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Figure 22.8—Spectral subtraction method for infrared
spectroscopy.

and additives (e.g., zinc dialkyldithiophosphate [ZDDP] and
phenols) (Figure 22.8) [3].

Infrared spectroscopy is unique in that it assesses the
constituent components of the oil sample at the molecular
level. This information is very useful when the existence
of compounds such as additives and oxidation byproducts
(which are often difficult to measure and trend by other
means) are of interest.

Oil contamination by water, soot, glycol, incorrect
make-up oils, and chemical solvents can all be monitored
using FTIR. The analyst or instrument software looks for
discrepancies in spectral features, or bands, at specific
wavenumbers (WN or cm™) (Figure 22.9) [11-13]. Soot pro-
duces a broadband spectrum shift so a wavenumber where
no other significant spectral activity occurs is selected for
soot measurement (typically 2000 WNs). Wavenumbers
refer to the number of spectral waves per centimetre of
path length.

Overall lubricant health can also be monitored using
FTIR. Oil degradation caused by oxidation and nitration
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results in unique wavenumber-specific absorption features
(e.g., centering at 1750 and 1630 cm™). A decrease in absorp-
tion at spectral bands relating to certain additives can also
be observed.

Applicable standards: ASTM D7214-07a, ASTM D7412-
09, ASTM D7414-09, ASTM D7415-09, ASTM D7416-09,
ASTM D7418-07, and ASTM E2412-04.

22.3.1.6 FERROUS DENSITY

A significant increase in the population of large (>5 pm) fer-
rous particles usually suggests the presence of an abnormal
wear condition and should serve as a warning of impending
engine failure. Several methods are available for determining
the concentration of large ferrous debris. The severity of
the wearing event is generally proportional to step changes
in generation rate of large particles. The ferrous density
instruments report results in different measurement units
established by the instruments’ manufacturer. These
instruments are not currently standardized, although they
are widely used.

Contamination, poor lubrication, and adverse mechan-
ical conditions are the usual causes of high ferromagnetic
particles. In automotive engines as well as most other types
of machinery, at least one surface in a frictional pair is typi-
cally ferrous (iron or steel), and it is usually the surface most
critical to reliability. For this reason the monitoring of ferrous
density in used lubricants can provide valuable engine health
information and an early warning to failure. The need for
ferrous density readings is further magnified by the fact
that elemental analysis becomes less accurate with larger
size particles (>5 pm), which is usually the critical size
range in monitoring and detecting impending failure [3].

Some ferrous density instruments use powerful rare-
earth magnets to separate ferromagnetic particles from all
other particles. Once these particles are separated, their
density or concentration can be estimated using various
means (optical, particle count method, magnetic flux
method, Hall effect, etc.) [14]. It should be noted that some
ferrous particles are generally not magnetic. These include
corrosion debris (red-iron oxide) and high-alloy stainless
steel. Figure 22.10 shows the measurement units for direct
reading ferrography, which is perhaps the most commonly
used ferrous density instrument by commercial laboratories.

Parameter Wavenumber (cm™)
Oxidation:

®  Mincral oil 1750

* Organic cster 3540

e Phosphate cster 815
Sulfation 1150
Nitration 1630
Soot 2000
Walter:

o Mineral oil 3400

®  Organic ester 3625
Glycol 880, 3400

1040, 1080

Fuel dilution:

® Dicscl 800

e Gasolinc 750

e et fuel 795-815
Phenol oxidation inhibitors 3650
ZDDP antiwcar/antioxidant 980

Figure 22.9—Common spectral search areas used in infrared spectroscopy.
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Readouts
D, and D,

Ds = Small Particle
Concentration
(smaller than
5 microns)

Dy = Large Particle
Concentration

(larger than 5
microns)

Wear Particle _
Yaton = DL +Ds
(WPC)

Percentlage _ Do
Particles (PLP) = ____D”sz'loo

Figure 22.10—Direct reading ferrography.

WEAR INDEX I, =" (DL3- DS?) X 10 WEAR INDEX | = #* (OL*- DS") x 10"

An increase in the generation of fervsi:s particles can
be brought about by several factors, including
Load changes (e.g., hauling conditions, mountain
terrain);
* Eccentric shaft loads caused by imbalance or mis-
alignment;
Insufficient lubrication caused by wrong lubricant,
starvation, additive depletion, or lubricant degradation;
¢ Contamination by particles, water, air, coolant, fuel,
solvents, etc.; and

» Component fatigue and wear.

The plot in Figure 22.11 shows three engines with dif-
ferent abnormal wear conditions as measured with direct
reading ferrography [15]. The wear index is a cumulative
score for the severity (large particles) and density (number
of particles) of ferromagnetic wear debris.

Applicable standards: Specific to equipment supplier.

22.3.1.7 MICROSCOPIC CONTAMINANT AND
WEAR PARTICLE IDENTIFICATION

When abnormal wear metals have been identified by other
methods, including particle counting, elemental spectros-
copy, or ferrous density analysis, a common and important
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Flg!.nre 22.12—Particles are pinned down to the ferrogram by
a high-gradient magnetic field.

exception test that should follow is microscopic particle

examination and identification. The most common version

of the procedure is referred to as analytical ferrography

[14]. Analytical ferrography involves the analysis of debris

deposited onto a ferrogram slide (aided by a magnet) or

alternatively a filtergram membrane (Figure 22.12).

