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Definition

Water-lubricated rubber-alloy bearings and transmission
systems utilize natural water as the lubricant and compos-
ite materials for the friction pair, replacing mineral oil and
metal friction pairs. These systems can be found in marine
propulsion, hydraulic and nuclear power generators, min-
ing and construction equipment, ocean exploration, and
various watercraft applications. When using water as the
lubricant, specifically designed journal bearings made of
rubber-alloy composites can help to improve lubrication
performance, reliability, efficiency, and environmental
compatibility with reduced vibration and noise.

Scientific Fundamentals

Bearings, sealing devices, and couplings are traditional key
metal parts in mechanical transmission systems, especially
in marine propulsion systems, and they are usually lubri-
cated with a mineral oil. The drawbacks of the traditional
lubrication of these mechanical transmission systems
include:

e Complicated structure of sealing device required for
preventing lubricating oil leakage;

e Inevitable friction, wearing, vibration, and noise;
Low reliability and durability;

e Contamination due to mineral oil leakage to water
caused by seal failure.

Therefore, the research on innovative design theories
and methods for high-performance transmission systems
based on resource-saving and eco-friendly technologies
has become an urgent and common area for the required
sustainable future development.

Water is a liquid most commonly found in nature.
Many vehicles, vessels, and machineries operate under
water-rich environmental conditions, such as transmis-
sion systems for marine propulsion, hydraulic and nuclear
power generation, mining and construction, ocean explo-
ration, and various military applications (Orndoff 1985).
Bearings in these systems often prefer to use water as
lubricant if possible in order to avoid complex sealing
systems. However, the absolute viscosity of pure water is

Q.J. Wang, Y.-W. Chung (eds.), Encyclopedia of Tribology, DOI 10.1007/978-0-387-92897-5,

© Springer Science+Business Media New York 2013


http://dx.doi.org/10.1007/978-0-387-92897-5_565
http://dx.doi.org/10.1007/978-0-387-92897-5_1211
http://dx.doi.org/10.1007/978-0-387-92897-5_1211
http://dx.doi.org/10.1007/978-0-387-92897-5_1258
http://dx.doi.org/10.1007/978-0-387-92897-5_1258
http://dx.doi.org/10.1007/978-0-387-92897-5_6
http://dx.doi.org/10.1007/978-0-387-92897-5_100104
http://dx.doi.org/10.1007/978-0-387-92897-5_101518

3978 W

Water-Lubricated Rubber Alloy Bearings and Transmission Systems

Water-Lubricated Rubber Alloy Bearings and Transmission Systems, Fig.1 A typical propulsion system with water-lubricated

bearings

low (e.g., only about 1/65 of a typical engine oil at 50°C).
The theory of hydrodynamic lubrication suggests that the
load capacity of a fluid-film journal bearing is propor-
tional to the viscosity and inversely proportional to the
square of lubricant film thickness. Therefore, in order for
a water-lubricated bearing to have the same load capacity,
the film thickness is required to be only one eighth of that
of the engine oil lubricated bearing under the same
conditions. This means that, usually, water-lubricated
rubber alloy bearings either have lower load capacity at
the same film thickness, or operate at much higher risk of
surface contact if the applied loads are the same (Cabrera
et al. 2005). Bearing material properties, particularly
self-lubricating and anti-corrosion anti-wear tribological
properties, are vital to water-lubricated bearing rubber
alloy design, performance and efficiency improvement,
and failure prevention (Majumdar et al. 2004).

Figure 1 shows a typical propulsion system equipped
with water-lubricated rubber alloy bearings. Each bearing
consists of a cylindrical shell and a resilient liner. The shell
is formed with a metallic material or a hard plastic mate-
rial, and the liner is traditionally made of a synthetic
rubber material. The electromagnetic induction heating
process is employed for the liner manufacturing to pro-
duce the high bond strength between the liner and the
shell. The liner has several internal grooves, often called
flutes, on its inner wall surface. The flutes, designed to
retain water between liner and shaft surface, can often
reduce the coefficient of friction and improve lubrication
condition. When the water is not clean, the contaminants
such as sand slurry can be carried away by water flows
through the flutes. This ensures bearing performance and
increases system reliability, especially in a dirty water
environment. A thin layer of adhesive is often used
between the shell and the liner to prohibit possible relative

rotation of the liner in the shell. Meanwhile, the water-
lubricated rubber alloy bearings integrated with a seal
device, high-elastic coupler, and the gearbox can consti-
tute a water-lubricated mechanical transmission system,
which is shown in Fig. 1 (Wang and Wang 2008a—b; Wang
et al. 2008a—c).

Water-Lubricated Bearing Materials

As mentioned above, water-lubricated bearings usually
operate under severe environmental conditions, most
likely in the mixed or boundary lubrication regime, in
which surface contact between the drive shaft and the
bearing sleeve is often significant. This imposes great chal-
lenges to bearing design, especially material selection.
Conventionally, commonly used materials for journal
bearings include white metals (a.k.a. Babbit metals),
copper-based alloys, aluminum-based alloys, zinc-based
metals, and some nonmetallic materials, such as rubber,
graphite, plastics, timber, ceramics, and others. These
materials have demonstrated satisfactory performance
under normal operating conditions. In the 1960s, timber
bearing materials, such as lignum vitae, were widely used.
As the awareness of environmental protection and natural
resource conservation is enhanced, new materials have
increasingly been employed in water-lubricated bearings.
These include ceramics, plastics, rubber, nylon, and
various types of composites.

Nitrile butadiene rubber (NBR) is a widely used
rubber material in bearings, due to its desirable chemical
and physical properties. Those properties include excel-
lent airtightness (which plays a directive role in vulcani-
zation) and vibration-absorbing ability. Its glass
transition temperature is —22°C, and the stable operat-
ing temperature is below 100°C. The basic components
of water-lubricated rubber alloy bearings include NBR,
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Water-Lubricated Rubber Alloy Bearings and Transmission
Systems, Fig. 2 Relationship between tensile strength or
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zinc oxide whisker (ZnOw), sulfur, stearic acid, acceler-
ator, gas black, and others.

ZnOw has outstanding multifunctional properties,
including wear-resistance, vibration-absorbing, antiskid,
noise reduction, wave absorbing, anti-aging, shock resis-
tance, antistatic property, antisepsis, and others. Proper
usage of ZnOw, therefore, can improve the bearing per-
formance and reliability (Xiao et al. 2004). NBR tensile
strength and hardness as functions of ZnOw content have
been plotted in Figs. 2 and 3. It can be seen that the
stretching strength and the tensile strength of the material
considerably increases with increasing content of ZnOw in
a certain range, and then decreases as the content of
ZnOw further increases after reaching a critical point.
This means that there is an optimal content of ZnOw,
beyond which the material may break and the bearing
performance may be worsened. Figure 3 shows that the
hardness of rubber increases continuously with the
increasing content of ZnOw. Figure 4 demonstrates that
the friction decreases with the increasing shaft speed (as
predicted by the bearing lubrication theory), and adding
ZnOw is beneficial to friction reduction. It is found from
Figs. 2 to 4 that 4% of ZnOw appears to be optimal for the
NBR bearing material.

The following table shows a performance comparison
among several commonly used bearing materials. Note in
particular that BTG is a newly invented rubber alloy
(Wang et al. 2008d) (Table 1).

Materials composition design is the selection of raw
materials and the determination of the relative quantity
for each material according to the performance and
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process requirements. Pure natural rubbers or synthetic
rubbers, whether unvulcanized or vulcanized, often fail to
perform satisfactorily. The composition has to be properly
modified by adding various additives into the rubber.
The quantity of each additive needs to be optimized
in order to achieve performance goals and minimize
fabrication cost.

As mentioned above, vulcanization is essential and
also is the final process in rubber material production
(Wang et al. 2008d). It is the key for achieving a desirable
rubber performance. Vulcanization is a chemical process
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Water-Lubricated Rubber Alloy Bearings and Transmission Systems, Table 1 Performance comparison of materials

commonly used in water-lubricated bearings

Sen Required installation  Wear
Materials Machining slurry accuracy resistance | Load capacity
Timber High Difficult Sensitive High High Low
Ceramic High Difficult Sensitive High High Depends on
toughness
Common compound | Low Easy Insensitive Low Higher Lower
rubber
UHMWPE Moderate | More More sensitive Lower High Higher
difficult
BTG rubber alloy Low Easy Insensitive Low High High

converting rubber or related polymers into more durable
materials via the addition of sulfur, or other equivalent
curatives. These additives modify the polymer by forming
cross-links (bridges) between individual polymer chains.
The vulcanized material is less sticky and has much
improved mechanical properties for engineering applica-
tions. Moreover, through the vulcanization process,
excellent adhesion between the shell and the rubber alloy
liner can be obtained, ensuring satisfactory performance
and reliability of the bearings. More importantly,
the dimensional precision can be achieved by the vulcani-
zation technology without further machining (such as
grinding), thus preventing the thin rubber liner from
possible damage or destruction.

Key Applications

Marine Propulsion Systems

Water-lubricated rubber alloy bearings are commonly
used in the support propeller shafts and the stern rudders
in marine propulsion systems. Adequate design of these
bearings can help solve problems associated with bearing
friction, wear, corrosion, impact, vibration, and noise,
and can improve efficiency and reliability. Recently,
through modifying material composition and binders
and improving the precision forming process via
electromagnetic induction heating, adhesion has been
greatly enhanced and tearing resistance between rubber
alloy liner and metal substrate significantly increased
(Wang et al. 2008d).

With this improved process, the adhesive strength has
already exceeded the strength of bearing material itself. In
addition, the geometric design has been optimized based
on a plasto-elastohydrodynamic lubrication theory
(Ren et al. 2010), having an integrated structure with

multiply curved surfaces and axial corrugation grooves,
so that a more effective water wedge can be formed right at
the possible contact location between the bearing and the
shaft. Furthermore, the geometric wedge allows the lubri-
cant to be “filtered” so that sand slurry and wear debris do
not reach the transmission shaft, preventing the shaft from
abrasion. In addition, high reliability of moving parts in
water lubrication can be acquired with the deformation-
coordination design method (Wang and Wang 2008a-b).
For this reason, these bearings are traditionally called
non-wear and non-contamination bearings.

Water Pumps

Water pumps are devices used to move liquid water and/or
increase hydraulic pressure. A pump displaces a volume by
a physical or mechanical action. In industries, many
water-based liquids need to be transported through
pumping. These include fresh and salt water, water
solutions, acids, liquors, lye, emulsions, dispersions, and
suspensions, as well as azeotropic mixtures, solids-laden
fluids, and others. Guide bearings in pumps play a key role
in holding and stabilizing the pump shaft and impeller,
most of which are best when water-lubricated while han-
dling water-based liquids. Typically the bearings adopt
rubber seals and are lubricated by fresh clean water instead
of that being pumped (e.g., river water with sand slurry)
in order to avoid severe wear and/or corrosion. For this
purpose a water filtration may be needed.

Hydraulic Turbines

Hydraulic turbines are machines that convert potential
energy of elevated water into mechanical energy of
a rotating shaft. Hydraulic turbines have a row of blades
fixed to the rotating shaft or a rotating plate. Flowing
water, when passing through the hydraulic turbine, pushes
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the blades of the turbine and makes the shaft rotate to
generate electricity. Fuide bearings and thrust bearings are
present in hydraulic turbines. The former hold and stabi-
lize the shaft and prevent oscillation and vibration in the
turbine-generator system, while the latter sustain the axial
thrust from the rotating wheel. The guide bearings can be
either oil lubricated or water lubricated, depending on the
lubricant used. Water-lubricated bearings, usually with
rubber bushings, are lubricated by clean water. The filtered
lubricating water is imported into the radiator grill on
top of the bearings via pipes. There is sealing equipment
where lubricating water flows from flutes on bearing bush,
and the water is distributed to each part of the bearings to
form water films so that the bearings can be lubricated
with the rotating spindle. At the same time, the heat
generated from the frictional work can be carried away
by the water. The rubber bushing, fixed in the bearing
housing, has separate pads that can be adjusted from the
backside or be replaced if worn out. Usually the bottom
part of the rubber bearings do not need to be sealed, so
they may be arranged close to the turbine running
wheel and may also serve as a vibration absorber, ensuring
stable operation. In addition, with the rubber bushing
a small amount of foreign particles such as those from
sand slurry may be pressed into the rubber and absorbed
by the bushing. This may prevent the bearings from
quick damage. Rubber bearings have the advantages of
simple structure, convenient installation, and easy main-
tenance. However, they require high-quality clean
water, so separate water filtration and supply systems are
usually needed.
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Definition

Wear contact problems study the evolution of all the
contact characteristics (pressure distribution, position
and size of contact region, shape of contacting bodies,
approach of the bodies, etc.) in wear processes. The math-
ematical system of equations describing the wear process
includes the wear equation obtained experimentally.

Scientific Fundamentals

One of the principle results of wear is that there are
irreversible changes in the shape of the surfaces. These
changes are comparable to elastic deformations and thus
should be taken into account in the estimation of the
contact characteristics of the bodies in sliding contact
(distribution of stresses, dimensions of contact areas, etc.).

The value of the linear wear w- (change of the linear
dimension of the body in the direction perpendicular
to the rubbing surface) is often used to describe the
wear quantitatively. Generally, the surfaces are worn
nonuniformly, hence the linear wear w- (x, » t) should
be considered at each point (x, y) of the rubbing surface.

In order to solve the wear contact problems it is
necessary to have information about the wear equation
that establishes a relation between some characteristics of
wear and a set of parameters characterizing the properties
of friction surfaces and operating conditions. In general
form the wear rate Ow-/0t can be presented as the function

of the contact pressure p and sliding velocity V.

ow,
25 = Fp, V).

The form of the function F depends of the type of wear

(abrasive, fatigue, etc.), temperature, and so on.

Analysis of a number of wear equations obtained
theoretically and experimentally shows that in many
cases this dependence can be presented in the form

(Kragelsky et al. 1982):
ow,0t = K, phr v,

where K, is the wear coefficient, and 8, and f3, are param-
eters that depend on material properties, friction condi-

tions, and temperature.

For many contact problems the assumption that the
irreversible surface displacement w-(x, y) is small and
comparable to the surface normal elastic displacement
u(x, y) is valid. In that case the boundary conditions are
posed at undeformed surfaces, neglecting both the elastic

displacement u(x, y) and the surface wear w-(x, y).

Under this assumption the pressure p(x, y t) within
the contact region and the elastic displacement u(x, , t)
for an arbitrary instant of time ¢ are related by operator A
that is analogous to the operator relating the pressure and
elastic displacement in the corresponding contact problem
when the wear does not occur, that is,

u(xvyv t) = A[p(xv Y t)] (3)

For example, operator A has the following form for
frictionless contact of an axisymmetrical punch an elastic
half-space (0 < r < a(1)):

i) <05 | () e

nE r—+s r+s

where K(p) is the complete elliptical integral of the first
kind, r= (¥* + )/2)1/2.

As follows from (4), operator A depends on the
size and shape of the contact region Q. If the size of
the contact region varies in the wear process the operator
A is time-dependent. The unknown boundary I' of the
contact region is obtained from the following condition:

P(x,)/, t)|(x,y)€r =0

For some wear contact problems, the value of the
linear wear w-(x, y, t) is comparable to the size of the
body in contact; then the relation (3) between the elastic
displacement and pressure becomes more complex
and time dependent. In particular, it can depend on the
geometry of the worn body. The method to solve
the wear contact problem for elastic body coated by thin
elastic layer with variable thickness is described in
Goryacheva (1998).

Equations 1 and 3 must be considered with the contact
conditions:

u(x, y, 1) + wi(x, y,1) = O(x,y, 1), ()

where function ® (x, y, t) depends on the shapes of
contacting bodies and the relative motion features.
For example, in wearing of the elastic half-space by the
cylindrical punch with the shape f{x) the function ®(x,f)
has the form ®(x, t) = D(t) — flx) if punch moves along its
generatrix. If punch moves in the direction perpendicular
to its generatrix the function ®(x, f) has the form
®(x, 1) = D(t) — fix — V1), where D(t) is the approach of
contacting bodies at instant ¢.

Equations 1, 3, and 5 provide the complete system of
equations for determining the contact pressure p(x;, , t),
the shape of the worn surface w-(x, y, ), and the elastic
displacement u(x, » ). It must be noted that if the



Wear Contact of Homogeneous Materials W 3983

approach function D(f) is not given, but it is known
the normal component F,(f) of the load applied to the
contacting bodies, the equilibrium equation is used to
complete the system of equations:

/ / P,y O (x,y) dudy = Bu(r). (6

where Y(x, y) is the function determined from the
consideration of the geometry of contacting bodies.
For example, Y(x, y) = 1 for the punch with flat base,
Y(x, y) = cos x for the cylindrical punch.

Wear contact problems are reduced to solution of
the systems of equations: integral, differential, or
integro-differential depending on the contact models
using in problem formulation. These systems may be
linear or nonlinear.

Linear system arises if the wear equation is linear
(fy =1and f, =1 1in (2)), and the operator A is linear
and time independent. It occurs for some special shapes of
contacting bodies and for such types of relative motion
providing the constant contact region in wear processes.
It must be noted that if V(x, y) = const, it is not necessary
to formulate the additional restrictions for the value of
integer f3,.

Using the simplified models to describe the compli-
ance of a contacting body (e.g., the Winkler foundation
model) reduces the problem to the system of differential
equations.

The method of Laplace transform in time was devel-
oped in Korovchinsky et al. (1971) to solve some linear
wear contact problems.

The general methods of solution of the linear wear
contact problems for the elastic bodies based on the
analysis of the spectral properties of the integral operators
are described in Goryacheva (1998).

If the steady-state (at t — co) solution of the system of
equations 2 at (f; = 1 and f, = 1), 3, and 5 exists, the
contact pressure distribution at any instant of time can be
presented in the form (Goryacheva 1998):

p(x7y, t) :Poo(xvy)JrSD(x’y: t)a (7)

where p. (%, y) is the solution of equations 2, 3, 5, and 6 at
t— oo.

The algorithm to find the unknown function ¢(x, y, t)
is illustrated in what follows for the particular case
D(f) = D,t Using the method of separation of
variables gives:

W (x,y)T(1). (8)

Then it follows from (2), (3), (5), (6), and (7):

o(x,y,t) =

T() AW (x,y)] = —Ku(%, ) Voo (x, )W (x, ) T (1)
T(t)+AT(t) =0, 9)
q(x,y) — 2A1[q(x, y)] = 0 (10)
where
q(x,y) = Ku(x,7) Voo (x, ¥ )Y (x, 7).
q(x,y) (11)

Mlat)] = Al |
Kou(%,5) Voo (%, 7)

If A, is a continuous, self-adjoint, and positive
definite operator, its eigenvalues 1,, are positive, and the
system of its eigenfunctions U,(x, y) is complete and

x,y)V.

orthonormalized in the space of continuous functions.

Then, as it follows from (7), (8), and (9), the contact
pressure at an arbitrary instant of time is presented by the
series:

p(x,y,t):poo(x,y)
1
Kt )V, <xy)ZAU ) ep(=4at), (1)
(x,7) = D—oo
oY) = ey Ve ()

Coefficients A, are determined by the expansion of the
known function for contact pressure at the initial instant
of time t = 0 in the series of eigenfunctions Uux, y):

ZAny

is determined by the equation obtained from (2) for o = 1
and (12):

P(x,)/7 0) :Poo(x,}’) +

K(xy

=Dy, t+z

(1 — exp(—4nt)).

(13)

This method has been used to solve the wear contact

W*(xvya

problems for the curved beam and the elastic half-plane
(Galin 1976), and for initially bent circular beam and
the inside surface of a cylinder (Goryacheva 1998). The
solution of the last problem was used for the analysis of
the wear kinetics and sealing properties of a piston ring,
and to evaluate its life-time.

Analysis of the spectral properties of the integral
operators in the plane contact problems has been
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performed in Aleksandrov and Manzhirov (1987). It was
shown that the operator:

1

A9l = [ (e 5l + Qg

-1

of the corresponding contact problem is continuous,
self-adjoint, and positive definite acting from the
complete Hilbert space L,(—1,1) in Ly(—1, 1). The wear
of the thick elastic layer by a cylindrical punch moving
along its generatrix was studied. The different problem
formulations were considered: for the given function of
punch displacement in time, for the given function of load
variation in time, taking into account the roughness of
contacting bodies, heating in friction process, and so on.
The axisymmentric wear contact problems for the ring
punch (a <r < b) rotating at the elastic half-space bound-
ary were considered in Goryacheva (1998). It was shown
that the integral operator A; for axisymmetric problems:

alp) =X Vz)/bK(Z\/Fﬁ) (p)dp

1
nE r+p) r+p

is continuous, self-adjoint, and positive definite. Asymp-
totic expression of the contact pressure for + — oo has
the form:

Fs

Poo(1) :m7

where F., is the asymptotic value of the load applied to the
punch.

Analysis of the wear kinetics in contact of elastic
bodies of complex geometry including the wear
problems in discrete contact is developed and discussed
in Goryacheva (1998).

Nonlinear wear contact problems arise due to variation of
the contact region in wear process, nonlinearity of wear
equation, and changes of the mechanical properties and
temperature of the subsurface layers in wear properties.

Numerical methods are widely used to solve nonlinear
wear contact problems. In what follows, some typical
algorithms for numerical study of the problems are
described.

One of the traditional approaches to finding the
approximate solution of such evolutionary problems is
to use a step-by-step method based on time-digitization
and using finite difference representation of differential or
integral operators of the contact problem. This method of

solving nonlinear wear contact problems in different for-
mulations (in application to plane and spherical bearings,
coated guides, etc.) was used in Goryacheva and Dobychin
(1984), Soldatenkov (1987), Teply (1987), Usov (1985),
and Johansson (1994).

