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FRICTION AND WEAR FUNDAMENTALS:

Characterizing the Tribo-System
and Defining the Tribo-Test

Success depends on understanding
the properties of the entire
interacting system.
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Figure 1 | Transporting
the statue of Ti from a
tomb at Saqqara, Eqypt.
(Figure courtesy of History
of Tribology by Duncan
Dowson.)

WHAT IS TRIBOLOGY?

The word tribology comes from the Greek word tribos—meaning to rub—and the suffix logia meaning the study of. The field of
tribology includes the study of friction, lubrication and wear. H. Peter Jost, working with a team of British linguists, coined this
term in 1966 in his report to the British Parliament’s Ministry for Education and Science where he predicted “potential savings
of over £515 million per year for industry by better application of tribological principles and practices.” (This is the equivalent
of about $9.5 billion today.)

However, the field of tribology is older than the term. One Egyptian tomb drawing shows the first recorded tribologist pour-
ing a lubricant (possibly water or olive oil) in front of a sledge transporting a statue of Ti (hairdresser to Egyptian royalty from
about 2446-2426 BC, (see Figure 1).

generator weighs 4 million pounds, nearly as much as five fully loaded Boeing 747-400s.




Coin vs. Coin Abrasion Tester

Oak “Coin
Tumbler” Box

Side View of single Coin vs. Coin Contact

Figure 2 | The early practical tribotesters of Hackett. (Figure courtesy of History of Tribology by

Duncan Dowson.)

Sketches in Leonardo da Vinci’s
notebooks from around 1500 describe
friction tests that closely resemble the
present-day ASTM standard sled fric-
tion and 4-ball test geometries.

In 1798 England’s King George 111
asked H. Cavendish and C. Hackett to
investigate the suspicious shrinkage of
English coins. Hackett devised what
was perhaps the first application-spe-
cific wear tester to determine the effect
of alloying gold on its wear behavior
and to measure the wear rates of coins
rubbing other coins, sand, metal filings
and gritty powders. He concluded that
abrasive wear was not sufficient to ex-
plain the degree of diminution, which
led him to conclude that people were
shaving the coins to get the gold (see
Figure 2).!

FRICTION FUNDAMENTALS

Friction is the resistance to relative
motion between two bodies in con-
tact—it’s the result of shearing forces.
When objects touch there are micro-
scopic forces between them: molecu-
lar adhesion and mechanical abrasion.
Adhesive forces include electrostatic,
Van der Waals forces, metallic bonds
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and molecular entanglements. Abrasive
forces include elastic and plastic defor-
mation. Friction also is influenced by
contaminants at the interface: oxides,
adsorbed films and gases and foreign or
“domestic” particles (i.e., wear debris).

In its simplest terms, the coef-
ficient of friction (COF) is the ratio
of friction to the force normal to the
surface (n = F/N). However, because
friction is a system property and not a
material property, we need to specify
an adequately complete set of param-
eters for the system. These include
surface roughness, lubricant, surface
chemistry, contact stress, contact ge-
ometry, environment, temperature,
sliding speed and more. Measuring the
COF under the right conditions will
give you a number that is relevant to
your application.

DEFINING THE TRIBOTEST

Reasons for conducting a tribotest in-
clude:

¢ To understand fundamental mech-
anisms (combined with chemical,
microstructural and surface char-
acterization)
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e To determine whether a material
choice is correct for an application

e To compare or rank materials dur-
ing a development or replacement
program

e To determine the life of a rubbing
component or system

e To check a process for quality control.

Irrespective of one’s motivation,
there are logical steps to defining an ap-
propriate tribotest. The first question to
ask when you are designing a series of
tests is, “What is the intended applica-
tion?” This helps in selecting the ele-
ments to incorporate into the tribotest,
which can be divided into the follow-
ing five main areas. The list may seem
extensive, but not everything will have
an important or measurable effect—the
test can be thorough but pragmatic.

The five main tribotesting areas are:

1.) Materials. Solid bodies consist of
bulk materials that generally have one
or more surface layers. The bulk mate-
rial properties, described in handbooks
and references, vary with basic compo-
sition and the object’s processing his-
tory. Surface layers can include oxides,
coatings, lubricants, adsorbed layers
and contaminants.

Loose particles are characterized by
their composition, hardness, size dis-
tribution, shape/angularity and, if they
are in a slurry, concentration. Particles
in a gas stream will have various prop-
erties, depending on their concentra-
tion, velocity and angle of impact.

2.) Contact geometry. The macro-
scopic geometry of the contacting
surfaces (e.g., flat on flat, conformal,
point contact) affects friction and wear.
Smaller-scale factors include surface
finish and surface roughness, bearing
area, peak shape, valley volume and lay
(directionality of marks). Edge condi-
tions also can affect the friction and
wear. To the extent possible, the test
samples should be finished in the same
manner as the real-life components.