Using an optical microscope (typically bichromatic
with bottom and top lighting), the particle morphology
(shape), color; size, reflectivity, surface appearance, edge
detail, angularity, and relative concentration provide the
analyst with clues about the nature, severity, and root
cause of the contaminant ingression or wear problem [14].
Scanning electron microscopy can also be used to examine
particles as well as their elemental composition using an
energy-dispersive spectroscopy feature. Ferrograms can be
heated on a hot plate to 330°C to help reveal the composi-
tion of particles. The heat can alter the color of the particle
by forming an oxide film that can help reveal its compo-
sition. The following describes how some particles change
in color from heat exposure according to composition
differences [15]:

* Copper alloy (bushings): Yellow before and after heat
treatment.

. Ag!eminum alloy (piston, bearings): Heat treat does not
affect.

*  Stainless steel: Slight straw color when heated.
Lead/tin babbitt (bearings): White color, mottled blue,
purple when heated.

* Copperflead babbitt (bearings): Yellow color; becomes
yellow with blue/purple mottling when heated.

*  Low-alloy steel (connecting rod, valve springs): Exposed
to progressive heating, light tan — straw color — blue/
violet — pale blue.

* Castiron (cylinders, crankshaft, camshaft): yellow-brown.

_Although largely a qualitative technique, the analyst
typically reports the presence and concentration of wear
particles, friction polymers, dirt and sand, fibers, and other
solid contaminants on a scale of 1-10 or 1-100 to describe
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the severity or concentration of the debris field. Descrip-
tive text and photomicrographs usually accompany the
enumerated values to clarify conclusions and recommend
corrective measures.

It is important to determine the root cause of
impending engine failure and abnormal wear problems
so they can be eliminated to preclude recurrence. By
combining information from analytical ferrography with
other lubricant analysis and maintenance technology
evaluations, the analyst attempts to answer the following
questions:
¢ Where in the engine does the contaminant or wear

debris originate?

e What is causing it?

How severe or threatening is it (residual life)?

Can the condition be mitigated or arrested without

downtime or production loss?

Applicable standards: ASTM D7684 (patch ferrography)
and ISO 16232 7&8.

22.3.1.8 Patch Test

This method is similar to the microscopic contaminant and
wear particle identification previously described. Using a
vacuum pump (either manual or electric), a small amount
of sample is pulled through a porous membrane (typically
~5 pm) to enable suspended particles to become deposited
on the membrane’s surface. A solvent is used to rinse any
residual oil from the surface of the membrane. Afterward,
the membrane can be visually inspected for overall particle
density and color. If an abnormal debris field is encountered,
the membrane can be placed under a top-lit microscope
for detailed analysis and characterization of the particles
(Figures 22.13 and 22.14) [3].

Many analysts estimate the fluids ISO Code (ISO
4406:99) on the basis of the overall appearance of particles,
sometimes using comparator standards. One such com-
parator standard used in the patch analysis of aviation fuels
is ASTM D2276, which is also easily adapted to lubricants.
However, unlike optical particle counters, patch testing
allows particle shape, color, edge detail, and organic particles
to be inspected. Unlike analytical ferrography, patch testing
is a relatively inexpensive screening procedure and can easily
be performed in the field.

Applicable standards: ASTM D7670 and SAE ARP 4285.

Figure 22.13—Patches of varying colors and densities.
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Figure 22.14—Patch images under magnification.

22.3.1.9 WATER CONTENT BY KARL FISCHER TEST
The Karl Fischer test is a titration method to measure the
water concentration in oil. It is usually performed after the
sample is screened with the hot plate “crackle test” or by
FTIR. Karl Fischer reports water concentration in percent-
age or parts per million (ppm) of the “total” water (free,
emulsified, and dissolved) in the oil sample.

In the volumetric test, the oil is titrated with a stan-
dard iodine-containing Fischer reagent to an electrometric
end point. The accuracy of the test is affected by the
presence of sulfur-containing additives such as detergents,
antiwear agents, rust inhibitors, and antiscuffing agents,
Many laboratories prefer the coulometric method com-
bined with co-distillation to eliminate the risk of additive
interferences [16].

Water corrodes iron and steel surfaces, accelerates
corrosion, depletes and degrades additives, promotes base
oil oxidation, and alters lubricant film strength. Large
amounts of water form persistent emulsions in motor oils
that join with insoluble oxidation products to form sludge
and may significantly impair engine reliability. In addition,
free water may cause the formation of hard, brittle deposits
on bearing surfaces.

The following are common causes of elevated water
content in engine oil:

Qil cooler leak,

Atmospheric condensation,

Intermittent running conditions, and
Cold-temperature service.

Applicable Karl Fischer standards: ASTM D1744-
volumentric (withdrawn but still in active use) and ASTM
D6304-98-coulometric.

22.3.1.10 ELEMENTAL SPECTROSCOPY
Elemental spectroscopy quantifies the presence of dissolved
and some undissolved inorganic materials by element in

the oil. Nearly all elemental spectrometers used today for

oil analysis are of the atomic emission type. One such

instrument works by exposing the sample to extreme temper-
atures generated by arcing electrodes commonly referred to
as rotating disc electrodes (RDEs).