The wear contact problems with variable contact
region can be solved using mapping of the variable contact
region into fixed region (Soldatenkov 1987), that is, if x is
the coordinate, [—a(t), a(t)] is the contact region, v = da/dt
is the velocity of the contact region growth, then the wear
equation 1 can be written in the form:

OW(X,t) X OW(X,1)

—u(t) O = F(P(X,1))

ot (14)

where X = x/a is the dimensionless coordinate, and
W(X, 1) = w-(x, t) and P(X, t) = p(x, t) are the dimension-
less wear and contact pressure distributions, respectively.
Turning to the fixed contact region simplifies the numer-
ical procedure of the problem solution, since it allows the
possibility of using the fixed nodes of a network.

The other idea providing the simplification of the
analysis of the contact problem with growing contact
region is using the contact radius a instead of the time
t (Usov 1985; Aleksandrov and Manzhirov 1987;
(Soldatenkov 1987). In this case the wear equation 1
takes the form: OW(X, a)/0a = v '(a) F (P(X, a)), and
the relationship (14) is reduced to the following:

OW(X,a) XOW(X, a) 1
92 4 ox *@F(P(X:t))»

Integration of this equation is made using the known
characteristics of the differential operator in the left-hand
side of the equation.

In wear contact problems for the cylindrical bodies,

the effective method uses the approximate representation
of the contact pressure in the following form (Usov 1985):

plx,t) = Z k() sin kx.
k=1

Substitution of this expression into the system of the
integro-differential equations 1, 3, 5, and 6 leads to the
solution of the simplified system of ordinary differential
and nonlinear algebraic equations. Based on the method,
it is possible to study the problems with nonlinear wear
equation, with friction, to take into account the simulta-
neous wear of both contacting bodies.

The asymptotic approach for the solution of the
nonlinear wear contact problems was used in Aleksandrov
and Kovalenko (1982) to analyze the wear kinetics in plane
journal bearings and plane guides for t — 0. It was
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established that there is singularity in the rate of the
contact region growth at the initial instant of time.

Some approaches for the wear contact problem analysis
are based on the asymptotic properties of the solution.

In the wear process the displacements of the
contacting bodies due to their deformation are usually
limited, whereas in many cases the linear wear is the
monotonically increasing function in time. So for
the high values of wear it is possible to neglect by the
surface displacements due to deformation in the contact
condition (5), and to consider the wear process of rigid
bodies in contact (Pronikov 1998). Using this approach
makes it possible to calculate the worn shape of contacting
bodies and to reduce the analytical expressions for the
contact characteristics in wear process. For example, the
following dependence of the total wear I of the radial
sliding bearing on the half contact angle a was reduced
in Usov (1985):

I =2RA(tan a — a)

where R and A are the radius and the gap of the bearing.
The other feature of the wear contact problems is the
existence of the steady-state solution at + — oo under
definite conditions. This solution is characterized by the
uniform linear wear rate within the contact region:

GW*(%% t) _ dD(t)
ot Todt

= D.

A necessary condition for existence of the steady-state
stage of the wear process is stabilization in time of all the
external parameters of the problem (the rate of the

approach tliin D(t) = Dy, of contacting bodies

or stabilization of the normal load tlilf F(t) = Fx,
——+00

velocity of the relative motion of the bodies

lim V(x,y,t) = Voo(x,y), the contact region

hm Q1) = Q).

t—+00

Under this condition and under the assumption that
operator A (3) is time independent, the sufficient condi-
tions for the asymptotic stability of the steady-state solu-
tion were formulated in Goryacheva (1998) both for linear
and nonlinear wear contact problems.

The pressure distribution also tends to the steady-state
pressure p.., which depends on the contact geometry, on
the relative motion of contacting surface, and the type of
the wear equation (Goryacheva 1998):

D 1/
w(x,y) = lim Xy, t) = |———o| .
Poo(x,y) e p(x,y,1) Konﬁo(x,}/):|
Substituting this equation into the equilibrium equa-
tion 6 makes it possible to obtain the formula for deter-
mining the steady-state normal load F..:

dxdy

= ( ) //V/f/“xy

If D, =0 or f, = 0, the contact pressure tends to zero
(i.e., Poo (%, ) = 0).

Figure 1 illustrates the contact with partial slip of the
elastic half-space and the indenter with similar elastic
properties. The wear occurs within the slip zones. This
problem was studied in Goryacheva et al. (2001) for two
types of the initial geometry of the indenter: the parabolic

(15)

cylinder and for the cylindrical indenter with a flat base
and the rounded edges. The bodies are subjected to the
constant normal force F and the oscillating tangential
force Q(#) so that —Q" < Q(f) < Q. The following
condition is satisfied: 1Q*| <uFE where p is the friction
coefficient.

It was proved in Goryacheva et al. (2001) that the wear
contact problem under consideration has the asymptotic
solution. The contact pressure approaches to one which
has a singularity at the ends of the stick zone and is
zero outside the stick zone. Figure 2 illustrates the
redistribution of ¢, component of the stress tensor in
wear process. The curve 3 corresponds to the asymptotic
solution at t — oo. The analytical expressions for

VAV

_Q*

Wear Contact of Homogeneous Materials, Fig.1 Scheme of
the contact
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Wear Contact of Homogeneous Materials, Fig. 2
Distribution of the g,, component of the stress tensor for
various numbers of cycles: N = 0 (curve 1), N = 4-10* (curve 2),
N — oo (curve 3)

the asymptotic solution (contact pressure and shear
stress, tension, shape of the worn surface, etc.) are
presented in Goryacheva et al. (2001) for the both
cases of contact geometries. In particular, the asymptotic
contact characteristics were calculated for the various
shapes f{x) of contacting bodies. The following relation-
ships were obtained for the contact pressure p., (x):

t—x
, (16)
—_—, x| < C*,
n1/c*2_x2 ‘ |

p:)o(x) =0, < |X| < dyo;

(%) = E* /E V2 — 12 f'(t)dt
Pool) = 21V 2 — x2 .

+

and for the shape of the worn surface w,, (x):

Woo(x) =0, |x| < ¢,
W) = 1 ) = £
< (17)
2 e |ase — X,
g [ PR,

< x| < an.

where —c* and ¢* are the ends of the stick zone determined
from the equation:

*

c

:uE* C*it/ *
—-— t)dt = uP —
2 / tJrc*f() H <

(18)

o

parameter Y characterizes the portion of the worn material
removing from the contact region (0 < y < 1), and
(—00» ao0) is the contact region at t — oo.

The results of this study are used for the analysis of the
evolution of the contact characteristics in fretting, and for
prediction of the crack initiation in fretting fatigue.

The operating of the junctions at the steady-state regime
of wear is more preferable, since the stabilization of pressure
and other contact characteristics, and minimization of wear
rate and value of wear occur at this stage of the process.
The mathematical problems of wear process optimization
are formulated and studied in Goryacheva (1998).

Key Applications

The solution of wear contact problems makes it possible
to evaluate the running-in and life-time of different
tribological junctions, and to control the wear process.
Based on the wear contact problem solutions, the contact
characteristics’ evolution and life-time were studied in the
following tribological junctions and units:

— Sliding bearings (Goryacheva and Dobychin 1984;
Usov 1985; Aleksandrov and Manzhirov 1987;
Teply 1987).

— Rail and wheels (Goryacheva 1998).

— Piston rings (Goryacheva 1998).

— Fretting fatigue process in various
(Johansson 1994; Goryacheva et al. 2001).

junctions
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» Sliding Wear
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Wear Contact of Inhomogeneous
Materials

IRINA GORYACHEVA
Ishlinsky Institute for Problems in Mechanics of Russian,
Russian Academy of Sciences, Moscow, Russia

Synonyms
Wear modeling for inhomogeneous materials

Definition

Wear contact problems for inhomogeneous materials
study the evolution of all contact characteristics (pressure
distribution, position and size of contact region, shape of
contacting bodies, approach of the bodies, etc.) in the
wear process, taking into account the parameters of
inhomogeneity of the contacting bodies.

Scientific Fundamentals

The mathematical formulation and solution of the wear
contact problems depend on the type of inhomogeneity of
contacting bodies (layered bodies, bodies with inclusions,
bodies with nonuniform wear coefficient, composite
materials, etc.).

Similar to wear contact problems for homogeneous
bodies, mathematical problem formulation for layered
elastic bodies includes the wear equation that establishes
arelation between some characteristics of wear and a set of
parameters characterizing the properties of friction sur-
faces and operating conditions. In general, the linear wear
rate Ow, /Ot can be presented as the function of the con-
tact pressure p and sliding velocity V'

ow,
e~ Fp.v). o)

The form of the function F depends on the type of
wear (abrasive, fatigue, etc.), temperature, and so on.

For many types of wear the function F can be approxi-
mated by the power function, so (1) has the form

Ow, 0t = K,,pPr vF, (2)

where K,, is the wear coefficient, and f8; and f3, are param-
eters that depend on material properties, friction condi-
tions, temperature, and so on.

The pressure p(x, y, f) within the contact region and
the surface normal displacement u(x, y, t) for an arbitrary
instant of time ¢ are related by operator A

u(xaya t) = At[p(x> Vs t)] (3)

Since the thickness of the surface layer decreases in the
wear process, the operator A, in the relation (3) is time
dependent.

Equations (1) and (3) must be considered with the
contact conditions:

u(x, y,t) + walx, 3, 1) = ®(x, 3, 1), (4)

where function ®(x, y t) depends on the shapes of
contacting bodies and the relative approach D(¢).
Equations (1), (3), and (4) provide the complete
system of equations for determining the contact pressure
p(x, 3 1), the shape of the worn surface w«(x, y, t), and
the elastic displacement u(x, , ). It must be noted that
if the approach function D(t) is not given, but it is known
the normal component P(f) of the load applied to the
contacting bodies, the equilibrium equation is used to
complete the system of equations (1), (3), and (4):

J J p(x, 3, 1) dudy = P(t). (5)

Q(t)

The method to solve the wear contact problem for the
elastic half-space coated by a thin elastic layer with variable
thickness is described in Goryacheva (1998). It was shown
that the worn thin layer compliance can be described by
the relationship:

u=Bhp, h=hy—w,,

where hy is the initial layer thickness.

The two-dimensional problem was reduced to the
following integral equation to find the unknown contact
pressure p(x, t) within the fixed contact region (—a, a) at
the arbitrary instant of time ¢ (Goryacheva 1998):

h(x,t) — h(0, t)—

_ % [h(x, )p(x, 1) — h(0, £)p(0, £)]+
! (6)

xl

;x dx' = f(x).

J p(x,t)In

"
nE;
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Here, f(x) is the shape of the punch, which is the
cylinder moving along its generatrix 0y E =
E;/2(1 —v?) (i=1 or i = 2 for the layer or for the half-
plane, respectively). It is assumed here that the Poisson
ratio is the same for the layer and the half-space. The value
of the constant A depends on the conditions at the layer-
substrate interface: A = 0.5 if there is no friction at the
boundary between layer and a half-space; if there is com-
plete adhesion at the boundary, then

A 20—n)(y—1)2—n+ny)
(x+1)

K =3—4v.

)

E

n—=—
0
E2

The variable layer thickness in the arbitrary instant of
time is determined from the relationship that follows from
the wear equation (2):

! N1 b
h(x, 1) = ho — KWJ {%} it
0

The integral equation (6) is nonlinear. The step-
by-step method was used to solve the system of equations
(6) and (7).

Figure 1 illustrates the worn profiles and the pressure
distributions in contact of the punch with flat base
x < a and the coated elastic half-space at various times
t (t = at/K,,) of the wear process. Calculations were made
for the following dimensionless parameters: ;, = 1.4,
P=9.103 (l_’ = P/(aEE‘)), n = 0.13, and under the
assumption that the surface layer is bonded to the sub-
strate (Goryacheva and Soldatenkov 1983). This case is
applied to study the wear of solid lubricant coatings.

-0.5 0 05 xa 10

Wear Contact of Inhomogeneous Materials, Fig.1 Profile of
the worn coating surface (a) and pressure distribution

(b) within the contact region during the wear process: t = 0
(curve 1), T =0.15 (curve 2), t = 0.64 (curve 3)

The results indicate that the contact pressure tends to the
uniform steady-state distribution in the wear process for
chosen values of parameters. However, the steady-
state wear stage may not be realized for very thin
coatings, since the complete wear in some points can be
reached earlier.

The wear contact problem for the punch and the
layered elastic body with monotonically increasing contact
area was studied in Soldatenkov (1985) using the iteration
method to determine the evolutions of contact pressure
and the contact width in the wear process.

The wear of the coating compliance described by the
nonlinear function u = hA(p) was analyzed in Soldatenkov
(1990). The following relationship for the contact pressure
evolution in the wear process was reduced:

Op(x.1) _ 7(t) ~ £(p(x. 1) )
o hx0A(plx 1)

Here, o(p) = F(p)(1 — A(p)), (1) = ¢(p(x, 1)), X is
some fixed point within the contact region, and F(p) is the
wear equation. It follows from (8) that, depending on the
function (p), contact pressure tends to uniformity, or it
is in decreasing in some parts of the contact zone, causing
catastrophic wear.

The wear contact problem for the multilayered coating

with depth-variable compliance B(y) was studied in
Soldatenkov (1991) wusing the Winkler foundation
model. The problem was reduced to the wear contact
problem for homogeneous body described by the follow-
ing integral compliance:

u(x,t) = B(x, t)h(x, t)p(x, t),

B(x,t) = !

The similar method was used in Cherskii et al. (1986)
to study the wear contact problem for a layered coating in
a journal bearing.

The micromechanical finite element models of the
pin-on-disc wear test taking into account the plastic strain
in the coating during the test are presented in
Christofidesa et al. (2002).

Different technical methods used for hardening of surfaces
change their properties and essentially influence the char-
acter of the surface wear during the friction process. Local
surface hardening (laser processing, ion implantation,
etc.) produces a structural inhomogeneity and, as
a consequence, nonuniform wear.
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The wear contact problems with variable wear resistance
were analyzed in Goryacheva (1998). The coefficient K, in
the wear equation (2) is a function of the coordinates (x, y)
at the half-space surface, so this equation takes the follow-
ing form:

ot
—mmwvm%ﬂmvgnr7 ©)
P -

where p* and V* are characteristic values of pressure and
velocity.

The mathematical model to study the wear process
consists of (3), (4), (5), and (9).

If the operator A in (3) is time independent and either
the function dD/dt, which is the rate of surface approach,
or the normal load function P(#), possesses an asymptote,
that is

dD aw(x,y, z)

lim — = lim

=D
t—+oo dt  t—+o0 dt o

or
lim P(t) = Py,

t—+00

then the system of equations (3), (4), (9) (or (3), (4), (5),
(9)) permits the stationary solution
1/,
Do (V* B
V) J . (10

Poo(x,) = p Ko(x ) VR (x.y)

At the given asymptotic value P, of the normal load,
the constant D, is determined from the equilibrium con-
dition (5)

7/f1
Pl jJ dxdy
() vy | LT (e, ) VIR (. )

D, =

(1)

Sufficient conditions for the asymptotic stability of the
solution (10) were established in Goryacheva (1998).

The shape of the worn surface corresponding to the
stationary solution (10) can be represented as a sum of
a function f,.(x, y), which is independent of time (station-
ary shape) and the time-dependent function D(#).

The steady-state shape of the elastic half-space
is described by the function (Goryacheva
Soldatenkov 1983)

fool,y) = A[poo(x,y)] =

e\
- \Kalx ) Vi (x, )

and

(12)

Here, operator A takes the form
Alp(x,y,t)] =

1— 2
nEv JJP(X/’}//’ t)ga(x/,y/,x,y) dx/dy',
Q (13)
1

(=) + (y— )

ﬂ%%&ﬂ—V

The stationary shape f..(x, y) depends on the geome-
try of the contacting bodies, wear coefficient K,(x, y), and
the type of the punch motion, i.e., the function V{(x, y).

Some wear contact problems for the elastic half-space
with variable wear coefficient are considered in
Goryacheva (1998). The method is developed there to
solve the wear contact problems with the wear coefficient
described by the step function K,(x, y):

K, (x,7) € Q\o,

K. (x,7) € . (14)

Kw(xvy) = {

Here, w is the set of the hardened domains (the coef-
ficient K, characterizes the wear rate within this domain),
and Q\w are the unhardened domain at the half-space
surface Q (the wear rate within this domain is character-
ized by the wear coefficient K,,;).

The method can be applied to study the effect of local
hardening on wear process and the shape of the worn
surface. It follows from the solution of the periodic wear
contact problems for the half-space hardened inside the
strips or inside the circle domains (these domains form
the hardened domain ), that the half-space surface
becomes wavy due to wear. Figure 2 illustrates the scheme
of hardening and the shape of the worn surface within the
period for the elastic half-space hardened inside the circle
domains. Due to wear by the rigid punch (it is assumed
that its surface does not wear) with the flat surface moving
translationally on the half-space surface in various direc-
tions at a constant speed, the initially flat half-space
surface becomes wavy (see Fig. 2b). The geometric param-
eters of the worn surface depend on the dimensionless
parameter m = g—:ﬁ, which characterizes the extent of
hardening, and the parameter a = (I is the period
in both direction x and y), which is a geometric charac-
teristic of hardening. The parameters vary in the ranges
0 <a < 1/2 and my <m <1, where my is a limit value of m
due to processing technology of the half-space surface.

The pressure distribution tends to the step function

Poo(X 9):

Pﬂ&ﬂ_{@%&ﬂeﬂw, 15)

P* va(x7y) EU),
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Wear Contact of Inhomogeneous Materials, Fig. 2 Scheme of the hardened domain arrangement at a half-space surface

(@) and a shape of the worn surface at one period (b)

where

i P
pl :Kvlv/ <p*12)7
) KN\ Py
n=() (%)

my = m 1,

(16)

P.. is a load per period. The effective wear coefficient K,,
in the steady-state stage of the wear process is determined
from the expression

I—<7Doo p*l21V* /37 1
Y K \ Ps V) 14 naimy’

The effective wear coefficient K,, in the steady-state
stage of the wear process is equal to 1 for a = 0

(17)

(nonhardened surface) and decreases as the radius a
of the hardened domain, or the parameter m, increases
(m decreases).

Thus, the variation of the parameters m and a within
the limits admissible by technology makes it possible to
control the tribological and geometric characteristics of
the wavy surfaces generated due to wear.

The same method was used in Chekina and Keer
(1998) to study the effect of polishing of the composite
material consisting of periodically distributed two phases,
on the evolution of the surface shape. The steady-state
solution of the periodical wear contact problem for the
composite material wearing by the viscoelastic body was
developed in Lyubicheva (2006). The results are used to
analyze the effect of sliding velocity and wear equation
parameters on formation of a steady state shape of inho-
mogeneous body.

Wear contact problems for inhomogeneous bodies with
a bounded contact region possess additional peculiarities
due to the edge effects. The steady-state shapes of the worn

surface of an annular-end punch hardened inside the
concentric rings or inside the sectors were studied in
Goryacheva (1998). It was supposed there that the
punches are worn by the elastic half-space. Figure 3b illus-
trates the shape of the worn surface at a radial cross-
section for different arrangement of the hardened domain,
which are the rings of given width p. The dependence

h(&) = % (5 = ﬁ) when  hardened

domains are arranged uniformly along the radius is
depicted by the solid line (N = 5). Due to the boundedness
of the contact region, the hardened domains wear
nonuniformly (the edge effect). The location of the
hardened domains significantly affects the stationary
shape of the surface. By varying the parameters r;, it is
possible to obtain the shape of the worn surface, satisfying,
for instance, the condition f(r; + p/2) = const. It is
represented by the dashed line in Fig. 3b.

The results open the possibility to control the worn
surface shape by using the specific local geometric and
tribotechnical hardening parameters.

The model of wear process in discrete contact was
developed and used to study the wear of inhomogeneous
bodies with inclusions (Goryacheva 1998). This model
takes into account the interaction between contact spots.
It describes the redistribution of the contact pressure
during running-in, and the steady-state nominal pressure
and the worn surface shape depending on the density and
size of inclusions, type of motion, and so on.

Key Applications
Study of wear kinetics makes it possible to predict the
durability of the moving parts of machines during
operation.

The design of a sliding pair with a protective coating
that prevents severe wear and decreases the friction losses
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Wear Contact of Inhomogeneous Materials, Fig. 3 Scheme of hardened domain arrangement (a) and the shape of the
worn surface at the radial cross-section (b) for uniform distribution of the hardened annular domains (solid line) and for the case
& =035, & = 047, &3 = 0.78, &4 = 0.925 & = 0.975 (dashed line), p/r, = 0.2

is of interest for engineering. The models described above
make it possible to evaluate the lifetime of the coated friction
elements in different junctions. The wear of a thin
antifriction coating in plain journal bearings with the
coating either at the bush or at the shaft surface was
studied in Goryacheva and Dobychin (1984) and in
Goryacheva (1998). The wear process for two-layered
coatings in journal bearings was analyzed in Cherskii
et al. (1986).

The parameters of surface inhomogeneity, such as
relative size and wear coefficient of hardened and
unhardened zones and density of different phases or den-
sity of inclusions in composite material, influence the
shape variation of the surface in the wear process. Based
on the solutions of the corresponding wear contact prob-
lems it is possible to predict the evolution of the contact
characteristics of friction pairs with various types of inho-
mogeneity if these parameters and other characteristics of
wear process are known. Based on the model analysis, the
evolution of the shape of the composite material in chem-
ical mechanical polishing was predicted in Chekina and
Keer (1998).

Study of the wear contact problems makes it also
possible to develop the methods of controlling the wear
process by

® Decrease of the running-in time and provision of
savings in material by making the initial surface
shape approach the steady-state shape calculated
from the models (problem 1)

e DProvision of the desired characteristics of junction in
the steady-state wear by approach of the steady-state
shape of the surface to the optimal shape (problem 2).