3.) Contact stress. Contact stress can
be elastic (Hertzian), characteristic of
rolling contact or plastic, typical of
sliding contact.
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4.) Loading. Loading can be steady,
increasing or decreasing, or it can vary.
The load can be unidirectional (ball
bearings) or oscillating (pendulum).
Motion can be continuous or it can
stop and start in a unidirectional or in a
reciprocating fashion (changing direc-
tion with a dwell time between sliding
events).

5.) Environment. The environment
in which a tribosystem operates also
affects performance. Is the system in
a temperature-controlled shop or out-
doors? What ranges of temperature,
humidity and pressure will the system
be subjected to? Will the sliding parts
be immersed in water, an electrolyte,
biological fluids or lubricant?

Let’s use a steel sample as an exam-
ple. If we are testing abrasive wear, and
the abradant’s hardness is near that of

the heat-treated steel, then duplicating
the heat treatment of the steel is impor-
tant. However, if we are running in a
fully hydrodynamic regime (where the
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parts are fully separated by a lubricant
layer), then replicating the heat treat-
ment is not as important as replicating
the surface finish.

WEAR FUNDAMENTALS

The wear coefficient k is the volume
of material removed per unit load and
sliding distance in mm*N-m. Although
it is mathematically possible to reduce
this to mm?/N or 1/kPa, these terms
have no physical meaning, so it is best
to keep the original units.

The wear coefficient, a constant
that can be calculated or measured
in a laboratory, can be used to predict
component lifetimes providing the tri-
bosystem does not change wear modes.
Design parameters are the allowable
volume lost and the load (stress). The
component lifetime depends on sliding
distance (D), wear volume (V) and load
(L): D = V/(keL).

Duty cycle and directionality can
influence wear. For example, a start-
stop operation—typical of a main en-
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gine crankshaft and journal bearings at
startup and shutdown—is often much
more damaging than continuous mo-
tion.

Unidirectional sliding is very dif-
ferent from reciprocating sliding. For
example, during unidirectional slid-
ing tests, ultra-high molecular weight
polyethylene (UHMWPE) molecules
align along the sliding direction, which
protects against wear in this direction
much better than in a cross-sliding
situation. This material is often used
for prosthetic implants where it expe-
riences reciprocal sliding in several di-
rections. Thus, a unidirectional sliding
test may not give an accurate prediction
of wear resistance in the actual com-
ponent.

Single-point predictions in a wear
calculation can under- or overesti-
mate lifetimes by ignoring wear-in or
break-in effects or incubation periods,
so wear assessments must go on long
enough to ensure steady state and give
a true picture of the expected wear rate.
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2>-2>->->- Example 1 | Wheel on Rail (Train Wheel and Overhead Crane Wheel)

Contact geometry

Loading

Motion

Environment

THE SYSTEM:
wheel on rail (rolling)

EXAMPLE:

train wheel on
railroad track

Alloy steel: heat
treatment, hardness, case
depth (if any)

Non-conformal line
contact, disk edge on flat,
0.5 m radius, 75 mm
contact width, could be
crowned

Surface roughness
unimportant (below a max
value): mild abrasion and
plastic deformation of
asperities polish the wheel

25 tons per axle, Hertzian
contact (111 kN = 322 MPa)

Rolling contact (possibly
some slip), primarily
unidirectional

Speed based on 1 m diam.
wheel moving 200 kph

Dry or wet with water or
contaminants

Oxides probably
unimportant

Ambient outdoor
temperature range

THE TEST:

COF, contact fatigue,
slip

Alloy steel: same
characteristics as actual
wheel

Non-conformal line
contact, or crowned roller
on roller

Hertzian contact (100 mm
X 12 mm vs. 100 mm x 12
mm = 324 MPa)

Rolling contact (can add
slip), 10,600 rpm

Dry or wet with water or
contaminants

Ambient outdoor
temperature range may
not matter

THE SYSTEM:
wheel on rail (sliding)

EXAMPLE:
overhead crane

Alloy steel: heat
treatment, hardness,
case depth (if any),
alternatively a “coating”

Flat sliding or “scrub-
bing,” estimated 13 cm?
area

Surface roughness is worn
away through moderate

Stress unknown

Best estimate based on
contact area and
estimated load of 10-45 kN

Sliding contact,
bidirectional

Speed based on 300 mm
radius wheel rolling at 1m/
sec

Dry

Oxides probably
unimportant

Mill dust may be present
Ambient shop

Example 2 | Journal Bearing (Hydrodynamic and Boundary Conditions)

Materials

Steel journal (shaft),

Contact geometry

Conformal, with

Loading

100-200 kg on two main

Unidirectional shaft

Environment

Liquid lubricant

lubricant viscosity
characteristics

roughness is replicated)

side vs. flat disk model

Surface roughness
~0.1-0.2 pm R,

and geometry, relative
speed of interface

THE SYSTEM: . . . .