Another common method uses an argon plasma torch
to vaporize the sample. This is known as an inductively
coupled plasma (ICP) spectrometer. The extreme heat
excites the atoms in the sample causing them to emit
energy in the form of light. Atomic elements emit light
at specific frequencies. The spectrometer quantifies the
amount of light generated at these frequencies to estimate
the concentration of each element (iron, lead, tin, etc.) in
parts per million by weight.

Atomic emission spectroscopy is particle-size limited.
Dissolved metals and suspended particles up to approximately
2 pm are detected with high accuracy. The accuracy
diminishes (lower recovery) as particle size increases up to
5 um. Elemental concentrations can be greatly understated
for particles larger than 5 pm.

Increasing or decreasing elemental concentration can
signal a change in the generation of wear debris, the ingress
of contaminants, and the addition or depletion of additives.
The table in Figure 22.15 generally categorizes the common
elements observed with oil analysis as wear, contamination,
or additives.

The following should be considered when diagnosing
nonconforming elemental data [3,11]:

* An increase in the concentration of elements such as
iron, copper, chromium, tin, aluminum, and lead
suggests that abnormal wear is occurring. Further
steps should include analysis of the debris with com-
plementary testing to determine its severity, nature,
origin, and root cause.

* Increasing concentrations of silicon, sodium, boron,
calcium, and magnesium can signal the ingress of
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| Element Wear Contamination Additive
Iron (Fc) X X
Copper (Cu) X X X
Chromium (Cr) X
Tin (Sn) X
Aluminum (Al) X X
Lead (Pb) X
Silicon (Si) X X
Sodium (Na) X X
Boron (B) X X
Calcium (Ca) X X
Magnesium (Mg) X X
Zinc (Zn) X
Phosphorous (P) X X
Molybdenum (Mo) X
Potassium (K) X

Figure 22.15—Common elements and their sources.

contamination. A lock-step increase in silicon and
aluminum typically suggests dirt ingress, although
silicon is also the primary element found in antifoam-
ing additives (silicone), which can cause confusing
results. Increasing levels of sodium and boron may
signal the ingestion of glycol-based coolant. Calcium
and magnesium are often present when hard water is
ingested (e.g., from cooling system leaks), but they are
also common elements found in engine oil additives.

* Numerous elements are used in a multitude of
additives. For example, zinc and phosphorous are
common in antiwear additives; sulfur, phospho-
rous, and molybdenum are common components of
extreme pressure (e.g., from a differential lubricant)
and friction modifier additives; and calcium and
magnesium are frequent components of engine oil
alkalinity improvers. Knowledge of the new oil base-
line is critical to trending additive depletion with
elemental spectroscopy.

Applicable standards: ASTM D4951 (ICP, additives);
ASTM D5185 (ICP, additives, wear metals, and
contaminants); ASTM D6595 (RDE, additives, wear
metals, and contaminants) and ASTM D7303-06
(metals in grease by ICP).

22.3.1.11 FLASH POINT TEST AND FUEL DILUTION
INSTRUMENTS

The flash point, when used to analyze used oils, can iden-
tify the presence of volatile molecules from fuel and other

flammable contaminants. A lubricant’s flash point is the
lowest temperature at which an ignition source (small
flame) applied to the oil’s surface causes the vapors of
the lubricant to ignite under specified conditions. The oil
is said to have “flashed” when a blue flame appears and
instantaneously propagates over the oil’s entire surface.
The oil flashes because a flammable mixture results when
it is heated sufficiently, causing vapors to emerge and mix
with oxygen in the air. The flash point temperature of an
oil corresponds roughly to a vapor pressure of 3-5 mm Hg.
Figure 22.16 shows the contaminants and other influencing
conditions that can alter the flash point in used oils.

Many laboratories simply test up to a specified tem-
perature (e.g., 20°C below the oil’s normal flash point). If
the oil flashes at this lower temperature it can be reliably
assumed that it has been diluted with fuel or other low-
boiling point flammable liquid. This pass/fail use of the
flash point test reduces the time to perform the test as well
as its cost. Those oils that fail can then be analyzed further
to determine the specific flash point to estimate the total
contaminant level (e.g., fuel contamination) [17].

This test is commonly used with engine oils (diesel,
gasoline, and natural gas) and occasionally with natural gas
compressor lubricants to detect excessive gas solubility. The
closed-cup flash point test is the most widely used method
for fuel dilution testing because of its sensitivity to low
concentrations of fuel. Fuel or chemical dilution severely
impairs the lubricant’s effectiveness and can cause fire or

explosion hazard [17].

Decreases Flash Point Increases Flash Point
Changes in oil chemistry ® Thermal cracking e Polymerization
e Radiation (cracking by ¥
rays)
* Microdicscling
Additions to the oil e Diesel fucl o  Waler
e Gasolinc e (Coal dust
* Natural gas * Glycolantifrecze
e Solvents * Wrong make-up oil
®*  Wrong make-up oil
* Water (instrument
interference)
Subtractions from the oil e Thermal cvaporation (boiling
point ofT of light ends)
* Vacuum dehydration

Figure 22.16—Contaminants and factors that influence flash point.
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Applicable flash point standards: ASTM D92 (Cleveland
open cup), ASTM D93 (Pensky-Marten closed cup), and
ASTM D3828-97 (small-scale closed cup).

