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PRESIDENT'S REPORT

Robert D. Heverly

Tribological Tea Leaves

You don't need a fortune teller to see that STLE's
2014 Annual Meeting & Exhibition just might be our biggest in years.

In olden days seers would read tea leaves to
predict someone's future. Here at STLE, we've
updated that ancient approach. Every year
we look for indicators about the health of our
upcoming annual meeting and exhibition.

I'm happy to report that the omens for our
2014 conference are overwhelmingly positive.
The early indicators are that the event, May
18-22 at Disney's Contemporary Resort in Lake
Buena Vista, Florida, about 19 miles from Or-
lando, could be our biggest in years.

Let's take a look at the tribological tea
leaves.

First, STLE is offering more than 400
technical presentations. Anything over 350 is
a very encouraging sign. This many presenta-
tions ensures that anyone who comes to the
meeting will have access to a broad range of
the finest industry-specific technical re-
search available in the world.

Another good indicator of strong meet-
ing attendance is the number of room nights,
because reserving a room is usually the first
action a member takes when planning a con-
vention itinerary. Bookings for the Contem-
porary and for two additional hotels have
been running more than 50 percent ahead of
what we would normally expect to see.

Two other key indicators of a strong an-
nual meeting are sales of exhibit booths and
the Commercial Marketing Forum (CMF). For
our Corporate Members, both events are op-
portunities to openly promote their products
and services in a way the society doesn't al-
low at technical sessions. For attendees, the
two events are where you can find the kind of
technical solutions that can save you thou-
sands of dollars or help you better serve
your employer and customers.

Normally, STLE sells booth space right up
to the start of the meeting. This year the
trade show sold out in early February. We
added another row of booths, and they sold
out in a day. The same was true of time slots
for the CMF. All spaces sold out months ahead

Technical education and training has always been STLE's strong suit, and our 2014

conference is no exception.

of the norm. STLE added another day of the
30-minute slots, and they were purchased
immediately. We are running wait lists for
both the trade show and CMF, so if you are
interested please contact national sales
manager Tracy VanEe at (630) 922-3459,
tnicholas@stle.org.

So we know there will be a lot of people in
Lake Buena Vista. Our estimate is that some
1,400 members of the lubrication engineer-
ing and tribology-research communities
from all over the world are attending.

Of course, the key component of any in-
dustry event is content. Fortunately, techni-
cal education and training has always been
our society's strong suit, and our 2014 con-
ference is no exception.

In addition to the 400 technical presenta-
tions, STLE's meeting offers 12 one-day edu-
cation courses taught by the industry’'s most
knowledgeable experts. For the first time,
you may take a course without registering
for the meeting.

A traditional highlight of an STLE annual
meeting is the keynote speaker. This year we
are very pleased to have Dr. Don Hillebrand

with Argonne National Laboratory in subur-
ban Chicago. Don's topic is “Advanced Vehicle
Technology Research,” and he'll update us on
such issues as the electrification of the auto-
mobile, the smart grid, advanced combustion
methods, new fuels and autonomous vehi-
cles. I know I'm looking forward to Don's talk.

STLE remains the industry's premier
source for technical education and training,
but please remember that our annual confer-
ence also is a networking event. That means
the most important element of any annual
meeting is you. Please join us for an invalu-
able and uniqgue experience that just can't be
replicated anywhere else. To register, just log
on to www.stle.org up to and even during
the meeting.

When you see me at the show, please be
sure to say hi. | look forward to meeting you.

Representing the Houston area,
Rob Heverly is a technical sales
representative for Vanderbilt
Chemicals, LLC, in Norwalk, Conn.
You can reach him at rheverly@®
vanderbiltchemicals.com.

We've all heard the term “vernal equinox.” Vernal means “spring” and equinox means “equal night."” Both words are Latin.
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FROM THE EDITOR

Evan Zabawski

Dr. Loof Lirpa’s
Revolutionary New Ol

A sense of humor

“DID YOU HEAR ABOUT THE
NEW OIL PUT OUT BY..." is a
sentence that will not end well
when spoken on April 1 or, for
that matter, when spoken any
time of year to someone new to
the industry. Let's face it, we all
enjoy some gentle ribbing, but
sometimes the prankster won't
own up to the ruse.

One of the most popular set-
ups I have heard was likely start-
ed by a mechanic when speaking
to an apprentice. The innocuous request is
for the apprentice to fetch “710 oil.” After
rummaging through the inventory of oils in
the shop and returning empty handed, the
apprentice will likely break down and admit
defeat. At that point, the mechanic will im-
plore it must be found because the filler cap
clearly states the correct name for the re-
quired oil.

The prank becomes a fait accompli when
the apprentices checks the cap and realizes
that 710 is merely OIL when viewed upside
down. 0ddly enough, German cars do actual-
ly require 730 oil. Don't believe me? Just
check the cap. By the way, did you know the
German word for oil is OEL?

| almost had you there. The folks over at
Honda Motorcycles who assign part numbers
definitely have a sense of humor. For the past
30 years, the part number for the relatively
universal oil filler cap, which is embossed
OIL, remains 15611-KA4-T10 (actually true).

A less common setup, which can only be
pulled off once a year, is to invoke chemist Dr.
Loof Lirpa's name in conjunction with some
extravagant new development from a major

6 - APRIL 2014

0ddly enough, German cars do actually require 730 oil.

chemical, additive or oil company. | can ad-
mit my high school chemistry teacher got
most of my class with this one, but I still hear
it occasionally all these years later. Loof Lir-
pa is not a real person, just April Fool spelled
backwards.

The line between fact and fiction can be
crossed by those pushing aftermarket addi-
tive products. Many of us have been to a
trade show where someone will demonstrate
the "lubricity” of commonly used engine oils
by using an apparatus that attempts to stop
a rotating spindle by using a lever to push a
small block of steel against it. The engine oil
is applied to the spindle and some small
amount of weight is hung from the end of the
lever, thus pressing the block against the
spindle, which quickly stops. The next step is
to apply some of the additive, whereby the
spindle remains spinning despite significant
addition of weight.

The fact is that the test rig is real (con-
forms to ASTM D2509 and D2782); it evalu-
ates the load-carrying capacity of extreme-
pressure (EP) lubricants. The fiction comes
from the fact that no engine oil will have,

TRIBOLOGY & LUBRICATION TECHNOLOGY

is @ good thing.

nor require, significant EP prop-
erties, but the additive obvi-
ously does. By describing the
demonstration as a lubricity
evaluation, the viewer is lured
into a very real but misleading
setup. The jig is up, so to speak,
if an honest and educated or
experienced individual calls out
the demonstrator.

This is a luxury not afforded
to the average shopper in the oil
section of an automotive parts
store with another staged lubricity demon-
stration. The mini test rig involves two baths
of oil, each with a series of interconnected
plastic gears arranged vertically. Turning the
crank on each of the bottom gears yields
only one or two oil-wetted gears in the plain
oil bath but a veritable reverse-waterfall in
the additized oil bath. Without a human dem-
onstrator, nobody can challenge that the
property being demonstrated has more to do
with tackiness (again, not required in engine
oils) or that the additized oil bath ends up
with significant air entrainment (undesirable
in any lubricated application).

It can be a lot of fun to joke with our
colleagues but only when done good na-
turedly. It is unacceptable to perpetrate a
deception publicly, especially if it has the
potential of harming the very asset it prom-
ises to protect.

Evan Zabawski, CLS, is a
reliability specialist in
Calgary, Alberta, Canada.
You can reach him at evan.
zabawski@gmail.com.

WWW.STLE.ORG



HEADQUARTERS REPORT

Edward P. Salek, CAE / Executive Director

Mastering the art of networking

Some thoughts on what to do if “working the room” doesn’t come naturally.

IT HAS BEEN REPORTED that former U.S. President Bill Clinton would
say, “It's show time!"” before stepping foot into any event. This was in-
dicative of his focus on the art of networking-he knew the people who
would be there, he came with the intent of forming relationships and
he made his time purposeful.

With the networking opportunities that are available at the STLE
Annual Meeting & Exhibition in May, and other events throughout the
year, most of us would love to have the skill set of a naturally extro-
verted networker like President Clinton. But for those who, like me, are
not adept at “working the room,” there is hope for some improvement
in the form of a new white paper published by The National Conference
Center (NCC), which is located in the Washington, D.C. area.

Titled The Power of Networking, the report is based on interviews
with eight business leaders and meeting professionals who offer tips
on how to be a better networker. This is crucial, they contend, because
there is simply no substitute for face-to-face connections, even in this
age of Facebook and LinkedIn.

The guidance starts by defining what we mean by networking. Ac-
cording to these experts, networking can and should be more than chit
chat over a glass of Chardonnay or a bottle of beer. Instead, we should
think of it as the process of cultivating people who can be helpful, both
professionally and personally.

Networking superstars dissect this concept and approach it strate-
gically. The NCC white paper advises that this requires “work, practice,
concentration and good habits. It's asking who is going to be there,
what do | want to accomplish and what do | want to walk away with?”

Once you are at an event, the article recommends coming up with
an introductory line that sparks conversation and invites more than
superficial dialogue. One of the contributors suggests, “Instead of ask-
ing where someone works, ask ‘What has you the most engaged today?’
It shifts the focus to them.” Thought-provoking questions are another
good conversation starter. At your next networking event, try asking:
“What person in history do you most admire and why?"

The NCC white paper offers many other practical ideas to power up
your networking skills. Three of my favorites are:

Have a goal set and know who you want to meet prior to attend-
ing. Come prepared with business cards, but only give them to
people who you can either help or that you feel have a strong
interest in your product or service.

Do less talking and more listening! We love to hear ourselves
talk. Show interest. You draw interest when you show interest.

Don't focus on the people you know, use the people you know
to connect with other people.

You never know when even a casual conversation at
an STLE meeting could lead to a technical solution,
a new opportunity or a business relationship.

While primarily a technical-education conference, STLE's upcoming
annual meeting is loaded with networking opportunities. The Welcom-
ing Party, Presidents Luncheon and trade show are the most obvious
examples. But remember that even casual conversations during re-
freshments breaks and in the hallways between technical sessions or
education courses are opportunities for you to apply your networking
skills. Some 1,400 people from around the world are attending the
event, and you never know when a casual conversation will lead to a
technical solution, a new opportunity or a business relationship.

The Power of Networking is available for complimentary download
from The National Conference Center's Website (www.conferencecen-
ter.com). For more in-depth reading, check out Eat, Drink and Succeed:
Climb Your Way to the Top Using the Networking Power of Social Events by
Laura Schwartz. It's available on Amazon and through other booksellers.

You can reach Certified
Association Executive Ed Salek
at esalek@stle.org.

Who you gonna call? A complete list of STLE HQ staffers is available at www.stle.org.




TECH BEAT
Dr. Neil Canter / Contributing Editor

Potential for windmills at the microscale

Micro-windmills can operate without even standing up.

THE CHALLENGE IN FINDING LONG-TERM
LUBRICATION solutions for wind turbines
is well known and documented. One
approach that has been discussed in-
volves finding ways to reduce the stress
on individual wind turbines in a farm in
order to improve their longevity:.

In a previous TLT article, research-
ers used a technique known as Simula-
tor for Offshore /Onshore Wind Farm
Applications to examine an existing
wind farm and studied five scenarios
in which the turbines are spaced in a
different manner from each other.! The
results from these scenarios indicate
that staggering wind turbines leads to
a significant improvement in the effi-
ciency of each individual unit. A sec-
ond factor is that reduction of the
number of wind turbines also results
in greater efficiency.

A good deal of attention has also
been paid to determining how lubrica-

KEY CONCEPTS

+ Micro-windmills with blades
that are approximately 0.9
millimeters'in length have been
developed from a nickel alloy.

In contrast to macro-windmills,
micro-windmills do not need to
stand up and can be placed flat
on a surface.

One important application for
micro-windmills is to dissipate
heat buildup in MEMS.

tion occurs at the nanoscale and what
types of materials should be used to
improve the performance of devices
such as microelectromechanical sys-
tems (MEMS). One concern with
small electrical devices is how to effec-
tively dissipate the heat they generate.

Developing a device that can assist
with this process is one of the reasons
why work was initiated to design a tur-
bine that functions on the microscale.
J.C. Chiao, Greene and Garrett Profes-
sor of Electrical Engineering at The
University of Texas-Arlington in Ar-
lington, Texas, says, “We have been
working to develop MEMS turbine de-
vices for the past six to seven years.
My group is involved in the design of
new MEMS platforms and we felt that
placing a turbine on a silicon chip will
have two benefits. The turbine can
harness energy that passed by the chip
in the form of air circulation or cool
the silicon chips operating in an elec-
trical device.”

Initial attempts at developing a mi-
cro-windmill did not work. Chiao
says, “Our initial micro-windmills
were fabricated in silicon, which is a
very robust material. But under the
conditions of strong wind force, the
silicon-based micro-windmill became
brittle and shattered immediately once
wind speed picked up.”

The benefits of a micro-windmill
can only be achieved if a more durable
material can be used. Such a material
has now been found.

NICKEL ALLOY

Chiao and his research associate, Dr.
Smitha Rao, produced durable micro-
windmills through the use of a nickel

‘The advantage of the
nickel alloy is that it has a
lower Young's modulus

and is more flexible than
silicon. This property
enables the alloy not to
shatter when it bends.’

alloy. Chiao says, “After consultations
by one of our research partners, we
found that they fabricated micro-ma-
chined devices using a nickel alloy in-
stead of silicon. The advantage of the
nickel alloy is that it has a lower
Young’s modulus and is more flexible
than silicon. This property enables the
alloy not to shatter when it bends.”

Fabrication of the micro-windmill
was not easy because there was no ex-
isting tool to run simulations to evalu-
ate potential designs. Chiao says, “We
tried more than 20 different ideas, but
finally settled on a design that was in-
spired by Dr. Rao’s daughter who likes
to run around with a pinwheel on her
head.”

The design combines origami con-
cepts with conventional wafer-scale
semiconductor device planar layouts.
Chiao says, “We fabricated the nickel
alloys in a multilayer fashion. Five lay-
ers of the nickel alloy with sacrificial
layers provide us with required thick-
ness in 3-D structures.”

The manufacturing cost is inde-
pendent of the number of micro-wind-



mills prepared in a wafer. A micro-
windmill blade is approximately 0.9
millimeters in length, which means
that it will turn with a diameter of 1.8
millimeters. Figure 1 provides a per-
spective on the size of a micro-wind-
mill relative to a penny.

The dimensions for the initial mi-
cro-windmills are purely intuitive at
this point. Chiao says, “We need to op-
timize the length of the blades. Longer
blades will lead to more torque, which
will increase the speed and effective-
ness of the device. But it will reduce
the number of windmills in a defined
area. So we need to optimize its size to
get the maximum combined power.”

In contrast to macro-windmills
that are built vertically above the
ground to use wind blowing horizon-
tally, air patterns on the micro level are
different. Chiao says, “Air moves or-
thogonally to the micro-windmill,
which means that the device does not
need to stand up and can be placed flat
on a surface. Holes are placed in the
micro-windmill to enable air to flow
through.”

Chiao is unsure about how the air
velocity fluctuates at the micro-level.

‘We do not know at this
point but believe to maxi-
mize the benefit of the
micro-windmill in a specific
application, the mechanical
configuration for that appli-
cation must be designed
around the turbine.

He says, “We do not know at this point
but believe to maximize the benefit of
the micro-windmill in a specific appli-
cation, the mechanical configuration
for that application must be designed
around the turbine. The wind gradient
at the micro-level is much different
from what is seen in a conventional

Figure 1 | The small size of a micro-windmill is shown relative to a penny and means that this
device can potentially be used to dissipate the heat buildup in MEMS. (Courtesy of The University

of Texas-Arlington)

wind tunnel that is several meters
wide. This is due to the narrower di-
mensions at the micro-scale.”
Evaluation of the micro-windmill
is in progress at this point. Chiao says,
“We did some elementary tests to
make sure the device works such as
using a tiny vacuum tube to blow air
on it and also using a hair dryer. Cur-
rently, we are in the process of build-
ing an apparatus to more systemati-
cally evaluate the micro-windmill.”
When asked about the use of lubri-
cants, Chiao indicates that currently
none are in use for such MEMS devic-
es. He says, “We believe lubricants will
be needed to run the micro-windmills
in the future. One area where lubri-
cants will be needed is to protect the
micro-windmill from water. Moisture
can be a big problem that leads to an

Greg Livingstone (Fluitec), April 16, noon-1 p.m. CDT. Register at www.stle.org.

increase in friction at the micron or
submicron scale.”

Chiao believes that micro-windmills
can be used in a number of applications
including remote sensors to evaluate
the health of infrastructure. He says,
“Maintaining infrastructure is a big is-
sue, and the micro-windmills could be
used in a wireless sensor to monitor the
health of infrastructure such as bridges
in a cost-effective manner.”

The researchers have applied for a
provisional patent on this technology.
Further information can be obtained
by contacting Chiao at jechiao@uta.edu.

REFERENCES

1. Canter, N. (2014), “Staggered
wind turbines,” TLT, 70 (2), pp.
12-13.




Modeling of sudden fluid thickening

A new model explaining discontinuous shear thickening focuses on
the frictional contact between particles.

DUE TO THE LARGE NUMBER OF COMPO-
NENTS used in formulating, lubricants
can be considered complex fluids.
With some of the components in sus-
pension, there can be times when the
fluid may suddenly thicken in re-
sponse to changes in parameters such
as shear and viscosity.

In a previous TLT article, a related
process in which fast shear or sudden
impact to a dense suspension of corn-
starch in water was studied.! The net
effect of applying such stress to a 50
percent suspension of cornstarch in wa-
ter was the immediate formation of a
solid. Stress in the form of an alumi-
num rod striking the cornstarch sus-
pension leads to the formation of a
propagation front of solidification that
is similar to how a snow plow operates.

KEY CONCEPTS

+ Discontinuous shear thickening
(DST) occurs when high shear
is applied to a concentrated
suspension, leading to a
dramatic increase in
thickening.

A new model has been
developed to explain that
DST involves the formation
of a three-dimensional force
chain network.

Once stress is applied,
hydrodynamic forces force
the particles together to
initiate contact and friction.
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‘DST is very abrupt once sufficient shearing is done to a
concentrated suspension. A small, say factor of two,

increase in shear rate can lead to orders of magnitude
rise in fluid viscosity.

Application of high shear to a con-
centrated suspension can lead to a dra-
matic increase in thickening through a
phenomenon known as discontinuous
shear thickening (DST). Jeffrey Mor-
ris, professor of chemical engineering
at The City College of New York in
New York, N.Y.,, says, “DST is very
abrupt once sufficient shearing is done
to a concentrated suspension. A small,
say factor of two, increase in shear rate
can lead to orders of magnitude rise in
fluid viscosity. There is no intermedi-
ate state seen, which means that the
fluid either displays low viscosity or
high viscosity.”

Several mechanisms have been pro-
posed in the past to explain how DST
occurs. Morris says, “Two possibilities
are the order-disorder mechanism and
hydroclustering. Order-disorder de-
scribes how a fluid moves from a low-
viscosity state in a shear thinning re-
gime to an unstable, disordered
viscous state. Hydroclustering was
taken directly from fluid mechanics
and proposes that the thickening is
due to particles clustering together in
response to high shear.”

Neither of these mechanisms fully
explains how DST takes place. A new
model has now been proposed to ex-
plain the origin of DST. One promi-
nent factor that is extremely important
in this model is friction.

TRIBOLOGY & LUBRICATION TECHNOLOGY

THREE-DIMENSIONAL
FORCE CHAIN NETWORK

Morris M. Denn, Albert Einstein Pro-
fessor of Science and Engineering at
The City College of New York, along
with Drs. Ryohei Seto and Romain
Mari, have developed a new model to
explain DST that focuses on the fric-
tional contact between particles. This
model was prepared through the use of
simulations that predict DST.

The numerical modeling simula-
tions were done using Lees-Edwards
boundary conditions. Cubic simulation
boxes containing 512 particles and
rectangular parallelepipeds were used.

Morris says, “For us, DST represent-
ed a classical fluid mechanics problem.
In a hydrodynamic regime, forces are
present to keep two smooth surfaces
away from each other. As the surfaces
get closer to each other, the film rup-
tures. This leads to a seizing condition
on the local scale in a similar fashion to
a journal bearing seizing.”

In high concentrations, if one ac-
cepts that the particles must be in con-
tact with each other, friction is gener-
ated as they rub against each other.
The researchers determined how DST
might occur from two aspects. Morris
says, “Background on the particle in-
teractions comes from analyzing DST,
first as a fluid problem and then using
ideas from the granular literature to
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Figure 2 | A new model for discontinuous shear thickening proposes that particles upon initial application of stress get pushed together and
form force chains, as shown on the left side of the figure. Further stress leads the particles to form a three-dimensional force chain network, as
shown on the right side of the figure. (Courtesy of The City College of New York)

incorporate friction. We combined
these two aspects and introduced the
key ideas of friction and viscosity.”

Denn added, “A key ingredient of
the DST model is the force chain con-
cept derived from the granular litera-
ture. Structural transmission of forces
moves from particle to particle in a
manner that looks like a series of
chains.”

In the initial fluid state prior to the
application of stress, the particles flow
at a low viscosity and do not generate
any friction because they do not come
in contact. As stress is applied, the hy-
drodynamic forces push the particles
together to initiate contact and fric-
tion. At this point, they start to act as a
single entity. This leads to the forma-
tion of force chains that are used by
the particles to transmit the stress in
one direction. The left image in Figure
2 shows the stressed particles on the
left side and the force chains formed as
a result are on the right side.

With the increase in stress, the vis-
cosity of the fluid radically increases,
and this changes the behavior of the
particles. It is not only the viscosity
that increases, according to Morris. He
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A key ingredient of the DST
model is the force chain
concept derived from the
granular literature. Struc-

tural transmission of forces

moves from particle to

particle in @ manner that

looks like a series of chains.’

says, “The particles want to expand
and get more space.”

Eventually, the particles transmit
the stress not just in one direction but
in all directions. Denn says, “The force
developed on the particles is relieved
by having chains form in three dimen-
sions, leading to the formation of a
dense network.” This three-dimen-
sional network is seen in the right side
of the right image shown in Figure 2.

Another way to look at DST is by
understanding the concept of shear in-

TRIBOLOGY & LUBRICATION TECHNOLOGY

duced jamming. Morris says, “The
transition to DST is very similar to a
shear jammed state in which shearing
a system causes a transition to a solid
that becomes so robust that it will stop
fluid flow. This effect is seen in such
applications as  powder-injection
molding where the material being
forced into a mold can seize up and
not move.”

Future work will focus on deter-
mining the detailed structure for the
three-dimensional chains and figure
out how they transmit stress. Addi-
tional information can be found in a
recent article? or by contacting Morris
at morris@ccny.cuny.edu.
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TECH BEAT

Studying butterfly wings to reduce drag

Butterfly wings exhibit superhydrophobic and self-cleaning
properties that might be applicable in real-world applications.

IN THE EFFORT TO IMPROVE THE EFFI-
CIENCY of machinery and to look for
factors causing lubrication problems,
researchers have looked at Mother Na-
ture for guidance. There are examples
in nature where organisms have devel-
oped ways to reduce friction and wear
to survive in their environments.

One example was provided in a
previous TLT article that described
how mollusks can produce adhesive
gels that enables them to adhere to
moist surfaces to such an extent that
the amount of force need to remove
them is 200 kilopascals.! Key compo-
nents instrumental in the performance
of these adhesives are the metals iron,
zinc and calcium, which are present in
trace quantities.

STLE-fellow and Life-member
Bharat Bhushan, Ohio Eminent Schol-

KEY CONCEPTS

» There are several examples of
Mother Nature's work that
show species have developed
ways to reduce friction and
wear in their environments.

One strategy used is to develop
superhydrophobic coatings
that can reduce the amount of
drag seen in fluid flow and also
are self-cleaning.

