
ZDDPlus™ Tech Brief #1 

Introducing ZDDPlus™ 

Who is ZPlus, LLC? 
ZPlus, LLC is a company formed by classic car enthusiasts to meet the needs of classic car aficionados.  We have 
seen that the automotive industry in general is changing in response to the environmental and financial pressures 
of today, with little concern for the classic car industry.  We are engineers and automotive technicians by trade, and 
bring many years of problem solving experience to the task of keeping our classic cars operational and running 
better than new.  We hope one of the solutions we have designed for our own use will meet your needs as well.  
We have developed ZDDPlus™ to address the need of classic car owners for oil that will meet the specifications of 
the original oil for which their engines were designed. 

Why do we need ZDDPlus™? 

As part of an effort to reduce vehicle emissions, the U.S. EPA offers vehicle manufacturers “credits” for early 
implementation as well as penalties for violation of emission reduction standards.  The EPA’s program called for 
100,000-mile catalytic converter life by 2004, 120,000 miles by 2007, and 150,000 miles by 2009.  To achieve 
these goals, automotive manufacturers have pressured their oil suppliers to remove substances from motor oils 
that would shorten the service life, including the proven antiwear additive ZDDP (zinc dialkyldithiophosphate).  Zinc 
and phosphorus from the ZDDP can be present in small amounts in the exhaust gas of an engine depending on the 
amount of oil which is consumed in combustion.  Phosphorus in particular has been singled out as an element 
which can coat the catalyst reducing the amount of catalyst exposed to the exhaust gases and ultimately increasing 
emissions at the tailpipe.  As a result of the EPA mandate, the phosphorus level in engine oils (from the ZDDP) has 
been declining since the introduction of SJ oils in 1996, roughly coinciding with the implementation of OBD-II.    

What Is ZDDP? 

To quote one 2005 research study: “The most common antiwear additives used in engines are zinc
dialkyldithiophosphates (ZDDPs), which have the chemical formula Zn[S2P(OR)2]2, where R is an alkyl group. 
ZDDPs have successfully been used for over 60 years, and to date no superior antiwear additive has been 
developed for use on steel.”1  ZDDP has an excellent track record at protecting the sliding metal-to-metal cam lifter 
interface.  Historically, ZDDP has been added to oils in amounts resulting in approximately 0.15% phosphorus and 
0.18% zinc.  ZDDP protects by creating a film on cams and flat lifter contact points in response to the extreme 
pressure and heat at the contact point.  The film of zinc and phosphorus so formed provides a sacrificial wear 
surface protecting the base metal of the cam and lifter from wear.  In the course of normal service, this conversion 
of ZDDP to elemental zinc and phosphorus depletes the ZDDP level in the oil.  Studies show that depending on the 
specific engine and severity of duty, after 2000-4000 miles of operation, the level of ZDDP can drop below that 
considered adequate to provide wear protection to the cam and lifters. 

https://www.carid.com/kirban-performance/


According to the SAE Tech Bulletin # 770087,2 operation of a flat-tappet engine without adequate antiwear 
additives such as ZDDP quickly leads to lifter foot scuffing and cam lobe wear.  Camshafts are typically only 
surface hardened leaving the core ductile for strength.  According to the SAE Bulletin, once cam lobe wear reaches 
500 µm (0.020"), “subsequent wear is usually rapid and catastrophic.”  In order to make engines last in the 
absence of ZDDP, virtually all IC (internal combustion) engines designed in the last ten years utilize roller lifters. 
Today, ZDDP has been removed from practically all automotive engine oils, rendering them unsuitable for use with 
older engines with non-roller lifters. 
ZDDPlus™ is the ONLY antiwear component which re-establishes the ZDDP levels our classic car’s engines were 
designed for, while allowing the car owner to use the base oil of their choice.  While some off-the-shelf additives 
may have some ZDDP, the amount per bottle is small, and when enough is used to get the proper concentration of 
ZDDP, there is a quart or more of unspecified oil that comes along with it.  This dilution of 20% of your oil with 
unspecified oil also means there is 20% less of the proper additive package.  The chart below compares the 
amount of ZDDP in ZDDPlus™ to GM EOS, a leading additive which claims to provide ZDDP-based wear 
protection.  The ounces of each additive given in the chart is what you would have to add to 5 quarts (160 ounces) 
to achieve the target phosphorus level listed in red.  



Why do we need additives? 

Modern engine oil is a precise mix of base oil with additives which can total 10% or more of the oil by volume.  
These additives are more expensive than the base oil by volume, and oil companies are in business to make a 
profit.  Common sense says that these additives are there with good reason.   
Modern engine oil is a multi-purpose fluid in an engine, carrying the heat away from hot spots and releasing it in the 
sump, as well as providing lubrication to critical areas which need protection against wear.  Different additives are 
put in the oil in order to address the needs of each specific engine system that is supplied with oil: 

The crankshaft and connecting rod bearings discharge oil into the spinning reciprocating assembly, 
and an anti-foaming additive keeps the oil from turning into foam.   
The heat developed on high-pressure contact areas can exceed the breakdown temperature rating 
of the base stock, so heat stabilizers are added in order to fight viscosity breakdown and ashing. 
In multi-viscosity oil, the multi-viscosity characteristic is established by an additive. 
Acids and byproducts of combustion are neutralized by other additives. 
A dispersant additive helps keep particulates in suspension. 
Detergents are added to bind with contamination and encapsulate it, and to lower the surface 
tension to a specific value to help keep contaminants in suspension and off of the metal engine 
parts.  Some detergents also interact with the EP additive to gain an additional level of wear 
protection. 
The sliding cam-to-cam-follower interface in a non-roller lifter engine requires a special EP additive, 
which has historically been the ZDDP that is now reduced in practically all automotive oils. 

ZDDPlus™ contains the proper amount of ZDDP to give a 0.18% zinc and 0.13% phosphorus level when a single 
4 oz bottle is added to a normal 5-quart oil change.  This level of zinc and phosphorus is the level designed into 
pre-OBD-II oils.  The ZDDP present in the oil may make this amount higher. Using ZDDPlus™ affords you total 
control over the characteristics of the oil in the engine by allowing you to use the full 5 quarts of high-grade 
automotive oil of your choice. 

What about off-the-shelf additives and supplements? 

Automotive industry-approved oils have always been more than adequate for the engines designed when the oil 
was current.  The use of current grade oils has always been adequate to satisfy car manufacturer’s requirements 
and warranty demands. Historically, with few exceptions, newer grades have superceded the performance of their 
predecessors.  The removal of ZDDP has resulted in a clear change to that philosophy.  It has never been 
necessary or desirable to include additives or supplements to any industry approved oil to meet car manufacturer’s 
specifications or warranty requirements.  In virtually all cases, off-the-shelf additives amount to little more than 
automotive snake oil.  Consequently, if these additives actually had adequate levels of ZDDP, they would be 
incompatible with modern engines and void manufacturer’s warranties. Due to this unprecedented turn of events in 
emissions requirements, ZDDPlus™ should not be confused with an off-the-shelf additive.  ZDDPlus™ should be 
considered a replacement for a missing oil component critical for older cars.   

Why can’t we use diesel CI/CJ-4 rated oils? 

There are some diesel engine rated oils on the market which may still have some ZDDP.  There are problems 
associated with using these oils in a normal gasoline engine which can become severe in a high-performance 
gasoline engine.  One issue is the high amount of detergent additive, and another is the high viscosity. 
High-detergent oil has a lower surface tension and lower shear pressure rating which can cause higher bearing 
wear in gas engines.  A diesel engine needs oil with very high-detergent capabilities in order to hold the large 
amount of combustion by-products in suspension, but it is not optimized for a gasoline engine.  The bearing journal 
size-to-displacement ratio on a gasoline engine is designed around the use of a lower-detergent oil and relies on a 
high shear rating of the oil. 



The other problem with high-detergent oil is that it actually reduces the friction reduction the ZDDP affords, 
especially in a high-performance, high valve-spring-pressure engine. 
The viscosity rating of most diesel rated oils is higher than optimum for our higher revving gasoline engines, and 
can cause oil starvation or bearing overheating at high rpms. 

Why can’t we use racing oils? 

There are some racing oils which maintain a level of ZDDP.  Racing oils are optimized for short-term severe duty, 
in contrast to oil designed for day in, day out street operation.  The additive package in racing oil does not have the 
same detergent characteristics which are designed into extended service oils.  As a result, racing oils may not have 
the capability of neutralizing acids and keeping contaminants in suspension.  Also, the breadth of choice of 
viscosity, so important to correct street engine operation over a broad temperature range, is not available in 
racing oils. 
By using ZDDPlus™ in addition to a modern high-quality SM oil of the proper viscosity, the correct EP lubrication 
level is established, and the oil characteristics remain optimized for your engine. 



ZDDPlus™ Tech Brief #2 

ZDDP and Cam Wear:  Just Another Engine Oil Myth? 

In the Dec. 2007 GM Techlink publication for GM dealers and technicians, GM engineer and author Bob Olree 
speculated that the current spate of cam and lifter failures being caused by newer oil is a myth, similar to others 
which have persisted in automotive mythology.   He opens with the statement:  

“Engine Oil Myths - Over the years there has been an overabundance of engine oil myths. Here are some facts you 
may want to pass along to customers to help debunk the fiction behind these myths.” 

This is, of course, absolutely true.  In the absence of facts, rumors are generated and persist far beyond any 
applicability to the situation which gave them life.  Olree then continues, giving individual cases to illustrate his 
point.  We examined each of the cases in an effort to decide whether or not his point is valid. 

Case 1 – Pennsylvania Crude Myth 

“The Pennsylvania Crude Myth - This myth is based on a misapplication of truth. In 1859, the first commercially 
successful oil well was drilled in Titusville, Pennsylvania. 

A myth got started before World War II claiming that the only good oils were those made from pure Pennsylvania 
crude oil. At the time, only minimal refining was used to make engine oil from crude oil. Under these refining 
conditions, Pennsylvania crude oil made better engine oil than Texas crude or California crude. Today, with 
modern refining methods, almost any crude can be made into good engine oil. 

Other engine oil myths are based on the notion that the new and the unfamiliar are somehow ‘bad.’” 

It is human nature to be unsure about new technology.  We agree that the situations vis-à-vis Pennsylvania crude 
oil and detergent oil is adequately explained by this aspect of human nature.  The working fundamentals of many 
modern technologies, such as engine oils, are far beyond the grasp of an average person.  When reading Bob 
Olree’s comments, we also acknowledge that they are applicable to an average vehicle and engine.  There are few 
people who have as much direct experience with the issue of ZDDP (ZDP) and oil test Sequences as he has. 

However, to describe the current situation where oils are being marketed with little or no ZDDP as merely another 
“new or unknown = bad” myth does not do the facts of the situation justice.   

There are no test reports we know of which conclude that any low or zero ZDDP oil is compatible with older 
flat-tappet high-performance engines. 



There is, on the other hand, research that concludes the minimum ZDDP requirement is directly related to the lifter 
foot pressure.  In one SAE paper it is reported that: “at a ZDP level corresponding to 0.02% phosphorus, scuffing 
occurred at 200 pounds lifter load, while it required 240 and 480 pounds lifter load for oils containing 0.04 and 
0.06% phosphorus, respectively, to initiate scuffing. At 0.08% phosphorus concentration, no scuffing occurred up  
to 600 pounds lifter load, the test 
hardware limit. Scuffing occurred at 
350 pounds lifter load with no ZDP 
(0% phosphorus).” 1  

lifter load vs ZDP % at scuff point

0

100

200

300

400

500

600

700

0 0.02 0.04 0.06 0.08 0.1

ZDDP %

LI
ft

er
 lo

ad
 in

 p
ou

nd
s

This relationship can be graphed:  

The older engines we are 
concerned about may have lifter 
foot pressures several times that of 
a low-performance engine such as 
those used in the Sequence III 
tests, and their wear characteristics 
are not predicted by common 
Sequence III testing methodology.   

Case 2 – Synthetic Oil Myth 

“The Synthetic Oil Myth - Then there is the myth that new engine break-in will not occur with synthetic oils. This one 
was apparently started by an aircraft engine manufacturer who put out a bulletin that said so. The fact is that 
Mobil 1 synthetic oil has been the factory-fill for many thousands of engines. Clearly, they have broken in quite well, 
and that should put this one to rest.” 

One of our engineers drives a 1996 Chevrolet Impala SS with an LT1 engine which was filled at the factory with 
Mobil 1, and has never had any other oil in it.  It has indeed broken in well, and at over 200,000 miles it still has 
very little blow-by.  So, while we would tend to agree with Mr. Olree’s conclusion for the Impala SS specifically and 
for newer cars in general, we also know that the ring and engine block materials in engines of different ages and 
manufacture have very different break-in requirements.  So, a statement such as Mr. Olree makes should not be 
thought of as a maxim that applies to all engines ever made.  As a matter of fact, no engineer would use one data 
point to conclude this applies to all engines WITHOUT valid test results to back up the statement.  If Mr. Olree does 
have the data (it would not be surprising given the amount of research he has been associated with) and was 
merely trying to keep the article short, we would like to review the material in its entirety. 

Case 3 – Starburst Oil Myth 

“The Starburst Oil Myth - The latest myth promoted by the antique and collector car press says that new Starburst/ 
API SM engine oils (called Starburst for the shape of the symbol on the container) are bad for older engines 
because the amount of anti-wear additive in them has been reduced. The anti-wear additive being discussed is 
zinc dithiophosphate (ZDP). 

Before debunking this myth, we need to look at the history of ZDP usage. For over 60 years, ZDP has been used 
as an additive in engine oils to provide wear protection and oxidation stability.  ZDP was first added to engine oil to 
control copper/lead bearing corrosion. Oils with a phosphorus level in the 0.03% range passed a corrosion test 
introduced in 1942.  In the mid-1950s, when the use of high-lift camshafts increased the potential for scuffing and 



ng, 

wear, the phosphorus level contributed by ZDP was increased to the 0.08% range.  In addition, the industry 
developed a battery of oil tests (called Sequences), two of which were valve-train scuffing and wear tests.  A higher 
level of ZDP was good for flat-tappet valve-train scuffing and wear, but it turned out that more was not better. 
Although break-in scuffing was reduced by using more phosphorus, longer-term wear increased when phosphorus 
rose above 0.14%. And, at about 0.20% phosphorus, the ZDP started attacking the grain boundaries in the iron, 
resulting in camshaft spalling.  By the 1970s, increased antioxidancy was needed to protect the oil in high-load 
engines, which otherwise could thicken to a point where the engine could no longer pump it. Because ZDP was an 
inexpensive and effective antioxidant, it was used to place the phosphorus level in the 0.10% range.  However, 
phosphorus is a poison for exhaust catalysts. So, ZDP levels have been reduced over the last 10-15 years. It's now 
down to a maximum of 0.08% for Starburst oils. This was supported by the introduction of modern ashless 
antioxidants that contain no phosphorus. 

Enough history. Let's get back to the myth that Starburst oils are no good for older engines. The argument put forth 
is that while these oils work perfectly well in modern, gasoline engines equipped with roller camshafts, they will 
cause catastrophic wear in older engines equipped with flat-tappet camshafts. 

The facts say otherwise. 

Backward compatibility was of great importance when the Starburst oil standards were developed by a group of 
experts from the OEMs, oil companies, and oil additive companies. In addition, multiple oil and additive companies 
ran no-harm tests on older engines with the new oils; and no problems were uncovered.” 

We have never been able to find the results of these tests on older engines.  We would need to study those reports 
to see exactly which engine types and cam and cam follower types were involved.  The fact is all test Sequences  
we have studied use non-performance engines with low spring-pressures, indeed in the Sequence IIIG test, the 
static lifter load is 350 pounds.2  Many high-performance engines have as much as 500 pounds or more of lifter 
foot pressure.  Referring to the Bennet data, this would indicate that, in order to keep from scuffi
a ZDDP level of .065% minimum would need to be ensured. 

Case 3 – Starburst Oil Myth continued… 

“The new Starburst specification contains two valve-train wear tests. All Starburst oil formulations must pass these 
two tests. 

- Sequence IVA tests for camshaft scuffing and wear using a single overhead camshaft engine with slider finger
(not roller) followers.

- Sequence IIIG evaluates cam and lifter wear using a V6 engine with a flat-tappet system, similar to those used
in the 1980s.

Those who hold onto the myth are ignoring the fact that the new Starburst oils contain about the same percentage 
of ZDP as the oils that solved the camshaft scuffing and wear issues back in the 1950s. (True, they do contain less 
ZDP than the oils that solved the oil thickening issues in the 1960s, but that's because they now contain high levels 
of ashless antioxidants not commercially available in the 1960s.)” 

We wish that it were true that all modern oils contained 0.08% phosphorus from ZDDP.  Our recent tests of two 
major name brand oils bearing the SM grade contain <0.06% phosphorus, therefore cannot contain even that much 
ZDDP. 

We know there are technologies other than ZDDP which can function as effective EP anti-wear agents for some 
engine designs, as proven with newer engines with roller cam followers.  The most recent SM formulations in 
particular have shown a move to boron-based EP additives, with a concurrent further lowering in some oils to 
<0.06% phosphorus.  We have been testing virgin oils on an ongoing basis, and most quality oils in early 2007 
have had a phosphorus level in the 0.05% to 0.08% range.  We recently tested two new oils: Mobil 1 Extended 



Performance SM 10W-30 and Valvoline Premium SM 10W-30 oil.  We had the oils tested for both zinc and 
phosphorus following the ASTM AA and D-4951 methods respectively.  The results showed <0.06% phosphorus in 
either oil.  While this is good news for the owners of new cars with catalytic converters, it does mean that in order to 
retain the SM certification they both claim, there has to be an EP additive different than ZDDP incorporated into 
both formulas. 

Case 3 – Starburst Oil Myth continued… 

“Despite the pains taken in developing special flat-tappet camshaft wear tests that these new oils must pass and 
the fact that the ZDP level of these new oils is comparable to the level found necessary to protect flat-tappet 
camshafts in the past, there will still be those who want to believe the myth that new oils will wear out older 
engines. 

Like other myths before it, history teaches us that it will probably take 60 or 70 years for this one to die also.” 

Our study of the ASTM test Sequences IIIE, IIIF, IIIG, IVA and VE required to achieve certification reveal that 
NONE were developed using high-performance engines.  Indeed, these tests were developed using relatively low-
performance engines intended to model average current and emerging vehicle engine wear characteristics.  This 
makes absolute sense considering the purpose of the oil specifications is to provide a standard set of performance 
criteria for oil to be used in new over-the-road automobiles and trucks.  The standards are not intended to infer any 
degree of backwards compatibility with older or specialty engines. 

In one statement Olree, while investigating the amount of ZDDP needed to protect engines, stated: “Arguing that 
modern oils should pass tests developed 25 years ago to protect engines built 30 years ago is a rather useless 
exercise.”3  Since he is studying the situation from the perspective of designing the lubrication for the next 
generation of motors, we see his perspective for making such a statement.  In doing so, he is acknowledging that 
the test is not specifically designed to quantify an oil’s performance with older engines.  Unfortunately, “those” 
engines are the ones we enthusiasts run and care about. 

It is our belief that there is no overt movement in the oil industry to create new oils that are bad for older engines as 
some conspiracy theorists may speculate.  There certainly IS a movement in the oil industry to create new oils 
which are tailored to the specifications and requirements primarily of newer cars, and secondarily of older vehicles.  
This does not mean they are concerned at all with 30-year-old muscle cars.  To the automotive industry an OLD 
car is 10 years old.  The cars we care about are invisible to the OEM industry.  While we have great faith in the 
engineering behind the new oils, we also notice that backwards compatibility with 100% of old engines is not on the 
product spec sheet.  The oil manufacturers obviously know of the importance of ZDDP to older flat-tappet engines, 
as many of them are steering owners of these engines toward their ZDDP-formulated diesel oil line, showing they 
acknowledge the need for ZDDP in these engines.  Unfortunately, the characteristics and available viscosity ranges 
of diesel oil may not be suitable for our engines. 

As Bob Olree knows better than we do, the amount of investment and research required to define, specify and 
perfect a set of tests and resulting standards is huge, and off-the-cuff recommendations like one sees in 
advertisements for oil supplements, are poorly thought out and ill-advised.  Our position on the right oil and additive 
package to use is simple: an individual should be using the oil specified at the time of manufacture of the specific 
vehicle.  Period.  An engine is a fantastically complex and well thought-out machine, and we believe almost all oil 
additives are simply get rich schemes, impose unnecessary cost, and are unneeded at best, dangerous at worst. 

Our conclusion and current recommendation is to augment one of the new and superior base stock modern oils 
of the correct viscosity with additional ZDDP in order to bring the oil’s EP characteristics to that for which the engine 
was designed.  We know from years of oil testing, ZDDP is compatible with all base stocks and other additive 
packages, including the newer Boron EP additives.  So, there is no risk in adding it to achieve 0.12% phosphorus, a 
level similar to that formulated into SF or SG oils. 



ZDDPlus™ Tech Brief #4 

Oil & Additive Testing 

There are many laboratories and oil analysis services which offer VOA (Virgin Oil Analysis) or UOA (Used Oil 
Analysis).  In order to correctly utilize a testing lab and ensure optimum accuracy in the results, pay attention to 
exactly what testing services are advertised.  Laboratories, like most businesses, concentrate on a certain set of 
services, and have internal procedures and equipment dedicated to these services.  That means if a lab is 
advertising: “Quick Used Oil Analysis for only $4.99!” they may be capable of accurately analyzing regular engine 
oil, but don’t expect to send in your concentrated oil supplement or other oil additive and get an accurate test. 
With a bit of additional information and dialog between you and the lab, a successful test may indeed be possible, 
but the point is that the lab’s specialization makes them less adaptable to a wide range of testing.  With this in 
mind, let’s look at the two major types of laboratories at which an oil analysis can be obtained, and see how to 
successfully utilize each of these laboratory types to get the oil and additive analysis we require. 

Consumer Oil Testing Laboratories 
The type of laboratory most commonly utilized by the classic and high-performance car industry primarily deals 
directly with consumers, and is often set up with a single type of machine designed to analyze engine oil or other 
normal vehicle fluids quickly and inexpensively.  These laboratories are often dedicated to consumer VOA or UOA 
and usually offer a high level of customer service, supplying the customer with sampling bottles, shipping materials, 
and delivering a full elemental report on the sample oil.  Some of these laboratories will supply traceability 
documentation on request, some will not.  These laboratories offer the very highest value to someone who is 
primarily interested in VOA or UOA.  The only information they may ask for is the vehicle type and mileage, and 
possibly the oil condition (new or used) and if used, how many miles on the oil.  Their procedures are primarily set 
up to perform speedy, efficient processing of vehicle oils, and as such they do not necessarily test additives or 
concentrates accurately without additional information.  A lab tailored to consumer oil analysis will usually assume 
that a substance sent to them has elemental levels in the range found in normal oil.  This can be the cause of 
erroneous results, especially when testing concentrates which may contain elemental levels 40 times higher or 
more than those found in engine oil. 

Petrochemical Industry Laboratories 
The other main type of laboratory is primarily dedicated to testing for the petrochemical industry.  These labs 
usually assume their customers have greater familiarity with oils and testing than does a typical consumer. 
They have a wide range of equipment to test a wide range of substances, as well as specially trained people to 
perform the testing.  They are most familiar with testing to an established standard method, such as one of the 
ASTM (originally the American Society of Testing and Materials, now ASTM International) methods, and usually 
expect the customer to know which ASTM tests need to be run on the sample, such as ASTM D4951, ASTM 
D5185, etc.  Industrial laboratory procedures and equipment are under closer scrutiny than is standard at 
consumer oil labs.  Industrial laboratories can always provide documentation showing ASTM or other standard 
methodology and trace their calibration back to NIST (National Institute of Standards and Technology) standards.  



All of these factors associated with industrial testing inevitably drive up the testing cost, to as much as $200 per 
element tested.  Although it may be unintuitive at first, these industrial labs may actually need to be given more 
up-front information than a consumer lab.  This is because they don’t test just automotive engine oils; they regularly 
test a wide range of petrochemicals.  In order to accurately test your sample, they usually need to know the 
expected elemental types and concentrations.  This allows them to tailor the specific tests to obtain accurate 
results.  We will discuss the methodology industrial labs use to ensure accurate results later in this paper. 

Standard Techniques for Testing Engine Oil 
The ASTM has developed many standardized methods of analyzing oils and other petroleum substances, as well 
as just about anything else!  The most commonly used tests for automotive engine oil analysis are based on ICP 
(Inductively Coupled Plasma) Spectroscopy and are identified as: 

D4951, “Standard Test Method for Determination of Additive Elements in Lubricating Oils by Inductively Coupled 
Plasma Atomic Emission Spectrometry” 
and  
D5185, “Standard Test Method for Determination of Additive Elements, Wear Metals, and Contaminants in Used 
Lubricating Oils and Determination of Selected Elements in Base Oils by Inductively Coupled Plasma Atomic 
Emission Spectrometry (ICP-AES).” 

In each of these test methods, the oil sample is vaporized and fed into a high-energy plasma to excite the 
constituent atoms.  An atom in this state is unstable, so it will quickly drop back down to its normal energy state and 
in doing so, emit the excess energy as light.  Each element emits light at a characteristic set of wavelengths as well 
as unique emission intensities at each wavelength.  This set of emission characteristics are often called an 
element’s spectral emission “fingerprint.”  These elemental emission characteristics are extremely stable and 
repeatable, and form the basis for identifying elements in many sciences.  The ASTM standard methods D4951 
and D5185 both identify wavelengths unique to each specific element for use in identifying the concentration of that 
element in oil. 

In modern ICP analysis, a computer compares the emission spectrum fingerprint of an oil sample against stored 
reference fingerprints.  Individual elements are identified by their fingerprints and levels are quantified by 
comparison to stored calibration standards.        

The Difference Between the ASTM D4951 and D5185 Methods 
The two ASTM methods call for different calibration methodologies, which affect the speed and accuracy 
of the measurement: 

D4951 calls for the mixing of calibrated standard solutions into the actual sample being tested.  This technique 
gives a calibration point reading simultaneously with the substance being tested.  This delivers very high accuracy 
when performed correctly, but due to the extra steps required, offers slower throughput and higher testing labor 
and material costs.  D4951 is only intended to test for levels of 9 elements: barium, boron, calcium, copper, 
magnesium, molybdenum, phosphorus, sulfur and zinc. 

D5185 calls for calibration using a standard solution before testing, and again after each fifth sample test run. 
This method does not result in as high a guaranteed measurement accuracy, but is quicker and offers higher 
throughput.  It is for this reason that most oil testing laboratories use a procedure such as ASTM D5185.  The 
D5185 testing method will deliver data in a few minutes for 22 elements: aluminum, barium, boron, calcium, 
chromium, copper, iron, lead, magnesium, manganese, molybdenum, nickel, phosphorus, potassium, sodium, 
silicon, silver, sulfur, tin, titanium, vanadium and zinc. 



ASTM D5185 Repeatability and Reproducibility 
By definition, repeatability is the precision with which two measurements can be made with the same sample, 
machine, and operator.  Reproducibility is the comparison of results obtained when the same sample is tested at 
different laboratories.  ASTM D5185 specifies a different degree of repeatability and reproducibility for each 
element, but we will look at the limits set for phosphorus and zinc at the 1000 ppm (parts per million) concentration, 
a level similar to that found in current oils.  ASTM ICP testing terminology specifies mass measurements in grams, 
with the elemental levels expressed per gram of total mass to be analyzed.  Since the repeatability and 
reproducibility are within the range of one millionth of the sample mass per gram, they are expressed in µg per g 
ratios, which can also be stated as ppm of mass. 

For phosphorus, repeatability is specified to be less than 71 ppm and reproducibility is 140 ppm. 
For zinc, repeatability is specified to be less than 65 ppm and reproducibility is 170 ppm. 

D5185 calls for reporting precision to three significant figures for calcium, magnesium, zinc, barium, phosphorus, 
and sulfur.  Reporting of results in mg/kg is required to two significant figures for aluminum, boron, chromium, 
copper, iron, lead, manganese, molybdenum, nickel, potassium, sodium, silicon, silver, tin, titanium and vanadium.   

Most laboratories report the resulting elemental levels in ppm and some report in percentage.  The conversion 
between percentage and ppm is: 1% = 10,000 ppm, 0.1% = 1,000 ppm, and 0.01% = 100 ppm. 

Upper and Lower Sensitivity Limitations of the Common Methods for Zn and P 
Depending on the particular brand, model and age of the ICP unit being employed, the upper limit can range from 
less than 10,000 ppm to over 100,000 ppm.  In order to get accurate results, solutions with elemental 
concentrations above this equipment limit must be diluted with an inert dilutant before analysis.  This is necessary 
to bring the concentration of the element being quantified within range of the equipment.  This is another area 
where the commercial testing labs more closely follow the ASTM methodology than do the consumer labs; in order 
to minimally affect the accuracy of the test, the dilutant must be soluble in, and as close in density as possible to 
the oil being tested.  The standard dilutant is white oil, available in differing densities to match the sample, although 
lighter fractions can be diluted using xylene.  Many consumer labs use a more inexpensive dilutant, such as 
kerosene or other solvent.  Properly done, this should cause minimal error when testing engine oil.  With denser 
concentrates, it can become a source of dilution and measurement error. 

The lowest detectable reading available from an ICP unit is dependent on two factors:  inherent noise in the 
electronics of the unit and the background reading level due to contamination of the unit’s ICP plasma generator 
and mass detector.   

Testing Substances Above the Concentrations the Equipment Can Analyze 
As with virtually all test equipment, there is a lower and upper measurement limit to any equipment used for 
analyzing oil. 

The lower limit is defined as the “sensitivity” of the equipment, and is usually due to the basic noise of the 
equipment itself.  With no sample present in the equipment, the electronic noise floor of the equipment will be 
displayed.  At extremely low elemental levels, a sample fingerprint will be totally masked by this noise floor. 
At some slightly higher level, the spectral peaks from the sample being measured will begin to rise from this 
equipment noise.  If the levels of the spectral peaks are read at this time, an erroneously high reading will be 
obtained, since the noise will substantially contribute to the peak level. 

The upper measurement limit is usually expressed as the point where the inherent upper limit of the measurement 
technique results in an erroneously low reading. 

The difference between the upper limit and the lower limit is expressed as the “dynamic range” of the equipment. 



An analogy to these two error conditions can be made using a car’s speedometer.  If you are creeping along in 
gear at idle, the speedometer may still read “0” mph, but you are certainly moving, just at a rate below the minimum 
sensitivity of the speedometer, so it is in error.  If you are one of the lucky people who have a car with an 85 mph 
speedometer, then you may have experienced the needle stopping at 85 mph while you accelerated, even though 
your tachometer continued to rise.  This means that you have exceeded the upper limit of the speedometer, and it 
is reading an erroneously low speed.  These two errors can occur with virtually any measuring instrument; 
therefore basic laboratory technique must include the knowledge of how to scale readings. 

In a chemical testing laboratory, scaling a measurement is the step taken after a dilution.  As an example, if the 
basic dynamic range of an ICP analyzer is from 10 ppm to 10,000 ppm, it will not be capable of accurately resolving 
an elemental level below 10 ppm or above 10,000 ppm.  If an oil sample has elemental levels within these limits, 
no dilution will be needed to get accurate results.  The equipment most commonly sold into the oil analysis testing 
market is specifically designed to have a dynamic range which allows for accurate testing of almost all commonly 
used oils and oil/additive mixes with a simple 2:1 or similar dilution.  Using these ICP units to test anything other 
than common vehicle oils, without the more time-consuming multiple dilution procedure, can cause 
measurement error. 

If the elemental levels are higher than the upper limit of the ICP equipment, or the elemental content is unknown, 
then a dilution and retesting procedure must be used to get accurate results.  This procedure is not called out in a 
standard D5185 test such as that performed by consumer labs, so the lab would have to have been advised in 
advance that a dilution may be necessary.  This is where industrial labs have a procedural difference from 
consumer labs; they usually have a standard dilute-and-repeat methodology in order to ensure the equipment 
range is not a factor in the accuracy of the test.  In order to do this, a dilutant is added and thoroughly homogenized 
with the unknown in a carefully measured mass ratio (usually 2 or 10 parts dilutant to 1 part unknown oil). 
This sample is then tested, and if the elemental analysis shows readings of 1/2 (in the case of a 2:1 dilution) 
or 1/10 (for a 10:1 dilution) of the initial undiluted test, then both tests are valid.  However, if the readings are 
proportionally higher on the diluted measurement, then the initial undiluted test was above the upper dynamic 
range limit of the equipment. 

Some Common Pitfalls at Laboratories Performing Oil Analysis 
Error in an ICP measurement can be caused by infrequent calibration, as well as old or degraded calibration 
standards.  Calibration is done on a two-point basis; the first point with a solution containing none of the elements 
in question called a “blank” solution, and the second with a “standard” solution containing a known amount of the 
calibration elements.  When performing a test on an unknown sample, the ICP unit will determine the intermediate 
value by performing a straight-line interpolation between the blank and standard calibration points.  If either the 
blank or calibration solution is not tested correctly, error will be introduced at all levels.  Frequent cleaning of the 
plasma generation unit is required to minimize background contamination and resulting erroneous reading of the 
blank solution.  Also, most ICP units require a 30-minute or longer warm-up in order to stabilize.  Any readings 
taken before this period would be of questionable accuracy. 

There are procedural or human errors unrelated to the equipment which can occur despite everyone’s best 
intentions.  We have seen labs fail to perform a correct dilution, even after being given a desired dilution, as well 
as scaling error by the operator after a dilution.  Each of these errors resulted in reported values which were off by 
a factor of 5 or 10.  To each laboratory’s credit, after contacting them and informing them of a problem, corrections 
were made which resulted in test reports of adequate accuracy. 

It is the responsibility of the customer to make sure adequate information and instructions are provided to a lab to 
avoid erroneous test results.  On the other hand, it is good business practice for a laboratory to understand its 
capabilities and limitations and to inform their customer before testing.  We have found most reputable labs will 
work with the customer to ensure the sample is tested in a way which optimizes the accuracy of the test results, 
if they are informed of the challenges in advance. 



Calibration Standards 
Standard solutions (such as the ASTM standard SRM-1085 calibration solution) for use in calibrating the ICP unit 
can be obtained commercially from ICP equipment suppliers as well as from the NIST.  Commercially prepared 
calibration solutions are required to prove traceability to the NIST standards and are a cost-effective alternative.  
Periodic use of standard solutions obtained from NIST is a good way for a laboratory to verify the validity of 
commercially obtained standards. 

Should You Trust a Test Report? 
A test report may have impressive amounts of data, and a convincing degree of precision in the recorded values 
but, in our experience, if you are looking for absolute accuracy you should not rely on a single test report.  In the 
1000 ppm range of zinc and phosphorus concentrations commonly found in automotive oils, the ASTM D5185 test 
method calls for a measurement to be repeatable at a lab within 70 ppm.  It also calls for a measurement to be 
reproducible between labs within 140 ppm.  Despite this, we have submitted identical samples to a single lab on 
multiple occasions and received reports which varied by over 100 ppm.  We have also seen a several hundred ppm 
difference from one laboratory to another.  Despite the fact this amount of error exceeds the ASTM specification 
limits, we believe it is adequate for consumer virgin or used oil analysis. 

Testing ZDDPlus™ 
As the astute reader will have deduced by this point, much of the information in this paper was obtained through 
our own experiences here at ZPlus.  We conducted extensive research into ASTM standard testing methods and 
obtained valuable information from many laboratories and ICP machine manufacturers.  As a result, we have 
settled on a testing procedure we recommend to our customers which will give reliable results from a wide range 
of laboratories. 

Specifically for ZDDPlus™, which has extremely high levels of zinc and phosphorus, most laboratories must be 
informed that the sample being tested will have phosphorus levels >50,000 ppm and zinc levels >60,000 ppm. 
The laboratory must dilute the ZDDPlus™ sample by weight at a factor of 40:1 relative to the dilution they use for 
normal oils.  This will allow the laboratory to correctly test the sample just like they test normal oil.  If possible, the 
lab should calibrate the ICP with a 1000-to-2000 ppm calibration standard before testing in order to give the most 
accurate test result.  Giving the lab this information will not bias the test result in favor of any particular test 
outcome other than an accurate one.  This information will help the laboratory quickly set up the correct dilution 
and scaling necessary to ensure the most reliable results.  Conversely, failure to inform the lab of the difference 
between this product and regular oil will often cause the lab to incorrectly test ZDDPlus™, resulting in an erroneous 
test report at your expense.  If the lab is not set up to perform high-ratio dilutions, then a different lab must 
be found.   