22.3.1.12 OTHER USED OIL ANALYSIS TESTS

The previously described tests represent the core analyti-
cal methods used in the analysis of in-service lubricating
oils. There are many instruments and methods that are
emerging onto the market that show considerable promise.
Likewise. there are others that serve niche applications and
still others that are slowly being phased out to make room
for new technol ::} It is not possible to discuss all of these
technologies and analvtical methods. However, there are
a few that fall cuside of the mainstream that, for various
reasons, are worth noting.

22.3.1.12.1 Optical Soot Meters

Whereas some laboratories commonly use infrared spec-
troscopy to estimate the percentage soot in engine oil
(described previously), other laboratories prefer to use sin-
gle-channel optical devices (either white light or infrared)
to quantify the amount of nontransmitted light through a
fixed path length or they use an ATR cell. The nontransmitted
light fraction is defined as the soot load of the oil and is

often reported as percentage soot. This is a nonstandard-
ized test method.

22.3.1.12.2 Blotter Spot Testing

This simple test, also known as paper chromatography
or radial planar chromatography, is used to examine soft
insoluble suspensions in oil using blotter paper to which
a small aliquot of sample is applied. Varnish and sludge-
producing impurities will form distinct deposits and rings
on the blotter paper as the oil wicks outward in a radial
direction by capillary action. These impurities include
carbon insolubles, oxide insolubles, additive degradation
products, and glycol contamination. This is a good field and
laboratory test and is nonstandardized.

22.3.1.12.3 Glycol Reagent Method

The Schiff's reagent method (ASTM D2982) is a colorimetric
method for detecting trace amounts of glycol in lubricating
oils. In this method, a solution of HCl and periodic acid
is introduced to the oil to oxidize any glycol that may be
present. The reaction produces an aldehyde, which in turn
reacts with the Schiffs reagent, yielding a positive color
change from colorless to pink/purple—the darker the color,
the more glycol present.

22.3.1.12.4 Crackle Test

The crackle test is a noninstrument method of determining
the presence of water in oil, and in some instances, estimat-
ing its concentration. The usual procedure is to place a
couple drops of oil on the surface of a hot plate (320°F) and
then visually examine the response of the oil to the heat.
0il with no free or emulsified water will become thin and
spread because of the heat. Free and emulsified water will
result is vapor bubbles and scintillation (crackling sound),
With practice, the concentration of water can be estimated
when compared to known levels of water. This is a nonstan-
dardized method.

22.3.1.12.5 Fuel Dilution Meter

One other instrument of note is the fuzel dilution meter
that uses surface acoustic wave technology to detect and
quantify fuel contamination in motor oil. It samples the
“head space” in a bottle of oil on the basis of Henry's law to
assess fuel vapor concentration. Fuel vapor concentration

correlates to fuel dilution in the oil. This is a nonstandardized
method.

22.4 SETTING LIMITS AND TARGETS
Oil analysis alarms serve as a “trip-wire” to tell the ana-
lyst that a threshold has been passed and that action is
required. Some data parameters have only upper limits,
such as particle counts or wear debris levels. A few data
parameters use lower limits, such as BN, additive elements,
flash point, oxidation stability, and FTIR (additive). Other
data parameters such as viscosity and FTIR use upper and
lower limits. These generally relate to important chemical
and physical properties of the lubricant in which stability
of these properties is desired.

Alarming techniques vary to fulfill the requirements of
different oil analysis objectives. These techniques can be
generally categorized as proactive and predictive alarms.

22.4.1 Proactive Alarms

Proactive alarms alert the user to abnormal conditions

associated with root causes of engine wear, operating faults,

and lubricant degradation. They are keyed to the proactive
maintenance philosophy of setting targets and stabilizing
lubricant conditions within those targets. A strategic
premise of proactive alarms is that they be set to levels that

will generate improvement over past performance (e.g.,

cleaner, dryer, etc.) or ensure that conditions are maintained

to within levels that have previously been optimized relative
to organizational objectives. Within the proactive domain, the
following types of alarms and limits are used:

* Goal-based targets: Goal-based targets are used to
reduce stress (e.g., contamination) on the oil and
engine to extend service life (Figure 22.17).

» Aging limits: Aging limits alert car owners to the
approaching end of the service life of the oil or engine
component (Figure 22.18).

22.4.2 Predictive Alarms

Predictive alarms signal the presence of abnormal engine
conditions or the onset of wear and failure. They are aligned
with the goals of predictive maintenance (i.e., the early

»

Goal-Based
Limits

Limit Setting

.
L

Machine Reliability (MTBF)

Figure 22.17—Goal-based limits are used on the oil and
engine to extend service life.



CHAPTER 22 = ANALYSIS OF IN-SERVICE AUTOMOTIVE ENGINE OILS 411 — =

* exceeds 2 standard deviations, the value is considered
irs Aging Limits in critical alarm.