The problem of stabilization of the optimal shape
fdx, y) of the worn surface (problem 2) can be formulated
if there are some parameters y,(x, y) characterizing, for
instance, the inhomogeneity of contacting bodies, that
admit the variation within the definite class of functions
(Goryacheva and Chekina 1989). The following integral
equation in respect of the one or several unknown func-
tions y,(x, ) must be solved:

f;(x,)/) :A[poo(x7y)v Vi(XJ/)]. (18)

Usually the parameters y,(x, y) have the practical
limitations imposed by the technology used in obtaining
the inhomogeneous surfaces. Therefore, the problem
is reduced to minimization of the functional
(Goryacheva 2007).

In wear process of the locally hardened surface
discussed above, the governing parameters characterize
the hardening intensity and the relative size of the hard-
ened domains. The variation of these parameters admis-
sible from the technological requirements allows control
of the tribological and geometrical characteristics of the
wave surface formed in the wear process. For instance, by
varying the arrangement of the hardened zones, which are
the rings of definite thickness, it is possible to get the worn
shape f(r; + p/2) = const that could be considered there as
the optimal surface shape (see Fig. 3b).

For discrete contact, the steady-state shape essentially
depends on the distribution of the contact spots and their
mutual influence. The solution of problem 2 for the abra-
sive tool surface is obtained in Goryacheva (1998).
The method of calculation of the optimal distribution of
the abrasive inclusions at the tool surface providing
its uniform wear is proposed based on this solution.
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Wear Contact of Inhomogeneous Materials, Fig. 4 Abrasive tool surface with inclusions (a) and variation of the inclusion

density versus radius providing the condition fi(r) = const (b)

The function x(x, y), characterizing the contact density of
inclusions, was used to control the wear process. Since it is
impossible to manufacture the tool with the density vary-
ing continuously, the solution was sought in the class of
step functions. The results of calculations for the tool
operation surface in the form of the ring, rotating with
the constant angular velocity on the boundary of the
elastic half-space are presented in Fig. 4b. The function
guarantees the surface to be practically flat during the wear
process. This function consists of three different parts
because the densities different by less than 10% were
considered to be indistinguishable for technological
reasons.

Wear modeling makes it possible both to predict the
main features of the wear process at micro- and macro-
scales for various friction conditions, and to control
this process, providing the optimal surface shape of
the elements of friction pairs and minimizing the run-
ning-in time. This leads to savings in material used for the
friction pairs and to an increase in the lifetime of
junctions.

Cross-References

» Contact of Layered Materials

» Contact of Materials with Inhomogeneities
» Wear Contact of Homogeneous Materials
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Synonyms
Abrasive wear of gears; Sliding wear; Sliding wear in mixed
EHL contacts

Definition
Surface wear is one of several failure modes experienced at
the interface of lubricated gear tooth contacts that must
operate under combined sliding and rolling motions.
While scuffing and tooth bending fatigue failures have
their own mechanisms, contact fatigue failures such as
micro-pitting and spalling compete with surface wear as
potential failure modes along the lifespan of gear compo-
nents. Apart from the direct material loss that leads to
functional failure, surface wear causes the gear system to
change its vibration and noise characteristics significantly
as the gear mesh excitations are very sensitive to surface
geometry. Surface wear affects the patterns of gear contact
in such a way that contact stresses and load distributions are
altered to accelerate the occurrence of other failure modes.
Hence, a better understanding of mechanisms of gear wear,
including its impact on noise and durability, is essential. In
addition, knowledge of the sensitivity of design parameters
and manufacturing errors on wear becomes crucial for
a gear designer who attempts to minimize wear. This chap-
ter provides a brief description of models used to predict
gear wear and discusses the influence of gear tooth modi-
fications and lubricant parameters on wear, describing the
interactions between dynamic behavior and gear wear.
Other phenomena associated with micro-pitting and
scuffing also result in removal of material from the tooth
surfaces. In addition, certain manufacturing processes
such as gear lapping can be viewed as a form of accelerated
surface wear. This chapter will not include such
surface changes and focuses solely on long-cycle, mild
wear in gears.

Scientific Fundamentals

A large number of parameters must be taken into account
to describe wear characteristics of any contacting surfaces

accurately. Mechanisms of gear wear are even more com-
plex as the contact parameters such as radii of curvature,
sliding velocities, and normal load vary with contact loca-
tion. Local contact deflections and tooth bending effects
also complicate the contact conditions. In addition, other
contact parameters influencing the elastohydrodynamic
lubrication conditions (lubricant parameters and surface
roughness characteristics) are also among the parameters
of interest for gear wear. The coupling between the contact
conditions and the actual geometry of the contact surfaces
that change as they wear can cause inaccurate estimations
of contact stresses, resulting in unrealistic life predictions
as well. The key to the prediction of the performance of
a gear pair accurately over an extended number of wear
(load) cycles is the knowledge of evolution of the geometry
of the mating tooth surfaces as they wear so that the
pressure distribution in the contact zone and, hence,
wear rates of mating components can be predicted
accurately.

Any sliding wear of a lubricated surface can be
described by the initial value problem

=9 )
where h is the wear depth, s is the relative sliding distance,
and S is a function of a number of parameters influencing
wear, including contact pressure p, rolling (V) and sliding
(V) velocities and material hardness, and surface rough-
ness amplitudes and texture, as well as lubricant-related
parameters. Wear accumulation can be calculated by inte-
grating (1), provided that the function & is known.
Archard (1953) proposed a simple model that takes prob-
ability of asperity collision into account in the form
of a wear coefficient k. Although many researchers
(e.g., Williams 1999) proposed, over the years, more
advanced wear models using different methodologies
and parameter sets, Archard’s wear model still remains
the most commonly used model for practical applications
such as cam-follower contacts, engine piston rings, and
gear contacts where the geometry and operating condi-
tions are already complex.

Gear contact involves combined rolling and sliding action
of two mating surfaces that have varying geometry and
loads. Most recent gear wear models (Wu and Cheng 1993;
Flodin and Andersson 1997, 2000; Bajpai et al. 2004) used
Archard’s wear model for simulating wear conditions of
spur and helical gear pairs. With the assumption that the
hardness values of the materials of contacting surfaces
remain constant throughout the wear process, Archard’s
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wear equation can be expressed for a local point on one of
the contacting surfaces as

dh
Ik (2)
where k is a dimensional wear coefficient. This equation is
integrated over s to find the wear depth h of any point on
a gear contact surface. Although a number of mathemat-
ical relations to compute wear coefficient k for metallic
sliding friction have been proposed in the past, k has
mostly been defined experimentally (Bajpai et al. 2004)
for specific gear contact conditions.

Equation 2 states that prediction of h requires the
values of the contact pressure p and the sliding distance s
of each point on gear tooth contact surfaces as a function
of gear rotation. Most gear wear models cited above

employed a common iterative procedure outlined in

Fig. 1 to predict the wear distribution of contacting gear
surfaces. Here the initial geometric description of the
actual gear tooth surfaces that includes manufacturing
imperfections and intentional tooth modifications forms
the initial state for the wear prediction. Geometries of each
gear tooth contact surface are denoted by (G;})P and
(G,’;)g, representing the deviation of a surface point ij
from the perfect involute surface at a wear increment k
for the driving (pinion p) and driven (gear g) gears,
respectively. When k = 0, the tooth surface is brand new
(no wear). By specifying the deviations of points ij from
perfect involute at the nodes of a predetermined surface
grid, a discretized description of both contacting surfaces
is obtained.

The next step in Fig. 1 is the prediction of the contact
pressures of each contact point ij at every rotational incre-
ment r (r = 0 to R) of the gears in mesh. This can be done

Gear Geometry ’

Gear Contact Sliding
Analysis Distance
(Pjj )r «
(Sij )rs e
Wear Depth }‘7
Yes
r—r+i
No
hj = Z(Ah; ), }‘7
hy
K=K+
Yes

Wear Distribution

h

i

Wear in Gears, Fig. 1 Flowchart illustrating a typical methodology to predict gear wear
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by using finite-element-based gear contact models (Bajpai
et al. 2004) or simpler semi-analytical load distribution
models (Flodin and Andersson 1997, 2000; Ding and
Kahraman 2007). The gear contact model must be
sophisticated enough to include initial tooth surface
manufacturing deviations and modifications to predict
the initial contact pressure distributions P};:o as well as
the contact pressures Pj; at various incremental stages of
wear. Here, since the contact lines move across the tooth
surfaces during the meshing process and width of contact
zones is typically very narrow, a large number of rotational
increments R must be considered to span an entire tooth
loading cycle in order to obtain a smooth contact pressure
distribution to be used by the wear formulation.

The sliding distance (sg) . experienced by a given
contact point ij on a loaded tooth surface of one gear is
defined as the distance by which the point ij on one gear
slides with respect to its corresponding point on the mat-
ing gear as gears rotate from position r to position r + 1 at
the k-th wear increment. Consider a point a on the active
tooth surface of gear p that is at the leading edge of the
instantaneous contact at a particular rotational position
r = r, and the contact zone passes through the point a in
following incremental rotations. The sliding distance cal-
culation becomes a matter of tracking the relative position
of this point with respect to its mating point b on the other
gear. Focusing on the cross-section of a gear contact in the
direction of sliding on the transverse plane of the gears,
Fig. 2a shows the start of the wear cycle of this point a on
gear p as well as its mating point b on gear g. At this
rotational position r;, both points a and b are at the
leading edge of the contact zone, experiencing non-zero
pressure for the first time since the beginning of loading

Gear p

Gear g

r=rs

r=rs+1

cycle. Position vectors of points a and b at this position
relative to a coordinate system located at the center of gear
p are the same, i.e., (X;), = (Xp), . When the gears are
rotated by one incremental rotation to position to r; + 1,
point a rotates about the center of gear p by an incremental
rotation AO, of gear p, whose new coordinate (X,), ,, can
be obtained via simple rotation transformation. As shown
in Fig. 2b at position r = r; + 1, point b on gear g is no
longer in contact with point a on gear pas gear g rotates
about its center bya A, = — (N, /N,)AB,, where Nis the
number of teeth of gears. Position vector (X;), ,, of point
bis obtained by first translating the coordinate frame from
the center of gear p to the center of gear g, then rotating it
by A0, and then translating it back to center of gear p.
With this the sliding distance experienced by point a
between rotations r; and r; + 1 is

() rrir = || K0, 1 = (K)o

In order to generalize the above equation, consider the
contact zone at the next position r = r; 4+ 2 as shown in
Fig. 2c. In this position, the points of interest a and b move
further away from each other. Relative sliding distance
increment as gears rotate from position r; + 1 to r; + 2
is equal to the distance between a and b minus (s

. (3)

Z ) rs—rs+1°
If point a remains within the contact zone until position
r = r,, the sliding distance that occurs when gears rotate
from any position 7 to r + 1 can be given in general terms
as (Bajpai et al. 2004).

(s8)rmrin =

{ ‘ “(Xb)rﬂ - (Xﬂ)r+1” - Z;zn(sﬁ)qqu )

0

rs<r<te,

0<r<rsorr.<r<R.

(4)

)

U (Sp)rs+1 > rg+2

<
(Sp)rs — rg +1
e

r=re+2

Wear in Gears, Fig.2 A graphicalillustration of sliding distance experienced by point a on gear p during the first three rotational

increments of its wear cycle
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The sliding distance calculations must be carried out
only for those nodes ij with nonzero (P};)r for at least two

consecutive rotational positions. Sliding distance calcula-
tions for node ij of gear p are continued as r is increased
until (P;;)r becomes zero again. In calculating the sliding

distance of point b on gear g with respect to point a on gear
D, the same procedure is repeated by applying it now for
gear g.

With (P) and (S}E)HPrl in hand, the wear depth
occurring at each tooth surface point ij during one wear
complete cycle can be computed by discretizing the inte-
grated form of (2) as

)= ok, [

Equation 5 is applied continuously C* times until the
maximum wear depth accumulated at any node of either
one of the contacting surfaces after the k-th pressure
update equals a preset threshold value of ¢*. Then, the
wear amount at point ij of gears p and g accumulated
after the x-th pressure update is

cx
=" (ARy) . (6)
c=1

In Fig. 1, once the wear depth of any tooth surface
point for each « reaches &, the worn geometries of tooth
surfaces are established and input to the gear contact
model for an update of pressure distribution (Pg“)r.
This iterative procedure is repeated until the maximum
total wear depth on either of the two gears reaches
a certain threshold value of ¢'. At this point the total

wear depth of point 7 is

K
hj =y h. (7)
k=1

Finally, the total number of wear cycles resulting in the
accumulation of wear shown in (7) becomes

K
c=> C" (8)
k=1

Figure 3 shows simulations of wear in a helical gear
pair done by using a basic model similar to the one
outlined above. The gear pair is formed by a 34-tooth
gear p and a 22-tooth gear g having a normal module of
1.439 mm, active face width of 26.7 mm, and pressure and
helix angles of 19° and 20°. These gears have no tooth
modifications such that the initial geometries at kK = 0 are
perfect involutes. In this figure, the wear depth distribu-
tions after the 4th (x = 4) and 8th (i = 8) wear geometry

updates are shown for both gears pand g with & = 2 um.
It is noted here that both gears experience significant wear
in addendum and dedendum regions with no wear along
the pitch lines (at about 23° roll angle) where relative
sliding is zero. Wear is uniform along the face width
direction since the initial surfaces were unmodified. It is
also noted that gear g accumulates nearly 50% more wear
simply because it has less teeth and hence each of its teeth
experiences more cycles. Figure 4 shows the contact pres-
sure distributions of the same gear set at its initial stage
(1 = 0) as well as wear stages of kK =4 and 8. Initially,
contact pressure is relatively uniform across the tooth
surface. Wear accumulation alters this, reducing contact
pressures in the dedendum and addendum regions where
wear is maximum while increasing pressures in the region
near the pitch line. Figure 5 shows wear profiles of the
same helical gear pair, now modified using a combination
of involute crown, lead crown, and involute slope correc-
tions (Fig. 5a), as it is done commonly in real-life gearing.
Changes due to wear are evident in Fig. 5b, c at wear stages
of k=4 and 8. Since the contacting surfaces are
crowned in both directions, wear causes the surfaces to
be flattened.

Such wear models were shown to compare well to the
measured wear profiles from gear experiments, provided
the wear coefficient is determined empirically. For
instance, Bajpai et al. (2004) showed good correlations to
a helical gear pair having shaved surfaces operated with a
automatic transmission fluid with an empirical wear coef-
ficient of k=9.65 x 107" m?/N. Likewise, Ding and
Kahraman (2007) obtained a good agreement with their
spur gear experiments at different operating conditions
with the same lubricant using k = 2.9 x 107! m?/N.

Key Applications

According to (2), the contact pressure distribution that is
determined by force carried by the tooth is one of the main
parameters impacting surface wear. The dynamic behavior
of the gears amounts to tooth forces that are different from
the quasi-static forces in both magnitude (often larger)
and shape. These tooth forces also reflect various
nonlinear phenomena such as backlash-induced tooth
separations. Therefore, surface wear outcome is strongly
related to the dynamic behavior of the gear pair during its
operation (Wojnarowski and Onishchenko 2003; Ding
and Kahraman 2007). In addition, a higher speed opera-
tion of the gear pair, while increasing dynamic tooth forces
and the resultant contact pressures, also helps increase the
film thicknesses at the lubricated tooth contacts due to
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Wear in Gears, Fig.3 Wear distributions of the gears of an unmodified helical pair after (a) 4th and (b) 8th wear updates
e =2 pum

increased rolling velocities. Priest and Taylor (2000) pro-
posed an approximate wear coefficient model to account
for the effect of film thickness on wear profiles, by mod-
ifying the wear coefficient k as

kOv A <%7
k=4 2ko(4—2), 1<i<4, (9)
0, A> 4.

Here, A is the lambda ratio (the ratio of the minimum
film thickness Ay, to the composite surface roughness).
This equation assumes that the wear coefficient is equal to
ko for 2 <3 that corresponds to the values observed at
relatively low speeds such as the ones measured by Bajpai
et al. (2007). It also assumes that k = 0 for 1 > 4, i.e,, no
wear will occur if hy;, is at least four times more than the
composite surface roughness amplitude. In the transition

region within 1 < 2 < 4, k reduces linearly from ky to
zero. This apparent reduction in k was reported to offset
some of adverse effects due to dynamic forces while the
shape of the wear profiles was shown to be dependent on
the shape of the oscillations of the tooth forces (Ding and
Kahraman 2007).

On the other hand, dynamic response of a gear pair is
very sensitive to deviations of the tooth surface profiles
from a perfect involute. Intentional tooth modifications
such as the ones shown in Fig. 5a are commonly used to
reduce the dynamic forces at a certain design torque.
Unavoidable manufacturing errors also influence the
dynamic response since they act as a “transmission
error” excitation at the gear mesh interface. As surface
wear is a material removal process that results in
a deviation from the intended tooth profiles, it influences
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Wear in Gears, Fig.4 Maximum tooth surface distributions of the gears of an unmodified helical pair. (a) Initial pressure
distribution, (b) and (c) pressure distributions after the 4th and 8th wear updates. & = 2 um

vibration amplitudes and the forced frequency response
both quantitatively and qualitatively. For instance, when
operated near a resonance peak, accumulating surface
wear was shown to diminish this particular resonance
peak (Ding and Kahraman 2007).

Influence of Tooth Modifications and Errors
on Gear Wear

Tooth modifications are often determined based on their
ability to neutralize tooth deflections at a certain load
level. Yet these modifications also alter the contact
pressure distributions to impact the wear characteristics
of a gear pair. Kahraman et al. (2005) studied such effects
on helical gears by parameterizing common automotive

gear modifications as involute slope modifications (or
errors) of gears p and g (A, and A,) and involute crown
of gears p and g (B, and B, ). They performed a number of
simulations to determine that addendum and dedendum
wear amplitudes are determined by the total involute slope
mismatch A=A, — A,, and the total involute crown
B = By, + B,. It was shown in this study that the maxi-
mum addendum wear rate increases exponentially with A
such that (hpay), = aje "4 while the maximum
dedendum wear rate decreases exponentially with A
according to (Hmay) ; = azeP4. Here, the constant coeffi-
cients ay, a,, by and b, are dependent on the gear tooth
design parameters and the wear coefficient. Kahraman
et al. (2005) further indicated that (ﬁmx)a = (fzmax) d
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Deviation from involute

Wear in Gears, Fig.5 Wear distributions of the gears of a modified helical pair. (a) Initial profiles showing tooth modifications,
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when A = —B. With this, influence of tooth profile
modifications on maximum wear rate can be written in
the form

A< —B,
A> —B.

- —biA
_ a e
hmax - {u2€b2A7’ (10)
The same relationship is illustrated in Fig. 6

schematically.

The conventional methodology outlined above for predic-
tion of wear in gears is based on Archard’s formula that

dedendum wear

Maximum Initial Wear Rate

addendum wear

-B

Involute Slope Mismatch, A

Wear in Gears, Fig.6 A graphical representation of involute
slope mismatch on initial maximum addendum and
dedendum wear rate of a helical gear pair

3.0+
2.5
2.0

1.5 1

1.0 1

Average Wear Rate
[um/million cycles]

0.5 1

0.0

requires a wear coefficient k that must be determined for
the application in hand. This coefficient indeed must take
into account all lubricant, surface, and material parame-
ters as well as operating speed and temperature condi-
tions. While this is the main shortcoming of this
methodology, it is very practical given the added complex-
ities of a gear contact analysis and sliding distance com-
putations. In industrial applications where surface
textures, lubricants, gear materials, and operating condi-
tions are often similar, establishing k empirically from gear
experiments or field data would be sufficient. Yet, any
improvements to wear problem in gears beyond the ones
attainable through design solutions based on these models
must focus on how to reduce k. In one such study, Krantz
and Kahraman (2004) focused on the influence of lubri-
cant viscosity and additives on gear wear. In this study,
seven different rotorcraft gearbox lubricants were used to
perform families of high-speed spur gear tests. Figure 7
plots measured average gear wear rates as a function of
viscosities of these lubricants to show that a higher viscos-
ity fluid results in less wear due to increased fluid film
thickness and reduced asperity contacts. In Fig. 8, images
of the teeth of some of these gears are shown. It is clear in
this figure that gear teeth tested with lubricant F having
the highest viscosity has almost no wear while teeth tested
with lubricant C having the lowest viscosity exhibit signif-
icant amounts of wear. Also note in Fig. 7 that three of the
lubricants considered (B, D, and G) exhibit significantly
different wear rates in spite of having very close viscosity
values, emphasizing the critical role that lubricant wear
additives play on wear in gears.

0.005 0.010 0.015

0.020 0.025 0.030

Absolute Viscosity (N-s/m?)

Wear in Gears, Fig.7 Variation of measured average wear rates as a function of viscosities of seven different lubricants at the
testing temperature. The solid line is a trend line representing a quadratic curve fit (From Krantz and Kahraman 2004)
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Wear in Gears, Fig.8 Examples of worn spur gear tooth surfaces tested using the seven lubricants shown in Fig. 7 (From Krantz

and Kahraman 2004)
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! Wear in Knee Prostheses:
Differences Compared with
the Hip

CASSANDRA J. WRIGHT-WALKER, MARTINE LABERGE
Department of Bioengineering, Clemson University,
Clemson, SC, USA

Synonyms
TKR - total knee replacement

Definition

A knee prosthesis, also known as a total knee replacement
(TKR), is a medical device used to replace degenerated
cartilaginous surfaces in the knee. It is typically comprised
of a metal femoral component, polymeric tibial plateau,
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and a metal tibial component; TKRs may also contain
a patellar resurfacing component.

Scientific Fundamentals

Annually worldwide, there is an increasing trend of patients
receiving total joint replacement (TJR) procedures. Over
half a million total knee replacements (TKRs) are
performed each year in the United States, due in part to
revision surgeries but also due to patients receiving TKRs at
a younger age. Furthermore, surgeons have begun allowing
patients in their 80s and older, even with co-morbid con-
ditions, to receive TJR implants to increase quality of life,
which increases the total number of implantations. As
arthroplasty-appropriate age decreases, interest increases
in implant longevity to reduce the number of potential
revisions a patient might undergo.