In our production environment, we have a high degree of confidence in the exact elemental makeup of our product.  
To ensure consistent product quality, we currently test incoming materials and finished product both internally and 
using external testing laboratories.  This multiplicity of reported values gives us confidence that our average 
calculated data is accurate.  This guarantees a consistent formula and high-quality content in the 
ZDDPlus™ product. 
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acing Oil as a Replacement for SM Oil 
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he EP agent of choice in high-performance engine oil has been ZDDP for over 50 years.  With modern SM oils 
ow being formulated with reduced amounts of phosphorus in the form of ZDDP, it is logical to look elsewhere for 
n oil which still contains sufficient ZDDP for a classic or high-performance street car. There are some racing oils 
hat have an amount of ZDDP which, at first glance, would make them look suitable for classic and high-
erformance street engine use.  When you look more closely at exactly how and why racing oil is formulated 
ifferently from oil designed for street use, you will begin to see that may not be so. 

he choice of base stock and additive characteristics give oil its suitability to a particular use.  When oil is 
ormulated, the most important properties for the intended purpose are given the highest priority, and the less 
mportant characteristics are taken into account only as they do not interfere with the primary goal.  In this way, 
he science of formulating engine oil is an excellent example of compromise in engineering.  No one oil can be 
ptimized for ALL uses.  The primary objective in formulating racing oil is to keep power-robbing oil pumping loss 
inimized, while providing the highest possible hydrodynamic film strength to allow rotating parts to remain 

eparated at high load and rpm.  This means a reduction of detergents which would reduce the shear strength of 
he oil film.  It also means the actual amount of EP agent in a racing oil is less important than that in an engine w
xtended oil change intervals.  Many racing oils have a ZDDP level which gives a phosphorus level of 1000 ppm.  
his is lower than the level for which many classic high-performance engines were designed. 

acing oils are optimized for short-term severe duty as well as reduced oil drain intervals, in contrast to street-use 
il that has been designed for day in, day out street operation with extended drain intervals.  Especially in the c
f vehicles which see extended periods of storage, it is important to remember that acids and contaminants in the 
il are at work even when the car is in storage!  In addition to very short oil change intervals, a drag racing engine 
ay have a total life measured in mere thousands of actual crankshaft revolutions between rebuilds.  In contrast,

treet engine may spin a many as 150 million times in 60,000 miles at 2500 rpm, or 7.5 million times per 3000-mil
il change at 2500 rpm!  Obviously, the need for long-term protection of all components which rely on the engine oi

s much more important in designing a lubricant for street use than it is for racing use. 

f you examine the requirements for oil optimized for racing use and contrast it against oil optimized for street use, 
ou will see some major differences: 

) Oil formulated for street use will typically have 2500 to 3000 ppm or more total detergents added.  Many racing 
ils test at 1200 to 1000 ppm total detergent, with some testing at half that much.  Detergents and dispersants 
hich are incorporated into street oils, can reduce the ultimate oil film shear strength.1  The need for optimum 
ydrodynamic film strength is a strong incentive for formulators of racing oil to minimize the detergent and 
ispersant additive package, one brand claiming: “Helps increase horsepower through advanced friction modifiers 
alanced with reduced detergent levels.”2  As a result, some racing oils may not have the capability of keeping 

contaminants in suspension over an extended drain interval, so the interval must be shortened accordingly, 
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ncreasing cost.  Use of oil with insufficient detergent can cause sludge and varnish buildup in a street motor over a
hort period of time. 

)  Viscosity range, so important to correct street engine operation over a broad temperature range, is not a
n as many choices in racing oils. In drag racing, tenths or even hundredths of a second can make the difference 
etween a win and a loss.  The parasitic drag of heavy-weight oil and its pumping losses become important cr
hen considering oil for racing use.  This requirement is quite different than that for street car oil.  An engine used

or street performance use must have the appropriate viscosity over a range of temperatures. 

) Racing oils usually do not have to contend with a long term build-up of acids from blow-by products, so some 
ay not have the acid-neutralization package usually engineered into an oil meant for normal street driving.  S
cid neutralization is supplied as an adjunct function of the ZDDP.  If oil without sufficient acid neutraliz
haracteristics is used for all-season driving, corrosion and dissolving of metals from bearings and other engine 
arts can result, even as the car is stored in a temperature controlled garage. 

) The cost of racing oils is usually higher than that of more commonly available high-quality SM oil.  The use of 
acing oil will usually result in a 5-quart oil change costing $50 or more!  Since the additive package is not d
or extended change intervals, you will end up changing the oil more often as well, further increasing the cost.  On 
he other hand, a 5-quart oil change with a name-brand high-quality SM oil can cost as little as $18.  Splurging o
remium synthetic can bump the cost to $25 or more, still far less than the cost of the racing oil. 

n excellent solution is to add ZDDPlus™ to a modern high-quality SM oil of the proper viscosity for your gasoline 
ngine.  The amount of ZDDP in a 4 oz bottle is designed to provide the very highest level of EP protection 
ppropriate for your classic high-performance flat-tappet engine.  The special ZDDP utilized in ZDDPlus™ c
dditional corrosion fighting protection to help prevent corrosion of internal engine parts, even during long storag

ntervals.  The base oil characteristics of modern high-quality SM oil are superior to those of earlier oils, and will 
xhibit much less sludging or high-temperature breakdown than earlier oils.  You could say the blend of ZDDPlus™ 
nd modern SM oil is synergistic, and offers the advantages of each. 



ZDDPlus™ Tech Brief #6 

Diesel Oil Use in Classic and High-Performance Gasoline Engines 

Many people are pointing to diesel or heavy-duty oils as good replacements for the newer SM oils with reduced 
ZDDP levels.  Many heavy-duty oils are sold as dual-duty oils, for both heavy-duty gasoline and diesel usage with 
a caveat: They are not intended to be used for vehicles manufactured after 1988 equipped with long-life catalytic 
converters. 

An indication that the situation vis-à-vis EP (Extreme Pressure) agents in oil has changed can be seen by 
examining aftermarket cam manufacturer’s current recommendations.  Aftermarket cam manufacturers have 
always had to deal with a certain amount of failure due to incorrect lubrication at the time of assembly and resulting 
failure due to incorrect break-in.  Even though they may have had to deal with this issue, the recommendation for 
oil to use after break-in was historically plain high-quality oil.  Since 2001, with the introduction of SL and in 2007 
SM oil, many have begun recommending the use of higher ZDDP oils such as certain diesel and heavy-duty oils.1,2  
Explaining why, they reveal they are dealing with an increased occurrence of cam failure in warranty.  While, in 
general, they are quick to blame the situation on current oil formulations and lack of correct break-in, the situation is 
more complex.  The past ten years has seen the rise of imported low-cost cam components into the U.S. 
aftermarket, and certainly some of the increased failures can be attributed to lower quality control on certain of 
these parts. 

Regardless of the root cause, the fact that the cam manufacturers are placing increased emphasis on specifying 
oils with high levels of ZDDP underscores its importance to high-performance engines.  So, what are the issues 
pertaining to the use of diesel-rated oils in an older gasoline engine with flat tappets? 

1) Diesel oil is engineered with a higher amount of dispersant and detergent package to deal with the increased
amount of soot and other hydrocarbon combustion by-products present in a diesel engine.  This high amount of
detergent can increase the decomposition temperature of the ZDDP,3 which will reduce its effectiveness as an
anti-wear agent, especially when a vehicle is used for short trips and does not achieve a full warm-up condition.
Diesel engines are engineered with this constraint in mind, unlike gasoline engines.

2) Typically, the viscosity range for diesel oils does not include the very low 5W and 10W values or any EC (Energy
Conserving) oils, limiting its use in a passenger car engine which calls for one of these EC oils.  The practical
downside of this is the loss of the 1.4% or more fuel savings (relative to non-EC oil) which the EC oils may provide.
Also, there have been some engine designs recently with decreased main and rod bearing clearances.  These
engines are specifically designed to use the lower-weight EC oils, and may experience higher than normal bearing
temperature due to insufficient oil flow, if the higher viscosity oils are used.4  The bearing sizes and clearances in
diesel engines are engineered with this in mind, unlike gasoline engines.



3) Additives in oil displace the base oil which is the primary lubricant and hydrodynamic film agent.  Some additives
will even lower the film strength of the base oil.  This is why relatively small amounts of additives are engineered
into racing oil, where film strength is the number one design criterion.  The bearing journal size-to-displacement
ratio on a gasoline engine is designed around the use of lower-detergent oil and relies on a high shear rating of the
oil.  For a given viscosity, high-detergent diesel oil has a lower surface tension and lower shear strength which can
cause increased bearing wear in high-revving gas engines.  A diesel engine needs oil with very high-detergent
capabilities in order to hold the large amount of combustion by-products in suspension.  Diesel engine oil cannot be
optimized for film strength due to this engineering compromise.  On the other hand, high-performance gasoline
engines do benefit from lower detergent oil which is more optimized for film strength than sludge and soot control.

4) The increased amount of metallic-based detergents in diesel oil can cause excessive ash deposits in the
combustion chamber and on exhaust valves.  In some worst cases, these deposits may cause detonation.  This
detonation could be potentially problematic, especially in high-compression, turbocharged or supercharged
engines.

5) Use of this higher ZDDP content diesel oil gives better EP wear protection than SM oils for high-performance
gasoline engines with high flat-lifter foot pressures, but small amounts of blow-by containing extra zinc and
phosphorus can be detrimental to the life of catalytic converters.  On the other hand, many performance
enthusiasts feel they would rather protect the cam and lifter, even if the cost was a slightly reduced catalytic
converter life.

In general, there are fewer choices for diesel-rated oil than for regular SM oils.  This means that one may not be 
able to find the right combination of viscosity range, base stock (fossil or synthetic), or additive package in a diesel 
oil.  There are a wide variety of high-quality SM oils manufactured these days, which are widely distributed and 
competitively priced.  This gives you the best chance of picking the exact characteristics in the low-priced oil of your 
choice.  You can add just a single 4 oz bottle of ZDDPlus™ to this oil to bring the EP characteristics to the level 
offered by the heaviest-duty oils made in the 1970’s or 1980’s.  This approach represents the most flexible and 
least expensive way to get the proper oil for your classic or high-performance car engine. 

This whole discussion may soon be moot.  Newer diesel engines are being designed with catalytic converters and 
are required to meet even more stringent emission requirements.  This is resulting in a further reduction of ZDDP 
levels in newer diesel oil. 



ZDDPlus™ Tech Brief #7 

Oil Additive Dosing and Dilution 

A common problem cropping up in discussions of oil additives is the use of incorrect dosing amounts, usually due 
to a misunderstanding of how dilutions and resulting concentrations are calculated.  In chemical formulation (unlike 
cooking) the quantity of a specific atom or molecule determines its characteristics when combined with other 
chemicals.  Since the weight of a single atom or molecule is a known quantity, we measure bulk amounts of 
chemicals by weight.  When calculating the concentration of various atomic or molecular constituents in a mixture, 
we are looking for that particular element or molecule’s weight as a fraction or percentage of total mixture weight. 
If volumes are used instead of weights, measurement or dosing errors will often occur.  The difference is most 
substances differ in density from each other; therefore similar volumes of these substances will have different 
weights.  In order to correctly calculate weight fractions from a mixture of substances of differing densities or atomic 
weights, density or atomic mass of each constituent must be factored into the calculation. 

In the case of determining relative amounts of chemicals such as the phosphorus in an oil additive, we must factor 
the relative density of the additive separately to that of the oil.  Various grades of motor oil have a density of 
between .82 and .88 grams per cm3, depending on viscosity and additive package.  0.86 grams per cm3 is an 
average value we use when calculating oil additive dilutions that we arrived at after measuring many different 
10W-30 motor oils.  For the density of ZDDPlus™ we use the average value of 0.99 grams per cm3.  For the 
density of EOS we measured 0.91 grams per cm3.  Once density has been factored in, we can use straight 
volumes for dilutions.   

Directly measuring the amount of ZDDP in an additive is extremely difficult due to the mixture of different alcohols 
used in its manufacture, and the resulting range of atomic weights of the ZDDP molecules.  The most common way 
to indirectly measure the ZDDP content is to use one of several ASTM test methods to measure the phosphorus 
and zinc content.  Zinc can often be added to oils as an acid neutralizing agent, so zinc is not a reliable indicator of 
ZDDP.  Since phosphorus is found in oils predominantly in the form of ZDDP, we use it as the measurement criteria 
for ZDDP.  If you are using a phosphorus test result as an indicator, the correct way to state ZDDP level is to state 
an amount of ZDDP that results in a certain phosphorus level.  Phosphorus is also the element identified as most 
potentially compromising to the catalytic converter, so there is a maximum 800 ppm or 0.08% phosphorus level 
specified in the SM oil classification.  SF oil was in common use back in the time of older high-performance cars 
with flat tappets and higher than current valve-spring pressures.  The best heavy-duty oils of that time contained a 
level of ZDDP which resulted in a phosphorus level measured in the range of 1200 to 1600 ppm.  Recent testing of 
modern SM oils reveals that many contain around 600 ppm of phosphorus.  Therefore, to accurately estimate the 
total amount of phosphorus in the final oil, we add this 600 ppm to the amounts due to the additives.  Once we 
have figured out the phosphorus level, zinc can be calculated in the same manner if desired. 

Another factor affecting the final concentration of ZDDP and the measured phosphorus in an oil mixture is the 
method used by the person performing the oil change.  If one uses 16 oz of EOS and a particular engine’s oil sump 
will not allow more than, say, 5 quarts without risk of foaming from crankshaft splashing, then an amount of oil 
equal to the volume of the EOS additive should be taken out of the new oil.  If the 4 oz bottle of ZDDPlus™ is 
added, this is not likely to be a problem.  ZDDPlus™ was designed for correct dosing when used with 4-6 quarts of 
oil.  With these factors in mind, we calculate the final phosphorus and zinc levels as follows: 



Method 1: Adding the additive to 5 quarts of oil  (total = additive volume + 160 oz. oil)

For EOS 

EOS  is   16 oz. / 176 oz. total sump volume  = 11:1 dilution ratio for the EOS, 
Oil is 160 oz. / 176 oz. total sump volume = 1.1:1 dilution ratio for the oil. 

EOS  P    is 6210 ppm @   11:1 dilution  = 565 ppm 
Oil  P    is 600 ppm   @  1.1:1 dilution  = 545 ppm 

565 + 545 = 1,100 ppm P 

EOS  Zn   is 6830 ppm @   11:1 dilution  = 621 ppm 
Oil  Zn   is 800 ppm   @  1.1:1 dilution  = 727 ppm 

621 + 727 = 1,348 ppm Zn 

For ZDDPlus™ 

ZDDPlus™   is     4 oz / 164 oz total sump volume  = 41:1 dilution ratio for the ZDDPlus™, 
Oil     is 160 oz / 164 oz total sump volume = 1.025:1 dilution ratio for the oil. 

ZDDPlus™  P    is 51,500 ppm @   41:1 dilution    = 1256 ppm 
Oil     P    is 600 ppm      @  1.025:1 dilution = 585 ppm 

1,256 + 585 = 1841 ppm P 

ZDDPlus™  Zn   is 71,800 ppm @   41:1 dilution    = 1751 ppm 
Oil     Zn   is 800 ppm      @  1.025:1 dilution = 780 ppm 

1751 + 780 = 2531 ppm Zn 

Method 2: Reducing the oil by the amount of the additive (total = additive volume + (160 oz. oil – additive volume))

For EOS 

EOS  is   16 oz. / 160 oz. total sump volume  = 10:1 dilution ratio for the EOS, 
Oil is 144 oz. / 160 oz. total sump volume = 1.11:1 dilution ratio for the oil. 

EOS  P    is 6210 ppm @   10:1 dilution  = 621 ppm 
Oil  P    is 600 ppm   @  1.11:1 dilution  = 540 ppm 

621 + 540 = 1,161 ppm P 

EOS  Zn   is 6830 ppm @   10:1 dilution  = 683 ppm 
Oil  Zn   is 800 ppm   @  1.11:1 dilution  = 720 ppm 

683 + 720 = 1,403 ppm Zn 

For ZDDPlus™ 

ZDDPlus™   is     4 oz. / 160 oz. total sump volume  = 40:1 dilution ratio for the ZDDPlus™, 
Oil     is 156 oz. / 160 oz. total sump volume = 1.026:1 dilution ratio for the oil. 

ZDDPlus™  P    is 51,500 ppm @   40:1 dilution    = 1288 ppm 
Oil     P    is 600 ppm      @  1.026:1 dilution = 585 ppm 

1,288 + 585 = 1873 ppm P 

ZDDPlus™  Zn   is 71,800 ppm @   40:1 dilution    = 1795 ppm 
Oil     Zn   is 800 ppm      @  1.026:1 dilution = 780 ppm 

1795 + 780 = 2575 ppm Zn 



The preceding calculations for the 5-quart oil changes give typical results when used in many classic American V8 
engines. The target 1800 to 2000 ppm range for phosphorus is designed to give the longest possible anti-wear 
agent service with no risk of overdosing.  Based on the 0.94:1 ratio of phosphorus to zinc in the ZDDP molecule 
itself, this range of phosphorus would give a zinc level of about 1900 to 2100 ppm.  As you can see from the 
ZDDPlus™ calculations, the zinc level when targeting the 1800-2000 ppm phosphorus mark falls in the 2400-2500 
ppm range.  This extra zinc is due to good over-compounding with zinc oxide during the ZDDP manufacture.  This 
extra zinc in the form of zinc oxide helps give a high TBN (total base number) for excellent long-term acid 
neutralization. 

  For convenient reference, the following values can be used if your engine has a 4-quart oil capacity: 

 The resulting P and Zn values will be approximately: 
11% higher P for EOS: 1221 ppm for 4 quart vs. 1100 ppm for 5 quart. 
10% higher Zn for EOS: 1483 ppm for 4 quart vs. 1348 ppm for 5 quart. 

15% higher P for ZDDPlus™: 2117 ppm for 4 quart vs. 1841 ppm for 5 quart. 
15% higher Zn for ZDDPlus™: 2911 ppm for 4 quart vs. 2531 ppm for 5 quart. 

We believe dosing a 4-quart oil change with one 4 oz bottle of ZDDPlus™ is safe.  If you feel you would rather have 
your 4-quart oil change phosphorus or zinc concentrations closer to that shown above for 5 quarts, then merely use 
¾ of a single bottle (3 oz) in an oil change.  If the top is replaced snugly, ZDDPlus™ will be usable in the next 
change, when added to ½ (2 oz) of a 4 oz bottle to equal the 3 oz dose.  

  For convenient reference, the following values can be used if your engine has a 6-quart oil capacity: 

The resulting P and Zn values will be approximately: 
8% lower P for EOS: 1012 ppm for 6 quart vs. 1100 ppm for 5 quart. 
7% lower Zn for EOS: 1254 ppm for 6 quart vs. 1348 ppm for 5 quart. 

12% lower P for ZDDPlus™: 1620 ppm for 6 quart vs. 1841 ppm for 5 quart. 
12% lower Zn for ZDDPlus™: 2227 ppm for 6 quart vs. 2531 ppm for 5 quart. 

The approximate 12% drop in P and Zn when using one 4 oz bottle of ZDDPlus™ in a 6-quart oil change is 
negligible, and will give anti-wear protection for the cam and lifters of engines with even the highest 
spring-pressures. 

Referring to the results above using either method for a 5-quart oil fill, the addition of one 16 oz bottle of EOS would 
get you half way to an optimum level for a classic high-performance car, but carries with it 16 oz of oil different from 
the oil you add it to.  However, one 4 oz bottle of ZDDPlus™ gives the proper amount with a comfortable safety 
margin, and you choose all but 4 oz of the oil’s characteristics with your favorite oil.  If you factor in normal 
depletion rates, then only ZDDPlus™ has the potential to maintain adequate protection for the duration of a 3000+ 
mile oil change. 



ZDDPlus™ Tech Brief #8 

The Automotive and Oil Industry vs. the Aftermarket Viewpoint on ZDDP 

There are some automotive industry representatives who are addressing the “flat-tappet and ZDDP” issue by 
claiming the whole situation is hype, and there is nothing to worry about.  Some say the ASTM Sequence III tests 
are adequate to ensure an oil which will pass that test will protect all flat-lifter based valve trains. 

On the other side of the issue, the classic and performance car world is seeing wear and premature failure 
problems with OEM and aftermarket flat-lifter cam valve trains, which throw doubt on these industry statements. 

Let’s break this complicated situation into its component issues and examine each issue from both viewpoints. 

History 
ZDDP levels in motor oils have been reduced steadily since the time of SF oils in an effort by the automotive 
industry to comply with EPA guidelines regarding catalytic converter life.  The most recent oil classification “SM” 
calls for no more than 0.08% phosphorus in motor oils.  Phosphorus is one of the two major metallic constituents  
to ZDDP, the other is zinc. 

The Automotive and Oil Industry Viewpoint 
All oils are required to pass a battery of tests, including the Sequence III test, before they can obtain an oil industry 
certification.  The Sequence III test utilizes a flat-lifter engine, and (among other parameters) is intended to quantify 
an oil’s ability to protect flat-lifters and other components against wear.  If an oil has a certification, then it is safe to 
use in flat-lifter engines. Any wear being seen out in the field is due to improper break-in or inferior cam or lifter 
quality. 

End of story. 

The Classic and High-Performance Car Industry Viewpoint 
We are seeing a marked increase in cam and lifter wear in both OEM cams as well as aftermarket cams, especially 
in high-performance, high-lifter-foot pressure engines.  Many aftermarket engine rebuilders are switching 
exclusively to roller cams for this reason.  This remedy does not help the classic or high-performance car owner 
who wants to keep an engine stock, or just plain does not want to rebuild his engine with a roller cam due to the 
expense or because the engine is running well.  Why is the automotive industry insisting that no problem exists 
when we are dealing with it in increasing measure day after day? 



Our Analysis 
We know of no ASTM or other reported research which concludes that an oil with little ZDDP is compatible 
with older flat-tappet high-performance engines. 

There is, on the other hand, research that concludes that the minimum ZDDP requirement is directly related to the 
lifter foot pressure.  In one SAE paper it is reported that: “…at a ZDP level corresponding to 0.02% phosphorus, 
scuffing occurred at 200 pounds lifter load, while it required 240 and 480 pounds lifter load for oils containing 0.04 
and 0.06% phosphorus, respectively, to initiate scuffing. At 0.08% phosphorus concentration, no scuffing occurred 
up to 600 pounds lifter load, the test hardware limit. Scuffing occurred at 350 pounds lifter load with no ZDP (0% 
phosphorus).”  

Figure 1 shows the graph of this relationship. 
Keep in mind, this would not represent the valve 
spring pressure at full lift; this is the lifter load, 
which is the open spring pressure times rocker 
ratio.  This load is merely the static load due to the 
spring pressure.  The actual load on the lifter foot 
is the sum of the static spring pressure, the 
frictional loading in the valve train, and the inertial 
loading of the mass of the valve train.  The inertial 
loading is important in engines, which are 
designed to run at high rpms; indeed it equals the 
static spring pressure at the rpm where the 
inertial moment of the valve train masses causes 
the valves to effectively decouple from the cam, a 
phenomenon called “float.” figure 1 
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This means that at the point of valve float, the dynamic pressure on the lifter foot is twice the static spring pressure 
times the rocker ratio, plus the frictional loading.  While it is true that no engine is run at such a high rpm for any 
period of time, it makes the point that the lifter foot pressure in a high-performance engine can be much greater 
than that in a Sequence III test engine, which is run at a constant 3600 rpm with relatively weak springs. 

The older engines may have lifter foot pressures several times that of a low-performance engine such as those 
used in the Sequence III tests.  Consequently, their wear characteristics are not entirely predicted by common 
Sequence III testing methodology.  The fact is all test Sequences we have studied use non-performance engines 
with low spring-pressures, indeed in the Sequence IIIG test, the static lifter load is 350 pounds.  Many high-
performance engines have as much as 500 pounds or more of lifter foot pressure.  Referring to the Bennet data, 
this would indicate that, in order to keep from scuffing, a ZDDP level of 0.065% minimum would need to be 
ensured. 



A factor not considered in this equation is that the 
ZDDP level steadily declines after initial oil fill due to 
the ZDDP being used up as it performs its job.  
Referring to the ZDDP depletion chart in figure 2, 
monitoring the actual ZDDP levels using Infra Red 
Absorption Spectroscopy shows that as the 
components in ZDDP are plated out on moving 
parts, the ZDDP concentration in the oil drops 
accordingly.  This particular chart was derived from a 
study performed by the Noria Co. and Wooten 
Consulting, with equivalent ZDDP levels overlaid on 
the raw absorptance data.  The significance of using 
Infra Red Absorption Spectroscopy is that it 
indicates the amount of ZDDP molecules present,  
not just the presence of atomic phosphorus or zinc.  
When ZDDP is being depleted in an engine, except 
for extremely small amounts that are consumed  figure 2 
in combustion, the phosphorus and zinc are still 
in the oil sump, but are in forms that are not active as EP agents. 

If one factors depletion into the equation for a high-performance motor with 500 pounds of lifter foot pressure, 
Bennet’s work indicates a ZDDP level associated with minimum level of 0.065% phosphorus would be required to 
inhibit scuffing.  If an initial sump fill of a SL-type oil with ZDDP giving a 0.08% phosphorus level was used, the 
depletion curve as shown on figure 2 would indicate the phosphorous level would drop below the 0.065% point in 
the first 500 miles or less.  This means if one desires a 3000-mile oil service interval and wishes to keep a high-
performance flat-tappet engine protected, the initial ZDDP fill should give a phosphorous amount that is much 
higher than 0.08%.  The actual rate of ZDDP depletion after an oil change will vary greatly depending on the 
application, but this data shows a potential pitfall to thinking the initial phosphorus level in the virgin oil is a 
constant. In the Barnes and Wooten article, they note that even though the ZDDP level is dropping, some additional 
EP protection is afforded by the ZDDP partial decomposition products, so there is probably some leeway in the 
actual depletion curve depicted in figure 2.   

Although the SM spec calls for a maximum of 0.08% phosphorus, we wish it were true that all modern oils 
contained even 0.08% phosphorus in the form of ZDDP.  Our recent tests of two major name brand oils bearing the 
SM grade contain at or less than 0.06% phosphorus.  We know there are technologies other than ZDDP which can 
function as effective EP anti-wear agents for some engine designs, as proven with newer engines with roller cam 
followers.  The most recent SM formulations, in particular, have shown a move to Boron-based EP additives, with a 
concurrent further lowering in some oils to less than 0.06% phosphorus.  While this is good news for the owners of 
new cars with catalytic converters, it does mean that in order to retain the SM certification they both claim, there 
has to be an EP additive different than ZDDP incorporated into both formulas, or that neither was intended to be 
used in high-performance flat-tappet engines. 

Again, our study of the ASTM test sequences IIIE, IIIF, IIIG, IVA and VE required to achieve certification reveal that 
NONE were developed using high-performance engines.  Indeed, these tests were developed using relatively low-
performance engines intended to model average current and emerging vehicle engine wear characteristics.  This 
makes absolute sense considering the purpose of the oiI specifications is to provide a standard set of performance 
criteria for oil to be used in new over-the-road automobiles and trucks.  The standards are not intended to infer any 
degree of backwards compatibility with older or specialty engines.  In one statement GM engineer Robert Olree, 
while investigating the amount of ZDDP needed to protect engines, stated: “Arguing that modern oils should pass 
tests developed 25 years ago to protect engines built 30 years ago is a rather useless exercise.”1  Since he is 
employed to design lubrication for the next generation of motors, his perspective is understandable.  In saying this, 
he is acknowledging the test is not specifically designed to quantify an oil’s performance with older engines.  
Unfortunately, some of “those” engines are the ones we enthusiasts run and care about. 

The classic or high-performance car owner is left with a few choices if they want to provide their car with proven 
motor protection for their flat-tappet engine: Use modern specialty oils, which claim to have ZDDP levels at or near 



the level in heavy-duty SF oils  OR  Use a modern SM oil with a ZDDP additive to bring the EP protection up to that 
provided by the ZDDP level in SF oil. 

Our conclusion and current recommendation is to augment one of the readily available, inexpensive new SM oils of 
the correct viscosity with additional ZDDP in order to bring the oil’s EP characteristics back to what was called for 
when the engine was designed.  It is easier and less expensive than searching for a specialty oil.  We know from 
years of oil testing, ZDDP is compatible with all base stocks and other additive packages, including the newer 
Boron EP additives.  So, there is no risk in adding it to achieve the equivalent of 0.12 to 0.14% phosphorus, a level 
similar to that formulated into SF or SG oils. 



ZDDPlus™ Tech Brief #9 

ZDDP and Oil Filters 

Questions have been raised about the possibility of an engine oil filter trapping the anti-wear engine oil additive 
ZDDP, thereby reducing the value of ZDDPlus™.  The fact is for the past 60 years, ZDDP alone has been used 
successfully as an EP (Extreme Pressure) lubricant additive in engines with a wide range of oil filters.  Common 
sense says this fact alone raises serious doubt that an oil filter could trap ZDDP.  However, let’s look at both oil 
filters and the structure of the ZDDP molecule in order to find a scientific answer to the question. 

Oil Filters 

Most filters are rated by the size of particles in µm (micron) they will trap, and the efficiency with which they trap 
those size particles.  One micron is equal to one-millionth of a meter or 39-millionths of an inch.  The filtration 
system in a typical engine works by pumping oil under pressure through a restrictive (less than 100% open area) 
porous surface in an effort to trap the particulate matter larger than a certain size.  If the pores in the filter media 
had only round pores of the exact same size, it would have an extremely high efficiency at filtering out spherical 
particles just barely larger than the size of the holes.  The filtering efficiency would be practically zero for spheres 
below this size, which would pass right through.  In reality, the pores in the filter, as well as the particulates to be 
filtered out, are irregularly shaped.  This gives the filter the characteristic of trapping different size particles at 
different efficiencies.  For instance, depending on whether a football-shaped particle presented its long or short axis 
to the pore, it may pass through or become trapped by that pore.  Although there are many variations in oil filter 
design, the very best contemporary oil filters claim to be capable of trapping around 99% of particles over 30 µm in 
diameter, 97% of the particles over 10 µm in diameter, and 95% of the particles over 5 µm in diameter. 
Our first approach to analyzing ZDDP and filters will be to compare the maximum possible size of the ZDDP 
molecule to the average 5 micron filter pore size. 

The ZDDP Molecular Formula 
ZDDP (zinc dialkyldithiophosphate) has the 
chemical formula Zn[S2P(OR)2]2, where R is an 
alkyl group.  Figure 1 is a basic diagram of a 
ZDDP molecule: The R and R' components are 
alkyls, which are typically saturated linear-chain  
alkanes.  In the actual ZDDP molecule, as in   figure 1 
most organic molecules, the atoms do not line up 
in a straight-line configuration.  There are well-defined angles at which atoms attach to each other, and which will 
create a 3-dimensional configuration like the depictions in figures 3 and 4. 



In order to make our example a worst case scenario and give the filter hypothesis benefit of the doubt, we will 
imagine our ZDDP molecule is laid out in a linear configuration.  If this imaginary linear ZDDP molecule is much 
smaller than a pore in a filter, then an actual ZDDP molecule with the atoms arranged more compactly in a 
3-dimensional configuration will be smaller still.

The Size of the ZDDP Molecule 

In order to estimate the size of this imaginary linear ZDDP molecule, 
we need to first define the bond lengths between the atoms.  Bond 
length is defined as the center-to-center distance between the 
nominally spherically symmetric atoms.  The MRC Handbook of 
Chemistry and Physics,1 gives 0.2 nm (1 nm = .000000001 meter) 
as a good estimate of the typical bond length of the atoms involved 
in the ZDDP molecule, whose constituent elements and their 
symbols are listed in figure 2.  These symbols will be used 
exclusively in the following text. figure 2 

Element Symbol Weight (amu) 
Hydrogen H          1.008 
Carbon C  12.011
Oxygen O 15.999
Sulfur S 32.066
Phosphorus P 30.974 
Zinc Zn 65.390

Figure 2 also shows why the mass ratio of P-to-Zn in ZDDP is 0.95:1. 
Since each ZDDP molecule has 2 P and 1 Zn atoms, the mass totals are 61.948 amu (atomic mass units) for P and 
65.390 for Zn, which is a 0.95:1 ratio.  Any deviation from this ratio in an oil analysis means some of the P or Zn is 
from another source, not ZDDP. 

Back to the ZDDP molecule size analysis; C-C bonds are around 0.15 nm and C-H bonds are around 0.1 nm.  The 
0.2 nm bond length probably slightly over-estimates the sizes of all the above bonds between the atoms in ZDDP, 
so we will use it in order to give a largest-case estimate. 

Referring to figure 1, the central part of the ZDDP molecule is well defined, and consists of 1-Zn, 2-P, 4-S, and 4-O 
atoms.  Now, suppose this part of the ZDDP molecule is laid out O-P-S-Zn-S-P-O in a straight linear form.  In reality 
it is not, but let’s continue with our worst-case analysis.  This central part of ZDDP then consists of six 0.2 nm long 
bonds totaling 1.2 nm.   

Referring to the left and right parts of the ZDDP molecule in figure 1, suppose the R and R' molecules are 15 linear 
chain hydrocarbon molecules (alkanes, which are saturated forms like butane, octane, etc.)  Thus, R and R' have 
14 bonds each 0.2 nm long.  This equals around 3 nm for each R or R’ chain, and since there are two of these in a 
ZDDP molecule, the contribution to the size of the ZDDP molecule due to the R and R’ chains is 6 nm. Thus, the 
total length of our imaginary “linear” ZDDP molecule is 7.2 nm.  This is almost certainly an over-estimate, since the 
molecule will no doubt do some axis folding in 3-dimensional space, not to mention that some of the bonds above 
are at 45 degree angles. 

Oil Molecule Sizes 
Wikipedia2,3 states that petroleum (mineral oil) is composed primarily of alkanes, 
cycloalkanes, and aromatic hydrocarbons.  Alkanes are linear chains of single-
bonded (typically) carbon atoms with hydrogen to saturate them; they also come 
in other isomers besides linear. 

Figure 3 depicts some typical small molecular weight alkanes. 

figure 3 



The cycloalkanes are the same composition, but form cyclic arrangements; 
cyclohexane (which is derived from the benzene ring), is depicted in figure 4.  
The red and blue atoms are hydrogen and the black atoms are carbon; this is 
called the “chair conformation.”  In this configuration, we're talking about a 
rough diameter of about 0.5 nm for the cyclohexane molecule.  Based on this 
information, we can see the typical hydrocarbons in mineral oil will be between 
0.5 nm and 5 nm in size, perhaps longer for high-molecular weight linear 
alkanes.  This is very similar to the size of our imaginary linear ZDDP 
molecule. 

figure 4 
Conclusion 
From the above, it is evident that ZDDP and oil molecules will be around 5-7 nm in size.  Since typical automotive 
oil filters trap particulates in the 5-to-30 micron range (5000 nm to 30,000 nm), we see that even the hypothetical 
linear ZDDP and oil molecules are 700 to 6000 times smaller than the approximate size of oil filter pores.  
Obviously, if the oil flows unimpeded through the filter elements, so does the ZDDP.  Conversely, if an oil filter were 
trapping ZDDP and oil molecules, it would soon become clogged and cause the engine to be ruined 
catastrophically due to lack of lubrication.  

A method of actually testing the ZDDP filtering myth is to analyze the retained oil in the inlet side of an engine oil 
filter which has been in use for 3000 miles, and compare it to the original oil fill. 

Figure 5 shows a partial elemental analysis 
of ZDDP bearing oil before and after being 
run in this engine.  The oil for the post 
analysis was removed from the inlet side of 
the filter.  The ASTM D-5185 analysis  
results show the amount of phosphorus  figure 5  

Element Test Method Level in original 
fill oil (ppm) 

Level in filter 
oil (ppm) 

Phosphorus ASTM D5185 1754 1617
Zinc ASTM D5185 2114 1999

and zinc are the same, within sampling and 
experimental error.4  The obvious conclusion is the zinc and phosphorus does not leave the sump in the 3000-mile 
duration of an oil change.  ZDDP, most definitely, does not get trapped by or accumulate in the filter. 

For a graphic illustration of the size difference between a ZDDP molecule and the pore in the best oil filter available 
today, consider this:  Imagine the ZDDP molecule as the size of the period at the end of this sentence. The pore in 
a 5 micron filter element would then be about the size of a 15" wheel. 

To summarize, can the ZDDP molecule be trapped in a hole that is 1000 times larger than the ZDDP molecule 
itself? 

Not a Chance. 



ZPlus™ Tech Brief  #10

Oil Base Stocks

Understanding Base Stocks
Modern oils are the product of over 100 years of scientific development.  The advances made in oil technology have 
been driven by the lubrication requirements of increasingly sophisticated machinery, such as the automobile engine.  
Current fully-formulated engine oils, sometimes called PCEO (Passenger Car Engine Oil), are highly-complex products.  
The oil inside the fancy packaging is created by blending one or more groups of base stocks with many additives.  Even 
lubrication engineers cannot entirely predict the exact performance of a base stock and additive blend without extensive 
experimentation.  Considering this, the oil consuming public has little hope of understanding the complex characteristics 
of these base stocks and additives.  It is little wonder that many people buy oil based on packaging or brand name alone.