________________________________ 22.5 INTERPRETING AND APPLYING OIL
ANALYSIS RESULTS
Interpreting oil analysis data requires an understanding
of the specific oil analysis tests and an understanding of
how these tests interrelate when oil and engine conditions
change. Reference the table in Figure 22.20 during the
discussion of the primary and secondary oil analysis indica-
- tions for typical abnormal conditions.

Data Parameter

Time :
Condition-Based 22.5.1 Solid Particle Contamination

Oil Change An alarm on particle contamination signals an increase in

: ded particles due to such occurrences as the failure
Figure 22.18—Aging limi i TR i Vo :

hg 2.18—Aging limits alert to the approaching end of of the lube oil filter, abnormal ingestion of contaminants

the service life of the oil or engine. : $oaiE : i
from the engine air induction system, contaminated new
oil, or an increase in the internal generation of wear

detection of engine failure symptoms as opposed to failure debris.
root causes [proactive maintenance]). Within the predictive *  Primary test:

domain, the following oil analysis alarming techniques can e Particle count: Use suitable automatic particle
be used: counting or microscopic particle counting methods.
* Rate-of-change-based alarms: Rate of change alarms are Report ISO code, or particle count (at different
typically set to measure properties that are being pro- sizes in micrometres), or both.
gressively introduced into the oil, such as wear debris
(Figure 22.19). The add rate (change) can be calculated
per unit of time, hours, cycles, etc. For example, a Ao S
100-ppm increase in iron over a period of 100 operating I |
hours could be stated as 1 ppm/h operation. Rate-of- g % : .
change limits are effectively applied to particle counting, g g 5 | s f §
elemental wear metals, ferrous density, and BN. It can § 5 3 g |= §5 f
also be effectively applied to monitor abnormal deg- 3 2 ‘é
radation of additives using elemental analysis, linear Oil Analysis Tests § g § g‘ E 3 ! | S
sweep voltammetry, and FTIR spectroscopy. Particle Count PIsls |
* Statistical alarms: This practice requires the availability Viscosity Pis] iSisisis| PP
of a sufficient quantity of historical data for the par- mgm : > ‘: : 5T T F ,l: %5 ;
ticular type of engine and type of service. A population Ferrous Density P IS T
mean and associated standard deviation are generated Analytical Ferrography _|S P R e
from the available data. The data from a sample of used RPVOT P 8
oil are compared to the mean of the population. If the lst.:;Uw s TP 1P ‘rz BT P s , lp \ :
value falls within 1 standard deviation of the mean, [Flash Point Test &1 1 Pl | 1S P

then it is considered normal. If it falls outside of 1 stan-
dard deviation from the mean, but within 2 standard
deviations, then it is considered a caution. If the result

Figure 22.20—Table of commonly used primary and
secondary (confirming) oil analysis indicators.

o “>*._ Rate of Change Limits

»*  slope =nsefrun .
\ rise
N "4 change

Y run -
..--h-------“-

N
2

makeup oil
|
|

Level of Data Parameter

Time
Figure 22.19—Trend-line slope is a visual indication of rate-of-change and parameter severity.
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e  Secondary tests:

*  Elemental spectroscopy: Often, when a particle
count increases the elemental levels of the particles
present increase. For dirt contaminated oil, silicon
and aluminum typically increase. Likewise, wear
metal elements may increase depending upon the
metallurgy of the failing components.

s  Wear particle identification: Although expensive
and time-consuming, examining individual particles
onto a slide or membrane and viewing them under
a microscope will reveal an increase in particle
count and information on the particle source.
Quantification of the particulate is limited with
this technique.

22.5.2 Wear Debris Detection

When engines are operating abnormally because of lubrica-
tion failure, contamination, corrosive conditions, thermal
distress, etc., a message is sent into the oil in the form of
wear debris.

*  Primary tests:

* Ferrous density: Measuring an increase in the
production of ferrous debris is a good indication
of abnormal wear because so many engine com-
ponents and frictional surfaces are constructed
of steel or iron. These tests are biased against
nonmagnetic wear debris generated from brass,
bronze, aluminum, lead, tin, and stainless steel
surfaces.

*  Elemental analysis: A rise in the level of elemen-
tal metals is an indication of the presence of an
abnormal engine condition. By comparing results
to component metallurgy records, the abnormal
condition can often be qualified.

*  Secondary test:

e  Particle count: Any wear that is generated will result
in an increase in particle count. However, particle
count reports no differentiation between ingested
debris such as dirt and generated wear particles.

22.5.3 Wear Debris Analysis

When an abnormal wearing condition is encountered, it
can be analyzed to provide an indication of the nature,
severity, and root cause of the problem. This requires an
investigation of the wear particles themselves along with a
review of collateral information such as engine acoustics,
exhaust smoke color, computer diagnostics, operational
information, etc.

