products, such
as aldehydes, carboxylic acids, and ketones, occur due to thermal degradation of the oil;
and zone B between 1770 and 1725 cm-1, where esters due to potential biodiesel dilution
problems are detected.

INTRODUCTION

Oxidation is the most predominant reaction of a lubricant in service and is therefore
responsible for several lubricant-related problems, such as increasee viscosity and
acidification, additive depletion, and so on (Macidn, et al.'). Therefore, controlling and
monitoring oxidation levels (and other related parameters) should be considered apri-
ority in order to assure good machinery performance and reliability (Macian, et al.?).

In all lubrication systems, including internal combustion engines, organic com-
pounds exposed to oxygen, high temperatures, and pressures will partially oxidize into
a large variety of by-products, such as ketones, esters, aldehydes, carbonates, and car-
boxylic acids, which exhibit characteristic infrared (IR) absorptions (Rudnick’; Mal-
eville, et al.*). The exact distribution and composition of these products is complex.
Carboxylic acids contribute to the acidity of the engine oil and deplete its basic reserves
as neutralization takes place. The net effect of prolonged oxidation is that chemically
the oil becomes acidic, causing corrosion, and a physical increase in viscosity occurs.

One of the most common methodologies used to measure oxidation in used en-
gine oils is Fourier transform infrared (FTIR) spectrometry (Van de Voort, et al.’). For
many years it has been used to study lubricant degradation (Coates and Setti®; Pow-
ell and Compton’;Van de Voort, et al.**)by measuring variations in the concentration
profiles through the carbonyl (C=0) absorption region (1820-1650 cm™';*). All of the
by-products previously mentioned have highly characteristic vibrations in this region:
ketones (1725-1705 cm),carboxylic acid (1725-1700 cm™'), and ester (1750-1725
cm ';Coates'’).
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Despite this fact and ASTM International’s efforts to nor-
malize oxidation measurements using this technique (ASTM
E2412° and ASTM D7214'"), many commercial labs still use
their own internal procedures (usually variations based on
the ASTM’s standard practices). This may cause problems
when comparing and analyzing results from different labs
because a slight change in the considered band length of the
carbonyl region will affect the final result.

This work has been developed in order to propose an
FTIR methodology to monitor oxidation levels and to ana-
lyze the effects of thermal degradation, base oil formulation,
and fuel dilution contamination. Two subzones (A and B)
were identified to improve quantification and monitoring.

This study was performed using data obtained under real-
world operating conditions and laboratory simulation tests.
To isolate different effects, different types ol engines were
used: compressed natural gas engines (where the lubricant
is expected to suffer higher thermal stress and no fuel dilu-
tion) and diesel engines (where fuel dilution problems and
low thermal stress are predominant; Macidn, et al."). Specific
types of engine oils were used depending on the type of en-
gine. Thermal stress and fuel contamination were simulated
in the lab.

OVERVIEW OF THE EVOLUTION OF INFRARED
SPECTROSCOPY AND RELATED METHODOLOGIES

FTIR spectroscopy is used to track relative changes in used
oil by subtracting the spectrum of the fresh oil from its used
or in-service oil counterpart. The molecular changes that
occur can be spectrally visualized and associated to typical
lubricant problems, such as additive depletion, oxidation,
nitration, soot content, fuel dilution, etc.

Next an attempt was made to standardize the measure-
ment of these changes in terms of absorbance or arbitrary
units that can be correlated with machine faults or lubricant
degradation level.

Perhaps the most important effort toward standardizing
the methodology and analytical protocol was made by the
U.S. Armed Forces in the frame of the Joint Oil Analysis Pro-
gram (JOAP) and summarized in a JOAP report (Toms'?).
In this report, several fundamental aspects related to FTIR
analytical condition monitoring protocol were presented,
such as spectral regions and baselines based on standard ad-
dition experimentation for three oil categories: petroleum,
synthetic (ester), and hydraulic oils.

Further research led to the development of ASTM E2412°.
ASTM D7214 covers determination of the extent of a lubri-
cant’s oxidation using FTIR'..