Butterfly wings display
hierarchical scales that display
these superhydrophobic
properties.

‘Butterflies are fragile and must have @ mechanism in

place to repel water and other contaminants in order to
maintain their ability to fly.

ar and Winbigler Professor of Mechan-
ical and Aerospace Engineering at The
Ohio State University in Columbus,
Ohio, discusses the properties of the
lotus leaf. He says, “The Lotus Effect is
attributed to this leaf displaying super-
hydrophobic properties that enables it
to be water repellent and also exhibit
the additional benefit of self-cleaning.
The latter characteristic is realized due
to the ability of water droplets to roll
off the leaf, leading to the removal of
contaminants that are mainly compat-
ible with water.”

Superhydrophobic  coatings are
also desirable because they can reduce
the amount of drag seen in fluid flow,
leading to greater efficiency. Two ap-
proaches used to develop this effect
are to apply a coating to a substrate or
to include roughness in the surface
structure.

The shark provides an interesting
example of a low drag surface through
its use of riblets on its skin that reduc-
es frictional drag as the fish moves
through the water. Bhushan says, “The
shark needs to move through turbu-
lent water at a fast pace to track down
its prey. The riblets on the skin lift and
pin vortices that can develop in the
water, which reduces cross-stream flu-
id motion and reduces energy loss.”

The key for achieving the Lotus Ef-
fect is the use of rough, hierarchy
structure combined with the presence

of a waxy coating on the surface to en-
hance the superhydrophobic effect,
and the key to the shark skin effect is
to provide anisotropic riblets to reduce
drag. Bharat says, “Several years ago,
we came across a new species that
seemed to exhibit many of the proper-
ties of lotus leaf and shark skin, en-
abling it to thrive in its environment.
We decided to spend time studying
this species to see what properties it
exhibited that might be applicable for
replication in real-world applications.
The species is the butterfly.”

GIANT BLUE MORPHO BUTTERFLY

Bhushan and his associate, Gregory
Bixler, determined that on the na-
noscale, butterfly wings exhibit the
key combination of superhydophobic-
ity and self-cleaning. Bhushan says,
“Butterfly wings are covered with hier-
archical scales that exhibit these im-
portant properties. They are needed
because butterflies are fragile and must
have a mechanism in place to repel
water and other contaminants in order
to maintain their ability to fly.”

The researchers chose to study the
wings from the butterfly species Blue
Morpho didius. Bhushan says, “We se-
lected this species because it is a rela-
tively large butterfly with wings that
are approximately three-inches long.”
Figure 3 shows images of the Blue
Morpho didius.

“Cardinal Sins of Hydraulic System Design,” an STLE University Webinar by



Replicas of the butterfly wing were
produced through the use of a two-
step soft lithography molding proce-
dure. Bhushan says, “We started by us-
ing a polymer such as dental cement in
preparing a negative mold. Then
polydimethylsiloxane is applied and
cured on the first polymer to produce
a precise positive replica. A fluorinated
coating is used to separate the positive
copy from the mold.”

The resulting replicas were charac-
terized using scanning electron mi-
croscopy and digital camera images.
Oil drag was measured by evaluating
the pressure drop determined as white
oil is pumped through the replicas.
Measurements were taken under low-
velocity and high-velocity conditions.

‘We found that the
replicas displayed better
performance under high-
velocity conditions. This is
anticipated because fluid
flow under high-velocity

conditions can be turbulent,
leading to the formation
of vortices.’

Bhushan says, “We found that the
replicas displayed better performance
under high-velocity conditions. This
is anticipated because fluid flow un-
der high velocity conditions can be
turbulent, leading to the formation of
vortices. Drag reduction is seen at
high-velocity due to the formation of
a thin oil film on the microstructure
surface of the replica.” The research-
ers determined that the butterfly wing
replica displayed a drag reduction of
6 percent.

To determine the superhydropho-
bicity, apparent contact angles were
determined on the butterfly wings and
their replicas. Differences were seen

Rice and butterfly wing effect:
combining shark skin and lotus leaf effects

Rice leaf (Oryza sativa )

L

Figure 3 | The wings of the butterfly species, Blue Morpho didius display superhydropobic
properties, leading to reduced drag and improved efficiency. (Courtesy of The Ohio State

University)

between butterfly wings and their rep-
licas. Bhushan explains, “The reason is
due to the presence of a hydrophobic
wax on the butterfly wing creating the
conditions for a high contact angle
when exposed to water. In contrast,
the untreated replicas are not nearly as
hydrophobic and have much lower
contact angles. This can be adjusted by
applying a hydrophobic coating con-
tacting the replicas.”

Bhushan believes that the structur-
al information obtained on the butter-
fly wings can be applied to real-world
applications. He says, “There is poten-
tial for reducing drag in many applica-
tions including moving blood through
a nano-channel, pumping crude oil
through a pipeline, reducing drag on
the surface of an airplane wing and im-
proving the efficiency in which a ship’s
hull moves through water.

Rod Erickson (Eaton Corp.), April 18, noon-1 p.m. CDT. Register at www.stle.org.

Further information can be found
in a recent publication® or by contact-
ing Bhushan at bhushan.2@osu.edu.
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20 MINUTES WI-

Michael Forgeron

By Karl M. Phipps / Managing Editor

The president and CEO of Analysts, Inc., discusses how future challenges in
the oil analysis industry will impact end-users of commercial services.

Like father like son, Michael Forgeron, president and
CEO of Analysts, Inc. (right) shares his expertise and
knowledge in oil analysis and is passing it along to
the next generation in his son, Cary (left), Analysts'
director of sales, who is also the youngest member
to earn STLE's Certified Lubrication Specialist™
certification. Michael has another son, Eric, who
manages Analysts' IT/IS operations.

Michael Forgeron
The Quick File:

Michael Forgeron is president and CEO of Los Angeles-
based Analysts, Inc. Analysts operates eight laboratories
in four countries, five of which are in the U.S., with the
others in Mexico, Japan and China.

Michael received his bachelor's degree in business
administration with a minor in marketing from
California State University-Dominguez Hills and joined
Analysts, Inc., in 1969. He has held several positions in
customer service, sales, laboratory management and

corporate management. N . . .
In addition to his duties within the parent company TLT: How did you get involved in the industry?

(Photos courtesy of Analysts, Inc.)

of Analysts, Inc., Michael is also the representative Forgeron: My father, Edward Forgeron, founded Analysts,
director for Japan Analysts in Tokyo, Analysts Inc., which was the first commercial laboratory to utilize
Servicios Commerciales in Monterrey, Mexico, and spectrographic metals analysis as a means to identify and

KYB China Analysts (KCA) in Zhenjiang, China. predict abnormal component wear. When I was younger, I

Michael has been a member of STLE, ASTM was always interested in my father’s work and wanted to
International and the Technology & Maintenance know what he did and why. I would sometimes travel with
Council (TMC) and participated on numerous him to our first laboratory in Oakland, Calif., where he

committees involved with testing, training, would explain the testing and how it impacted the custom-
education and equipment maintenance practices. er’s business. There really was never a question in my mind
Although Analysts, Inc., is primarily a testing that I would join the business. I formally joined Analysts in

organization, under Forgeron's leadership and 1969, and it has been my passion and work ever since.
commitment to the improvement of the industry, the . .

company developed LEM, a patented technology for TLT: How has lubricant testing changed over your career?
the determination of soot in diesel engine oil, and Forgeron: As one should expect, the industry has changed tre-

guantitative spectrophotometric analysis (QSA) for mendously over my 43 years of involvement. In the late
varnish-related issues in various applications. 1960s when I started, the laboratories didn’t have the instru-

14 The first day of spring in the southern hemisphere is the date of the autumnal equinox in the northern hemisphere, usually in September.



mentation or run as many different
tests as we do today. Also, everything
was performed manually; automation
and computerization wasn’t part of our
process. On the customer/user side, a
lot of the work we did was looked at
skeptically as people couldn’t under-
stand or accept that we could accu-
rately identify lube and component
condition from the test results.

Today most of our lab processes are
automated. Computerization has sig-
nificantly improved the testing and al-
lowed for direct integration into the
laboratory LIMS database. Also, the
level of customer awareness and
knowledge about oil analysis contin-
ues to steadily improve.

As testing technology and instru-
mentation has improved, oil sample
test regimes have evolved to become
more industry and application specific.
We can now test for specific areas of
concern based upon the component
type and use, which makes the amount
of information provided and accuracy
of the diagnostics much more valuable.

As testing technology
and instrumentation has
improved, oil sample test
regimes have evolved to

become more industry and
application specific.

TLT: What kind of R&D is helping to
promote new tests?

Forgeron: As an industry, the instru-
ment suppliers are working on con-
tinual improvements to the existing
technologies. Through the efforts of
organizations such as ASTM, DIN (the
German Institute for Standardization)
and Japanese Industrial Standards
(JI1S), there is regular promotion and
introduction of new technology, pro-
cedures and instrumentation.
Specifically within Analysts, Inc.,
we remain focused in a number of ar-
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Labs must invest and develop in software that provides meaningful online access of oil
analysis data.

eas of continued development, includ-
ing the determination of soot loading
and effects in diesel engine applica-
tions, and through the company’s QSA
(MPC) technology the creation of var-
nish-related contaminates in various
applications.

TLT: What are the three biggest
challenges facing the oil analysis
industry today?

Forgeron: Not unlike most industries, 1
believe the three largest challenges the
industry faces are all related to budget-
ary decision-making. We group the
challenges as the “3 Cs”—Commoditi-
zation, Commitment and CapEx.
Commoditization and commitment
are user-driven, while capital expendi-
tures are laboratory-driven.
Commoditization.  Efforts
commoditization of used oil analysis
are based on desires to simply lower the
price of sample testing. I don't intend to
infer that cost control is a bad objective.
It is positive, necessary and should be a

toward

focus for all management. But unfortu-
nately, perhaps, due to the law of unin-
tended consequences, decisions as to
what test program is implemented
based solely on cost has resulted in
many industrial application programs
using less than adequate test slates for
the machines being sampled. This has
an impact of lost or reduced benefits
and savings realized from the testing.

TRIBOLOGY & LUBRICATION TECHNOLOGY

Commitment. Companies that uti-
lize oil analysis should insure that they
manage and control their programs
within their plants and facilities. Lead-
ers are needed to champion the effort
to communicate within the organiza-
tion, implement and manage the sam-
pling activities and review and follow
up on the reports associated with
maintenance actions. Increases in
workload and reductions in workforce
are resulting in fewer program leaders.

Notifications to appropriate line
personnel on critical condition reports
still go out, and corrective actions to
the conditions continue to be initiated.
However, what we see lost is the more
in-depth follow up and investigation at
plant sites as to root cause analysis and
further proactive changes to procedures
that can reduce the instances of sam-
ples with critical severities.

CapEx. Laboratories must commit
to increase the scope of services pro-
vided. This includes having the appro-
priate instrumentation and personnel
to perform the optimal testing for the
machines being sampled and to accu-
rately diagnose the condition of the
samples. Labs must also invest and de-
velop in software that provides mean-
ingful online access of oil analysis
data. Software such as our Lube Oil
Analysis Management System (LOAMS)
program must allow the users to effi-
ciently and correctly manage their
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Today roughly 80 percent of samples submitted for processing are considered as
normal condition.

programs, with or without single ap-
pointed leaders.

Knowing that manpower levels and
available time are reduced at the user
level, service laboratories need to step
up and fill the gaps so that benefits of
the sampling activities are fully real-
ized for the customers.

TLT: What are the three biggest
myths about oil analysis?

Forgeron: People seem to forever be
looking for the silver bullet, the one
test or one system that will resolve all
your problems and tell you everything
you need to know about your sample.
Lubricant technology is very complex,
and the engineering that is required to
manufacture today’s machinery is very
advanced. While there are similarities
in various lubricants and equipment
types, there are always going to be dif-
ferences as well. Sampling that applies
to the specifics of the lube and compo-
nent will always be better than single-
source technology.

Also, a surprisingly common mis-
conception that we deal with daily is
the belief that new oil is clean oil. Too
many users continue to ignore the
published literature, prevalent warn-
ings and the training that details pos-
sibilities of contaminants, especially
particulates and moisture, that can be
present with new oil.

Last, the idea that a single sample
can be as effective as continuous sam-

pling and trend analysis remains in
place in some segments of the market.
When there is a glaring problem, this is
correct. Free water, completely out of
grade viscosity or extremely high val-
ues of wear metals can easily be identi-
fied as anomalies. Unfortunately, when
these issues are present, much more
damage has occurred versus when the
problems are monitored through regu-
lar sampling and trend analysis and
identified in their early stages.

TLT: What is the biggest change in
oil analysis over the past decade?

Forgeron: I believe the biggest change
is what and how laboratories deliver
information to the users. For leading
labs, testing has expanded in what leg-
acy markets require, as well as to meet
the new markets and machines and
equipment that have been introduced
to industry in general. Examples of
this are in power generation including
wind turbine and gas-fired co-genera-
tion applications.

The integration and use of comput-
ing power has significantly improved
our industry. Test instrument manu-
facturers have leveraged this power to
create new technologies that improved
processing times, detection levels, ac-
curacy and scope constituents that can
be identified and measured. Instru-
ments are now interfaced directly to
laboratory LIMS systems, which re-
duce overall processing time and cleri-

cal errors of misreading results or
transposition.

A high majority of data delivery is
now done electronically via email, text
messaging and online access. Online
access programming such as cloud-
based LOAMS provide tremendous
power to users and managers of sam-
pling programs. Trending, graphing,
unique data mining, equipment man-
agement, sample labeling/barcoding
and enhanced communication with
the lab or co-workers are all available
online today.

TLT: What will be the biggest change
in oil analysis in the coming decade?

Forgeron: The coming decade should
bring a large twofold change to the in-
dustry. First, on-site testing, whether by
handheld units or sensors, will eventu-
ally be developed to successfully moni-
tor certain oil properties and common
contamination. This will result in a dif-
ferent mix of samples being submitted
to laboratories. Today roughly 80 per-
cent of samples submitted for process-
ing are considered as normal condition.
In the future, we should see a drop in
this percentage with a corresponding
increase in samples with abnormal con-
ditions test results.

As sensors begin to penetrate the
market, many of today’s labs will need
to adapt testing protocols and expand
their capabilities to run more sophisti-
cated tests. They will need to concen-
trate their services more on root cause
analysis and recommended corrective
actions. If they don't have it today, they
will also need to develop expertise in
order to take a more active role in as-
sisting their client base in troubleshoot-
ing of equipment problems. A commit-
ment to large and ongoing capital
investment will be required to maintain
the needed instrumentation, associated
software and personnel necessary to
run the tests and evaluate the results.

Second, as a result of the shift in
needed instrumentation and expertise,
we can expect a consolidation in the
industry. Many smaller labs will not be
capable of making the needed invest-
ments or will not have the required

“Fuel Efficiency Screening,” an STLE University Webinar by Ksenija Topolovec



expertise to assist their customers with
the in-depth testing, which will create
a change in the type and number of
laboratories providing the future oil
analysis services.

TLT: What role will sensor
technology play in oil analysis?

Forgeron: Sensors will eventually have an
inclusive role in oil analysis. Whenever
specific properties of an oil sample can
be monitored on a real-time basis, the
value of oil analysis increases. Sensors
will be an enhancement to the industry.

By identifying the normal condi-
tion machines and components, more
time and involvement can be spent on
the equipment that needs the atten-
tion. Sensors can replace the labor re-
quired to sample normal condition
equipment. They will allow monitor-
ing of more units, particularly those
units that are in remote and hard to ac-
cess locations.

Additionally, we at Analysts are
working on technology that will en-
able sensors to transmit required oper-
ating data to the laboratory, which will
improve the amount and accuracy of
the data received, reduce the labor
needed to provide the information and
allow bi-directional information back
to the machine or facility from the lab-
oratory, all in real-time.

TLT: How does oil analysis relate
with other condition-based
maintenance technologies?

Forgeron: Oil analysis complements
other condition monitoring-based
technologies such as vibration and
thermography. It identifies lube and
some wear conditions that the other
disciplines cannot. Conversely, those
disciplines identify areas oil analysis
cannot. Oil analysis typically identifies
issues at earlier stages and at a fraction

of the cost than other technologies.

TLT: How would you sum up the oil
analysis industry?

Forgeron: Oil analysis is a technical ser-
vice. Its value should be determined
by the return on the investment of the
program, not the cost of the samples.
The benefits received and ROI of the
program is derived from reduced
maintenance costs, increased machine
uptime and productivity and longer
asset life cycles. While it is a mature
industry, it continues to evolve and
improve—which creates value. That is
a good thing.

I am proud of our work in oil anal-
ysis and proud of my career in the in-
dustry. We've come a very long way
from the early days and we have an
exciting road of continued advance-
ment to follow into the future.

You can reach Michael at mforgeron@
analystsinc.com.
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STUDENT POSTER ABSTRACT

A Wafer-Scale Particle Augmented Mixed Lubrication

Modeling Approach for Chemical Mechanical Polishing

Gagan Srivastava and C. Fred Higgs Ill (Advisor)
Department of Mechanical Engineering
Carnegie Mellon University, Pittsburgh, Pa.

ABSTRACT

The mechanical or tribological action in CMP involves hy-
drodynamic lubrication, solid-solid contact and wear, pri-
marily resulting from hard particles removing material by
abrasion. Present work introduces a much faster version of
the particle augmented mixed lubrication (PAML) modeling
approach, previously introduced by Terrell and Higgs [1], in
the form of a framework called PAML-lite. With this intro-
duction of this model, the PAML approach can now be ap-
plied to the full-scale wafer-pad interface. Results from this
work include the evolution of the hydrodynamic fluid pres-
sure, contact stress, and finally the material removal at the
local and wafer scales. Comparisons with existing CMP ex-
periments have been made and the results are favorable.

INTRODUCTION

Chemical mechanical polishing (CMP) has been a critical pro-
cess for achieving surface planarization in small scale devices
and is commonly used as an intermediate fabrication step for
devices such as integrated circuits and magnetic hard disk
read write heads. Although CMP is a common practice in the
semiconductor manufacturing industry, the physics behind
the process is not completely understood due to the complex
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nature of the slurry flow and interaction between
the wafer, pad and abrasive particles. Several mod-
els have been proposed to explain the wear action
in the CMP process, ignoring one or more of the
physical phenomena involved. Some of the earlier
studies presented empirical models based on re-
sults from CMP experiments. Preston presented
the first polishing model relating the material re-
moval rate to the mechanical work done by the
frictional force. This approach, though reasonable
under certain restrictions, does not reveal insights
into the wear mechanism.

Zhao and Chang [2] and Luo and Dornfeld [3] gave wear
models based on the real contact area between the pad and
wafer interface and the calculation of active particles. Some
authors such as Sundararajan et al. [4] have approached
CMP with fluid hydrodynamics to calculate wear by calculat-
ing the hydrodynamic pressure. The final approach builds up
on theories of contact mechanics and fluid hydrodynamics.
Shan et al. [5] presented a one-dimensional model to predict
interfacial fluid pressure under the wafer by solving an aver-
age flow Reynolds Equation by introducing mixed-lubrica-
tion (the lubrication process where the load is being carried
by the fluid, together with a solid-solid contact) into CMP.
Higgs et al. [6] extended that work to two dimensions with a
stationary wafer and determined the equilibrium orientation
for calculating the hydrodynamic pressure and contact stress.

The approaches mentioned above were set up at the wafer
scale and did not predict the presence of dishing, erosion and
micro-scratching, defects at feature scale. Identifying a mod-
eling approach they called PAML (Particle Augmented Mixed
Lubrication), Terrell and Higgs [1] presented an asperity
scale deterministic model that can overcome the shortcom-
ings of wafer scale models. However, due to the high physical
fidelity of the model, even with a small domain, the model
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was still computationally very expensive. The
present study, similar to PAML, integrates the ef-
fect of slurry fluid flow, the mechanics of wafer
and pad contact, and the abrasive wear caused by
the particles during the process of polishing.

The model is presented here as a wafer scale
analysis, intended to capture the wafer scale de-
fects like inter-die polishing differences, but with
sufficient computing resources, it can be scaled
down to a much higher resolution to capture the
asperity-scale effects such as dishing, erosion and
micro-scratching.

MODELING SCHEME

The philosophy of the proposed modeling scheme
is based in two parts: determining the equilibri-
um orientation of the wafer and calculation of
wear in that orientation.

Determining the Equilibrium Orientation

The state of equilibrium in CMP is achieved when
the net forces acting on the wafer and the two mo-
ments about the pivot vanish. The forces acting
on the wafer during the process of CMP are hy-
drodynamic pressure, the contact stress and the
external load applied to press the wafer against
the pad. The slurry film is modeled using the po-
lar Reynolds equation that gives the hydrodynam-
ic pressure distribution. The particle dynamics
treatment is replaced with an assumption that the
particles of different sizes randomly exist in the
wafer-pad interface. The particle diameters follow
a known probability distribution. The contact
mechanics are modeled using a Winkler elastic
foundation and at each time step, the resulting
hydrodynamic pressure and contact stress are
used to determine the mixed-lubrication equilib-
rium configuration of the tribosystem by implementing a
root finding algorithm that solves the load balancing equa-
tions (the second law of motion) simultaneously for the ori-
entation variables.

Wear Calculation

At the equilibrium orientation, the number of particles par-
ticipating in the wear action is calculated using the contact
stress and distribution of particle sizes. The abrasive wear
caused by an average-sized active particle is then calculated,
which when multiplied with the number of active particles,
gives the total wear.

CMP Parameters

The CMP parameters used were intended to replicate regular
experiments. The speed of rotation of the pad and wafer was
set at 40 RPM and 60 RPM, respectively. The wafer was load-
ed and pressed against the pad before beginning the simula-
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Figure 1 | Reynolds equation solution.

tion. The equilibrium orientation of the wafer on top of the
pad was repeatedly updated over time. As the abrasive wear
formulation was used for material removal, the equilibrium
contact stress was used to calculate the material removed
over the period of the simulation.

RESULTS

Equilibrium Hydrodynamic Pressure
The resulting quasi-steady state equilibrium orientation pro-
vides us the rolling angle, the pitching angle and the nominal
clearance of the wafer over the pad. These orientation pa-
rameters are then used to calculate the film thickness and
after solving the Reynolds equation, the hydrodynamic pres-
sure between the wafer and the pad. Figure 1 shows the film
thickness and the associated pressure field for certain values
of the orientation parameters.

The solution of the Reynolds equation was quantitatively
compared against the results given by Park et al. [7], who
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Figure 2 | Vertical load W and horizontal moments My, My as a func-
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provided the net load-carrying capacity (W) and moments in
x and y direction (Mx and My, respectively) as a function of
the orientation parameters by solving the Reynolds equation
in their framework. Excellent match was observed between
the two solutions. Figure 2 shows the predictions of the cur-
rent model.

Wafer Wear

As mentioned earlier, the orientation parameters also pro-
vide us a resultant contact stress field. The contact stress
is then used to calculate the material removed due to the

Wear (um)
0001 0003 0003,

] PO el O

I
0 0.004

Height (m)
000132

10.00131

Pressure (KPa) L 0.00128

£ .20 0 10
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Figure 3 | In silico polishing experiment capable of tracking interfa-
cial fluid pressure, wear and contact stresses over time (contact
stress not shown in this figure).

abrasive wear action caused
by the slurry abrasives be-
ing forced into the wafer
surface. As a result, in a
simulated polishing ex-
periment, a time-evolving
wafer-scale wear map can
thus be constructed. Fig-
ure 3 shows a snap-shot of
the in silico polishing ex-
periment.

Figure 4 shows the
evolution of wafer wear
over time (blue represents
progressing
over to red showing the
highest wear). The model
thus gives us the capability
to predict apriori, the dif-

least wear,

ference in material re-
moved across the wafer.