The first modern TKRs, excluding Gluck’s hinge
arthroplasty of ivory created in the late 1800s, was
the Walldius hinge made in 1958 of cobalt-chrome alloy.
The first condylar TKRs, introduced by Gunston in 1971,
were cobalt chrome condyles articulating against
a UHMWPE tibial insert, without metal backing
(Shanbhag et al. 2006). This design is similar to those
that are used today. These early TKRs were cemented in
place using polymethylmethacrylate (PMMA), which is
comprised of PMMA pre-polymerized polymer bead
powder that is combined with the liquid monomer of
methyl methacrylate. It is injected into the surgical site
after it achieves the proper paste consistency. Polymer
polymerization is completed in situ between the implant
and the prepared bone site, creating a stable support for
the implant.

Advances in design to yield better patient outcomes as
well as kinematics that more closely parallel the natural
knee are still evolving. In the 1970s, these included metal
backing for the polyethylene tibial tray and the use of non-
cemented components. Although non-cemented implants
allowed removal of less bone, many early non-cemented
TKRs (up to one third) did not exhibit bone in-growth
into the surface, leading to revision (Cook et al. 1988). The
key to bone in-growth is lack of micromotion between the
prosthesis and the bone that is found via precise surgical
skill and patient compliance. Numerous studies of differ-
ent textures to promote porous in-growth have included
sintered beads and fibers, meshes, and hydroxyapatite
coatings. While outcomes have been variable among
non-cemented knee implants, these have been successful
in younger patients with better quality bone stock.
Advances in the 1980s included design of revision

prostheses with longer stems for both cemented and
non-cemented designs.

TKRs contain four components: femoral component, tib-
ial component, tibial insert (or tibial tray), and patellar
button (Fig. 1). Both the femoral and tibial components
have a stem of metal that extends into the bone for
implant stability. The femoral components are made of
cobalt chrome molybdenum (Co-Cr-Mo) alloy due to its
mechanical and tribological properties and its biocompat-
ibility. The tibial component may be made of Co-Cr-Mo
or titanium alloys such as Ti-6Al-4 V. Femoral and tibial
components are either press-fit or cemented over the
associated bone (femur or tibia) once it has been surgically
prepared. Co-Cr-Mo is an excellent metal for these com-
ponents: The chromium adds wear resistance as well as
allows for a passivating oxidation layer of chromium oxide
to form on the surface. Further, the cast Co-Cr-Mo
(ASTM F75) allows fabrication of a porous surface for
bone in-growth, which is necessary in non-cemented
components. Porous coating of the Co-Cr-Mo results in

femoral
component

—— tibial insert

tibial component

Wear in Knee Prostheses: Differences Compared with
the Hip, Fig. 1 TKR components
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decreased overall strength of approximately 200 MPa,
which is significantly lower than non-porous Co-Cr-Mo
alloy (Shanbhag et al. 2006). The tibial insert, made of
ultra-high molecular weight polyethylene (UHMWPE),
serves as the sacrificial bearing surface for the joint.
UHMWPE has been used for TJR bearing surfaces since
the 1950s after the rapid failure of polytetrafluroethylene
(PTEE) as a sacrificial bearing surface. UHMWPE is either
extruded then machined into its final form or direct
molded using compression molding. Historically, sterili-
zation was completed using gamma sterilization in air, but
due to oxidative degradation this method was altered.
Currently, gamma sterilization is completed in an inert
(low oxygen) environment using 25-40 kGy. Moreover,
experimentation with UHMWPE and gamma sterilization
found that gamma radiation, which caused chain scission
and cross-linking, could have a beneficial effect with
respect to wear when high radiation doses (up to
100 kGy) were used: Wear resistance of UHMWPE has
been shown to increase with cross-linking while decreas-
ing the occurrence of pitting and delamination (Shanbhag
et al. 2006).

The patellar button, implanted as needed, consists of
a UHMWPE or metal-backed UHMWPE button that is
placed against the surgically refinished patella. In spite of
advances in design and materials, primary TKRs fail and
need to be revised in approximately 10-20 years.

In general there are three main wear mechanisms observed
in TJRs that lead to material removal from a bearing
surface: adhesive wear, abrasive wear, and fatigue wear.
Adhesion occurs when two parts bond under the exposed
load; a portion of the material, one or both surfaces, is
removed as relative motion between the two components
occurs. Abrasion is primarily due to asperities on the
surface of one or both of the materials. The asperities
rub against the softer surface and ultimately lead to
scratches and thus to material removal. Fatigue occurs
when a material is repetitively loaded. The material fails
under cyclic loads that may be significantly lower than the
ultimate tensile strength or even the yield strength of the
material because of the additive nature of the repetitive
loading. Fatigue failure begins with an initiation site, often
a crack or crevice in the material that can also be termed
alocal stress concentration. This crack begins to grow due
to repetitive loading, which ultimately leads to failure of
the material. Predictions of how the material will perform
can be estimated from the S-N curve (a graphical repre-
sentation of stress with respect to number of cycles in
which a material will fatigue if the stress for a given

number of cycles lies above the curve). However, wear
typically is not attributed to one distinct mode, but
a combination of one or more of the three types. There-
fore, determination of how a joint replacement will fail is
most accurate retrospectively, although educated analyses
may provide predictions similar to what occurs in actual-
ity. Abrasive and adhesive wear, both surface mechanisms
leading to smaller average wear particle size, are predom-
inantly observed in total hip replacements (THR). Unlike
THRs, TKRs include all three major modes of wear
(adhesive, abrasive, and fatigue). Due to both rolling of
the femoral condyles on the tibial insert and sliding during
cyclicloading, TKRs experience fatigue wear, which results
in delamination and pitting. Fatigue wear generates larger
average UHWMPE particle size for TKRs compared to
THRs (see Table 1). Additionally, backside wear in which
micromotion exists between the tibial insert and tibial
component may occur and result in a second wear surface.
This backside wear is most prevalent in mobile bearing
TKRs; however, it may be observed in both TKRs and
THRs between the UHMWPE components and their
metal mating component.

As a tribological phenomenon, wear results from con-
tact geometry (conforming or non-conforming surfaces),
kinematic loading conditions (velocity, applied load, load
distribution), lubrication (fluid viscosity, friction, molec-
ular adsorption), and material properties (hardness, elas-
tic and viscoelastic properties, surface properties). It has
been shown using a knee joint simulator that as confor-
mity increases in TKRs, both the wear rate and the size of
the wear scar increase (Galvin et al. 2009). Conversely, the
average peak contact pressure increases as conformity
decreases (Galvin et al. 2009). However, recent clinical
retrieval evaluations of coronally flat implants have
shown wear scars covering approximately half of the
medial and lateral condylar regions (48 £ 16 % and
47 + 14 %, respectively). Further, it was shown that
delamination occurred in only a small percentage (11 %)
of cases (Harman et al. 2007).

McKellop and colleagues further described wear for
total joint replacements based on specific tribological

Wear in Knee Prostheses: Differences Compared with
the Hip, Table 1 Average particle size for THR and TKRs

Hip | 0.43 pm (Schmalzried et al. 1997), 0.53 um (Shanbhag
et al. 1994), 0.694 um (Mabrey et al. 2002)

0.52 um (Schmalzried et al. 1997), 1.190 um (Mabrey
et al. 2002)

Knee
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contact conditions observed in those bearings (McKellop
et al. 2008). Each of the following modes of wear may
occur in THRs and TKRs. In Mode 1, which occurs in all
TJRs, only intended bearing surfaces are in contact and
undergoing wear. In Mode 2, a bearing surface is moving
against a nonbearing surface, as in the case of a femoral
component articulating on the rim of the tibial insert
instead of the intended area. Mode 3 is third-body abrasive
wear in which the two primary bearing surfaces are artic-
ulating against one another but with abrasive particulate
in between the two surfaces. In this case, abrasion results
from PMMA, bone particles, or metal particulate
entrapped in the UHMWPE tibial insert increasing the
wear occurring. Finally, Mode 4 wear occurs when two
surfaces that are not designed as primary bearing surfaces
are moving against each other such as backside wear
between the tibial insert and the tibial component in
a fixed bearing TKR. Mode 1 type wear particles will be
produced continuously throughout the service life of the
implant. However, sometimes a transfer film can occur in
which the soft PE is transferred onto the metal surface and
alters the wear rate of the implant. If a stable transfer film
forms, there may be a reduction of wear over the long term
after an initial “wear-in” period shortly after implantation.
If the film is not stable, however, film formation may
increase wear via abrasive or third-body (Mode 3) type
wear (McKellop et al. 2008).

There are many factors that influence the failure rate of
primary knee replacements. Patient age and diagnoses at
time of implantation significantly influence the service life
of an implant (revision is considered the endpoint for the
purposes of this review). As patients age, they tend
towards lower activity levels. This causes decreased wear
on artificial joints and typically lengthens implant service
life. A retrospective study of over 11,606 primary knee
replacements confirmed that survivorship at 10 years
decreases with patient age at implantation (Rand et al.
2003). Further, the survivorship data also showed that
overall implant percent survivorship decreases as would
be expected at 5, 10, 15, and 20 years. When survivorship
is separated by gender, women have a significantly higher
implant survivorship at 10 years than men (93% vs. 88%,
respectively) (Rand et al. 2003). Rand and colleagues also
divided the cause of primary arthroplasty by disease or
condition that resulted in significantly higher survivorship
of rheumatoid arthritis patients (95%) at 10 years com-
pared with other diagnoses: osteoarthritis (90%), post-
traumatic arthritis (86%), osteonecrosis (84%), and
other diagnosis (76%). It has been suggested that patients

with rheumatoid arthritis would have decreased physical
activity compared with osteoarthritic patients and this
would result in increased percent survivorship.

Implant design also affects implant service life. It has
been shown that posterior stabilized designs had
a significantly higher revision rate than posterior
cruciate-retaining designs, in which at 10 years after
surgery survivorship was 76% (n = 2,994) and 91%
(n = 8,052), respectively (Rand et al. 2003). More recent
smaller studies have shown higher implant survivorship of
both designs. Additionally, lower survivorship may be due
to early implant design, such as impingement of
UHMWPE, which leads to increased wear, resulting in
early failure, as the study by Rand and colleagues contains
cases starting in 1978.

Other non-design-related causes of failure include
infection, stress-shielding, periprosthetic osteonecrosis
or fracture, implant instability, polyethylene wear-through
or fracture, and allergy or hypersensitivity to one of the
implant components (Shanbhag et al. 2006). Implant
instability causes increased wear as the bearing surfaces
will not always retain proper alignment. Additionally,
polyethylene wear-through or fracture is a result of
Modes 2—4 type wear; the thickness of the tibial insert
makes it highly unlikely that the insert will wear through
during its service life if Mode 1 wear is the only type
wear present.

The most common cause of failure of an implant is
implant loosening that results from wear and osteolysis
(Shanbhag et al. 2006). Failure rates vary drastically
according to design, cemented, hybrid, or non-cemented,
implantation time, as well as many other factors.

Even with advances in factors affecting wear, wear particles
(Mode 1 wear) are unavoidable. The particles generated
are typically polyethylene, but may also be metal debris or
corrosion products; they are released into the synovial
fluid, from which they travel into the periprosthetic tissue.
This elicits the body’s natural defense mechanism to
remove foreign material: Macrophages respond by phago-
cytosing the debris. Because they cannot break down the
particles, secreted cytokines cause osteoclast maturation
and activation. Once osteoclasts mature, they function to
resorb bone in the regions surrounding the prosthesis
resulting in loosening (Chiba et al. 1994). Implant loos-
ening causes a destructive positive feedback (see Fig. 2)
known as osteolysis or periprosthetic bone loss
(Schmalzried et al. 1997).

The average UHMWPE particle sizes generated for
THRs and TKRs have previously been shown in Table 1.
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Wear in Knee Prostheses: Differences Compared with
the Hip, Fig. 2 Wear cycle in bone

The average particle size ranges from approximately a half
micron in THRs to just over a micron in TKRs. TKRs tend
to produce larger particles due to oxidative embrittlement
and delamination. The particle size is important as it
determines the biological response. In a murine model,
particles from 0.24 to 1.71 pm resulted in activated
macrophages and thus bone resorption. Larger particles
(7.6-88 um), such as large delamination-generated
particles, did not activate macrophages.

Osteoclast precursors do not resorb bone until they are
signaled to become active, a key step in osteolysis. The
transcription factor nuclear factor kappa B (NF-xB) must
be stimulated to activate the NF-kB pathway, which results
in differentiation and maturation of the precursor cells.
The two main components of NF-kB pathway are receptor
activators of NF-kB: RANK (a receptor found on osteo-
clast progenitors) and RANK ligand (RANK-L, a molecule
secreted by stromal cells that binds and activates the NF-k
B pathway). Osteoprotegerin (OPG), a natural down-
regulation mechanism of this pathway, is a protein
secreted by osteoblasts that competitively binds to
RANK, thus inhibiting osteoclast maturation. TNF-a
and IL-1, two cytokines released by macrophages in
response to wear particles, are particularly of interest
because they up-regulate RANK-L secretion (Jacobs et al.
2001; Wei et al. 2005).

Ultimately, the goal of TKR design is to reduce wear such
that the service life of the implant may be lengthened.
However, wear is highly complex. It deals with the inter-
play of variables including wear resistance, loading condi-
tions, lubrication, surface roughness, implant design
(conformity), surgical technique, and so on. Furthermore,
all of these will vary during the life of the implant
surface.

according to accumulated wear at each

Recently, modifications to TKR designs have been pro-
posed to enhance the lifetime of the bearing.

The tibial component and insert may be modular or non-
modular. Modular implants are systems that allow for
several different tibial inserts of varying thickness. This
allows a more customized fit for the patient, which may be
necessary to provide the best surgical outcome. Excellent
results have been seen with both types of implants, and
orthopedic manufacturers currently produce both types.

A posterior stabilized knee design sacrifices the posterior
cruciate ligament (PCL), which functions to restrain the
posterior motion of the femur with respect to the tibial
component. To correct for the missing PCL, the tibial tray
has a raised post in the center that fits within a groove in
the femoral component to prevent undesired femoral
kinematics.

Cruciate retaining designs do not have the raised
UHMWPE post and groove that posterior-stabilized
implants contain. These designs allow for the patient to
keep their PCL. However, the patient must have a healthy
PCL for this design choice.

One of the recent design alternatives for TKRs are gender-
specific knees that are aimed at more closely mimicking
the female shape and size. Clinical outcomes have not
shown significant differences between standard and
gender-specific implants (Young-Hoo et al. 2010)
although longer follow-up studies and possibly laboratory
simulations must be conducted at 10-15 years post-
operatively to determine comparative longer-term wear
resistance.

TKRs may have both components cemented using
polymethylmethacrylate (PMMA), or young patients or
those with clinically acceptable bone stock may have nei-
ther component cemented. Use of non-cemented compo-
nents requires bone in-growth to achieve adequate
fixation. If in-growth does not occur, micromotion will
be prevalent that will lead to increased wear and early
device failure. Hybrid fixation, in which the femoral
component relies on bone in-growth (non-cemented)
and the tibial component is cemented, is also an option.
A statistically increased survivorship of cemented knees
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(92%, n = 11,166) has been shown compared with non-
cemented (61%, n = 259) and hybrid (84%, n = 172) at
10 years (Rand et al. 2003). However, the sample size of
patients was relatively small with cementless or hybrid
fixation designs implanted. The reported survival rate of
press-fit (non-cemented) TKR varies by study. Press-fit
prostheses require healthy bone stock and are typically
implanted in younger thus typically more active patients,
which may explain the decrease in survivorship. Further,
significant surgical skill is required for the precise implan-
tation techniques used in cementless fixation.

Early TKR designs involved symmetric design, in which
both condyles are uniform in shape and size; these have
shown excellent long term survivorship. Asymmetric knee
implants were designed to more closely resemble human
knee anatomy in order to increase patellofemoral function
by decreasing the occurrence of patella subluxation and
instability.

After development of the TKRs, unicompartmental knee
replacements (UKRs) were developed using the same
materials and design of the total knee at that time except
that only the medial or lateral section of the knee was
replaced. In 1972, the Sledge prosthesis developed in
Germany was one of the earliest reported UKRs with
a Co-Cr alloy femoral component bearing on a non-
metal backed UHMWPE tibial component. These were
designed as a treatment for unilateral osteoarthritis or
trauma to only the medial or lateral condyle/meniscus as
an alternative to TKRs. UKRs are most often implanted on
the medial side, though they may be used for the lateral
compartment as well. The disadvantage of UKRs is that
they require increased surgical skill for alignment and thus
are not used by all orthopedic surgeons. Misalignment
may lead to non-ideal kinematic and tribological condi-
tions. Moreover, UKRs may be considered a bridge to
a TKR. UKRSs often have a predominately flat polyethylene
component, which leads to an initially small contact area
that will increase over time as the component “wears in.”
This smaller contact area leads to higher contact stresses
that in turn may lead to early fatigue failure of the
component.

The majority of TKRs are fixed bearing, in which the
metallic tibial tray fits securely into the UHMWPE tibial
component. The femoral component then articulates
against this fixed UHMWPE surface. However, for

younger or active patients, some surgeons may recom-
mend mobile bearing knees. Mobile bearing knees have
a metal post that extends upward from the tibial compo-
nent on which the tibial tray articulates. The tibial tray has
aslot in it that does not penetrate through the thickness of
the PE to the bearing surface, allowing it to rotate and/or
slide short distances with respect to the tibial component.
Mobile bearing knees may be divided into three types:
anterior-posterior translation only, rotation only, or
a combination of translation and rotation (Callahan
et al. 2001). The concept of mobile bearings allows more
natural joint movement for the patient but also generates
a second bearing surface and potentially increases back-
side wear. One of the largest advantages of this design type
is the transfer of stresses to the soft tissue instead of
solely into the surface and subsurface regions of the
constrained polyethylene tibial tray and component
(Callahan et al. 2001). The drawback of this type implant
is that there is additional support required from the soft
tissue structures including ligaments to keep the knee
aligned and prevent dislocation. Research has not shown
yet that these implants are an improvement over the
standard fixed bearing knees in performance or longevity.

If the TKR fails during the patient’s lifetime, the patient
must undergo revision surgery to replace the failed device.
Revision TKR components have longer stems than their
primary surgery counterparts to allow for contact between
the stem and the bone to increase stability; this is because
osteolysis is likely to have removed some of the bone
surrounding the original implant. Further, revision com-
ponents may also contain a cam/post system (similar to
that described above in the posterior stabilized section) to
provide additional stability and less reliance on the
patient’s ligaments. The major difference between primary
and revision components is the length of the stem.

Key Applications

Total knee replacements and total hip replacements.
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Synonyms
Wear-mechanism  maps;
transition maps

Wear-mode maps; Wear-

Definition

A wear map is a two-dimensional or three-dimensional,
user-friendly representation of wear data. With carefully
selected parameters as axes for the two- or three-
dimensional space, such a map provides a global (or
bird’s eye) view of the wear behavior of a pair of materials
in tribological interactions. The relationship between wear
behavior and the condition of interactions can be appre-
ciated at a glance. A wear map can serve as a quick, albeit
approximate, guide to a designer in the first-cut selection
of suitable operating conditions for components intended
for tribological interactions in a larger (engineering) sys-
tem. A desirable operating condition would be one that
promotes a mild form of wear, so that the components
interacting with each other will have a sufficiently long
service life before the amount of wear sustained would
require them to be replaced.

Scientific Fundamentals

The removal of material as a result of wear during the
interaction of surfaces in relative motion is a complex
phenomenon. While much effort had been made to gain
a better understanding of the underlying processes and
mechanisms leading to the removal of material during
such interactions, precisely how the various parameters
and factors interact with each other and contribute to
wear (to different degrees) is still not fully understood.
However, renewed effort coupled with increasingly capa-
ble measurement and observation techniques should help
researchers to gain a deeper insight into such issues.

Over time, a large amount of wear data has been
amassed and reported in the literature for a variety of
material combinations and experimental conditions.
However, the information gathered has invariably been
“localized,” meaning that the data were obtained
(experimentally) for a relatively narrow band of sliding/
interaction conditions. While these data provide fairly
detailed views of the “localized” behavior, it was often
difficult to relate the wear data obtained under one exper-
imental condition with those obtained from another, even
though the same materials might have been used.

The lack of connectivity among experimental data
obtained under different interaction conditions has
caused some confusion, especially to those who are new
to the field. The notion that there is one wear factor (or
coefficient) for a pair of materials further adds to this
confusion. The fact remains that wear behavior (both
wear rate and wear mechanism) will change with changing
interaction conditions.
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A properly constructed wear map offers a global (or
bird’s eye) view of the wear behavior — which usually includes
both wear rate and wear mechanism information — of
a pair of materials in tribological interactions over
a considerable range of contact conditions. It will enable
users to appreciate the connectivity between available wear
data and to navigate a sea of changing wear behavior.

The idea of presenting wear data in a two- or three-
dimensional graphical manner is not new. One of the
earliest is the wear-rate surface constructed for the sliding
of steel components (Okoshi and Sakai 1941). While
a number of such representations have been proposed
since then, it was Childs’ map for steels (Childs 1980)
that took this form of data representation to the next
level. Childs used a range of sliding conditions that was
far wider than what anyone else had done before. This
would be the first time a global wear behavior of soft
steels was presented, showing how steels would switch
from one mode of wear to another with changing sliding

conditions. Changes in wear mode were accompanied by
corresponding changes in the mechanisms of wear.