VARIABLES AFFECTING OXIDATION MEASUREMENTS

Temperature is one of the most important parameters alfect-
ing the oxidation process. Two related effects are governed by
temperature: the reaction activation energy and the effect on
the speed of the reaction, with greater speed associated with
higher temperatures. This relationship is nonlinear, doubling

the rate of oxidation for every 10°C increase in temperature
(Wooton").

When lubricant oils are exposed to high temperatures in
the presence of oxygen (air), oil begins to suffer a slow oxi-
dation process in which the oil’s hydrocarbons react with ox-
ygen to form other substances, including organic acid deriv-
atives such as ketones and aldehydes, with additional esters
at lower concentrations. Engine oils are highly susceptible to
oxidation, considering the high oil temperatures reached in
the piston area, which results in thin-film oxidation (Adam-
czewska and Love'*). Furthermore, the different combustion
process and related temperatures of CNG engines, compared
to diesel engines, result in a higher degradation rate in CNG
engines, as observed in previous studies (Macidn, et al.'*;
Semin and Rosli*?).

Oxidation due to oil temperature leads to important
changes in the effectiveness of the oil as a lubricant, in-
creasing the acidity (Oliveira, et al.'*)and viscosity of the oil
(Owranga, et al.'"), among other changes. Consequently, the
lubricant becomes more aggressive toward metal surfaces, es-
pecially nonferrous surfaces, and modifies its ability to form
a lubricant film, leading to potentially higher engine wear.
Many analytical techniques (FTIR, potentiometric acid—base
titrations, voltammetry, sealed capsule differential scanning
calorimetry, gas chromatography, etc.) have been used to try
to more precisely quantify the by-products and effects of oil
oxidation.

Fuel dilution problems have long been studied and dif-
ferent alternative measurement methods have been used for
detection, including gas chromatography, flash point, “fuel
sniffer,” or viscosity excursions (Hiliz, et al.'"*; Tormos';
Mortier,et al.**). Automotive fuels can consist of a wide vari-
ety of branched aliphatic compounds, aromatic compounds,
and many other compounds blended to produce a desired
set of physical properties. Typical conventional fuel dilution
problems® can be identified mainly in the spectral range be-
tween 815 and 745 cm!. This absorbance band is typical for
out-of-plane bending of two adjacent hydrogens in a para-
substituted aromatic ring. This range is quite far from the
range associated with oxidation measurements, thus avoid-
ing interference problems. This situation changing due to
the introduction and extensive use of biofuels (according
to European regulations, which allow up to 7% v/v content
of biofuels; UNE EN 590), and especially in diesel engines
where biodiesel blends are being used. Constituents of bio-
diesel (methyl esters from vegetable oils) present spectral
interferences in the oxidation quantification area (approxi-
mately at 1745 cm!).This interference could be worse in as-
sociation with higher biodiesel blends.

CHARACTERISTICS OF METHODOLOGY AND SAMPLES
MethodologyMeasurement

A methodology based on ASTM D7214'" and ASTM E2412°
and considering the type of machine to be monitored (in-
ternal combustion engines) was developed using FTIR (A2



Table1 | Characteristics of FTIR Equipment

Characteristics

Spectral range 4700-590 cm !

Resolution 4cm!
Sample scan 128
Background scan 128

Path length mm (pm) 0.1 (100)
Zinc selenide (ZnSe)

Transmission-TumbIIR

Sampling cell material
Interface

Apodization Triangular

Table 2 | Engine Characteristics

Characteristics CNG Vehicle Type Diesel Vehicle Type

Type* Tc DI/TC
Number of cylinders 6 6
Bore/stroke (mm) 115/125 128/155
Engine displacement (cc) 7.790 11,967
Power (kW) 200 @ 2,000 rpm 220 @ 1,900 rpm
bmep (bar) 15.4 11.6
Power/displacement 25.67 18.38
(kW/L)
Oil drain period (km) 15,000 35,000
Oil sump capacity (L) 23 31
Qil type in use Oil A and B Oil C

“I1 = indirect injection; DI = direct injection; TC = turbocharged.

Equipment Technologies PAL Series, CT, USA). The charac-
teristics of the FTIR equipment are provided in Table 1.

Measurements of the oxidation levels were performed in
the range between 1770 and 1650 cm ' and reported as peak
area increase (PAI; unit, Abs-cm'/mm), following ASTM
D7214, or peak high (PH; unit, Abs). Both measurements
were performed using a single baseline starting at 1850 cm™'
and ending at 1620 cm™" .