CONCLUSION

A new multi-physics mod-
el of PAML was developed
for wafer scale analysis of
CMP. The model integrat-
ed the effects of mixed lu-
brication and wear caused
by the abrasive particles in
the slurry. The hydrody-
namic pressure field was

calculated using the polar
form of the Reynolds equa-
tion, and the resulting

Figure 4 | Evolution of wear on
the wafer during the in silico ex-
periment.

20 Benjamin Franklin was the first American to propose Daylight Savings Time in 1784. It wasn't fully implemented in the U.S. until after World War II.



pressure distribution agrees well with
published results. Elastic foundation
model was implemented to evaluate
the contact stress field. The operating

configuration for the wafer was deter-
mined by solving three simultaneous
non-linear equations for the dynamic
equilibrium, which was followed by

the wear calculation. The model can
thus capture wafer scale defects such
as differential polishing across the wa-
fer and edge quality deterioration.
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Wear Volume Analysis Using a Nano-Lubricant
for Ball-on-Disk Testing

Hannah Neuffer, Hamed Ghaednia and Robert Jackson (Advisor)
Auburn University, Department of Mechanical Engineering, Auburn, Ala.

ABSTRACT

The research presented in this article is a wear volume analysis of the effects
of silver nanoparticles in a polyethylene-glycol lubricant (PEG). The ball-on-
disk method was used to perform the tests and a surface profilometer was used
to analyze the amount of wear produced by this nanolubricant. The results
showed that with the addition of silver nanoparticles, the wear was reduced
significantly in comparison to a control sample without any nanoparticles. This
is in contrast to some of the nanoparticles which can actually increase the wear
when added to a lubricant.

INTRODUCTION

What is a nanolubricant? A nanolubricant is comprised of three basic com-
ponents: base oil, surfactant, and the nanoparticle. Nanoparticles are less
than 100 nm and can come in a variety of shapes and materials. So why
are nanolubricants important? Studies have shown that in a combustion
engine, 33% of fuel energy is lost due to friction and that lubrication can

improve the friction significantly'. Previous literature suggests that the
nanoparticles as additives can induce marked effects on the lubricant prop-
erties®. Different combinations of nanoparticles and lubricants can result
in numerous nanolubricants for different applications. Recent research has
shown that nanolubricants can reduce the coefficient of friction and affect
wear. This reduction of the coefficient of friction could be translated into
higher fuel efficiency. However, some nanoparticles can also increase the
wear. For this research, a nanolubricant containing different concentrations
of silver nanoparticles was used to perform ball-on-disk friction tests to
determine how nanoparticles affect wear in the mixed lubrication region of
the Stribeck curve.



MATERIALS AND METHODS

The nanolubricant studied was comprised of polyethylene
glycol 600 (PEG), polyvinyl pyrollidone (PVP), and concen-
trations of 0.15 % wt, 0.3 % wt and 0.45 % wt silver nanopar-
ticles with average diameters of seven nanometers. In order
to determine the effects of the silver nanoparticles only, the
base and surfactant (PEG and PVP) was used as a control. In
order to create the wear grooves, a ball-on-disk test was per-
formed using an CETR-UMT friction testing machine with
constant loads of 10 N, 30 N, and 50 N, a rotational speed
of 0.5 m/s, and a total sliding distance of 2500 m, according
to the ASTM standard’. Each test was performed three times
to insure repeatability. The nanolubricant completely filled
the testing reservoir and submerged the sample to insure
an even distribution of lubricant during testing. After the
ball-on-disk tests were complete, the resulting wear grooves
were analyzed by using a stylus profilometer with a verti-
cal resolution of less than one nanometer. Using a numerical
scheme, the surface scans were stitched together to produce
a 3D surface image of the wear groove, as seen in Figure 1.

In order to determine the wear track width, the 3D surface
plot was used to pin-point where the groove edges began. An
average diameter measurement was then used to calculate
wear volume from Eq.1 [3], which assumes that the groove’s
cross section is an enclosed arc and that it travels in around
the circumference of the disk at a radius, R

d d 1
Wear Volume = 2nR [rz sin™?! 77 (4r?2 —=d?»z| (1)

R = wear track radius
d = wear track width
r = sphere radius

RESULTS AND DISCUSSION

The effects of the nanoparticle concentration on wear volume
can be seen in Figure 2. The results indicate that the addi-
tion of silver nanoparticles reduces the amount of wear when
compared to that of the control lubricant. The coefficient of
friction (COF) was also monitored throughout the ball-on-
disk tests, and it was discovered that
the COF is reduced by approximately
20% at the nanoparticle concentration
of 45 mM and normal load of 30 N in
comparison to the control sample. Pre-
vious research has suggested that the
mechanism present to reduce friction
between two surfaces is by reducing
the real area of contact as the particles
prevent the surfaces asperities from
coming into contact as frequently*’.

X [pm] .
However, other mechanisms may also
Figure 1 | 3D Wear Groove of one the samples. be at work.
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Figure 2 | Wear volume analysis results of PEG+PVP+Ag nanolubricant at different loads.
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CONCLUSION

When the wear volume of each nanolubricant concentration
was compared to the base lubricant, the results show that
there is a definite reduction of wear. This may be due to the
relatively soft silver particles protecting the tested surfaces
like a cushion, or they could be improving the load-carrying
capacity of the lubricant itself. Further research looking at
the wear reduction mechanisms needs to be pursued.
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SCHOLARSHIP RESEAR

Patterned microtexture to reduce friction in

prosthetic hip joints

Anthony Chyr and Bart Raeymaekers (Advisor)
Department of Mechanical Engineering, University of Utah, Salt Lake City, Utah

ABSTRACT

Approximately 285,000 total hip replacement (THR) surgeries
are performed in the U.S. each year. Most prosthetic hip joints
consist of a cobalt-chromium (CoCr) femoral head that articu-
lates against a polyethylene liner (usually ultra-high molecular
weight polyethylene (UHMWPE)), lubricated by joint fluid. The
statistical survivorship of these metal-on-polyethylene prosthet-
ic hip joints declines significantly after 15 years of use, primar-
ily due to wear and wear debris incited disease. The current en-
gineering paradigm aims to increase the longevity of prosthetic
hip joints by manufacturing ultra-smooth articulating sutfaces.
In contrast, we aim to increase the longevity of prosthetic hip
joints by adding a patterned microtexture to the ultra-smooth
CoCr femoral head. The patterned microtexture increases the lu-
bricant film thickness between the articulating surfaces, thereby
reducing friction and wear. We have numerically optimized the
microtexture geometry to maximize the lubricant film thickness
between the articulating surfaces of the prosthetic joint, and ex-
perimentally demonstrate reduced friction for the microtextured
compared to the smooth articulating surfaces lubricated with
joint fluid.

Detail of the
femoral head
articulating surface

Pelvis

Acetabular
component

Stem
Texture on

femoral head

Femur
Polyethylene liner

Figure 1 | Metal-on-polyethylene (MOP) prosthetic hip joint with a
patterned microtexture on the CoCr femoral head®.

Anthony Chyr

INTRODUCTION

More than 285,000 total hip replacement (THR) surgeries
are performed in the U.S. each year. The statistical survivor-
ship of these prosthetic hip joints declines significantly after
15 years of use', primarily because adverse biological reac-
tion to indigestible wear debris leads to osteolysis, instability
and loosening of the implant®. This lack of durability has
unacceptable effects such as riskier revision surgery>* and
surgery postponement with its attendant pain and disabil-
ity. This research focuses on metal-on-polyethylene (MOP)
prosthetic hip joints, which are the most common in the
U.S. The current engineering paradigm for combating im-
plant wear is to manufacture smoother sliding surfaces’. In
contrast, we attempt to reduce friction and wear by adding a
patterned microtexture to the ultra-smooth femoral head, as
illustrated in Figure 1.

A few researchers have attempted to improve the durabil-
ity of MOP prosthetic hip joints by applying a surface texture
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Figure 2 | Experimental apparatus (a) overview picture, (b) detail of a CoCr specimen mounted on the reciprocating shaft in the reservoir, and
(c) detail of interacting CoCr and UHMWPE bearing surfaces'.

or increasing the surface roughness of the femoral head in
order to trap wear debris or store and dispense joint fluid. Ito
et al.” observed a 17% reduction in friction and a 36% reduc-
tion in polyethylene wear after creating circular texture fea-
tures into the smooth femoral head. Sawano et al.® observed a
modest reduction in wear after manufacturing channels into
the smooth femoral head running perpendicular to the direc-
tion of articulation. Zhou et al.” observed that surface micro-
texturing did not improve lubrication after adding concave
texture features via a diamond spherical indenter into the
smooth femoral head. Tall ridges were observed around the
contour of the texture features, which may have resulted in
increased friction.

In contrast to the current engineering paradigm and ear-
lier research, the objective of this work is to increase the du-
rability of MOP prosthetic hip joints by creating a patterned
microtexture that reduces friction in the prosthetic hip joint
by increasing the lubricant film thickness. We have used a
lubrication model to optimize the microtexture geometry in
terms of maximum load-carrying capacity (or, equivalently,
maximum lubricant film thickness for a constant load) of the
prosthetic joint. We experimentally demonstrate that a sur-
rogate MOP prosthetic hip joint with a patterned microtex-
ture on the CoCr specimen reduces the friction coefficient
when compared to a traditional smooth CoCr specimen test-
ed under realistic hip operating conditions®.

EXPERIMENT APPARATUS

Figure 2 shows the friction apparatus that we have built and
used. It is more realistic than a pin-on-disk (POD) appara-
tus but less complex than a hip simulator', and it creates
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the axial loading and flexion/extension rotation experienced
during hip gait between the articulating CoCr and UHM-
WPE specimens. Figure 2(a) depicts the mechanical assem-
bly of the apparatus. A cylindrical CoCr cylinder specimen is
mounted on the shaft in the lubricant reservoir (Figure 2(b))
and a concave UHMWPE specimen is loaded against the
convex CoCr specimen (Figure 2(c)) using a power screw
mechanism. The loading mechanism is designed to self-align
the UHMWPE specimen with the CoCr specimen. A geared
stepper motor creates a reciprocal motion between the CoCr
and UHMWPE specimens, while the torque and normal load
between both specimens are continuously measured. This
allows the friction coefficient to be computed as a function
of time. The articulating surfaces are submerged in bovine
serum with a protein concentration of 20 mg/ml*’.

SPECIMENS

A traditional lubrication model is used to optimize the ge-
ometry of the microtexture in terms of maximizing the load-
carrying capacity of the lubricant film between the CoCr
specimen and the UHMWPE specimen®. The microtexture
geometry is determined by the texture density S, defined
as the area covered by the texture divided by total bearing
area, and the texture aspect ratio €, defined as the ratio of
the depth and diameter of a texture feature. Four different
microtexture designs are selected, based on load-carrying
capacity, from the modeling results. These microtexture pat-
terns are manufactured on polished CoCr (ASTM F1537-08)
cylinders of diameter 50 mm and average surface roughness
R, <50 nm using laser surface texturing (LST) with a solid-
state laser. The characteristic radius of the spherical texture

WWW.STLE.ORG
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Figure 3 | Optical microscope and white light interferometer images of each of the four microtexture patterns manufactured on cylindrical CoCr
specimens (ASTM F1537-08) showing the results of the LST process. The radius of the dimples, r,= 50 ume,

(b)

Figure 4 | UHMWPE specimen (a) photograph and (b) white light in-
terferometer image of the articulating surface. The yellow arrow in-
dicates the direction of articulation®.

features is r = 50 pm. Figure 3 shows optical microscopy and
white light interferometry images of each of the four micro-
texture patterns implemented on CoCr cylinders. Minimal
material deposition resulting from the laser texturing pro-
cess is observed around the contour of each dimple. A con-
cave UHMWPE (ASTM F648) specimen conformal with the
convex CoCr specimens over a span of 90 degrees acts as the
surrogate polyethylene liner and is shown in Figure 4. The
average surface roughness of the articulating UHMWPE sur-
face is R < 800 nm. Both the CoCr and UHMWPE specimens
are manufactured and finished to identical specifications as
commercial MOP prosthetic hip joints.

RESULTS AND DISCUSSION

Figure 5 shows two seconds of typical results extracted from
a longer duration experiment performed in our experimental
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Figure 5 | (a) Kinematic cycle of the CoCr specimen articulating with
the UHMWPE specimen and (b) Friction coefficient as a function of
time for the microtextured (red) specimen (Sp =0.05, £ =0.005) and
the smooth (black) specimen articulating with the UHMWPE speci-
men under a contact pressure of 0.90 MPa showing that the micro-
textured specimen outperforms the smooth specimen over almost
the entire kinematic cycle®.

apparatus. Figure 5(a) shows the kinematic cycle including
velocity and angular position of the CoCr specimen with re-
spect to the UHMWPE counterface as a function of time. The
kinematic cycle is designed to maximize the portion during
which a constant velocity is maintained to best approach the
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Table 1 | Different microtexture designs, showing the percentage of the 1Hz kine-
matic cycle during which the microtextured CoCr specimen outperforms the
smooth CoCr specimen for different values of constant bearing contact pressure®.

microtexture geometry designs, we have
quantified the portion of the kinematic cy-
cle during which each of the microtextured
CoCr specimens displays a lower friction
coefficient than the smooth CoCr specimen.

Table 1 summarizes the results and shows
Texture Texture Max contact pressure the percentage of the kinematic cycle dur-
design parameters [MPa] ing which the microtextured CoCr speci-
men outperforms the smooth one. Each
w300 pum S ¢ 0571 071 1 090 | 1.13 microtexture geometry design outperforms
P the traditional smooth surface design over
S =0.05 at least part of the kinematic cycle. These
p T 98% | 98% | 94% | 24% results confirm the hypothesis that friction
¢ =0.005 can be reduced at low sliding velocities in
B a surrogate MOP prosthetic hip joint by
Sp =0.05, 88% | 67% | 58% | 19% means of a patterned microtexture on the

¢=0.020 surface of the femoral head.

Sp =0.15, 94% | 969 0 0 CONCLUSION

e=0.010 0 % | 91% | 22% We find that the friction coefficient between
the surrogate convex CoCr and the concave
S =0.20, UHMWPE specimens is lower for textured
817: 0.020 93% | 90% | 83% | 15% CoCr specimens than for the benchmark
) smooth CoCr specimen. This demonstrates

steady-state lubrication model used to optimize the micro-
texture geometry. The frequency of the kinematic cycle is 1.0
Hz [12] (ISO 14242-1), which is similar to walking gait. Fig-
ure 5(b) shows the friction coefficient as a function of time
for a microtextured (SP =0.05, € = 0.005) and smooth CoCr
specimen, articulating against the UHMWPE specimen with
a contact pressure of 0.90 MPa, realistic for hip joints.

We observe that the friction coefficient is periodic with
reversals between clockwise (CW) and counter-clockwise
(CCW) rotations. The magnitude of the friction coefficient
is maximal surrounding the starts and stops, and it is mini-
mal throughout the middle of each cycle when the sliding
velocity at the surface of the cylinder is constant (0.1 m/s).
The microtextured CoCr specimen outperforms the smooth
specimen in two ways. First, the friction coefficient is lower
for the microtextured compared to the smooth cylinder over
almost the entire kinematic cycle (for this particular texture
geometry, kinematic cycle, and loading example), indicating
that friction is reduced significantly. Second, the friction co-
efficient for the microtextured CoCr specimen experiences
a sharp drop surrounding direction reversals (at t = 0.5, 1.0,
1.5). In contrast, the friction coefficient for the smooth CoCr
specimen decreases slowly after direction reversals. This in-
dicates that solid-on-solid contact between the CoCr and
UHMWPE surfaces is reduced for the textured versus the
smooth surfaces. This could lead to reduced wear and, cor-
respondingly, increased longevity.

To evaluate and compare the performance of the four
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that the patterned microtexture reduces

friction by reducing contact between the ar-

ticulating surfaces. A reduced friction coef-
ficient between the articulating bearing surfaces promises re-
duced wear and increased longevity of a prosthetic hip joint.
Also, in contrast with the smooth surrogate CoCr femoral
head, the friction coefficient decreases very quickly after
sliding direction reversals for the microtextured surrogate
femoral heads. Daily human joint activity includes frequent
starts and stops, and it is during these periods of high-fric-
tion boundary lubrication that the most wear occurs. Thus,
the microtexture reduces friction and wear precisely at in-
stants where it is needed most.
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Use of ASTM tests in the evaluation and
selection of industrial lubricants

30 -

Review the various
testing methods and
their correlation

to field performance

before deciding which

lubricant to use.

KEY CONCEPTS

ASTM International offers
standardized tests used to
evaluate lubricant
performance.

Lubricant testing is
classified into two major

categories: physical/
chemical and performance.

Additive and finished
lubricant manufacturers
utilize ASTM tests to help
with developing new
products.

APRIL 2014

PREDICTING HOW LUBRICANTS will perform requires the use of standardized tests. The
organization supplying these standards is ASTM International, formerly known as
the American Society of Testing and Materials. This organization defines how a test
should be performed and the precision of the result. The use of standardized tests is
utilized by three major groups:

1. Additive manufacturers and finished lubricants producers utilize these tests
in development of new products.

2. OEMs utilize these tests to set minimum performance standards on lubricants
used on their equipment.

3. End-users utilize these tests to help them in the selection of the optimum
lubricant for their equipment.

The best test in the selection of the proper lubricant for a particular application
is an actual field test or experience with this lubricant in a similar application. Uses
of ASTM tests are the first step in the selection of the proper lubricant. These tests
provide a level playing field when comparing lubricants from different suppliers if
they are conducted according to the ASTM procedures and provide an indication on
how they will perform in the field.

This article will examine the most common tests utilized for turbine, hydraulic
and gear oils.
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Ray Thibault is the owner of Lubrication Training & Consulting in Houston. Previously, he spent 31 years

working for ExxonMobil. He has several years of experience in conducting extensive training and consult-
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has presented several papers and conducted lubrication courses at various industry conferences such
STLE, MARTS and IMC. He also holds STLE's Certified Lubrication Specialist™ and 0il Monitoring Analyst™
(1&l1) certifications, as well as Machinery Lubrication Technician (Levels 1&I1) and Machinery Lubrication
Analyst (Levels 1I&l11). You can reach Ray at rlthibault@msn.com.

OVERVIEW

Lubricant tests are divided into two

major categories:

physical/chemical

and performance.

Physical/Chemical Tests:

Viscosity

Viscosity index

Flash point

Pour point
Neutralization number

Performance Tests:

Rust prevention

Copper strip corrosion
Turbine oil stability

Dry turbine oil stability
Rotary pressure vessel
oxidation

Extreme pressure oil oxidation
Foaming sequence

Air release

Water separability
Demulsibility characteristics
of lubricating oils
Four-square gear oil tester
Timken extreme pressure
Four-ball EP

Four-ball wear

Hydrolytic stability
Accelerated hydraulic pump
fluid test

COMMON INDUSTRIAL
LUBRICANTS TESTS

Tables 1-3 illustrate the most common

tests for turbine, hydraulic and gear

oils.

WWW.STLE.ORG
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Table 1 | Typical Turbine Oil Specification Tests

Test Method Expressed Value ASTM #
Viscosity @ 40 C and 100 C Centistokes (cSt) D445
Viscosity index Number with no units D2270
Flash point F&C D92
Pour point F&C D5950
Neutralization number Milligrams of KOH/gram of sample | D974
Rust prevention test Pass/Fail D665 A/B
Copper strip corrosion 1-4 D130
Turbine oil stability test Hours D943
Rotary pressure vessel Minutes D2272
Oxidation Test
Foaming sequence I/II/I11 Milliliters of foam D892
Air release Minutes D3427
Water separability Milliliters of oil/water/emulsion D1401
Four square gear oil tester Highest stage (1-13) achieved D5182
Table 2 | Typical Hydraulic Oil Specification Tests
Test Method Expressed Value ASTM #
Viscosity @ 40 C and 100 C Centistokes (cSt) D445
Viscosity index Number with no units D2270
Flash point F&C D92
Pour point F&C D5950
Neutralization number Milligrams of KOH/gram of sample | D974
Rust prevention test Pass/Fail D665 A/B
Copper strip corrosion 1-4 D130
Turbine oil stability test Hours D943
Rotary pressure vessel Minutes D2272
oxidation test
Foaming sequence I/II/III Milliliters of foam D892
Air release Minutes D3427
Water separability Milliliters of oil/water/emulsion D1401
Four square gear oil tester Highest stage (1-13) achieved D5182
Hydrolytic stability Acid # and mass loss of Cu in mg D2619
Accelerated hydraulic fluid Weight loss in mg. D2882
pump test
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Table 3 | Typical Gear Oil Specification Tests

Test Method Expressed Value ASTM #
Viscosity @ 40C and 100 C Centistokes (cSt) D445
Viscosity index Number with no units D2270
Flash point F&C D92
Pour point F&C D5950
Neutralization number Milligrams of KOH/gram of sample | D974
Rust prevention test Pass/Fail D665
A/B
Copper strip corrosion 1-4 D130
Extreme pressure oil oxidation % Viscosity increase at 100 C D2893
Foaming sequence I/II/I11 Milliliters of foam D892
Demulsibility characteristics of Milliliters of free water and D2711
lubricating oils emulsion
Percent water in clean oil
Timken extreme pressure Maximum load in lbs D2782
Four ball EP Load carrying capacity in kilograms | D2783
Four ball wear Scar diameter in millimeters D2266
Four square gear oil tester Highest load stage (1-13) achieved | D5182

ASTM SPECIFICATION TESTS

Viscosity (D445). Defined as resistance
to flow of a fluid, which is the most
important property of a lubricant. Ki-
nematic viscosity is determined by
the time it takes in seconds for a fixed
volume of fluid to flow through a cali-
brated capillary tube. The test is run
at 40 C for industrial oils and 100 C
for engine oils. The units are usually
expressed as centistokes (cSt) or milli-
meters’/second, which are equivalent.
When selecting a lubricant for an ap-
plication, viscosity, which is indicative
of a lubricants film thickness, is the
most important consideration.
Viscosity index (V1) (D2270). Express-
es the rate of change in viscosity as oil
is heated. It can be determined by com-
paring the viscosity of the oil to two ref-
erence oils at 40 C and 100 C. The low
VI oil is arbitrarily set at 0 and the high
VI oil is called 100. A mathematical re-
lationship comparing the viscosities of
the three oils is used to determine the
VI, a unitless number of the unknown
oil. When plotting the viscosity of an oil
at 40 C and 100 C, the steeper the slope
of the line, the lower the VI. In the past,
most industrial oils had VIs <100 but
today, with the emergence of Group II
oils, VIs exceed 100. Many synthetics
such as polyalphaolefins have VIs well

over 100. High-VI oils give better pro-
tection with a thicker film than low-VI
oils of the same ISO viscosity grade at
higher temperatures.

Flash point (D95). A measure of the
evaporative losses of oil as it is heated.
The test for new oils is conducted in an
open cup by heating test oils at a rate of
10 F/minute and passing a flame over
the fluid at 5 F increments. When the
fluid ignites with a flash, that tempera-
ture is recorded as the flash point. The
fire point is determined by continuing
to heat the fluid until it burns for five
seconds. Lower quality oils with more
volatiles have a lower flash point. As
you proceed from Group I-111, the flash
point goes up because the molecular
structures of the oils are more uniform.
Comparisons of flash points of various
oils should be made at the same viscos-
ity. Synthetics have higher flash points
than mineral oils because they have
more compactness in their hydrocar-
bon molecular structures.

Pour point (D5950). An indicator of
the low temperature behavior of lubri-
cants. It is conducted by cooling a flu-
id at 5 F increments in a test chamber.
The fluid is tilted at each point until
no movement occurs. The pour point
is the last temperature where fluid
movement was observed. A lubricant’s

operating temperature should be at
least 20 F above its pour point.