*  Primary lests:

*  Analytical ferrography: This microscopic technique
provides an abundance of information about the
wear debris and the wearing event. By evaluating
particle size, dimension, shape, and appearance,
the analyst can often determine what wear mecha-
nism generated the debris. By manipulating the
particles with light, heat, and chemicals, the
memﬂmm‘ofthepaniclescano&enbedcﬁnad

®  Elemental spaamsaapy When engine component

. qusm : Trending an increase in the rate
at which ferrous particles are generated provides

important information about the severity of a failure
event. Also, some ferrous density testers provide
large and small ferrous particle differentiation. A
rising “percentage large particles” reading (from
direct reading ferrography) suggests increased
severity. These devices are biased toward magnetic
particles.

®  Particle count: The rate at which particle count
increases is indicative of the severity of the problem.
Also, most particle counters sort the particles by
size range. An increasing generation of large
particles suggests high urgency. Particle counters
lack the ability to differentiate particles by type
(dirt or wear).

22.5.4 Abnormal Viscosity

Viscosity can increase for several reasons. Oxidation, ther-
mal failure, water/glycol contamination, soot loading, and
wrong oil are the most common reasons. Fuel dilution,
viscosity index improver (additive) shear-down, and base oil
cracking all reduce viscosity.

*  Primary test:

» Viscosity: Viscosity is the “catch all” test for several
abnormal lubricant or contaminant conditions.
Changes in viscosity are often an early indicator
of other problems that involve the need for an
expanded scope of analysis.

*  Secondary tests:

e« AN: If the increase in viscosity is associated with
oxidative failure, the AN will typically increase.
AN sometimes increases or decreases when the
wrong oil (and wrong viscosity) has been added to
the sump because of the influence of the additive
package on the AN.

* FTIR spectroscopy: When viscosity changes because
of thermal failure, oxidation, fuel dilution, or glycol
contamination, the FTIR spectrum tends to change
at certain bands. If the wrong or mixed oil is being
used, numerous spectral features will also tend to
change.

®  Flash point test: When the oil has been contaminated
with fuel or solvents, the flash point will drop.

22.5.5 Moisture Contamination

Moisture in all of its forms brings nothing but trouble to the
lubricant and engine. It rusts iron and steel surfaces, pro-
motes corrosion on other metal surfaces, and over time can
destroy the lubricant. Moisture can enter the oil from many
places, including coolant leaks and combustion blowby. It is
common for moisture generated by engine combustion to
condense in the crankcase because of wintertime and short-
distance driving conditions.

*  Primary lests:

» Moisture tester: Water can be screened to
approximately 500-1000 ppm with the crackle test
depending on the exact procedure used and the
type of oil. Quantification of the moisture content
(if required) is best accomplished using the stan-
dard Karl Fischer titration procedure.

* FTIR spectroscopy: FTIR serves as an e.ffective
screen for moisture above approximately 1000 ppm
for mineral oils, depending on the instruments
signal-to-noise ratio. FTIR will also signal the

® b
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presence of glycol if leakage is from a cooler that
uses glycol-based antifreeze.

*  Secondary tesis:

Viscosity: When high levels of water contaminate
oil, an emulsion is often formed. The viscosity, as
measured by traditional viscometers, will increase
under these conditions.

Elemental spectroscopy: Often, metals accompany
the ingested water. For example, hard water brings
calcium. Salt water brings sodium. Water and glycol
(coolant) bring sodium, boron, and potassium
depending on the corrosion inhibitors used in the
antifreeze. The source of the water can often be
localized by examining the relative concentration
of these trace metals.

22.5.6 Additive Depletion

Additives are among the most difficult parameters to
measure using oil analysis. The additives exist as organic,
inorganic, or organometallic compounds that improve base
oil performance. Often, it is easier to assess the performance
characteristic than the additive itself. Still it is possible to
estimate the RUL of certain additives using conventional
oil analysis techniques. New technologies have greatly
expanded this capability.

*  Primary tests:

4.0 -
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Elemental spectroscopy: Many additives are
organometallic compounds using zinc, phospho-
rous, magnesium, calcium, silicon, etc. These
levels can be effectively assessed using elemental
spectroscopy. The technique has two primary
limitations:

1. Additives can be decomposed and their con-
stituent elements transformed into other
molecules with no visible change in elemental
concentration. These are often referred to as
dead additives or additive floc; their mass
still exists in the oil but they are no longer func-
tional. For certain additives, a loss of elemental
concentration of just 25 % is enough to merit
concern for the remaining 75 % additive mass
(that may be dead). Some additives lose mass
by precipitation (drop out), water washing,
particle scrubbing, filtration, etc.
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2. Many additives have elements similar to wear
metals and contaminants. For example, dirt
and some antifoaming agents appear on the oil
analysis report as silicon.

FTIR spectroscopy: FTIR spectroscopy can to a

certain extent measure the presence of active

additive molecules, including organic molecules

(see Figure 22.21) [18]. It is limited by (1) its poor

ability to quantify additives in low concentrations

and (2) interferences that might occur.

BN: The oil’s reserve alkalinity (detergent additive)

is measured using the BN test. As BN declines, the

oils’ ability to counteract the ingress of combustion
acids is weakened. A loss of BN signals the need for
an oil change or make-up oil.

Blotter spot test: The blotter spot test is extremely

effective at assessing the condition of motor oil

dispersancy.