Except for the premium true synthetic oils, most manufacturers are proprietary about the exact composition of their oil, 
and will not divulge its composition or base stock type.  An elemental analysis will tell you very little about the oil itself, 
usually just the presence of elements in the additives, such as phosphorus, zinc, or boron from anti-wear compounds, or 
calcium from the detergent.

To add to the confusion, there are also many persistent myths about oil that are often passed unquestioningly from 
person to person, like: “Synthetic oil can make an engine last indefinitely.”, “An additive with Teflon will eliminate friction in 
your engine.”, “All oil is the same and comes from the same factory.”, and “An engine will not break-in with synthetic oil.”  
There are even some more technically sophisticated oil myths, such as: “If Group III base stock oil is better than Group II, 
then Group IV is better than Group III, and Group V must be even better!”, or “Synthetic oil is so slippery, you do not need 
an anti-wear agent.”  

It seems like every day we hear people debating the advantages of synthetic oil base stocks over mineral oil base 
stock, or one brand of oil over another.  In most cases, both sides of the debate are equally uninformed as to the actual 
characteristics of the oils they advocate.  In the absence of real information, some people will follow a specific brand in 
hopes past performance will predict future performance.  Others may be attracted to snake-oil additives in the belief there 
can be a special ingredient that unlocks superior performance from an existing oil.

The best way to make an appropriate choice in an oil is to understand the factors that determine oil performance, and 
apply them to a specific engine.  When we discuss oil performance or characteristics, we are almost always referring to 
fully-formulated PCEO.  Fully understanding why one PCEO performs differently from another requires a look underneath 
the retail formulation into the base stock and additive characteristics.  The characteristics of the base oil stocks can be 
drastically altered by the additive package and can often either mask or correct deficiencies in the base stock.  More often 
the additive cannot entirely address the shortcomings of the base stock.  And, if oil made from one specific base stock is 
good enough, why pay more for an oil made from a more expensive one?  In this Tech Brief, we discuss the base stock 
contribution to performance.

Let’s look first at the oil development timeline, and then examine some facts about base oil stocks. 



Oil Development Timeline

  1859 The world’s first successful oil well 69 feet 6 inches deep was dug in Titusville, PA.

  1866 The vacuum process for refining oil was patented.  Typical VI for this original naphthenic stock was less than 80, and the oil was subject to
severe degradation under heating, as the lighter aromatic fractions evaporated.  Many of these oils were also unusable in winter due to the 
high percentage of heavy waxes which would solidify at low temperatures.

  1911 SAE developed an oil classification system organized by viscosity.

  1919 The API was formed to standardize specifications for petroleum products.

  1921 The first petrochemical product was synthesized - isopropyl alcohol.

  1920s In the 1920’s and 1930’s, synthetic hydrocarbon research was conducted in both the U.S.1  and Germany2.

  1930s In the 1930s, a general shift was made from naphthenic base stocks to the more stable paraffinic stocks following the advent of solvent
dewaxing.  These new, mostly paraffinic base stocks featured an improved VI around 95.

  1931 Standard Oil in the U.S. and I.G. Farben in Germany both discover polymerization of olefins to form liquid oils.

  1936 The first catalytic oil cracking distillery was built in Paulsboro, NJ.

  1940s The severe demands of turbine jet engines spurred research in synthetic base stocks.  Initially utilizing diesters, the increasing temperatures
and loading demanded the development of the more advanced hindered neopentyl or polyol esters.

  1942 An innovation known as “fluid catalytic cracking” allowed for increased yields and quality of petrochemical products.  (This method of
disassembling hydrocarbon molecules into different, more usable ones was not to find widespread use in PCEO manufacturing 
until the 1970s.  A direct result of this was the development of the Group II and Group III base stocks with greatly improved VI.)

  1946 National Carbide Company Inc. marketed its first commercial PAG synthetic motor vehicle oil, Prestone Motor Oil, in two areas in the East
during the winter of 19463. 

  1947 The API released the first set of specifications defining three classes of mineral automotive oils: Regular (straight mineral oil), Premium
(oxidation inhibitors added), and Heavy Duty (oxidation inhibitors and detergent/dispersants added).  These three oil types all shared a 
common Group I base oil stock.

  1952 API & ASTM develop ESCS (Engine Service Classification System). API and ASTM revised ESCS in 1955 and again in 1960. ESCS
separated gasoline engine oil performance into Service Categories ML, MM, and MS.

  1970 The API, ASTM, and SAE established an entirely new classification system to satisfy the changing warranty, maintenance, and
lubrication requirements of the automotive industry. SAE initially determined there were four separate Service Categories for 
automotive engine oil: SA to replace ML, SB to replace MM, SC to replace MS through 1964 vehicles, and SD to replace  
MS in vehicles between 1964 and 1968.

  1971 Category SE motor oil standardized.

  1972 AMSOIL™, Inc. introduces a diester-based PCEO, the first synthetic to be certified under the newly introduced API system.

  1973 The Mobil™ Co. was the first to introduce the now ubiquitous PAO/ester blend fully-synthetic API certified PCEO.

  1977 Amsoil™ reformulates its product to the higher performance PAO/ester blend.

  1979 Category SF motor oil standardized.

  1988 Category SG motor oil standardized.

  1993 Category SH motor oil standardized.

  1996 Category SJ motor oil standardized.  For the first time, a limit of 0.1% was placed on phosphorus in certain API classes of PCEO.

  1999 The National Advertising Division of the Council of Better Business Bureaus decision in Mobil™ vs. Castrol™ allows engine oils formulated
with Group III hydroisomerized base oils to be advertised as “synthetic oils” along with the traditional Group IV PAO and a few Group V oils.

  2001 Category SL motor oil standardized.

  2003 In response to the automotive industry’s call for better PCEO, the volume of North American production of the higher-quality Group II and III
base stocks exceeded that of the Group I base stock for the first time.

  2004 Category SM motor oil standardized.  Phosphorus was now limited to 0.08% maximum.  Recognizing that ZDDP is necessary, a minimum
of 0.06% was established in some API classes.

  2007 ZDDPlus™ is developed to address the classic and high-performance engine’s need for ZDDP in greater amounts than is contained in API
SM oil.

  2008 Most high-quality oils sold into the American automotive oil industry are Group II and III base stock oils.  The synthetic oil base stocks in
total compromise less than 5% of all engine oils sold in the United States. 



Base Stock Manufacturing Process
Crude mineral oil is a soup of over 17,000 different compounds, both organic and inorganic.4  It also varies greatly in 
composition from one geographical region to another.  The original mineral oils designed for automotive engine lubrication 
were thermally distilled straight-weight oils with no additives.  Thermal fractional distillation is a process in which the 
crude oil is heated to the boiling point to vaporize its constituent molecules.  This vapor is then cooled as it moves up 
the fractional distillation tower.  The heaviest molecules condense low in the tower at the highest temperature, and the 
lightest, most volatile fractions condense farthest up in the tower at the lowest temperature.  In this way, the complex mix 
of chemicals that is crude oil can be separated into different “distillate fractions” of decreasing condensation temperature.  
Modern base oils are processed after distillation in increasingly advanced ways to improve their characteristics.  

It is important to note that each separate condensate stream still contains a range of different molecules, which basically 
only share common temperatures of condensation.  These different molecules in a single condensate stream may have 
greatly different lubricant and other properties from each other.  The distillate fraction from which lubricating oils are 
made condense at greater than 400°C, and are usually further fractionated into differing weights in a separate distillation 
process.

A major factor in the overall performance 
of an oil is the distribution of molecular 
weights it contains.  With most oils, there 
is a correlation between molecular weight 
and viscosity.  As oil is heated, the lighter 
fractions evaporate, increasing its viscosity 
and changing other characteristics.  One 
of the reasons why PAO Group IV stocks 
have such predictable performance is that 
they consist of an extremely narrow range 
of different molecular weights.  Group III+ 
VHVI (Very High Viscosity Index) oils have 
a much narrower range than standard 
Group I or II oils.  This is graphically 
represented in figure 1,5 which shows the 
average molecular weight of each oil type 
as expressed by the number of carbon 
atoms each of its molecules contain on 
the horizontal axis, and the statistical 
occurrence of those species 
on the vertical axis.

In the production of lubricating oils,  
additional processes are used after
distillation to remove sulfur and other minerals.  The oil may also be solvent dewaxed to prevent thickening and 
solidification at low temperatures.  In this process, the oil is mixed with solvent to lower the viscosity for processing, then 
chilled to precipitate the wax.  The solvent is then removed, leaving oil with a lower pour point and higher VI (Viscosity 
Index).  Most Group II and III oils are also “hydrofinished” to reduce contamination and aromatic content.

The highest quality mineral oils are also “hydrocracked,” a process by which the molecules are subjected to extreme 
pressures and temperatures in a hydrogen atmosphere in the presence of a catalyst.  This stabilizes reactive components 
and reshapes many molecules into more suitable forms.  A related process used to make many high-quality Group III+ 
oils is “hydroisomerization,” a process which converts waxes to high-viscosity index oils.    

figure 1 - Distribution of Molecular Weights by Oil Type



Base Stock Groups
Lubricant base stocks are categorized into groups by the API:

Group I

Group I base stocks are composed of fractionally distilled paraffinic mineral oil stock which is further refined with solvent 
extraction processes.  This improves certain properties such as oxidation resistance and removes wax, which improves 
the VI.

Group II  

Group II base stock is composed of fractionally distilled paraffinic mineral oil stock that has been solvent dewaxed and 
hydrocracked to further refine and purify the oil.  Shell™ Rotella® and Pennzoil™ Purebase® are two examples of PCEO 
made from Group II base stocks.

Group III 

Similar characteristics to Group II base stocks, Group III base stocks have higher viscosity indexes.  Some Group III 
base stocks with VHVI are sometimes referred to as Group III+.  Group III base stocks are produced by a wide range of 
processes, such as further hydrocracking of Group II base stocks, or by chemically modifying slack wax, which is the 
end-product of the dewaxing process, which improves the VI.  Some Group III+ oils are created by highly processing oil 
into what have been called “Severely Hydrocracked,” “Chemically Modified,” or “Semi-Synthetic.”  Castrol™ Syntec® and 
Valvoline™ Durablend® are oils manufactured from Group III base stocks.

Group IV

This group is reserved for one type of synthetic oil made up of a class of molecules called PAOs (polyalphaolefins).  
Contrary to popular misconception, the molecules which make up PAO and many other synthetic oils originate in crude 
oil.  In the case of PAOs, they are created by polymerizing olefin molecules obtained from the cracking of wax molecules. 
In many cases, these wax molecules are a by-product of mineral oil dewaxing processes.  Fully-synthetic Mobil One® 
and Amsoil™ are two examples of oils made from a primarily PAO base with some Group V esters added to improve 
additive solvent and seal swelling performance.

Group V

Group V is the catch-all group for any base stock not described by Groups I to IV.  Examples of Group V base stocks 
include the old naphthenic base stocks, silicones, polyol esters, polymer esters, PAG (polyalkylene glycols), and PFPAE 
(perfluoropolyalkylethers), as well as others. Since there is nothing in common between most of the oils lumped together 
as Group V, it makes no sense to discuss them as a group.  Instead, a few single types of synthetic oils in Group V will be 
discussed individually.

Group VI  

The Group VI class is not yet recognized in the U.S. by the API.  It was introduced in Europe by the ACEA (Association 
des Constructeurs Europeans D’Automobiles) for the synthetic PIO (polyinternalolefins) oil base stock.
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Group I Distilled, solvent refined:
≥10% aromatics, <90% saturates

80-
119

15- 
20

med-
high

>20 good-
exc.

-5 to
15

100 med 1

Group II Distilled, solvent refined,
hydro-cracked:
<10% aromatics, ≥90% saturates

80-
119

10- 
15

med >20 good -10 to
-20

170 high 1.05

Group III Distilled, solvent refined,
severely hydro-cracked:
<10% aromatics, ≥90% saturates

≥120 5-15 med 16- 
20

good -10 to
-25

190 med 1.5

Group III+ Group III+ oils are additionally
hydroisomerized, or processed in 
other ways: <1% aromatics

≥140 ≤ 5 low 16- 
20

good- 
poor

-15 to
-30

200 med 2

Group IV
PAO

100% catalytically synthesized from 
olefins derived by thermally cracking 
wax

135- 
140

1.8 low 13 poor -53 270 low 2.5-
3

Group V
Polyol Ester

100% synthesized by reacting acids 
and alcohols

140 1.0 high >20 exc. -21 260 med 5-10

figure 2 - Summary of Oil Base Stock Properties (4cSt @100°C viscosity stocks, no additives)�,�,8,9

Defining Base Stock Properties
The properties described in this section are the major characteristics of oils which determine their suitability for a 
particular use.  The relative properties of the different base stocks are summarized and compared in figure 5, and
defined below.

Group Designation

The API designated Group is defined by unique mechanical and chemical characteristics.  Group I, II and III originally 
were meant to describe mineral oils of increasing degrees of refinement.  With the advent of advanced techniques for 
improving yields and quality, there are some oils of Group II and III which have greatly improved characteristics compared 
to others of their group.  Therefore, one cannot just view the group number as a quality ranking.  There are modern base 
oils which fit the Group II description which will outperform some Group III base oils in certain applications.  Group IV 
is reserved for one type of oil, PAO.  It has many superior characteristics to be sure, but it is not necessarily better than 
Group III+ oil in all applications.  Group V is a catch-all for anything that does not fit into the other four groups.

Composition 

This is the method in which a resulting chemical composition is arrived at from crude oil.  Saturated molecules are more 
stable than equivalent weight aromatic hydrocarbon molecules.  This is the API’s time-honored method of describing the 
major molecular makeup of these groups.  New manufacturing techniques are being developed for Group III oils which 
are so different in chemical makeup and performance, they share little with traditional Group III oils.  Some of these are 
being termed Group III+ oils.



Viscosity 

Commonly measured in cSt (centiStokes), viscosity is a measure of oil’s resistance to flow, and is perhaps the single 
most important factor determining oil film thickness under load. The fractions used for lubricating oils are chosen for their 
molecular weight and viscosity. This resistance to flow comes from the oil’s molecules mutual cohesion, and the process 
of applying force and moving the molecules apart is referred to as “shear.”  The energy used to shear the oil molecules 
apart is dissipated as heat in the oil.  Excessive shear can cause breakdown of the molecules in the viscosity modifiers as 
well as in the base stock.  This breakdown results in oil losing viscosity and forming a thinner film.  To get a feeling for the 
viscosity of some common substances and the effect of temperature on the viscosity, refer to figure 3 below.

Viscosity Index (VI)

VI is calculated using the ASTM D-2270 method based on the difference in viscosity at 100°C and 40°C.  VI expresses 
the relationship between viscosity and temperature; oil with a higher VI will have less change with viscosity as a function 
of temperature.  Especially useful for evaluating base oils, VI is somewhat meaningless when applied to 
fully-formulated PCEO that has viscosity modifiers added to give a multi-viscosity characteristic.  This is because the 
viscosity modifiers themselves are not necessarily excellent lubricants, yet the addition of a large amount will give an oil 
a high VI.  Unfortunately, these viscosity modifiers are very long-chain molecules, and many will break down in high-shear 
or high-temperature conditions, such as close tolerance bearings running at high rpm.  When the modifier decomposes, 
the viscosity of the oil will decrease toward its initial viscosity without the modifier.  This is because the addition of these 
viscosity modifiers increases the viscosity at all temperatures relative to the base oil alone.

Volatility (NOACK)

Volatility is defined as the percentage of oil which evaporates during an ASTM D-5800 test at 150°C.  This is one 
characteristic where many pure synthetics, especially Group IV PAO, have a large advantage.  Since all distilled mineral 
oils are made from a range of molecular weights and volatilities, extended heating will vaporize the lightest of these, 
resulting in a viscosity increase.  A pure synthetic is basically one type of molecule of a narrow range of molecular 
weights.  Therefore, there is little to volatize as the temperature increases, until a very high temperature is reached; then 
the evaporation or breakdown point of the great majority of the molecules occurs.

Polarity

Polarity is the relative measure of the electrostatic attraction characteristic of the base oil.  A polar molecule is not 
electrically symmetrical, so it will move or orient itself in response to an electric field or the presence of other polar 
materials.  Conversely, non-polar molecules are relatively unaffected by the presence of other polar materials or electric 
fields.  This is not to be confused with conductivity, where a material easily gains or loses electrons in response to an 
electric field.  Oil which is polar can bond to metal and other polar molecules (such as water) more readily due to their 
polar characteristics.  An oil which is highly polar can have a tendency to be more hygroscopic, and absorb moisture.  
Additives such as ZDDP or calcium sulfonate are also highly polar.  Without a polar characteristic, oil has little ability to 
bond or adhere to surfaces, which means that under pressure from loading, it will be more easily displaced and potentially 
permit metal-to-metal contact.

Viscosity at 25° C Viscosity at 100°C
Air = 0.018 cSt   Air = 0.022 cSt 
Water = 1.000 cSt Water = 0.282 cSt
30 weight oil = 125 cSt  30 weight oil = 4 cSt
Honey = 2000 cSt Honey = 40 cSt  
Peanut Butter = 150,000 cSt Peanut Butter = 25,000 cSt

figure 3 - Relative Viscosities of Common Liquids



figure 4 - Oil Viscosity Change with Applied Pressure

Viscosity / Pressure (‘α’)

The factor of viscosity increase in response to pressure, as measured using AGMA 925-A03 test methodology, is 
abbreviated as ‘α.’  As graphically shown in figure 4, when subjected to extreme pressure, oil’s viscosity will increase as 
its molecules are forced into closer proximity to each other.  Under extreme pressure, oil with a higher ‘α’ value will have 
a thicker film due to the resulting viscosity increase.  This characteristic is exploited in the EHD (Elasto-HydroDynamic) 
lubrication mode (see ZPlus™ Tech Brief #11).  The different base stock types have radically different average ‘α’ values, 
depicted in the figure 4,10 which plots actual measured values up to 80,000 psi.  The values larger than 80,000 psi on the 
graph are straight-line extrapolations.  The viscosity/pressure characteristic will depart from straight-line linearity at some 
critical pressure where the molecules are forced into close proximity to each other and entangle.  After this point, the 
viscosity will rise rapidly with increasing pressure until the oil takes on the characteristics of a solid.

Solvent for Additives

Solvent capability refers to the relative ability of an oil to dissolve and retain common additive packages, such as ZDDP 
and detergents.  Solvent characteristics are related to polarity, but also depend on chemical compatibility.  Certain base 
oils, such as Group IV PAO, are poor solvents for additives due to their extreme chemical stability as well as low polarity.

Pour Point

Pour point is defined as the ability of oil to flow at low temperatures.  Using ASTM D-97, pour point is the lowest 
temperature at which the oil can be poured.  The practical application of this parameter is, of course, engine operation in 
extreme cold weather.  Low pour point synthetic oils were first developed for vehicles operating in Arctic climates.

Flash Point

Referring to ASTM D-92, flash point is the lowest temperature at which a liquid or solid gives off enough vapor to form a 
flammable air-vapor mixture near its surface.  This is related to volatility because flammable hydrocarbons must volatize 
and mix with oxygen in order to flash.  Oils with fewer light aromatic hydrocarbon fractions will have a much higher
flash point.



EHD (Elasto-Hydrodynamic) Characteristics

EHD is the capability of oil to remain in a film under conditions of high pressure and shear.  This property is related to 
mean molecular weight and structure of the molecule.  Branched molecules show greater resistance to film rupture 
under high pressure than do linear molecules.  In general, oils that show high EHD characteristics will also suffer from 
high shear under pressure and translation.

Price

This price index is a relative scale of base oil wholesale cost, as reflected in retail product price.  The relative prices as 
stated in the chart are as of mid-2008.  As synthetic oil production is increased, the relative price for these premium oils 
will come down.

The Definition of “Synthetic” as Applied to PCEO
To a scientist, the word synthetic usually means man-made as opposed to occurring in nature.  To a petroleum engineer 
in the 1980s, it referred to an oil whose molecules are assembled in a reaction from purified precursors in a synthesizing 
manufacturing method as opposed to an oil which was a processed fractional distillate.  In other words, the molecules in 
the synthetic oil did NOT directly come from crude; they were manufactured by breaking down crude into purified single 
chemicals, then reassembling them.  This is unlike the manufacturing method for Group I, II or older Group III base oil, 
which largely consists of molecules which can be found in the original crude.

It is from this initial definition that the Group IV PAO oils, as well as some other Group V oils like esters, were initially 
labeled as synthetic.  In the early 1990s, the lubrication industry attempted to get the API and SAE to clearly categorize 
differences between mineral and synthetic oils.  Neither organization was able to do so, and as a result modified their 
documentation to remove any differentiation between the two.  In 1999 the Mobil™ Oil Corp. lodged a complaint against 
Castrol™/Shell™ with the NAD (National Advertising Division of the Council of Better Business Bureaus).  Mobil’s™ 
claims were that Castrol™ had changed the formulation of its “Syntec®” PCEO from a nearly 70% PAO Group IV base 
to 100% mineral oil Group III+ base, and yet still misleadingly advertised the oil as synthetic. (Mobil™ itself had been 
marketing VHVI Group III based oils in Europe at that time and had advertised them as synthetic.)11  It also charged that 
Castrol™ had changed Syntec® to a “degraded” product to the detriment of the consumer, yet was advertising the oil as 
“superior” to all other motor oils, both synthetic and conventional.

The NAD considered Mobil’s™ charges and decided on the first charge of false advertising, the definition of synthetic was 
not limited to Group IV PAO or Group V esters.  They stated, through industry expert corroboration, the word synthetic 
could be used as a performance description as well as a method of manufacture.  The definition of synthetic was the 
central issue to this claim, and the NAD cited as support how the two standards organizations, SAE and API, had 
changed their documentation to eliminate differentiating between mineral and synthetic oil.

On the charge of “degraded” performance, the NAD found the 100% mineral-based Syntec® actually performed as well 
as, and in some ways better than the previous PAO-based formulation in a PCEO application, and dismissed that claim.  
With respect to the Castrol™ claim it provided “superior protection” to all other oils, the NAD found no support for the 
Castrol™ claim and ordered the claim to be removed from future advertising.  We at ZPlus™ think the NAD decision did 
not deal with the main issue of defining the word synthetic, and chose to deal with the semantics of its use instead.

A question one could pose is why Castrol™ needed to keep using the description of synthetic after making the formulation 
change.  The answer seems rather obvious to us; the label of synthetic on an oil allows the manufacturer to charge a 
premium price for the contents, and Castrol™ did not want to lose the profitability of the Syntec® product.  Therefore, we 
assume Castrol™ thought it worth the fight to have the word redefined for marketing purposes.

At issue as well are the SAE and API modifying their documentation to not differentiate between the two classes of 
oils.  They did so in order to reflect the fact that, for general purpose PCEO use, the distinction between the two was 
not necessary.  The fact they ceased to differentiate between conventional and synthetic base does not remove the 
substantial differences in characteristics between the two.  This is not to say one is better than the other for all purposes, 
but they are not the same.  A Group III+ oil may perform as well or better than a Group IV/V blend, but only in the context 
of certain PCEO uses.  They do NOT become the same substances as a result of the NAD ruling, and in our opinion, 
should not be called the same in advertising.



The problem with the NAD ruling is the meaning of the word synthetic in a PCEO advertising context is now potentially 
at odds with its meaning in a chemical context.  In the search for higher profits, Castrol™ has managed to further confuse 
the customer and hide reality by obfuscating the advertising jargon.

We agree that a modern Group III+ base oil in all of its fractionally distilled, severely hydrocracked, hydroisomerized, 
hydrofinished glory is not found in nature, but that does not mean it fits the original definition of synthesized.  To carry 
the tenets of the NAD decision to their logical conclusions; a fractional distilled oil of any kind is never found in nature 
and, for some purposes, other Group II and III oils may perform adequately, as would PAO.  Does that make them 
synthetic as well?  And if, for instance, water happened to work as well or better as synthetic oil for cooling a machine 
part, does that make water in that context synthetic as well?  

We believe it would have been far more beneficial to all if Castrol™ had just proceeded to petition to create a new group 
for its new, unique high-quality oil.  This would have allowed them to participate in the creation of standards by which 
an oil would qualify for inclusion in that group, and they would have the distinction of having the first oil to be considered 
for the group.  This would be far more honest than attempting (successfully) to hitchhike the success of their product on 
the name synthetic, which had attained value due to the hard work of the chemists who had synthesized (by the original 
definition) PAO and other totally new molecules.

Why not use language in an agreed-upon way to clarify, not obscure the truth?  Like most people, when we want to know 
the meaning of a word, we go to a source that has been peer-reviewed more than any other:  Webster’s Dictionary. 



ZPlus™ Tech Brief #11

Internal Combustion Engine Lubrication

Lubrication in an Ideally Designed Engine
It is a matter of fact that using PCEO (Passenger Car Engine Oil) to lubricate all of the different parts of an engine 
is a necessary compromise.  In an ideally designed engine, each part requiring lubrication would be given the exact 
lubricant that best suited the nature of the friction being minimized.  The basic principle of lubrication is to keep two 
bearing surfaces that move relative to each other separated, to minimize wear.  Ideally, this would be accomplished in 
all IC (Internal Combustion) engine bearings with an oil film thick enough to eliminate any contact, but this is not always 
possible.  In an actual engine, the lubricating oil film thickness will range from a continuous film of oil in Hydrodynamic 
Lubrication, (as in crankshaft bearings), to a trapped and thinner film of oil in EHD (Elasto-HydroDynamic) Lubrication 
(found in wrist pins and some high-performance engine crankpin bearings), with actual rubbing contact through the oil film 
found in Boundary Lubrication which happens in some engines with flat lifters.  Although in reality these three lubrication 
modes are part of a continuous range of oil film thickness, they each place different demands on the oil, so we will 
examine them independently.

  System Load in psi Mode of Lubrication
Crankshaft Bearing 1700 Hydrodynamic
Crankpin Bearing 3300 Hydrodynamic
Wrist Pin 5000 Sliding Hydrodynamic
Cam/Lifter Contact >150,000 EHD/Boundary

The complex relationships between these factors are	 	 figure	1	-	IC	Engine	Bearing	Systems	and	Loads1

illustrated in a function called the Stribeck Curve, shown
in purple on the graph in figure 2.  Named after German scientist Richard Stribeck (1861-1950), this curve plots the 
relationship between the three major factors which determine oil film thickness in bearing systems.  Overlaid on this curve 
is the relative Coefficient of Friction curve in blue and relative Wear in green.  

The horizontal x-axis in figure 2 is a value which increases with rotational speed or oil viscosity, and decreases with an 
increase in load.  As the rotational speed of the shaft increases or the viscosity of the oil is increased, the resulting oil 
film thickness increases along the purple curve to a higher value.  If the load increases, the film thickness decreases 
along the purple curve to a lower value.  It is important to note the system oil pressure is not included in this chart, as 
the system oil pressure only needs to be adequate enough to replace oil that leaks out of bearing clearances.  Pressure 
above this minimum value does not affect the oil film thickness in a hydrodynamic bearing, as we explain in the 
hydrodynamic lubrication section of this paper.  This leakage is affected by oil viscosity, bearing clearance and pressure.

In figure 2, the oil film thickness curve x-axis is separated into three regions: Hydrodynamic, Mixed, and Boundary.  In 
hydrodynamic lubrication, the two bearing surfaces are completely separated by an oil film.  In the mixed region, the oil 
film thickness drops into the range of the roughness of the bearing surfaces.  The peaks of the surface which give it its 
roughness are called “asperities.”  As you move towards the left in this mixed region, the asperities begin to contact.  The 
left hand region is boundary lubrication, in which the interaction of the asperities between the two bearing surfaces is 
increasingly the cause of friction.  You will notice in figure 2 there are dashed lines superimposed on the left side of 

Figure 1 gives average loading values for different engine 
bearing systems and the mode of lubrication they employ.  
To better understand the different modes of lubrication, 
we will examine the relationship between film thickness, 
oil viscosity, load, and speed of movement of the frictional 
interface.  



the graph.  They represent the decrease in both coefficient of friction and wear in the presence of the proper anti-wear 
additive such as ZDDP.  Without the anti-wear additive, a decrease in either rotational velocity or viscosity, or an increase 
in the load ultimately results in destruction of the journal and bearing.

Hydrodynamic Lubrication
Definition: “A system of lubrication in which the shape and relative motion of the sliding surfaces causes the 
formation	of	a	fluid	film	having	sufficient	pressure	to	separate	the	surfaces.”	2

The crankshaft, crankpin, camshaft bearings, and in some engines rocker shaft bearings, utilize a plain bearing insert 
and journal which are kept separated by an oil film operating in a hydrodynamic lubrication mode.  Contrary to the popular 
misconception, the journals in these bearings are not kept from rubbing on the bearing inserts by the engine oil system 
pressure.  Using the crankshaft bearings as an example, the oil is introduced into the bearing journal clearance only at 
a hole in the top bearing insert, although in many engines there is also a groove to distribute the oil half-way around the 
journal.  In this bearing, the oil system pressure is actually trying to push the crankshaft away from the oil hole toward 
the lower bearing half.  If it were not for the presence of hydrodynamic lubrication, the crankshaft would be pushed down 
into contact with the lower bearing insert.  Since crankshaft bearings are not sealed, oil leaks out the side clearance of 
the bearings, and the engine oiling system merely keeps an adequate supply of oil in the bearing.  The hydrodynamic 
lubrication does the actual work of keeping the bearing and journal separated.

In order to illustrate the principle of hydrodynamic lubrication, consider the bearing and journal system of an IC engine 
crankshaft journal and bearing, illustrated in figures 3, 4, and 5.  The size differential between the bearing shell and 
journal has been exaggerated to make the principle clear.  For the purposes of the example, we are loading the 
crankshaft vertically opposed to the oil hole.  Our initial conditions are that of an engine which has been recently built, 
but has no oil between the journal and bearing surface. 

(Our example starts with dry bearings in order to make the point more clearly but in practice, all correctly assembled 
engines have the bearings pre-lubricated at assembly, and an engine which has been run will have a thin film of oil in the 
bearings.  In both of these conditions, the bearings will operate in a mixed hydrodynamic/boundary lubrication mode until 
the oil pressure rises and re-establishes a continuous supply of oil, enabling full hydrodynamic lubrication.)

With the crankshaft stationary, as illustrated in figure 3, the first application of pressure on a cylinder power stroke forces 
the journal downwards into contact with the bearing.  As the crankshaft attempts to spin in the absence of oil, the journal 
attempts to climb the left side of the bearing due to the mutual friction between the two, as shown in figure 4.  Of course 

figure	2	-	The	Stribeck	Curve	(Plus	Coefficient	of	Friction	and	Wear	Curves)	



without oil, the journal and bearing will be in rubbing contact, 
quickly causing damage to both.

To the system in figure 4, we then introduce a supply of oil.  
The oil characteristics in play in hydrodynamic lubrication are
cohesion (how well the molecules adhere to each other), 
adhesion (how well molecules stick to other molecules), and 
viscosity (an oil’s resistance to flow).

If an oil has poor cohesion, it would have poor film strength 
and the film could be easily separated.  If the oil had 
absolutely no adhesion to the crankshaft journal, then an oil 
film would not form on the crankshaft journal.  The journal 
would then be forced under load to the bottom bearing 
insert and attempt to climb it just as if there was no oil.  This 
pinpoints oil adhesion as a fundamental part of hydrodynamic 
oil lubrication.  Viscosity is the dominant factor in an otherwise 
suitable oil which determines the resulting film thickness.

As shown in figure 5, the adhesion of the oil to the spinning 
journal will cause the oil to be continually dragged into the 
point of contact between the journal and the bearing insert.  
The oil is entering the contact point from the left in our 
example, so the oil film thickness will be greater on the left 
side of the contact than on the right side.  This gives the oil 
film a shape called a “hydrodynamic wedge.”  With the thickest 
layer on the left, the pressure in the wedge pushes the journal 
up and to the right of the load center line.

As the hydrodynamic wedge pushes the journal away from the 
bearing insert, the pressure in the wedge will drop due to the 
increased clearance between the journal and bearing insert.  
At the point where the upward force of the wedge equals the 
load, the hydrodynamic lubrication is in equilibrium.  In this 
equilibrium, the oil pressure in the hydrodynamic wedge part 
of the oil film can be many times the engine oiling system 
pressure.

Since the journal in this system is the pumping component,
the pressure in the hydrodynamic wedge is proportional to the
speed of rotation.  This means the slower a journal rotates, 
the lower the hydrodynamic pressure becomes, resulting in a 
thinner oil film, as shown in the Stribeck Curve of figure 2.
This is one reason why “lugging” an engine at very low rpms 
and high load can cause bearing damage.  In a lugging 
condition, the oil film being generated by the hydrodynamic 
action can be too thin to sustain the load, and may allow 
journal-to-bearing contact. 

As is the case with all gas or liquid compression systems, 
energy is used compressing the oil in the wedge, and the oil is heated in the process.  This energy is supplied by the 
engine, and the heat generated in the process adds to the heat in the oil from oil shear.  Both must be dissipated in 
the sump.

The correct viscosity oil is a critical factor to maintaining adequate hydrodynamic lubrication.  The factors determining 
the choice of the correct oil are the maximum load, bearing width, and rpm range in which the bearing will operate.  High 
viscosity oil will allow for high loading at a lower rpm range.  Low viscosity oil will allow for higher rpm operation with low 
shear heating and less power loss.  

figure	3	-	Crankshaft	Stationary

figure	4	-	Crankshaft	Spinning	Without	Oil

figure	5	-	Crankshaft	Spinning	with	Oil



Factors	Which	Determine	Hydrodynamic	Oil	Film	Thickness

Specified	Oil	Viscosity

Hydrodynamic oil film thickness is directly proportional to the viscosity of the oil, which in turn is related to the cohesion 
of oil molecules to each other in combination with the average molecule size.  The easiest way to gain load safety margin 
in the form of additional oil film thickness, is by increasing the viscosity of the oil.  The correct choice of oil viscosity is 
determined by the design load, bearing clearance, and rpm range of the engine.

In general, the higher the load, the higher the appropriate viscosity.  The larger the bearing clearance, the higher the 
appropriate viscosity.  The higher the average rpm range, the lower the appropriate viscosity.  Low viscosity oil with low 
shearing losses will increase energy efficiency and prolong oil life.  More viscous oil will allow for heavier loading or lower 
rpm use, but suffer excess oil shearing under high rpm duty.  

Engine manufacturers have suggested viscosities which are designed to take these factors into account, as well as 
factoring in seasonal variations in operating temperatures.  Racing oils may seem to violate these constraints if you judge 
them solely by their viscosity ratings, which can be as high as SAE 70 weight.  Racing engines cannot escape from the 
laws of physics, and these highly viscous oils will suffer from extreme shear, heating, and degradation when the engine is 
operated at high rpms.  This consequence is unimportant in this application, because the oil is often discarded after mere 
hours of use.  Street vehicles operate with very different oil life requirements.

Temperature	of	the	Oil

Oil temperature directly affects the viscosity of the oil, as discussed in ZPlus™ Tech Brief #10.  This lowering of viscosity 
with temperature increase translates directly into a reduction of film thickness.  This characteristic is fortunate for a 
commuter on a cold morning, considering how little oil pressure is available in a cold engine upon start-up.  When cold, 
residual oil in the bearing will have a much greater viscosity than it will at the engine’s full operating temperature, which 
lowers the chance of bearing damage.  A hot re-start of an engine poses more of a risk of bearing damage, due to the 
fact the hot oil film will be thinner than a cold oil film, and may not adequately separate the journal and bearing until proper 
oil system pressure is re-established.

Rotational	Speed	of	the	Journal

As the adhesion of the oil to the spinning journal drags the oil molecules into the hydrodynamic wedge, the cohesion of 
the molecules will cause a buildup of pressure in the wedge.  This increased pressure will directly translate into increased 
film thickness.

Peak	Pressure	Due	to	Loading	of	the	Bearing	(Not	Oil	System	Pressure)

A doubling of load will result in a halving of film thickness, if you do not factor in the ‘α’ or pressure dependent viscosity of 
the oil.  Practically speaking, the viscosity of most PCEO will double from zero pressure to 10,000 psi.3  Peak pressures in 
the crank bearings of a normal IC motor are less than 2000 psi, so the ‘α’ of an average oil will cause a useful but minimal 
10% increase in film thickness, relative to that of its uncompressed viscosity.

Polarity of the oil

The polarity of the oil directly affects its adhesion to the 
parts it is supposed to lubricate.  Polar substances can 
be mutually attractive, which enhances the adhesion of
the two.