Table 3 | Characteristics of Fresh Oils

SAMPLE CHARACTERISTICS

Different types of samples were used, including samples ob-
tained from engines under real working conditions in an ur-
ban transport fleet and samples that were lab degraded.

Vehicles tested in the urban fleet were powered by two
different types of engines: diesel and CNG engines. The main
characteristics of each type of engine are presented in Table
2. For CNG engines, two types of engine oil were used—a
15W40 mineral oil (oil A) and a 10W40 synthetic oil with
higher antioxidant additive package (oil B)—in order to
check the performance of the oils under similar working
conditions. A 15W40 mineral oil (o0il C) was used for diesel
engines. Additionally, a synthetic engine oil 5W50 (oil D),
base oil API group 1V, was used for lab tests. The main char-
acteristics of all of the oils employed in the present study are
summarized in Table 3.

Samples of used oil were taken for analysis every 5,000
km. Additional samples were taken at the end of the oil drain
period 15,000 km for CNG engines and 30,000 km for diesel
engines. Vehicles have frequent stop and go service, long pe-
riods of engine idling, and average speed of 12.7 km/h. Vehi-
cles were equipped with automatic fresh oil refilling systems.

A second group of samples was evaluated in the labora-
tory after a specific degradation process using the same types
of fresh oils (A,B,C, and D).

Two degradation processes were considered, one repre-
senting thermal degradation, which was simulated using a
thermal bath at 270°C for 48 h. To avoid possible external
factors affecting degradation such as the catalysis effect of
metal components, this process was performed in a glass
beaker and samples were collected every 6h. The tempera-
ture range selected for this experiment was higher than
temperature ranges used in other lab oxidation tests (Ad-
amczewska and Love'*; Bowman and Stachowiak?'; Cerny,
et al.?*;Moehle, et al.??). The selection was made in order to
simulate situations in which the engine oil temperature can
rise to over 250-260°C in real operations due to hot spots in
the engine in contact with the lubricant, or in the first piston
groove near the combustion chamber (Maleville, et al.*).

Characteristic Oil A Oil B 0il C 0il D
SAE grade 15W /40 10W 40 15W/40 5W50
Density at 15°C (kg/m3) 885 865 881 859
Viscosity at 40°C (cSt) 112.0 91.8 108.0 105
Viscosity at 100°C (cSt) 14.5 14.3 14.5 17.3
Viscosity index 125 min 160 130 min 153

Total Base Number (mg KOH/g) 10 13.2 10 9.0

Flash point, open cup ("C) 215 =220 215 min 236

Pour point ("C) -27 <—33 —27 max —51
Service Classification ATPI CF-4 IVECO 18-1809 API CI-4/CH-4/SL APISM,SL, CF
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Figure 1 | Results for CNG engines using mineral oil A.

To assess the effects of fuel contamination, the oils
specifically formulated for diesel engines (types C and D)
were diluted (1, 3, 5,7, 10, 15, and 20%) using two different
biodiesel fuel blends: B10 and B20.

RESULTS

Samples from Engines in Real Service

Figures 1 and 2 show the results for CNG engines in real
operating conditions in a transport fleet. Figure 1 shows the
complete FTIR spectra for the five most representative sam-
ples from CNG engines using oil A, including the fresh oil
sample, which is depicted with a dark color. The graph on

the lower left-hand side of Fig. 1 represents the extreme val-
ues computed in absorbance values and measured as a PH.
As can be seen in the range between 1780 and 1680 cm ',
fresh oil had absorbance values around 0.2 Abs in zone A,
and samples representing maximum oil degradation reached
values up to 0.4 Abs. In addition, the initial peak present
in zone B associated with fresh oil gradually disappeared in
used oil samples as a direct consequence of oil degradation
related to thermal stress.

The bottom left area of Figure 1 presents the results of
oxidation quantification using the PAI method for all 30
samples pertaining to this group. Maximum values of 18

meeting in Detroit. Contact Tracy VanEe at (630) 922-3459, tnicholas@stle.org.
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Figure 2 | Results for CNG engines using synthetic oil B.