22.5.7 Oxidation Stability
Oxidation stability is an indication of the oil’s residual

ability to resist oxidation. Some oil analysis tests measure
the byproducts of oxidation whereas others attempt to mea-
sure the oil’s ability to resist oxidation. Figure 22.22 plots the
pre- and postoxidation physical and chemical oil properties
that can be monitored by routine oil analysis [19].

e  Primary tests:

AN: As an oil oxidizes, organic acids (formic,
carboxylic, etc.) are produced. Measuring the con-
centration of these acids is a measure of oxidative
damage that has occurred. Not all acids found in
oil relate to oxidation.

FTIR spectroscopy: During oxidation, the oil's base
molecules (hydrocarbon) are turned into ketones,
aldehydes, carboxylates, and other transition mol-
ecules. Many of these new molecules have ester
functional groups and can be measured with FTIR

spectroscopy.

s  Secondary tests:

Viscosity: As the oil oxidizes, its viscosity typi-
cally increases. As such, viscosity trending is not a
good forecasting technique for oxidation stability
but is rather a positive indication of the onset of

oxidation.
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Figure 22.21—FTIR spectrum showing spectral bands of common motor oil additives.
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Figure 22.22—O0il analysis properties that characterize pre-
and postoxidation physical and chemical oil properties [19].

22.5.8 Glycol Contamination

Glycol (antifreeze) enters lubricating oils from the cooler.
Leakage from corrosion, seal failure, cooler core damage,
and cavitation are the most common causes of glycol con-
tamination. Glycol is extremely harmful to (1) the lubricant
base oil (promotes oxidation and deposit formation),
(2) additives (additive reactions forms abrasive oil balls),
(3) filtration (plugs pores prematurely), and (4) the engine
(corrosion, wear; etc.).

¢  Primary tests:

e Elemental spectroscopy: Most commercial anti-
freeze formulations include corrosion inhibitors
that contain sodium, boron, or potassium, or a
combination of these, among other elements. The
inhibitors transfer into the oil with coolant (glycol)
contamination. As such, they can be detected ele-
mentally by trending boron, sodium, or potassium,
or a combination of these. The presence of these
elements effectively serves as “markers” in detecting
and quantifying glycol contamination.

e  Secondary tests:

s Viscosity: When a significant amount of glycol
is present in used oil there will typically be an
increase in oil viscosity. Therefore, an increase
in oil viscosity should be investigated as possible
antifreeze contamination.

*  Water testers: While not all coolant leaks result in
the prolonged presence of water in the crankcase
oil (water boils off quickly at normal engine run-
ning temperatures) some amount of water is not
uncommon.

»  Schiff’s reagent method: This is a colorimetric
procedure used in the field and in the laboratory.
If there is antifreeze in the oil there will be a dis-
tinctive color produced by the chemical change of
the glycol-contaminated oil when mixed with the
Schiffs reagent. Often glycol transforms rapidly
into other chemicals after it contacts the oil. This
condition frequently results in a false negative
from this test.

*  Blotter spot test: By placing a couple drops of o
on common blotter paper or card stock a qualita-
tive assessment of glycol contamination can be
obtained.

22.5.9 Fuel Dilution

Fuel typically gets into the crankcase as an incomplete com-
bustion byproduct (blowby) or by leakage. Either way, the
influence of the fuel on lubrication can be substantial. For
instance, just 10 % fuel dilution can be enough to reduce
an SAE 30 viscosity to an SAE 20. The reduced oil viscosity
can alter critical oil film thickness in engine components.
Additionally, the fuel dilutes additive concentrations. If
excessive fuel levels are measured (>3 %); the source of the
fuel needs to be determined and remedied.

*  Primary lests:

* Flash point testing: When a lubricant is properly
baselined, a sudden drop in flash point is a positive
indication of fuel dilution.

* FTIR spectroscopy: There are specific search areas
in the infrared spectra that can be used to assess
the presence of gasoline and diesel in lubricants.

e  Fuel dilution meter: This instrument uses a head-
space sampler to measure fuel vapor: This correlates
well with fuel dilution using Henry's law.

e  Secondary tests:

* Viscosity: Fuel contamination of crankcase oils
sharply influences the blended viscosity. Fuel that
enters the crankcase through the combustion
chamber (blowby) may only consist of the heavier
molecules (i.e., reducing the resultant viscosity
effect). However, raw fuel from leakage will sharply
lower viscosity and oil film thickness.

22.5.10 Soot and Lost Dispersancy

Soot enters crankcase oil from combustion blowby.
Excessive amounts occur when oil drains are overextended,
air cleaners are plugged, rings/liners are worn, or overfuel-
ing conditions occur, or any combination of these. As soot
builds in the oil, the performance of the oil can degrade to
eventually impair lubrication and result in the formation
of sludge and deposits. Soot load and the quality of soot
dispersancy (influenced by additives) affect the timing
of a condition-based oil change for crankcase lubricants.
Dispersancy is considered impaired when soot particles
coagulate, forming carbon suspensions larger than 1 pm.
Depending on the grade of oil and engine type, soot con-
centrations in the range of 2-5 % are typically flagged as
abnormal.

*  Primary tests:

* FTIR spectroscopy: Infrared provides a reliable,
time-efficient test for soot load. However, it does
not evaluate the quality of dispersancy. Because soot
absorbs infrared energy across the full spectrum,
its concentration is quantified by the resulting
baseline shift (spectral shift). It is typically presented
as percentage soot or percentage transmittance
(for infrared).