Neutralization number (D974). Deter-
mined by titrating the fluid with KOH
until it is neutralized. This determines
the acid number of the lubricant and is
expressed as milligrams of KOH/gram
of sample to neutralize the fluid. It is
based mainly on the acidity of the addi-
tives. Lubricants with higher additive
concentrations usually have a higher
acid number. Turbine oils, which have
low additive concentrations, have acid
numbers around 0.05-0.1 while gear
oils are 0.5-0.8. The acid number is
very useful in used oil analysis. As
used oil is oxidized, it creates weak
acids. By comparing the new oil acid
number to the used oil acid number,
the oxidation of the used oil is indi-
cated. New oil acid numbers should be
updated yearly by providing new oil
to the oil analysis laboratory so a new
oil reference can be updated. Don'’t use
the product data sheet acid number as
the reference for used oil analysis.

ASTM performance tests have a de-
gree of variability, which is defined as
the precision of the tests. Precision is
the variability of the results of the test
with a 95 percent statistical confidence
level, which is one value out of 20 ex-
ceeding the precision limits. Repeat-
ability is defined as the difference in
results run by the same operator with
the same equipment under the same
conditions. Reproducibility is compar-
ing results run by different laboratories
on the same sample under the same
conditions. Reproducibility variability
is higher than repeatability. ASTM has
established precision limits for each of
their tests. This is expressed as percent
of mean value.

Rust prevention test (ASTM D665
A/B). Predicts how well lubricants
prevent rusting of ferrous equipment
components. This test predicts field
performance very well. It is conducted
with 300 mL of the test oil put in a
beaker and 30 mL of distilled (A) or
synthetic seawater (B) is added dur-
ing stirring and brought to a tempera-
ture of 140 E A freshly polished steel
rod is immersed in the mixture for

32 Plants with strong associations with spring include dandelions, daffodils, lilies, primroses, hyacinths, tulips, azaleas, iris and lilacs.
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typically four hours and

then removed and visu- qm ASTM COPPER STRIP CORROSION S! .

ally observed. Any rust
on the rod constitutes a
fail on the test. This test
has also been run for 24
hours.

Copper strip corrosion
test (ASTM D130). Sulfur
components in lubricant
base stocks and additives
can cause tarnishing and
corrosion of yellow met-

METHOD D 130/1P 15¢
000 CETIEET RIS 5 o

als by the fluid. This test
measures the corrosivity
of the lubricant on cop-
per and its alloys. A freshly polished
copper strip is immersed in a test tube
containing 30 mL of the test fluid and
heated in a bath for three hours at
212 E The strip is removed, wiped off
and compared with the ASTM Copper
Strip Corrosion Standard illustrated in
Figure 1.

The scale ranges from 1-4. Level 1
is slight tarnish (1a&1b) and increases
in tarnishing up to Level 4, which is
corrosion. Most OEMs will not ap-
prove a lubricant above 1b.

Turbine oil stability test (ASTM D943).
This is the most popular test to mea-
sure the oxidation life of turbine, hy-
draulic and R&O circulating oils. The
test is conducted by adding 300 mL
of the lubricant along with 60 mL of
water to an oxidation test cell, which
has a catalyst of iron and copper. The
water and catalyst help promote oxi-
dation in the test. The fluid is heated
in a bath at 95 C and three liters/hour
of oxygen is bubbled continuously
through the sample. At predetermined
intervals, a sample is extracted and an
acid number is run to determine the
level of oxidation.

When the acid number reaches
2.0, the test is terminated and the re-
sult reported in the number of hours
of runtime. The test cannot exceed
10,000 hours if only one cell is run
because the sample level in the cell at
that time is below the catalyst. In the
past, results were reported for Group
II oils in excess of 10,000 hours be-
cause multiple cells were used. As

Figure 1 | Copper strip corrosion test.

fluid was depleted in one cell, it was
then taken from another cell. One lu-
bricant company reported numbers for
one of their turbine oils in excess of
30,000 hours. Today most lubricant
companies report 10,000+ hours as the
highest level. Typical Group I turbine
oils range from 4,000-8,000 hours,
while Group II turbine are in excess
of 10,000 hours. This test is useful in
comparing the relative oxidative life of
various lubricants.

Rotary pressure vessel oxidation test
(ASTM D2272). This test previously was
called the Rotary Bomb Oxidation Test
(RBOT), as the name was changed
over 10 years ago. This is a rapid test
which measures the oxidative life of
oils with similar formulations. It is
primarily used to measure depletion of
additives in used turbine oils by com-
paring the percent drop in life of the
used oil compared to the new oil. A 25
percent remaining
life in the used oil
requires changing or
conditioning of the
turbine oil. This test
should not be used
to compare new tur-
bine oils from differ-
ent suppliers. GE no
longer has RPVOT
as a performance re-
quirement for new
turbine oils. Be-

tives than Group 1 oils,
their RPVOT values for
new oils are much high-
er than Group I oils and
range from 1,000-3,000
minutes. An oil sample
of 50 grams along with 5
milliliters of water is in-
troduced in a glass vessel
containing copper wire
as a catalyst. This is then
immersed in a pressur-
ized oxidation cell con-
taining 90 psi of oxygen
at 77 E The cell is placed
in a preheated bath at
150 C and rotated at an angle. This is
illustrated in Figure 2. Once the pres-
sure reaches 192 psi in the pressurized
vessel, readings are taken at predeter-
mined intervals and the drop in pres-
sure is recoded.

When the pressure drops by 25
psi, which indicates full oxidation of
the oil, the test is terminated and the
time is reported in minutes. The re-
peatability and reproducibility on this
test, as reported by ASTM, based on
round-robin testing on seven differ-
ent turbine oils ranging from 30-1,000
minutes, was 12 and 22 percent of the
mean value, respectively. The variance
is greater for Group 1II oils, which have
RPVOT values >1,000 minutes. Repro-
ducibility values run on Group II oils
reported a variability of 39 percent of
mean value.

Dry turbine oil stability test (TBN).
This test was recently approved by

Fressure l ransducer

100 rpm

Oil Bath
150°C

Oxygen

Copper Coil

1.63mm x 3rl]

cause Group II oils
have a much better
response to addi-

Figure 2 | Rotary pressure vessel oxidation test (ASTM D2272).
(Courtesy of Fluitec)
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ASTM and will be given a number des-
ignation in the spring of 2014. With
deposit formation and varnishing be-
ing a big issue with gas turbine oils,
a test was developed by Mitsubishi
Heavy Industries (MHI) to measure
deposit formation during oxidation of
turbine oils. The test is run in equip-
ment similar to TOST D943 test. The
turbine oil has no water added to it in
the test cell and the temperature in the
bath is maintained at 120 C. The test is
run a minimum of 500 hours. At pre-
determined time intervals, an RPVOT
value is run on the sample. Once the
RPVOT reaches 25 percent of the new
oil value, the test is terminated and
the deposits in the oxidation cell are
weighed. The deposits are reported as
mg/kg. A value >100 mg/kg is a fail-
ure on the test. This test is designed
primarily to evaluate Group II oils and
is difficult to pass. It has been shown
that turbine oils with high RPVOT
may not pass the test.

Extreme pressure oil oxidation test
(ASTM D2893). This test is designed to
measure the high temperature stabil-
ity of EP gear oils. A 300 mL sample
of the gear oil is placed in a 600 mm
specialized test tube and immersed in
a bath. Previously the bath tempera-
ture was 95 C but with new OEM re-
quirements, the temperature has been
increased to 121 C (250 F). Ten liters/
hour of dry air is passed through the
sample for 312 hours. At the end of the
test, the kinematic viscosity at 100 Cis
measured and compared to the viscos-
ity of the new oil. Gear oils must not
exceed 6 percent to meet the AGMA
9005 requirement. This test is a good
field predictor of the relative oxidative
life of new EP gear oils.

Foaming characteristics of lubricat-
ing oils (ASTM D892). This test is a good
field predictor of foaming tendencies
of lubricating oils. A 190 mL sample of
fluid is placed in a 1000 mL graduated
cylinder and air is blown in the sample
for five minutes. A reading is taken of
the foam height in mL. The sample is
allowed to settle for 10 minutes and
a reading is taken. This test is run in
three different sequences:

e Sequencel: 75 F

¢ Sequence II: New flu-
id run at 200 F

e Sequence III: Sequence
1T fluid cooled to 75 E

The results are reported as x/y for
each sequence. The top number is the
initial reading and illustrates the ten-
dency of the fluid to foam. The bottom
number, which is the most important,
measures the stability of the foam after
10 minutes of settling. For example,
GE’s requirement for turbine oils is
a maximum of 50/0 for all three se-
quences. This test is also used to eval-
uate used fluids for loss of defoamant.

Air release properties of petroleum
oils (ASTM D3427). Air entrainment can
affect lubricant performance by caus-
ing sponginess, lack of control and mi-
cro-dieseling in turbine and hydraulic
oils. As reservoirs are built smaller, the
oil has less residence time and must re-
lease entrained air in a shorter period
of time. The test is
conducted by adding
180 mL of the fluid to
a specially fitted glass
container. The test is
run at 50 C for viscos-
ities up to 90 ¢St and
at 75 C for viscosities
>90 cSt. The density
of the fluid is mea-
sured by attaching a
sinker to a balance
beam and recording
the density of the flu-
id. Air is then bubbled
through the fluid for 7
minutes. The sinker is
immersed in the fluid and the density
is recorded. Readings are taken until
the density of the fluid reaches 99.8
percent of the initial value. The time is
then recorded in minutes. Most OEMs
require no more than 5 minutes for
1SO 32 oils, 7 minutes for 1ISO 46 and
10 minutes for ISO 68.

Water separability of petroleum oils
(ASTM D1401). This test is a good pre-
dictor of field performance and is also
used to test in-service steam turbine
oils to measure the loss in water sepa-

manufacturers/suppliers or end-users of lubricants and lubricant-related products.

rability. Figure 3 illustrates the test ap-
paratus. Forty milliliters of lubricant
and distilled water at 54 C are mixed
for 5 minutes at 1500 rpm in the ap-
paratus. The amount of oil water and
emulsion is recorded in 5-minute in-
tervals. The test is terminated in 30
minutes. Results are recorded as oil/
water/emulsion. For example, a read-
ing of 40/40/0 (15) indicates that the
oil had complete separation in 15 min-
utes, which is excellent water separa-
bility. To pass the test, no more than
three milliliters of emulsion remain
after 30 minutes. Most lubricant sup-
pliers with good water separability re-
port the three-number code on their
product data sheets. The test is run
normally on oils with a maximum vis-
cosity of 90 c¢St. Higher viscosity oils
are run at 82 C.

Demulsibility characteristics of Iu-
bricating oils (ASTM D2711). This test is
designed to determine the demulsibil-
ity characteristics of oils experiencing

Figure 3 | Test apparatus of the water separability of
petroleum oils.

high water contamination under tur-
bulent conditions. The test for EP gear
oils is conducted by adding 90 mL of
distilled water to 360 mL of the test
fluid in a special graduated separatory
funnel and stirring at 2500 rpm for 5
minutes at 82 C. After mixing, the flu-
id is allowed to separate for five hours
at the test temperature. The amount
of free water is drained and measured.
The amount of water remaining in the
oil and emulsion phases is determined
by centrifuging the oil and emul-




sion phases. The amount of
water after centrifuging is
added to the total free water.
Also recorded is the amount
of emulsion remaining and
the amount of water in the
centrifuged oils. Gear oils
with good demulsibility
properties should separate a

minimum of 80 mL of water.

Torque Arm

Stationary Balls

Ball Pot

Thermocouple

er balls is recorded. This test
is used primarily for gear
and hydraulic oils to mea-
sure lubricant wear protec-
tion. Gear oils should have
a scar diameter not exceed-

Heating Block

ing 0.35 mm, while hydrau-
lic oils should fall between
0.50-0.80 mm.

Four-square gear oil test

The test is also run on non-
EP oils where 405 mL of test
oil is mixed with 45 mL of
distilled water. In this test, oils with
good demulsibility characteristics will
separate 36-45 mL.

Timken extreme pressure test (ASTM
D2782). This is a rapid and old test for
determining the load-carrying capac-
ity of lubricants. It has poor repeat-
ability at 30 percent of mean value and
very poor reproducibility at 74 percent
of mean value. It has been replaced by
other tests, but it is still reported on
product data sheets for gear oils and
greases. AGMA 9005 no longer in-
cludes Timken for new oil specifica-
tions.

The test reservoir is filled with
three quarts of test oil at 100 E A test
cup is on a spindle, and the test block
is on a special holder. The test cup is
flooded with lubricant and the spindle
is run at 800 rpm. The test is run for
10 minutes at increasing loads mea-
sured in pounds. After each stage, the
test block is examined for scoring and
welding. Once scoring is observed, the
last stage with no scoring is reported
as the Timken OK value. Scoring is de-
fined by the appearance of a wide scar
on the test block. This test is subjec-
tive based on the observations of the
analyst. Typical EP gear oils achieve 60
pounds on the test.

Four-ball EP test (ASTM D2783). This
test determines the load-carrying ca-
pacity of a lubricant. This test is used
primarily for EP gear oils. Three im-
movable balls are placed in a test pot
containing the tested lubricant. A
fourth ball rotates against the three
lower balls. A series of 10 second runs
at 1760 rpm are made at increasing
loads until welding of the four balls
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Figure 4 | Four-ball EP test.

occurs. The load is measured in kilo-
grams. The test can be run up to 800
kilograms. Most test results reported
for gear oils are at 250 kg, which meets
the OEM requirements. This is a popu-
lar test and is reported on many gear
oil product data sheets. The repeatabil-
ity is 17 percent of mean value and the
reproducibility is 44 percent of mean
value. Figure 4 illustrates the tester
Four-ball wear test (ASTM D2266
modified). This test is a good field pre-
dictor afforded by a lubricant at dif-
ferent loads. The original ASTM test
was D4172 but has been replaced by
D2266 modified, which conforms to
U.S. Steel Method S-205. The test ap-
paratus is illustrated in Figure 4. A 10
mL sample is put in the ball pot and
heated to 130 E Three immovable balls
are placed in the test cup. A fourth ball
rotates at 1800 rpm against the three
lower balls at a constant load of 40 kg
for one hour. At the end of the test, the
average scar diameter of the three low-

(ASTM D5182 (FZG Proce-

dure)). This test evaluates

the scuffing tendencies of
lubricants containing EP or antiwear
additives and is used to meet OEM
specifications for industrial gear oils,
hydraulic fluids, automatic transmis-
sion fluids and turbine oils. For exam-
ple, GE requires a minimum FZG of 8
for geared turbines. The test rig, which
is illustrated in Figure 5, consists of
two gearsets arranged in a four square
configuration driven by an electric
motor at a speed of 1450 rpm. The test
fluid is added to bring the oil level to
the centerline of the gear shafts and
the fluid temperature is maintained at
194 E The test is run for 15 minutes at
increasing load stages.

After each stage, the pinion test
gear is inspected for damage. The vi-
sual method examines the gears with-
out disassembly and records a failure if
the sum total width of scuffing or scor-
ing on all the gear teeth exceeds the
total width of one gear tooth, which is
normally 20 mm. The other method
for failure determination weighs the

Figure 5 | Four-square gear oil test rig
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pinion at each stage and a 10 mg or
more loss is a failure. The FZG rating
is recorded as the load stage before
the failure occurred. The test goes to
13 stages and some tests have gone as
high as 14 stages. Fluids with high lev-
els off EP generally exceed the limits
of the test. Hydraulic oils will usually
reach Stage 10.

Hydrolytic stability test (ASTM
D2619). This test is used to evaluate the
hydrolytic stability of hydraulic fluids
in contact with water to measure the
instability of the additives, especially
ZDDP. Additive decomposition can
create insoluble inorganic salts, which
can block filters and tiny orifices in
valves. The test is conducted by plac-
ing 75 grams of sample and 25 grams
of water in a six-ounce beverage bot-
tle, which contains a weighed copper
strip. The bottle is placed in a rotating
device and heated to 98.3 C in an oven
for 48 hours. The following fluid mea-
surements are made:

¢ Acid number of water phase
* Viscosity change of oil phase
e Weight loss of Cu strip.

Acceptable hydraulic fluids should
have an acid number <4.0 mg KOH/
gram of sample and <0.2 mg/cm?® of
weight loss.

Accelerated hydraulic fluid pump test
(ASTM D2882). Most hydraulic pump
manufacturers have their own in-
house tests to qualify hydraulic flu-
ids because of the diversity of pump
speeds and pressures encountered.
ASTM has developed a severe test,
which is applicable to all hydraulic
fluids except 95/5 high water base. A
test pump, where the cartridge ring,
vanes and bushings have been indi-
vidually weighed, is placed in a test
stand. A 10-gallon sample is added
and run at 1000 psi until the temper-
ature reaches 150 E The pressure is
then reset to 1900 psi and run for 100
hours. The pump parts are cleaned
and weighed. A typical weight loss for
the cartridge components should not
exceed 30 mg for an antiwear mineral
hydraulic oil.

WWW.STLE.ORG

OEM SPECIFICATION REQUIREMENTS

Table 4 | General Electric Specification for ISO 32 Turbine 0il

Test Method GEK10194a GEK107395a CC
Viscosity @ 40C 32
Viscosity index 98
Flash point 420 F min. 420°F min.
Pour point 10 F max. 10°F max
Neutralization number 0.20 0.20
Rust prevention test Pass Pass
Copper strip corrosion 1b
Turbine oil stability test 3000 min. 3000 min.
Rotary pressure vessel 500 min.* 1000 min*
oxidation test

Foaming sequence I/11/111 50/0 all sequences 50/0 all sequences
Air release 5.0 max. 5,0 max

*RPVOT no longer a GE new turbine oil specification

Table 5 | Typical EP Gear Oil Specification Tests

Test Method AISE 224 AGMA 9005-E02
Rust prevention test Pass Pass
Copper strip corrosion 1b 1b

Extreme pressure oil oxidation
increase

6.0% max. viscosity

6.0% max.viscosity
increase

Foaming sequence I/II/IIT

75/10 all stages

Demulsibility characteristics of
lubricating oils

80 mL free water
2.0% oil in water max.
1.0% emulsion max.

80 mL free water
2.0% oil in water max.
1.0% emulsion max.

Timken extreme pressure 60

Four ball EP 250 kg

Four ball wear 0.35 mm

Four square gear oil tester 11 12
CONCLUSION

Why are ASTM specification tests used
and who utilizes them? Additive and
finished lubricant manufacturers uti-
lize ASTM tests to aid in the develop-
ment of new products. These labora-
tory tests can be run rapidly and give
a general indication of field perfor-
mance. Once a new product has been
developed, more extensive tests are
run both in the laboratory and the field
to demonstrate actual performance.
The use of ASTM tests is the first step
in evaluating the performance of a lu-
bricant.

OEMs utilize ASTM
tion tests to set minimum standards

specifica-

for a lubricant to be used in their
equipment. This is the initial step in
eliminating inferior products and the
end-user may void his warranty if the
specified products are not used. Lu-
bricants need to be compared on a
level playing field. That is why ASTM
tests are used, and they must be run

TRIBOLOGY & LUBRICATION TECHNOLOGY

under specified conditions to make
meaningful comparisons between dif-
ferent lubricants.

End-users are faced with selecting
the best lubricant from a large num-
ber of suppliers, which can be a dif-
ficult task. The true performance test
is to run a highly controlled field test
but before this happens, different lu-
bricants need to be screened before a
field test is conducted. This is accom-
plished by setting minimum specifica-
tions based on ASTM tests and having
the lubricant suppliers adhere to these
minimum standards.

There are many people who read
product data sheets that have limited
knowledge on how the tests were run
and their significance to field perfor-
mance. However, the more educated
end-users and lubricant sales repre-
sentatives are about these tests, the
better off they will be in selecting
the correct lubricant for a particular
application.
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FEATURE ARTICLE

Jeanna Van Rensselar / Contributing Editor

KEY CONCEPTS

- With modern improvements in manufacturing, testing technology and care, bearing life has
been extended 400 fold since the 1940s.

- The bearing fatigue limit incorporated into ISO Standard 281: 2007 is not universally accepted.

+ Of the three bearing test categories, no one test is ideal.
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THE WORLD'S SMALLEST BEARINGS have
an inner diameter of 0.5 mm, an outer
diameter of 1.5 mm and a width of
0.65 mm (about the size of a pinhead).
They are used in devices that require
extreme precision on a nano scale,
such as miniaturized medical devices
and micro-motors.

At the other extreme, some bear-
ings measure 18 meters on their outer
diameter and weigh more than 15
tons. These are used in giant tunnel-
boring machines.

In between are a multitude of ma-
chines that rely on the accuracy and
durability of their bearings.

A space shuttle is propelled into or-
bit by two solid rocket motors and
three liquid-fed main engines. After
the solid motors fall away, the shuttle
engines continue to run for eight min-
utes. During this time, low- and high-
pressure turbo pumps inject the en-
gines with fuel. A critical component
of the turbo pump is the main shaft,
which supports the drive turbine,
pump inducer and impeller. During
rotation, rolling element bearings hold
the shaft in place. If the bearings were
to fail, the shaft would move out of po-
sition, creating physical contact be-
tween the turbo pump components in
a fuel-rich environment. The result
could be catastrophic.!

Modern technology has improved
(but not perfected) our ability to
predict failure for these critically

iImportant components.

According to STLE-fellow Erwin V.
Zaretsky, PE., Consulting Engineer,
Distinguished Research  Associate,
NASA Glenn Research Center in
Cleveland, Adjunct Professor of Engi-
neering, Case Western Reserve Uni-
versity (one of the top practitioners in
the field), the design and development
of the space shuttle turbo pump bear-
ings evolved over several decades.
They were based on computer analy-
sis, laboratory rig testing and static
ground testing of the shuttle turbo
pumps under simulated flight condi-
tions. The bearing computer analysis
alone could not predict with reason-
able engineering certainty the endur-
ance and failure characteristics of
these bearings.

The most thorough test (applica-
tion simulation) is too time-consum-
ing and costly for most bearing manu-
facturers and OEMs. And some experts
question the validity of computer sim-
ulation and bench tests that analyze
bearings in isolation.

The condition that most often lim-
its bearing function and longevity is
rolling element fatigue and the most
common predictability calculation of
failure is L bearing life. This method
was first proposed in 1924 by Swedish
researcher Arvid Palmgren. The L,
bearing life (the point in hours or

' http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20100023061_2010023664.pdf.

* Per E.V. Zaretsky, more specifically, the L1o life, in millions of inner-race revolutions, is the theoretical life that 90 percent of a bearing population should reach

or exceed without failure at its operating load.

L,, BEARING LIFE CALCULATION

The Ly rating life of a group of identical
roller bearings is the number of
revolutions that 90 percent of bearings
in a group will complete or exceed before
the first evidence of fatigue (the point at
which exactly 10 percent of the bearings
are showing signs of fatigue). Lyg is
calculated in terms of millions of
revolutions or in terms of hours.

bearing inner-ring revolutions at or
before, which 10 percent of the bear-
ings in a group will have failed by roll-
ing element fatigue), is based on
Palmgren’s observation that no bear-
ings in a group run under the same
conditions or fail at the same time.” In
other words, bearing life is probabilis-
tic or distributive, not deterministic.

Rolling element fatigue is a spall
manifesting itself across the width of
the running track and through to the
depth of the maximum shearing stress
beneath the contact surface. A spall
can begin as a crack from a subsurface
inclusion, defect or void below the
contacting surface or from a crack em-
anating from a surface defect or a de-
bris dent that spreads into a network
of cracks.
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For 90 to 95 percent of machine
design applications, the recommenda-
tions in bearing manufacturers’ cata-
logs lead to safe and reliable function-
ing. Remaining applications require
specialized knowledge and analysis.’

Rolling element fatigue occurs in
both bearing races and rolling ele-
ments. It is extremely variable but sta-
tistically predictable depending on
such life factors as:

e Operating conditions
e The method of steel processing

e The method of bearing
manufacture (including the
heat treatment)

e The steel type

e The lubricant.