Abs-cm'/0.1 mm were reached at the end of oil drain period,
around 16,000 km. A direct relationship between oil degrada-
tion (oxidation) and oil mileage (Macidn, et al.')was observed.

The main graph in Figure 2 shows the FTIR spectra for
five samples considered representative out of the full group
(30 samples), corresponding to CNG engines lubricated with
synthetic oil B. As can be seen, the behavior was quite similar
to the previous case. As can be seen in the zoomed graph,
highlighting wave numbers range between 1780 and 1680
cm, fresh oil presented absorbance values slightly lower
than 0.2 Abs in zone A, and samples representing maximum

oil degradation reached values around 0.35 Abs. In this case
the mileage was substantially higher, reaching more than
30,000 km, caused due to the use of improved antioxidant
additive packages and base oil. The bottom left area of Figure
2 presents the results for oxidation quantification using the
PAT method for these samples and it can be seen that values
were 21 Abs-cm™'/0.1 mm at the oil drain period.

Figure 3 represents the evolution of the oxidation of min-
eral oil (type C) samples from diesel engines. Similar behav-
ior was observed as in the previous result but with lower oxi-
dation values (PAI measurement) of about 12 Abs.cm /0.1

Trivia alert: A thimbleful of a neutron star would weigh more than 100 million tons.
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Figure 3 | Results for diesel engines using mineral oil C.

mm. This was a direct result of the lower thermal stress suf-
fered by engine oil in diesel engines. Additionally, it can also
be assumed that a certain reduction was associated with a
lower PH value for fresh oil C compared to oils A or B. In all
cases, the trend of the spectra of lubricating oils is the growth
of zone A, in terms of both PH and PAI, as a direct result of
thermal degradation suffered by engine oil. Oxidation levels
in oil B were lower than those obtained in oil A due to its
better base oil and higher additive package.

Figure 4 presents the results for samples from diesel ve-
hicles that had severe fuel dilution problems (reaching al-

Are you an under-30 tribologist? Access a wealth of STLE services at our Young Tribologists

most 20% of fuel dilution in one sample).The fuel was the
B20 biodiesel blend. Fuel dilution problems can be easily de-
tected, showing the important peak increase reaching values
of about 0.6 Abs in zone B (1770-1735 cm™!).

The following equation has been used to quantify the fuel
dilution percentage presented in Figure 4:

Fuel Dilution (%) = 0.4984 - PH + 3.6607

This equation was obtained as a calibration curve in labo-
ratory tests using fresh oil and the B20 biodiesel blend.
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Figure 4 | Results for diesel engines (oil C) with fuel dilution problems.

Samples from Lab Degradation Tests

Figures 5-8 present the results for lab thermal degradation
tests for the different types of engine oils considered. As can
be observed, thermal degradation was mainly characterized
by a peak increase in zone A(1725-1650 em™). There was a
clear difference between oil D (Figure 8), formulated using
an API IV base oil, and the other types of engine oils consid-
ered. The same behavior observed in samples from engines
in real service, related to the peak present in zone B and as-
sociated with fresh oil, gradually disappeared in degraded
samples, was observed in these simulation tests. As can be
clearly observed in Figures 5-7, peak in zone B disappear

gradually as a consequence of lube degradation.

Figures 9 and 10 show the results for lab fuel contamina-
tion tests. The fuel dilution effect was mainly reflected as a
peak spectra increase in zone B(1770-1725 cm™). Oil D has
a special behavior because the high absorbance in zone B
(1.4 Abs), related to its synthetic origin (ester base oil), led
to difficulties in detecting changes associated with fuel con-
tamination. In most cases there was a decrease in absorbance
in this area (Figure 10). In an uncommon scenario, where
B20 biodiesel blend was used and high fuel dilution prob-
lems are present, a slight increase in absorbance values was
observed (Figure 10). Oil C (degraded in the lab) had the

LinkedIn group and Facebook pages. www.linkedin.com and www.facebook.com.
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same behavior observed in samples
from engines in real service related
to the peak located in zone B and as-
sociated with fresh oil; this peak in-
creased gradually in contaminated
samples (up to 0.6 Abs measured as a
PH with 20% of fuel dilution using a
B20 blend; Figure 9).