As shown in figure 6, when a drop of water is placed in 
contact with surfaces of different polarities, the resulting figure	6	-	Polarity	Affecting	Adhesion
interaction of the two determines the degree of wetting.  



The greater the adhesion, the more the liquid is attracted to the surface, and the more it will spread out on the surface.  
The amount of adhesion can be determined by the resulting angle at the junction of the drop as it wets the surface.  This 
wetting can be expressed as a contact angle Θ, with the greatest adhesion giving the lowest angle.  This contact angle is 
also determined by the surface finish, which is discussed in the next section.  

Highly polar oil displays greater adhesion to both bearing and journal, resulting in greater boundary layer thickness and 
higher ultimate film rupture strength, all other characteristics being equal.  The cam, lifter, crankshaft, and bearing insert 
are made from highly polar metals.  PCEO polarity is dependent on the polarity of both the base stock and additive 
package.  Mineral-based Group I, II and III base stocks are moderately polar, with polarity decreasing in general as 
additional refining is added.  There are some base stocks, such as Group IV PAO, which are very non-polar.  Some 
Group V oil stocks, like PE (polyol ester) and PAG (polyalkaline glycol), are highly polar (see ZPlus™ Tech Brief #10 for 
more oil information).

Without polar additives, Group IV PAO base stock will exhibit a lower degree of wetting of engine parts compared to 
other base oils.  This is one of the reasons that most current true synthetic Group IV based PCEO is formulated with the 
addition of another more polar base stock, such as a Group V polyol ester.  Of course, the addition of a polar additive 
such as a detergent or an anti wear additive such as ZDDP will also increase the overall polarity of the oil.  Without the 
addition of these polar substances, a PAO oil film can be more easily displaced due to the lower adhesion and reduced 
hydrodynamic wedge development.  This can result in metal-to-metal contact between the bearing journal and insert.  
A highly polar liquid will display more thorough wetting of the bearing interface (high adhesion) and displace less under 
load, other factors being equal. 

Surface	Finish

A perfectly smooth bearing surface, although impossible to attain, would have no reserve oil capacity, as well as minimal 
mechanical oil adhesion.  The microscopic surface imperfections of asperities and small pits greatly increase the surface 
area of the journal, and allow for greater oil film adhesion.  The limiting factor on the height of these surface imperfections 
is the thickness of the oil film itself.  If the asperities are taller (above the average surface) than the oil film is thick, then 
contact will be made between the rotating and stationary asperities, causing wear.

Surface Finish (RMS) Smooth (<10nm) Low (20nm) High (50nm)
Contact Angle 33° 28° 22°

Recovered Mass (mg) 5 8 10

The DCA used in this University of California   figure	7	-	Surface	Finish	vs.	Oil	Adhesion	4
Santa Barbara study measures the adhesion
between oil and metal strips of varying roughness, by measuring the contact angle or amount of “wetting” which occurs 
between the two.  The “recovered mass” in the chart is the amount of oil which adhered to the test metal strip due to 
the combination of polarity and the surface roughness.  Since the roughness was the parameter that was varied in the 
test, the difference between the results is due solely to the surface finish.  The rougher the surface finish, the more oil 
was retained.  Although increasing roughness will increase oil adhesion, there is a practical limit.  At some amount of 
roughness, the height of the asperities will begin to approach the thickness of the oil film, reducing the effective oil film 
thickness. For each bearing system, there is an optimum surface finish which will have maximum oil adhesion without 
causing contact between the two bearing surface asperities under load. 

Engine bearing manufacturers have long known there is an optimum surface finish for the bearing journals which 
encourages the formation and adhesion of an oil film.  The importance of the surface finish is demonstrated by Clevite 
recommendations5 regarding the directionality of the finish left by cylindrical grinding and polishing.  The process of 
grinding or polishing at the microscopic level is one of imbedding a hard chunk of abrasive into the relatively soft metal, 
and then moving it parallel to the surface to remove or push over the metal.  Some metal will be removed, and some flows 
plastically, leaving a directional “scaled ” appearing surface aligned in the direction of the finishing rotation.  This surface 
feature can help retain oil by mechanically increasing the adhesion of the oil film to the bearing journal and providing 
microscopic oil reservoirs.  These “scales” also can appear as microscopic ramps, perhaps helping hydrodynamically 
pump oil outward on the journal.

Figure 7 details the adhesion of oil to steel of 
increasing roughness as determined by oil 
adhesion experiments using a DCA (Dynamic 
Contact Angle) analyzer. 



For these reasons, the direction of grinding and polishing relative to the direction of bearing rotation during operation is 
critical to the performance of the bearing/oil system.

Width	of	the	Bearing

In a plain bearing of infinite width, there could be no
side-leakage of the high pressure in the hydrodynamic 
wedge.  Since all IC engines have bearings of relatively small 
width compared to the
shaft diameter (typ.<0.5 dia.), and fairly large clearance 
between the journal and bearing insert relative to the size of 
the oil molecules, there is considerable side-leakage.  This 
leakage allows the high-pressure oil in the hydrodynamic 
wedge to leak out along the length of the bearing.

As a result of the side leakage, there is a bell-shaped 
pressure gradient of this oil pressure wedge as viewed 
perpendicularly to the shaft, shown on figure 8.  In this 
diagram, the red zone of highest pressure is in the center 
of the bearing, causing a downward pressure gradient as 
you move to either edge of the bearing.  The net result is 
a reduction in the peak pressure of the bearing surface 
covered by the wedge.  The load-bearing capability of a 
hydrodynamic wedge is proportional to both bearing width 
and journal rpm, so a wider bearing will support adequate 
hydrodynamic lubrication at a lower speed.  The correct width 
for a bearing is one which allows for a hydrodynamic oil film thick enough to support the load with an adequate safety 
margin, without being so wide as to incur excessive oil shear power loss.  

What	is	the	Actual	Minimum	Film	Thickness	Needed	to	Keep	the	Bearing	and	Journal	Apart?
Figure 9 is a graph plotting measured crankshaft bearing load and minimum oil film thickness as a function of crank 
angle.6 
The data in the chart shows graphically how the crankshaft journal does not stay centered in its bearing when loaded.  

figure	8	-	Hydrodynamic	Pressure	Profile	with	Side	Leakage

figure	9	-	Crankshaft	Load	and	Oil	Film	Minimum	Thickness	vs.	Crankshaft	Angle



Note the chart does not specify at what location that minimum occurs, just the angle of the crankshaft in its rotation 
relative to TDC (Top Dead Center) when the minimum oil film thickness occurs.

By this we mean the minimum film thickness will, of course, be located near the middle of the bearing cap during the 
power stroke, and at the top near the oil hole during the intake stroke.  But both events cause a relative minima on the 
graph.  The data in the chart was obtained by testing with 5W-20 oil, and results show an average minimum film thickness 
of 0.000264″.  The test engine was a GM 3800 V6, with radial main bearing clearance of 0.0012″.  This means in the initial 
test, due to radial forces in the crankshaft, the actual journal spends most of its time rotating off-center in the bearing 
housing an average of 0.000936″, which is most of the 0.0012″ clearance!  The critical piece of information in this chart 
is the absolute minimum oil film of 0.000047″, which occurs in this particular bearing position at around 300°.  Retesting 
using 10W-30 oil gave a minimum of 0.000054″, and 20W-50 oil resulted in a minimum film thickness of 0.000070″.  This 
means in this particular engine using 5W-30 oil, if the asperities on either the crankshaft or bearing insert were higher 
than 0.000047″ total, there could be contact between them at this time.  Once the asperities of the journal contact those 
on the bearing, some will break off and be carried in the oil as debris which may cause additional damage.  This is one 
of the reasons the current high-performance engine design emphasizes the roundness, surface finish, and accuracy of 
machining of journals and bearings which are supported by hydrodynamic lubrication.

Since the sum of the machining, bearing manufacturing tolerances, and installation tolerances far exceed this minimum oil 
film thickness, why does a crankshaft bearing not fail immediately upon startup?  The answer is the bearing insert surface 
material is relatively soft and compliant, and when an engine is first fired up, the crankshaft DOES make contact with 
enough force to literally pound the high spots and misalignments into a close fit with the journal.  Once they have been 
reformed to a height less than the oil film thickness, the crankshaft is fully supported by the hydrodynamic film.  
It is obvious that any and all precision employed during assembly benefits bearing life.

Oil	Shear
Figure 10 shows the relative velocity at different 
layers in the oil film.  Referring to the illustration, 
the oil film directly in contact with the bearing 
insert is adhered to the metal of the bearing and 
does not move.  In a liquid, molecules can be 
moved relative to each other, so the layer of oil 
molecules adhering to the stationary layer does 
have some freedom of movement.  The layer of 
oil at the crankshaft journal is adhered to the 
journal, and will move at the full rotational speed 
of the shaft.  The intermediate layers of oil, 
starting with the stationary bearing insert layer, 
have gradually increasing velocity crossing the 
thickness of the film towards the crankshaft.  
These oil molecules, in the act of moving past 
each other, will adhere to each other then break 
free.  This action of pulling the oil molecules 
apart is called “shearing,” and requires energy 
proportional to the viscosity of the oil.  The 
constant shearing of the oil around a spinning 
crankshaft absorbs energy and is called “viscous 
drag.”  The energy of the shearing (or the “shear 
energy”) is dissipated as heat in the oil.

The heat caused by shear is a primary factor in 
the choice of oil viscosity.  If too high viscosity oil 
is chosen for a specific bearing clearance and 
shaft speed, the oil will be heated by the shearing 
to a temperature which may cause decomposition 
of either the base oil or an additive.  The longest, 
highest weight molecules figure	10	-	Oil	Shear	Between	Moving	Journal	and	Bearing



in the oil are subject to the most shear, and it is often the VI (Viscosity Improver) additive molecules which suffer the 
greatest degradation as a result of shearing.  If the VI molecules degrade, the oil loses the effect of the VI additive and will 
drop in viscosity as well as show a greater change in viscosity with temperature change.

In order to gain an appreciation of how important shear is to efficient engine design, consider that in one paper 7 it was 
calculated that a standard European 2 liter 4 cylinder engine running 7500 rpm using 10W-30 oil is stated to waste 
more than 4000 watts (5.4 horsepower) shearing the oil in the bearings alone.  The same engine in the same operating 
conditions using 0W-20 oil would waste 2700 watts (3.9 horsepower).

Summarizing	Factors	Affecting	Hydrodynamic	Oil	Film	Thickness
A hydrodynamic oil film will support a journal until a critical design point of: increasing load, too low rotational speed, or 
insufficient oil viscosity.  At that point, the oil film will be thinner than the asperities are tall.  Once the asperities of the 
journal contact those on the bearing, there is the potential for damage to both surfaces.

Sliding	Hydrodynamic	Lubrication
The pushrod ends, rocker ball, rocker arm ends and oil pump gears operate in a sliding, relatively lightly-loaded 
hydrodynamic/hydrostatic lubrication regime.  In a manner similar to rotating hydrodynamic lubrication, the film of oil 
between the parts is pressurized by the actual contact pressure.  In this case, the pressurized oil moves from side to 
side or back and forth in an arc, creating a hydrodynamic wedge of oil which keeps the surfaces separate.  As the oil film 
attempts to squeeze out ahead of the applied pressure, the movement reverses which reverses the direction of the oil 
wedge, keeping the oil (except for side leakage) in the bearing gap.  In these systems, there is an ample supply of oil to 
replenish the film on the edge of the moving parts.  Due to the fact there is relatively little shear in the small movements, 
these systems would benefit from an oil with high viscosity.  In normal gear operation, the lubrication is mixed boundary/
elasto-hydrodynamic.  In a gear oil pump, one gear is driven and the other is actually driven by the oil film itself and is not 
coupled to a load other than the compressed oil, resulting in relatively low loading. 

The lifter bore, piston rings, skirt and valve stem also operate in a lightly-loaded sliding contact hydrodynamic regime.  
Unlike the pushrod ends and rocker balls, the movement of these parts relative to the stationary engine block is large.  To 
keep power losses low, these parts would benefit from a low-to-moderate viscosity oil chosen for its temperature stability 
and low shear loss.  Due to the relatively large amount of contamination to which these parts are subject, the oil must 
have a good amount of chemical stability as well.

EHD	(Elasto-HydroDynamic)	Lubrication
Definition: “The opposing surfaces are separated but there occurs some interaction between the raised solid 
features called asperities, and there is an elastic deformation on the contacting surface enlarging the load 
bearing	area	whereby	the	viscous	resistance	of	the	lubricant	becomes	capable	of	supporting	the	load.”	

For roller and ball bearings:	“In	rolling	element	bearings,	the	elastic	deformation	of	the	bearing	(flattening)	as	
it	rolls,	under	load,	in	the	bearing	race.	This	momentary	flattening	improves	the	hydrodynamic	lubrication	
properties	by	converting	point	or	line	contact	to	surface-to-surface	contact.”	8

EHD lubrication occurs when a volume of oil in a film is trapped by surface characteristics or the velocity of the bearing 
surfaces.  Since it cannot escape, the load pressure of the bearing is transmitted through the trapped film of oil, and 
can momentarily become great enough to exceed the strength of the base metal, causing deformation of the metal.  In 
other EHD lubrication scenarios, under sufficient pressure, oil with a large ‘α’ factor will have a viscosity increase and in 
doing so transfer the load between bearing members without metal-to-metal contact.  An important aspect of EHD, as 
the definition points out, is the pressure which can be transferred through the trapped or thickened lubricant film can be 
great enough to deform the two metal bearing surfaces.  In doing this, a small contact patch will broaden into a larger 
one, spreading the pressure over a larger area.  This lowers the effective pressure per unit area, which can allow the film 
to carry the load without rupture.  This characteristic is valuable in rolling contact bearings, such as ball or roller bearings, 
where the point or line contact can cause extreme localized pressures and temperatures at the contact point.  



Crank and crankpin bearings usually operate in hydrodynamic lubrication regime where the peak pressures are lower, and 
cause little viscosity increase.

In some high-performance engines, especially at high rpms, the crankpin bearings can effectively employ EHD 
lubrication, since the connecting rod is more flexible than the engine casting in the main bearing area. This allows the 
crankpin to effectively distort the rod bearing material, thereby enlarging the contact area.

The cam/lifter interface, and in certain diesel engines, heavily-loaded wrist pins are the only engine systems where 
the oil is subjected to sufficient load for the pressure/viscosity factor ‘α’ to be a major factor in film thickness.  Some 
loads typical of those found in an IC engine are shown in figure 1.  Even 5000 psi at a heavily-loaded wrist pin bearing 
surface is insufficient to radically change the oil viscosity.  The cam/lifter interface, which is a sliding point or line contact 
interface, operates in a mixed elasto-hydrodynamic/boundary lubrication regime.  This system would operate best with a 
very high viscosity oil with a high ‘α’, or grease, either with the appropriate anti-wear agent.  Many engines with low spring 
pressures or mild cam profiles have low enough lifter foot pressures to employ EHD lubrication alone at all cam angles 
(refer to figure 11).  Modern engines with roller lifters employ EHD lubrication at the rolling point of contact between the 
lifter and camshaft.

Boundary Lubrication
Definition: “Form	of	lubrication	between	two	rubbing	surfaces	without	development	of	a	full-fluid	lubricating	film.	
Boundary lubrication can be made more effective by including additives in the lubricating oil that provide
a	stronger	oil	film,	thus	preventing	excessive	friction	and	possible	scoring.”	9

In order to better understand the lubrication modes employed in the cam lobe/lifter contact, examine figure 11, which 
plots the valve lift, velocity, acceleration and oil film thickness of the cam lobe/lifter interface.  The oil film thickness is 
consistent in the base circle area of rotation, as the lifter slides on a wedge of oil preceding the contact point.  This is a 
fully-flooded hydrodynamic lubrication mode.  

As the lifter begins to climb the entrance ramp of the lobe, the wedge shaped gap formed by the spherical lifter foot and 
cam lobe trap oil.  As the follower climbs the lobe, and the spring compresses, the lifter foot pressure increases, and 
at some point puts the trapped oil film into an EHD lubrication mode.  As the lifter foot continues to climb the cam lobe 
entrance ramp, the increasing spring pressure reduces the oil film thickness, reaching minima at 145° and 215°.  The 

figure	11	-	Cam	and	Lifter	Characteristics	and	Timing



Loughborough University study data concluded the oil film thickness at these 
minima was less than 2x10-7 meters (0.2 microns) or about 0.000000008″, which 
is 0.008 micro inches.  

The study concluded of the cam lobe/lifter contact: “The peak transient contact 
pressures remain in the gigapascal range.”10  One gigapascal is equal to 
145,037.738 pounds per square inch.  This contact pressure was calculated for 
what we would consider to be typical of the valve train in a low-performance 
engine, with only 135 pounds of valve open lifter foot pressure.

A common classic and high-performance engine found in the U.S. is the Chevrolet 
350 engine.  We obtained a flat-lifter camshaft with lifters in order to get an idea 
of the lifter foot pressure which could be found in one of these engines.  Using an 
optical comparator, we examined the foot of the GM lifter and cam lobe.  Figure 
12 shows a simplified view of the relationship between the two, with both the 
sphericity of the lifter foot and the taper of the cam lobe exaggerated for clarity.  
The lobe taper and spherical lifter foot profile, together with the lifter offset from 
the cam lobe center line, induce a spinning/skidding motion to the lifter.  This 
motion reduces wear by several methods.  First, it spreads the contact point over a 
large circular area on the lifter foot instead of concentrating it on a single patch.  It 
also helps to bring lifter metal with a fresh oil coating into the contact point.  This 
ensures that an effective EHD film is maintained in lightly-loaded conditions, and in 
heavily-loaded conditions, that fresh anti-wear agent is brought to the contact point.

The geometry of the lifter/cam lobe contact causes a tight mating of the two, which     
encourages the contact patch to be as broad as possible, as well as encouraging
the formation of an EHD oil wedge.  The GM lifter foot was ground with a 36″ radius 
spherical profile, and the cam lobe had a face taper of 0.003″ across the 0.450″ cam lobe width.  This means the angle of 
the cam’s lobe surface is 0.387° relative to the axis of the cam, and the spherical foot of the lifter will touch the lobe at a 
point with a tangent of 0.371°.  With little or no pressure, the two meet at a point.  But, under the high loading of the valve 
spring, the resulting plastic deformation of the cam’s surface and lifter foot cause the point contact to lengthen into a line 
or rectangular patch contact.  The cam and lifter we obtained are often used with springs which can have as much as 335 
pounds of pressure at full lift.  With 1.5:1 ratio rocker arms, that results in 500 pounds of lifter foot pressure, or 3.7 times 
that used in the Loughborough study.  We measured a static contact patch of 0.3 mm by 1.3 mm under the 500 pound 
load.  This would indicate the metal of the cam lobe and lifter were each being deformed by several microns, and the 
resulting equilibrium pressure was in the 200,000-400,000 psi range.  The actual pressure will be limited by the amount of 
deformation of the cam lobe and lifter.  This is because in response to pressure the contact patch gets larger, spreading 
the pressure over a larger area, which in turn lowers the peak pressure per unit area.

Due to the difficulty of actually measuring the area of the contact point as it moves dynamically, as well as the complex 
deformation of the cam and lifter metal in response to pressure this great, we cannot know the exact pressure at the 
contact point using our GM parts.  We can state with confidence that a 500 pound lifter foot pressure will cause a contact 
pressure not less than that stated in the Loughborough study using a 135 pound lifter foot load, and possibly up to 3.7 
times as much.  This would mean the contact pressure is in the range of 145,000-536,000 psi.  At these pressures, the 
deformation of the metal will limit the actual pressure per unit area to a value less than the yield limit of the metals.  

We have seen a number of failed lifters and cams, both in OEM engines and in engines employing aftermarket flat cam/
lifter systems which have aggressive ramps and high spring pressures.  This indicates to us, unlike the low-performance 
engine used as an example in the Loughborough study, effective EHD films are not being sustained in many high-
performance engine applications.  In these cases of cam lobe destruction, it is clear that regular API SM oils are not able
to provide EHD film lubrication at the points in the cam rotation where the oil film is minimum thickness.  If there is no 
EHD oil film, the only mode of lubrication which can inhibit wear under these conditions is boundary.  In boundary 
lubrication mode, the protection for the two bearing surfaces will be provided by the anti-wear agent in the oil, which has 
historically been ZDDP.  Current API SM oils do indeed still have ZDDP, but the evidence says there is not a sufficient 
amount to protect high-performance engines from wear.  The characteristics of ZDDP cause it to decompose into a 
glassy high-strength film in the presence of the high pressure and temperatures at the cam lobe and lifter contact point.  
This film, while not as low-friction a lubricant as an oil film, is the last line of defense against wear, and effectively forms a 
sacrificial layer to protect the base metal of the cam lobe and lifter foot.  Since it is sacrificial, the rate of film build will be 

figure	12	-	Ideal	Cam	/	Lifter	Contact



partially dependent on the amount of ZDDP available in the oil.  High spring pressures or rpms will wear away the film at a 
greater than normal rate, increasing the required amount of ZDDP needed to ensure low wear on the cam lobes and 
lifter foot.

Lubricating an Engine in Reality
Back here in reality, all of our engines are designed with a single lubrication system which is required to handle ALL of the 
lubrication chores in all engine systems.  In addition, the oil is asked to move many kilowatts of heat from critical engine 
parts to the sump, where it is expected to transfer the heat to the sump walls and return cooled for more abuse.  As if this 
wasn’t enough of a job, the oil is also supposed to capture all blow-by and atmospheric moisture condensates, absorb, 
neutralize and store them until the next oil change, and protect all internal components from corrosion.  The oil is asked 
to perform these chores for 3000 to 7500 miles or more, depending on how often you empty the sump.  With the most 
recent innovations in precision engine design and fuel injection, there is a large push in the industry, especially in Europe, 
for sealed-for-life oil charges in the sump.  We can expect PCEO to evolve with engine design towards this goal.

The quality and performance of today’s base oil stocks far exceeds anything available in the past.  Unfortunately, the 
change in engine design and the resulting change in oil composition means the newest oils do not necessarily contain the 
best additive package for older engines.  Specifically in the area of anti-wear agents for the boundary lubrication regime, 
the newest oils exhibit less anti-wear capabilities than do the heaviest duty oils containing high amounts of ZDDP.

Obviously, a single oil cannot optimally lubricate all engine systems, while at the same time performing all of the other 
jobs it is asked to do.  This means that like all other engineered substances, it is the product of compromises in design.

In many cases, the very best oil to use is the one that provides optimum protection for the weakest part of your specific 
engine.  In the case of flat-tappet engines, especially those with high valve-spring pressures, you must be careful to 
ensure an adequate level of the anti-wear agent ZDDP.



ZPlus™ Tech Brief #12

ZDDP and Engine Break-in

History

“…by 1958, as reported by Larson; The compound type zinc dialkyl dithiophosphate has gained wide acceptance in the 
United States for high quality motor oils. Two out of three of the major United States automobile manufacturers either 
require zinc dithiophosphate at about 1% of an 80% concentrate in the initial fill in new automobiles or require qualification 
tests which only zinc dithiophosphate can pass.” 1 

This quote speaks volumes about OEM (Original Equipment Manufacturer) car companies conclusions 50 years ago 
regarding the use of ZDDP in the initial fill oil, but what is the situation today?  We have analyzed the break-in oil supplied 
with numerous major manufacturers, and found contrary to the OEMs’ claims that ZDDP is now much less necessary 
than it was historically, many break-in oils installed at the factory are loaded with ZDDP.  Specifically the higher-
performance engines of today seem to be filled at the factory with a high level of ZDDP.  This indicates that in 
the viewpoint of OEMs, the inclusion of ZDDP is still mandatory for high-performance engine break-in.

ZDDP was originally blended into engine oils as a potent anti-corrosive and anti-oxidative additive.  Early fuels were 
high in sulfur, and the resulting blow-by from combustion contributed a large amount of sulfuric acid and moisture to 
the oil.  ZDDP eliminated much of the corrosion problem which had plagued the automotive industry up to that point.  
An additional problem with early oils was the rapid oxidation of the highly unsaturated base oils, but fortunately ZDDP 
displays a strong antioxidant action.  Improved oil refining and a move to base oils consisting of more highly hydrogen 
saturated molecules would eventually reduce but not eliminate the base oil oxidation problem.  By the 1940s and the 
advent of higher-power engines, it was observed that oils with ZDDP would also greatly prolong the life of high-wear 
components, such as the cam and lifter.

These highly beneficial characteristics of ZDDP have resulted in the incorporation of ZDDP in virtually all automotive 
engine oils for the last 70 years.  The fact that the one economical additive can perform triple duty has ensured its 
continued use.

The recent catalytic converter life mandate by the EPA has led to declining ZDDP levels in most API rated oils.  In order to 
replace the functionality of the ZDDP, additions are now made to the additive package to control corrosion and serve as 
antioxidants.  In order to deal with the lower antiwear agent concentration, a few approaches have been taken to ensure 
new car compatibility:  substitution of roller cam followers for flat cam followers, and the addition of different 
anti-wear agents, such as boron to augment the lowered ZDDP level in the oil.  Unfortunately, since part of the remedy 
for the reduced ZDDP levels was the redesign of new engines, the newer oils no longer represent a complete lubrication 
package for older high-performance and classic engines, especially during break-in.



What is Break-In?
Modern engine parts are manufactured to extremely tight tolerances, so you may think they would not require break-in in 
order to fit correctly.  Certainly modern rings and bearings for example, far outperform those of 50 years ago in precision 
of initial fit.  In general, the very nature of break-in (which could more accurately be called “wear-in”) is that pairs of parts 
which have bearing surfaces need to wear from their as-assembled shapes into mating shapes which spread the contact 
pressure over a larger area.  If you consider that the oil film which separates and lubricates the parts once they are 
broken in can be less than a micron (.0000394″) thick, the need for break-in is obvious.  There are no engine parts which 
are manufactured to such tight tolerances, so each bearing system is designed to wear and self-align slightly to achieve 
this high degree of mating precision.  Once this close mate is achieved, the two bearing surfaces are held separated by 
the oil, and the break-in process is essentially complete.  In this way, break-in can be a self-limiting process, if the two 
surfaces are protected from galling or damage during the wear-in process.  For many engine bearing systems, ZDDP 
serves this role.  Different engine parts achieve break-in in different ways, so let’s examine some of them.

Crankshaft, Crankpin, and Camshaft Bearings

These bearing systems utilize thin-wall bearing inserts, which by themselves have very little structural rigidity and rely 
on precise seating in precision machined bores.  These bores are usually positioned in substantial areas of the engine 
block which give the bearing system its needed rigidity.  This ensures the bearing is both round and concentric with the 
journals under load.  The precision necessary in a hydrodynamic bearing is not achievable with conventional machining 
techniques.  (If you are interested in a more thorough explanation of hydrodynamic lubrication, read ZPlus™ Tech Brief 
#11, IC Engine Lubrication.)  In order to get an idea of the magnitude of precision which would be needed, let’s say that 
currently available close tolerance machining will result in journal and bearing bore surfaces that are coaxial, and within 
0.0005″ of all design specifications.  The hydrodynamic oil film which separates the bearing and journal in an IC (Internal 
Combustion) engine crankshaft bearing can be as thin as 0.000059″!  To ensure proper clearances of this magnitude 
would require a degree of accuracy in machining over ten times better than the 0.0005″ tolerance.

Fortunately, bearing manufacturers have technology to deal with this need for extreme precision.  During the first few 
moments of operation with new bearings, the crankshaft journal will effectively wipe and flatten the bearing babbitt 
coating, deforming tight spots flat, and effectively reforming the surface more concentric with the journal.  Since these 
inserts are usually coated with only 0.0005″ to 0.002″ of babbitt, the crankshaft bearing can tolerate very little initial 
misalignment without wiping the babbitt coating completely off of the tight spot on the bearing insert.  This is the reason 
why there is a requirement for extreme precision in machining and cleanliness during block and crankshaft preparation.  
Due to the need for an extremely tight mating between the back of these inserts and the bores in which they are seated, 
it is always recommended the bearing inserts and the bores they seat in be totally dry and free from even the smallest 
speck of debris.

We have read recently some are recommending oiling the back of the bearings to eliminate something called “micro-
welding,” which is a small spot where metals have adhered due to heat and pressure.  Oiling bearing backs is not 
recommended for a number of reasons.  In order to verify absolute cleanliness the back of the insert and bearing bore 
must be dry.  The presence of an oil film will attract debris during assembly, and the oil film will hide particles which can 
cause a tight spot on assembly.  When a bearing is disassembled after use, if there is a spot that looks like a micro-weld 
has occurred, it is a sure sign that there was debris present on assembly.   

We have also heard some are recommending sanding or steel-wooling the bearing surface of inserts.  The surface 
characteristics of a bearing insert are carefully controlled by the manufacturer to optimize break-in characteristics, and 
removing the babbitt increases the chances of wear-through of the coating.  

The optimum lubricant for crankshaft and crankpin bearings would be a heavy-weight oil or fully soluble grease which 
could maintain a hydrodynamic film until the oiling system began delivering engine oil to the bearing.  It is important NOT 
to use a Molybdenum Disulfide, Graphite, or Calcium Carbonate loaded Calcium Sulfonate base grease in the bearings.  
The solid particles in these greases can be larger than the hydrodynamic oil film is thick, and they can cause scuffing of 
bearing inserts and journals during the initial break-in phase.

Piston Rings and Cylinder Walls

There is an initial wear-in period for piston rings and cylinder walls where the asperities of each will penetrate the oil film.  
With time these contact points wear down, become broader, and spread the contact pressure over a larger area.  This 
process will continue until the contact area is large enough to keep the contact pressure below that which would penetrate 



the hydrodynamic oil film.  Once this has been accomplished, the rings are effectively seated.  This does not mean there 
is no blow-by at this point.  It merely means that the contact pressure of the rings is not high enough to penetrate the oil 
film on the cylinder walls, and further wear is extremely minimal, so break-in is essentially complete.  During this process, 
if there was not an anti-wear agent like ZDDP present, the rubbing metals could form micro-welds and gall.  When 
this occurs, metal is torn out of the contact area, making scars which will not permit smooth ring operation or a proper 
seal.  The presence of ZDDP causes a sacrificial anti-wear film to form on the moving parts, and lessens the chances of 
damage to them during this initial period.

After break-in and during full power operation, further wear-in of the top and bottom edges of the rings and bores can 
occur due to high cylinder pressures and resulting ring dishing.  Hydrodynamic lubrication requires movement of the two 
bearing surfaces relative to each other, and the rings stop moving relative to the bore at TDC (Top Dead Center) and 
BDC (Bottom Dead Center).  This means that due to both ring tension and pressure energizing, the oil film between them 
rapidly squeezes out when they slow and stop, potentially permitting contact.  At BDC there is less of a problem, since the 
cylinder pressure is relatively low, so the rings are not pressurized against the bore nearly as strongly as they are at TDC.  
Also, on the down-stroke, the oil scraper rings have redistributed an oil film for the compression rings to ride on.  At TDC, 
the compression rings run in advance of the oil film.  These factors put together can create wear at the top of the bore.  If 
the rings were correctly sized, yet there is significant blow-by after the initial break-in, the rings or cylinder have an out-of-
round condition which is preventing complete annular sealing.

The sliding velocity of the piston is too high to use a highly viscous lubricant like a grease or gel.  The extreme viscosity 
will cause the piston and rings to flutter as cavitation occurs in the grease film.  The optimum assembly lubricant for 
the rings and cylinder walls is a medium weight engine oil.  If the engine has to sit for extended periods of time after 
assembly, the oil will collect at the upper compression ring and be re-distributed when the engine is initially cranked.

Cam Lobes and Lifter Feet

Break-in of the cam and lifter interface has several phases.

Phase #1 - The first phase is in the initial 10 to 30 seconds, during which the only lubrication is the assembly lube.  If 
incorrect lubricant is used, or if this assembly lube is easily displaced from the contact path around the cam lobe, then 
severe and irreversible damage can quickly be done.  Particularly in applications which use non-phosphated cams, 
incorrect lubrication during the first few seconds can cause galling and eventually result in destruction of the cam lobe 
and lifter foot.  During this first phase with phosphated cam lobes, the phosphate coating acts as a mild abrasive, helping 
lap the lifter foot and cam lobe into mating surfaces which have contact points broad enough to support EHD (Elasto-
HydroDynamic) or boundary lubricating films without puncturing the film.  The microscopic pits in the phosphate coating 
also act as a lubricant reservoir, helping to ensure that some lubricant will be present at the cam and lifter contact until 
engine oil arrives to replace it.

Phase #2 - The second phase is when the engine oil begins dissolving and diluting the assembly lubricant.  In the process 
it carries away the abrasive debris of the wear-in process for the cam and lifters.  By the end of phase two, the two 
surfaces have completed most of the break-in.  From this point on, a combination of EHD oil film lubrication and boundary 
lubrication utilizing the anti-wear agent ZDDP becomes the major wear determinants.  This phase begins in the first 30 
seconds of initial running after an engine build, and lasts until the assembly lube is thoroughly dissolved and washed 
off the cam and lifters.  This can be as short as one minute, or as long as one hour, depending on the characteristics of 
the assembly lubricant and cam surface treatment.  In general, the slower the break-in, the more chance there is for the 
contact patch on the cam and lifter to properly mate without damage.

Phase #3 - The third phase is essentially the rest of the engine life.  If the break-in period was successful and the contact 
patch between the flat lifter and cam broad enough, then the contact patch will be stable for hundreds of thousands of 
miles with low additional wear.  This is thanks to a combination of EHD and boundary film anti-wear lubrication using 
ZDDP.  There are some conditions which can conspire against this, like a radical cam profile with excessively steep 
entrance ramps, or excessive spring pressure.  In these cases, even the best break-in procedure and lubricants will not 
keep the cam and lifter from rapid wear.  Aggressive cam profiles and extreme spring pressures of this type can typically 
be found in racing motors.  In this application, life is not the number one design criterion, so the rapid wear is considered 
an acceptable compromise.

The optimum lubricant will have as high viscosity as possible without being displaced by contact pressure to the side 
of the developing contact patch.  Due to the rubbing nature of the contact, it is important to have an antiwear agent like 
ZDDP during both break-in and extended life operation.  Ideally the grease would cling to and re-apply itself to the contact 
area as the cam rotates.



Break-in Methodology
Many texts have been written which offer good break-in methods.  Historically, the suggested break-in procedure was 
optimized for flat-tappet engines, due to the overwhelming numbers of that type of engine.  Since 1996 or so, the numbers 
of flat-tappet engines being offered by major automotive manufacturers has plummeted in response to declining ZDDP 
levels in oil.  As a result, currently recommended engine break-in procedures are split between flat-tappet and roller-
tappet engine types, with the majority of flat-tappet recommendations coming from the aftermarket.  If you are breaking in 
a flat-tappet engine, you MUST use the flat-tappet break-in procedure or risk serious damage to the cam and lifters.  
A comprehensive and correct break-in process for a flat-tappet engine consists of two essential parts: engine assembly 
and initial operation.

IMPORTANT! If you are rebuilding an engine with roller tappets, please follow your manufacturer’s recommendations.  
Also, the assembly and break-in steps which follow are recommendations, and are to be used in conjunction with all 
manufacturer’s recommendations.  If in doubt, contact your engine or engine part manufacturer for specific instructions!

A successful engine build requires attention to manufacturer’s recommendations, cleanliness of work area, and the proper 
pre-lubricant for each internal assembly.  

The following suggestions concentrate on the cam and lifter procedures.  Correct procedures for assembling the other 
moving assemblies can be obtained from the vendors of those parts.  Keep in mind that cam manufacturers offer flat-
tappet cams of an extremely wide variety.  The life expectancy of these cams decreases as you move to more aggressive 
ramps and operate at higher valve spring pressures and engine speeds.  There are flat-lifter racing cams, which have a 
very short life expectancy, even if all the best procedures and lubricants are used during assembly and break-in.

Engine Assembly
Clean all new parts.  This may seem redundant, as new parts usually come pre-cleaned, oiled, and individually packed, 
but there is a rub:  The substance they are coated with is generally not designed as a break-in lube.  It is designed to keep 
corrosion from occurring during shipment and storage, and since it is oily or tacky, it picks up debris from the package 
and elsewhere.  This means you should thoroughly clean all parts with mineral spirits and dry to ensure the surface is 
clean.  You should then lubricate all moving parts with the appropriate assembly lube.