Fatigue failures that originate be-
low the contacting surface (classic
rolling element fatigue) are an inevi-
table result of age. But most bearings
are removed for other reasons before
this happens.

Failures other than those caused by
age (rolling element fatigue) can be
avoided as long as the bearing is not
overloaded and is correctly designed,
installed, lubricated and not subject to
harsh operating conditions. With im-
provements in manufacturing, today’s
testing technology and care, bearing
life has been extended appreciably.

The term basic bearing life refers to
the L, life without dependent life fac-
tors such as those listed above. Be-
cause the vast majority of undamaged
bearings are removed from service for
reasons other than the end of their cal-
culated Ly life, it is cost-effective to
inspect and place back into service
those undamaged bearings that were
removed before reaching their L life.

Per Zaretsky, probable causes for
rolling element bearing removal and the
approximate percent of failures include:

e Fatigue (surface and subsur-
face) (3 percent)

1ISO 281:2007

IS0 281:2007 specifies methods of calculating the basic dynamic load rating of roller
bearings manufactured from high-quality hardened bearing steel. It also specifies the
methods of calculating the basic rating life (Lyp). In addition, ISO 281:2007 specifies
methods of calculating the modified rating life; where lubrication condition, lubricant

contamination, fatigue load of the bearing and other factors are taken into account.
It does not cover the effects of wear, corrosion and electrical erosion on bearing life.
IS0 281:2007 does not apply to designs where the rolling elements operate directly
on a shaft or housing surface, unless that surface is equivalent in all respects to the
bearing ring (or washer) raceway it replaces.

e (Cage wear (3 percent)
e Wear (6 percent)
¢ Handling damage (7 percent)

e Dimensional discrepancies (17
percent)

e Debris denting/contamination
(20 percent)

e Corrosion pitting (27 percent)

e Other (17 percent).

Other causes include true and false

brinelling, misalignment, bearing
overload, excessive thrust lubrication,
roller-edge stress, electric arc discharge
and cage element or ring fracture.
While these causes can be mitigated,
they can never be completely elimi-
nated. This makes understanding and
determining bearing life even more

important.

BEARING TESTS

There are three basic types of bearing
tests: application simulation, comput-
er simulation and individual bearing
tests in the lab. Each method has its
pros and cons. Design engineers
tasked with bearing acceptance testing
need to determine which test(s) best
satisfies their specific situation.
STLE-member Joe Braza, senior
scientist for Lancer Systems in Allen-
town, Pa., explains, “For plain bear-
ings, there are straightforward service
life equations that can be used to pre-

dict the life of a bearing. These equa-
tions depend on a number of factors
such as load, speed, lubrication, tem-
perature, dimension (i.e., radial clear-
ance) and material, including under-
standing the effect of contamination or
seal design. In developing new plain
bearing materials, these factors are not
yet defined; therefore, bearing testing
needs to occur before any type of bear-
ing life formulas can be used.”

Let’s examine the three bearing-test
categories.

Application Simulation. For some
OEMs, there is no substitute for actual
application simulation testing. During
this type of analysis, bearings are test-
ed in either a prototype or the actual
assembly where they operate. For
complex simulations, the bearing
manufacturer and OEM may need to
develop a formal test plan together. In
some less-critical machinery, one way
around application simulation is for
the bearing manufacturer to supply
bearings in mounted assemblies.

Application simulation tests ensure
that the bearings will perform as speci-
fied in actual application operating
conditions. While this is true, applica-
tion simulation is very expensive in
terms of time and dollars and yields
comparatively paltry statistics.

Actual application testing is more
important in some bearing applica-
tions than others—especially where
there is no room for failure. Examples

3 Per E.V. Zaretsky, many engineers don’t understand that the life they are calculating is not based on the point just before no failures will statistically occur but
on the point at which 10 percent of the bearings are statistically expected to fail. This mistake can result in warranty and product liability claims for the OEM.
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are wind turbines, where post-installa-
tion repairs are extremely costly;
spacecraft, where repairs are either
costly or impossible; and CT scanners
where a noisy bearing makes the ma-
chine effectively unusable. Applica-
tion testing makes sense just about
any place where bearings are key to
the proper functioning of critical
equipment.

Actual bearing performance can
stray from computer simulation pre-
dictions because of unknown load and
mounting effects (incomplete input
data) and variations in tolerances.
While bearing inspections verify phys-
ical characteristics, they don't provide
any information about performance
characteristics like torque and effec-
tive operating tolerances. Application
testing resolves these issues.

“Optimal testing should replicate
the application as closely as possible in
terms of load, speed, temperature, lu-

brication and environment,” Braza
says. “Besides closely simulating the
application, the bearing tester should
be designed with fixture flexibility to
accommodate various test coupons,
force transducers or measuring devic-
es (load cells, thermocouples, speed
sensors and accelerometers) and data
acquisition system to provide informa-
tion about the bearing performance—
particularly in real-time.”

Braza adds, “One word of caution.
The majority of the time researchers
design accelerated tests to speed up
the process of obtaining bearing infor-
mation quickly. The downfall of accel-
erated testing is that the bearing may
fail by a different mechanism and not
be representative of the actual service
condition.”

Computer Simulation. If performed
carefully, computer simulation pro-
vides the answers to real-world func-
tionality. It is a good alternative to
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bearing tests and application simula-
tions where those costs would be pro-
hibitive or the scale would be unwieldy
or the logistics just too complex. An-
other good reason to opt for computer
simulation is security.

But the accuracy of computer sim-
ulations depends on the validity of the
simulation models and the consisten-
cy of the results. The simulation mod-
el should provide the same (or nearly
the same) result for each execution.
The process is much easier if the equa-
tions for simulation are already in
place. Accurate calibration, verifica-
tion and validation of simulation mod-
els are the keys to success. Tribologists
are advised to understand these three
factors.

1. Calibration. The base models pa-
rameters should be specified and cali-
brated so that the model matches the
ultimate application as closely as pos-
sible. Of the three types of errors that
can affect calibration (input error,
model error and parameter error), in-
put error and parameter error can be
remedied by the user. But since model
error is rooted in the methodology, it
requires more to fix. Another consid-
eration is that simulation models can
produce conflicting results if they are
based on different modeling theories.

2. Verification. Once calibrated, the
model must be verified to ensure that
it is operating as expected based on the
statistical  input.
achieved by comparing initial output
data with what is expected from the
input data. Basically it is an analysis of

Verification is

the output to see if it is reasonable. For
example, in bearing simulation, the
type and level of damage can be veri-
fied to ensure that it is reasonably
close to what the researcher would ex-
pect, given the parameters.

3. Validation. Once the model has
been verified, the final step is to vali-
date it by statistically comparing the
outputs to existing historical data.
This establishes the model’s ability to
replicate reality. The process of valida-
tion highlights the importance of care-
ful planning, thoroughness and accu-
racy during calibration and verification.
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Computer simulations can be time-
and money-saving substitutes for bear-
ing tests and lab simulations, but in
order to be relevant they must accu-
rately model the intended use. Unless
these techniques are employed, the ac-
curacy of the model will always be
open to question.

“No matter how good the bearing
computer analysis is, the successful
operation of the system is dependent
on the boundary conditions and as-
sumptions that are inserted into the
computer analysis,” Zaretsky says.
“The difference in performance be-
tween the predicted and the experi-
mental results can mean the difference
between a successful product and a fi-
nancial disaster.”

level (individual bearings) and in the
intended application positions.”

Napoleon Engineering Services
(NES) in St. Olean, N.Y., operates the
largest independent bearing test facili-
ty in the U.S. Its bearing test lab pro-
grams focus on three main aspects of
testing: life (dynamic), environmental
and impact/static testing.

Life (dynamic)Testing. For OEMs,
laboratory bearing life testing is per-
formed as a means of comparing the
performance of multiple suppliers.
The most cost-effective method is via
the standard bearing test (SBT) for
validation of bearing design, material
quality, manufacturing capability and
overall workmanship quality. An SBT
is performed without significant input

‘The downfall of accelerated testing is that the bearing
may fail by a different mechanism and not be representative

of the actual service condition.’

He continues, “In the last four de-
cades, bearing modeling and analysis
based on theoretical analysis has be-
come very sophisticated and reason-
ably accurate in predicting bearing
performance, life and reliability based
on classical rolling element fatigue.
There are 26 variables that can affect
rolling element fatigue.* However,
some of these variables are not neces-
sarily susceptible to accurate analysis.
As a result, testing rather than com-
puter analysis may be a condition
precedent for reliable bearing opera-
tion for some critical applications.”

Bearing Tests in the Lab. STLE-mem-
ber Harvey Nixon, senior technologist,
bearings, for Meritor Heavy Vehicle
Systems in Troy, Mich., says, “Labora-
tory testing plays a rather large role in
determining the design and manufac-
turing capability of the supplier. Such
testing is done at both the component

on application conditions.

Considerations include application
loads, speeds and lubricant condi-
tions, but the test is accelerated to
shorten overall test time—with con-
siderable effort to maintain a failure
mode common to the application. The
tester runs the bearings to the point of
failure, using classical or sudden-death
testing methods. This yields relatively
large quantities of data.

The lab generates a Weibull plot
from the failure times (or failure and
suspension times), and the result is an
empirically derived supplier reliability
metric. The addition of upper and low-
er confidence boundaries establishes
the anticipated variability within a
supplier’s population. When results
between suppliers are compared, they
provide a valuable understanding of
relative performance differences. Lab
testing of a baseline bearing supplier

with known application experience al-
lows an OEM to predict expected bear-
ing life in an application from a new
supplier.

Although SBT is the most common
and cost-effective bearing test, it is
also possible to perform theoretical ap-
plication simulation (TAS) in the lab.
The difference between TAS and SBT is
that TAS test conditions are applica-
tion-driven. Bearing loads and speeds
are representative of how a bearing
will perform within a particular appli-
cation. Duty-cycle testing falls into
this category. As a result, TAS tests of-
ten take longer to reach failure or are
run only to a suspension point. The
testing benefit to the OEM is the
knowledge and confidence that they
have tested the bearing under simu-
lated real-life performance conditions.
However, results are based on a small-
er data subset.

Dynamic lab testing can have the
added benefit of yielding additional
test results without significantly influ-
encing a test budget and lead time. Ex-
amples include:

e Supplier life adjustment factors
e Catalog load rating validation

e Bearing efficiency comparison
— torque and temperature

e Weakest link failure mode
— due to design or quality of
workmanship

e Model correlation

e Material/process validation.

Environmental Testing. When prima-
ry bearing failure is due to external
contamination (rather than pure fa-
tigue failure), the ability of the seal to
withstand contamination intrusion be-
comes paramount. Environmental lab
tests that use mud slurry, water spray
and fine particle dust are the tests of
choice because of their relatively short
runtimes and ability to replicate harsh
operating environments. The end re-

* Articulated the book that Zaretsky co-authored and edited, Life Factors for Rolling Bearings, 2nd Edition, STLE (1997).

Animals and insects associated with spring include the rabbit, frog, deer, fox, bear, bee, butterfly, ladybug and hummingbird. ]




sult is significant time savings over
application-style field testing for com-
paring seal efficiency.’

Impact/Static Load Testing. Due to
the increase in the global supply of
through-hardened bearing materials,
over case-carburized steel in tapered
roller bearings (TRB) and mast guide
bearings, impact and static load lab
testing is on the rise. Such testing pro-
vides information on cone rib flange
resistance to fracture on TRBs and
true-brinelling indentation depth for
mast guide bearings. Simple test fix-
tures can create extreme load and im-
pact conditions without requirements
for full application accessories to cre-
ate the failure condition.

By using test rigs and test parame-
ters with relatively short test times and
lower costs, standard bearing testing
examines operational differences be-
tween suppliers or designs. But it does
not take intended application condi-
tions into consideration.

Nixon explains, “Bench testing of
the individual bearings is used most
often for validation after the bearing
samples have met all the initial scruti-
ny in the multistep evaluation process.
Bench testing can be less expensive
than full-scale application testing, and
more bearing samples can be evaluat-
ed in less time. The more test data, the
better the reliability of the conclusions
about the performance capability of
the bearing products. By necessity, the
loading is higher in order to accelerate
the testing. It is then important to
compare the results to the life perfor-
mance prediction model and compare
it to a known validated supplier per-
formance baseline (the existing pro-
duction supply base, i.e., comparative
testing of two suppliers).

WHEN TO TEST

Bearing tests are necessary when the
proper functioning of a critical or cost-
ly machine depends on the bearing.
While catalog data is sufficient for the

THE WEIBULL PLOT®

The Weibull plot is a graphical technique for determining if a dataset comes from a
population that would work with a 2-parameter Weibull distribution (one of the most
widely used lifetime distributions in reliability engineering). The Weibull Plot has scales
that are designed so that the points will be linear (or nearly linear) as long as the data-

set follows a Weibull distribution.

The least squares fit of this line yields estimates for the shape and scale parameters
of the Weibull distribution. The shape parameter is the reciprocal of the slope of the fitted
line and the scale parameter is the exponent of the intercept of the fitted line.

The Weibull distribution also has the property that the scale parameter falls at the
63.2 percent point regardless of the shape parameter value. The plot shows a horizon-
tal line at this 63.2 percent point and a vertical line where the horizontal line intersects
the least squares fitted line. This vertical line shows the value of scale parameter.

Weibull Plot

Welbull Prabability

Log(Strength)

majority of applications, it only de-
scribes the estimated performance
characteristics of bearings. In reality,
the performance strays from catalogue
stats for reasons that include operating
conditions like load, tolerance and
mounting configuration. It's difficult
to predict exactly how a bearing will
perform until it is assembled and
mounted. Testing determines key per-
formance characteristics and whether
the bearing can even meet application
requirements. Testing makes sense
when:

e The equipment must be reliable

e In-service repair is extremely

> Most environmental testing is performed in an A-B comparison format.
¢ http://www.itl.nist.gov/div898/handbook/eda/section3/weibplot.htm.
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difficult or impossible
e The equipment is expensive

e The equipment is critical to
operations

* Equipment failure could result
in injury or death
* Certification is required; for

example to maintain the
warranty.

“At Lancer Systems, we developed
a ceramic matrix composite material
to replace silicon carbide bearings for
fluid film plain bearings,” Braza says.
“During the development, it was im-
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perative to generate technical data re-
garding the performance of the mate-
rial as fluid film bearing in order to
convince our customers to use this
material in their pumps. The pump
design engineers needed an under-
standing of the material as a bearing,
particularly its pressure velocity limi-
tation, chemical resistance and dry-
run capabilities.”

TESTING VS. IS0 281 Ly

Bearing tests and standards have been
the source of confusion and controver-
sy for decades. Rolling element bearing
fatigue life calculations for most indus-
trial and machine applications are dic-
tated in the U.S. by ANSI/ABMA Stan-
dard 9 for ball bearings and ANSI/
ABMA Standard 11 for roller bearings.

Outside of the U.S., both ball and
roller bearing fatigue life is dictated by
1SO Standard 281: 2007, which incor-
porates a fatigue limit into its L, bear-
ing life calculation. It is hotly disputed
by bearing experts that include Za-
retsky. He and others are certain that
no true fatigue limit for a bearing has
ever been established and that existing
data does not support the establish-
ment of a fatigue limit.

Zaretsky explains, “What can hap-
pen when using the I1SO Standard 281:
2007 is that the life of a rolling ele-
ment bearing can be over-predicted for
a specific application. Since the bear-
ing life that is predicted is greater than
that which may be required, the bear-
ing size is reduced as well as the bear-
ing acquisition cost. This can result in
an undersized bearing for the applica-
tion and early bearing failure. Then
there is the matter of warranty and li-
ability issues when the bearing or
bearings do not perform as predicted
for the application.”

He continues, “Its important to
distinguish between the rolling ele-
ment bearing’s service life and the
bearing’s L), fatigue life. Bearing ser-
vice life can be defined as the time a
bearing is removed from service for
any cause. The bearing’s theoretical
life analysis is based, for the most part,
on the L, fatigue life. It is my opinion

that, with some exceptions, bearing
(Lyp) fatigue life analysis is no longer
theoretical but experimentally estab-
lished with reasonable engineering
and statistical certainty.”

Zaretsky adds that rolling element
bearing (service) life, whether based
on fatigue or other failure mode, is
probabilistic and not deterministic. It
is not a calculation of the absolute val-
ue of a bearing’s operating time but,
rather, the probability that a specific
bearing operating under well-defined

If performed carefully,
computer simulation
provides the answers to
real-world functionality.

conditions will equal or exceed a cal-
culated operating time based upon a
defined failure mode.

“There is a conundrum associated
with bearing fatigue life calculations
and bearing service life,” Zaretsky
says. “If a bearing is properly designed,
installed, lubricated and maintained, it
should theoretically fail by classical
rolling element fatigue. However,
probably less than 5 percent of bear-
ings removed from service are removed
because of rolling element fatigue.
This means that the probable cause for
bearing removal for most applications
is not rolling element fatigue (which is
the basis for the ANSI/ABMA and ISO
standards). The cause for removal and
thus the bearing service life depends
on the bearing application.”
concludes that ISO
281:2007 does not provide a valid rep-

Zaretsky

resentation of actual bearing life in re-
al-world application conditions.
Nixon adds, “ISO and ABMA stan-
dards rely on the assumption that
proper bearing quality steels and ade-
quate internal geometric design have
been incorporated to give the standard
catalog performance-rating placed on
the product. But improper internal ge-

ometry and inadequate steel perfor-
mance can negate the load rating es-
tablished by the rating equations.”

IN THE END

“Any company that purchases and
uses bearings in their equipment
should do adequate testing to validate
the bearing supplier’s products,” Nix-
on says. “It is, however, just as impor-
tant to validate the supplier’s capabili-
ty to produce the product to the same
specifications on an ongoing basis.
Most suppliers can provide acceptable
prototype samples but may not be able
to maintain specifications in series
production. Therefore, scrutiny of the
supplier’s quality systems and their
manufacturing processes along with
supply base is just as important.”

Reliable bearings are essential for
many applications, including space
development. For example, satellites
have a flywheel to maintain them in
the correct position and orientation.
Some satellites, along with their fly-
wheels’ ultra-high-precision bearings,
have been operating seamlessly in
space for more than 15 years.

The accuracy of any bearing-
equipped machinery is determined by
the accuracy of its bearings’ revolu-
tion. For example, the deflection from
the central axis of a computer’s hard
disk drive (which uses ultra-high pre-
cision bearings) is less than 100 nano-
meters (100 billionths of a meter).

This points not only to the neces-
sity for performing tests but choosing
the correct test and carefully analyzing
the data. While bearing tests have im-
proved markedly during the past 60
years, the challenge to improve bear-
ing life through testing remains.

Jeanna Van Rensselar heads her own
communications firm, Smart PR Communications,
in Naperville, Ill. You can reach her at
jeanna@smartprcommunications.com.

46 Despite the term vernal equinox, the day when there are 12 equal hours of daylight and darkness usually happens before the first day of spring.
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Editor's Note: The introduction

of the bearing greatly reduced

the amount of energy lost due to
friction in rotating components.
Over time, better design and

better lubricants have continued

to improve efficiency; however
friction-induced heat remains a
limiting factor in high-speed appli-
cations. This month's Editor’s Choice
paper highlights the importance in
factoring the influence of the cage
friction when estimating the overall
bearing friction. Deriving a better
calculation model will aid design
improvement, resulting in a further
reduction in friction to allow for use
in a wider range of applications.

Evan Zabawski, CLS
Editor

48 - APRIL 2014

52074 Aachen, Germany

KEYWORDS
Cage Friction; Spindle Bearings; High Speed Bearings; Friction Calculation; Cage
Optimization

ABSTRACT

Friction-induced heat is one of the main reasons for the upper speed limit of high-speed
angular contact ball bearings (spindle bearings). One source of friction inside the
bearing is the cage. In this article, it is shown through experimental results that the
frictional losses due to the cage are of significant magnitude. Based on measurements,
a new, simple calculation model is proposed to estimate the cage induced frictional
losses in spindle bearings under high rotational speed with minimal lubrication. The
cage is assumed to rotate eccentrically around the bearing’ axis and to be in contact
with the outer ring at just one position. One single ball at the same position is assumed
to drive the cage. Thereby, the friction between the cage and the outer ring is trans-
formed in a breaking torque for the inner ring and the shaft. Both the cage outer ring
contact and the ball cage contact are handled according to Coulomb’ law of friction.
Despite its simplicity, this model shows a close correlation with experimental results.
Consideration of the centrifugal and thermal expansion provides insight into the rela-
tion between cage clearance and cage friction and hence allows for the development
of new cage designs. Finally, the design and experimental results of optimized cages
made of polyether ether ketone (PEEK) are presented.

INTRODUCTION

Angular contact ball bearings (spindle bearings) that are used in machine tool
main spindles play a key role in determining the spindle performance. In high-
speed applications, friction-induced heating of the bearings is one of the main fac-
tors limiting the operational speeds. According to Townsend, et al. (1) and Harris
and Kotzalas (2) there are five major sources of friction in high-speed angular
contact ball bearings: Spinning torque between the balls and the raceway is the
result of the tilted rolling axis of the balls. Due to the curvature of the raceways,
the contact area is divided into three segments: One of them is characterized by
backward sliding and two by forward sliding, resulting in rolling friction. Houpert
(3), (4) points out that these hydrodynamic rolling losses may not be neglected
in ball bearings because they are a contribution to friction that does not occur
in bearings featuring line contact between the rollers and the raceway. Houpert
(3) described how the size and location of the three different zones can be calcu-
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NOMENCLATURE e = Relative cage eccentricity
AP = Change in absolute temperature

ax = Axial " = Coulomb friction coefficient

c = Correction factor for centrifugal expansion of weakened ring v = Poisson’s rate

D = Ball diameter 0 = Density

d = Diameter 1) = Angular velocity

d,, = Bearing pitch diameter

E = Young modulus

F — Force Subscripts and Superscripts

F,. = Axial bearing load B = Ball

F. = Centrifugal force C = Cage

F; = Friction force between two bodies CP = Cage pocket

F, = Normal force between two bodies guide = Guiding land

l = Length IR = Inner ring

m = Mass i = Inner

n = Rotational speed OR = Outer ring

T = Overall torque o = Outer

Tz = Ball-induced friction torque therm = Thermal

Tc = Cage-induced friction torque .." = Value under operating condition

VA = Number of balls 0 = Nominal value

o = Thermal expansion coefficient 1,2 = Counting index

lated. Additionally, Biboulet and Houpert (5), (6) show that
the hydrodynamic rolling friction depends on the lubrication
regime in the lubrication gap and that the transition between
these regimes and the shape, size, and possible truncation
of the contact zones are major difficulties in calculating this
friction. In particular, for nearly round point contacts found
in lightly loaded ball bearings, Poiseuille currents in the lu-
bricant gap vertical to the rolling direction account for a not
negligible part of the overall hydrodynamic rolling losses
(Biboulet and Houpert (6)). The elastic deformation of the
balls and the raceways causes hysteresis losses, which are
usually very small compared to other losses (Houpert (3)).
Squeeze out of lubricant from the raceways by the rolling
balls causes churning friction. Last, the interaction of the
cage with the rolling elements, the outer ring, and the lubri-
cant contributes to the overall bearing friction. For bearings
operating under high speeds, churning losses due to the fric-
tion between rotating bearing elements and the lubricant air
flow in the bearing might be substantial.

Brecher, et al. (7) introduced a new method for calculat-
ing the overall frictional losses in high-speed spindle bear-
ings due to relative motions in the contact ellipses (i.e., spin-
ning and rolling friction). By assuming that the balls have
6 degrees of freedom, the equilibrium of torques and forces
acting on the balls can be calculated. The zones of the Hertz-
ian contacts between the balls and the raceways are divided
into a discrete number of rectangles. With the contact forces
provided by the force and torque equilibriums and the cal-
culation of local friction coefficients, the overall frictional
forces on every ball can be obtained. Two major challenges
using this model are the determination of the exact kine-
matic conditions of the balls under high rotational speeds
and the local coefficients of friction.