CONCLUSIONS

A procedure based on ASTM stan-
dard D7214 was defined to improve
oxidation quantification and problem
detection in used oils from internal
combustion engine. Two parameters
were used depending on potential
problems that can be present in sam-
ples: PH and PAL The wavenumber
range considered was between 1770
and 1650 cm' using a single baseline
from 1850 to 1620 cm'. Two zones
were defined inside the main wave-
number range taking into account
where the studied variables (thermal
degradation and fuel dilution) could
be more easily detected in each zone.
Zone A was defined between 1725
and 1650 cm ™ and zone B was defined
between 1770 and 1725 cm™ .

Oil degradation related to thermal
stress was mainly studied in the range
1725-1650 cm* because, as observed
in this work, this is the range where
most of the by-products of the ther-
mal oxidation degradation process
present higher absorbance values.
Carboxylic acids and ketones are the
main products, where the C-O and
O-H vibrations are highly character-
istic in this frequency range.

Detection of fuel contamination
could be performed in additional
wavenumber ranges than those of-
fered by the ASTM standard practice
(835-735 cm™'). Taking into account
the increased use of biofuel blends,
fuel dilution problems were much
easier to identify in zone B (1775-
1725 cm™). The ester content due to
biofuel contamination had vibrations
highly characteristic in the [requency
range 1750-1725 cm™'. This proce-
dure presents more clear advantages
when higher biodiesel blends are
used.



ACKNOWLEDGEMENT

06 — The authors are grateful for Spanish
Grant TRA200806508 (GLAUTO) from
the Ministerio de Ciencia e Innovacion—

E Direccion General de Investigacion for
supporting this work.

04

3

§ REFERENCES

E 1. Macidn, V,, Tormos, B., Salavert, J. M.,

< and Gomez, Y. A. (2010), “Compara-
tive Study of Engine Oil Performance
on CNG/Diesel Engines on an Urban

02— Zonk A\ Transport Fleet,” SAE Paper 2010-01-

2100.
Zone 8 . 2. Macidn, V., Tormos, B., Redon, P, and

| Ballester, S. (2008), “Behavioural Study
ol Engine Qil Lubricants in Gas Engines
Used in Urban Transport Fleets,” Lubri-
cation, Maintenance and Tribotechnology.
Lubmat 2008 Conference Proceedings.

S m = T ISBN. 978-84-932064-5-1.
1800 1720 1640 3. Rudnick, L. (2003), Lubricant Addi-

Wave Number (cm') tives—Chemistry and Applications, Boca

Raton: CRC Press.

4. Maleville, X., Faure, D., Legros, A., and
Figure 7 | FTIR spectra (range 1750-1640 cm") for samples degraded by temperature. Eﬁ‘;ﬁ;fﬂjasfo(j: 2?;‘6123);?1;“2;;;11:
Engine oil type C. The Relationship between Chemi-
cal Composition, Thickening, and
Composition of Degradation Products,”
Lubrication Science, 9, pp 3-60.

5. Van de Voort, E R., Sedman, ]., Coc-
ciardi, R. A., and Pinchuck, D. (2006),
“FT-IR Condition Monitoring of In-Ser-
vice Lubricants: Ongoing Developments
and Future Perspectives,” Tribology
Transactions, 49(3), pp 410-418.

6. Coates, J. and Setti, L. (2008), “Infrared
Spectroscopic Methods for the Study of
Lubricant Oxidation Products,” ASLE
Transactions, 29(3), pp 394—401.

7. Powell, J. R. and Compton, D. A.
(1993), “Automated FT-IR Spectrom-
etry for Monitoring Hydrocarbon-Based
Engine Oils,” Lubrication Engineering,
49, pp 233-239.

8. Van de Voort, E R., Ismail, A. A., Sed-
man, J., and Emo, G. (1994), “Moni-
toring the Oxidation ol Edible Oils by
Fourier Transform Infrared Spectros-
copy,” Journal of the American Qil Chem-
ists’ Society, 3, pp 243-253.

9. E2412-04. (2004), Standard Practice for
Condition Monitoring of Used Lubri-
cants by Trend Analysis Using Fourier
Transform Infrared (FT-IR) Spectrometry,

o T \ [ | ASTM International: West Conshohock-
1800 1760 1720 1680 1640 L
Wave Number (cm) 10. Coates, ]J. (2000), “Interpretation of
Infrared Spectra, a Practical Approach,”
Encyclopedia of Analytical Chemistry,
Meyers, Robert (Ed.), pp 10815-10837,
Figure 8 | FTIR spectra (range 1750-1640 cm') for samples degraded by temperature. John Wiley &Sons: Chichester, UK.