Later, Tabor (1983) remarked that wear might be the
result of interacting mechanisms with no single process
dominating. He suggested that wear-mechanism maps —
summarizing data and models for wear, showing how the
wear mechanisms interface, and allowing the dominant
wear-mechanism for any given set of conditions to be
identified — could be developed to explore this much
broader pattern of wear behavior. (Dominant wear-
mechanism is that wear mechanism which contributes to
the largest portion of the total wear-rate measured during
tribological interactions.) Following this line of thought,
the wear-mechanism map for steels in unlubricated sliding
was constructed based on experimental data (primarily
from pin-on-disk tests) and theoretical models culled
from a wide range of sources (Lim and Ashby 1987).
This map (Fig. 1) describes the unlubricated pin-on-disk
wear behavior of steels over a wide range of sliding con-
ditions. It predicts the field of dominance of one wear
mechanism and when its contribution will become
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Wear Maps, Fig. 1 A wear map for the unlubricated sliding of steels (Lim and Ashby 1987)
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less important. Within each field, contours of predicted
normalized wear-rates are superimposed. Companion
wear-mode and wear-transition maps for steels were
presented to provide additional information that the first
map could not conveniently present (Lim et al. 1987).
These latter two maps summarize the sliding conditions
associated with mild wear and severe wear and where
transitions between them occur for steels. The
wear-transition map also shows how the various wear
transitions reported in the literature could be related and
harmonized with one another.

Sometimes, it may be useful to construct a companion
friction map to complement an existing wear map. It has
been shown that when the sliding becomes more severe,
the measured coefficient of friction for a pair of steel
components in unlubricated sliding depends on the slid-
ing condition much more than on the surface properties
(such as surface roughness), which were found to be more
important during slower sliding (Lim et al. 1989).

Wear maps for other groups of materials, ranging
from metals, ceramics, and polymers to engineered mate-
rials, such as metal-matrix composites, have been pro-
posed. Figure 2 shows the wear map for graphitic
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Wear Maps, Fig.2 A wear map for the unlubricated sliding
of A356 Al-10%SiC-4%Gr metal-matrix composite against
52100 steel. Three major wear modes, ultra mild wear, mild
wear, and severe wear (seizure), are shown together with the
sub-regime of scuffing. The associated wear rates next to
the data points (as shown in the original diagram) are not
reproduced presently (After Riahi and Alpas 2001)

aluminum metal-matrix composite sliding against steel
in unlubricated condition (Riahi and Alpas 2001). In this
example, details of both wear rate and wear mechanism
are provided, with the fields of dominance of each wear
mechanism clearly demarcated.

Wear maps for different contact conditions have also
been proposed. These include, for example, maps for
fretting wear, maps for corrosive wear, maps for erosion
and wear maps for tools used in different machining
operations. For the last category, a number of maps
describing the flank wear and crater wear characteristics
of coated and uncoated tools and tool inserts during
single-point  dry operations have been
constructed. These maps typically show a region of

turning

machining conditions within which tools would experi-
ence the lowest rate of wear — the safety zone. The effect of
the application of a thin layer of coating onto such tools
can also be clearly seen; this is the expansion of the range
of machining conditions defining each region having
comparable rate of tool wear. Figure 3 shows the superpo-
sition of the flank wear maps of uncoated carbide tools
and TiC-coated carbide inserts used in single-point dry
turning operations. The expansion of the safety zone and
the least-wear regime due to the presence of the TiC
coating can be clearly seen (Lim and Lim 2001).

A summary of the early developments of various types
of wear maps is given in Lim (1998).

Much effort is needed to construct a wear map. It invari-
ably involves the collection of a considerable amount of
experimental data, both wear rate and wear mechanism,
of a particular pair of materials under very similar
external environments. These external environments
would include lubricated or unlubricated condition
(one cannot mix data obtained from lubricated tests
with those obtained from unlubricated tests); atmospheric
or lower-pressure condition; ambient-temperature or
elevated-temperature condition; and clean or “gritty”
surrounding, which would suggest the possible presence
of abrasive wear.

The key characteristic of a useful wear map is the wide
range of operating conditions covered. The operating
conditions (which usually would be chosen as the axes of
the map) should preferably be those that potential users of
such a map could easily replicate in their own experimen-
tal apparatus or industrial operations. These include load,
pressure, relative velocity, and so on.

Researchers constructing wear maps tend to follow their
individually favored approach; the choice of these slightly
different approaches is almost always a personal one.
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Wear Maps, Fig.3 A map for the flank-wear characteristics of both coated and uncoated carbide tools during single-point
dry turning. The application of TiC coatings leads to the expansion of the safety zone and the least-wear regime (Lim and Lim 2001)

The following describes briefly the steps adopted by the
author (Lim 1998).

1.

For the pair of materials of interest, their mode of
contact (e.g., unidirectional sliding), contact geometry
(e.g., pin-on-disk), the environment in which they are
to interact in (e.g., atmospheric condition), and lubri-
cation condition will first have to be decided.

Gather experimental data from the literature on wear
rate and wear mechanism pertaining to this pair mea-
sured in conditions exactly like or very close to those
specified in step (1). In-house tests will have to be
carried out if data is lacking. Mathematical models
describing the wear behavior of this pair should be
gathered as well. One is expected to look for more than
one wear model because more than one dominant
wear-mechanism is expected within the wide range
of operating conditions covered by the map.

Decide on the parameters to be used as axes for the
map. One can construct a two- or three-dimensional
wear diagram; so far, the majority of wear maps are of
the two-dimensional type, and this trend is likely to be
maintained. The range of operating conditions to

be included in the map will also have to be decided.
It is desirable to select as wide a range as possible. For
situations such as machining, the ranges of machining
conditions should preferably be similar to those
recommended by the tool manufacturers for that
particular group of tools whose wear behavior is to
be mapped.

Construct the empirical wear maps. This is done first
by grouping the wear data according to the mode and
mechanism of wear. The wear-rate and wear-
mechanism data, appropriately classified, are then
plotted onto the (usually) two-dimensional space
defining the map. The field of dominance of each
mechanism is then demarcated using field boundaries
and the approximate locations of the contours of
constant wear-rate are located. At this stage, the wear
map is sufficiently informative and it should provide
a summary of the global wear behavior of the pair of
materials in tribological interactions.

The final step is to introduce the appropriate mathe-
matical models available describing the wear behavior
of this pair in tribological interactions in different
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fields within the map. When these are not available,
new models may have to be developed. Noting that
temperature usually plays a controlling role at the
interface when the relative (sliding) velocity there is
high, appropriate temperature calculations need to be
incorporated into the wear models used when higher
velocities are involved. Parameters used in the wear
models are calibrated using the experimental data
available. The calibrated model for each field is then
used to calculate the projected wear rates for condi-
tions in the field where no experimental data is avail-
able. These wear-rate contours are superimposed onto
the map. A complete wear map is thus generated.

The construction of a wear map in the manner
described above is generally a time-consuming effort.

Key Applications

Awear map is like a street map. A street map of a particular
city tells a tourist where she is as she walks around in that
city; it also tells her the direction(s) she should take to
reach her destination(s). A wear map constructed for
a particular pair of materials in specific tribological inter-
actions tells a reader the different types of wear behavior to
expect at different operating or sliding conditions; it also
tells him the most appropriate operating or sliding condi-
tions to be employed if he wants to see little wear damage.

A properly constructed wear map holds much infor-
mation. Take, for example, the wear map for steels shown
in Fig. 1. It was constructed based on mathematical
models that predict wear rates derived from the operation
of different dominant wear-mechanisms and calibrated
against actual experimental data. The resultant wear-rate
contours should quite accurately predict the wear-rates to
be expected in “gaps” within each field where no actual
experimental data were previously available. (The field
within a wear map is the region defined by the operating
conditions where one particular wear mechanism has
dominance and is responsible for most of the wear
produced.) Herein lies the usefulness of such a map — its
ability to predict wear rates with reasonable accuracy
as well as the dominant wear-mechanism for a particular
set of sliding conditions (in this case, normalized
pressure and sliding velocity) without the users having to
conduct experiments to gather wear-rate data or to
undertake calculations wusing known mathematical
(wear) models.

At this juncture, it is important to recognize that the
majority of tribological systems almost always operate in

a well-lubricated environment. When the lubricant does
its job properly, separating the contacting surfaces, there is
almost no wear. (Some wear, though, is expected to occur
during the various start-stop phases of a lubricated
system.) However, lubrication starvation can occur during
the operation of an engineering system. Even if this lasts
only for a short period of time, the resultant direct contact
between surfaces (without the lubricant for protection)
can lead to considerable wear damages. In this light, a wear
map is used to plan for the worst-case scenario when there
is a serious or a total lack of lubricant, and for how best to
protect the sliding system from excessive wear by design-
ing it (based on the information provided by the wear
map) to operate in a mild-wear condition when lubrica-
tion fails, i.e., in an unlubricated condition. This is the
basis for using a map constructed for an unlubricated-
wear situation for a lubricated system.

As an illustration, the wear map given in Fig. 1 is used
to determine the optimal sliding condition for a pair of
steel components intended for relative sliding motion in
an engineering system. This process is interactive in
nature.

The designer would have, from other considerations,
arrived at a certain range of sliding velocity and contact
pressure for this pair of steel components. A quick check
with the wear map for steels (Fig. 1) will yield the esti-
mated wear-rate and expected dominant wear-mechanism
under the intended range of velocity and contact pressure.
If this sliding condition say, falls into the higher-wear
region within the “delamination wear” field, it would be
useful to see whether the sliding condition could
be brought (say, through a reduction in contact pressure
by re-designing the contact geometry) to the lower-wear
region of this field, moving through the mild-to-severe
wear transition region. If this cannot be achieved due to
other constraints, one could explore the option of raising
the sliding velocity to move the sliding condition into the
field of mild oxidational wear. Noting that mild-to-severe
wear transition occurs over a narrow band of sliding
velocity within this field, great care must be taken to
ensure that the chosen sliding condition will continue
to produce a mild-wear condition. The process would
end once the selected sliding condition brings the compo-
nents into a mild-wear condition according to the map.

In certain situations, wear maps also provide crucial
information concerning the specific environment the
tribological system should operate in. For example, if
the desired sliding condition falls in the field where
mild oxidational wear is the dominant mechanism, not
only must the sliding condition be carefully selected
to stay in mild wear (because minor fluctuations could
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lead to a transition to severe wear), it is also essential
that the environment in which the sliding components
operate must have a sufficient supply of oxygen. Any
interruption to the oxygen supply will cause the domi-
nant wear mechanism to switch from one that is mild
(because the oxide formed helps to reduce wear) to one
that is akin to a machining process, leading to severe wear
damage (Lim 2002). The oxide film (as predicted by the
wear map when oxygen is present) would not be in place
to protect the components should lubrication fail,
resulting in considerable wear damages before a fresh
supply of lubricant could again separate the surfaces in
contact. The appropriate use of a wear map can help
prevent such an environment-induced transition into
severe wear.

At the end of this interactive process, a suitable sliding
condition should be found for this pair of steel compo-
nents so that they will always operate in a mild-wear
condition, even when lubrication fails. In the event that
the desired sliding condition cannot be attained because of
other constraints, the components might have to be
redesigned. The process to select the optimal sliding con-
dition would have to be repeated for the newly redesigned
components.

When the desired sliding condition is finally deter-
mined, it is useful to carry out wear tests simulating the
chosen sliding condition. This is to ensure that the com-
ponents will produce the same (or nearly similar) wear
rate and wear mechanism as predicted by the wear map.

A similar approach can be adopted when making use
of wear maps constructed for tools used in different
machining operations. A wear map constructed for
a cutting tool used in a particular machining condition
should allow the optimized machining condition to be
selected. This optimized condition allows the desired
rate of material removal (with a certain surface finish of
the workpiece) to be attained at an acceptable level of tool
wear. While the application of different coatings onto
cutting tools reduces tool wear considerably, it has been
found that, under certain machining conditions, the wear
rate of coated inserts may not be very different from that
of their uncoated counterparts. It would therefore be
more cost-effective to either switch to uncoated tools
when these machining conditions have to be adopted or
to select another set of machining conditions that would
allow the coated inserts to perform far better than the
uncoated ones in terms of tool wear, while still meeting
the production and quality targets. Wear maps can help to
maximize the cost effectiveness of coated tools and inserts.
Readers are referred to Lim and Lim (2001) for more
details on this issue.
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Definition

Abrasive wear describes a mechanism whereby material is
removed or displaced from a surface by abrasion due to
rubbing against hard particles. The mechanical damage
generated by abrasive wear generally has a deleterious
effect on electrical contact reliability.

Scientific Fundamentals

A simple model for abrasive wear involves the removal of
material by plastic deformation, as illustrated in Fig. 1
(Timsit et al. 2008). Consider the action of a large number
of abrasive particles with each represented as a cone of
semi-angle 0; dragged across the surface of a ductile mate-
rial to form a groove. The width of the groove generated by
the ith particle is 2a;, where g; is the cone radius at the top
of the groove of depth D, If F; is the average normal
applied force on the ith particle and o, is the maximum
mechanical stress on the area ma;, then F; is estimated as
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Wear Mechanisms in Electrical Contacts: Abrasive Wear, Fig. 1 Simple abrasive wear model in which a cone removes material
from a surface: (a) elevation view of a conical abrasive particle forming a groove in a substrate, (b) plan view of the abrasive

particle at a distance D from its apex
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Wear Mechanisms in Electrical Contacts: Abrasive Wear, Fig. 2 (a) Correlation between abrasive wear rate and Vickers
hardness of materials ranging from polymers to tool steel. The abrasive material was silicon carbide. These data refer to
two-body abrasion since the SiC particles were attached to a holding medium, such as a cloth, (b) relative resistance to wear
(1/wear rate) for pure metals and selected steels, (c) relative wear rate as a function of the ratio of the hardness of the abrasive to

the hardness of the substrate (Hutchings 1992)

2
Ta; 1
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5 =5 (1)

Since each hard particle is pushed into the surface and
deforms it plastically, an estimate for the contact stress is
O, & H, where H is the hardness of the worn material. In
the simple picture in which the volume of material
removed from a path of length L is ea;D,L = eLD/* tan 6,
where ¢ is a probability of removal, the wear rate g; defined
as the material volume displaced per unit sliding distance
by the ith particle is

. SLD,'2 tan 0; . 2¢F; . 2ek; F
= L " mtanO;H \xmtan0;/ H

since F; is proportional to the total applied force F as
F; = KF Summing over all abrasive particles, the total
wear rate is Q = Y q;, which reduces to

i

(2)

2ek;
mtan 0;°

where K =

The wear rate Q is measured as the volume or mass of
material worn away per unit sliding distance. Thus, K is
a constant that depends on materials properties (via the
parameter €) and the geometry of the abrasive particles.

Typical abrasive wear rates measured in volume of
worn material per unit force and unit travel distance are
illustrated in Fig. 2, where the abrasive material is silicon
carbide (Hutchings 1992). The wear rate decreases rapidly
with increasing Vickers hardness of the worn material.
The relative resistance to abrasive wear (1/relative wear
rate) of pure metals in comparison with that of selected
steels, as a function of the Vickers hardness of the metal,

W 4013
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is shown in Fig. 2b. It is worth noting that electrical
contact materials such as silver and copper are not partic-
ularly resistant to abrasive wear.

Key Applications

Abrasive particles are intentionally introduced in alumi-
num connectors, and particularly power connectors, to
abrade aluminum oxide surface films and promote
the formation of metal-metal contacts in electrical con-
nections involving aluminum (Schindler et al. 1996).
In these applications, the abrasive medium often consists
of particles of a hard metal such as steel or ceramic powder
suspended in a lubricant or mixed into a grease.

In electrical connections where contact surfaces
are coated with a soft metal such as tin, for example, in
tin-coated copper busbars, the use of abrasive grit to break
up tin oxide films requires special precautions. In
these applications, the grit must consist of relatively soft
material such as zinc to minimize damage to the coating
and preclude significant tin loss.

Cross-References

» Friction

» Friction Coefficient

» Sliding FElectrical Contact Wear
» Tribology
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Definition

Adhesive wear describes a mechanism whereby materials
fragments are pulled from one sliding surface and are either
transferred over to the mating sliding surface or are
dispersed as loose particles over the contacting bodies.

The mechanical damage generated by adhesive wear gener-
ally has a deleterious effect on electrical contact reliability.

Scientific Fundamentals of Adhesive
Wear on Electrical Contacts
The adhesive wear mechanism is illustrated schematically
in Fig. 1 (Hutchings 1992). It is initiated when localized
adhesion occurs at contact spots between sliding surfaces
as illustrated in Fig. la. This is followed by repeated
transfer of material from one asperity to the other and
growth of the transferred material (Fig. 1b—d). Transferred
particles eventually detach themselves and are subse-
quently flattened and dispersed as loose wear debris
(Fig. 1e). For non-noble materials, the debris undergoes
oxidation to form highly electrically insulating material.
A small amount of adhesive wear can often act to reduce
rather than increase contact resistance since this can disrupt
and disperse electrically insulating layers such as oxides,
sulfides, and other materials formed from chemical reac-
tions with air or environmental pollutants. Such disruption
of electrically insulating layers is often labeled as “wiping.”

“Wiping” Contaminant and Oxide Layers
from Contact Surfaces of Non-noble
Materials

Typical effects of “wiping” are illustrated in Fig. 2a, b
(Brockman et al. 1988). “Wiping” is usually recommended
as a first step in generating low contact resistance in
separable electrical connections such as tin-coated
pin/socket contacts, in order to disperse surface oxide
layers. This precaution is recommended even for
gold-plated contacts to enhance contact reliability, since
gold has a tendency to be contaminated by thin carbona-
ceous layers (Smith 1980).

“Wiping” of Aluminum Electrical Contact
Surfaces: A Focus

Aluminum oxide forms almost instantaneously on bare
aluminum in air (Natesh and Ansell 1966). The native
oxide film consists of amorphous material (Timsit et al.
1985) with a thickness of about 2 nm and is electrically
insulating despite its small thickness. A good metal-to-
metal electrical contact with aluminum is achieved only if
the oxide is fractured or abraded to expose the underlying
metal, and electrical contact is made before re-oxidation.
The challenge of forming a reliable aluminum-aluminum
contact has led to the development of a connector tech-
nology (i.e., the “fired-wedge” technology (Broske 1966)),
capable of generating a highly reliable high-power electri-
cal connection with aluminum conductor in power distri-
bution circuits.
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Wear Mechanisms in Electrical Contacts: Adhesive Wear, Fig. 1 Schematic representation of adhesive wear in a sliding
interface (From Hutchings 1992): (a) localized adhesion between contacting surface asperities during sliding, (b) transfer of
material from one asperity to the other, (c) repetitive adhesion process, (d) growth of transferred particles, (e) particle detachment

and subsequent debris flattening
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Wear Mechanisms in Electrical Contacts: Adhesive Wear, Fig.2 Contact resistance versus normal contact load and versus wipe
distance for a gold probe sliding on: (a) a contaminated gold-plated surface, (b) a highly contaminated gold-plated surface

(Brockman et al. 1988)

This connector is shown in Fig. 3 and is based on
activating a vigorous high-speed “wipe” on the conductor
and connector surfaces during installation to disrupt
oxide layers effectively (Schindler et al. 1996), leading to
outstanding connector service performance. The connec-
tor consists of a metal wedge located between the feed and
tap cables situated at opposite ends of a C-shaped metal
component. The wedge is installed at high speed between
the conductors using a tool actuated by a powder cartridge
(Broske 1965) and “wipes” the sliding interfaces with the
conductors. The “wiping” action displaces the aluminum

oxide layers in the contact interfaces, and generates metal-
to-metal electrical interfaces of high integrity.

The performance superiority of fired-wedge
connectors is evidenced by results of testing. Figure 4
shows results of exposure to a marine environment of
populations of the fired-wedge, bolted, and compression
connectors shown in Fig. 5 (Callen et al. 2000). The bolted
and compression connectors, where “wipe” is minimal,
failed much more rapidly than the fired-wedge counter-
part. Because power connectors of the type shown in Fig. 5
are widely used in electric distribution systems, the data of
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Wear Mechanisms in Electrical Contacts: Adhesive Wear, Fig. 3 Fired-wedge connector: (a) schematic view of connector
assembly, (b) installation of the connector requires the use of a cartridge-operated tool
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Wear Mechanisms in Electrical Contacts: Adhesive Wear,
Fig. 4 Cumulative percentage of failed connectors versus
exposure time, for the populations of the three connectors
shown in Fig. 9 (Callen et al. 2000)

Fig. 4 clearly point to potential energy and economic
benefits of using connectors with superior performance,
and in particular the benefits of “wiping” aluminum oxide
surface films in utility-type power connectors. This is
worthy of further elucidation.

Example of Energy Savings and Economic
Benefits of the Use of Power Connectors of
Superior Design

The contact resistance between a conductor and a deteri-
orating power connector can give rise to an unacceptably
large energy loss. The Joule energy E; lost cumulatively
over a time interval fin a deteriorating electrical contact
passing an electrical current I is given as (Timsit and
Sprecher 1998)

B = (AR) g (1)
L \Ar) 2!

where (AR/At) is the rate of increase of contact resistance
(assumed to be constant) and F, is a load factor for the line
on which the connector is installed. Extensive laboratory
measurements on aluminum power connectors, including
fired-wedge connectors, indicated that (AR/Af) could vary
from a very small value for fired-wedge connectors, to con-
servative values of about 15 p€/year for aluminum-bolted
connectors and 75 pQ/year for compression connectors of
the type illustrated in Fig. 5 (Timsit and Sprecher 1998).
On the basis of these rates of resistance increase, and a load
factor F;0f 0.5, Figs. 6 and 7 show the potential cumulative
cost of wasted energy in electrical distribution lines at
currents of 100 A, 200 A, and 400 A, respectively, for
a bolted and compression connector of the type illustrated
in Fig. 5. The generation cost of electricity was assumed to
be $0.05/kWHr. The cumulative cost associated with deg-
radation in bolted and compression connectors becomes
appreciable after about 2 years of operation on a line
carrying a peak current of 400 A. Recently, Braunovic
et al. (2007) have followed Timsit’s approach to evaluating
losses in power connectors and have calculated a far higher
cost than illustrated in Figs. 6 and 7.