Another difficulty associated with the evaluation of fric-
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tional losses in spindle bearings is the calculation of the cage
friction. The cage is designed to maintain a certain radial
clearance between its guiding land and the outer ring to pre-
vent jamming under thermal and centrifugal expansion. This
causes an eccentric run-out of the cage regarding the bear-
ing’s axis.

In general, there are several theories about cage friction in
bearings. One approach, mostly used for standard oil-lubri-
cated bearings, is to assume that the radial space between the
cage and the outer ring is completely filled with oil. Thus,
the cage outer ring friction can be calculated using hydro-
dynamic short bearing theory (Harris and Kotzalas (2)). For
high-speed spindle bearings running under minimum quan-
tity lubrication, cage friction is often considered to be negli-
gible (Steinert (8)).

In more sophisticated approaches, Houpert (9), for exam-
ple, uses advanced computational methods to calculate the
forces between the cage and the rollers under consideration
of the tribological conditions to determine the cage behav-
ior. Brown and Foster (10), (11) use the ADORE (Advanced
Dynamics of Rolling Elements) package to simulate all forces
inside a bearing in order to investigate the effects of different
cage materials on the cage and bearing behavior.

In the field of cage design, Pederson, et al. (12) use a cage
model consisting of lumped masses connected by springs
and dampers to simulate the effects of ball-to-cage pocket
clearance and cage stiffness on the operational behavior of
ball guided steel cages. By various experiments, Sathyan, et
al. (13) showed that the size and shape of the cage pocket
geometry as well as the design of the cage guiding land can
have a significant influence on the cage frictional moment
and the stable operation of the cage.

As shown in this article, neglecting the cage friction would
lead to underestimations of the overall frictional losses un-
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Figure 1 | Hydrostatic bearing test rig with sensor equipment.

der high rotational speeds. In contrast, it is obvious that the
assumption of a fully flooded cage outer ring contact zone
is not valid for spindle bearings running under minimum
quantity lubrication (i.e., oil and air/grease lubrication). For
basic estimations of cage friction, multibody simulations and
other highly advanced simulation techniques are unsuitable
due to their high modeling and calculation efforts.

One major goal in the development of spindle bearings
is the realization of higher rotational speeds. Because the
friction-induced heating will increase considerably with the
rotational speed, efforts are necessary to reduce frictional
losses. The first step toward the reduction of the overall fric-
tion of a bearing is the identification and quantification of
the different sources of friction. As described above, the ex-
isting methods to determine cage-induced friction in spindle
bearings do not yield satisfying results with reasonable ef-
forts. It is therefore the aim of this article to measure cage
friction in spindle bearings under high rotational speeds and
introduce a simple calculation model. The proposed model
considers the frictional forces between the cage and the outer
ring due to the centrifugal forces arising from the eccentric
rotation of the cage. In this model, the balls are incorporated
as a source of friction in the cage pockets. Additionally, they
transform the cage outer ring friction force into a breaking
torque for the inner ring and thereby into a part of the over-
all frictional torque of the bearing. Experiments with several
standard cages and new cages with a polygonal outer surface
are presented.

MATERIAL AND METHODS

To evaluate the influence of cage friction on total bearing
friction, two hybrid spindle bearings with six different cages
were investigated on a high-speed spindle bearing test rig.
The spindle bearing test rig shown in Figure 1 features a
synchronous servo motor driving the main spindle. The main

spindle is supported by a smaller support bearing and a test
bearing in a back-to-back arrangement. The support bearing
acts as the floating bearing. Via its outer ring, an adjustable,
precisely controlled axial preload is induced into the system.
Due to the separate housings for the support bearing and the
test bearing, the thermal interference between the two bear-
ings is minimized. The test bearing’s outer ring is mounted
in the bushing of an axial and radial hydrostatic bearing.
This ensures an almost frictionless and yet stiff and accurate
support of the bearing. A strain-gauge beam is used as the
only torque support for the bushing. Thereby, the frictional
torque of the test bearing can be determined. In addition to
the torque measurements, the test rig features measurements
of the inner and outer ring temperature of the test bearing
as well as its axial displacement of the inner ring relative to
the outer ring. Additionally, sensors for the determination
of the cage speed and the measurement of vibrations can be
applied.

TABLE 1—TEST BEARINGS

SB1 SB2
Contact angle? (%) 21 23
Osculation IR (%) 9 9.3
Osculation OR (%) 6 4.7
Ball diameter (mm) 9.525 12.7
Number of balls 24 18

“Values in mounted condition.

As shown in Table 1, the test bearings (SB1, SB2) are two
different hybrid bearings with ball diameters of 9.525 and
12.7 mm, respectively, and nominal contact angles of 21 and
23° in a mounted condition. The cages summarized in Table
2 are made from polyether ether ketone (PEEK) and fiber-re-
inforced phenol formaldehyde resin (PH resin), respectively.
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TABLE 2—MATERIAL AND DIMENSIONS OF THE TEST CAGES

1Std1 2Std1 2Std2 2Std3 2Mod1 2Mod2 2Mod3
Designed for bearing SB1 SB2 SB2 SB2 SB2 SB2 SB2
Material PEEK PEEK PEEK PH resin PEEK PEEK PEEK
Radial bord clearance (20°C) (mm) 0.5 0.6 0.275 0.6 0.55 0.35 0.25
Bord form Cylindrical Cylindrical Cylindrical Cylindrical Polygon Polygon Polygon
Pocket clearance (mm) 0.475 0.35 0.35 0.5 0.35 0.35 0.35
Pocket form Spherical Spherical Spherical Cylindrical Spherical Spherical Spherical

The cage pockets are either of cylindrical or spherical shape.
Cages with different outer diameters were used to investigate
the influence of the radial clearance between the cage and
the outer ring on cage friction.

To prevent jamming of the cage due to its thermal and
centrifugal expansion at high rotational speeds and to allow
for the design of small radial clearances at the same time, the
cage expansion has to be reduced. For this purpose, a newly
designed cage concept as shown in Figure 2 and described in

centrifugal
force

11 |
_ns
1
\

carbon fiber
reinforcement

withdrawal of
guiding profile

theoretical supplementary
guiding circle mass

Figure 2 | Concept of cage with expansion compensation.

Rossaint (14) was invented. For most of the circumference,
the outer surface is withdrawn from its original diameter. In
three equally distributed areas, the outer diameter remains
unaltered. These guiding sectors are the areas were the cage
can come into contact with the outer ring guiding land. At
higher rotational speeds, additional weights located centered
between the guiding sectors will be drawn further to the
outside than the pure PEEK areas due to centrifugal forces.
The carbon fibers in the circumferential groove cause a ten-
sion and tangential movement between two guiding sectors.
This movement draws the guiding sectors inwards. Thus, at
high rotational speeds the outer surface of the cage deforms

toward the shape of a circle. Furthermore, the carbon fiber
reinforcement reduces the overall centrifugal and thermal
expansion of the PEEK cage. Due to the smaller or even pre-
vented radial expansion of the cage’s guiding sectors, smaller
radial clearances than in standard cages can be realized with-
out facing the danger of jamming. As it will be shown in the
following, this is supposed to have positive effects on the
cage-induced friction. Three different prototypes (2Modl,
2Mod2, 2Mod3) were manufactured from PEEK with spheri-
cal cage pockets as described in Table 2.

To determine the load- and speed-dependent bearing
friction, torque runs were performed on SB1. While the ro-
tational speed remains constant, the axial load is increased
from 350 to 2,750 N. This procedure is automatically per-
formed for different rotational speeds, which yields the op-
erational behavior of the bearing over the total load-speed
range. To evaluate the influence of the cage design on result-
ing bearing friction and hence inner and outer ring tempera-
tures in continuous operation, step runs were executed with
SB2, equipped with six different cages, under identical con-
ditions. During these runs the rotational speed of the bearing
is increased stepwise every 30 min up to 30,000 rpm while
the axial preload remains constant at 1,250 N. All tests were
carried out using oil and air lubrication with 120 ul/h of a
synthetic ISOVG 68 oil.

In order to determine the cage friction from measure-
ments of the total torque, the following assumptions are
made: The total bearing friction T is assumed to consist of
a cage-induced T¢ and a ball-induced Tg part. The cage fric-
tion is assumed to be independent of the number of balls Z
and the axial bearing load F,,. The ball-induced friction is
the sum of the friction values of the single balls. For pure
axial load and therefore equal load distribution among the
balls, every ball contributes the same share of friction, which
mainly depends on the load per ball and the rotational speed
n. With these assumptions, Eq. [1] can be established:

T(Faeo) = Te(n) + Z - Ty (%“ n) . 1]

From two measurements with a different number of balls
and the same load per ball, a set of values for Z and T ac-
cording to Eq. [1] can be used to determine T and Tg. This
means that the operating conditions for a single ball remain
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Figure 3 | Experimental cage friction identification.

the same in both measurements and hence the ball-induced
torque per ball. As long as the cage’s and the ball’s contri-
butions to total torque are independent of each other, it is
not necessary to know the exact influences on ball and cage
torque because these influences are the same in both mea-
surements. The measured cage torque is a result of a rela-
tive comparison between two measurements under the same
conditions for the cage and each single ball.

This procedure is illustrated in Figure 3 for two torque
runs, one with the full number of balls (curve 1) and one
with half of the balls and half the preload to keep the load per
ball constant (curve 2). Subtracting curve 1 from two times
curve 2 (curve 3) yields the cage friction (curve 4).

Figure 4 shows the overall frictional torque of the test
bearing SB1 with the full number of balls (24) as an exam-
ple. The same measurements have been done for this bearing
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Figure 4 | Total bearing friction at various loads and speeds.

with half the number of balls (12) and half the axial preload
range. By comparing the measurement curves, the cage fric-
tion can be determined for the different speeds and also for
different loads per ball. According to the assumptions made,
the latter should not have any influence on cage torque.

THEORY AND CALCULATIONS

In general, cages for spindle bearings are designed as outer
ring land guided cages. To allow for an analytical solution,
the following theory applies to cages with outer ring guid-
ance only. However, under certain operating conditions, par-
tial ball guidance regimes may occur that can only be de-
scribed using multi-body simulation tools.

As displayed in Figure 5, the cage is thought to contact
the outer ring at one single spot. To simplify the analytical
calculation, it is assumed that just one ball is in contact with
the cage and thereby transfers forces between the cage and
the inner and outer ring. This ball is imaginarily located at
the angular position were the cage contacts the outer ring.
The cage rotates about the bearing axis with its center being
eccentrically dislocated from the bearing axis. The maximum
eccentricity can be obtained from the difference between the
cage outer diameter and the outer ring guiding land inner

Figure 5 | Geometrical relations and forces between ball, cage, and
outer ring.

diameter. By the introduction of the eccentricity parameter
g, ranging from 0 to 1, a possible oil film between the cage
and the outer ring is considered as a factor reducing the ef-
fective eccentricity. Due to the cage’s mass, eccentricity, and
rotational speed it is pressed against the outer ring guiding
land with the centrifugal force F¢ (Eq. [2]). According to
Coulomb’s law of friction, the resulting friction force F{OR
can be calculated with the friction coefficient p¢-°® (Eq. [3]).
This force is equal by magnitude to the normal force FE-F
in the contact between the cage pocket and the ball driving
the cage.



OR' C'
FC _ dguide - dguide "B w(j)z ) mc [2]
¢ 2
FfC_OR — FanOR ) MC*OR. [3]

Considering the contribution of the friction force in the cage
pocket FF¢* and its self-reinforcing effect, the contact force
between the cage and the outer ring can be calculated from
Eq. [4]:

FnC—OR — FCC+Ff37CP — FL.C+F,?_CP . /‘LB_CP- [4]

In steady-state operating conditions the cage speed remains
the same. Thus, the sum of torques acting on the cage has to
be zero. From this formulation in Eq. [5] the normal force
between the ball and cage pocket FE-¢" can be obtained from
Eq. [6] using Egs. [2]-[4].

dg d D
DTS =0 FfOR. Bk _ppecr. S g 2 5]
C-OR | JOR'
FB-CP _ [C. w e . 6]
n ¢ d, — puC-OR. B-CP _dg{fde — uB=CP.D

Figure 6 shows the forces and torques acting on the ball as
well as the bearing inner geometry. The cage-induced normal
force F-C* | acting on the ball, has to be counterbalanced by
the frictional forces between the ball and the inner and outer
raceway (Eq. [7]).

Additionally, the sum of torques acting on the ball driving
the cage in the direction of the bearings axis has to be zero,
which is expressed through Eq. [7]. The same is valid for the
sum of forces in the rolling direction (Eq. [8]).

> FP=0=-FF R+ FE-P - FF IR (7]

D

D Ta=0=—F " b+ F® b= F = [8]

Under common operating conditions, the distances I1 and 12
are about the same size. Assuming that [} = |, = g , the fric-
tion force acting on the inner ring due to cage friction can
be obtained from Egs. [7] and [8], resulting in Eq. [9]. This
friction force causes the total bearing friction rise as defined
by Eq. [10].

. . (1 +MB—CI’)
FRR = FFr e [9]
u d D
TR, = FB R <7m + 5) . [10]

The same results would be obtained by calculating the outer
ring torque.

Changes in the cage and outer ring diameter caused by
thermal and/or centrifugal effects have a nonnegligible effect
on the cage eccentricity and are taken into account by Egs.
[11] and [12].

ggl;ide = dgcuide + 'Adtierm + Adcc [11]

According to Beitz and Kuttner (15), the expansion of a ring
due to centrifugal forces can be calculated using Eq. [13].
The correction factor ¢ takes into account the weakening of
the cage due to the pockets. Finite element simulations re-
turned a radial expansion of the cage that is approximately
50% larger than that of a narrower ring, representing the
width of the unweakened circumferential areas of the cage.
Equation [14] yields the thermal expansion for both the cage
and the outer ring.

Adc:p.c.w{dao 34v (dio 2+1—u_ doo\
E 2 \ 4 2 4 2

with c~ 1.5 [13]

Adiperm = do - AD - . [14]

Figure 6 | Forces acting on the ball driving the cage.
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The considerations concerning cage friction show that a re-
duced clearance between the cage and the outer ring will
result in a lower possible eccentricity of the cage and thereby
reduce the normal contact forces in the cage ring contact and
thus the frictional forces. However, the thermal and centrifu-
gal expansion makes cages with small radial clearances more
prone to bearing failure due to the cage contacting the outer
ring at the whole circumference and thereby being blocked
and destroyed. This led to the development of the above-
described cage with expansion compensation.

EXPERIMENTAL RESULTS

Using the method described above, the effective cage friction
of SB1 with the PEEK cage and spherical cage pockets was
determined according to Eq. [1] by carrying out two torque
runs with the full and half number of balls, respectively. The
results of these measurements, shown in Figure 7, confirm
the assumption that the cage friction is mostly independent
of the applied load per ball. Some decrease in cage friction
with an increasing load per ball (i.e., an increasing axial pre-
load) may be explained by the more stable running behavior
of the cage at higher preloads.

By averaging the effective cage friction torque over the
whole range of the specific ball preload for each speed step,
the cage friction torque can be displayed as a function of ro-
tational speed only, as shown in Figure 8.

Additionally, the overall friction torque of the standard
bearing SB1 over the rotational speed is plotted for low and
high preloads. As generally expected, the friction torque in-
creases with the bearing load and the rotational speed. These
measurements confirm that the influence of the cage on the
overall bearing friction is not negligible, especially at higher
rotational speeds and low loads.

For the same bearing, Figure 9 shows a comparison be-
tween the measured friction torque and the calculated fric-
tion torque with regard to the rotational speed. The bearing
temperature is assumed to increase linearly with the rota-
tional speed. For a considered friction coefficient of u = 0.25,
which is a similar magnitude as measured by Boesinger and
Warner (16), the calculation yields good correlation with the
measurements, especially at medium and high speeds. It has
to be mentioned that due to the experimental setup and the
calculations conducted above, possible churning losses due
to the interaction between rotating elements and the oil and
air lubricant flow cannot be considered separately. If they oc-
cur, they will be part of the measured cage friction. In addi-
tion to the roughness of the outer ring board, which is higher
than that of the raceway, this might be a possible explanation
for the friction coefficient, which is considerably large. The
calculated results show that at low to medium speeds the
effect of the quadratic increase in the centrifugal forces with
rotational speed dominates the development of cage friction.
For high rotational speeds, the expansion of the cage and
therefore the reduction of eccentricity become more signifi-
cant, which leads to a decreasing slope of the cage friction
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Figure 7 | Measured effective cage friction.
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Figure 8 | Measured effective cage and total bearing friction.

over rotational speed. In reality there are several other effects
that influence the slope of the cage friction curve, which are
not covered in this simple cage friction model. Therefore, the
results have to be interpreted carefully.

Figure 10 shows the inner and outer ring temperatures
measured during step runs using the same bearing (SB2)
with different cages. The ring temperatures are a valid rep-
resentation for the friction torque because the friction losses
are converted into heat. Thus, higher temperatures directly
correlate with higher friction torque, which is solely caused
by the differences in the cages.

Cages 2Std1 and 2Std2 are both made from PEEK but fea-
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Figure 10 | Inner and outer ring temperatures for different board clearances and cage materials.
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Figure 11 | Inner and outer ring temperatures for cages with modified geometries.

ture different board clearances of 0.6 mm (2Std1) and 0.275
mm (2Std2). It can be seen that the cage with the smaller
board clearance shows lower temperatures (i.e., lower fric-
tional torque). In addition to those advantages, the tests with
the clearance-reduced cage had to be terminated at a speed of
24,000 rpm because at higher rotational speeds the thermal
and centrifugal expansion would completely compensate for
the cage clearance and hence cause jamming and destruction
of the cage.

Cages 2Std1l and 2Std3 differ in cage material and cage
pocket design. Both cages feature enough board clearance
to allow for the high radial expansion at maximum speed.
However, the PH resin cage shows considerably higher ring
temperatures. One possible reason for this behavior is the
higher Young’s modulus of the PH resin and its lower ther-
mal expansion coefficient compared to PEEK. This results
in a lower radial expansion at high rotational speeds. Hence,
the eccentricity and the centrifugal forces of the PH resin

are higher, resulting in higher cage friction. For a detailed
analysis, additional effects like different tribological proper-
ties, damping behaviors, and densities of the cages have to be
taken into account.

Analogous to Figure 10, Figure 11 shows the bearing ring
temperatures for modified PEEK cages in the same bearing
(SB2). The cages feature the expansion compensation shown
in Figure 2 in combination with different nominal board
clearances ranging from 0.55 mm (2Mod1) to over 0.35 mm
(2Mod2) to 0.25 mm (2Mod3). As with the cylindrical cages,
for the polygonal cages there is a clear correlation between
board clearance and ring temperature (i.e., cage friction).
Because a regular cage with a board clearance of 0.25 mm
is expected to jam at about 22,000 to 24,000 rpm, the fact
that even the cage with the smallest clearance reaches the
maximum speed is clear proof of the positive effects of the
expansion reduction measures. However, it should be men-
tioned that, regarding temperatures and friction, none of
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the modified cages reaches the friction performance of the
standard cage at high speeds. For low rotational speeds, the
expansion-compensated cage with reduced radial clearance ex-
hibited a more stable running behavior than the standard cage.

DISCUSSION

On the one hand, the experiments described above show
that, especially at low to medium loads and high rotational
speeds, cage friction is not negligible regarding the overall
bearing friction. On the other hand, the description of the
dynamic transient behavior of the cage is a complex prob-
lem. Within the bearing, the cage can interact with the outer
ring at constantly changing positions. In addition, the posi-
tions and number of balls the cage is in contact with vary.
Although lubricant quantity is very low in spindle bearings,
the cage lubricant interaction can play a significant role. To
consider all effects, a detailed model would have to incorpo-
rate elaborate multibody simulations of the whole bearing.
Nevertheless, the simple analytical calculations proposed
here seem to yield satisfying estimations of the order of mag-
nitude and the development of the cage friction in spindle
bearings. In addition to the general goodness of fit, it is espe-
cially helpful with the estimation of the effects of differences
in board clearance. Because the model takes the thermal and
centrifugal expansion into account, it points at the vital role
that board clearance plays in spindle bearings. With smaller
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board clearances, the possible eccentricity of the cage and
thereby the friction forces due to centrifugal forces are re-
duced. Due to the expansion effects, such cages are more
prone to a complete loss of board clearance, which leads to a
sudden bearing failure.

Standard cages are designed to feature an optimal board
clearance at high rotational speeds but yield a relatively large
board clearance at low rotational speeds. Thus, the cages
with a polygonal outer surface and expansion compensa-
tion do not show any advantages regarding friction at high
speeds. Nevertheless, such cages may be beneficial in other
cases: Expansion-compensated cages are fail-safe regarding
possible use in speed regimes beyond those the bearing was
originally designed for. The withdrawn areas of the guiding
profile may be beneficial for the flow of lubricant into the
bearing. Furthermore, these cages feature a low board clear-
ance along the whole speed range, which has proved to be
beneficial for stable running behavior at lower speeds. How-
ever, it should be mentioned that cage behavior is a highly
dynamic phenomena and multibody simulations will be nec-
essary to further investigate the possible advantages of opti-
mized cages.

CONCLUSION

The experiments show that neglecting the cage friction in
high-speed angular contact ball bearings results in a consid-
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erable underestimation of the overall bearing friction.

A calculation model for cage friction considering all as-
pects of the transient cage behavior would require the in-
corporation of multibody simulations. By making several as-
sumptions, in the simplified analytical approach presented
here, the complexity of the system is reduced considerably.
The experiments show a decent correlation between the de-
veloped formula and measurement results. By taking into ac-
count the thermal and centrifugal expansion of the cage and/
or the outer ring, the calculation allows for an estimation of
the effects of radial clearance on the cage friction.

Investigations of a cage with integrated expansion com-
pensation prove the general functionality of the concept.
This allows for the design of cages with low radial board
clearances along the whole range of operational speeds.
However, the first prototype cages did not show advantages
regarding cage friction at high rotational speeds.
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TOP STORIES

NANO MECH BUILDS
NEW GLOBAL CAMPUS

Springdale, Ark.-based, NanoMech an-
nounces the company will build an
adjoining state-of-the-art facility to
the company’s existing factory, located
east of its headquarters.

The new factory will incorporate
cutting-edge assembly lines, laborato-
ries and the latest in security, environ-
mental and safety systems for handling
advanced manufacturing, military and
strategic projects.

“The new factory and expanded
headquarters will provide for approxi-
mately 25-50 new jobs for world-class
scientists and support staff. The space
will also allow us to meet current de-
mand for our products while advanc-
ing ongoing research and development
efforts,” says Jim Phillips, CEO of
NanoMech.

The new factory and headquarters
is expected to be fully operational by
the summer of 2014.

BASF ANNOUNCES PLANT
EXPANSION IN CHINA

BASF announces the company will
build a new production plant to man-
ufacture specialty amines at its exist-
ing wholly-owned site in the Nanjing
Chemical Industry Park in China.

The plant will have dimethylamino-
propylamine (DMAPA) and polyethera-
mines (PEA) as the main products,
complementing existing DMAPA and
PEA facilities in Germany and the U.S.

“BASF is a leading supplier of
DMAPA and PEA globally, and this
investment reflects our continued
commitment to meeting the growing
market demand in Asia Pacific,” says
Sanjeev Gandhi, president of BASF’s
intermediates division. “Our ability
to produce these products within the
region will strengthen our supply reli-
ability and better serve our customers
with shorter lead times.”

DMAPA is used in various applica-
tions including dye-stuff intermediates,
lubricant additives, electroplating, cou-
pling agents for rubber and others.

PEA is an intermediate chemical
for epoxy curing agents used in the
production of plastics, polyurea coat-
ings, adhesives, reaction injection
molding and wind blade composites.