Engine oil type D.

12—

(=}
™
|

Absorbance

0.4 —

on Oct. 3, 1995. He cycled behind a motor dragster on the Bonneville Salt Flats in Utah.




Absorbance

Zone B
06
04 —
Zone A
0.2
0 — I ‘
1800 1760 1720 1680 1640

Wave Number (cm’)

Figure 9 | Evolution of degradation by fuel dilution (B20). Engine oil type C.

Absorbance

08 —

04 —

Zone B

1800

| S :

1720 1680 1640
Wave Number (cm'')

Figure 10 | Evolution of degradation by fuel dilution (B20). Engine oil type D.

50

JANUARY 2013

TRIBOLOGY & LUBRICATION TECHNQOLOGY

11.

13

19t

16.

17.

18.

19.

20.

Z1.

22

23

D7214-07. (2007), “Standard Test
Method for Determination of the Oxida-
tion of Used Lubricantsby FT-IR Using
Peak Area Increase Calculation, ASTM
International: West Conshohocken, PA.

. Toms, A. (1994), “Fourier Transform

Infrared (FT-IR) Final Report Technical
Support Center,” JOAP-TSC-95-01Bio-
RadFTS7.

Wooton, D. (2007), “The Lubricant’s
Nemesis—Oxidation,” Practicing Oil
Analysis, 9, pp3-6.

. Adamczewska, J. Z. and Love, C.

(2005), “Oxidative Stability of Lubri-
cant Measured by PDSC CEC L-85-T-99
Test Procedure,” Journal of Thermal
Analysis and Calorimetry, 80, pp
753-759.

Semin, A. R. and Rosli, A. B. (2009),
“Combustion Temperature Effect of
Diesel Engine Convert to Compressed
Natural Gas Engine,” American Journal
of Engineering and Applied Sciences, 2,
pp 212-216.

Oliveira, J. C., Garcia, L. M., Gouveia,
A., Sobrinhoc, E. V., Fernandes, V. J.,
and Silva, A. J. (2004), “Thermoanalyti-
cal and Rheological Characterization

of Automotive Mineral Lubricants after
Thermal Degradation,” Fuel, 83, pp
2393-2399.

Owranga, E, Mattsson, H., Olsson, J..
and Pedersen, J. (2004), “Investigation
of Oxidation of a Mineral and a Syn-
thetic Engine Oil,” Thermochimica Acta,
413, pp241-248.

Hiltz, J. A, Veino, D. E., and Haggett,
R. D. (1989). “A Study of Fuel Dilu-
tion of Diesel Lubricating Oil by Gas
Chromatography/Mass Spectrometry,”
TechnicalMemorandum89/203, Janu-
ary 1989.

Tormos, B. (2002), Contribucional Diag-
nosticode Motores Diesel en Basadoenel
Andlisis del Lubricante Usado, Uni-
versidad Politécnica de Valencia, 1.U.
Miquinas y Motores Térmicos—CMT:
Valencia, Spain.

Mortier, R., Fox, M. M., and Orszulik,
S. T. (2010), Chemistry and Technology
of Lubricants. Dordrecht; New York:
Springer.

Bowman, W. E and Stachowiak, G. W.
(1996), “Determining the Oxidation
Stability of Lubricating Qils Using
Sealed Capsule Differential Scanning
Calorimetry (SCDSC),” Tribology Inter-
national, 29, pp 27-34.

Cerny, J., Strnad, 7., and Sebor, G.
(2001), “Composition and Oxidation
Stability of SAE 15W-40 Engine QOils,”
Tribology International, 34,pp 127-134.

Mochle, W. E., Cobb, T. W., Schneller,
E. R., and Gatto, V. (2007), “Unliz-

ing the TEOST MHT R® to Evaluate
Fundamental Oxidation Processes in
Low-Phosphorus Engine Oils,” Tribolo-
gyTransactions, 50(1), pp 96-103.

WWW,.STLE.ORG