Lifter Bore and Cam Lobe Alignment
A stable contact pattern between the cam lobe and lifter is dependent on the exact cam geometry, the lifter foot radius, 
and the individual lifter bore to cam lobe alignment in the block.  All factors affecting the alignment must be set before 
break-in, including axial position of the cam.  This means the cam thrust button or other axial travel limiter must be set 
in its correct position before beginning break-in.  The exact alignment between the cam lobe and lifter foot is different 
between each of the lifter bores in a single engine, and even between the same lifter bore position in otherwise identical 
blocks.  The contact between the cam lobe and lifter pair is unique to each lifter bore and cam lobe pair.  Use ONLY new 
lifters with a new cam. If re-using a cam, all lifters MUST be put back in the bores they came from.  If any cam-bore or 
lifter-bore rework or sleeving has been done to a block, a new cam and set of lifters must be installed.  The cam and 
lifter pre-break-in service offered by some vendors does not position the lifter during its break-in procedure in the exact 
position it will be in the target engine, so we do not recommend using them.  Due to machining tolerances and variations 
from block to block, a used cam and lifter set CANNOT be swapped from one block to another without a strong chance 
of failure.

Lubrication Specific to Lifter Feet and Cam Lobes
The break-in process between a cam lobe and flat lifter is best facilitated by a specialized lubricant specifically designed 
for the purpose.  Unlike other moving parts in a new engine, the cam lobe and lifter contact is designed to be operated in 
a EHD or boundary lubrication mode.  Before the contact patch has a chance to be gradually and smoothly polished, the 
potential for severe damage is high.  Many cam lobes are chemically phosphated after the final grinding, which results in 
a matte textured surface designed to facilitate lapping of the lifter foot to the cam contour.  The lifter foot itself has a swirl-
polished finish, the asperities of which will be removed during break-in.  By definition, this means metal will be removed 
from both cam and lifter.  This metal is in the form of extremely fine particles, which can accelerate surface damage if 



there is not a lubricating film thick enough to keep them 
from scoring or galling the surface.  

This film must remain intact until connecting rod oil splash 
begins to wash the lapping debris into the sump, and 
replace the cam assembly lubricant as the main lobe-to-
lifter lubricant.  

General-purpose assembly lubricants do not have the 
optimum characteristics for the cam and lifter interface 
break-in.  The optimum lubricant would have a highly 
polar chemical makeup including anti-wear agents, not 
extreme-pressure agents, as well as high viscosity and 
body to keep the lubricant on the cam as long as possible 
before oil wash-off.  Although the lubricant is expected 
to stay on the contact patch between the cam and lifter, 
it must also eventually totally dissolve in hot oil.  It is this 
need for these very specific characteristics that led us to 
design ZPaste™.  

We decided to test break-in lubricants to see which were 
best suited to the specific break-in needs of the cam 
lobe and lifter interface.  Although there are many cam 
break-in lubricants being sold, their performance can be 
categorized by either mineral or synthetic base oil with a 
lithium thickener, or a calcium base, either with additives 
like molybdenum or ZDDP.  We have tested many 
general-purpose and cam specific break-in lubricants.  
For this paper, we chose three popular products which are 
representative of the choices available.

Cam Break-In Lubricant Testing
For studying the first phase of cam break-in, a Chevrolet 
350 small block engine, shown in figure 1, was modified 
in order to test different cam assembly lubricants and 
document the initial phosphate wear-in.  This engine 
was chosen for its wide applicability and readily available 
low-cost OEM parts.

Since this test is just to observe the first phase of the cam 
and lifter wear-in, there is no need for any thermal control; 
phase one occurs before the engine has come to 
operating temperature.  This meant we did not have to 
operate the engine in an internal combustion mode, or 
provide for any heated coolant circulation.  We mounted a 
commercial-duty 3-phase motor on the bell housing and 
coupled it to the lower timing sprocket.  The sprocket is 
mounted on a driveshaft running in oilite bushings 
clamped in the front and rear main bearing bores.  We 
then closed off the rest of the main bearing oil holes, as 
shown in figure 2.  In order to study just the effect of the 
assembly lubricant without any engine oil during phase 
one, we needed to minimize the oil from being spread 
onto the cam and lifter feet.  In order to keep oil from the 
lifter bore from dripping onto the lifter feet, we inverted the 
engine.  

figure 1 - Modified, Inverted Chevrolet 350

figure 2 - Drive Shaft and Plugged Main Bearing Oil Holes

figure 3 - Clean and Dry Camshaft Installed into Bore



The oiling system was extensively modified to allow for full lifter and cam bearing lubrication in an inverted configuration, 
but all other oil paths were blocked.

Since we wanted to get as close an approximation to a stock high-performance engine wear-in scenario, we chose a 
solid-lifter GM camshaft and GM/Delphi mechanical (solid) lifters.  
In order to eliminate any potential issues with lubrication of the rockers, we mounted needle-bearing 1.5:1 ratio rockers.  
We chose a valve spring set which delivered 325 pounds of pressure at the specified lift of 0.283″.  This spring pressure 
multiplied by the rocker ratio gave 488 pounds of lifter foot force at full lift.

There are high-performance springs available which have higher lifter foot pressures, but we were attempting to emulate 
cam wear-in for a stock high-performance engine, not a racing engine.  In order to give each assembly lube a chance to 
perform as the manufacturer intended, we completely cleaned the camshaft and lifters with MEK (Methyl Ethel Ketone) 
and a soft bristle brush to remove any traces of oil or other lubricant.  We then installed each lifter with no lubricant or oil.  
As shown in figure 3, we installed the camshaft completely un-oiled as well.

Once the camshaft was within ½″ of its final position in the bore, we placed several drops of 30 weight oil on each cam 
bearing journal, then spun the camshaft into place.  Although the cam bearings are fully lubricated by the modified oiling 
system in this engine, we wanted the journal and insert surfaces to have an initial oil film to prevent any galling until the 
hydrodynamic lubrication was established. 

We decided that in order to keep the size of the electric drive motor to a minimum, we would only use half of the 16 cam 
lobes.  The pictures in figures 4 through 7 show the different lubricants we tested after coating the cam lobes, but before 
we cleaned off two lobes.  In order to prevent any lubricant splash from causing cross-contamination between different 

figure 4 - Lubricant #1 on Cam Lobes #1 & #2  figure 5 - Lubricant #2 on Cam Lobes #7 & #8

figure 6 - Lubricant #3 on Cam Lobes #9 & #10 figure 7 - Lubricant #4 on Cam Lobes #15 & #16  



lubes, we only used one lubricant per two cam lobes associated with a single “V” cylinder bank.

Once the cam chain and drive sprockets were installed, we coated each of the cam lobes with the different lubricants, 
as shown in figures 4-7.  We then adjusted valve lash for the 8 cam exhaust lobes under test at the base circle to the 
recommended specification.  Finally, the lifter oiling system was enabled and full oiling in each lifter gallery verified.  
We then took initial pictures and temperature readings using a non-contact Fluke thermometer.

The 3-phase motor used maintains a steady 1730 rpm, which is close to the initial engine break-in speed recommended 
by cam manufacturers.  The variable speed recommended during break-in is largely designed to properly break-in the 
rings.  The constant motor speed is not a problem for the purposes of this test.  

In order to push the lubricants further to differentiate between their performance, we decided to run an extended test.  
The test routine consisted of running the engine for 30 seconds, stopping and taking a temperature measurement of one 
of each of the different lubricant coated lobes, then restarting.  We performed this procedure at the following intervals: 1, 
5, 10 and 30 minutes.  Keep in mind, this was a harsher test than cam assembly lubricants will have to endure in normal 
service.  It does, however, magnify the differences in performance between them in the first break-in interval before 
splash lubrication.  The initial ambient temperature was 72 degrees.  The results of this test are summarized in the table 
of figure 8.  We did not notice any severe wear occurring with any of the lubes until after the 5 minute point.  This is longer 
than it would normally take for oil splash to reach the cam lobes.

As would be anticipated, the two lubricants with the highest viscosity fared the best overall.  One of the basic principles of 
lubrication is; all other conditions being equal, the higher the viscosity of the oil or grease, the greater the film thickness.  
The real difference between the assembly lubricants was revealed during inspection at the end of the test.  

Cam and Lifter Lubricant Test Summary

Referring to the pictures in figures 9 through 14, when you compare the original cam lobe appearance between the new 
lobe in figure 9 and the ones used in the test in figures 11 through 14, you will see the amount of wear and scuffing varied 
widely between the products.

In figure 9, a new, unused cam lobe is pictured.  Notice the phosphated coating is uniform on the entrance ramp and nose 
of the cam lobe.

Figure 10 is a 50x view of the phosphated coating, showing the microscopic pits which help retain lubricant during initial 
start-up.

In figure 11, Cam Position #1 - The ZPaste™ allowed for very gradual break-in.  On the ZPaste™ cam lobes, the 
phosphate coating had been burnished, but not worn completely through anywhere on the contact patch.  The metal 
high spots between the phosphate patches looked smooth to the extent of the 50x magnification.  The associated lifters 
had very faint circular halos showing where the contact area and rotation had rubbed them.  There was still a grease film 
evident on the entire cam lobe.  There was no scuffing anywhere, and if you note the fine lines running down the ramp of 
the lobe, they are remnants of the initial cam profile grinding before phosphating.  This means the wear at this point was 
less than the average surface finish left by the grinding process.

Lifter 
Position

Lubricant New 
Consistency

Color Hot Oil Solubility in
Minutes & Residue

30 
Sec.

1 
Min.

2 
Min.

5 
Min.

10 
Min.

30 
Min.

Cam/Lifter 
Appearance

#1 (1E) ZPaste™ Tacky, Thick Grey 10 - Slight MoS2 dust 74 89 114 150 175 204 10 - Phosphate still intact

#2 (2E) ZPaste™ Tacky, Thick Grey 10 - Slight MoS2 dust 74 91 116 154 175 208 10 - Phosphate still intact

#7 (3E) US Lubricant Runny Black 2 - Left black chunks 76 88 110 140 205 320 1 - Sparks and smoke

#8 (4E) US Lubricant Runny Black 2 - Left black chunks 77 87 108 138 197 285 2 - Scored and galled

#9 (5E) Edelbrock Runny Gel Red 2 - No residue 76 90 112 135 170 250 7 - Smooth but scuffed 

#10 (6E) Edelbrock Runny Gel Red 2 - No residue 76 90 113 138 174 255 7 - Smooth but scuffed 

#15 (7E) Joe Gibbs NLGI 2 Grease Amber 5 - Some amber pieces 74 90 112 136 170 230 8 - Smooth but scuffed 

#16 (8E) Joe Gibbs NLGI 2 Grease Amber 5 - Some amber pieces 74 90 114 140 168 240 8 - Smooth but scuffed 

figure 8 - Cam Lubricant Test Results  

Temperatures in °F



figure 11 - Cam Lobe #1 After Test  figure 12 - Cam Lobe #7 After Test  

figure 13 - Cam Lobe #9 After Test  figure 14 - Cam Lobe #16 After Test   

figure 9 - New Unused Cam Lobe figure 10 - 50x  Phosphate Magnification  



In figure 12, Cam Position #7 - The U.S. Lubricants lube had entirely disappeared around the 20-minute point and the 
cam lobe was hot and wearing rapidly.  The associated lifters had circular halos showing where the contact area and 
rotation had rubbed them.  Lobe and lifter #7 were discolored and throwing sparks and smoke at the end of the test.  The 
surface of the cam shows the extreme wear and scarring.

In figure 13, Cam Position #9 - The Edelbrock lube allowed for significant, but smooth wear to the cam lobes and lifter 
feet, with scuffing evident at the end of the test.  The grease was not in evidence near the nose of the cam, but was still 
in evidence at the base circle.  The associated lifters had very slight circular halos showing where the contact area and 
rotation had rubbed them.  The surface near the nose of the cam had a significantly large contact patch established, but 
very little wear or scuffing.

In figure 14, Cam Position #16 - The Joe Gibbs lube was significantly better at long-term protection, and its cam lobes 
looked better than #7 or #9, but scuffing was still evident at the end of the test.  The associated lifters had very slight 
circular halos showing where the contact area and rotation had rubbed them.  The contact patch near the nose of the cam 
lobe did not have any visible grease coating.  The wear is concentrated in a smaller area than that of the Edelbrock lobe, 
indicating better performance, but there is still slight scuffing occurring along the primary contact path.

With all of the lubes, other than the ZPaste™, there was complete removal of the phosphate coating near the nose of 
the cam lobe, indicating fairly rapid wear.  Since all of the lubes seemed to protect for the first 5 minutes or so, what is 
the difference?  One of the biggest differences and a major concern to an engine builder is the consistency of the 
lubricant.  After an engine is built, it may be days or even months until it is first started.  In this case, the thinner lubricants 
will run off of the cam, especially in summer storage.  Some of the thicker lubricants, when let sit for expended periods, 
will slump or separate.  When this happens the base oil will run off, leaving the thickener, which is not as good a lubricant.  
ZPaste™ has a proprietary formulation which will not separate or slump in any storage environment, ensuring that proper 
lubrication is present even after a year or more in storage.

The ZPaste™ kept a film of lubricant on the cam lobe longer in our testing, and encouraged the growth of a ZDDP anti-
wear film.  There are a few ways to tell when ZDDP has been making an anti-wear film:  one is high-tech, and involves 
ablative de-sputtering and X-ray spectroscopy of the lifter foot to find the presence of the phosphate glass.  Another 
easier method is to monitor the coefficient of friction during operation.  We noticed the two cam lobes with the ZPaste™ 
had temperatures which ran 10°-15° higher after the first few minutes until the 5-minute point, when the grease film of the 
other lubricants was displaced.  This is due to the ZDDP film, which while reducing wear to the base metals, is not as low 
a friction film as grease or oil.  Of course this friction also helps to ensure proper lifter rotation.  After the 5-minute point, 
all the lubricants other than the ZPaste™ showed greater friction and resulting temperature rise.  This indicates that the 
unique film properties of ZPaste™ allowed it to establish an effective film which displayed stable anti-wear characteristics.  

You can be sure ZPaste™ will protect the lobe in ANY normal break-in scenario until the engine break-in oil begins 
to gradually wash it off the cam lobes.  It is important to note in all cases, regardless of what lubricant you use when 
assembling your flat-tappet cam and lifters, adequate ZDDP must be present in the break-in oil to ensure proper break-in, 
as well in each oil change thereafter.  ZPaste™ helps here as well, when applied at approximately 1 gram per lobe and 
fully dissolved in the oil, it will contribute a useful 65 ppm of phosphorus in the form of ZDDP to 5 quarts of oil.

Reducing Lifter Foot Pressure for Break-in
Most high-performance valve trains incorporate multiple valve springs with a combined high spring rate in order to 
achieve stable high-rpm operation.  Often two actual springs will be used as reaction elements to keep the valve closed, 
and a third element called a “damper” placed inside of these.  The two springs will have different characteristics in order 
to diffuse any resonance which could result in unstable valve return pressure.  The damper is an additional low-tension 
element designed to absorb some of the vibrational energy which is imparted to the springs by rapid valve operation.

Prior to break-in of a high-performance engine, it is recommended with most break-in lubricants to remove the inner 
spring of a dual-spring setup to ease lifter foot pressure.  Alternately, some break-in recommendations suggest using a 
lower-ratio rocker arm.  In either scenario, the lower pressure on the lifter foot allows for a more gradual lapping of the 
contact surface, with less chance of the metal particles generated during this operation causing damage to the mating 
surfaces.  The single spring approach lowers the lifter foot pressure at the cost of valve-controlling spring pressure, which 
is not a problem at the low rpms of break-in.  Use of low-ratio rocker arms during break-in will maintain spring pressure 
but sacrifice lift, which is also not a problem during break-in.  Combining the two can reap additional benefits 
not achievable with either individually.



For our analysis we are using a cam/spring set supplied by Isky Cams which uses the p/n 201035 camshaft with 1.5:1 
rockers in conjunction with a 6005 Dual Spring with Damper setup, which has a 275 pounds per inch spring rate.  We are 
using the specifications of the 905-D outer spring of the dual spring set for the calculations where the inner spring has 
been removed.  Figure 15 summarizes the options available in our example to reduce lifter loading.

Method

Spring 
Pressure at 
Rated Lift 
(pounds)

Spring 
Pressure with 
Valve Seated

(pounds)

Lifter Foot 
Pressure
(pounds)

Difficulty 
(1-easy)
(10-hard)

Cost
(10-$$$)

(1-$)

Percentage 
Drop in Lifter 
Foot Pressure

Desirability
(1-least)

(10-most)
Dual-Spring Setup  
1.5:1 Rocker Arms 

279 135 418 1 1 0 1

Outer Spring Only 
1.5:1 Rocker Arms

200 95 300 8 1 28.2 5

Dual Spring Setup
1.2:1 Rocker Arms 

251 135 301 5 8 28 7

Outer Spring Only
1.2:1 Rocker Arms

179 95 215 10 10 49 10

It is important when evaluating the spring pressure at rated lift data in figure 15, to remember this spring setup will only be 
asked to control the valve operation between 2000 to 3000 rpm.  Even the lowest pressure option in the chart is sufficient 
to control valve float at 3000 rpm with no load on the engine.  This lowest pressure option, while it is the most expensive 
and difficult to perform, gives a large 49% drop in lifter foot pressure which will help ensure the most gradual and gentle 
initial cam lobe to lifter foot contact lapping.  Remember, the point of flat-tappet break-in is mating the cam and lifter foot 
to spread out the contact pressure to an area wider than the initial point contact.  It is during this initial phase that any 
galling or severe scuffing could spell rapid deterioration for the two.  We believe that if the highest quality cam assembly 
lubricants are used, any of these lifter-foot pressure reduction methods will achieve good results during the break-in 
process.

Adjusting Valves
In engines with mechanical lifters, the valve lash determines the gap between the foot of the lifter and the base circle of 
the cam lobe.  If the lash is tightened, the point of initial contact between the lifter foot and the cam lobe moves down the 
leading ramp towards the base circle.  In order to assure good break-in and reduce the potential of galling of the cam or 
lifter foot during break-in, it is important to make sure the valve lash is set to final running specification during break-in.  
If you are installing a hydraulic flat lifter, follow the manufacturer’s recommended lifter piston pre-load.  If you are installing 
a flat solid lifter, adjust valve lash to recommended specifications.

The Correct Oil for Break-in
Our recommendation is based on an oil change immediately after the initial break-in period of 45 minutes or so.  For initial 
start-up and break-in, fill the oil sump with conventional non-synthetic oil and ZDDP additive.  Period.  Our testing of many 
factory fill oils shows the major automotive manufacturers specify an initial break-in oil fill for high-performance engines 
with ZDDP levels which can result in a phosphorus level of over 2000-3000 ppm.  The break-in oil they specify is meant 
to remain in the engine for up to 4000 miles, so it is also heavily fortified with detergent.  Our recommendation is to use a 
conventional oil, and then add the equivalent of 1200-1400 ppm of ZDDP additive.

The break-in oil will only be in the sump for less than an hour, so a high level of detergent is not necessary to maintain 
cleanliness of the engine or oil.  The detergent molecules compete with ZDDP for bonding sites on the fresh metal being 
exposed by the break-in, so the less detergent during this period the better.  Detergent and ZDDP also serve an important 
role of increasing the polarity of the oil, which increases its attraction to the metal parts being broken in.  By keeping the 
ZDDP level high during break-in, you are increasing the bonding of the oil film to the metal.

We agree with recommendations to avoid synthetic oil for the initial break-in of flat-tappet engines for the following reason: 

      figure 15 - Methods of Reducing Lifter-Foot Pressure for Break-In



you need to ensure the lifter will be getting sufficient traction on the cam lobe to induce rotation.  Synthetic oils have 
greater cohesion and, in some cases, less adhesion than do most conventional oils.  This can make the oil film on the 
cam too slippery to induce lifter rotation.  In some engines such as the Buick V6, certain lifter positions are known for 
higher than normal wear due to insufficient lifter rotation.  It is helpful in these engines to use ZPaste because the ZDDP 
content will improve the adhesion of the oil at the cam and lifter interface, and ensure adequate lifter rotation.  The extra 
film strength, high heat, and low temperature pour point characteristics of synthetic oil are also not needed at this time.

There are no additional additives other than ZDDP needed for break-in.  Do NOT add an oil “fortifier” which contains long 
chain polymers.  You can identify these by characteristics like high viscosity or webbing between parts.  The long chain 
molecules in these additives trap air bubbles, causing loss of viscosity and lubrication.  
Remember, aerated oil has very little film strength compared to a solid film of de-gassed oil, for a very simple reason: The 
oil is what provides the load-bearing film, not the air, and a bearing filled with aerated oil is only partly filled with oil.  It is 
one of the reasons that even straight weight oil has a de-foaming additive in it.  Let it do its job.

Setting Timing
Before attempting to start the engine, make sure the timing is set to allow for quick starting.  The longer the engine is 
turning over without running at speed, the less assembly lubricant will be left in critical areas like the camshaft for the 
actual start.  Consult your manufacturer’s recommendations for the correct specification.

Breaking In Your Engine Using Propane
One of the most beneficial steps an engine builder can take to ensure correct break-in is to perform initial start-up with 
propane.  The major automotive manufacturers have been breaking in engines with propane for many years.  Propane’s 
high octane rating of 110 to 120 gives a good safety margin from detonation for most any engine designed to run on 
gasoline.  The easiest way to do this is to purchase a propane carburetor setup and couple its outlet to the gasoline 
carburetor air horn, or throttle body inlet in the case of fuel-injected motors.  There are propane carburetors available from 
companies like Impco at reasonable prices.  Using propane eliminates one of the biggest dangers to normal break-in: 
washing down the oiled, newly honed cylinder walls with condensed gasoline.  Using propane also eliminates the initial 
priming needed with carburetor engines, or fuel rail priming needed with fuel-injected engines.  Since propane break-
in is performed using an external propane carburetor, the mixture has a better chance of being close to the optimum 
stoichiometric air-to-propane ratio of 15.6:1, and you eliminate the worry about gasoline carburetor jetting or fuel-injection 
engine management calibration.  When specifying a propane carburetor, remember you will not be operating the engine 
at high power levels, so you will not need a propane carburetor rated at the full power output of the engine.  The propane 
carburetor will automatically adjust its mixture for the no-load, part-throttle, mid-rpm operation of break-in.

Prime Fueling System
If you are not using propane, make sure the fuel system is primed before attempting to crank and start the engine to 
minimize cranking time.  This is relatively trivial with a fuel-injected engine, but many classic vehicles have carburetors 
with engine-driven fuel pumps.  For these engines, it is often possible to take a very small hose or funnel and fill the 
carburetor bowl through the bowl vent.  Take extreme care not to overfill the bowl, usually just an ounce or two will fill the 
bowl enough to cover the fuel jets, which are at or near the bottom of the bowl.  DO NOT pour gasoline directly into the 
intake in an effort to prime.  This fuel will wash the lubricant from the fragile newly-honed and oiled cylinder bores and 
piston skirts, greatly increasing the chance of scoring and galling in the first few minutes of operation.

Pre-Pressurize Oiling System
There are as many different ways to pre-pressurize the oil system as there are engine builders.  In general, as long as the 
oil pump is being driven WITHOUT turning the engine over, the goal will be achieved.  There are a few factors to consider, 
namely:  In some engines with distributor-shaft driven oil pumps, a distributor body MUST be in the engine block during 
oil priming.  This is because the engine oiling passages connect to the distributor shaft bushing assembly, and leaving the 
distributor body out of the block can bleed off oil pressure.



Run-In
After the oil pressure has been pumped up and the fuel system is primed, immediately start the engine, and bring the 
engine speed above 1500 rpm.  Continually vary the rpm between 2000 and 3000 and watch the temperature gauge.  
An engine makes a lot of noise at these rpms, even with no load, but don’t worry about doing damage.  If you correctly 
assembled the engine with the proper lubricants, this is the best way to optimize the hydrodynamic oil films during this 
critical period.

After 30 to 45 minutes of mid-range rpm, no-load operation, you can be assured that hot oil splash has replaced your cam 
lobe assembly lubricant, and your cam is well on its way to being properly broken-in.  Your rings will have rubbed against 
the cylinder walls over 75,000 times back and forth and should have minimal blow-by.  The crankshaft and crankpin 
bearings will have been seated and formed.  
The engine can then be used in a normal fashion for its intended purpose, although most people recommend not using 
the engine at full power for several hundred miles.

This last point is the subject of some debate, but consider the fact that peak cylinder pressures are not achieved until 
the engine is under load, and it is clear that some additional ring break-in occurs when the car actually hits the road.  Of 
course, some people swear by a run-hard break-in, and they are welcome to do it to their own engines.  Our experience, 
and the suggestion of most automotive engineers who actually research and design the engines, is to be methodical and 
moderate in your approach to break-in.



ZPlus™ Tech Brief #3

Lubrication Terminology

The avid automobile enthusiast can often be found reading papers on engine and oil technology.  As is the case with all 
fields of specialization, the lubrication industry has its own terminology and abbreviations.  The people at ZPlus figured 
it would be a useful tool to have a short glossary of terminology and abbreviations, as well as links to more in-depth 
information as presented in our other Tech Briefs.  
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- A -
‘α’ - or alpha, the viscosity increase of oil with applied pressure, a characteristic exploited in the elasto-hydrodynamic 
lubrication mode.  Oils with a high ‘α’ can maintain a thicker oil film under extreme pressure than oils with a low ‘α’.  
See TB10 pg.7.

ABRASIVE WEAR - progressive removal of material from a rubbing surface as evidenced by surface lapping caused by 
fine particles carried in the lubricant, fuel or air, or embedded in the surface.

ACID - hydrogen containing compound that reacts with metals to form salts, and with metallic oxides and bases to form a 
salt and water.  The strength of an acid depends on the extent to which its molecules ionize or dissociate in water, and 
on the resulting concentration of hydrogen ions (H+) in solution.  Petroleum hydrocarbons, in the presence of oxygen and 
heat, can oxidize to form weak acids, which attack metals.  

ACID NUMBER - See NEUTRALIZATION NUMBER.

ACID TREATING - refining process for improving the color, odor, and other properties of white oils or lube stocks, 
whereby the unfinished product is contacted with sulfuric acid to remove the less stable hydrocarbon molecules.

ADDITIVE - chemical substance added to a petroleum product to impart or improve certain properties.  Common 
petroleum product additives are: anti-foam agent, anti-icing additive, anti-wear additive, corrosion inhibitor, demulsifier, 



detergent, dispersant, emulsifier, EP additive, oiliness agents, oxidation inhibitor, pour point depressant, rust inhibitor, 
tackiness agent, and viscosity improver.  Additives can make up between 10% and 20% of passenger car engine oil 
by mass.  Most recently the amount of the anti-wear additive ZDDP has been declining due to EPA requirements. 
See ANTI-WEAR ADDITIVE.

ADHESIVE WEAR - also called galling, the removal of material from a rubbing surface caused by seizing, scoring or 
scuffing.

ALIPHATIC HYDROCARBON - hydrocarbon in which the carbon atoms are joined in open chains, rather than rings.  See 
HYDROCARBON, NORMAL PARAFFIN.

ALKYL - any of a series of monovalent radicals having the general formula (CnH2)n+1, derived from aliphatic 
hydrocarbons by the removal of a hydrogen atom: for example, CH3 (methyl radical, from methane).

ANTI-FOAM AGENT - one of two types of additives used to reduce foaming in petroleum products: silicone oil to break up 
large surface bubbles, and various kinds of polymers that decrease the amount of small bubbles entrained in the oils. See 
FOAMING, TB12 pg.11.

ANTI-OXIDANT - See OXIDATION INHIBITOR.

ANTI-WEAR ADDITIVE - a chemical that reduces wear in mechanical systems that operate in the boundary lubrication 
regime.  They typically act by decomposing at the contact point between two sliding surfaces in response to the pressure 
and friction-induced local heating.  The decomposition products form a sacrificial protective layer over the base metal, 
greatly reducing wear.  Antiwear compounds (for example, ZDDP and TCP) start decomposing at 90 degrees to 100 
degrees C or lower if 25 to 50 ppm of water is present.  Molybdenum antiwear compounds have been known to cause 
corrosion to copper-bearing parts.  See BOUNDARY LUBRICATION, TB11 pg.2.

AROMATIC - unsaturated hydrocarbon identified by one or more benzene rings or by chemical behavior similar to  
benzene.  The benzene ring is characterized by three double bonds alternating with single bonds between carbon atoms 
(compare with olefins).  Because of these multiple bonds, aromatics are usually more reactive and have higher solvency 
than paraffins and naphthenes.  Aromatics readily undergo electrophylic substitution; that is, they react by adding other 
active molecular groups, such as nitrates, sulfonates, etc.  Aromatics are used extensively as petrochemical building 
blocks in the manufacture of pharmaceuticals, dyes, plastics, and many other chemicals.

ARYL - any organic group derived from an aromatic hydrocarbon by the removal of a hydrogen atom, for example, 
C6H5 (phenyl radical, from benzene).

ASH - inorganic residue of combustion.  Lubricating oil detergent additives contain metallic derivatives, such as barium, 
calcium, and magnesium sulfonates, all of which are common sources of ash.  Ash deposits can impair engine efficiency 
and power. See DETERGENT, SULFATED ASH.

ASPERITIES - microscopic projections on metal surfaces resulting from normal surface-finishing processes.  Interference 
between opposing asperities in sliding or rolling applications is a source of friction, and can lead to metal welding and 
scoring.  Due to the extremely small size of most asperities and the fact that they bear most of the contact pressure, their 
temperature under load and movement can be much higher than the surrounding surfaces.  Ideally, the lubricating film 
between two moving surfaces should be thicker than the combined height of the opposing asperities. 
See BOUNDARY LUBRICATION, EP ADDITIVE, TB11 pg.1.

ASTM - or ASTM International, originally known as the American Society for Testing and Materials, is an international 
standards organization that develops and publishes voluntary consensus technical standards for a wide range of 
materials, products, systems, and services.  The ASTM has standardized a wide range of tests to characterize the 
performance of oil.  These test methods are most often referred to as ASTM Dxxx.  



- B -
BABBITT - a white metal alloy commonly used as a lining for engine bearing inserts.  A few common compositions 
for Babbitt alloys are: 90% tin 10% copper, or 89% tin 7% antimony 4% copper, or 80% lead 15% antimony 5% tin.  
The babbitt lining on most modern bearing inserts is between 0.0005″ and 0.002″ thick.  See TB11 pg.7, TB12 pg.2.

BARREL - standard unit of measurement in the petroleum industry, equivalent to 42 standard U.S. gallons.

BASE - any of a broad class of compounds, including alkalis, that react with acids to form salts, plus water.  Also known 
as hydroxides.  Hydroxides ionize in solution to form hydroxyl ions (OH-); the higher the concentration of these ions, the 
stronger the base.  Bases are used extensively in petroleum refining in caustic washing of process streams to remove 
acidic impurities, and are components in certain additives that neutralize weak acids formed during oxidation.

BASE NUMBER - See NEUTRALIZATION NUMBER.

BASE STOCK - crude oil fractions of suitable viscosities and volatilities, generally refined to remove unstable and waxy 
components, and are classified as Neutrals and Bright Stocks.  Lubricating oil base stocks are broken into “Groups” by 
degree and method of refining.  See DISTILLATION, TB10 pg.1.

BLOW-BY - that portion of the combustion reactants and unburned air-fuel mixture which leaks into the engine crankcase 
during engine operation.  Most blow-by gasses are scavenged by the Positive Crankcase Ventilation system, but some 
condense and mix with the oil.

BORON - is a chemical element with atomic number 5 and the chemical symbol B.  Boron is a trivalent metalloid element 
which occurs abundantly in the evaporite ores borax and ulexite.  Boron is never found as a free element on Earth.  It can 
be used in various compounds as an antiwear additive in oil.

BOUNDARY LUBRICATION - form of lubrication between two rubbing surfaces without development of a full-fluid 
lubricating film.  Boundary lubrication can be made more effective by including additives in the lubricating oil that provide 
a stronger oil film, thus preventing excessive friction and possible scoring.  There are varying degrees of boundary 
lubrication, depending on the severity of service.  For mild conditions, oiliness agents may be used; these are polar 
compounds that have exceptionally high affinity for metal surfaces.  By plating out on these surfaces in a thin but durable 
film, oiliness agents prevent scoring under some conditions that are too severe for a straight mineral oil.  Compounded 
oils, which are formulated with polar fatty oils, are sometimes used for this purpose.  Anti-wear additives are commonly 
used in more severe boundary lubrication applications.  High-quality motor oils contain anti-wear additives to protect 
heavily-loaded engine components, such as the valve train.  The more severe the cases of boundary lubrication are 
defined as extreme pressure conditions; they are met with lubricants containing EP additives that prevent sliding surfaces 
from fusing together at high local temperatures and pressures.  See HYDRODYNAMIC LUBRICATION, STRIBECK 
CURVE, TB11 pg.2.

BRIGHT STOCK - high viscosity oil, highly refined and dewaxed, produced from residual stocks or bottoms.  Named for 
their SUS viscosity at 210°F, having viscosities ranging from about 500 to 1100 cSt at 40°C.  They are HVI oils refined to 
clear products of good color.  Used for blending with lower viscosity oils.

BROOKFIELD VISCOSITY - apparent viscosity of an oil, as determined under ASTM D2983.  Since the apparent 
viscosity of a non-Newtonian fluid holds only for the shear rate (as well as temperature) at which it is determined, the 
Brookfield viscometer provides a known rate of shear by means of a spindle of specified configuration that rotates at 
a known constant speed in the fluid.  The torque imposed by fluid friction can be converted to absolute viscosity units 
(centipoises) by a multiplication factor.  The viscosities of certain petroleum waxes and wax-polymer blends in the molten 
state can also be determined by the Brookfield test method ASTM D2669.  See VISCOSITY, SHEAR STRESS.



- C -
CALORIE - term applicable either to the gram calorie or the kilocalorie.  The gram calorie is defined as the amount of 
heat required at a pressure of one atmosphere to raise the temperature of one gram of water one degree Celsius at 
15°C.  The kilocalorie is the unit used to express the energy value of food; it is defined as the amount of heat required at a 
pressure of one atmosphere to raise the temperature of one kilogram of water one degree Celsius; it is equal to 1000 
gram calories.

CARBONACEOUS DEPOSIT - a firm deposit composed primarily of carbon and organic residue most readily definable 
by thickness or volume and texture.  Such deposits will be found primarily on surfaces operating above engine bulk 
temperature but below the ashing point.

CARBURETOR - device in an internal combustion engine that atomizes and mixes fuel with air in the proper proportion 
for efficient combustion at all engine speeds, and controls the engine’s power output by throttling, or metering the air-fuel 
mixture admitted to the cylinders.  The automobile carburetor is a complex mechanism designed to compensate for many 
variables over a wide range of speeds and loads.  Intake air is drawn through the venturi, a constricted throat in the air 
passage that causes a pressure reduction in the air stream, which draws fuel from the carburetor bowl through either the 
main jet or the idle jet.  The fuel is atomized by the high velocity air, and the resulting air-fuel mixture is piped through the 
intake manifold to the individual cylinders, where it is burned.  A throttle plate between the venturi and the cylinders 
control power and speed by controlling the volume of air-fuel mixture reaching the cylinders.  In most carburetors, closing 
of this (venturi) throttle valve shuts down the main jet and activates the idle jet, which provides the fuel-rich mixture that 
idling requires.  An accelerator pump in the carburetor provides momentary fuel enrichment when the accelerator pedal is 
depressed rapidly, to compensate for the sudden influx of air.  During cold starting, a choke (or butterfly valve) restricts 
airflow to the carburetor, thus enriching the mixture for faster starting.  The choke on most automotive engine carburetors 
is operated automatically by a thermostatic spring, which opens the choke as the engine warms up. 
See FUEL INJECTION.

CATALYTIC CONVERTER - an emissions control device incorporated into an automobile’s exhaust system containing 
catalysts, such as platinum, palladium, or rhodium.  Catalytic converters reduce the levels of hydrocarbons (HC), carbon 
monoxide (CO) and, in more recent designs, nitrogen oxides (NOx) emitted to the air.  In the catalytic converter, HC and 
CO are oxidized to form carbon dioxide (CO2) and NOx, which are reduced to nitrogen and oxygen.  Three-way catalytic 
converters that control all three substances require associated electronic controls for precise regulation of oxygen levels 
in the exhaust gas.  Catalytic converters are also effective in removing PNA (polynuclear aromatic) hydrocarbons.  Cars 
equipped with catalytic converters require unleaded gasoline, since the lead in tetraethyl lead (an anti-knock compound), 
is a catalyst “poison.” See EMISSIONS, HYDROCARBON (HC) EMISSIONS, LEAD ALKYL, TB1 pg.1.

CATALYTIC CRACKING - in refining, the breaking down at elevated temperatures of large, high-boiling hydrocarbon 
molecules into smaller molecules in the presence of a catalyst.  The principal application of catalytic cracking is the 
production of high-octane gasoline, to supplement the gasoline produced by distillation and other processes.  Catalytic 
cracking also produces heating oil components and hydrocarbon feedstocks, such as propylene and butylene, for 
polymerization, alkylation, and petrochemical operations.  See TB10 pg.4.