EXXONMOBIL STARTS NATURAL GAS
PRODUCTION IN MAYALYSIA

ExxonMobil Corp. announces the com-
pany will start natural gas production
at the Damar field off the east coast of
Peninsular Malaysia.

According to ExxonMobil, the
Damar field has a projected capacity of
200 million cubic feet of gas per day.
ExxonMobil and joint-venture part-
ner Petronas Carigali Sdn. Bhd. have
planned a total of 16 development
wells for the platform.

“Damar will help meet increasing
natural gas demand in Malaysia,” says
Neil W. Duffin, president of ExxonMo-
bil Development Co. “It also represents
one of several projects that will add to
ExxonMobil’s global production in the
coming years as we remain focused on
delivering profitable volumes over the
long term.”

Damar was developed under a gas
production sharing contract between
ExxonMobil, Petronas Carigali and
Petronas. ExxonMobil is the operator
of the Damar field and Petronas Cari-
gali holds a 50 percent interest.

PIONEER SOLUTIONS AMERICAS
INKS ARCHWAY SALES AS
DISTRIBUTOR

El Monte, Calif.-based, Pioneer Solu-
tions Americas has selected St. Louis-
based Archway Sales, Inc. to represent
the company’s solid acrylic resin line.
Archway will represent Pioneer Solu-
tions in all states east of the Rocky
Mountains. Representation in the
states of Indiana, Michigan and Ohio
will be shared with current distributor
Aal Chem LLC.

“The quality of Pioneer Solutions
Americas products and the opportu-
nity to partner with a company geared
for growth supports Archway’s goal of
bringing the best possible products
to our customers,” says David Baum-
stark, president of Archway Sales.
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Q m | have heard the specific heats
m of mineral oils and PAOs are

different. Is this important?

w In short, yes. Each base oil has its own

m specific heat and since additives do
not greatly affect this property, the specific heat
of your formulation is derived predominantly
from the base oil. The higher the specific heat,
the more heat a given quantity of lubricant can
absorb. PAOs have inherently higher specific
heats, which allow PAO-based lubes and the
parts that they lubricate to run cooler.

The chart below illustrates the relative effect

base oils have on the operating temperature
in a modified four-ball instrument. In large
part due to higher specific heat, the PAO runs
cooler — some 10 °C cooler than a Group III
base stock. This lower operating temperature
can work synergistically with the already
superior oxidative stability of PAO-based lubes
to increase the service life of the lubricant and
decrease the generation of corrosive agents that
can damage your lubricated system.
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Pioneer Solutions products are
marketed under the PChem brand.

We are excited to partner with Arch-
way Sales. Their geographic reach and
technical sales capabilities make a good
fit for our expansion efforts,” says D.B.
Jiang, president of Pioneer Chemicals.

PROMOTIONS & TRANSITIONS

SPECTRO INC. ADDS TWO VPs
TO SENIOR MANAGEMENT TEAM

Chelmsford, Mass.-based, Spectro Inc.
has named Mark Spillane and Bob Wop-
perer as vice of president of operations
and vice president of business devel-
opment, respectively.

Spillane most recently served as
director of manufacturing at Ambient
Corp., where he was responsible for
global activities that included materi-

als management, purchasing, supply
chain, testing, quality and NPI pro-
gram support. Prior to Ambient, he
was the senior director of operations
at Ahura Scientific, before and after its

acquisition by Thermo Fisher Scien-
tific. At Ahura, he was responsible for
all operational activities while manag-
ing a team of 90 employees. Spillane

Mark Spillane

Bob Wopperer

assumes all purchasing, supply chain
management and manufacturing re-
sponsibilities for Spectro.

Wopperer previously worked for
Thermo Fisher Scientific’s portable
analytical instrument division, where
he was senior director of marketing
and business development and part of
a senior leadership team that grew the
businesss revenues greater than 300
percent over a five-year period. Prior

to joining Thermo Fisher, he handled
a variety of marketing, sales and busi-
ness development roles with Oxford In-
struments. Wopperer oversees Spectro’s
marketing, product management and
applications functions, where he is re-
sponsible for identifying and executing
a wide set of initiatives in current and
new vertical market applications.

SEA-LAND CHEMICAL APPOINTS
BOARD CHAIRMAN

Westlake, Ohio-
based  Sea-Land
Chemical Co.
has named Don
Smith as chair-
man of the com-
panys board of
directors. Smith
succeeds Jim
Hanesworth, who
retired after more than 30 years but re-
mains on the board as a director.
“Everyone associated with Sea-
Land Chemical is appreciative of Jim’s

Don Smith
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efforts throughout his chairmanship,”
says Joseph Clayton, president of Sea-
Land Chemical. “He has been instru-
mental in putting essential corporate
governances in place, as well as lead-
ing the executive and compensation
committees.”

Clayton adds, “Don brings many
years of experience and a very inquisi-
tive nature to the role. His probing
questions will assist management as
they make decisions and will be a ben-
efit as he leads the board.”

SHARE YOUR STLE 2014
PRESENTATIONS WITH SUBMISSION
OF AN EXTENDED ABSTRACT!

With over 400 technical-paper presen-
tations to choose from at STLEs 2014
Annual Meeting & Exhibition, May 18-
22 at Disney’s Contemporary Resort in
Lake Buena Vista, Florida, a major con-
cern for attendees is scheduling con-
flicts, as they might miss presentations
that they would like to hear or cannot
share the contents with their colleagues
that are unable to attend the meeting.

In an effort to provide attendees
with the opportunity of not missing a
presentation, we encourage speakers
to submit a 2-3 page Extended Abstract,
which may also include handout ma-
terials of your presentation. Both ab-
stracts and handouts must be convert-
ed as PDFs before submission.

We suggest that speakers submit their
abstracts and handouts before Wednes-
day, April 30 that way we can make pre-
sentations available to attendees prior to
the meeting. We realize speakers might
still be working on their presentations
before they arrive, so abstracts and
handouts may also be submitted any-
time after April 30, as well as during and
immediately following the annual meet-
ing to allow more of your colleagues to
benefit from your presentations.

For further information and instruc-
tions on submitting extended abstracts,
visit www.stle.org or please contact Karl
Phipps, (847) 825-5536, kphipps@stle.org.
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Want to be recognized in TLT?

TLT is interested in hearing from our readers. Let us know what's happening in your
company. If you have news about a new employee or if someone in your company has
been recognized with an award or any other interesting items, let us know. Please
send us your news releases and photos for publication in Newsmakers to TLT Maga-
zine, Attn: Karl Phipps, 840 Busse Highway, Park Ridge, IL 60068, kphipps@stle.org.

Spring is when birds return home after migrating in winter. About 1,800 bird species migrate.




NEW PRODUCTS

HIGH-PERFORMANCE PRODUCTION HYDROFORMING PRESS

Interlaken Technology, a manufacturer of production press equipment for hydroforming, el-
evated temperature forming and hot stamping systems, introduces a new four-column Hydro-
forming Press System for running high-volume production while reducing cycle time. Hydro-
formed parts are stronger and weigh less due to structural integrity and fewer welds or add-on
pieces. In addition, costs are reduced and time is saved by eliminating secondary operations,
reducing scrap, lowering material and manufacturing costs and increasing design flexibility.
With superior control over forces and motions, the Interlaken Hydroforming Press System pro-
vides a greater overall quality of formed parts. The multichannel, closed-loop control system
is easily programmed to
handle various sizes and
materials. It also offers
dynamic mode switching,
which enables users to
switch between a vari-
ety of feedbacks such as
force, position, internal
pressure and other sys-
tem variables.

Interlaken Technology
Chaska, Minn.

(952) 856-4210
www.interlaken.com

CHEVRON ORONITE INTRODUCES LOW-TEMPERATURE VISCOSTY MODIFIER

Chevron Oronite introduces PARATONE® 8900E, an enhanced viscosity modifier that offers
excellent low-temperature performance, superior thickening efficiency and extended shear
stability. PARATONE 8900E is designed for use in formulating passenger car and heavy-duty en-
gine oils, other multigrade crankcase oils, power transmission fluids and industrial engine oils.

“Our polymer scientists took a fresh look at the building blocks of PARATONE 8900E and
its detailed molecular structure, and how each of its key attributes influence the overall per-
formance of finished lubricants,” says Bill Paschal, global product manager, viscosity index
improvers, Chevron Oronite. “After several years of research and testing, we have identified
and implemented small, precise adjustments in the polymer molecule, resulting in a product
that delivers robust low-temperature performance while providing the excellent thickening
efficiency and extended shear stability our customers have come to expect and rely upon with
PARATONE 8900E."

According to Chevron Oronite,
PARATONE 8900E works well with nu-
merous pour-point depressants and
provides improved formulating flex-
ibility for lubricant designers.

Chevron Oronite Co. LLC
San Ramon, Calif.

(877) 512-7200
www.oronite.com

SHELL'S HEAVY-DUTY ENGINE
OIL APPROVED FOR MAN EURO
6 ENGINES

Shell Rimula R6 LME, the latest
heavy-duty diesel engine oil in the
Shell  Rimula premium synthetic
range, has been approved by MAN to
meet the MAN M 3677 oil specifica-
tion, suitable for their Euro 6 engines.
Shell Rimula R6 LME is a 5W-30 vis-
cosity grade oil designed to provide
all the benefits of the Shell Rimula
R6 technology alongside proven fuel
economy benefits. According to Shell,
it has been independently proven to
deliver up to 2.0 percent fuel savings
over 100,000-km-oil-drain interval
compared with a typical 10W-40 oil.
Shell Rimula R6 LME offers Shell's op-
timal engine protection and efficiency
through a three-fold approach: syn-
thetic base oil technology, advanced
additive technology and a unique anti-
wear booster system. These three ele-
ments combine to help deliver strong
performance, long drain intervals and
fuel saving capability without compro-
mising durability. Shell Rimula R6 LME
is formulated with reduced levels of
ash and sulphur to help control diesel
particulate filter (DPF) blocking and
maintain the efficiency of the latest
and future vehicle technologies. It de-
livers exceptional wear protection and
engine piston cleanliness in the latest
engines and has been tested to help
ensure long engine life and protection
throughout the oil maintenance inter-
val. For more information, visit www.
shell.com.

Looking for work? Check out STLE's Career Center to find a job that's right for you. Details at www.stle.org.
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N EW PRODUCTS Send us your new product news with color photos to: TLT Magazine, Attn: Karl Phipps, 840 Busse Highway, Park Ridge, IL 60068, kphipps@stle.org

VEGETABLE-BASED WATER-SOLUBLE LUBRICANT
FOR STEEL APPLICATIONS

QualiChem, Inc., introduces EQO-PURE 452, a new vegetable-based water-soluble lu-
bricant for severe hardened steel and stainless steel machining applications. EQO-PURE
452 is a heavy-duty, vegetable-derived, micro-emulsion fluid with extreme pressure ad-
ditives formulated to improve tool life and part quality while eliminating foaming and
staining. EQO-PURE 452 is designed for use in many applications that previously used
straight oil, including boring, deep-hole drilling, gun drilling, reaming, roll forming, tap-
ping and threading. EQO-PURE 452 is formulated for use on ferrous or non-ferrous metals
where high levels of boundary and extreme-pressure lubrication are required. It provides
excellent corrosion control for ferrous metals and machine tools. Its bioresistant quali-
ties result in long fluid life in both central systems and individual sumps without biocides.

QualiChem, Inc.
Salem, Va.

(540) 375-6700
www.qualichem.com

STARTER LEAK DETECTION KIT FOR OIL-BASED SYSTEMS

Spectronics Corp. introduces the OPK-441 Industrial Leak Detection
Kit, a new starter kit designed to effectively pinpoint the exact source
of all leaks in hydraulic equipment, compressors, engines, gearboxes
and fuel systems. The kit features the OPTIMAX™ 400 violet-light LED
flashlight, a compact, high-intensity unit that quickly reveals all leaks
in small- to medium-sized industrial systems-even in cramped areas
that are inaccessible to larger lamps. Included is an 8 oz. (237 ml) twin-
neck bottle of patented OIL-GLO™ 44 concentrated fluorescent oil dye,
which is compatible with all synthetic and petroleum-based fluids.
When a leaking system is scanned with the OPTIMAX™ 400 flashlight,
the dye glows a bright yellow/green at all leak sources to reveal the
precise location of each and every leak. The kit also includes an 8 oz.
(237 ml) spray bottle of GLO-AWAY™ dye cleaner, dye treatment tags and 5ME introduces the company's CYCLO COOL® 900 series syn-
fluorescence-enhancing glasses. thetic metal machining fluids, which utilize a unique, near-
neutral pH formula developed to meet heavy-duty, high-heat
machining requirements at a lower cost than semisynthetics and
soluble oils. The additive-free, low-foaming fluids are specially
formulated for machining titanium, Inconel®, beryllium cooper,
hardened steels, stainless steels and other exotic alloys. The
cationic-based synthetic coolants contain specialized boundary
lubricants that penetrate the cut zone heat barrier, even at lower
fluid pressures (300 to 400 psi), to absorb heat from the tool
and the part, minimizing tool-tip work hardening and premature
wear. Free of biocides/fungicides and aggressive pH adjusters,
they provide increased sump life and environmental friendliness
when replacing high-maintenance, chlorinated, semisynthetics
and soluble oils in all metal-removal operations.

HIGH-PERFORMANCE MACHINING FLUIDS

Spectronics Corp. 5ME

Westbury, N.. Cincinnati, Ohio
(800) 274-8888 (513) 719-1600
www.spectroline.com www.5ME.com
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69th STLE ﬁ
Annual Meeting & Exhibition ¢ Q

May 18-22, 2014
Disney’s Contemporary Resort STLE 2014
Lake Buena Vista, Florida (USA)

Technical and professional development you can’t get anywhere else!

When it comes to advancing

your career and upgrading your
technical knowledge, STLE's
Annual Meeting & Exhibition is

a unique event in the lubricants
industry. 1,200 of your peers in the
lubricants community are expected
to participate in STLE's 69th Annual
Meeting & Exhibition. Please join
us in Lake Buena Vista for a unique
experience that blends the best

of industry education, technical
training, professional certification
and new technologies.

e 400 Technical Presentations

* 12 Industry-specific Education
Courses

e 70-exhibitor Trade Show

e Commercial Marketing Forum

e Networking

¢ New Products

e Professional Certification

® Peer Recognition

* Emerging Technologies

e Student Posters

® Business Planning

Visit www.stle.org for regular
program updates and to register.

Follow us on

n ..m a #STLE2014

Society of Tribologists and Lubrication Engineers
Phone: 847-825-5536 © Fax: 847-825-1456 ¢ info@stle.org ® www.stle.org



SOUNDING BOARD

Describe the most challenging bearing
testing problem your company faced and
your solution.

Bearings are virtually everywhere, as are ‘
the problems and challenges incurred ' | it e
during their application and use. TLT g - '
readers have certainly seen their share
of problems, based on their answers to
this month's survey questions. In some
cases where problems occurred, an
improper grease was specified. In others,
it was poor lubrication practices such as
over lubricating the bearing. One reader
cited the challenges faced in changing
from one bearing supplier to another on
a mass scale. The global manufacturing
of bearings presents challenges of its
own. Nearly 80 percent of survey
respondents say it has increased the risk
associated with qualifying new designs
or suppliers.

What enhancement in
bearing application
technology would be of
greatest value?

Enhanced corrosion
resistance 29%

Enhanced wear resistance 54%

We failed it. We were selling a lithium
stearate grease to a boat trailer axle

Very large motor rebuilds that have
bearing failure during initial start-up was

manufacturer. Our customer called to ask
if we had any issues with the grease. We
said. “No, are you?" He said no. Then he
switched grease suppliers. His axles were
failing in large numbers, and he fired his
bearing supplier, his grease supplier (us),
and he changed the installation process.
The real problem is not known, but it was
most likely the grease: lithium stearate is
not great in water wash-out, and we
should have been supplying a calcium-
thickened grease for better wash-out.
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Higher operating
temperature 32%

Higher operating speed 18%

Based on responses sent to 13,000 TLT readers. Total
exceeds 100% because some respondents chose
more than one answer.

Our company is a lubricating oil company.
A lubricant to reduce the adverse effect
of wear particles is the challenge.

TRIBOLOGY & LUBRICATION TECHNOLOGY

solved by insisting on specific name and
application bearings and requiring
baseline vibration testing during rewind.

Lube oil analysis result, not on par with
local analyzer. (e.qg., moisture analyzer)

Tailor-made bearing in steel-roll former.
Tests of porous sliding material filled

with oil with BN—the phenomenon of
synergy BN - C has occurred.

WWW.STLE.ORG



Heavily loaded journal bearings in mixed
lubrication regime. We built a test rig.

Running life test on angular contact
bearings for spacecraft is virtually
impossible because they can last for
more than 10 years. We have used a modi-
fied thrust bearing tester that increases
the sliding-rolling ratio and, therefore,
significantly lowers the lifetime to allow
comparison of various lubricants.

Our issue is always ingression of some
type or another of scale dirt, etc.

Pillow block bearings on conveyor systems
outdoors. Used a polyurea grease and
removed the grease zerks, so the bearing
was sealed. Problem was over lubrication,
causing the seals to fail and allowing dirt
and water to enter the bearings.

Assurance that the correct amount of
grease and lubrication frequency is
applied. Challenge met through informa-
tion gathered from the OEM, training and
use of temp gun to monitor operating
temperatures.

Duplicating the environment of a PTU to
determine roller bearing life with
different viscosity oils. We do not have a
good resolution since our only test is a
full-scale dyno, and this cannot be tied
up for the time it takes to determine
bearing life. The bearing companies will
not commit to this type of testing either.

Trying to change from one bearing
supplier to another on a mass scale. We
created product groups based on bearing
type and size. Determined which bearing
sizes within each group had the highest
usage and high risk of failure. Performed
detailed inspection and lab testing on
those bearings first. Any bearing that
was in the group that was produced on
the same manufacturing line also was
qualified. We needed to do our homework
on what manufacturing lines the bearings
were made on and what applications
created the highest risk, but once this
occurred creating the groups was easy.

WWW.STLE.ORG

Has the global production of
bearings increased the risk
associated with qualifying
new designs or suppliers?

Yes 79%
No 21%

Based on responses sent to 13,000 TLT readers!

We had to passan FE9 at160 Cina
mineral oil-based grease.

Failure to a gearbox due to the ingress of

water used in the process. Solved by
frequently scheduled oil changes after
improved seals.

Which bearing qualification tests produce the

greatest reduction risk in the shortest amount
of time?

Four-ball weld and four-ball wear.
Effectively reducing the pitting life test.
Vibration or bearing condition.

0il analysis.

Compared results from two different
kinds of testers for the same material
coupling (and lubrication).

Temperature.

Vibration analysis is the only method I'm
aware of.

For rear axles we typically take the most
damaging customer duty cycle torque/
speed events and run an accelerated
dyno test.

ASTM D2266.

Performing a detailed bearing inspection
followed by lab testing to compare
empirical results between suppliers and to
determine if design and material differ-
ences have a significant impact on life.

We ran PDSC and TGA to screen additives.

Highly loaded fatigue tests.

Editor’s Note: Sounding Board is based on an e-mail survey of 13,000 TLT readers. Views expressed are
those of the respondents and do not reflect the opinions of the Society of Tribologists and Lubrication
Engineers. STLE does not vouch for the technical accuracy of opinions expressed in Sounding Board, nor
does inclusion of a comment represent an endorsement of the technology by STLE.
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See What’s New in Tribology
from CRC Press

Reduce Friction, Wear,
and Erosion by Design

SECOND EDITION

ELEGTRIGAL

GONTAGTS

PRINCIPLES AND APPLIIEATIUNS

-

Edited by
Paul_g| Slade

@) CRC Press

Edited by
Paul G. Slade
Eaton Electrical, Horseheads, New York, USA
(retired)

e Contains nearly 3,000 references,
tables, equations, and drawings

e Includes updates and revisions in each
chapter, as well as updated references
and new figures throughout

e Features two new chapters

e Brings together contributions by
experts in the field

Catalog no. K13824
December 2013, 1278 pp.
ISBN: 978-1-4398-8130-9
$179.95 / £114.00

Also available as an eBook

CRC Press

Taylor & Francis Group

Friction-Induced
Vibrations and
Self-Organization

Mechanics and Non-Equilibrium
Thermodynamics of Sliding Contact

?=2xi+yi‘=u=

-

-W substrate
S 0= F Vo

Michael Nosonovsky and

Vahid Mortazavi
University of Wisconsin, Milwaukee, USA

“The book by Nosonovsky and Mortazavi
presents a novel and intriguing approach
to the studies of friction. The authors start
with basic principles of non-linear dynamics
and self-organization and apply them for
analysis of friction in a daring attempt to
deduce this phenomenon from general ther-
modynamics of non-equilibrium states. The
authors succeeded to achieve clear and
deep theory that, in particular, provides an
interpretation of the events observed in
recent experiments and explains a wide
class of effects induced by friction.”

—Eugene Kagan, The Weizmann Institute of
Science, Israel

Catalog no. K14503
August 2013, 333 pp.
ISBN: 978-1-4665-0401-1
$199.95 / £127.00

Also available as an eBook

FRICTION, WEAR,
ano EROSION ATLAS

Kenneth G. Budinski
Bud Labs, Rochester, New York, USA

“Fundamental aspects of concepts are
explained clearly and simply...[and] are sup-
ported by illustrations and images of worn
surfaces. In addition the book contains a
number of appendices, which provide useful
engineering information related to tribology.

”

—Raymond G. Bayer, Tribology Consultant, USA

¢ Includes hundreds of visuals depicting
different modes of wear

* Provides macro- and micrographs of
surface damage

e Offers schematics on material removal
mechanisms

e Explains every wear, erosion, and
friction process

Catalog no. K20335
November 2013, c. 304 pp.
ISBN: 978-1-4665-8726-7
$189.95 / £121.00

Also available as an eBook

SAVE 20% with Promo Code STL6
WWW.CRCPRESS.COM
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Spread the word with TLT!

Put the strong marketing power of TLT's print and digital editions behind your sales message.
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TECHNICAL BOOKS supplies the tools needed for making
data-driven physical asset management

MAINTENANCE, REPLACEMENT, AND RELI- decisions. The well-received first edi-

ABILITY: THEORY AND APPLICATIONS,
SECOND EDITION

Authors: Andrew K.S. Jardine and
Albert H.C. Tsang
Publisher: CRC Press

tion quickly became a mainstay for pro-
fessors, students and professionals with
its clear presentation of concepts im-
mediately applicable to real-life situa-
tions. However, research is ongoing and
relentless—in only a few short years,
Completely revised and updated, Main-
tenance, Replacement, and Reliability:
Theory and Applications, Second Edition

much has changed. New topics covered
include the role of maintenance in sus-
tainability issues, PAS 55 (a framework

B
A
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'Additives

INTERNATIONAL
A Lockhart Chemical Company

» Natural Sodium Sulfonate
- Rail, Bulk & Drums

e Soluble Bases
e Calcium and Barium Sulfonates
* Rust Preventives - oxidates =,

~ « Water Soluble Corrosion Inhibitors |
- Low Odor/Light Color o\

« Amides, Esters, Synthetic Esters

What’s New from Additives International?
EZ Mulz™ and Coolcut™ Packages for Soluble and Semi-synthetics

Sulfonate-free Emulsifier Base for Naphthenic Base Oils for General
B2 Myt 4087 Purpose to Premium Soluble and Semi-Synthetics

EZ Mulz 5454 Naphthenic Emulsifier for General Purpose to Premium Soluble Oils based
on Natural Sodium Sulfonate

EZ Mulz 4615 Emulsifier Base for Paraffinic Oils with Extreme Pressure Additives Built-in

Emulsifier Base for Paraffinic Oils for General Purpose Soluble Oils -
EZ Mulz 5610 Contains Natural Sodium Sulfonate

Emulsifier Base for Paraffinic Oils for General Purpose Soluble Qils for
& Mzt hard water conditions - Contains Natural Sodium Sulfonate

Emulsifier Base for >200° F Aniline Point Paraffinic Oils for General Purpose
B&duiz 980 Soluble Oils - Contains Natural Sodium Sulfonate

Coolcut 1310 Chlorinated Emulsifier Base for Paraffinic Oils which includes extreme
pressure and lubricity additives for formulating high oil semi-synthetics

1-810-785-3165

FAX 1-810-963-0518

www.additivesinternational.com
sales @additivesinternational.com
4302 James P. Cole Blvd., Flint, Ml 48505
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for optimizing
management
assets), data
management is-

Maintenance,
Replacement,

and Reliability
Theory and Applications
SECOND EDITION

sues, including
cases where

data are un-
available or
sparse and how

candidates for

component re-

placement can be prioritized using the
Jack-knife diagram. Based on the au-
thors’ experience, this book maintains
the format that made the first edition so
popular. It covers theories and method-
ologies grounded in the real world.
Simply stated, no other book available
addresses the range of methodologies
associated with, or focusing on, tools to
ensure that asset management deci-
sions are optimized over the product’s
life cycle—presented in an easily di-
gestable and immediately applicable
way. List Price: $149.95. Available at
www.crcpress.com.