Effects of Adhesive Wear on Electrical
Contacts: Noble Metals

Gold Electrodeposits

With oxide-free noble metals such as gold, organic material
accumulates on the surface after exposure to air. In this
case, adhesive wear is effective in dispersing these
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Wear Mechanisms in Electrical Contacts: Adhesive Wear, Fig. 5 Photographs of a (a) fired wedge, (b) compression, and (c)

bolted connector after approximately 3 years of exposure at the test site described in Callen et al. (2000)
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contaminants if the contact load exceeds a “transition”
load. The transitions loads for gold electroplates are listed
in Table 1.

Gold electrodeposits are widely used on contact
components in electronic connectors and adhesive
mechanisms dominate their mechanical wear properties.

40 F Because pure gold is soft and has a tendency to cold-weld

in a contact, metals such as Ni or Co are often co-deposited

20 - with gold during plating to increase hardness and mitigate
0 mechanical wear.
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Wear Mechanisms in Electrical Contacts: Adhesive Wear,
Fig. 6 Cumulative cost of power loss per bolted connector
due to contact degradation (Timsit and Sprecher 1998)

located under automobile engine hoods to operate reliably
has led to investigations of wear induced by slow and rapid
reciprocating displacements at elevated temperatures. For
gold-plated contacts, these mechanisms include metal
softening, possible rapid interdiffusion with substrate
materials, and diffusion to the surface of hardeners in
gold (Antler 1999).

Effects of Underplates on Wear Properties of
Gold Electrodeposits
Hard materials are more resistant to wear than soft

600 materials. On coated electrical contact surfaces such as

" 500 L 400 A gold-plated copper alloys, a layer of relatively hard (and

2 usually stiff) material located underneath the gold

%_ 400 - should act to reinforce the substrate, thus reducing local

S a0l elastic deflection and reducing “ploughing” action on the

..g 2, gold. This in turn reduces the effective wear rate on the
z 200 - 200 A gold layer.

© 100 - Examples of the benefits of using a hard nickel

100 A underplate are given in Fig. 8 for adhesive wear (Antler and
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Wear Mechanisms in Electrical Contacts: Adhesive Wear,
Fig. 7 Cumulative cost of power loss per compression
connector due to contact degradation (Timsit and
Sprecher 1998)

defined as the ratio of the sum of path lengths over
which material transfer occurs (due to wear) divided by
the entire length of the track followed by the slider, mul-
tiplied by 100 (Antler 1999). Thus a high Wear Index
describes high wear rate. The data of Fig. 8 clearly confirm
the beneficial effects of the nickel underplate in reducing
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wear. The data also provide another example of the higher
wear resistance of hard gold over that of pure (soft) gold.

Effects of Surface Roughness on Wear
Properties of Gold Electrodeposits

Generally, surface roughness has little effect on the wear
rate of bulk metals (Rabinowicz 1981). However, similar
observations do not generally apply to layered materials,

Wear Mechanisms in Electrical Contacts: Adhesive Wear,
Table 1 Contact load for transition from mild wear to severe
wear for gold electroplates

Transition load for contact
materials (gf)

Pure gold

Surface condition Hard gold

possibly due to non-uniform metallurgical properties or
metallurgical defects across surface layers, and to varia-
tions in bonding strength with the substrate. Gold-plated
contact surfaces are indeed more resistant to adhesive
wear or other wear mechanisms when the surface rough-
ness is small than when the roughness is large. This is
illustrated by the data in Fig. 9 (Antler 1980). The use of
a nickel underplate reduces the dependence of wear rate
on surface roughness, as shown in Fig. 9b.

Palladium and Palladium Alloys

One potential substitute for gold is palladium. Palladium
is available not only as an electroplate but also as
a wrought or a cladding material and is appreciably less
costly than gold. One major challenge to the use of unal-
loyed palladium is its susceptibility to the formation of
electrically insulating compounds known as “frictional
polymers” in the presence of even small traces of organic
contaminants in air (Hermance and Egan 1958). The

Clean surface 5 10 i o
Contaminated surface 10-50 25-300 tendency of pall.adlur.n to form frictional polerlers ster'ns
: from the catalytic action of the metal on organic deposits
Lubricated surface 100-500 500-2,000 . . . .
to form a variety of insulating organic compounds.
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Wear Mechanisms in Electrical Contacts: Adhesive Wear, Fig. 8 Wear Index versus the number of reciprocation passes, from

adhesive wear tests on 3.3-um-thick gold electrodeposits: (a) and (c) ductile pure gold, with and without 2.5-pum-thick nickel
underplate; (b) and (d) hard cobalt with and without 2.5-um-thick nickel underplate. The Wear Index is defined as the length of
wear track with wear features to the length of the entire slider displacement track, multiplied by 100 (Antler 1999)
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Wear Mechanisms in Electrical Contacts: Adhesive Wear,
Fig. 9 Variations of Wear Index with repeated passes of a solid
gold rider over a 0.6-um-thick layer of cobalt-gold
electrodeposited on a copper flat, for three different surface
roughness values: (a) no nickel underplate, (b) using a 1.5-pm-
thick nickel underplate (Antler 1999)

This tendency for frictional polymer formation is greatly
enhanced in the presence of small oscillatory interfacial
displacements (i.e., fretting wear, which is addressed
later). Frictional polymers also form on other Group 10
metals such as rhodium and ruthenium. An optical micro-
graph of a typical patch of frictional polymer is shown in
Fig. 10 (Antler 1999).

One approach to mitigating frictional polymer forma-
tion in palladium-palladium contacts is to use a gold flash
(thickness of ~0.1 pm) or a thin lubricant layer on the
palladium surfaces. A thin lubricant or gold layer has the
effect of preventing access to the palladium surface by
polymer-forming organic contaminants. Extensive testing

frictional bdﬁne /
residues . g

Wear Mechanisms in Electrical Contacts: Adhesive Wear,
Fig. 10 Frictional polymer formed after repeated
reciprocating sliding in a palladium-palladium contact
(Antler 1999)

has indicated that a palladium electroplate deposited on
a nickel underplate and flashed with a thin gold layer,
performs at least as well as gold over nickel (Grossman
et al. 1980). Contacts plated with as little as 0.1 pm gold
over 0.6 pm palladium with a 1.5-pm nickel underplate
have proven durable for practical uses in ordinary
electronic devices.

Promising substitute materials for hard gold as a con-
tact finish include palladium-nickel and palladium-cobalt
with nickel and cobalt concentrations ranging from about
10 to 20 wt%. For several years, another promising sub-
stitute material for hard gold has been palladium-silver,
consisting of 60 wt% palladium and 40 % silver
(Pd60Ag40). This material may be electrodeposited on
a contact surface but is also available as a wrought alloy
(also known as R156) and may be incorporated into
a surface as a clad inlay that is then further fabricated
into contact components (Nobel 1984). One alloy fabri-
cated to offer a gold-rich surface is a modified version of
R156 and has proven to have excellent contact properties
when subjected to screening evaluations consisting of
corrosion, wear, thermal aging, and reciprocating motion
with micron-scale displacement amplitude. This material,
called Diffused Gold R156 (DG-RI56), is characterized by
a contact performance that is essentially indistinguishable
from that of plated cobalt-hardened gold but with much
lower cost (Bader 1982).

Silver is increasingly regarded as a relatively low-cost
alternative to gold. Clean silver contact surfaces have
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a tendency to stick (i.e., weld) under a sufficiently large
contact load. This stick tendency leads to a high coefficient
of friction, which leads to poor durability performance
and poor fretting properties where sliding displacements
are large. In contrast with gold, silver readily forms surface
tarnish films when exposed to sulfur-containing and
chlorine-containing atmospheric contaminants. Field
exposure studies of silver-plated connectors have shown
that tarnish films on silver consist primarily of o silver
sulfide (Ag,S) and to a lesser extent silver chloride (AgCl),
which is more insulating and potentially harder to displace
than the sulfide (Abbott 1982). These tarnish films are
generally semi-conductive at ambient temperatures,
mechanically soft, and relatively easily displaced with con-
tact interface wipe at sufficient normal loads. The presence
of tarnish films has a significant effect on the wear prop-
erties of silver.

Figure 11 shows an example of the wear sustained in
reciprocation motion by clean/untarnished silver surfaces
in a sliding couple consisting of crossed copper rods plated
with a 4-pm-thick silver coating, at a contact force of 60 N
(Kassman Rudolphi and Jacobson 1997). As expected for
clean silver at this relatively large contact load, the dom-
inant deterioration mechanism in all untarnished contacts
was adhesive wear and mechanical deformation increased
with increasing contact force. For tarnished surfaces, the

amount of mechanical wear depended strongly on the
silver coating thickness. Data on friction coefficient and

500 micron

Wear Mechanisms in Electrical Contacts: Adhesive Wear,
Fig. 11 Example of the appearance of a sliding surface from
a clean (untarnished) silver-silver couple after 20 cycles of
reciprocating sliding at a frequency of 0.2 Hz and

a displacement amplitude of 3 mm. The silver layer was 4 pm
thick and the contact force was 60 N. The sliding direction is
indicated by the arrow (Kassman Rudolphi and Jacobson 1997)

contact resistance relating to tarnished and untarnished
silver contacts are shown in Fig. 12.

The important contact properties of silver coatings are
as follows:

1. Tarnish films on silver are relatively easily displaceable;
although the data presented in this section were
obtained at relatively large contact loads, similar
observations have been reported for contact forces of
a few Newtons for electronic connector applications;

2. The presence of tarnish does not necessarily imply
high contact resistance, if sufficient relative interfacial
displacement is allowed to disrupt the tarnish layers;
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Fig. 12 (a) Contact resistance for tarnished and untarnished
silver-silver contacts, (b) friction coefficient relating to the
experimental data of (a) during the first cycle and after about
20 cycles of sliding (0.2 Hz, 3 mm). The data show average
values from three separate tests (Kassman Rudolphi and
Jacobson 1997)
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Wear Mechanisms in Electrical Contacts: Adhesive Wear, Fig. 13 Cross sections showing the surface of contact components

(Lees and Greschner 1998): (a) electroplated surface showing fractures in the electrodeposit after forming, (b) clad surface

showing no fractures in the cladding after forming

3. Relatively thick silver coatings generally lead to lower
contact resistance than thin coatings, particularly at
large contact loads (Imrell 1991); the superior electri-
cal contact properties of thicker coatings is attributed
to easier metal deformation in thick metal coatings
and hence easier disruption and dispersal of tarnish
films on the surfaces of thick silver.

Wrought materials such as R156 and DG-R156, described
earlier, constitute part of a growing family of electrical
contact cladding alloys. In the simplest arrangement,
a cladding is made by compressing a thin foil of a selected
metal alloy against a metal substrate generally thicker than
the foil to achieve a metallurgical bond at the compressed
interface. A cladding may also involve more than one
metal foil. The thickness of a noble-metal inlay for elec-
trical connectors typically varies from 0.75 to 5 pm.

The diversity and composition range of cladding
materials contrasts with the narrow materials choice for
electrodeposits. Electrodeposits generally comprise two
elements selected from a narrow range of elements capable
of being deposited from an electrolytic bath. In addition to
the advantage of wide alloy range, selected physical prop-
erties of claddings such as yield strength and hardness may
be controlled by controlling the grain size. Grain size
control is achieved relatively easily via metal-working dur-
ing various stages of the rolling process where the clad is
thinned to its final thickness, and by subsequent thermal
treatment. Such metallurgical tuning is difficult to achieve
in electrodeposits where grain size is generally determined
by the magnitude of the electroplating current and the
impurity content in the electrolytic bath (Lowenheim
1974). Another advantage of claddings is mechanical
formability after bonding to the substrate. Clad compo-
nents may be deformed significantly without tensile

fracture of the cladding, as illustrated in Fig. 13a, in
contrast with the generally deleterious effects of deforma-
tion on electro-coated surfaces as illustrated in Fig. 13b
(Lees and Greschner 1998). Due to factors such as wider
composition range and superior “tunability” of metallur-
gical and mechanical properties, clad materials are gener-
ally more resistant to tribological wear than plated layers,
provided the clad adheres strongly to the underlying sub-
strate. However, one drawback of claddings is the diffi-
culty of laying them on surfaces that are not either flat or
uniformly curved, in clear contrast with electrodeposits.
Another potential drawback is cost.

Cross-References

» Electrical Contact Materials

» Friction

» Friction Coefficient

» Sliding Flectrical Contact Wear
» Tribology
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Synonyms
Contact of rough surfaces

Definition

Fretting wear stems from material transfer across a sliding
interface due to small-amplitude reciprocating movement
in a contact interface, and the subsequent oxidation of
material in that interface. Because fretting wear gives rise
to enhanced oxidation of sliding surfaces, it is also
described as fretting corrosion. Fretting wear/corrosion
generally has a devastating effect on electrical contact
properties.

Scientific Fundamentals

Fretting corrosion occurs where at least one of the contact
surfaces oxidizes and eventually leads to the accumulation
of oxidized wear particles in the interface due to
reciprocating interfacial movement. The sequence of
events leading to fretting corrosion in an electrical contact
consisting of two oxidized surfaces is illustrated schemat-
ically in Fig. 1. Electrical contact is established initially
through cracks in the oxide layers as shown in Fig. 1la.
Subsequently, small reciprocating displacements disrupt
some of the metal-to-metal contact spots and simulta-
neously generate metal debris, as illustrated in Fig. 1b.
Finally, sufficient oxidized debris accumulates in the inter-
face to prevent the formation of metal-to-metal contact as
shown schematically in Fig. lc. Figure 1d shows the
micrograph of a typical fretting-corrosion scar on a tin
surface after reciprocation sliding against another tin
surface (Park et al. 2007). Most of the debris consists of
oxidized particles.

In fretting corrosion, the amplitude of micromotion
displacement giving rise to wear may range from a few
micrometers to as much as 100 pm in electronic connec-
tors (Antler and Drozdowicz 1981-1982). Interfacial
micromotion is usually caused by external vibrations, by
changing temperature that gives rise to differential
thermal expansion of contact components and by
electromagnetically induced vibrations. Fretting corro-
sion is observed in a wide variety of electrical and elec-
tronic connections in systems including consumer
appliances, automotive and other transportation systems,
telecommunication networks, and electrical connections
in electrical power and distribution lines. One example of
the potential disrupting effects of fretting corrosion in
electrical contacts relates to the use of connectors in auto-
mobiles. Many automobiles use more than 400 connectors
with 3,000 separate terminals. It is estimated that more
than 60 % of electric problems in automobiles stem from
fretting corrosion in these electrical and electronic
connections. A comprehensive review of mechanisms of
fretting wear and fretting corrosion has been given by
Hurricks (1970).
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Wear Mechanisms in Electrical Contacts: Fretting Wear, Fig. 1 Schematic illustration of the fretting wear mechanism between
oxidized contact surfaces: (a) initially, electrical contact is established through cracks in the surface oxide films, (b) as micro-

reciprocating sliding occurs, metal-to-metal contact spots are lost and metal and oxide debris accumulate in the interface; metal-
to-metal may be formed through new cracks in the oxide layers, (c) eventually, the accumulation of oxidized debris is so large as
to prevent metal-to-metal contact, (d) micrograph of a typical example of fretting corrosion on a tin surface after reciprocating

sliding with another tin surface. Most of the debris consists of oxidized tin particles (Park et al. 2007)

Gold in the form of a thin coating is a preferred
contact material in electronic connectors because it does
not oxidize and is therefore not susceptible to fretting
corrosion. However, the high cost of gold now precludes
its use in many electrical contact applications. Although
tin and silver represent low-cost alternatives to gold, the
susceptibility of tin-plated contacts to fretting corrosion is
often considered a major obstacle to the use of tin in many
types of connectors. Because tin and silver are important
connector plating materials, the factors that affect fretting
corrosion will be described, with emphasis on tin- and
silver-plated connections.

Factors Affecting Contact Degradation in
Fretting

A number of factors, such as the amplitude and fre-
quency of interfacial displacements, temperature,
humidity and contact load, influence fretting wear and
fretting corrosion rates. Because mechanical contact at
a solid-solid interface is made at contacting surface
asperities (Holm 1976; Timsit 1999), electrical current
affects fretting rates due to the effect of Joule heating on
the temperature of contact spots. Investigations of fretting
corrosion are usually carried out using an apparatus of
the type shown schematically in Fig. 2, in which a
contacting slider or dimple is passed over a flat surface in
reciprocating motion.

flat
voltmeter specimen amter
/ﬁ
DC

hemispherical

dimple or slider power supply

Wear Mechanisms in Electrical Contacts: Fretting Wear,
Fig. 2 Schematic diagram of typical apparatus for studying
the effects of fretting on electrical contact resistance

Effects of Reciprocating Displacement
Amplitude on Fretting Corrosion

There are three broadly defined sliding regimes that are
defined by the magnitude of the fretting displacement
amplitude (Vingsbo and Soderberg 1988). These regimes
correspond, respectively, to (1) sticking, whereby the slid-
ing motion is very small; (2) partial slip, whereby the
sliding surfaces are displaced by a few to several microns
and wear damage is relatively small; and (3) gross slip,
whereby large-scale sliding occurs and fretting damage is
the largest (Hannel et al. 2001). Figure 3 illustrates the
effects on wear and contact resistance of fretting corrosion
in the last two regimes in sliding surfaces of a copper-tin
alloy (copper-4 wt% tin or CuSn4), after 10,000 fretting
cycles. The data indicate that mechanical damage and
electrical contact resistance remain small under conditions
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Wear Mechanisms in Electrical Contacts: Fretting Wear, Fig. 3 Evolution of the electrical contact resistance and mechanical
wear as a function of the displacement amplitude between surfaces of a copper-tin alloy coated with hot-dipped tin after 10,000

reciprocating cycles at a contact load of 5 N (Hannel et al. 2001)

of partial slip, where the maximum displacement
remained smaller than about 2 pm but increased rapidly
in the gross slip regime.

Generally, the rate of contact degradation due to fretting
corrosion increases with increasing reciprocation fre-
quency, so that the “time-to-failure” decreases as this
frequency increases. This relatively rapid rate of contact
degradation is attributed to a larger rate of generation of
particulate material at higher reciprocation frequencies.
This in turn leads to a quicker accumulation of particulate
matter in the contact interface, and to a faster rise of
contact resistance. Examples of contact resistance increase
with fretting cycles in tin-plated contacts are illustrated in
Fig. 4. Although the rise of contact resistance per fretting
cycle is clearly slower at the higher frequency in this case,
the actual “time-to-failure” is found to decrease with
increasing cycling frequency as shown in Fig. 5 (Park
et al. 2008).

The effects of temperature on fretting corrosion are convo-
luted. On the one hand, a rise in contact temperature
increases surface oxidation rates and therefore increases the
probability of oxidized debris formation in a sliding inter-
face. On the other hand, increasing the temperature leads to
metal softening and to an ensuing decrease in contact resis-
tance in regions of metal-metal contact. The relative weights

of these two (and other) effects can thus lead to an increase
or a decrease in contact resistance with continued recipro-
cation motion at elevated temperatures.

Typical effects of temperature on fretting corrosion in
tin-tin sliding interfaces (tin plated on copper on each
surface) are summarized in Fig. 6, which shows the time
to failure as a function of temperature (Park et al. 2008).
The clearly defined increase in the time-to-failure
(decrease in fretting corrosion rate) with increase in tem-
perature up to about 85 °C is attributed to softening of tin
and to the ensuing increase in metal-metal contact
through fractured surface oxide layers. Beyond 85 °C, the
degradation rate of the electrical contact increases rapidly
and is attributed in large part to the larger oxidation rate
of tin at these higher temperatures and to the greater rate
of accumulation of debris and corrosion products in the
sliding interface.

Beside increased oxidation, the rapid formation of
layers of Cu-Sn intermetallic compounds (IMCs) at ele-
vated temperatures in tin-plated copper-base contacts
has an influence on the performance of the contacts
(Hammam 2000). IMC layer formation is undesirable
because of the high electrical resistivity and brittleness of
the layers. Increased oxidation and increased IMC forma-
tion rates at temperatures exceeding about 80°C, suggest
that tin-plated copper-base contacts are unsuitable for
applications at these temperatures. The introduction of a
diffusion barrier such as nickel between the tin and the
copper-base substrate mitigates Cu-Sn IMC formation but
does not influence tin oxidation rates.
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Wear Mechanisms in Electrical Contacts: Fretting Wear,
Fig. 4 Change in contact resistance of tin-plated copper
contacts as a function of fretting cycles obtained at different
frequencies (a) 3 Hz and (b) 20 Hz. (Tin layer thickness : 3 um,
amplitude: 25 um, temperature: 22 °C, humidity: 55 % RH,
normal load: 0.5 N, current: 0.1 A.) (Park et al. 2008)

Effects of Humidity in Fretting Corrosion

The presence of moisture has a significant but complicated
effect on the fretting behavior of electrical contacts. This
stems from the chemical reactivity of many metals
with water to form oxides and hydroxides and hence to
form electrically insulating particle debris in a sliding
interface. On the other hand, moisture films can also act
to lubricate and reduce wear. The effects of humidity on
the fretting behavior of tin-plated contacts are illustrated
from investigation in the range of dry air to 80 % RH by
Bruel et al. (1988).

Figure 7 shows the number of reciprocating cycles
required to reach a contact resistance of 10 mQ as
a function of RH, for a number of electrical contact mate-
rials (Bruel et al. 1988). Nickel was the worst performer in
these tests and copper was the best.
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Wear Mechanisms in Electrical Contacts: Fretting Wear,
Fig. 5 Time required for the contact resistance to reach

a threshold value of 100 mQ for track lengths of 5 and 25 pum at
fretting frequencies of 3, 10 and 20 Hz. (Temperature: 22 °C,
humidity: 55 % RH, normal load: 0.5 N, current: 0.1 A.)