*  Optical soot meters: These can provide a quick and
reliable determination of soot concentration.

* Secondary tests;

¢ Viscosity: Viscosity will generally increase some-

what with increasing concentrations of soot. There is
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even 2 sharper effect on viscosity when dispersancy
is lost.

* Blotter spot test: In addition to soot load, the
appearance of well-defined annular structure
(rings, halos, dark center spot, etc.) points to loss
of dispersancy.

22.5.11 Alkalinity Reserve

Monitoring and controlling the reserve alkalinity of crank-
case oils is key to any extended, condition-based oil drain
strategy. Certain fuels (e.g., high in sulfur) and operating
conditions (cold climates, short trips, etc.) contribute to
loss of alkalinity reserve. High blowby from worn engines
can also lead to corrosive conditions.

*  Primary test:

* BN: This particular test has been performed for
many years to assess alkalinity reserve by oil labo-
ratories. The preferred procedure is ASTM D4739
or ASTM D5984-96. Typically, crankcase oils are
scheduled for change when BN drops to 50 % of
the original, new-oil BN. BN results less than 2 are
considered critical (corrosive).

REFERENCES

[1] Fitch, J.C., 2000, “Sampling Methods for Used Oil Analysis,”
Lubric. Eng., pp. 40-47.

[2] Fitch, J.C., 1998, “Elements of a Successful Oil Analysis
Program—Part I Oil Sampling,” Lubric. Eng., pp. 33-36.

[3] Fitch, J.C., and Troyer, D., 2010. Oil Analysis Basics (2nd ed.),
Noria Corporation, Tulsa, OK.

[4] Fitch, E.C., 1988, Fluid Contamination Control. FES, Inc.,
Stillwater, OK.

[5] Fitch, J.C., 1999, “The Influence of Bottle Cleanliness and
Sample Agitation on Particle Count Trends,” Practicing Oil
Analysis Magazine, March.

[6] Sommer, H.T.,, 1999, “Advancements in Oil Condition
Monitoring,” Paper presented at the Practicing Oil Analysis
Conference, Tulsa, OK, October 26-27.

[7] Fitch, J.C., 1986, Theory, Design, and Performance Character-
istics of a Direct-Reading Portable Solid Contaminant Analyzer,
SAE Paper 860738, SAE, Warrendale, PA.

[8] Fitch, J.C., 2005, “The Agony of Diesel Engine Oil Particle
Counts,” Practicing Oil Analysis Magazine, March.

[9] Barraclough, T.G., and Walsh, D.P., Establishing Wear Parti-
cle Limits Using the Theory of Dynamic Equilibrium Together
with the LaserNet Fines Q200 to Predict when Abnormal
Wear Modes Are Taking Place in Machinery, Spectro, Inc.,
Littleton, MA.

[10] Reintjes, J., Tucker, J.E., Thomas, S.E., Schultz, A.V., Tanker-
sley, L.L., Lu, C., Howard, P.L., Sebok, T., and Holloway, C.,
2001, “The Application of LaserNet Fines for the Detection
of Mechanical Wear and Hydraulic Contamination for CBM
Systems.” Paper presented at the ASNE Fleet Maintenance
Symposium, San Diego, CA, August 28-30.

[11] Fitch, J.C., 1996, “Elements of an Oil Analysis Program.” In
STLE/CRC Tribology Data Handbook, E.R. Booser, Ed., CRC
Press, Boca Raton, FL.

[12] Fox, M.E, 2006, “The Degradation of Lubricants in Service
Use.” In Handbook of Lubrication and Tribology. Volume 1I:
Application and Maintenance, G. Totten, Ed,, CRC Press, Boca
Raton, FL.

[13] Fitch, J.C., and Bames, M., 2003, “Hydrocarbon Analysis.”
In ASTM Fuels and Lubricants Manual, G. Totten, Ed., ASTM
International, West Conshohocken, PA.

[14] Anderson, D.P., 1982, Wear Particle Atlas (Revised). Report Pre-
pared for Advanced Technology Office, Naval Air Engineering
Center, NJ, 1982.

[15] Belmondo, A., Giuggioli, F.,, and Giorgi, B., 1983, “Optimization
of Ferrographic Oil Analysis for Diesel Engine Wear Monitor-
ing,” Wear, Vol. 90, pp. 49-61.

[16] Gebarin, S., 2004, “A Closer Look at Karl Fischer,” Practicing
Oil Analysis Magazine, March.

[17] Fitch, J.C., 2000, “The Enduring Flash Point Test,” Practicing
Oil Analysis Magazine, March.

[18] Wooton, D., 2003, “Trending Additive Depletion,” Paper pre-
sented at the Lubrication Excellence Conference, Nashville,
TN, March 23-25.

[19] Kauffman, R.E., 1995, “Remaining Useful Life Measurements
of Diesel Engine Oils, Automotive Engine Oils, Hydraulic
Fluids, and Greases Using Cyclic Voltammetric Methods,"”
J. Soc. Tribologists Lubric. Eng,, Vol. 51, pp. 223-229.