ASTM RELEASES NEW PUBLICATION
ON VISCOSITY AND RHEOLOGY OF
IN-SERVICE FLUIDS

ASTM International announces the re-
lease of a new publication, STP 1564,
Viscosity & Rheology of In-Service
Fluids as They Pertain to Condition
Monitoring.

STP 1564 in-
cludes 11 peer-
reviewed papers
that provide the
latest in current

Viscosity & Rheology
of In-Service Fluids
as They Pertain to
Condition Monitoring

research and e

g
o oty

practices on Vvis-
cosity and rheol-
ogy of in-service

fluids as they
pertain to condition monitoring.

Topics covered include:
e Grease Working and its Role in
Consistency Trending

* Possible Impact of In-Service
Grease Mixtures with a Stress
Rheometer as an Element of a
Predictive Maintenance Program

WWW.STLE.ORG



Now fit STLE's Entire
2014 Annual Meeting

Schedule—in the Palm
of Your Hand!

Available in April 2014: STLE Annual Meeting App

STLE2014

69th STLE Annual Meeting & Exhibition
Disney’s Contemporary Resort
Lake Buena Vista, Florida, (about 19 miles from Orlando)

STLE's Annual Meeting offers so much programming that keeping
track of what's happening when and where can be challenging.
Our new mobile app lets you plan your itinerary, schedule appoint-
ments and stay on top of fast-breaking meeting updates every
minute of the day. Download the app--and don’t miss

a thing!

STLE’s 2014 Annual Meeting mobile app lets you track, schedule
and connect with:

e 400 technical session abstracts—push a button and it's on
your itinerary!

* Paper presenters—easily find your favorite authors

e 12 education courses

e 70-exhibitor trade show

® Special events and networking opportunities

e Floor plans of Disney’s Contemporary Resort and the exhibition

e 1,400 other attendees

* Meeting sponsors

e Local dining & entertainment options

* Meeting updates—stay on top of late-breaking news.

Download the app—
and don’t miss a thing!

Available in April 2014. You can ac-
quire the app four different ways:

1. Download at www.tripbuilder.
com/stle2014

2. Scan the QR code on this page

3. Download from The App Store
(Apple products)

4. Download from The Play Store
(Android products)

1
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Society of Tribologists and Lubrication Engineers ® 840 Busse Highway, Park Ridge, IL 60068

Phone: 847-825-5536 ¢ Fax: 847-825-1456 e info@stle.org ® www.stle.org




e Comparison of the Effects of
Normal Automobile Engine
Use on the High Shear Rate
Viscosity, Wear, and Volatility
of Four Engine Oils

e Die-Extrusion Method for
Comparing Changes in Grease
Consistency and Flow Charac-
teristics

e Application of Sensors for In
Situ Measurements of In-Ser-
vice Grease Rheology

Focus Chemical.

to meet your unique specifications.

to see our product line. We’ll meet your specifications quickly

and efficiently, with the quality products you can expect only from

e Absolute Viscosity and Sample
Density Measurement Methods
to Determine and Report
Absolute and Kinematic
Viscosity Values for Used
Lubricating Oils

e Start-Up Viscosity of In-Service
Engine Oils at Low Temperatures

e Rheological Property Measure-
ments of Newtonian and
Non-Newtonian Fluids with
the Falling Needle Viscometer

Focus Chemical now manufactures polyisobutylene succinic
anhydride (PIBSA) derivatives and we’re ready to meet your
formulating needs! For example, our Focus Disperse PIBSA
products can serve as both an emulsifier/dispersant in
metalworking fluid applications and a dispersant in automotive

products. We can also modify our existing PIBSA product line

Have an application with specific requirements? Call Jack Kimes

at|864.990.2982or visit our web site at/www.focuschemical.com|
S

A FOCUS
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e Hand-Portable Low-Tempera-
ture Viscosity Measurement to
Prevent Sudden Transformer
Failure upon Very Cold
Start-Up

e Low-Temperature Rheological
Response of Fresh Versus Used
Oils Using the Scanning
Brookfield Technique.

For more information, visit WWW.
astm.org. List price: $76 (USD).

STLE PHILADELPHIA SECTION
SPONSORS FRACKING EDUCATION
COURSE

STLE's Philadelphia Section announces
its 2nd annual education course on
hydraulic fracturing or fracking, April
24, at the Sandy Run Country Club in
Oreland, Pa.

The dramatic growth in hydraulic
fracturing or fracking has led to great
interest in learning more about this
process in general and the lubrication
challenges faced by this industry in
particular.

The education course is high-
lighted by a presentation, “Trends in
Shale Energy Development and Utili-
zation,” from David Yoxtheimer,
P.G., a hydrogeologist and extension
associate with The Pennsylvania
State University’s Marcellus Center
for Outreach and Research (MCOR).
Other speakers include Dave Ar-
chacki, Shrieve Chemical Products,
Inc., whose talk is entitled, “Guar
Gum and Emulsion Polymers and
their Use in Hydraulic Fracturing
Fluids,” and Rob Ferguson, French
Creek Software Inc.

This education course is designed
to help attendees gain a better under-
standing of the fracking process, the
types of components used in fracking
fluids and the opportunities for the
lubricant industry to participate in
this growing industry.

For more information about the
program, visit the STLE Philadelphia
Section Website: www.philadelphia-
stle.org.

WWW.STLE.ORG
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STLE TRIBOLOGY FRONTIERS CONFERENCE
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Oct. 26-28, 2014 - Hyatt Regency O'Hare : " |

Chicago, Illinois (USA) NC

Museum of
Science & Industry

Join the international tribology community for an all-new event
open to industry, academic and government researchers.

An all-new, faster-paced format! Field Museu

e Tracks based on STLE’s groundbreaking McKinley Research Report on where tribology is heading.

e Great research. Professional networking. Premier idea exchange.

e Seven tracks. 20-minute sessions. 140 presentations daily. Only two weeknights.

e Non-intersecting invited talks from tribology’s visionaries.

e Discover the emerging tribology research that will help solve tomorrow’s critical societal issues.

e Professors: Give your students the experience of presenting at a tribology conference.

e Career Mentoring Fair: Come meet tribology’s next generation of scientists.

e Hyatt Regency O’Hare easily accessible from anywhere in the world and just a cab or train ride
away from Chicago’s exciting downtown area.

Tracks & Chairs
Conference Chair: Dr. Jeffrey Streator, Georgia Institute of Technology

Tribology: Advanced Methods (Dr. Daniele Dini, Imperial College of London)

Tribology: Micro & Nano Scales (Dr. Ashlie Martini, University of California Merced)

Tribology: Macro scales (Dr. Daejong Kim, University of Texas at Arlington) )
Tribology: Medical Applications (Dr. David Burris, University of Delaware) v

&

Tribology: Natural Processes (Dr. David Burris, University of Delaware) Chicééo Shinga
Tribology: Energy Economy & Sustainability (Dr. Aaron Greco, Argonne National Laboratory) Night Life

U

Tribology: Tribology in Manufacturing Processes (Dr. Daniel Nelias, INSA — LaMCoS)

Questions?

Visit www.stle.org for program updates, online registration (opens June 1) and hotel reservations.

Or contact Merle Hedland at mhedland@stle.org. STL5 E

Society of Tribologists and Lubrication Engineers.
840 Busse Highway, Park Ridge, IL 60068 (USA) « P: 847-825-5536 - F: 847-825-1456 - information@stle.org.



SOCIAL MEDIA MARKETING

Jerry L. Kennedy

Just say no

Customer service, not keyword
stuffing, is the key to a successful
online marketing strategy.

IF YOUR BUSINESS has any sort of online
presence (and sometimes even if it doesn't),
you probably receive anywhere from one or
two to a dozen or more emails a week offer-
ing to help you with SEO-search engine opti-
mization. Many of these emails are probably
siphoned off by your spam filter, but a few
invariably get through. You'll notice a com-
mon theme, as the messages usually indicate
that for anywhere from a few hundred to a
few thousand dollars a month, the vendor
will make sure you get to the front page of
Google's search results.

But buyer beware. More often than not
such solicitations are an effort to separate
you from your money in exchange for some-
thing that will have limited, if any, positive
impact on your business. In fact, ultimately
these services can do lasting harm to your
online marketing efforts.

What is SEO and why should you take
such promises with more than a few grains of
salt?

SEQ is well defined by Google's Search
Engine Optimization Starter Guide (www.
google.co.jp/intl/en/webmasters/docs/
search-engine-optimization-starter-
guide.pdf). It is the practice of “making
small modifications to parts of your Website
that could have a noticeable impact on your
site’s user experience and performance in
organic search results.” Sounds helpful,
right? When practiced correctly, it is. The
problem is that many SEO practitioners focus
almost entirely on factors that, while they
may be of some limited importance to search
engines, give zero consideration to the folks

who really matter: your clients and pros-
pects. Ironically, shifting the focus of your
content to your clients is more important in
the long run than any amount of so-called
optimization you could do. Why?

When | talk to groups about online mar-
keting, one of my favorite questions to ask is,

Provide your clients and
prospects with content that
will answer questions and
help solve their problems.

“What is Google's most important job?” Some
will say selling advertising or making money,
but Google couldn't do either of those things
as effectively as it does without being the
best in the world at one thing: answering
questions. In fact, Google is so good at an-
swering questions that its name has become
synonymous with looking something up on-
line. When's the last time you heard someone
say, “I'm going to Bing that?”

The best way to get the attention of
Google's search algorithm and improve your
position in search results is to help Google
accomplish its most important function. In
other words, provide helpful answers to your
clients’ questions and you will begin to rise
to the top of the search pile. More than any-
thing else, this is the key to successful online
marketing.

The common U.S. dandelion originated in Asia.
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0f course, as with any endeavor, there
are best practices to follow. Rather than hire
an SEO firm whose interest in serving itself
may override any interest in helping you
serve your customers, why not go straight to
the source? The SEO Starter Guide is an in-
valuable resource in developing and main-
taining SEO best practices. The best advice in
the guide, though, is this: “You should base
your optimization decisions first and fore-
most on what's best for the visitors of your
site.” Right now, you might be asking your-
self, "How can | do that?”

It's quite simple. Rather than providing
pointless, keyword-stuffed drivel, provide
your users with content that will actually an-
swer their questions and help them solve
problems. If you do, you'll not only see better
search engine results, you'll come to be a
valuable resource to your clients and pros-
pects and will gain the kind of top of mind
awareness that leads to increased sales.

Jerry Kennedy earned his stripes as an operations
and sales manager in the lubricants industry. He is
currently the co-founder of CDK Creative, a digital
marketing agency that brings his real-world sales
and operations experience to the world of online
marketing. Learn more or request a consultation at
http://cdkcreative.com. Email him at jerry@
jerrykennedy.com.




Want to Get Involved?

We currently need volunteers for different STLE
activities with varying time commitments. We'd love to
hear from you on how you would like to get involved
with the society. There are several ways that you can
get involved with STLE:

® Contribute an article for one of STLE's technical
eNewsletters.

® Participate in an interview for the STLE podcast,
which is part of the eNewsletters and posted on
our blog page.

® Register in the STLE Speaker Database to
speak at a local section.

® Serve as an instructor for an
STLE University webinar.

® Contribute an article to our
monthly member magazine, TLT.

® Speak at a local section.

® Offer a presentation at an
STLE-sponsored conference.

® Serve as an instructor for an
STLE-sponsored education
course (at our Annual Meeting,
or throughout the year).

® \/olunteer to serve on one
of STLE's Committees >
or Councils.

For more information about STLE volunteer opportunities, scan the QR code to
give us your feedback. Questions? Contact Tom Heidrich, STLE's Education and
Membership Services Specialist, (847) 825-5536, theidrich@stle.org.




AUTOMOTIVE TRIBOLOGY
Dr. Edward P. Becker

Adhering to
NEW Processes

Ford's decision to use more aluminum
on its best-selling vehicle opens
opportunities for tribologists.

THE NORTH AMERICAN INTER-
NATIONAL AUTO SHOW (NAIAS),
held in Detroit each January,
is a great opportunity for in-
dustry watchers to see the
latest trends from automobile
manufacturers all over the
world. Unsurprisingly, NA-
IAS 2014 showcased numer-
ous advances in fuel econo-
my for both the near and far
term. One very interesting
introduction is the new Ford
F-150 pickup truck, which
the manufacturer claims will
weigh about 700 lbs. (320 kg) less
than the vehicle it replaces. The
weight savings is primarily due to the
replacement of steel body panels with
aluminum.

Aluminum has steadily replaced fer-
rous metals in automotive casting for
years, and aluminum sheet metal is cer-
tainly not new. However Ford’s deci-
sion to increase the use of aluminum
sheet so dramatically on the best-sell-
ing vehicle in North America bodes
well for aluminum suppliers. In fact,
the Aluminum Association forecasts
the demand for aluminum sheet for au-
tomobiles will increase from about
200,000 metric tons per year in 2011 to
more than 1.5 million metric tons by
2020. That’s an increase of 750 percent!

So what does it mean for the tri-
bologist? There are two main opportu-
nities, as I see it.

First, although pure aluminum is
highly formable (you don’t have to

Adhesive bonding is critically important because the
average age of a car on U.S. roads is 11 years and rising.

look far to find a beverage can whose
bottom and sides are a single alumi-
num back-extrusion), the alloys need-
ed for body panels are high-strength
alloys that place severe limitations on
the amount of deformation these
sheets can tolerate without cracking.
Therefore, die lubrication becomes
even more critical. Although there are
a number of known acceptable lubri-
cants for relatively small-scale produc-
tion, ramping up to automotive quan-
tities provides a window for new
lubricants to enable the kind of
throughput typical in assembly plants.

Second, while steel bodies are ex-
tensively spot welded, welding of alu-
minum poses additional challenges. In
particular, aluminum reacts with oxy-
gen in the air, producing a thin, tena-
cious layer of aluminum oxide. This
oxide has a much higher melting point
than the alloy. Also, aluminum has a
much higher thermal conductivity

than iron, meaning more
heat input must be very rap-
id, and thermal diffusion will
result in a relatively large
heat affected zone, a bane of
all weldments.

Although it is still possi-
ble to weld these alloys, alter-
native means of fastening are
gaining favor, particularly ad-
hesive bonding. This is a
classic tribology problem. Af-
ter all, if we define a lubri-
cant as a substance that re-
duces friction between two
surfaces, then all we need to do is
change “reduces” to “increases” and
we have the definition of an adhesive!

One of the main challenges of ad-
hesive bonding becomes apparent
when you realize that the average age
of a car on the road in the United
States is 11 years and rising. Any ad-
hesive bond, therefore, must be stable
and reliable for decades. Perhaps some
of what we know about producing sta-
ble lubricants for lowering friction can
be applied to making stable, long-last-
ing adhesives. As we say in academia,
actually accomplishing this goal is left
as an exercise for the reader.

Ed Becker is an STLE Fellow and
past president. He is president
of friction & Wear Solutions, LLC
in Brighton, Mich., and can be
reached through his website at
www.frictionandwearsolu-
tions.com.

78  Spring fever is not a myth. The body can experience physiological changes due to changes in diet, hormone production and temperature.
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85% - That's the percent of industry professionals who
gave a positive rating to education courses at STLE's 2013
Annual Meeting in Detroit. Here's what survey respondents

STLE's education courses have been very beneficial
in providing the training required for people seeking
to become CLS certified.

This was my first time taking a basic lubrication
course at STLE. The course is set up perfectly
to give you a firm understanding of the basic
principles of lubrication.

The presenters were very willing to answer
questions, and the course book was great because
it included notes for future reference.

The instructors don't speak from a script, they speak
from experience.

The education courses are excellent, especially for
someone who is new to the industry.

Excellent resource for technical information and
networking.

The STLE Annual Meeting is the best place to find
technical content in the lubricant industry.

Taking time to network and attend the education
courses is invaluable and can offer solutions to very
challenging work problems.

There's no better venue to further your knowledge in
the fields of tribology and lubrication engineering.

An excellent opportunity for networking with people
from all over the world and to pick up trends that will
influence your daily work.

have to say about the value of education at STLE.

STLE's 2014 Annual Meeting & Exhibition is May
18-22 at Disney's Contemporary Resort in Lake
Buena Vista, Florida (USA). The education course
lineup includes:

Sunday, May 18
Basic Lubrication 101: Fundamentals of
Lubrication
Bearings and Their Lubrication (co-hosted
with ABMA)
Condition Monitoring 301: 21st Century
Condition Monitoring
Grease 101: Fundamentals of Grease (co-
hosted with NLGI)
Hydraulics 102: Basic Hydraulic Components
and Systems (New!)
Metalworking Fluids 125: Health, Safety, and
an Introduction to GHS
Synthetics Lubricants 203: Non-Petroleum
Fluids and Their Uses

Wednesday, May 21
Advance Lubrication 301
Basic Lubrication 102: Basic Applications
Gears 101: Fundamentals of Gears (New!)
Metalworking Fluids 130: Metal Treating,
Cleaning and Protecting Fluids (New!)
Synthetic Lubricants 204: Fluid Formulation
and Applications

Visit www.stle.org for reqular program updates
and to also register for a course of your choice
at the 2014 STLE Annual Meeting & Exhibition.

You
Follow us @ ﬂ J x_j #STLE2014

Society of Tribologists and Lubrication Engineers ™ f— \‘ b
840 Busse Highway, Park Ridge, IL (USA) 60068 7 /
www.stle.org © P: 847-825-5536 © F: 847-825-1456 ° info@stle.org




CUTTING EDGE

Drs. Wilfred T. Tysoe & Nicholas D. Spencer

Split or Squeak?

A remarkably simple model goes a long way to explaining stick-slip motion.

WE ARE ALL FAMILIAR WITH STICK-SLIP
BEHAVIOR, both in our professional and our
everyday lives. The sound of the violin, the
squeak of the horror-movie door and the
shaking during an earthquake are all mani-
festations of this ubiquitous phenomenon.
Many studies have dealt with stick-slip, and
not a few attempts have been made to model
it, generally focusing on the dynamics of the
slider system and the slider-track interface.

In a recent issue of Tribology Letters, Mi-
chael Varenberg and Yuri Kligerman of the
Technion-lIT in Israel published an alterna-
tive, extremely simple massless (non-iner-
tial), quasi-static (non-viscous) approach to
the problem.

In systems in which the contacting area
is split among many asperities, such as un-
der the many split protuberances in the feet
of certain insects and amphibians, stick-slip
has been observed to be far less likely to oc-
cur than in systems where there are few but
relatively large contacts.

In Varenberg and Kligerman's model, two

Single
Contact

C

Multiple
Contacts

Figure 1 | Single and Multiple Contact Cases.

situations are considered (Figure 1). In the
first case of “single contact” a block at-
tached to a fixed wall by a spring is placed on
a conveyer belt and the belt set in motion.
The spring force and the friction force be-
tween the block and the belt increase (stick-
phase) until the elastic force of the spring
exceeds the static friction between the block
and the belt. At this point, the block begins to

slide, causing the tension in
the spring to decrease until
the dynamic friction value
is reached so that the block
sticks again and the cycle
repeats.

In the second case of
“multiple contacts,” the
block is divided into a num-
ber of small blocks (“sub-
contacts”), each being con-
nected to the wall by a
spring. This mimics the sit-
uation where contact is

(a b)
)mu AAAAAAAA ()wj

C g / <o
g g
£ &
s 50 c 50
g H
2 2

25 el 25 Lt

00 - 00

o 10 20 30 40 50 o 10 20 30 40 50
Displacement, u Displacement, v

) d
( )mn ) 100
I B [y € g Lot
g Nt R Y/ g " A
E B E 50
5 59 g &
3 g
= g
% 25 n=50 ST n=5000

00 0.0

o 1 20 30 i 50 o 10 20 30 40 50

Displacement, U Displacement, u

split between numerous
asperities. This time the
stiffness and friction of
each sub-contact are both
fractions of the values for
the single-contact case, but there exists a
statistical distribution of individual values
for these contacts. When any particular sub-
contact enters the slip phase, as described
above, the other sub-contacts may still be
sticking or have already entered the slip-
phase.

The sum of all the friction forces is shown
in Figure 2 for the cases of the single (Figure
2(a)) and multiple (Figures 2 (b) to (d)) con-
tacts, where here the contact is split into 2,
50 and 5,000 individual sub-contacts (re-
ferred to as n in the Figure). It can be seen
that while the friction force displays the
characteristic stick-slip behavior for the sin-
gle contact, even splitting it into two con-
tacts begins to complicate this simple behav-
jor due to the incoherence of the two slipping
blocks. When n reaches 50 or 5,000 sub-con-
tacts, the stick-slip behavior is hardly detect-
able anymore, even though the total friction
and spring force are the same as in the sin-
gle-contact case.

Such a simple model cannot reproduce
all the properties of a real system, but it does
go a long way toward explaining why stick-
slip behavior disappears in the case of con-

Figure 2 | Effect on friction behavior of splitting contact into
n subcontacts (reproduced from the reference below with kind
permission from Springer Science Business Media B.V.)

tact splitting. It also helps us to understand
the materials’ influence on stick-slip and
why, for instance, metals, with their many
characteristic asperities, are less likely to
produce stick-slip than rubber-like materials,
which conform better to the countersurface,
and therefore form far fewer contacts.

FOR FURTHER READING:

Kligerman, Y. and Varenberg, M. (2014), “Elim-
ination of Stick-Slip Motion in Sliding of Split
or Rough Surface,” Tribology Letters, 53(2),
pp. 395-399.

Eddy Tysoe is a Distinguished
Professor of Physical Chemistry
at the University of Wisconsin-
Milwaukee. You can reach him at
wtt@uwm.edu.

Nic Spencer is professor of
surface science and technology
at the ETH Zurich, Switzerland.
Both serve as editors-in-chief of
STLE-affiliated Tribology Letters
journal. You can reach him at
spencer@mat.ethz.ch.

Next month in TLT: “Bio-based Greases: Back to the Future,” by contributing editor Nancy McGuire.
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Find Raw Materials Faster at ULProspector.com

Innovadex has joined forces with UL to — w
become Prospector®. We share the belief that PROSPECTOR' e
fast access to accurate technical information
speeds innovation and improves the quality
and safety of products for consumers.

With tens of thousands of products from
global suppliers, spanning 8 industries and
hundreds of material types, ULs Prospector is
the place to find raw materials faster. ——
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We create
chemistry

that makes
hydraulic
equipment love
a smaller carbon
footprint.

By using high-performance biodegradable hydraulic fluids
from BASF it is possible to minimize the potential impact bull-
dozers and hydraulic excavators have on their surroundings.
When the earth-moving and construction industry leaves a
smaller footprint on the environment, it’s because at BASF,
we create chemistry. For more information contact us at:
industrial_lubricants@basf.com

www.basf.com/lubes ; " The Chemical Company