(Park et al. 2008)
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Wear Mechanisms in Electrical Contacts: Fretting Wear,
Fig. 6 Time required for the contact resistance to reach

a threshold value of 100 mQ at various temperatures.
(Displacement amplitude: 90 um; frequency: 10 Hz;
humidity: 55 % RH; contact load: 0.5 N and current load: 0.5 A.)
(Park et al. 2008)

Effects of Contact Force in Fretting Corrosion
The rate of contact degradation due to fretting corrosion
generally decreases with increasing contact force. This
trend is illustrated in Fig. 8 showing the number of fretting
cycles to reach a selected value of contact resistance
for copper surfaces plated with tin-lead (Antler 1985).
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Wear Mechanisms in Electrical Contacts: Fretting Wear,
Fig. 7 Number of fretting cycles N, to reach the contact
resistance threshold value of 10 mQ at various values of
relative humidity. (Displacement amplitude: 20 um; frequency:
50 Hz; contact load: 0.3 N) (Bruel et al. 1988)
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Wear Mechanisms in Electrical Contacts: Fretting Wear,
Fig. 8 Number of fretting cycles for 60Sn-40Pb versus
60Sn-40Pb contacts required to attain a contact resistance of
0.1, 1, and 10 Q, as a function of the contact load; the wipe
amplitude was 20 um (Antler 1985)

This trend stems in part from increased frictional drag due
to a larger normal force, which leads to reduced interfacial
motion since some relative displacement is now accom-
modated by elastic deformation and thus leads to reduced
fretting. The decrease in contact degradation with a larger
contact force also arises from the increased area of true
contact (not just the metallic contact area) generated at
larger contact loads. A larger area of mechanical contact
subjected to interfacial displacement is more effective in
cracking surface insulating layers, and is also less affected
by the entrapment of electrically insulating debris than
a relatively small contact area at smaller loads.

The effects of electrical current load on fretting corrosion
are closely associated with effects due to temperature since
the temperature of contact spots is determined by the
voltage drop across the contact (Holm 1976; Timsit
1999), and hence by the current. For purposes of illustra-
tion, the sequence of events in contact spots as current is
increased across an electrical interface is considered.

For a contact initially at room temperature, an
increase in current leading to a voltage drop of about
40 mV leads to an a-spot temperature of about 50 °C
according to the universal temperature-voltage curve
(Holm 1976; Timsit 1999). Such a voltage drop across
the contact will have a negligible effect on contact resis-
tance for many contact materials but may lead to a slight
decrease in contact resistance in interfaces involving
metals such as tin and indium since the contact spots in
such interfaces may deform relatively rapidly near 50 °C,
thus increasing the area of true contact. However, because
the oxidation rate of non-noble metals increases rapidly
with increasing temperature, the imposition of a steady
voltage drop of 40 mV across non-noble metal contacts
activates degradation due to oxidation. Under these con-
ditions, the dominance of the creep mechanism over oxi-
dation will lead to acceptable contact performance
whereas dominance by oxidation will eventually cause
catastrophic contact failure. In practice, the dominance
of one mechanism over the other will be determined by
external factors such as contact force, fretting displace-
ments, and others.

As current is increased and the voltage drop across
a contact exceeds 40 mV, the temperature of a-spots
quickly approaches the softening point of the materials
in contact. Contact asperities of most materials reach their
softening temperature at a voltage drop of between 70 and
110 mV, corresponding to contact-spot temperature rang-
ing from about 90 °C to 150 °C (Timsit 1999). In the
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vicinity of the softening temperature, the contact asperi-
ties of metals flow rapidly and lead to an increase in area
of true contact. However, the nefarious effects of thermally
activated mechanisms including oxidation, interdiffusion,
galvanic corrosion, and so on are also enhanced. In
contacts involving noble or near-noble metals such as
gold and platinum, the imposition of a voltage drop
corresponding to or exceeding the softening temperature
will cause rapid interdiffusion of the noble metal either
with the underplate material or with alloying elements
(Timsit 1999). For example, the generation of high tem-
peratures in hard gold causes migration to the gold surface
of hardeners such as nickel and cobalt (Tompkins and
Pinnel 1977). This is deleterious to contact stability since
nickel and cobalt oxidize readily and may render the gold
surface highly susceptible to fretting corrosion.

As current is further increased to generate a voltage
drop exceeding 110 mV, the temperature of a-spots
approaches the melting point of the materials in contact.
Contact asperities of most materials reach their melting
temperature at a voltage drop of between 130 mV (tin)
and 430 mV (copper and gold) (Timsit 1999). The gener-
ation of such large voltage drops in stationary or separable
contacts leads to catastrophic failure.

Fretting wear may result in penetration of a contact mate-
rial having small thickness, as is often the case with
electrodeposited and clad finishes. In these situations,
contact resistance may be affected deleteriously, particu-
larly if the underlying substrate is susceptible to fretting
corrosion or frictional polymerization. As mentioned ear-
lier, the durability of a thin coating in sliding over long
tracks is affected by the composite hardness of the sliding
surfaces (Antler and Drozdowicz 1981-1982). Similar
considerations apply to fretting wear.

Fretting wear leads to material transfer across the
sliding surfaces. The benefit or drawback of material trans-
fer in reciprocating sliding is illustrated in Fig. 9. The three
curves in Fig. 9a show the evolution of contact resistance
between solid palladium and various substrates (Antler
1999). Curve I corresponds to solid palladium sliding
over a thick palladium-clad on a flat copper strip. Curves
I and III correspond, respectively, to solid palladium
sliding over the contact alloy Pd48Ag32Au20 and over
solid silver. Palladium-palladium contacts are the classic
frictional-polymer-forming system (Antler 1999), and the
rise of Curve I as discussed earlier, and the rise of Curve
I was confirmed to be due to frictional polymers. In
contrast, the stability of contact resistance depicted by
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Wear Mechanisms in Electrical Contacts: Fretting Wear,
Fig. 9 (a) Variations of contact resistance with fretting cycles
for solid palladium riders sliding over various metals at

a contact load of 0.5 N with a 20 um wipe: Curve | (Pd-Pd),
Curve Il (Pd-Pd48Ag32Au20), Curve Il (Pd-Ag) (Antler 1982).
(b) Contact resistance with fretting cycles for tin sliding,
respectively, on tin, palladium, gold, and silver at a contact
load of ~1 N with a 50 um wipe (Bock 1990)

Curve III stemmed from the transfer of silver to the palla-
dium rider during fretting, thus generating a silver-silver
interface not prone to frictional polymer formation. The
relatively slow rise of Curve II indicates that the fretting
interface was becoming richer in palladium as fretting
proceeded, thus promoting the formation of frictional
polymers. This suggests that transfer of palladium from
the solid palladium rider to the Pd48Ag32Au20 alloy
surface proceeded faster than back transfer of silver or
gold from the alloy. Similar effects are observed in inter-
faces involving a soft material sliding over a harder
surface. This is illustrated in Fig. 9b, which shows the
effects of fretting in interfaces consisting of tin-plated
surfaces sliding over harder materials. In all cases, tin is
transferred to the mating surface and the effects of fretting
are indistinguishable from those in tin-tin contacts
(Bock 1990).
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It has long been known that specific lubricants delay or
mitigate the deleterious effects of fretting corrosion in
electrical contacts involving base metals (Bock and
Whitley 1974). A variety of lubricants, namely, polyphenyl
ethers, natural and synthetic hydrocarbons, several types
of esters, polyglycols, some fluorinated materials, silicone,
and some proprietary formulations have been evaluated
for their compatibility with specific connector applica-
tions (Freitag 1975; Antler 1984). The ability of lubricants
to mitigate frictional polymerization usually depends
strongly on the lubricant concentration on surfaces in
contact (Antler 1999).

Cross-References

» Electrical Contact Materials

» Friction

» Friction Coefficient

» Sliding FElectrical Contact Wear
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Definition

Small electrical contacts are defined as electrical interfaces
where the contact force is measured in hundreds of micro-
Newtons or less, as in MEMS (Micro Electro-Mechanical
Systems) switches and stationary or separable nano-scale
electronic devices. In small contacts, electrical contact spots
in the contact interface are significantly less than 1 pm.

Scientific Fundamentals

One of the major challenges to the use of a small contact
force in an electrical contact in air is the deleterious effects
of contaminant surface films, and hence the capability of
small contact forces to penetrate through these films.
Another challenge associated with small contact forces
arises from the relative importance of surface adhesion
between metallic microcontacts, as described later. Surface
adhesion is often sufficiently large to prevent the opening
of a contact.

In small contacts, electrons diffuse ballistically in the con-
striction, as illustrated schematically in Fig. 1, without
losing energy, as proposed by Sharvin (1965). Ballistic
conduction occurs because the average constriction open-
ing is smaller than the electronic collision mean-free-path.
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electron

~1

nanoscale

constriction
Wear Mechanisms in Small Electrical Contacts, Fig. 1
Ballistic motion of electrons through a small horizontal
constriction

Wear Mechanisms in Small Electrical Contacts, Table 1
Electrical resistivity and electronic mean free path

Electrical Electronic mean Cx 10"

resistivity [() m] free path [nm] [Q m?]
Al 274 x 1078 145 1.70
Cu [170x10°8 387 2.79
Ag 161 x 1078 52.3 3.57
In 8.75 x 1078 6.1 227
Sn 11.0x 1078 4. 1.91
Au [220x 1078 383 3.58

When ballistic conduction prevails, contact resistance is
given as Timsit (2004)

p C
Rc =T(K) at 2 (1)
where a is the a-spot radius, p is the average resistivity of
the contacting bodies, and K = I/a, where [is the electronic
mean free path listed in Table 1; C is also listed in Table 1
for various contact materials and I'(K) is ~0.7 (Timsit
2004). For large contact spots where | << a, ['(K) is ~1
and the term C/a* is negligible, (1) reduces to the
conventional classical relation
p
Re=— ()
Figure 2 shows the variation of constriction resistance
of a copper-copper contact consisting of a single spot at
room temperature, as a function of the radius a (Timsit
2004). The two curves correspond, respectively, to the
classical constriction resistance evaluated from (1), using
the values of p and Clisted in Table 1. Note that the effect
of the Sharvin resistance, giving rise to a larger constric-
tion resistance, begins to be significant for a constriction
radius smaller than about 100 nm.
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8 3 Sharvin resistance
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Wear Mechanisms in Small Electrical Contacts, Fig. 2
Constriction resistance for a copper-copper contact at room
temperature, as a function of the constriction radius, as
calculated from classical contact theory Eq. (2) and from Eq. (1)

Origin of Adhesion in Clean Surfaces
Interfacial surface energy is the mechanical work required
to separate two surfaces, and the degree of adhesion is
generally characterized by the force required for the sepa-
ration. Johnson et al. (1971) showed that the pull-off force
(adhesion) for a sphere of radius R on an elastic flat
surface is approximately 2tRAYy, where the surface energy
of adhesion Ay is given as

Ay =y +7— 712 (3)

where vy, and 7, are the surface energies of the two respec-
tive surfaces and v, is the energy of the contact interface.
In ductile fracture of the contact, it has been suggested that
the “pull-off force” of a circular junction of radius a
should be given as Hra®, where H is the Vickers® hardness
of the softer in the junction (Johnson 1998).

Most reported measurements of adhesion force
between contaminant-free metal surfaces have been
undertaken under ultra-high vacuum conditions. The
effects of organic contamination, or other surface films
such as oxide layers, on adhesion force have been deter-
mined by deliberately introducing contaminants, and
depositing or growing films of selected materials on the
surfaces. Examples of adhesion force due to surface energy
effects, and the subsequent influence on contact resistance,
are shown in Figs. 3 and 4 (Pashley et al. 1984; Pashley and
Pethica 1985).

In these investigations, a tungsten indenter was pressed
against a flat nickel surface in an ultra-high vacuum envi-
ronment where the contact surfaces had first been atomi-
cally cleaned. The adhesion force and contact resistance
were subsequently measured. The measurements were
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Wear Mechanisms in Small Electrical Contacts, Fig.3 Effect
of contact force on adhesion force in clean tungsten-nickel
contacts (Pashley and Pethica 1985)
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Wear Mechanisms in Small Electrical Contacts, Fig. 4

(a) Effect of contact force on adhesion force in contaminated
tungsten-nickel contacts, (b) Dependence of contact
resistance on contact load for a clean tungsten indenter in
contact with a nickel (111) single crystal surface covered with
nickel oxide to a thickness of 5 nm (Pashley et al. 1984)

then repeated after the surfaces were oxidized. Figure 3
shows that the contact resistance, and hence the area of
true metallic contact, has a finite value at zero load (point
A). The observation of a finite contact resistance at zero
applied load stems from the action of the adhesion force.
Subsequently, the contact resistance then falls as the con-
tact load is increased (curve ABC). On reducing the
applied load, the contact resistance (and hence the area
of metal-metal contact) remained relatively constant (CD)
until the contact load was further decreased to generate
a negative force, that is, a tensile load (DEF). As the tensile
load was now increased further, the nickel surface necked,
and the contact surfaces eventually separated at a tensile
load of about 25 uN. Forces of this magnitude or larger are
typical of adhesion forces measured between metal sur-
faces placed under contact loads in MEMS. Such adhesion
forces represent a serious concern to separating a contact
in a MEMS device.

For the contact couples associated with the data of
Fig. 3, contamination of the surfaces had a relatively
small mitigating effect on adhesion. Figure 4a shows the
effects of the presence of thin oxide layers on the adhesion
force (Pashley and Pethica 1985). The presence of 2-5
monolayers of oxide on the contacting surfaces had the
effect of reducing the adhesion force by a factor of 2 to 3
over the entire range of contact forces investigated, but led
to a large increase in contact resistance, by a factor of
about 10° over the values measured under clean surface
conditions. The effect on contact resistance is shown in
Fig. 4b. For these oxidized surfaces, the loading-unloading
cycle was fairly reproducible as indicated by the path
ABA, with the resistance at A corresponding nearly to
an open circuit. The loading-unloading cycle remained
reproducible provided that the contact load did not
exceed a critical value Pc of approximately 500 pN.
Beyond the critical load P, the contact resistance dropped
precipitously by several orders of magnitude and the
loading-unloading cycle (BCDE) was largely irreproduc-
ible. The large drop BC in contact resistance stemmed
from the formation of cracks in the oxide layers and
the micro-extrusion of underlying metal through the fis-
sures to generate metal-metal contact spots and reduce
contact resistance.

MEMS

General Requirement

Figure 5 shows the schematic diagram of a typical
micromachined MEMS switch, with side views of the
device in an open and closed configuration (Larson et al.
1991; Hyman and Mehregany 1999). These devices are
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Wear Mechanisms in Small Electrical Contacts, Fig. 5 Schematic illustrations of a typical MEMS switch configuration:
(@) plan view, (b) side view of an open switch, (c) side view of a closed switch. The contact force is generated by bending of

the armature at the free end due to the dimple height. The typical film thickness is 1-2 pm and typical gaps are 2 pm (Hyman

and Mehregany 1999)

often actuated through electrostatic attraction of the
armature to substrate electrodes. The typical length of
these devices is several hundred micrometers, with
a width of about 100 um, and a thickness of only a few
micrometers. Because of the small dimensions and thin-
ness of cantilever springs, the contact force in MEMS
ranges typically from tens to hundreds of micro-Newtons.
Typically, MEMS structures use gold or a gold alloy on the
contact components to take advantage of the high electri-
cal conductivity and chemical inertness of gold to achieve
and maintain a low contact resistance.

One of the major challenges to the use of a small contact
force in an electrical contact in air is the deleterious effects
of contaminant surface films. For example, contact resis-
tance for gold surfaces in air has been reported to vary
between 80 and 200 mQ at 100 uN and to drop to
10-20 mQ at 1 mN for relatively uncontaminated surfaces

(Schimkat 1998; Hyman and Mehregany 1999). Investiga-
tions of contact resistance at small contact loads also
show that the increase in contact resistance with decreas-
ing contact force deviates appreciably from the F~/?
dependence predicted by classical theory (Timsit 1999)
for loads smaller than a few milli-Newtons. This deviation
is illustrated in Fig. 6 and stems in large part from the
presence of thin residual contaminant layers that insulate
electrically some fraction of the regions of contact. The
effects of contaminant layers is exacerbated in gold alloys
such as Au95Ni5 since any nickel present on the
surface oxidizes and further obstructs electrical flow in
the contact interface, as illustrated in Fig. 6 and in
Fig. 7a for several precious-metal surfaces prepared
in a variety of ways. The degree of surface contamination,
and the concomitant deleterious effect on contact resis-
tance at low contact loads, increases with increased
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Wear Mechanisms in Small Electrical Contacts, Fig.6 Examples of variations of contact resistance with applied force in Au-Au,
Au95Ni5 and Rh-Rh contacts (Schimkat 1998)
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Wear Mechanisms in Small Electrical Contacts, Fig. 7 (a) Additional examples of variations of contact resistance with applied
force in Au-Au and Rh-Rh contacts, (b) lllustrative examples of the deterioration of selected precious-metal surfaces with time
(Angus 1962)

exposure to the environment. The data of Fig. 7b illustrate ~ Challenges with  Practical MEMS: of

Contact Materials

Exploration
the rise in contact resistance with increased exposure to

laboratory air for selected precious-metal contact mate-
rials (Angus 1962).

Another challenge associated with small contact
forces arises from the relative importance of surface
adhesion (also labeled “stiction”) between metallic
microcontacts as described above and as illustrated in
Figs. 3 and 4.

Although gold is a preferred contact material, the softness
of pure gold and its proneness to adhesion constitute
drawbacks to its widespread use in MEMS. Adhesion
stems both from the action of surfaces forces as described
earlier, and from localized melting and subsequent freez-
ing if the voltage across the contact is too high. Typical
release forces needed to separate microswitch contacts are
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Wear Mechanisms in Small Electrical Contacts, Fig.8 Examples of SWNTs with different chiralities. The difference in structure is
evident at the open end of the tubes: (a) armchair structure, (b) zigzag structure, (c) chiral structure

100-2,700 pN for gold. Despite the challenge of large
release forces due to stiction, gold-contact switches have
been shown to achieve >10 switching cycles under con-
ditions of low current, optimum contact force, dry nitro-
gen environment, and “cold switching” before running
into severe mechanical wear. “Cold switching” describes
an operation with a small or zero electric field across the
contacts as the switch opens or closes.

Because there is a need to broaden the range of oper-
ating conditions for MEMS switches, a number of inves-
tigations of MEMS-compatible contact materials,
particularly gold alloys, have been undertaken in recent
years. Recent investigations of selected properties and
performance of thin film contact materials for MEMS
are given by Hosaka et al. (1993), Schimkat (1998),
Coutu et al. (2004, 2006), Chen et al. (2007), and Yang
et al. (2009).

Carbon Nanotubes (CNTs) in MEMS

Solids of elemental carbon in the sp* bonding state can
form a variety of graphitic structures, including graphite
filaments and graphitic cylindrical needles (i.e., carbon
nanotubes (CNTs)) when these solids are prepared under
specified conditions (Iijima 1991). CNTs may consist of
single-wall nanotubes (SWNTs) or multiple-wall
nanotubes (MWNTs) ranging in diameters from a few
nanometers to several tens of nanometers, but with

a length of up to hundreds of micrometers. Figure 8
shows examples of well-known structures of CNTs with
different chiralities. The difference in structure is evident
at the open end of the tubes, where Fig. 8a, b, and ¢
illustrate, respectively, the “armchair structure,” the
“zigzag structure,” and the “chiral structure” Carbon
atoms placed in hexagons and pentagons form the end
cap structures.

Because nanotubes generally have a length to diameter
ratio of 1,000 or larger, they can be considered as one-
dimensional structures. A SWNT consists basically of
a long wrapped graphene sheet, and an MWST is made
up of a collection of concentric SWNTs with different
diameters. The length and diameter of MWSTs may differ
significantly from those of SWNTs and their properties
may also very different. Electron micrographs of SWNT
and MWNT structures are illustrated in Fig. 9.

CNTs are characterized by attractive mechanical prop-
erties such as a tensile strength of 63 GPa (versus 1.2 GPa
for high strength steel) (Yu et al. 2000), an elastic modulus
of 1.26 TPa (Wong et al. 1997), and a Vickers hardness
probably on the order of that of diamond (~60 GPa)
(Kinoshita et al. 2007). It is estimated that a 4-10 um
long single-walled CNT with a diameter of 1.2 nm
and free of structural defects should have a resistivity of
0.88 x 10~® Qm (Hjortstam et al. 2004). The excellent

mechanical properties and potentially outstanding

W 4033




Wear Mechanisms in Small Electrical Contacts

Wear Mechanisms in Small Electrical Contacts, Fig. 9
Electron micrographs of NCTs. The parallel dark lines
correspond to lattice images of graphite. A cross-section of
each NCT is illustrated as follows: (a) five graphitic tubes with

an outer diameter of 6.7 nm, (b) two tubes with an outer
diameter of 5.5 nm, (c) seven tubes with a diameter of 6.5 nm,
where the smallest tube has a diameter of 2.2 nm (lijima 1991)

electrical conductivity are obviously highly attractive in
terms of the use of CNTs as alternatives to precious metals
in electrical contacts in MEMS micro-switches and similar
devices. However, measurements have led so far to widely
varying values of contact resistance between CNT surfaces
and to a wide range of electrical resistivity values for
CNTs, depending on the structure and content of the
CNT-bearing surface. For example, Yaglioglu et al.
(2006) reported a resistivity ranging from about 1 x
107 to 1.8 x 10~* Qm for tangled SWNTs deposited on
gold, and a contact resistance of ~50 Q for SWNT-SWNT
contacts under a mechanical load of ~1 N. This is much
larger than the contact resistance of tens of milliohms
measured between precious-metal contacts in MEMS.
The large resistivity and the high contact resistance
were attributed in part to the lack of alignment of the
SWNT film.