. . babbit metal or bronze converging gap bearings (50 mm x 20 mm, | rotation

journal bean.nq, bearing ~2MPa) Temperature varies

hydrgqynamlc Surface roughness Speed varies from 0 to

conditions ~0.1-0.2 pm R, ~6000 rpm Automotive: -40 C-105 C
Steel journal, babbit or Converging gap Test geometry as needed | Unidirectional shaft Liquid lubricant
bronze bearing (steel to develop Stribeck curve, | rotation

THE TEST: likely OK if surface Can use ball or cylinder on | depending on sample size Control temperature range

Test at “low" rpm to
“liftoff speeds” of
~1000-2000 rpm (where
bearing is fully supported
by lubricant layer)

if needed for VI and VT
work

THE SYSTEM:

journal bearing,
boundary conditions

Steel journal (shaft),
bronze bearing

Conformal, with
converging gap

Surface roughness
~0.2-0.4 pm R,

Up to 800 MPa, depending
on application

Unidirectional rotation of
shaft or reversing +/- 25
degrees

Speed varies from 0 to
~1000 rpm

Grease lubricant, possible
temperature influence

Aerospace: -50 C-170 C

THE SYSTEM:

boundary lubricant
characteristics

COF at left-hand side
of Stribeck curve,
pressure-velocity
(PV) characteristics,
wear rate

Steel journal vs. bronze
bushing or steel pin vs.
bronze disc (or vice versa)

Conformal journal bearing,
cylinder on disc or
conformal block on ring

Surface roughness
~0.2-0.4 pm Ry

Up to 150 MPa load,
step-wise for PV
evaluation, steady for
wear evaluation

Unidirectional rotation of
shaft (PV and COF tests)
or reversing +/- 25
degrees (static or
breakaway COF tests)

Speed 0.01to 2-3m/s to

Grease lubricant, possible
temperature influence

Aerospace: -50 C-170 C
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Lumbar Implant

Cervical Implant

Figure 3 | Example of
a lifetime prediction:
UHMWPE versus
CoCrMo or AISI 316 SS
alloy.

SOLVING A PRACTICAL PROBLEM

As a practical example, let’s consider a medical implant: a
cervical vertebra replacement. These are generally made from
an expensive CoCrMo alloy. Can we make this part from a less
expensive alloy with a better surface finish and still get less
than 0.5 mm material loss over our desired 30-year lifetime?
(See Figure 3)

First let’s describe the tribosystem. The contacting surfaces
are UHMWPE and CoCrMo alloy or AISI 316 stainless steel
(316 SS). The contact geometry is a disk, 1 cm in diameter,
and the contact is conformal (clamshell geometry). The slid-
ing is multidirectional (cross-sliding), and we will assume
3-mm motion per cycle at a maximum speed of 5 mm/sec. If
the implant undergoes 1,000 cycles each day, the total sliding
distance is about 33 kilometers! In a human body, the implant
is immersed in synovial fluid at body temperature.

The load, for the purposes of the test, is about 15-20 Ibs.
(66-88 N)—the weight of an adult human head. (The load
may actually be double that because for stability the skull is
pulled downward by muscles.) The contact stress is on the
order of 1.2 kPa. Putting all that together gives us a required
wear coefficient (k) of 2.7 x 10> mm3/Nem, and there are
materials that can achieve that.

Next we define the conditions of the tribotest. We will
measure the wear on a 0.25-inch diameter UHMWPE pin
versus a polished metal alloy plate with a surface roughness
(Ra) of 1-4 pin. We'll slide 25 mm per stroke but rotate +/—45
degrees eight times each cycle to approximate the 3-mm slid-
ing distance in a real implant. The sliding speed will be 5 mm/
sec, with a contact stress of 1.2 kPa (load = 0.056 N). There
will be a one-second pause each half-cycle. The parts will be
immersed in a saline solution at 37 C, as a starting condition.

Can we calculate wear volume from the mass loss after
less than 48 hours of wear? Under the conditions of our test,
the sliding distance over 48 hours would be 720 m. For our

desired wear coefficient, the wear volume of the polymer pin
would be 0.00054 mm’, and the mass change would be 4.5
x 107 g (0.45 pg). This mass change is too small to measure
using ordinary lab equipment. However, this corresponds to
17 pm in height loss for the pin, from which we can directly
calculate the volume loss.

Once the experiment is completed and the data compiled,
a designer would have several options depending on the wear
results. One option would be to reduce the expected lifetime
of the implant to match that of the best data obtained among
the materials and surface finishes tested. Alternatively, a de-
sign change might lower the contact stress. Improving the
surface finish or substituting other materials also could reduce
the wear.

LOOK AT THE SYSTEM

It's important to remember that friction and wear are not static
numbers that you can look up in a reference manual. They de-
pend on properties of the entire interacting system. Likewise,
measuring friction and wear requires setting up a test system
that replicates all of the significant factors of the real-life sys-
tem (although some factors are not as significant as others).

Tribological tests must be designed to be relevant to the
desired application.
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