CETANE - colorless liquid hydrocarbon, C15H34, used as a standard in determining diesel fuel ignition performance. 

CETANE NUMBER TESTING - using ASTM D613, a measured value indicating the ignition quality of diesel fuel.

CLOSED CUP - method for determining the flash point of fuels, solvents, and cutback asphalts, utilizing a covered 
container in which the test sample is heated and periodically exposed to a small flame introduced through a shuttered 
opening.  The lowest temperature at which the vapors above the sample briefly ignite is the flash point.

CLOUD POINT TESTING - using ASTM D2500, the temperature at which haze appears in an oil sample.

COASTAL OIL - common term for any predominately naphthenic crude oil derived from the fields in the Texas Gulf Coast 
area.



COLD CRANKING SIMULATOR (CCS) - an intermediate shear rate viscometer that predicts the ability of an oil to 
produce satisfactory cranking speed in a cold engine.

COLD-FLOW IMPROVER - additive to improve flow of diesel fuel in cold weather.  In some instances, a cold-flow 
improver may improve operability by modifying the size and structure of the wax crystals that precipitate out of the fuels at 
low temperatures, permitting their passage through the fuel filter.  In most cases, the additive depresses the pour point, 
which delays agglomeration of the wax crystals, but usually has no significant effect on diesel engine performance.  
Another means of improving cold flow is to blend kerosene with diesel fuel, which lowers the wax appearance point by 
about 1°C (2°F) for each 10% increment of kerosene added.

COMBUSTION - rapid oxidation of a fuel (burning).  The products of an ideal combustion process are water (H2O) 
and carbon dioxide (CO2); if combustion is incomplete, some carbon is not fully oxidized, yielding carbon monoxide 
(CO).  A stoichiometric combustible mixture contains the exact quantities of air (oxygen) and fuel required for complete 
combustion.  For gasoline, this air-fuel ratio is about 14.7:1 by weight.  For propane it is about 15.6:1.  If the fuel 
concentration is too rich or too lean relative to the oxygen in the mixture, combustion cannot take place.

COMPRESSION-IGNITION ENGINE - diesel engine.  See INTERNAL COMBUSTION ENGINE.

COMPRESSION RATIO - in an internal combustion engine, the ratio of the volume of the combustion space in the 
cylinder at the bottom of the piston stroke to the volume at the top of the stroke.  High-compression ratio gasoline engines 
require high octane fuels.  Not to be confused with the pressure ratio of a compressor.

CONDENSATE - in refining, the liquid produced when hydrocarbon vapors are cooled.  In oil and gas production, the term 
applies to hydrocarbons that exist in gaseous form under reservoir conditions, but condense to a liquid when brought to 
the surface.

COPOLYMER - See POLYMER.

COPPER STRIP CORROSION - the tendency of a petroleum product to corrode cuprous metals, as determined by ASTM 
D130; the corrosion stains in a test copper strip are matched against standardized corroded strips.

CORROSION - any observed chemical attack on metal parts.  Rust is a special case of the corrosion of iron.

CORROSION INHIBITOR - additive for protecting lubricated metal surfaces against chemical attack by water or other 
contaminants. There are several types of corrosion inhibitors.  Polar compounds wet the metal surface preferentially, 
protecting it with a film of oil.  Other compounds may absorb water by incorporating it in a water-in-oil emulsion so that 
only the oil touches the metal surface.  Another type of corrosion inhibitor combines chemically with the metal to present a 
non-reactive surface. See RUST INHIBITOR, TB12 pg.1.

CORROSIVE WEAR - progressive removal of material from rubbing surface caused by a combination of chemical attack 
and mechanical action.

CRACKING - petroleum refining in which large-molecule liquid hydrocarbons are converted to small-molecule, lower-
boiling point liquids or gases; the liquids leave the reaction vessel as unfinished gasoline, kerosene, and gas oils.  At the 
same time, certain unstable, more reactive molecules combine into larger molecules to form tar or coke bottoms.  The 
cracking reaction may be carried out under heat and pressure alone (thermal cracking), or in the presence of a catalyst 
(catalytic cracking).  See TB10 pg.3.

CRUDE OIL - the mixture of petroleum liquids and gases (together with associated impurities) pumped out of the ground 
by oil wells.  It is described by the location of its origin (e.g., “western Texas” or “Brent”) and often by its relative weight or 
viscosity (light, intermediate, or heavy).  It may also be referred to as “sweet,” which means it contains relatively little 
sulfur (in the form of the gas H2S) and requires less refining, or “sour,” which means it contains substantial sulfur and 
requires more refining.  The presence of H2S also adds considerably to the production costs as this highly toxic gas 
cannot simply be emitted into the atmosphere.  Usually, it is either stored and then disposed of, or pumped back in the top 
of the oil reservoir where it expands and helps “push” remaining oil towards producing wells (this is referred to as gas 
reinjection).  Crude oil, like coal and natural gas, is generally held to be the product of compression of ancient vegetation 



over geological time scales.  It is generally classified by the predominate type of hydrocarbon present, crudes are 
classified as paraffinic, naphthenic, asphaltic (naphthenic/aromatic) and mixed base (paraffinic/naphthenic/aromatic).

CUT - segregated part or fraction separated from crude in the distillation process.  See DISTILLATION.

- D -
DEMULSIBILITY - ability of an oil to separate from water, as determined by ASTM D1401 or D2711.  Demulsibility is an 
important consideration in lubricant maintenance in many circulating lubrication systems.

DEMULSIFIER - additive that promotes oil-water separation in lubricants exposed to water or steam.

DENSITY - See SPECIFIC GRAVITY.

DESMODROMIC - is used to refer to mechanisms that have different controls for their actuation in different directions.  
Specifically applied to internal combustion engine valve trains, it refers to a compound follower arrangement on a 
camshaft where a different follower handles the opening of a valve than the closing.  In this setup, either very minimal or 
no valve return springs are necessary.  Some desmodromic valve systems use a different cam lobe for each follower, but 
in either case, there are independent cam followers for the opening and closing action.

DETERGENT - important component of engine oils that helps control varnish, ring zone deposits, and rust by keeping 
insoluble particles in colloidal suspension and in some cases, by neutralizing acids.  A detergent is usually a metallic 
(commonly barium, calcium, or magnesium) compound, such as sulfonates, phosphonate, thiophosphonate, phenate, 
or salicylate.  Because of its metallic composition, a detergent leaves a slight ash when the oil is burned. A detergent 
is normally used in conjunction with a dispersant. See ASH.

DETERGENT-DISPERSANT - engine oil additive that is a combination of a detergent and a dispersant, important in 
preventing the formation of sludge and other engine deposits.

DETONATION - sometimes called engine knock, is the uncontrolled supersonic explosion of the fuel-air charge in 
reciprocating engines.  It occurs independently of spark plug ignition, and may be caused by excessively high combustion 
chamber temperatures.  It may occur prior to the firing of the spark plug in Otto-cycle engines.  High compression ratios or 
high temperatures can cause the flame speed of combustion to exceed the sound barrier, resulting in an explosion or 
detonation and a pressure shock wave.  Detonations are extremely destructive to common piston engines, and may result 
in mechanical deformation of the cylinder walls, piston rings, holes blown through the top of pistons, or cracks in cylinder 
heads.  Detonation can also burn out a spark plug, reducing or eliminating its ability to produce a spark.  Detonation is 
most destructive if it occurs during times in which the explosion forces the piston downwards while it is traveling upwards, 
which relates to ignition timing.  High-octane gasolines resist detonation.  Also called knock.  See OCTANE NUMBER, 
PRE-IGNITION.

DEWAXING - removal of paraffin wax from lubricating oils to improve low temperature properties, especially to lower the 
cloud points and pour point.  See TB10 pg.3.

DIBASIC ACID ESTER - also referred to as diester, is a synthetic lubricant base; an organic ester, formed by reacting 
a dicarboxylic acid and an alcohol; properties include a high viscosity index (VI) and low volatility.  With the addition of 
specific additives, it may be used as a lubricant in compressors, hydraulic systems, and internal combustion engines.

DILUTION - the process of making a solution weaker or less concentrated.  For oil additives, the process of diluting the 
additive with oil to decrease its concentration.  See TB7 pg.1.

DISPERSANT - engine oil additive that helps prevent sludge, varnish, and other engine deposits by keeping particles 
suspended in a colloidal state.  Dispersants are normally used in conjunction with detergents.  A dispersant is commonly 
distinguished from a detergent in that the former is non-metallic and, thus, does not leave an ash when the oil is burned; 
hence, the term ash less dispersant.  Also, a dispersant can keep appreciable larger quantities of contaminants in 
suspension than a detergent.



DISTILLATE - any of a wide range of petroleum products produced by distillation, as distinct from bottoms, cracked stock, 
and natural gas liquids.  In fuels, a term referring specifically to those products in the mid-boiling range, which include 
kerosene, turbo fuel, and heating oil, also called middle distillates and distillate fuels.  In lubricating oils, lube distillate is 
the term applied to the various fractions separated under vacuum in a distillation tower for further processing.  
See CRACKING.

DISTILLATION - the primary refining step also referred to as fractionation, in which crude is separated into fractions, 
or components, in a distillation tower, or pipe still.  Heat is usually applied at the bottom of the tower and causes the oil 
vapors to rise through progressively cooler levels of the tower.  Higher in the tower these vapors condense into plates and 
are drawn off in order of their respective condensation temperatures (or boiling points).  The lighter-weight, lower-boiling-
point fractions exit higher in the tower.  The primary fractions, from low to high boiling point are: hydrocarbon gases (e.g., 
ethane, propane); naphtha (e.g., gasoline); kerosene, diesel fuels (heating oil); and heavy gas for cracking.  Heavy 
materials remaining at the bottom are called the bottoms or residuum, and include such components as heavy fuel oil and 
asphaltic substances.  Those fractions taken in liquid form from any level other than the very top or bottom are called 
overhead product.  Distillation may take place in two stages: first, the lighter fractions: gases, naphtha, and kerosene, are 
recovered at essentially atmospheric pressure; next, the remaining crude is distilled at reduced pressure in a vacuum 
tower.  This causes the heavy lube fractions to distill a much lower temperatures than possible at atmospheric pressure, 
permitting more lube to be distilled without molecular cracking that can occur at extensively high temperatures.  
See TB10 pg.3.

DISTILLATION TEST - method for determining the full range of volatility characteristics of a hydrocarbon liquid by 
progressively boiling off (evaporating) a sample under controlled heating.  Initial boiling point (IBP) is the fluid 
temperature at which the first drop falls into a graduated cylinder after being condensed in a condenser connected to a 
distillation flask.  Mid-boiling point (MBP) is the temperature at which 50% of the fluid has collected in the cylinder.  Dry 
point is 
the temperature at which the last drop of fluid disappears from the bottom of the distillation flask.  Final boiling point 
(FBP) is the highest temperature observed.  Front-end volatility and tail-end volatility are the amounts of test sample that 
evaporate, respectively, at the low and high temperature ranges.  If the boiling range is small, the fluid is said to be narrow 
cut, that is, having components with similar volatilities; if the boiling range is wide, the fluid is termed wide cut.  Distillation 
may be carried out by several methods, including ASTM D86, D850, D1078, and D1160.

- E -
ELASTO-HYDRODYNAMIC (EHD) LUBRICATION - the lubrication phenomenon occurring during elastic deformation of 
two non-conforming surfaces under high load.  A high load carried by a small area (as between the ball and race of 
a rolling contact bearing) causes a temporary increase in lubrication viscosity as the lubricant is momentarily trapped 
between slightly deformed opposing surfaces.  See TB11 pg.8.

ELASTOMETER - rubber or rubber-like material, both natural and synthetic, used in making a wide variety of products, 
such as tires, seals, hose, belting, and footwear.  In oil seals, an elastometer’s chemical composition is a factor in 
determining its compatibility with a lubricant, particularly a synthetic lubricant.

EMISSIONS - the three major pollutant emissions for which gasoline-powered vehicles are controlled are: unburned 
hydrocarbons (HC), carbon monoxide (CO), and nitrogen oxides (NOx).  Diesel-powered vehicles primarily emit NOx and 
particulates.  Motor vehicles contribute only a small percentage of total man-made emissions of other atmospheric 
pollutants, such as sulfur oxides.  Evaporative HC emissions from the fuel tank and carburetor are absorbed by activated 
carbon contained in a canister installed on the vehicle.  Blow-by HC emissions from the crankcase are controlled by 
positive crankcase ventilation (PC).  Exhaust emissions of HC, CO, and NOx (the products of incomplete combustion) are 
controlled primarily by a catalytic converter in conjunction with exhaust gas recirculation.  The automotive industry 
is implementing increasingly sophisticated technology for improving combustion efficiency, including electronic emission 
controls.  See HYDROCARBON (HC) EMISSIONS.

EMULSIFIER - additive that promotes the formation of a stable mixture or emulsion of oil and water.  Common emulsifiers 
are: metallic soaps, certain animal and vegetable oils, and various polar compounds (having molecules that are water-
soluble at one extremity of their structures and oil-soluble at the other).



ENGINE DEPOSITS - hard or persistent accumulations of sludge, varnish, and carbonaceous residues due to blow-by of 
unburned and partially burned (partially oxidized) fuel, or from partial breakdown of the crankcase lubricant.  Water from 
condensation of combustion products, carbon, residues from fuel or lubricating oil additives, dust metal particles also 
contribute.  Engine deposits can impair engine performance and damage engine components by causing valve and ring 
sticking, clogging of the oil screen and oil passages, and excessive wear of pistons and cylinders.  Hot, glowing deposits 
in the combustion chamber can also cause pre-ignition of the air-fuel mix.  Engine deposits are increased by short trips in 
cold weather, high-temperature operation, heavy loads (such as pulling a trailer), and over-extended oil drain intervals.

ENGINE OIL - oil carried in crankcase, sump, or oil pan of a reciprocating internal combustion engine to lubricate all 
major engine parts; also used in reciprocating compressors and in steam engines of crankcase design.  In automotive 
applications, it is the function of the engine oil not only to lubricate, but to cool hot engine parts, keep the engine free of 
rust and deposits, and seal the rings and valves against leakage of combustion gases.  Oil-feed to the engine parts is 
generally under pressure developed by a gear pump (forced feed).  The oil circulates through passages formed by tubing 
and drilling (rifling) through the engine parts, and through an oil filter to remove metallic contaminants and other foreign 
particles.  In some engines, lubrication may also be accomplished in part by splashing resulting from the rotation of the 
crankshaft in the oil in the sump.  Modern engine oils are formulated with additives to improve performance.  Additive 
content in a single-viscosity-grade oil is typically around 15 mass percent, and in a multi-grade oil, 20 percent or more.  
See TB11 pg.1.

ENGINE OIL SUPPLEMENT (EOS) - a engine break-in supplement manufactured for General Motors containing the 
anti-wear agent ZDDP and detergents.  See TB1 pg.2.

ENVIRONMENTAL PROTECTION AGENCY (EPA) - a United States Governmental agency.  The mission of the EPA is 
to protect human health and the environment.  To this end, the United States Congress has empowered the EPA with the 
setting and enforcement of regulations pertaining to pollution from consumer and industrial sources.  

EXTREME PRESSURE (EP) ADDITIVE - a lubricant additive that prevents sliding metal surfaces from seizing under 
conditions of extreme pressure (EP).  At the high local temperatures associated with metal-to-metal contact, an EP 
additive combines chemically with the metal to form a surface film that prevents the welding of opposing asperities, and 
the consequent scoring that is destructive to sliding surfaces under high loads.  Reactive compounds of sulfur, chlorine, 
or phosphorus are used to form these inorganic films.

EROSION - mechanical removal of material by impingement of high velocity fluid with or without entrained particles.

ESTER - chemical compound formed by the reaction of an organic or inorganic acid with an alcohol or with another 
organic compound containing the hydroxyl (-OH) radical.  The reaction involves replacement of the hydrogen of the acid 
with a hydrocarbon group.  The name of the ester indicates its derivation; e.g., the ester resulting from the reaction of 
ethyl alcohol and ascetic acid is called ethyl acetate.  Esters have important uses in the formulation of some petroleum 
additives and synthetic lubricants.  See DIBASIC ACID ESTER, PHOSPHATE ESTER.

ETHANOL - also known as ethyl alcohol (C2H5OH).  Obtained principally from the fermentation of grains or blackstrap 
molasses; also obtained from ethylene, by absorption in sulfuric acid and hydrolyzing with water.  Widely used as an 
industrial solvent, extraction medium, chemical intermediate, and in many proprietary products; a component of gasohol.

ETHYLENE - flammable gas (C2H4) derived from natural gas and petroleum; the lowest molecular weight member of the 
generic family of olefins.  Ethylene is widely used as a feedstock in the manufacture of petrochemicals, including 
polyethylene and other plastics.

EXHAUST GAS RECIRCULATION (EGR) - system designed to reduce automotive exhaust emissions of nitrogen 
oxides (NOx).  The system routes exhaust gases into the carburetor or intake manifold; the gases dilute the air-fuel 
mixture.  See COMBUSTION.

EXTRACTION - use of a solvent to remove edible and commercial oils and seeds (e.g., soybeans), or oils and fats from 
meat scraps; also, the removal of reactive components from lube distillates.  See SOLVENT EXTRACTION.



- F -
FATTY ACID - any monobasic (one displaceable hydrogen atom per molecule) organic acid having the general formula 
(CnH2)n+1 COOH.  Fatty acids derived from natural fats and oils are used to make soaps used in the manufacture of 
greases and other lubricants.  See GREASE.

FILM STRENGTH - See LUBRICITY.

FIRE POINT - temperature at which the vapor concentration of combustible liquid is sufficient to sustain combustion, 
as determined by ASTM D92, Cleveland Open Cup method.

FLASH POINT - the temperature at which a product’s vapor can be ignited momentarily by a flame, using ASTM D92 
Cleveland Open Cup (preferred for engine oils), D56 Tag Closed Tester, D93 Pensky-Martens Closed Tester or D1310 
Tag Open Cup methods.

FLAT-TAPPET - a plain (non-roller) camshaft follower.  Wear of flat cam followers has become a source of significant 
concern as ZDDP levels are slowly decreased in modern oils, starting with API SL rated oil.  In order to deal with the 
decreased ZDDP levels, manufacturers have redesigned engines with roller followers.  See TAPPET, TB11 pg.9.

FLOC POINT - temperature at which waxy materials in a lubricating oil separate from a mixture of oil and Freon 
(Registered trademark of E.I. Dupont de Nemours, Inc.) R-12 refrigerant, giving a cloudy appearance to the mixture; also 
called Freon floc point.  Generally used to evaluate the tendency of refrigeration oils to plug expansion valves or capillaries 
in refrigerant systems.  Not to be confused with cloud point, the temperature at which wax precipitates from an undiluted 
oil.

FLUID FRICTION - See FRICTION.

FOAMING - occurrence of frothy mixture of air and petroleum product (e.g., lubricant, fuel oil) that can reduce the 
effectiveness of the product.  The film strength of oil in a hydrodynamic lubrication mode is greatly reduced by the 
presence of foam, due to the displacement of oil by air.  Foaming can result from excessive agitation, improper fluid 
levels, air leaks, cavitation, or contamination with water or other foreign materials.  Some oil additives which contain long-
chain polymers will increase foaming in oil.  Foaming can be inhibited with an anti-foam agent.  The foaming 
characteristics of a lubricating oil can be determined by blowing air through a sample at a specified temperature and 
measuring the volume of foam, as described in ASTM D892.  See TB12 pg.11.

FRETTING - wear occurring on mating surfaces due to slight relative motion resulting from dynamic stresses.

FRICTION - resistance to the motion of one surface over another.  The amount of friction is dependent on the smoothness 
of the contacting surfaces, as well as the force with which they are pressed together.  Friction between unlubricated solid 
bodies is independent of speed and area.  The coefficient of friction is obtained by dividing the force required to move one 
body over a horizontal surface at a constant speed, by the weight of the body.  Coefficients of rolling friction (e.g., the 
motion of a tire or ball bearing) are much less than the coefficient of sliding friction (back and forth motion over two flat 
surfaces).  Sliding friction is thus more wasteful of energy and can cause more wear.  Fluid friction occurs between the 
molecules of a gas or liquid in motion, and is expressed as shear stress.  Unlike solid friction, fluid friction varies with 
speed and area.  In general, lubrication is the substitution of low fluid friction in place of high solid-to-solid friction.  
See TRIBOLOGY.

FEDERAL TEST METHOD (FTM) - a system of standards and measurement methods maintained by the United States 
Federal Government.

FUEL ECONOMY OIL - engine oil specially formulated to increase fuel efficiency.  A fuel-economy of oil works by 
reducing the friction between moving engine parts that wastefully consumes fuel energy.  There are two known means of 
accomplishing this goal: (1) by reducing the viscosity of the oil to decrease fluid friction and (2) by using friction-reducing 
additives in the oil to prevent metal-to-metal contact or rubbing friction between surfaces. 

FUEL INJECTION - method of introducing fuel under pressure through a small nozzle into the intake system or cylinders 



of an engine.  Fuel injection is essential to the diesel cycle, and an alternative to conventional carburetion in the gasoline 
engine.  In some designs, each cylinder has a cam-operated injector, which is a plunger pump that delivers precisely 
metered quantities of fuel at precise intervals.  The fuel is injected in a minutely divided spray at high discharge.  The 
amount of the charge is controlled by the throttle pedal.  A combination of fuel injection and carburetion is used in 
advanced emission-control systems, involving fuel injection into the throttle body of the carburetor.  Fuel injection 
offers certain advantages over carburetion including: (1) more balanced fuel distribution in the cylinders for improved 
combustion, (2) more positive delivery of fuel to the cylinder (hence, easier starting and faster acceleration), and 
(3)  higher power output because of improved volumetric efficiency.  See CARBURETOR.

FULL-FLUID-FILM LUBRICATION - See HYDRODYNAMIC LUBRICATION.

- G -
GAS ENGINE - internal combustion engine, either two or four stroke cylinder, powered by natural gas or LPG.  Commonly 
used to drive compressors on gas pipelines, utilizing as fuel a portion of the gas being compressed.

GASOHOL - blend of 10% volume anhydrous ethanol (ethyl alcohol) and 90% unleaded gasoline.

GASOLINE - blend of light hydrocarbon fractions of relatively high anti-knock value.  Finished motor and aviation 
gasolines may consist of the following components; straight-run naphthas, obtained by primary distillation of crude 
oil; natural gasoline which is “stripped” or condensed out of natural gas; cracked naphthas or reformed naphthas; and 
alkylate.  A high-quality gasoline has the following properties (1) proper volatility to ensure easy starting and rapid warm-
up; (2) clean-burning characteristics to prevent harmful engine deposits; (3) additives to prevent rust, oxidation, and 
carburetor icing; and (4) sufficiently high octane number to prevent engine knock.  See  CATALYTIC CRACKING. 

GEAR OIL - long-life oil of relatively high viscosity for the lubrication of rear axles and some manual transmissions.  Most 
final drives and many accessories in agricultural and construction equipment also require gear oils.  Straight (non-additive) 
mineral gear oils are suitable for most spiral-bevel rear axles and for some manual transmissions.  Use of such oils is 
declining, however, in favor of EP (extreme pressure) gear oils suitable for both hypoid gears and for all straight mineral oil 
applications.  An EP oil is also appropriate for off-highway and other automotive applications for which the lubricant must 
meet the requirements of Military Specification MIL-L-2105C.

GRAVITY - See SPECIFIC GRAVITY.

GREASE - mixture of a fluid lubricant (usually a petroleum oil) and a thickener (usually a soap) dispersed in the oil.  
Because greases do not flow readily, they are used where extended lubrication is required and where oil would not be 
retained.  Soap thickeners are formed by reacting (saponifying) a metallic hydroxide or other alkali with a fat, fatty acid, or 
ester.  The type of soap used depends on the grease properties desired.  Calcium (lime) soap greases are highly resistant 
to water, but unstable at high temperatures.  Sodium soap greases are stable at high temperatures, but wash out in moist 
conditions.  Lithium soap greases resist both heat and moisture.  A mixed-base soap is a combination of soaps, offering 
some of the advantages of each type.  A complex soap is formed by the reaction of an alkali with a high-molecular-weight 
fat or fatty acid to form a soap, and the simultaneous reaction of the alkali with a short-chain organic or inorganic acid to 
form a metallic salt (the complexing agent).  Complexing agents usually increase the dropping point of grease.  Lithium, 
calcium, and aluminum greases are common alkalis in complex-soap greases.  Non-soap thickeners, such a clays, silica 
gels, carbon black, and various synthetic organic materials are also used in grease manufacture.  A multi-purpose grease 
is designed to provide resistance to heat as well as water, and may contain additives to increase load-carrying ability and 
inhibit rust.

- H -
HEAVY ENDS - highest boiling portion in a distilled petroleum fraction or finished product.  In motor gasoline, the heavy 
ends do not fully volatilize until the engine has warmed.  See LIGHT ENDS.



HYDROCARBON - chemical compound of hydrogen and carbon; also called organic compound.  Hydrogen and carbon 
atoms can be combined in virtually countless ways to make a diversity of products.  Carbon atoms form the skeleton of 
the hydrocarbon molecule, and may be arranged in chains (aliphatic) or rings (cyclic).  There are three principal types of 
hydrocarbons that occur naturally in petroleum: paraffins, naphthenes, and aromatics, each with distinctive properties.  
Paraffins are aliphatic, the others cyclic.  Paraffins and naphthenes are saturated; that is, they have a full complement of 
hydrogen atoms and, thus, only single bonds between carbon atoms.  Aromatics are unsaturated, and have as part of 
the molecular structure at least one benzene ring, i.e., six carbon atoms in a ring configuration with alternating single 
and double bonds.  Because of these double bonds, aromatics are usually more reactive than paraffins and 
naphthenes, and are therefore prime carbons for chemical synthesis.  Other types of hydrocarbons are formed during 
the petroleum refining process.  Important among these are olefins and acetylenes.  Olefins are unsaturated 
hydrocarbons with at least one double bond in the molecular structure, which may be in either an open chain or ring 
configuration; olefins are highly reactive.  Acetylenes are also unsaturated and contain at least triple bond in the 
molecule.  See SATURATED HYDROCARBON, UNSATURATED HYDROCARBON.

HYDROCARBON (HC) EMISSIONS - substances considered to be atmospheric pollutants because the more reactive 
hydrocarbons (e.g., aromatics) undergo a photochemical reaction with nitrogen oxides (NOx) to form oxidants, 
components of smog that can cause eye irritation and respiratory problems.  Motor vehicles account for about one-third 
of man-made hydrocarbon emissions, although automotive emission controls are reducing this amount.  The greatest 
portion of total atmospheric hydrocarbons is from natural sources, such as pine trees.  See CATALYTIC CONVERTER, 
EMISSIONS.

HYDROCRACKING - refining process in which the middle and heavy distillate fractions are cracked (broken into smaller 
molecules) in the presence of hydrogen at high pressure and moderate temperature to produce high-octane gasoline, 
turbine fuel components, and middle distillates with good flow characteristics and cetane ratings.  The process is a 
combination of hydrogenation and cracking.

HYDRODYNAMIC LUBRICATION - presence of a continuous lubricating film sufficient to completely separate two 
surfaces, as distinct from boundary lubrication.  Hydrodynamic lubrication is a form of full-fluid-film lubrication, whereby 
the oil adheres to the moving part and is drawn into the area between the sliding surfaces, where it forms a pressure or 
hydrodynamic wedge.  See STRIBECK CURVE, TB11 pg.2.

HYDROFINISHING - form of hydrogen treating in which refinery distillate, lube, and wax streams are treated with 
hydrogen at elevated temperatures and moderate pressures in the presence of a catalyst, to improve color and stability, 
and reduce sulfur content.

HYDROFORMING - a dehydrogenation process in which naphthas are passed over a solid catalyst at elevated 
temperatures and moderate pressures in the presence of hydrogen to form high-octane motor gasoline, high-grade 
aviation gasoline, or aromatic solvents.  This process is a net producer of hydrogen.

HYDROGENATION - in refining, the chemical addition of hydrogen to a hydrocarbon in the presence of a catalyst, 
a severe form of hydrogen treating.  Hydrogenation may be either destructive or non-destructive.  In the former case, 
hydrocarbon chains are ruptured (cracked) and hydrogen is added where the breaks have occurred.  In the latter, 
hydrogen is added to a molecule that is unsaturated with respect to hydrogen.  In either case, the resulting molecules 
are highly stable.  Temperature and pressures in the hydrogenation process are usually greater than hydrofinishing.  
See UNSATURATED HYDROCARBON.

HYDROTREATING - refining process in which hydrocarbons are treated with hydrogen in the presence of a catalyst 
at relatively low temperatures to remove mercaptans and other sulfur compounds, and improve color and stability.  
See HYDROFINISHING.

HYDROPHILIC - also hydroscopic, having an affinity for water.  Some polar compounds are simultaneously hydrophilic 
and oil soluble, or oliophilic.

HYDROPHOBIC - the opposite of hydrophilic.



HYDROSTATIC LUBRICATION - a less common form of full-fluid-lubrication is hydrostatic lubrication, wherein the oil 
is supplied to the bearing area under sufficient external pressure to separate the sliding surfaces.

HYDROSCOPIC - See HYDROPHILIC.

- I -
INITIAL BOILING POINT (IBP) - the temperature at which vapor bubbles are generated in a liquid.  See DISTILLATION 
TEST.

INDUCTIVELY COUPLED PLASMA (ICP) - a way of magnetically exciting atoms to emit their characteristic energy which 
is then analyzed, and the elemental makeup identified.  Commonly used in analytical instrument that measures elements 
in lubricating additives.  See TB4 pg.2. 

INHIBITOR - additive that improves the performance of a petroleum product through the control of undesirable chemical 
reactions.  See CORROSION INHIBITOR, OXIDATION INHIBITOR, RUST INHIBITOR.

INSOLUBLES TESTING - using ASTM D893, material not soluble in pentane or toluene, with or without the use of 
a coagulant.

INTERFACIAL TENSION (IFT) - the force required to rupture the interface between two liquid phases.  The interfacial 
tension between water and a petroleum oil can be determined by measuring the force required to move a platinum 
ring upward through the interface, under conditions specified by ASTM D971.  Since the interface can be weakened by 
oxidation products in the oil, this measurement may be evidence of oil deterioration.  The lower the surface tension below 
the original value, the greater the extent of oxidation.  ASTM D971 is not widely used with additive-containing oils, since 
additives may affect surface tension, thus reducing the reliability of the test as an indicator of oxidation.

INTERNAL COMBUSTION ENGINE - heat engine driven directly by the expansion of combustion gases, rather than by 
an externally produced medium, such as steam.  Basic versions of the internal combustion engine are: gasoline engine 
and gas engine (spark ignition), diesel engine (compression ignition), and gas turbine (continuous combustion).  Diesel 
compression-ignition engines are more fuel-efficient than gasoline engines because compression ratios are higher, and  

because the absence of air throttling improves volumetric efficiency.
Gasoline, gas (natural gas, propane), and diesel engines operate either on a four-stroke cycle (Otto cycle) or a two-stroke 
cycle.  Most gasoline engines are of the four-stroke type, with operation as follows: (1) intake (piston moves down the 
cylinder, drawing in a fuel-air mixture through the intake valve); (2) compression (all valves closed, piston moves 
up, compressing the fuel-air mixture, and spark ignites mixture near top of stroke); (3) power (rapid expansion of heat 
combustion drives piston down, all valves remain closed); and (4) exhaust (exhaust valves open and piston returns,  

forcing out spent gases).
The diesel four-stroke cycle differs in that only air is admitted on the intake stroke, fuel is injected at the top of the 
compression stroke, and the fuel-air mixture is ignited by the heat of compression rather than by an electric spark.  The 
four-stroke cycle engine has certain advantages over a two-stroke, which include: higher piston speeds, wider variation  

in 
speed and load, cooler pistons, no fuel lost through exhaust, and lower fuel consumption.
The two-stroke cycle eliminates the intake and exhaust strokes of the four-stroke cycle.  As the piston ascends, it 
compresses the charge in the cylinder, while simultaneously drawing a new fuel-air charge into the crankcase, which is 
air-tight.  (In the diesel two-stroke cycle, only air is drawn in; the fuel is injected at the top of the compression stroke.)  
After ignition, the piston descends on the power stroke, simultaneously compressing the fresh charge in the crankcase.  
Toward the end of the power stroke, intake ports in the piston skirt admit a new fuel-air charge that sweeps exhaust 
products from the cylinder through exhaust ports; this means of flushing out exhaust gases is called “scavenging.” 
Because the crankcase is needed to contain the intake charge, it cannot double as an oil reservoir.  Therefore, lubrication 
is generally supplied by oil that is pre-mixed with the fuel.  An important advantage of the two-stroke cycle engine is that it 
offers twice as many power strokes per cycle and, thus, greater output for the same displacement and speed.  
Because two-stroke engines are light in relation to their output, they are frequently used where small engines are 
desirable, as in chain saws, outboard motors, and lawn mowers.  Many commercial, industrial, and railroad diesel 
engines are also two-stroke. 



Gas turbines differ from conventional internal combustion engines in that a continuous stream of hot gases is directed at 
the blades of a rotor.  A compressor section supplies air to a combustion chamber into which fuel is sprayed, maintaining 
continuous combustion.  The resulting hot gases expand through the turbine unit, turning the rotor and driveshaft.  
See TB11 pg.1, TB12 pg.2.

ION - electrically charged atom, or group of atoms, that has lost or gained electrons.  Electron loss makes the resulting 
particle positive, while electron gain makes the particle negative.

ISOMER - a molecule having the same molecular formula as another molecule, but having a different structure and, 
therefore, different properties.  As the carbon atoms in a molecule increase, the number of possible combinations, or 
isomers, increases sharply.  For example octane (an 8-carbon-atom molecule) has 18 isomers; decane (a 10-carbon-
atom molecule) has 75 isomers.

ISOOCTANE - an isomer of octane (C8H18) having very good anti-knock properties.  With a designated octane number of 
100, isooctane is used as a standard for determining the octane number of gasolines.

ISO VISCOSITY CLASSIFICATION SYSTEM - international system, approved by the International Standards 
Organization (ISO), for classifying industrial lubricants according to viscosity.  Each ISO viscosity grade number 
designation corresponds to the mid-point of a viscosity range expressed in centistokes (cSt) at 40°C.  For example, a 
lubricant with an ISO grade of 32 has a viscosity within the range of 28.8 - 35.2 cSt, the mid-point of which is 32.

- J -
JOURNAL - that part of a shaft or axle which rotates in or against a bearing.  See TB11 pg.2.

- K -
KINEMATIC VISCOSITY - absolute viscosity of a fluid divided by its density at the same temperature of measurement.  It 
is the measure of a fluid’s resistance to flow under gravity, as determined by ASTM D445.  To determine kinetic viscosity, a 
fixed volume of the test fluid is allowed to flow through a calibrated capillary tube (viscometer) that is held at a closely 
controlled temperature.  The kinematic viscosity in centistokes (cSt) is the product of the measured flow time in seconds 
and the calibration constant of the viscometer.  See VISCOSITY, TB10 pg.6.

KNOCK - See DETONATION.

- L -
LACQUER - a thin varnish-like deposit composed primarily of organic residue most readily definable by color.  It is 
resistant to saturated solvents (e.g., petroleum naphtha) but is soluble in other solvents (e.g., benzene, chloroform, 
ketones) and similar compounds classed as “lacquer solvents.” Most often association with diesel engines.

LEAD ALKYL - any of several lead compounds used to improve octane number in a gasoline.  The best known is 
tetraethyl lead (TEL), Pb (C2H5)4.  Another is tetramethyl lead (TML), Pb (CH3)4.  Other compounds have varying 
proportions of methyl radicals (CH3) and ethyl radicals (C2H5).  Use of lead compounds in motor gasoline has been 
phased out for environmental reasons.  Beginning with the 1980-model year, all new U.S. and foreign-made cars sold 
in the U.S. require unleaded gasoline.

LEAN AND RICH OCTANE NUMBER - expression of the anti-knock value of an aviation gasoline at lean air-fuel mixtures 
(relatively low concentration of fuel) and rich air-fuel mixtures, respectively.  A grade designation of 80/87 means that at 
lean mixtures the fuel performs like an 80-octane gasoline and at rich mixtures, like an 87-octane gasoline.



LIGHT ENDS - low-boiling-point hydrocarbons in gasoline having up to five carbon atoms, e.g., butanes, butenes, 
pentanes, pentenes, etc.  Also, any extraneous low-boiling fraction in a refinery process stream.

LIQUEFIED PETROLEUM GAS (LPG) - propane or (less commonly) butane, obtained by extraction from natural gas or 
from refinery processes.  LPG has a vapor pressure sufficiently low to permit compression and storage in a liquid state at 
moderate pressures and normal ambient temperatures.  Pressurized in metal bottles or tanks, LPG is easily handled and 
readily lends itself to a variety of applications as a fuel, refrigerant, and propellant in packaged aerosols.  LPG is also 
called LP gas and bottled gas.  See NATURAL GAS LIQUIDS.

LOAD WEAR INDEX (LWI) - measure of the relative ability of a lubricant to prevent wear under applied loads; it is 
calculated from data obtained from the Four Ball EP Method.  Formerly called mean Hertz load.

LUBRICATING OIL - compounded or finished oil consisting of base stocks and the additives necessary for providing the 
required performance.

LUBRICATION - control of friction and wear by the introduction of a friction-reducing film between moving surfaces in 
contact.  The lubricant used may be a fluid, solid, or plastic substance.  For principles of lubrication, see BOUNDARY 
LUBRICATION, HYDRODYNAMIC LUBRICATION, ELASTO-HYDRODYNAMIC (EHD) LUBRICATION, STRIBECK 
CURVE, TB10 pg.1, TB11.

LUBRICITY - ability of an oil or grease to lubricate; also, called film strength.  Lubricity can be enhanced by additive 
treatment.  See POLAR COMPOUND, TB10 pg.6.

- M -
MASS SPECTROMETER - apparatus for rapid quantitative and qualitative analysis of hydrocarbon compounds in 
a petroleum sample.  It utilizes the principle of accelerating molecules in a circular path in an electrical field.  The 
compounds are separated by centrifugal force, with the molecules having a greater mass (weight) being thrown to the 
outer periphery of the path.  Quantitative measurements are accomplished by use of either a photographic plate or 
electronic determination of the relative proportions of each type of particle of a given mass.

MEAN HERTZ LOAD - See LOAD WEAR INDEX.

MERCAPTAN - any of a generic series of malodorous, toxic sulfur compounds occurring in crude oil.  Mercaptans are 
removed from most petroleum products by refining, but may be added to natural gas and LPG in very low concentrations 
to give a distinctive warning odor.

MINERAL OIL - any petroleum oil, as contrasted to animal or vegetable oils.  Also, a highly refined petroleum distillate, or 
white oil, used medicinally as a laxative.  See TB10 pg.4.

MISCIBLE - capable of being mixed in any concentration without separation of phases; e.g., water and ethyl alcohol are 
miscible.

MOLYBDENUM DISULFIDE - a black, lustrous powder (MoS2) that serves as a dry-film lubricant in certain high-
temperature and high-vacuum applications.  It is also used in the form of pastes to prevent scoring when assembling 
press-fit parts, and as an additive to impart residual lubrication properties to oils and greases.  Molybdenum disulfide 
is often called moly or molydisulfide.

MOTOR OIL - See ENGINE OIL.

MULTI-GRADE OIL - engine oil that meets the requirements of more than one SAE (Society of Automotive Engineers) 
viscosity grade classification, and may therefore be suitable for use over a wider-temperature range than a single-grade 
oil.  Multi-grade oils have two viscosity grade numbers indicating their lowest and highest classification, e.g., SAE 10W-40. 
The lower grade number indicates the relative fluidity of the oil in cold weather for easy starting and immediate oil flow.  
The higher grade number indicates the relative viscosity of the oil at high operating temperatures for adequate wear



protection.  The “W” means “winter” grade.  Multi-grade oils generally contain viscosity improvers that reduce the tendency 
of an oil to lose viscosity, or thin out at high temperatures.

- N -
NAPTHENE - hydrocarbon characterized by saturated carbon atoms in a ring structure, and having the general formula 
CnH2n; also called cycloparaffin or cycloalkane.  Naphthenic lubricating oils have low pour points, owing to their very low 
wax content, and good solvency properties.  See HYDROCARBON, SATURATED HYDROCARBON.

NATURAL GAS - naturally occurring mixture of gaseous saturated hydrocarbons, consisting of 80-95% methane (CH4), 
lesser amounts of propane, ethane and butane, and small quantities of non-hydrocarbon gases (e.g., nitrogen, helium).  
Natural gas is found in sandstone, limestone, and other porous rocks beneath the earth’s surface, often in association with 
crude oil.  Because of its high heating value and clean-burning characteristics, natural gas is widely used as a fuel.  The 
heavier hydrocarbons in natural gas can be extracted, through compression or absorption processes, to yield LPG 
(propane or butane), natural gasoline, and raw materials for petrochemical manufacture.

NATURAL GAS LIQUIDS - hydrocarbons extracted from natural gas: primarily LPG (propane or butane) and natural 
gasoline, the latter being commonly blended with crude-derivative gasoline to improve volatility.  Natural gas liquids can 
be separated from the lighter hydrocarbons of natural gas by compression (the gas is compressed and cooled until the 
heavier hydrocarbons liquefy) or by absorption (the gas is mixed with a petroleum distillate, such as kerosene, which 
absorbs, or dissolves, the heavier hydrocarbons).

NEUTRAL OIL - lubricant base stocks which are light overhead cuts from vacuum distillation units.  Named for their SUS 
viscosity at 100°F, having viscosities ranging from about 13 to 130 cSt at 40°C.  They are usually solvent or clay treated, 
but not refined with acid or alkali.  Most commonly used to formulate automotive and commercial crankcase lubricants.

NEUTRALIZATION NUMBER - also called neut number, an indication of the acidity of alkalinity of an oil; the number is 
the weight in milligrams of the amount of acid (hydrochloric acid {HCL}) or base (potassium hydroxide {KOH}) required to 
neutralize one gram of the oil, in accordance with ASTM D664 (potentiometric method) or ASTM D974 (colorimetric 
method).  Strong acid number is the weight in milligrams of base required to titrate a one-gram sample up to a pH of 4; 
total acid number is the weight in milligrams of base required to neutralize all acidic constituents.  Strong base number 
is the quantity of acid, expressed in terms of the equivalent number of milligrams of KOH, required to titrate a one-gram 
sample to a pH of 11; total base number is the milligrams of acid, expressed in equivalent milligrams of KOH, to neutralize 
all basic constituents.  If the neutralization number indicates increased acidity (i.e., high acid number) of a used oil, this 
may indicate that oil oxidation, additive depletion, or a change in the oil’s operating environment has occurred.

NEWTONIAN FLUID - fluid, such as a straight mineral oil, whose viscosity does not change with rate of flow.  
See SHEAR STRESS.

NATIONAL INSTITUTE OF STANDARDS AND TECHNOLOGY (NIST) - known between 1901 and 1988 as the National 
Bureau of Standards (NBS), is a measurement standards laboratory which is a non-regulatory agency of the United States 
Department of Commerce.  The institute’s mission is to promote U.S. innovation and industrial competitiveness by 
advancing measurement science, standards, and technology in ways that enhance economic security and improve quality 
of life.

NITROGEN OXIDES (NOx) - emissions, from man-made and natural sources, of nitric oxide (NO), with minor amounts of 
nitrogen dioxide (NO2).  NOx are formed whenever fuel is burned at high temperatures in air, from nitrogen in the air as 
well as in the fuel.  Motor vehicles and stationary combustion sources (furnaces and boilers) are the primary man-made 
sources, although automotive emission controls are reducing the automobile’s contribution.  Natural emissions 
of NOx arise from bacterial action in the soil.  NOx can react with hydrocarbons to produce smog.  See CATALYTIC 
CONVERTER, EMISSION, HYDROCARBON (HC) EMISSIONS.

NATIONAL LUBRICATING GREASE INSTITUTE (NLGI) - a trade association whose main interest is grease and grease 
technology.  The NLGI is best known for its system of rating greases by penetration.



NON-NEWTONIAN FLUID - fluid, such as a grease or a polymer containing oil (e.g., multi-grade oil), in which shear 
stress is not proportional to shear rate.  See BROOKFIELD VISCOSITY.

NORMAL PARAFFIN - hydrocarbon consisting of unbranched molecules in which any carbon atom is attached to no 
more than two other carbon atoms; also called straight chain paraffin and linear paraffin.

- O -
OCTANE NUMBER - expression of the anti-knock properties of a gasoline, relative to that of a standard reference fuel.  
There are two distinct types of octane number measured in the laboratory: Research Octane Number (RON) and Motor 
Octane Number (MON), determined in accordance with ASTM D2699 and D2700 respectively.  Both the RON and MON 
tests are conducted in the same laboratory engine, but RON is determined under less severe conditions, and is therefore 
numerically greater than MON for the same fuel.  The average of the two numbers (RON + MON)/2 is commonly used as 
the indicator of a gasoline’s road anti-knock performance.  The gasoline being tested is run in a special single-cylinder 
engine, whose compression ratio can be varied (the higher the compression ratio, the higher the octane requirement).  
The knock intensity of the test fuel, as measured by a knockmeter, is compared with the knock intensities of blends 
of isooctane (assigned a knock rating of 100) and heptane (with a knock rating of zero), measured under the same 
conditions as the test fuel.  The percentage, by volume, of the isooctane in the blend that matches the characteristics of 
the fuel test is designated as the octane number of the fuel.  For example, if the matching blend contained 90% 
isooctane, the octane number of the test fuel would be 90.  In addition to the laboratory tests for RON and MON, there is 
a third method, Road Octane Number, which is conducted in a specially equipped test car by individuals trained to hear 
trace levels of engine knock.

ORIGINAL EQUIPMENT MANUFACTURER (OEM) - the definition of OEM in the automobile industry constitutes a 
federally licensed entity required to warrant and/or guarantee their products, unlike “aftermarket” which is not legally 
bound to a government-dictated level of liability.

OXIDATION - occurs when oxygen attacks petroleum fluids.  The process is accelerated by heat, light, metal catalysts 
and the presence of water, acids, or solid contaminants.  It leads to increased viscosity and deposit formation.  

OXIDATION INHIBITOR - substance added in small quantities to a petroleum product to increase its oxidation resistance, 
thereby lengthening its service or storage life; also called anti-oxidant.  An oxidation inhibitor may work in one of 
these ways: (1) by combining with and modifying peroxides (initial oxidation products) to render them harmless, (2) by 
decomposing the peroxides, or (3) by rendering an oxidation catalyst inert.  ZDDP was one of the first and still most often 
specified anti-oxidant for oils and greases. See TB12 pg.1.

- P -
PARAFFIN - hydrocarbon identified by saturated straight (normal or branched {iso}) carbon chains.  The generalized 
paraffinic molecule can be symbolized by the formula CH+.  Paraffins are relatively non-reactive and have excellent 
oxidation stability.  In contrast to naphthenic oils, paraffinic lube oils have relatively high wax content and pour point, and 
generally have a high viscosity index (VI).  Paraffinic solvents are generally lower in solvency than naphthenic or 
aromatic solvents.  See HYDROCARBON, SATURATED HYDROCARBON, TB10 pg.4.

PASSENGER CAR ENGINE OIL (PCEO) - See ENGINE OIL. 

PASSENGER CAR MOTOR OIL (PCMO) - See ENGINE OIL.

PERMANENT VISCOSITY LOSS (PVL) - measure of difference between viscosities of fresh oil and same oil after 
engine operation or special test conditions of polymer degradation.  May be determined under conditions of low or high 
shear.  See TB10 pg.6.

PETROCHEMICAL - any chemical derived from crude oil, crude products, or natural gas.  A petrochemical is basically 



a compound of carbon and hydrogen, but may incorporate many other elements.  Petrochemical are used in the 
manufacture of numerous products, such as synthetic rubber, synthetic fibers (e.g., nylon and polyester), plastics, 
fertilizers, paints, detergents, and pesticides. 

pH - the measure of acidity or alkalinity of an aqueous solution.  The pH scale ranges from 0 (very acidic) to 14 (very 
alkaline), with a pH of 17 indicating a neutral solution equivalent to the pH of distilled water.  See NEUTRALIZATION 
NUMBER.

PHOSPHORUS - the chemical element that has the symbol P and atomic number 15.  The name comes from the Greek 
“light” and “bearer,” due to the greenish glow it gives off as it slowly burns in the presence of oxygen.   Due to its high 
reactivity, phosphorus is never found as a free element in nature on Earth.  A multivalent nonmetal of the nitrogen group, 
phosphorus is commonly found in inorganic phosphate rocks.  It is commonly used in antiwear additives like ZDDP.  
See ZDDP.

PHOSPHATE ESTER - any of a group of synthetic lubricants having superior fire resistance.  A phosphate ester 
generally has poor hydrolytic stability, poor compatibility with mineral oil, and a relatively low viscosity index (VI).  It is 
used as a fire-resistant hydraulic fluid in high-temperature applications.

POLAR COMPOUND - a chemical compound whose molecules exhibit electrically positive characteristics at one 
extremity and negative characteristics at the other.  Polar compounds are used as additives in many petroleum products.  
Polarity gives certain molecules a strong affinity for solid surfaces; as lubricant additives (oiliness agents), such 
molecules plate out to form a tenacious, friction-reducing film.  Some polar molecules are oil-soluble at one end and 
water-soluble at the other end; in lubricants, they act as emulsifiers, helping to form stable oil-water emulsions.  Such 
lubricants are said to have good metal-wetting properties.  Polar compounds with a strong attraction for solid 
contaminants act as detergents in engine oils by keeping contaminants finely dispersed.  See TB10 pg.6, TB11 pg.4.

POLYGLYCOLS - polymers of ethylene or propylene oxides used as a synthetic lubricant base.  Properties include very 
good hydrolytic stability, high viscosity index (VI), and low volatility.  Used particularly in water emulsion fluids.

POLYMER - substance formed by the linkage (polymerization) of two or more simple, unsaturated molecules called 
monomers, to form a single heavier molecule having the same elements in the same proportions as the original 
monomers; i.e., each monomer retains its structural identity.  A polymer may be liquid or solid; solid polymers may consist 
of millions of repeated linked units.  A polymer made from two or more dissimilar monomers is called a copolymer; a 
copolymer composed of three different types of monomers is a terpolymer.  Natural rubber and synthetic rubbers 
are polymers.

POLYMERIZATION - in petroleum refining, polymerization refers to the combination of light, gaseous hydrocarbons, 
usually olefins, into high-molecular-weight hydrocarbons that are used in manufacturing motor gasoline and aviation fuel.  
The product formed by combining two identical olefin molecules is called a dimer, and by three such molecules, a trimer.  
See POLYMER.

POLYOLEFIN - polymer derived by polymerization of relatively simple olefins.  Polyethylene and polyisoprene are 
important polyolefins.

POLYOL ESTER - synthetic lubricant base, formed by reacting fatty acids with a polyol (such as a glycol) derived from 
petroleum.  Properties include good oxidation stability at high temperatures and low volatility.  Used in formulating 
lubricants for turbines, compressors, jet engines, and automotive engines.  See TB10 pg.5.

POUR POINT - using ASTM D97, the lowest temperature at which the oil can be poured.  Also, using FTM 203, the 
stable pour point is the lowest temperature at which an oil will remain fluid after being subjected to a cyclic temperature 
variation for six days.  See TB10 pg.7.  

POUR POINT DEPRESSANT - additive used to lower the pour point of a petroleum product. 

PARTS PER BILLION (PPB) - one part per billion is 1 part in 1,000,000,000 or 0.0000001%.



PARTS PER MILLION (PPM) - one part per million is 1 part in 1,000,000, or 0.0001%.

PRE-IGNITION - ignition of a fuel-air mixture in an internal combustion engine (gasoline) before the spark plug fires.  It 
can be caused by a hot spot in the combustion chamber or a very high compression ratio.  Pre-ignition reduces power 
and can damage the engine.

PUMPABILITY - the low temperature, low shear, stress-shear rate viscosity characteristics of an oil that permit 
satisfactory flow to and from the engine oil pump and subsequent lubrication of moving components.  Measured in the 
mini-rotary viscometer, ASTM D4684, and referred to as the borderline pumping temperature.

- Q -
QUALITATIVE TEST - a test to determine the nature of a compound or mixture or the identity of each constituent present.

QUANTITATIVE TEST - a test to show the amount of each constituent present in a compound or mixture.

- R -
RAFFINATE - in solvent extraction, that portion of the oil which remains undissolved and is not removed by the 
selective solvent.

RATE OF SHEAR - See SHEAR RATE, TB11 pg.7.

REACTION DILUENT - a material (usually a light saturated hydrocarbon; e.g., pentane, hexane) that is used as a carrier 
for the polymerization catalyst in the manufacture of polyolefins.  The material must be very pure, since impurities “poison” 
the catalyst or hinder the polymerization by reacting with the olefins.

RECLAIMING - process of restoring used lubricating oils by filtration, clay absorption, and/or chemical treatment to a 
condition similar to virgin stocks.  This is not to be confused with re-refining operations in which the used oil is vacuum 
distilled and chemically treated to return it to a state similar to its virgin condition.

REFINING - series of processes for converting crude oil and its fractions to finished petroleum products.  Following 
distillation, a petroleum fraction may undergo one or more additional steps to purify or modify it.  These refining steps 
include: thermal cracking, catalytic cracking, hydroforming, hydrogenation, hydrogen treating, hydrofinishing, solvent 
extraction, dewaxing, de-oiling, acid treating, clay filtration, and de-asphalting.  Refined lube oils may be blended with 
other lube stocks, and additives may be incorporated, to impart special properties; refined naphthas may be blended with 
alkylates, cracked stock or reformates to improve octane number and other properties of gasolines.  See TB10 pg.3.

REFORMING - thermal or catalytic refining process in which the hydrocarbon molecules of a naphtha are rearranged to 
improve its octane number; the resulting product is used in blending high-octane gasoline.

RE-REFINING - a process of reclaiming used lube oils and restoring them to a condition similar to virgin stocks by 
filtration, clay absorption or more elaborate methods.

REPEATABILITY - in testing, the ability to perform the same measurement of test in the same lab using all the same 
materials and personnel.  See TB4 pg.3.

REPRODUCIBILITY - in testing, the ability to obtain the same results in a different laboratory using the same procedures 
and materials.  See TB4 pg.3.

RESEARCH OCTANE NUMBER (RON) - See OCTANE NUMBER.

RESINS - solid or semi-solid materials, light yellow to dark brown, composed of carbon, hydrogen, and oxygen.  Resins 



occur naturally in plants, and are common in pines and firs, often appearing as globules on the bark.  Synthetic resins, 
such as polystyrene, polyesters, and acrylics, are derived primarily from petroleum.  
Resins are widely used in the manufacture of lacquers, varnishes, plastics, adhesives, and rubber.

RHEOLOGY - study of the deformation and flow of matter in terms of stress, strain, temperature, and time.  The 
rheological properties of a grease are commonly measured by penetration and apparent viscosity.

RUST INHIBITOR - type of corrosion inhibitor used in lubricants to protect the lubricated surfaces against rusting. 

RUST PREVENTIVE - compound for coating metal surfaces with a film that protects against rust; commonly used for the 
preservation of equipment in storage.  The base material of a rust preventive may be a petroleum oil, solvent, wax, or 
asphalt, to which a rust inhibitor is added.  A formulation consisting largely of a solvent and additives is commonly called 
a thin-film rust preventive because of the thin coating that remains after evaporation of the solvent.  Rust preventives are 
formulated for a variety of conditions of exposure; e.g., short-time “in-process” protection, indoor storage, exposed 
outdoor storage, etc.

- S -
SOCIETY OF AUTOMOTIVE ENGINEERS (SAE) - organization responsible for the establishment of many U.S. 
automotive and aviation standards, including the viscosity classifications of engine oils and gear oils.

SATURATED HYDROCARBON - hydrocarbon with the basic formula CnH2n+2; it is saturated with respect to hydrogen 
and cannot combine with the atoms of other elements without giving up hydrogen.  Saturates are more chemically stable 
than unsaturated hydrocarbons.  See TB10 pg.5.

SAYBOLT UNIVERSAL SECONDS (SUS) - the efflux time in seconds required for 60 milliliters of a petroleum product 
to flow through the calibrated orifice of a Saybolt Universal viscosimeter, under carefully controlled temperature, as 
prescribed by ASTM D88.  This method has largely been supplanted by the kinematic viscosity method.

SCAVENGER - a component of lead anti-knock compounds that reacts with the lead radical to form volatile lead 
compounds that can be easily scavenged from the engine through the exhaust system.  Also, an individual who collects 
used lubricating oils for some secondary use.

SCORING - mechanical disturbance of a rubbing surface with definite surface roughness in line with motion, and 
characterized by the transfer of metal by dragging which results in progressive deterioration.

SCRATCHING - mechanical disturbance of a rubbing surface with definite surface roughness in line with motion, but no 
progressive surface deterioration due to debris.

SCUFFING - mechanical disturbance of a rubbing surface with no appreciable surface roughness to feel.

SEAL SWELL - swelling of rubber (or other elastomer) gaskets, or seals, when exposed to petroleum, synthetic 
lubricants, or hydraulic fluids.  Seal materials vary widely in their resistance to the effect of such fluids.  Some seals are 
designed so that a moderate amount of swelling improves sealing action.  See TB10 pg.4.

SEIZING - sticking together of two surfaces characterized by the presence of small particles of material which have 
become welded to the surface.

SERIES 3 - obsolete specification for heavy-duty engine oils used in Caterpillar Tractor Company diesel engines.  
Caterpillar now specifies that the oil for its engines comply with Military Specification MIL-L-2104C or API Engine Service 
Category CD.

SHEAR RATE - rate at which adjacent layers of fluid move with respect to each other, usually expressed as reciprocal 
seconds.  See SHEAR STRESS, TB11 pg.7.



SHEAR INDEX (SI) - the measure of an oil’s percentage viscosity loss.

SHEAR STABILITY INDEX (SSI) - the measure of the VI improver’s contribution to an oil’s percentage kinematic viscosity 
loss.

SHEAR STRESS - frictional force overcome in sliding one “layer” of fluid along another, as in any fluid flow.  The shear 
stress of a petroleum oil or other Newtonian fluid at a given temperature varies directly with shear rate (velocity).  The 
ratio between shear stress and shear rate is constant; this ratio is termed viscosity.  The higher the viscosity of a 
Newtonian fluid, the greater the shear stress as a function of rate of shear.  In a non-Newtonian, fluid such as a grease or a 
polymer-containing oil (e.g., multi-grade oil), shear stress is not proportional to the rate of shear.  A non-Newtonian fluid 
may be said to have an apparent viscosity, a viscosity that holds only for the shear rate (and temperature) at which the 
viscosity is determined.  See BROOKFIELD VISCOSITY, TB11 pg.7.

SINGLE-GRADE OIL - engine oil that meets the requirements of a single SAE viscosity grade classification.

SLUDGE - a deposit, principally composed of engine oil and fuel debris, which does not drain from engine parts but can 
be removed by wiping with a soft cloth.

SOLUBLE OILS - oils which, following the addition of emulsifiers and stabilizers, are readily capable of mixing with water.  
They are used as drilling, cutting and cooling oils in metalworking.

SOLVENT - compound with a strong capability to dissolve a given substance.  The most common petroleum solvents are 
mineral spirits, xylene, toluene, hexane, heptane, and naphthas.  Aromatic-type solvents have the highest solvency for 
organic chemical materials, followed by naphthenes and paraffins.  In most applications the solvent disappears, usually by 
evaporation, after it has served its purpose.  The evaporation rate of a solvent is very important in manufacture: rubber 
cements often require a fast-drying solvent, whereas rubber goods that must remain tacky during processing require a 
slower-drying solvent.  Solvents have a wide variety of industrial applications, including the manufacture of paints, inks, 
cleaning products, adhesives, and petrochemicals.  Other types of solvents have important applications in refining.

SOLVENT EXTRACTION - refining process used to separate reactive components (unsaturated hydrocarbons) from lube 
distillates in order to improve the oil’s oxidation stability, viscosity index (VI), and response to additives.  Commonly used 
extraction media (solvents) are: phenol, N-methylpyrrolidone (NMP), furfural, liquid sulfur dioxide, and nitrobenzene.  The 
oil and solvent are mixed in an extraction tower, resulting in the formation of two liquid phases: a heavy phase consisting 
of the undesirable unsaturates dissolved in the solvent, and a light phase consisting of high-quality oil with some solvent 
dissolved in it.  The phases are separated and the solvent recovered from each by distillation.  The unsaturates portion, 
while undesirable in lubricating oils, is useful in other applications such as rubber extender oils.  See TB10 pg.3.

SOLVENT NEUTRAL - high-quality paraffin-base oil refined by solvent extraction.

SOUR CRUDE - crude oil containing appreciable quantities of hydrogen sulfide or other sulfur compounds, as contrasted 
to sweet crude.  See SWEET CRUDE.

SPALLING - surface disintegration associated with loss of particles from the surface and associated with adhesion.

SPARK-IGNITION ENGINE - see INTERNAL COMBUSTION ENGINE.

SPECIFIC GRAVITY - for petroleum products, the ratio of the mass of a given volume of product and the mass of an 
equal volume of water, at the same temperature.  The standard reference temperature is 15.6°C (60°F).  Specific gravity is 
determined by ASTM D1298: the higher the specific gravity, the heavier the product.  Specific gravity of a liquid can be 
determined by means of a hydrometer, a graduated float weighted at one end, which provides a direct reading to which it 
sinks in the liquid.  A related measurement is density, an absolute unit defined as mass per unit volume, usually expressed 
as kilograms per cubic meter (kg/m3). 

STICK-SLIP MOTION - erratic, noisy motion characteristic of some machine ways, due to the starting friction encountered 
by a machine part at each end of its back-and-forth (reciprocating) movement.  This undesirable effect can be overcome 
with a way lubricant, which reduces starting friction.



STOICHIOMETRIC - the exact proportion of two or more substances that will permit a chemical reaction with none of the 
individual reactants left over.  See COMBUSTION.

STRAIGHT MINERAL OIL - petroleum oil containing no additives.  Straight mineral oils include such diverse products as 
low-cost once-through lubricants and thoroughly refined white oils.  Most high-quality lubricants, however, do contain 
additives.  See MINERAL OIL.

STRIBECK CURVE - named for German scientist Richard Stribeck (1861-1950), general graphic representation of the 
equation: C = (ƒ) ZN/P, where C (the coefficient of friction in a journal bearing) is a function (ƒ) of the dimensionless 
parameter ZN/P, (viscosity x speed/pressure).  This is the fundamental lubrication equation, in which the coefficient of 
friction is the friction per unit load, Z the viscosity of the lubricating oil, N the rpm of the journal, and P the pressure (load 
per unit area) on the bearing.  The Stribeck, or ZN/P curve illustrates the effects of the three variables (viscosity, speed, 
and load) on friction and, hence, on lubrication.  See BOUNDARY LUBRICATION, HYDRODYNAMIC LUBRICATION, 
ELASTO-HYDRODYNAMIC (EHD) LUBRICATION, TB11 pg.2.

STUCK LIFTER - one that does not return to its original position by its own force upon removal from the engine.

SULFATED ASH - using ASTM D874, the ash that remains after the sample has been carbonized and the residue 
subsequently treated with sulfuric acid and heated to constant weight.  See ASH.

SURFACTANT - surface-active agent that reduces interfacial tension of a liquid.  A surfactant used in a petroleum oil may 
increase the oil’s affinity for metals and other materials.

SWEET CRUDE - crude oil containing little or no sulfur.  See SOUR CRUDE.

SYNTHETIC LUBRICANT - lubricating fluid made by chemically reacting materials of a specific chemical composition 
to produce a compound with planned and predictable properties; the resulting base stock may be supplemented with 
additives to improve specific properties.  Synthetic lubricants are derived wholly or primarily from petrochemicals; other 
synthetic lubricant raw materials are derived from coal and oil shale, or are lipochemicals (from animal and vegetable 
oils).  Synthetic lubricants may be superior to petroleum oils in specific performance areas.  Many exhibit higher viscosity 
index (VI), better thermal stability and oxidation stability, and low volatility (which reduces oil consumption). 
Individual synthetic lubricants offer specific outstanding properties: phosphate esters, for example, are fire resistant, 
diesters have good oxidation stability and lubricity, and silicones offer exceptionally high VI.  Most synthetic lubricants can 
be converted to grease by adding thickeners.  Because synthetic lubricants are higher in cost than petroleum oils, they 
are used selectively where performance or safety requirements may exceed the capabilities of a conventional oil.  The 
following is a list of the principal classes of synthetic lubricants: alkylated aromatics (organic hydrocarbon), olefin 
oligomers (organic hydrocarbon), dibasic acid esters (organic ester), polyol esters (organic ester), polyglycols, phosphate 
esters, silicones, silicate esters, and halogenated hydrocarbons.  See TB10 pp.4, 5, and 8.

- T -
TACKINESS AGENT - additive used to increase the adhesive properties of a lubricant, improve retention, and prevent 
dripping and splattering.

TAPPET - strictly speaking in mechanical terms, a projection of a mechanism which pushes or “taps” another.  In an 
internal combustion engine, the term is commonly applied to the cam follower or lifter.  Traditionally these were flat, or 
slightly radiused on the end which contacted the cam.  This type is referred to as flat-tappets.  More recently engines 
are being designed with roller-tappets or followers to reduced the need for anti-wear agents in oil and reduce frictional 
power losses.  See TB2 pg.1, TB11 pg.9.

TETRA ETHYL LEAD (TEL) - See LEAD ALKYL.

TEMPORARY VISCOSITY LOSS (TVL) - measure of decrease in dynamic viscosity under high shear rates compared to 
dynamic viscosity under low shear.  May be applied to fresh oil or used oil.



THERMAL CRACKING - in refining, the breaking down of large, high-boiling hydrocarbon molecules into smaller 
molecules in the presence of heat and pressure.  See CRACKING.

THIXOTROPY - tendency of grease or other material to soften or flow when subjected to shearing action.  Grease will 
usually return to its normal consistency when the action stops.  The phenomenon is the opposite of that which occurs with 
rheopectic grease.  Thixotropy is also an important characteristic of drilling fluids, which must thicken when not in motion 
so that the cuttings in the fluid will remain in suspension.

TIMKEN EP TEST - measure of the extreme pressure properties of a lubricant following ASTM D2509 for greases and 
D2782 for oils.  The test utilizes a Timken machine, which consists of a stationary block pushed upward, by means of a 
lever arm system, against the rotating outer race of a roller bearing, which is lubricated by the product under test.  
The test continues under increasing load (pressure) until a measurable wear scar is formed on the block.  
Timken OK load is the heaviest load that a lubricant can withstand before the block is scored.  See SCORING.

TORQUE FLUID - lubricating and power-transfer medium for commercial automotive torque converters and 
transmissions.  It possesses the low viscosity necessary for torque transmission, the lubricating properties required for 
associated gear assemblies, and compatibility with seal materials.

TOTAL ACID NUMBER (TAN) - using ASTM D664, the quantity of base, expressed in milligrams of potassium hydroxide, 
that is required to neutralize all acidic constituents present in one gram of sample.  See NEUTRALIZATION NUMBER.

TOTAL BASE NUMBER (TBN) - using ASTM D2896, the quantity of perchloric acid, expressed in terms of the equivalent 
number of milligrams of potassium hydroxide that is required to neutralize all basic constituents present in one gram of 
sample.  Also, TBN can be determined using ASTM D664 with hydrochloric acid.  See NEUTRALIZATION NUMBER.

TRIBOLOGY - science of interactions between surfaces moving relative to each other.  Such interactions usually involve 
the interplay of two primary factors: the load or force perpendicular to the surfaces, and the frictional force that impedes 
movement.  Tribological research on friction reduction has important energy conservation applications, since friction 
increases energy consumption.  See FRICTION.

TWO-STROKE CYCLE - See INTERNAL COMBUSTION ENGINE.

- U -
ULTRAVIOLET ABSORBANCE - measurement of the ultraviolet absorption of petroleum products, determined by 
standardized tests, such as ASTM D2008.  Aromatics absorb more ultraviolet light than do naphthenes and paraffins, and 
the amount of absorbance can be used as an indication of the amount of aromatics in a product.  Certain polynuclear 
aromatics (PNAs) are known carcinogens (cancer-causing substances), with peaks of absorbance generally between 280 
and 400 millimicrons.  The Food and Drug Administration (FDA) has therefore imposed limits on the amount of ultraviolet 
absorbance at these wavelengths for materials classified as food additives.  However, not all materials with ultraviolet 
absorbance at these wavelengths are carcinogenic.

UNLEADED GASOLINE - gasoline that derives its anti-knock properties from high-octane hydrocarbons or from non-lead 
anti-knock compounds, rather than from a lead additive.  See LEAD ALKYL.

UNSATURATED HYDROCARBON - hydrocarbon lacking a full complement of hydrogen atoms, and thus characterized 
by one or more double or triple bonds between carbon atoms.  Hydrocarbons having only one double bond between 
adjacent carbon atoms in the molecule are called olefins; those having two double bonds in the molecule are diolefins.  
Hydrocarbons having alternating single and double bonds between adjacent carbon atoms in a benzene-ring 
configuration are called aromatics.  Hydrocarbons with a triple bond between carbon atoms are called acetylenes.  
Unsaturated hydrocarbons readily attract additional hydrogen, oxygen, or other atoms, and are therefore highly reactive.  
See HYDROCARBON, SATURATED HYDROCARBON, HYDROGENATION.

USED OIL ANALYSIS (UOA) - the testing or test reports of used oil.  See TB4 pg.1.



- V -
VACUUM TOWER - See DISTILLATION.

VALVE BEAT-IN - wear on the valve face or valve seat in internal combustion engines resulting from the pounding of the 
valve on the seat.  Also called valve sink or valve recession.

VALVE LIFTER - mechanical or hydraulic device for opening and closing valves by transmitting cam rotation to vertical 
valve movement.  See TAPPET, TB11 pg.9.

VAPOR LOCK - disruption of fuel movement to a gasoline engine carburetor caused by excessive vaporization of 
gasoline.  Vapor lock occurs when the fuel pump, which is designed to pump liquid, loses suction as it tries to pump fuel 
vapor.  The engine will usually stall, but in less severe cases may accelerate sluggishly or knock due to an excessively 
lean fuel mixture.  Automotive engines are more likely to experience vapor lock during and acceleration that follows a 
short shutdown period.  Vapor lock problems are most likely to occur in the late spring on unseasonably warm days, 
before the more volatile winter grades of gasoline have been replaced by the less volatile spring and summer grades.  
Vapor lock can also occur in other types of pumping systems where volatile liquids are being handled.  See VOLATILITY.

VAPOR PRESSURE - pressure of confined vapor in equilibrium with its liquid at a specified temperature; thus, a measure 
of a liquid’s volatility.  Vapor pressure of gasoline and other volatile petroleum products is commonly measured in 
accordance with ASTM D323 (Reid vapor pressure).  The apparatus is essentially a double-chambered bomb.  One 
chamber, fitted with a pressure gauge, contains air at atmospheric pressure; the other chamber is filled with the liquid 
sample.  The bomb is immersed in a 37.8°C (100°F) bath, and the resulting vapor pressure of the sample is recorded in 
pounds per square inch (psi).  Reid vapor pressure is useful in predicting seasonal gasoline performance (e.g., higher 
volatility is needed in cold weather, and lower volatility in hot weather), as well as the tendencies of gasolines, solvents, 
and other volatile petroleum products toward evaporative loss and fire hazard.

VARNISH - hard, dry, generally lustrous oil insoluble deposit which cannot be removed by wiping with a soft cloth.  
Generally associated with gasoline engines.

VERY HIGH VISCOSITY INDEX (VHVI) - referring to an extremely refined Group III base stock oil with a VI over 140.  
Some of these oils are now being marketed as “synthetic” due to the decision reached in the 1999 case of 
Mobil vs.Castrol.  See SYNTHETIC LUBRICANT, TB10 pp.3, and 8.

VISCOSITY - measurement of a fluid’s resistance to flow.  The common metric unit of absolute viscosity is the poise, 
which is defined as the force in dynes required to move a surface one square centimeter in area past a parallel surface at 
a speed of one centimeter per second, with the surfaces separated by a fluid film one centimeter thick.  For convenience, 
the centipoise (cp), one one-hundredth of a poise, is the unit customarily used.  Laboratory measurements of viscosity 
normally use the force of gravity to produce flow through a capillary tube (viscometer) at a controlled temperature.  The 
measurement is called kinematic viscosity.  The unit of kinematic viscosity is the stoke, expressed in square centimeters 
per second.  The more customary unit is the centistoke (cSt), one one-hundredth of a stoke.  Kinematic viscosity can be 
related to absolute viscosity by the equation: cSt = cp - fluid density.  In addition to kinematic viscosity, there are other 
methods for determining viscosity, including Saybolt Universal viscosity, Saybolt Furol viscosity, Engler viscosity, and 
Redwood viscosity.  Since viscosity varies inversely with temperature, its value is meaningless unless the temperature at 
which it is determined is reported.  See TB10 pg.6, TB11 pg.4.

VISCOSITY INDEX (VI) - empirical, unitless number indicating the effect of temperature change on the kinematic viscosity 
of an oil.  Liquids change viscosity with temperature, becoming less viscous when heated; the higher the VI of an oil, the 
lower its tendency to change viscosity with temperature.  The VI of an oil, with known viscosity at 40°C and at 100°C, is 
determined by comparing the oil with two standard oils having and arbitrary VI of 0 and 100, respectively, and both having 
the same viscosity at 100°C as the test oil.  The following formula is used, in accordance with ASTM D2270, where L is 
the viscosity at 40°C of the 0-VI oil, H is the viscosity at 40°C of the 100-VI oil, and U is the viscosity at 40°C of the test 
oil.  There is an alternative calculation, also in ASTM D2270, for oils with VI’s above 100.  The VI of paraffinic oils is 
inherently high, but VI is low in naphthenic oils, and even lower in aromatic oils (often below 0).  The VI of any petroleum 
oil can be increased by adding a viscosity index improver.  High-VI lubricants are needed wherever relatively constant 
viscosity is required at widely varying temperatures.  In an automobile, for example, an engine oil must flow freely enough 
to permit 



cold starting, but must be viscous enough after warm-up to provide full lubrication.  Similarly, in an aircraft hydraulic 
system, which may be exposed to temperatures above 38°C at ground level and temperatures below -54°C at high 
altitudes, consistent hydraulic fluid performance requires a high viscosity index.  See TB10 pg.6.

VISCOSITY INDEX (VI) IMPROVER - lubricant additive, usually a high-molecular-weight polymer, that reduces the 
tendency of an oil to change viscosity with temperature.  The polymer molecules swell with increasing temperature, 
offsetting the base oil thinning, and shrink at lower temperatures, offsetting the oil’s thickening.  Multi-grade oils, which 
provide effective lubrication over a broad temperature range, usually contain VI improvers.  See VISCOSITY INDEX.

VISCOSITY-TEMPERATURE RELATIONSHIP - the manner in which the viscosity of a given fluid varies inversely with 
temperature.  Because of the mathematical relationship that exists between these two variables, it is possible to predict 
graphically the viscosity of a petroleum fluid at any temperature within a limited range if the viscosities at two other 
temperatures are known.  The charts used for this purpose are the ASTM Standard Viscosity-Temperature Charts for 
Liquid Petroleum Products, available in 6 ranges.  If two known viscosity-temperature points of a fluid are located on the 
chart and a straight line drawn through them, other viscosity-temperature values of the fluid will fall on this line; however, 
values near or below the cloud point of the oil may deviate from the straight-line relationship.  See VISCOSITY INDEX.

VIRGIN OIL ANALYSIS (VOA) - the testing or test reports of unused oils.

VOLATILITY - expression of evaporation tendency.  The more volatile a petroleum liquid, the lower its boiling point and 
the greater its flammability.  The volatility of a petroleum product can be precisely determined by tests for evaporation 
rate; also, it can be estimated by tests for flash point and vapor pressure, and by distillation tests.

- W -
WEAR - the loss or relocation of material from two or more surfaces in relative motion.

WELD POINT - the lowest applied load in kilograms at which the rotating ball in the Four Ball EP test either seizes and 
welds to the three stationary balls, or at which extreme scoring of the three balls results.

WHITE OIL - highly refined straight mineral oil, essentially colorless, odorless, and tasteless.  White oils have a high degree 
of chemical stability.  The highest purity white oils are free of unsaturated components and meet the standards 
of the United States Pharmacopoeia (USP) for food, medicinal, and cosmetic applications.  White oils not intended for 
medicinal use are known as technical white oils and have many industrial applications including textile, chemical, and 
plastics manufacture, where their good color, nonstaining properties, and chemical inertness are highly desirable.

- X - Y - Z -
ZINC DIALKYL DITHIOPHOSPHATE or ZINC DIARYL DITHIOPHOSPHATE (ZDDP) - widely used as an anti-wear 
agent in motor oils to protect heavily loaded parts, particularly the valve train mechanisms (such as the camshaft and cam 
followers) from excessive wear.  There are many different formulations of ZDDP specifically engineered for different 
purposes.  ZDDP is also used as an anti-wear agent in hydraulic fluids and certain other products.  ZDDP is also an 
effective oxidation inhibitor.  Oils containing ZDDP should not be used in engines that employ silver alloy bearings.  
All car manufacturers now recommend the use of dialkyl ZDDP in motor oils for passenger car service.  See TB1-TB12.

ZINC - a metallic chemical element with the symbol Zn and atomic number 30.  It is a first-row transition metal of the 
group 12 of the periodic table.  It a moderately reactive metal that is covered by a protective thin layer of basic carbonate 
in air, which tarnishes in moist air.  It can also burn in air with a bright bluish-green flame, giving off fumes of zinc oxide.  
Zinc reacts with acids, alkalis and other non-metals.  It is a constituent atom of the antiwear compound ZDDP.  See ZDDP.

ZN/P CURVE - See STRIBECK CURVE.



MATERIAL SAFETY DATA SHEET 

SECTION 1 - PRODUCT AND COMPANY IDENTIFICATION 

PRODUCT: 
Product Name: ZDDPlusTM. 
Product Description: Petroleum Product Additive.   
Intended Use: Lube oil additive.  

SECTION 2 - COMPOSITION / INFORMATION ON INGREDIENTS 

Complex Substance(s):  
Distillates (petroleum), solvent-dewaxed heavy paraffinic. 
ZINC DIALKYL DITHIOPHOSPHATE (CAS 84605-29-8) 

SECTION 3 - HAZARDS IDENTIFICATION 

This material is considered to be hazardous according to regulatory guidelines. 
 (see MSDS Section 15). 

POTENTIAL PHYSICAL / CHEMICAL EFFECTS:  
Contact with hot material can cause thermal burns which may result in permanent damage or 
blindness.  

POTENTIAL HEALTH EFFECTS: 
Irritating to eyes. Low order of toxicity. May be irritating to the eyes, nose, throat, and lungs. 
Excessive exposure may result in eye, skin, or respiratory irritation.  
Target Organs: Eye. 

ENVIRONMENTAL HAZARDS: 
Toxic to aquatic organisms, may cause long-term adverse effects in the aquatic environment.  

NFPA Hazard ID: Health: 1 Flammability: 1 Reactivity: 0  
HMIS Hazard ID: Health: 1 Flammability: 1 Reactivity: 0  

NOTE: This material should not be used for any other purpose than the intended use in Section 1 
without expert advice. 



SECTION 4 - FIRST AID MEASURES   

INHALATION:  
Remove from further exposure. For those providing assistance, avoid exposure to yourself or others. 
Use adequate respiratory protection. If respiratory irritation, dizziness, nausea, or unconsciousness 
occurs, seek immediate medical assistance. If breathing has stopped, assist ventilation with a 
mechanical device or use mouth-to-mouth resuscitation.  

SKIN CONTACT:  
Wash contact areas with soap and water. Remove contaminated clothing. Launder contaminated 
clothing before reuse. For hot product: Immediately immerse in or flush affected area with large 
amounts of cold water to dissipate heat. Cover with clean cotton sheeting or gauze and get prompt 
medical attention.  

EYE CONTACT: 
Flush thoroughly with water for at least 15 minutes. Get immediate medical assistance. If medical 
assistance is not immediately available, flush an additional 15 minutes.  

INGESTION: 
First aid is normally not required. Seek medical attention if discomfort occurs.  

SECTION 5 - FIRE FIGHTING MEASURES 

EXTINGUISHING MEDIA: 
Appropriate Extinguishing Media: Use water fog, foam, dry chemical or carbon dioxide (C02) to 
extinguish flames.  

FIRE FIGHTING: 
Evacuate area. Prevent runoff from fire control or dilution from entering streams, sewers, or drinking 
water supply. Firefighters should use standard protective equipment and in enclosed spaces, 
self-contained breathing apparatus (SCBA). Use water spray to cool fire exposed surfaces and to 
protect personnel.  
Unusual Fire Hazards: Hazardous material. Firefighters should consider protective equipment 
indicated in Section 8.  
Hazardous Combustion Products: Carbon monoxide, Hydrogen sulfide, Sulfur oxides, Smoke, 
Fumes.  

FLAMMABILITY PROPERTIES:  
Flash Point (open) >180° C per ASTM D-92. 
Decomposition Temp: 220° C per SH/T0561. 
Auto Ignition Temperature: >300°C. 

SECTION 6 - ACCIDENTAL RELEASE MEASURES 

NOTIFICATION PROCEDURES: 
In the event of a spill, notify relevant authorities in accordance with all applicable regulations. U.S. 
regulations require reporting releases of this material to the environment which exceed the 
reportable quantity or oil spills which could reach any waterway including intermittent dry creeks. 
The National Response Center can be reached at (800) 424-8802.  



PROTECTIVE MEASURES:  
Avoid contact with spilled material. Warn or evacuate occupants in surrounding and downwind areas 
if required due to toxicity or flammability of the material. See Section 5 for fire fighting information. 
See Section 3 for Significant Hazards. See Section 4 for First Aid Advice. See Section 8 for Personal 
Protective Equipment.  

SPILL MANAGEMENT: 
Land Spill: Stop leak if you can do it without risk. Absorb with earth, sand or other non-combustible 
material and transfer to containers for later disposal. Water Spill: Stop leak if you can do it without 
risk. Report spills as required to appropriate authorities. Material will sink. Remove material, as much 
as possible, using mechanical equipment. Water spill and land spill recommendations are based on 
the most likely spill scenario for this material; however, geographic conditions, wind, temperature, 
(and in the case of a water spill) wave and current direction and speed may greatly influence the 
appropriate action to be taken. For this reason, local experts should be consulted. Note: Local 
regulations may prescribe or limit action to be taken.  

ENVIRONMENTAL PRECAUTIONS: 
Remove debris in path of spill prior to oiling and remove contaminated debris from shoreline and 
water surface and dispose of according to local regulations. Large Spills: Dike far ahead of liquid spill 
for later recovery and disposal. Prevent entry into waterways, sewers, basements or confined areas. 
For Large Spills: Cover spill with plastic sheet or tarpaulin to minimize spreading.  

SECTION 7 - HANDLING AND STORAGE 

HANDLING: 
Avoid contact with skin. Avoid contact with eyes. Do not heat this product except as described below. 
This product is temperature sensitive; do not reheat above the maximum recommended 
temperature. With proper facilities, no heating is required for pumping at ambient temperatures. 
If extreme cold weather conditions necessitate heating, then tempered water or oil, not exceeding 60 
Deg. C, are recommended. Product temperature must never exceed 60 Deg. C (140 Deg. F). 
If heated, product temperature should be constantly monitored, and product should be agitated to 
avoid localized temperatures in the container above 60 Deg. C. Product should be stored between 
10 and 40 Deg. C (40 to 100 Deg. F). Lower temperatures may result in some crystallization of the 
product. Higher temperatures will lead to degradation of product quality and eventually to 
decomposition. 
WARNING: If this material is overheated, especially in the presence of water, hydrogen sulfide may 
be released; this can cause rapid respiratory collapse, coma and death without necessarily any 
warning odor being sensed. Prevent small spills and leakage to avoid slip hazard.  
Loading/Unloading Temperature: <= 60°C (140°F). 
Transport Temperature: <= 60°C (140°F).  
Transport Pressure: [Ambient].  

Static Accumulator: This material is not a static accumulator.  

STORAGE: 
Do not store in open or unlabelled containers. Storage Temperature: <= 50°C (120°F). 
Storage Pressure: Ambient. 
Suitable Containers/Packing: Tank Trucks; Drums; Tank Cars. 
Suitable Materials and Coatings: Carbon Steel; Stainless Steel; Zinc; Epoxies.  
Unsuitable Materials and Coatings: Butyl Rubber; Butadiene Rubber; Rubber; Styrene Rubber.  



SECTION 8 - EXPOSURE CONTROLS  & PERSONAL PROTECTION 

EXPOSURE LIMIT VALUES: 

NOTE: Limits/standards shown for guidance only. Follow applicable regulations. 

When mists / aerosols can occur, the following are recommended: 
 5 mg/m3 - ACGIH TLV,  10 mg/m3 - ACGIH STEL,  5 mg/m3 - OSHA PEL.  

Exposure limits/standards for materials that can be formed when handling this product: 
Stable when used as directed.  Avoid contact with strong oxidizers.  Irritating or toxic substances 
may be emitted upon thermal decomposition.  Thermal decomposition or burning may produce 
oxides of carbon, nitrogen, phosphorus and sulfur. 

Engineering Controls:  
The level of protection and types of controls necessary will vary depending upon potential exposure 
conditions. Control measures to consider: No special requirements under ordinary conditions of use 
and with adequate ventilation. 

Personal Protection:  
Personal protective equipment selections vary based on potential exposure conditions such as 
applications, handling practices, concentration and ventilation. Information on the selection of 
protective equipment for use with this material, as provided below, is based upon intended, 
normal usage.  

Respiratory Protection:   
No special requirements under ordinary conditions of use and with adequate ventilation. For high 
airborne concentrations, use an approved supplied-air respirator, operated in positive pressure 
mode. Supplied air respirators with an escape bottle may be appropriate when oxygen levels are 
inadequate, gas/vapor warning properties are poor, or if air purifying filter capacity/rating may be 
exceeded.  

Hand Protection: 
Work conditions can greatly effect glove durability; inspect and replace worn or damaged gloves. If 
prolonged or repeated contact is likely, chemical resistant gloves are recommended. If contact with 
forearms is likely, wear gauntlet style gloves.  

Eye Protection:  
Chemical goggles and face shields are recommended.  

Skin and Body Protection: 
If prolonged or repeated contact is likely, chemical, and oil resistant clothing is recommended. If 
product is hot, thermally protective, chemical resistant apron and long sleeves are recommended.  

Specific Hygiene Measures: 
Always observe good personal hygiene measures, such as washing after handling the material and 
before eating, drinking, and/or smoking. Routinely wash work clothing and protective equipment to 
remove contaminants. Discard contaminated clothing and footwear that cannot be cleaned. Practice 
good housekeeping.  



SECTION 9 - PHYSICAL AND CHEMICAL PROPERTIES 

Typical physical and chemical properties are given below. Consult the Supplier in Section 1 for 
additional data.  

GENERAL INFORMATION: 
Physical State: Liquid. 
Form: Viscous.  
Density: 0.990 @ 20° C per ASTM D-1298. 
Color: 2.0 per ASTM D-1500. 
Flash Point (open): >180° C per ASTM D-92. 
Decomposition Temp: 220° C per SH/T0561. 
Auto Ignition Temperature: >300°C. 
Evaporation Rate (n-butyl acetate = 1): Negligible.  
Solubility in Water: Negligible.  
Oxidizing Properties: See Sections 3, 15, 16.  

SECTION 10 - STABILITY AND REACTIVITY 

STABILITY: Material is stable under normal conditions. 
CONDITIONS TO AVOID: Excessive heat; Contact of hot product with water; Elevated 
temperatures. >60 °C (140 F). 
MATERIALS TO AVOID: Strong oxidizers. 
HAZARDOUS DECOMPOSITION PRODUCTS: Hydrogen sulfide. 
HAZARDOUS POLYMERIZATION: Will not occur. 

SECTION 11 - TOXICOLOGICAL INFORMATION 

Route of Exposure Conclusion / Remarks:   
Inhalation Toxicity: LC50 > 5 mg/I  Minimally Toxic.   
Irritation: No end point data.  Elevated temperatures or mechanical action may form vapors, mist, or 
fumes which maybe irritating to the eyes, nose, throat, or lungs.   
Ingestion Toxicity: LD50> 2000mQ/kQ Minimally Toxic.   
Skin Toxicity: LD50 > 2000 ml/kg Minimally Toxic.   
Irritation: No end point data.  Moderately irritating to skin with prolonged exposure.   
Eye Irritation: No end point data.  Severely irritating, and may seriously damage eye tissue.   

WARNING: If this material IS overheated, especially in the presence of water, hydrogen 
sulfide may be released; this can cause rapid respiratory collapse, coma and death without 
necessarily any warning odor being sensed.  

Additional information is available by request.  

SECTION 12 - ECOLOGICAL INFORMATION 

The information given is based on data available for the material, the components of the material, 
and similar materials.  



ECOTOXICITY:  
Material: Expected to be toxic to aquatic organisms. May cause long-term adverse effects in the 
aquatic environment.  

MOBILITY:  
Base oil component: Low solubility and floats and is expected to migrate from water to the land. 
Expected to partition to sediment and wastewater solids.  

SECTION 13 - DISPOSAL CONSIDERATIONS 

Disposal recommendations based on material as supplied. Disposal must be in accordance with 
current applicable laws and regulations, and material characteristics at time of disposal.  

DISPOSAL RECOMMENDATIONS:  
This substance, when discarded or disposed of, is not specifically listed as a hazardous waste in 
Federal regulations.  Product is suitable for burning in an enclosed controlled burner for fuel value or 
disposal by supervised incineration at very high temperatures to prevent formation of undesirable 
combustion products.  

REGULATORY DISPOSAL INFORMATION:  
RCRA Information: The unused product is not specifically listed by the EPA as a hazardous waste 
(40 CFR, Part 261D), nor is it formulated to contain materials which are listed as hazardous wastes. 
It does not exhibit the hazardous characteristics of ignitability, corrosivity or reactivity and is not 
formulated with contaminants as determined by the Toxicity Characteristic Leaching Procedure 
(TCLP). However, used product may be regulated.  

PRECAUTIONARY LABEL TEXT:  
“WARNING: Avoid eye contact. Extended contact with skin may cause irritation. Contact physician if 
irritation persists. Wash skin thoroughly after use with soap and water. Launder or discard soiled 
clothing. Do not reuse empty container. Keep out of reach of children.” 

SECTION 14 - TRANSPORT INFORMATION 

LAND (DOT): Proper Shipping Name: Petroleum Oil, N.O.I.B.N 
Not Regulated for Land Transport.  

SEA (IMDG): Proper Shipping Name: Petroleum Oil, N.O.I.B.N  
Not Regulated for Sea Transport according to IMDG-Code.  

AIR (lATA): Proper Shipping Name: Petroleum Oil, N.O.I.B.N.  
Not Regulated for Air Transport. 

SECTION 15 - REGULATORY INFORMATION 

OSHA HAZARD COMMUNICATION STANDARD:  
When used for its intended purpose, this material is classified as hazardous in accordance with 
OSHA 29CFR 1910.1200.  

NATIONAL CHEMICAL INVENTORY LISTING:  
DSL, EINECS, TSCA.  



EPCRA:  
This material contains no extremely hazardous substances.  

PRECAUTIONARY LABEL TEXT: “WARNING: Avoid eye contact. Extended contact with skin may 
cause irritation. Contact physician if irritation persists. Wash skin thoroughly after use with soap and 
water. Launder or discard soiled clothing. Do not reuse empty container. Keep out of reach of 
children.” 

PHYSICAL HAZARDS: Contact with hot material can cause thermal burns which may result in 
permanent damage. Thermal burn hazard; contact with hot material may cause thermal burns.  

PRECAUTIONS: Avoid contact with skin. Avoid contact with eyes. Do not heat this product except 
as described below. This product is temperature sensitive; do not reheat above the maximum 
recommended temperature. With proper facilities, no heating is required for pumping at ambient 
temperatures. If extreme cold weather conditions necessitate heating, then tempered water or oil, not 
exceeding 60 Deg. C, are recommended. Product temperature must never exceed 60 Deg. C (140 
Deg. F). If heated, product temperature should be constantly monitored, and product should be 
agitated to avoid localized temperatures in the container above 60 Deg. C. Product should be stored 
between 10 and 40 Deg. C (40 to 100 Deg. F). Lower temperatures may result in some 
crystallization of the product. Higher temperatures will lead to degradation of product quality and 
eventually to decomposition.  

FIRST AID:  
Eye: Flush thoroughly with water for at least 15 minutes. Get immediate medical assistance. If 
medical assistance is not immediately available, flush an additional 15 minutes.  

Skin: Wash contact areas with soap and water. Remove contaminated clothing. Launder 
contaminated clothing before reuse. For hot product: Immediately immerse in or flush affected area 
with large amounts of cold water to dissipate heat. Cover with clean cotton sheeting or gauze and 
get prompt medical attention.  

FIRE FIGHTING MEDIA: Use water fog, foam, dry chemical or carbon dioxide (C02) to extinguish 
flames.  

SPILL/LEAK:  
Land Spill: Stop leak if you can do it without risk. 
Small Spills: Absorb with earth, sand or other non-combustible material and transfer to containers for 
later disposal. Do not touch or walk through spilled material.  
Water Spill: Stop leak if you can do it without risk. Report spills as required to appropriate authorities. 
Material will sink. Remove material, as much as possible, using mechanical equipment.  

NOTICE: 
The information presented in this MSDS is based on data considered to be accurate at the time of its 
preparation.  However, no warranty or representation, express or implied, is made as to the accuracy 
or completeness of the foregoing data and safety information, nor is any authorization given or 
implied to practice any patented invention without a license.  In addition, no responsibility can be 
assumed by vendor for any damage or injury resulting from abnormal use, from any failure to adhere 
to recommended practices, or from any hazards inherent in the nature of the product.  



MATERIAL SAFETY DATA SHEET 

SECTION 1 - PRODUCT AND COMPANY IDENTIFICATION 

PRODUCT: 
Product Name: ZPasteTM. 
Product Description: Calcium Sulfonate based grease.   
Intended Use: Camshaft and Lifter Assembly Lubricant.  

SECTION 2 - COMPOSITION / INFORMATION ON INGREDIENTS 

Complex Substance(s):  
Distillates (petroleum), solvent-dewaxed heavy paraffinic. 
Calcium Sulfonate Complex grease base (CAS 26254-05-2) 
Zinc Dialkyl Dithiophosphate (CAS 84605-29-8) 
Molybdenum Disulfide (CAS 1317-62-0) 

SECTION 3 - HAZARDS IDENTIFICATION 

This material is not considered to be hazardous according to regulatory guidelines. 
 (see MSDS Section 15). 

POTENTIAL PHYSICAL / CHEMICAL EFFECTS:  
Contact with hot material can cause thermal burns which may result in permanent damage or 
blindness.  

POTENTIAL HEALTH EFFECTS: 
Irritating to eyes. Low order of toxicity. May be irritating to the eyes, nose, throat, and lungs. 
Excessive exposure may result in eye, skin, or respiratory irritation.  
Target Organs: Eye. 

ENVIRONMENTAL HAZARDS: 
Toxic to aquatic organisms, may cause long-term adverse effects in the aquatic environment.  

NFPA Hazard ID: Health: 1 Flammability: 1 Reactivity: 0  
HMIS Hazard ID: Health: 1 Flammability: 1 Reactivity: 0  

NOTE: This material should not be used for any other purpose than the intended use in Section 1 
without expert advice. 



SECTION 4 - FIRST AID MEASURES   

INHALATION:  
Remove from further exposure. For those providing assistance, avoid exposure to yourself or others. 
Use adequate respiratory protection. If respiratory irritation, dizziness, nausea, or unconsciousness 
occurs, seek immediate medical assistance. If breathing has stopped, assist ventilation with a 
mechanical device or use mouth-to-mouth resuscitation.  

SKIN CONTACT:  
Wash contact areas with soap and water. Remove contaminated clothing. Launder contaminated 
clothing before reuse. For hot product: Immediately immerse in or flush affected area with large 
amounts of cold water to dissipate heat. Cover with clean cotton sheeting or gauze and get prompt 
medical attention.  

EYE CONTACT: 
Flush thoroughly with water for at least 15 minutes. Get immediate medical assistance. If medical 
assistance is not immediately available, flush an additional 15 minutes.  

INGESTION: 
First aid is normally not required. Seek medical attention if discomfort occurs.  

SECTION 5 - FIRE FIGHTING MEASURES 

EXTINGUISHING MEDIA: 
Appropriate Extinguishing Media: Use water fog, foam, dry chemical or carbon dioxide (C02) to 
extinguish flames.  

FIRE FIGHTING: 
Material will not burn unless pre-heated.  Evacuate area. Prevent runoff from fire control or dilution 
from entering streams, sewers, or drinking water supply. Firefighters should use standard protective 
equipment and in enclosed spaces, 
self-contained breathing apparatus (SCBA). Use water spray to cool fire exposed surfaces and to 
protect personnel.  
Unusual Fire Hazards: Hazardous material. Firefighters should consider protective equipment 
indicated in Section 8.  
Hazardous Combustion Products: Carbon monoxide, Hydrogen sulfide, Sulfur oxides, Calcium 
oxides, Smoke, Fumes.  

FLAMMABILITY PROPERTIES:  
Flash Point (open) >180° C per ASTM D-92. 
Decomposition Temp: 220° C per SH/T0561. 
Auto Ignition Temperature: >300°C. 

SECTION 6 - ACCIDENTAL RELEASE MEASURES 

NOTIFICATION PROCEDURES: 
In the event of a spill, notify relevant authorities in accordance with all applicable regulations. U.S. 
regulations require reporting releases of this material to the environment which exceed the 
reportable quantity or oil spills which could reach any waterway including intermittent dry creeks. 
The National Response Center can be reached at (800) 424-8802.  



PROTECTIVE MEASURES:  
Avoid contact with spilled material. Warn or evacuate occupants in surrounding and downwind areas 
if required due to toxicity or flammability of the material. See Section 5 for fire fighting information. 
See Section 3 for Significant Hazards. See Section 4 for First Aid Advice. See Section 8 for Personal 
Protective Equipment.  

SPILL MANAGEMENT: 
Land Spill: Stop leak if you can do it without risk. Absorb with earth, sand or other non-combustible 
material and transfer to containers for later disposal.  

Water Spill: Stop leak if you can do it without risk. Report spills as required to appropriate authorities. 
Material will float. Remove material, as much as possible, using mechanical equipment. Water spill 
and land spill recommendations are based on the most likely spill scenario for this material; however, 
geographic conditions, wind, temperature, (and in the case of a water spill) wave and current 
direction and speed may greatly influence the appropriate action to be taken. For this reason, local 
experts should be consulted. Note: Local regulations may prescribe or limit action to be taken.  

ENVIRONMENTAL PRECAUTIONS: 
Remove debris in path of spill prior to oiling and remove contaminated debris from shoreline and 
water surface and dispose of a  

SECTION 7 - HANDLING AND STORAGE 

HANDLING: 
Avoid contact with skin. Avoid contact with eyes. Do not heat this product except as described below. 
This product is temperature sensitive; do not reheat above the maximum recommended 
temperature.  If extreme cold weather conditions necessitate heating, then tempered water or oil, not 
exceeding 60 Deg. C, are recommended. Product temperature must never exceed 60 Deg. C (140 
Deg. F). 
If heated, product temperature should be constantly monitored, and product should be agitated to 
avoid localized temperatures in the container above 60 Deg. C. Product should be stored between 
10 and 40 Deg. C (40 to 100 Deg. F). Lower temperatures may result in some crystallization of the 
product. Higher temperatures will lead to degradation of product quality and eventually to 
decomposition. 
WARNING: If this material is overheated, especially in the presence of water, hydrogen sulfide may 
be released; this can cause rapid respiratory collapse, coma and death without necessarily any 
warning odor being sensed. Prevent small spills and leakage to avoid slip hazard.  
Loading/Unloading Temperature: <= 60°C (140°F). 
Transport Temperature: <= 60°C (140°F).  
Transport Pressure: [Ambient].  

Static Accumulator: This material is not a static accumulator.  

STORAGE: 
Do not store in open or unlabelled containers. Storage Temperature: <= 50°C (120°F). 
Storage Pressure: Ambient. 
Suitable Containers/Packing: Tank Trucks; Drums; Tank Cars. 
Suitable Materials and Coatings: Carbon Steel; Stainless Steel; Zinc; Epoxies.  
Unsuitable Materials and Coatings: Butyl Rubber; Butadiene Rubber; Rubber; Styrene Rubber.  



SECTION 8 - EXPOSURE CONTROLS  & PERSONAL PROTECTION 

EXPOSURE LIMIT VALUES: 

NOTE: Limits/standards shown for guidance only. Follow applicable regulations. 

When mists / aerosols can occur, the following are recommended: 
 5 mg/m3 - ACGIH TLV,  10 mg/m3 - ACGIH STEL,  5 mg/m3 - OSHA PEL.  

Exposure limits/standards for materials that can be formed when handling this product: 
Stable when used as directed.  Avoid contact with strong oxidizers.  Irritating or toxic substances 
may be emitted upon thermal decomposition.  Thermal decomposition or burning may produce 
oxides of carbon, nitrogen, phosphorus and sulfur. 

Engineering Controls:  
The level of protection and types of controls necessary will vary depending upon potential exposure 
conditions. Control measures to consider: No special requirements under ordinary conditions of use 
and with adequate ventilation. 

Personal Protection:  
Personal protective equipment selections vary based on potential exposure conditions such as 
applications, handling practices, concentration and ventilation. Information on the selection of 
protective equipment for use with this material, as provided below, is based upon intended, 
normal usage.  

Respiratory Protection:   
No special requirements under ordinary conditions of use and with adequate ventilation. For high 
airborne concentrations, use an approved supplied-air respirator, operated in positive pressure 
mode. Supplied air respirators with an escape bottle may be appropriate when oxygen levels are 
inadequate, gas/vapor warning properties are poor, or if air purifying filter capacity/rating may be 
exceeded.  

Hand Protection: 
Work conditions can greatly effect glove durability; inspect and replace worn or damaged gloves. If 
prolonged or repeated contact is likely, chemical resistant gloves are recommended. If contact with 
forearms is likely, wear gauntlet style gloves.  

Eye Protection:  
Chemical goggles and face shields are recommended.  

Skin and Body Protection: 
If prolonged or repeated contact is likely, chemical, and oil resistant clothing is recommended. If 
product is hot, thermally protective, chemical resistant apron and long sleeves are recommended.  

Specific Hygiene Measures: 
Always observe good personal hygiene measures, such as washing after handling the material and 
before eating, drinking, and/or smoking. Routinely wash work clothing and protective equipment to 
remove contaminants. Discard contaminated clothing and footwear that cannot be cleaned. Practice 
good housekeeping.     



SECTION 9 - PHYSICAL AND CHEMICAL PROPERTIES 

Typical physical and chemical properties are given below. Consult the Supplier in Section 1 for 
additional data.  

GENERAL INFORMATION: 
Physical State: Semi-solid grease. 
Form: Viscous.  
Density: 0.950 @ 20° C per ASTM D-1298. 
Color: Grey color. 
Flash Point (open): >180° C per ASTM D-92. 
Decomposition Temp: 220° C per SH/T0561. 
Auto Ignition Temperature: >300°C. 
Evaporation Rate (n-butyl acetate = 1): Negligible.  
Solubility in Water: Negligible.  
Oxidizing Properties: See Sections 3, 15, 16.  

SECTION 10 - STABILITY AND REACTIVITY 

STABILITY: Material is stable under normal conditions. 
CONDITIONS TO AVOID: Excessive heat; Contact of hot product with water; Elevated 
temperatures. >60 °C (140 F). 
MATERIALS TO AVOID: Strong oxidizers. 
HAZARDOUS DECOMPOSITION PRODUCTS: Hydrogen sulfide. 
HAZARDOUS POLYMERIZATION: Will not occur. 

SECTION 11 - TOXICOLOGICAL INFORMATION 

Route of Exposure Conclusion / Remarks:   
Inhalation Toxicity: LC50 > 5 mg/I  Minimally Toxic.   
Irritation: No end point data.  Elevated temperatures or mechanical action may form vapors, mist, or 
fumes which maybe irritating to the eyes, nose, throat, or lungs.   
Ingestion Toxicity: LD50> 2000mQ/kQ Minimally Toxic.   
Skin Toxicity: LD50 > 2000 ml/kg Minimally Toxic.   
Irritation: No end point data.  Moderately irritating to skin with prolonged exposure.   
Eye Irritation: No end point data.  Severely irritating, and may seriously damage eye tissue.   

WARNING: If this material IS overheated, especially in the presence of water, hydrogen 
sulfide may be released; this can cause rapid respiratory collapse, coma and death without 
necessarily any warning odor being sensed.  

Additional information is available by request.  

SECTION 12 - ECOLOGICAL INFORMATION 

The information given is based on data available for the material, the components of the material, 
and similar materials.  



ECOTOXICITY:  
Material: Expected to be toxic to aquatic organisms. May cause long-term adverse effects in the 
aquatic environment.  

MOBILITY:  
Base oil component: Low solubility and floats and is expected to migrate from water to the land. 
Expected to partition to sediment and wastewater solids.  

SECTION 13 - DISPOSAL CONSIDERATIONS 

Disposal recommendations based on material as supplied. Disposal must be in accordance with 
current applicable laws and regulations, and material characteristics at time of disposal.  

DISPOSAL RECOMMENDATIONS:  
This substance, when discarded or disposed of, is not specifically listed as a hazardous waste in 
Federal regulations.  Product is suitable for burning in an enclosed controlled burner for fuel value or 
disposal by supervised incineration at very high temperatures to prevent formation of undesirable 
combustion products.  

REGULATORY DISPOSAL INFORMATION:  
RCRA Information: The unused product is not specifically listed by the EPA as a hazardous waste 
(40 CFR, Part 261D), nor is it formulated to contain materials which are listed as hazardous wastes. 
It does not exhibit the hazardous characteristics of ignitability, corrosivity or reactivity and is not 
formulated with contaminants as determined by the Toxicity Characteristic Leaching Procedure 
(TCLP). However, used product may be regulated.  

PRECAUTIONARY LABEL TEXT:  
“WARNING: Avoid eye contact. Extended contact with skin may cause irritation. Contact physician if 
irritation persists. Wash skin thoroughly after use with soap and water. Launder or discard soiled 
clothing. Do not reuse empty container. Keep out of reach of children.” 

SECTION 14 - TRANSPORT INFORMATION 

LAND (DOT): Not Regulated for Land Transport.  
SEA (IMDG): Not Regulated for Sea Transport according to IMDG-Code.  
AIR (lATA):  Not Regulated for Air Transport. 

SECTION 15 - REGULATORY INFORMATION 

OSHA HAZARD COMMUNICATION STANDARD:  
When used for its intended purpose, this material is not classified as dangerous. 

NATIONAL CHEMICAL INVENTORY LISTING:  
DSL, EINECS, TSCA.  



EPCRA:  
This material contains no extremely hazardous substances.  

PRECAUTIONARY LABEL TEXT: “WARNING: Avoid eye contact. Extended contact with skin may 
cause irritation. Contact physician if irritation persists. Wash skin thoroughly after use with soap and  
water. Launder or discard soiled clothing. Do not reuse empty container. Keep out of reach of 
children.” 

NOTICE: 
The information presented in this MSDS is based on data considered to be accurate at the time of its 
preparation.  However, no warranty or representation, express or implied, is made as to the 
accuracy or completeness of the foregoing data and safety information, nor is any authorization 
given or implied to practice any patented invention without a license.  In addition, no responsibility 
can be assumed by vendor for any damage or injury resulting from abnormal use, from any failure to 
adhere to recommended practices, or from any hazards inherent in the nature of the product.  



"ZDDPlus™ is the best insurance to protect your
classic or high-performance flat-tappet engine!"
says NHRA’s #1 Drag Racer of all time,
“Big Daddy” Don Garlits.



NOTE - This testimonial is from Dove Manufacturin
g -

The largest United States manufacturer
of aluminum roller rocke

r arms. They used

ZDDPlus™ in their 352 Ford FE engine, put
ting out over 50

0 hp at 6,500 rpm in the

prestigious
“2008 Engine Masters Challenge.”

Upon breakdown after 25-30
dyno

pulls, no wear issues were evident on the cam or lifters!



December 1, 2008

Dennis,

Just wanted to give a thumbs up on the ZDDPlus™!

We have been in the business since 1991 and prior to that, worked in this industry for 
numerous years. We’ve seen all kinds of “snake oils” come and go, but ZDDPlus™ 
really works!!

We build everything from 350 hp late-model fuel injected engines to 1300 hp drag
race engines. Our shop has also been used by Drag Racer, High Performance Pontiac, 
Corvette Enthusiast, Super Chevy, and GM High Tech Performance magazines for 
numerous engine build projects and dyno testing on both our engine and chassis dyno’s.

ZDDPlus™ has eliminated all of our flat-tappet camshaft problems completely. Since 
adding ZDDPlus™ with our normal oil packages, we have had zero camshaft failures 
due to the lack of zinc and other products with current oils.

We also started using ZDDPlus™ in our race engines equipped with solid roller lifters. 
Some of these engines are turning 9500+ rpm with over 1100 lb. of open spring pressure. 
We have seen a significant reduction in cam lobe and roller wheel scuffing.

None of our engines leave here without ZDDPlus™ and we require our customers to use 
it with every oil change.

As a professional engine builder, I highly recommend ZDDPlus™ to anyone with an 
internal combustion engine!!!



On our website you can discover more about Motor Oils.

https://www.carid.com/motor-oil.html
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