Over the foreseeable future, CNTs remain highly
promising candidates for nanoscale electronic devices
owing to their structural strength and excellent thermal
and electronic properties. For electronic nanoscale
devices, one of the key issues is often the permanent

carbon
nanotube

copper
surfaces

Wear Mechanisms in Small Electrical Contacts, Fig. 10
Atomic structure of a junction consisting of two copper
surfaces in contact with the open ends of a CNT (Gao et al.
2010)

mechanical attachment of the CNT to the metallic elec-
trodes of the device (Bourgoin et al. 2010). In actual
devices, SWCNTs must be secured mechanically and elec-
trically to metal electrode surfaces with controllable metal-
SWCNT contact resistance. It has been established that the
levels of crystallinity and sharpness of the metal electrode-
SWCNT interface illustrated in Fig. 10, that is, two factors
that influence the width of the contact and its lattice
disorder, play a major influence on the current-voltage
characteristics of the electrode-SWCNT contact (e.g., see
(Gao et al. 2010)). As an illustrative example, in a copper-
NCT interface, the Cu—C bond strength is only about one-
fourth that of the C-C bond in CNT. The resistance of the
interface is also affected by the resistivity of the CNT in the
interface. The resistivity values that characterize CNTs
range from 5.1 x 10® Q-m to 8 x 107> Q-m. The cause
of this wide variation is probably localized structural
defects in the CNTs. The wide range of electrical resistivity
achieved so far in practical SWNTs and MWSTs may limit
their applications in the near future to devices where
a very low contact resistance is not essential, such as in
selected types of electrical brushes as illustrated in Fig. 11
(Toth et al. 2009) and in nanomechanical switch systems
(Dujardin et al. 2005, de Pablo et al. 2000).

Probe Cards

General Requirements

Probe cards have been developed to test the electrical
integrity of integrated circuits. Integrated circuits (ICs)
consist of a maze of microscopic circuit components and
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Wear Mechanisms in Small Electrical Contacts, Fig. 11 (a) Experimental arrangement of a MWNT brush on a brass shaft;
the SEM micrograph on the right shows the CNT brush before testing, (b) Same as (a) but showing the wear after several hours of

operation (Toth et al. 2009)

electrical pathways that eventually connect to the external
world through small metal pads located on the wafer
surface. ICs are usually fabricated by the hundreds or
thousands on a single thin wafer of semiconducting
material, usually silicon, and are adapted with external
metal Input/Output (I/O) pads (usually aluminum but
sometimes copper) to which tiny gold wires are eventually
bonded to connect to microelectronic package leads. Before
ICs are cut from the wafer and gold wires are bonded to the
external pads, the internal electrical integrity of the circuitry
of each IC must be tested. Probe cards are designed for that
purpose. They are adapted with small-diameter probe
needles that are brought into mechanical contact with the
external I/O pads and test each IC by sending diagnostic
signals and evaluating IC response. Because the number of
probe needles is large (several hundreds or more), they are
very thin, on the order of 200 pm in diameter as illustrated
in Fig. 12 (Liu et al. 2007).

In practice, a sufficiently large contact force must be
applied by the probe needles to displace electrically insu-
lating films and establish electrical contact. This leads to
scrub damage on the pads. This damage adds to
manufacturing cost by lowering IC assembly yields in
manufacturing (Thompson et al. 1994). Figure 13 illus-
trates the accumulation of aluminum debris on the tips of
tungsten needles after increasing number of touchdowns
of the needle on I/O aluminum pads. The white rectangles
located on the needle tips identify the regions where alu-
minum flakes were detected (Liu et al. 2007). A typical
increase in contact resistance with increasing number of
needle touchdowns at a contact load of about 100 mN is
illustrated in Fig. 14 (Liu et al. 2007). The increase in
contact resistance with increasing number of contact
events eventually limits the useful lifetime of probe
needles. This limitation has led to investigations of
alternatives to large contact loads for establishing a
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Wear Mechanisms in Small Electrical Contacts, Fig. 12
Photograph of probe card and probe needles (Liu et al. 2007)

metal-to-metal contact and minimizing the concomitant
formation of particulate debris.

One such alternative is based on the mechanism is
fritting (Holm 1976). In fritting, a potential-drop of
a few volts is applied between the probe needle and the
oxide-covered aluminum surface of the I/O pad to cause
electrical breakdown of the oxide layer. This oxide
breakdown leads to the subsequent formation of a
metal-to-metal contact. If the voltage across the
ruptured insulating film is larger than the melting voltage
of aluminum metal (Holm 1976, Timsit 1999), metal
contact is promoted by momentary melting of the metal
exposed after film fracture.

Initial tests have indicated that the contact load for
achieving a contact resistance of 2 Q between a tungsten
needle and an oxide-covered aluminum I/O pad could be
reduced from about 100 mN in the absence of fritting to
0.7 mN with fritting at a voltage drop of 1.5 V (Beiley et al.
1995). Later investigations on the use of fritting for con-
tacts between Al electrodes and electroplated nickel or
gold bumps reported a contact resistance less than 1 Q
without applying any significant external force (Itoh et al.
1999, 2000a, 2000b). Figure 15 illustrates the effect of

Wear Mechanisms in Small Electrical Contacts, Fig. 13 Scanning electron micrographs showing the increased
contamination of tungsten probe tips after an increasing number of touchdowns on IC aluminum I/O pads: (a) clean tip,
(b) 10,000 touchdowns, (c) 30,000 touchdowns, and (d) 50,000 touchdowns (Liu et al. 2007)
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Wear Mechanisms in Small Electrical Contacts, Fig. 14
Variation of contact resistance of a tungsten needle with
number of contacts on copper, for a constant contact force on
the order of one hundred milli-Newtons (Liu et al. 2007)
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Wear Mechanisms in Small Electrical Contacts, Fig. 15
Variation of contact resistance with maximum current

passed through an aluminum-tungsten contact after fritting of
the Al film by a W probe (Kataoka et al. 2003)

current on the contact resistance between a tungsten nee-
dle and an oxidized aluminum surface at a contact load of
1 mN, after frittinghad been achieved using a voltage-drop
of 1 V between the needle and the aluminum (Kataoka
et al. 2003). The data indicate that a contact resistance of
~0.8 Q could be achieved at a current of 0.5 A, yielding
a voltage-drop across the contact of ~0.4 V.

The data in Fig. 15 are also consistent with the gener-
ation of very high contact temperatures and with localized
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Wear Mechanisms in Small Electrical Contacts, Fig. 16
Dependence of the force required to separate an aluminum-
tungsten contact formed after fritting, on the contact
resistance shown in Fig. 15 (Kataoka et al. 2003)

melting following fritting. Thus, fritting at the indicated
currents probably led to partial welding on rapid solidifi-
cation of the contact bridge. This interpretation is con-
firmed by measurements of a bonding force between the
tungsten tip and the aluminum on contact separation, as
shown in Fig. 16. Since this separation force amounted
only to a few hundred micro-Newtons, it did not materi-
ally affect the function of probe card needles.
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| Wear Modeling in Artificial
Knee Joints

Ryan WILLING
Hand and Upper Limb Centre, St. Joseph’s Health Centre,
University of Western Ontario, London, ON, Canada

Synonyms
Knee arthroplasty wear; Knee replacement wear

Definition

Wear modeling in artificial knee joints typically refers to
modeling the abrasive/adhesive wear of the ultra-high-
molecular-weight polyethylene (UHMWPE) bearing
insert of artificial knees using computational methods.
Typically, models are limited to the proximal contact
surface of the UHMWPE bearing insert, which articulates
against the (typically) metal femoral component (Fig. 1).
Any model, however, can be extended to study backside
wear and wear at the patellofemoral joint. Previous wear
models have used different computational analysis
methods, input motions, and formulations for actually
calculating wear based on simulation results.

Scientific Fundamentals

Input Motions

During the development and validation of knee replace-
ment wear models, it is important to validate predicted
values against experimental results. For this, it is best to
use a standard set of knee motions in order to generate
results comparable with those of other research groups.
A standard set of knee motion data is also beneficial for
comparing the performance of different implant designs.
For these reasons, most researchers use the standard knee
motion protocols established by the International Orga-
nization for Standardization (ISO):

ISO 14243-1 (ISO 2009) is a set of load and displacement
waveforms for load controlled wear simulations. This
standard prescribes axial load, anterior-posterior (AP)
forces and internal—external (IE) torques. The flexion-
extension angle is also prescribed. Actual AP displace-
ments and IE rotations are a function of the design of
the implant and spring forces, which are included in
order to simulate soft tissue restraint.

ISO 14243-3 (ISO 2004) is a set of load and displacement

waveforms for displacement controlled wear

UHMWPE
Femoral Patellar
Component Component
Most
Wear
‘ Some
Wear
) rM
UHMWPE
Bearing Insert
*Note: Tibial

tray not show

Wear Modeling in Artificial Knee Joints, Fig. 1 Depiction of
the femoral component, ultra-high-molecular-weight
polyethylene (UHMWPE) bearing insert and UHMWPE patellar
component of a typical total knee replacement. Wearing
surfaces indicated

simulations. The axial load is prescribed by the stan-
dard, but no other loads are specified. Instead, AP
displacements, IE rotations, and flexion angles are
prescribed.

The load control standard is preferred, because the
actual implant motions become a function of the implant
shape, which is a closer match to the physiological condition.
The displacement control standard was developed for wear
testing apparatuses that do not function in a load control
mode. Computational experiments, however, do not have
such a constraint and are able to easily implement the load
control standard with simulated soft tissue restraint.

Both ISO standards are designed to be close to the
conditions at the knee during gait. Gait loading is by far
the most frequent loading at the knee, but not necessarily
the most critical in terms of wear. For this reason, some
wear simulations will use a combination of gait, stair
ascending, descending, cutting motions, or other
patient-specific loading profiles. The more physiological
the motion at the knee, the more likely that any simulation
will be able to match the wear patterns seen on retrievals.

Contact Modeling
Two fundamentally different approaches to simulating the
contact between knee implant components are used.
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Wear Modeling in Artificial Knee Joints, Fig. 2 Contact
between components can be modeled as rigid-deformable
(top), where contact stresses, deformations, and stress
gradients through deformable components are calculated.
Contact can also be modeled as rigid-rigid (bottom), where
contact stresses can be calculated using a bed of springs, but
material deformation is assumed negligible and stresses are
not calculated

In one approach, the UHMWPE insert is modeled as
a deformable body, while the femoral component (or
other articulating surfaces) can be modeled as deformable
or rigid, due to the much higher elastic modulus (Fig. 2,
top). The other approach is to consider all components as
rigid bodies, neglecting any component deformations, and
calculating the contact stresses based on an elastic foun-
dation model (Fig. 2, bottom).

Deformable Models

The benefit of modeling the UHMWPE insert as
a deformable body is the ability to account for any small
deformations due to loads transferred through the com-
ponent, as well as determining the resulting internal stress
distribution. Depending on the shape of the implant com-
ponents and the loads being applied, it is possible that the
small deformations of the UHMWPE insert will affect the
contact pressure and relative motion of the implant com-
ponents, which would affect the progression of wear. The
internal stress distribution, while not used in most wear
models, could also provide important information for

predicting other damage modes (such as delamination
due to subsurface crack initiation). These models will
typically rely on quasi-static finite element (FE) contact
analysis. During finite element analysis (FEA), the com-
ponents are discretized into many small elements com-
prising a FE mesh. Appropriate material properties are
assigned for any deformable components, and contact
between components, including friction, can be calculated
using contact algorithms (e.g., penalty method, aug-
mented Lagrange method, pure Lagrange method),
which are typically included with commercially available
FEA code. These contact algorithms detect and minimize
or eliminate penetration of one contact surface through
another by generating repulsive contact forces at the inter-
face, which deforms accordingly. Depending on the refine-
ment of the FE mesh and the nonlinearity of the problem
(due to contact, large deformations/rotations, and mate-
rial properties), computational expense may become
a limiting factor.

Elastic Foundation

To overcome the limiting computational expense of
deformable FE models, researchers have developed reliable
elastic foundation models. A bed of springs distributed
across the contact surface, the stiffness of which is
a function of the relative material properties of the
implant components, repels the rigid bodies from one
another. The compression of the springs can be used to
calculate what the resulting contact stress distribution
would be if the parts were deformable. The clear benefit
of such models is that contact pressures can be estimated
using rigid multibody dynamic simulations, which can be
an order of magnitude less computationally expensive
than a corresponding FE simulation. The small deforma-
tions and stress distributions throughout the UHMWPE
insert are neglected, however, so there is a penalty in terms
of solution accuracy and the amount of results data which
can be extracted.

Using either simulation method, the contact stress (P)
and counterface sliding vectors (s) at every point on the
contact surface are calculated through the duration of
the simulation, which will be a function of the shape of
the components, friction, and the driving loads and
displacements.

Archard’s Wear Model

The original and most widely used wear models are based
on Archard’s wear model (Archard and Hirst 1956). The
simple empirical model was originally derived for
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Wear Modeling in Artificial Knee Joints, Fig.3 Linear reciprocating motion will align surface UHMWPE polymer molecules with
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predicting wear between metal surfaces rubbing under
unlubricated conditions. It was adopted for use in simu-
lating the wear of UHMWPE in artificial hips (Maxian
et al. 1996), and later for artificial knee systems (Fregly
et al. 2005). The model defines wear as a function of
contact pressure, sliding distance, and a wear coefficient
k, such that

5wear:kzpi|si| (1)
i=1

where P; and s; are the contact pressure and sliding dis-
tance during each sub-step i of n total sub-steps
representing an entire motion cycle. ., is the total
damage depth at a single point on the contact surface.

Cross-Shear Sensitive Wear Models
UHMWPE wear rates are sensitive to the amount of cross-
shear at the contact surface, evidenced by the dramatic
increases in wear rates under situations of multidirectional
versus purely linear reciprocating counterface motions.
This behavior cannot be accounted for using Archard’s
wear model, possibly explaining why reported k values
range between 2.63x 10 ' and 1.98 x 10~® mm?/Nm.
The strain hardening or orientation softening wear
model proposed by Wang 2001 describes the mechanism
behind the sensitivity of UHMWPE wear to multidir-
ectional sliding. In short, due to the frictional-work of
a counterface motion, the polymer molecules at any
point on the UHMWPE contact surface will align in
a predominate molecular orientation (PMO, 0) (Fig. 3).
Frictional work acting parallel with the PMO leads to
plastic deformation or further reorientation, whereas fric-
tional work acting perpendicular to the PMO (caused by
cross-shear) leads to material removal by intermolecular

splitting. This means that only energy released perpendic-
ular to the PMO is responsible for wear. During situations
of linear reciprocating counterface motion, the PMO
aligns with the direction of counterface motion, so little
energy is released perpendicular to the PMO, resulting in
little wear. During situations of highly multidirectional
counterface motion, up to half of the energy can be
released perpendicular to the PMO, resulting in order-
of-magnitude increases in wear rates.

This knowledge can be implemented for calculating
TKR wear using models of varying complexity. Three
different approaches will be described here: the ¢*
method, the k(CS) method, and the f-weighted method.
Each method will be described in the context of a small
finite area of consideration, for which simulation results
include sliding vectors (s) and normal contact pressure
(P) during i =1 to n sub-steps (Fig. 4).

o* Method
This model (described further in (Hamilton et al. 2005))
was developed as a method for visualizing the amount of
multidirectional motion at every point on the UHMWPE
insert contact surface using contour maps. A dimension-
less normalized crossing intensity value (¢*) can be
assigned to any location. This method starts with the
calculation of tribological intensity vectors (7;) for each
time increment (7) of a simulation, defined as

T — P,‘S,‘ (2)

which can be decomposed into a scalar t; and angle 0; with
respect to a fixed reference angle. The PMO is then calcu-
lated by

n

@:iri(ii/ZT, (3)

i=1
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Wear Modeling in Artificial Knee Joints, Fig. 4 Contact
stress (P) and counterface sliding vectors (s) are calculated for
each finite area at the contact surface, after contact surface
descretization. Wear can then be calculated at each finite
contact surface location

A crossing intensity value (o) is calculated based on
the root mean square of the deviation of each 7; vector
from the PMO:

o Z (20— 0]/ (4)

crossing

The intensity value is then made
nondimensional and normalized by dividing that value
by the worst case scenario crossing intensity (¢,), which is
assumed to be caused by circular counterface motion, with
the same total tribological intensity magnitude (I7l). The

resulting normalized crossing intensity is
o =a/a, (5)

and will be a value between 0 (unidirectional or linear
reciprocating counterface motion) and 1 (fully multidir-
ectional counterface motion).

While this method does not suggest a direct means of
calculating wear while including the normalized crossing
intensity value, comparison with previously published
experimental results showed that there was a strong
relationship between the squared normalized value (¢*?)
and wear rates. Possible implementation by simply
augmenting Archard’s wear model could take the form

n
Suear = 072k Y _ Pilsi (6)
i=1
k(CS) Method

Unlike the ¢ method described above, this method
(described further in (Kang et al. 2008)) takes frictional

work into account, and is based directly on the strain-
hardening model proposed by Wang. The essence of these
models is to calculate the amount of cross-shear (CS),
based on frictional work perpendicular to the PMO, and
then make the wear coefficient k a function of CS.

The amount of frictional work perpendicular to the

PMO (0) is calculated as

n

WJ_ = Z,uPi|s,-|sin2 (9, — é) (7)

i=1

where p is the coefficient of friction. The PMO, 0, is
chosen such that W, is minimized. CS can then be calcu-
lated as the ratio of perpendicular frictional work to the
total frictional work

Wiotal = Z:upilsi| (8)
i=1

Wi

CS = 9
Wtotul ( )

which will be a value between 0 and 0.5.

Once CS has been calculated, the most straightforward
approach is to augment the Archard model in such a way
that the local wear coefficient, k, becomes a function of the
amount of cross-shear:

Suear = k(CS) > Pisi|

i=1

(10)

Previous work has attempted to find an appropriate
k(CS) relationship that yields good agreement between
the experimentally measured and model predicted wear.
The experiments of Kang et al. yielded the power
function relationship k = 8.0 x 1077 CS*?7!, which had
an R-squared value of 0.92 for conventional UHMWPE.
For cross-linked UHMWPE (10 MRad), a logarithmic
expression was used (R°=0.72) such that k=
1.0 x 1071%1n(CS) + 1.0 x 1077,

B-Weighted Method

The k(CS) method described above assumes that all poly-
mer molecules have aligned completely with the PMO.
The S-weighted method (described further in (Willing
and Kim 2009)), however, assumes that any point on the
surface can instead be described by a fraction that has been
completely aligned with the PMO, and a fraction that has
not undergone any molecular realignment (no preferen-
tial direction). This means that this model is able to take
into account the intensity of the PMO, or the amount of
alignment. Still relying on the frictional work theory pro-
posed by Wang, this model calculates the wear expected
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from the fully aligned fraction and the multidirectional
fraction. The model then calculates the actual wear as the
weighted sum of the two fractions, which is dependent on
the predicted amount of molecular alignment.

This model again calculates the amount of cross-shear
based on the ratio of frictional work perpendicular to the
PMO. The ratio has been doubled, however, in order to
normalize the value between 0 and 1 (like the crossing
intensity value from the ¢ method) and is denoted o
such that
_ WL (11)

Wiotal

The PMO in the aligned fraction is determined in the
same manner as the k(CS) method, and it is the angle 6
that minimizes W, (which will also minimize CS and o).

o=2CS

In this method, it is assumed that the amount of molecular
alignment (f8) is a function of the amount of cross-shear or
the crossing intensity, and is calculated

Wtaml —2 WJ_

f=1—0c=1-2CS=
Wtaml

(12)
In the multidirectional, nonaligned polymer molecule
fraction, there is no PMO. In this fraction, exactly half of
the work would contribute to intermolecular splitting
(wear), and is proportional to a wear coefficient k. The
wear damage in this fraction can then be calculated as

1 1 &
5multi :Ekwtat :Ekﬂ;P1|sl| (13)

Note that the coefficient of friction () can be
absorbed into k, or handled separately as shown in the
equation above.

In the aligned polymer molecule fraction, wear only
occurs due to frictional work released perpendicular to the
PMO, but is also proportional to the wear coefficient k.
The wear damage in this fraction is calculated as

5aligned = kWL = k/1 ZPi|S,‘|Sin2 (91 - é)

i=1

(14)

Since this model assumes a varying amount of align-
ment (f5) at any location, the resulting wear (6,,.,,) is the
weighted sum of the two wear calculations (0,,,; and
O atigned)> such that

5weur = ﬁéuligned + (1 - ﬁ)émulti (15)

Each of the three methods has its own strengths and
weaknesses in terms of computational cost, ease of imple-
mentation, and level of complexity. The important thing is
that cross-shear is considered, at the very least.

Long-term wear simulations must account for the change
in geometry at the contact surface as a result of material
removal and creep. Creep, or cold-flow, is the time-
dependant deformation of a material subjected to a load.
UHMWPE is a viscoelastic and viscoplastic material that
will deform under load in a time-dependant manner.
Creep should be included in any TKR wear simulation,
the magnitude of which depends on the applied loads,
duration of applied loads, and the thickness of the
UHMWPE insert. While the wear rates at the UHMWPE
insert contact surface are typically linear, the creep defor-
mation rates are highly nonlinear, with most creep damage
occurring early in the duty cycle of the component. The
wear simulation should include surface evolution itera-
tions where the damage due to wear and creep at the
contact surface is calculated, and the contact surface is
modified to represent that damage. Subsequent iterations
should then be based on this “damaged” model.
Depending on the mesh resolution and the amount of
damage at the contact surface, the FE mesh (when con-
sidering deformable components) may need to be
smoothened to ensure model accuracy (Fig. 5).

Fluid film lubrication is known to occur in artificial joints,
and previous studies have investigated the importance of

Surface damage

~—

—y

*r—o——4

Undeformed mesh

Surface nodes perturbed
Poor mesh quality

Mesh smoothing applied
Better mesh quality

Wear Modeling in Artificial Knee Joints, Fig. 5 Long-term surface damage can be approximated by deforming the

contact surface. If a deformable FE mesh is being used, the underlying mesh may need smoothing in order to ensure model

accuracy
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Wear Modeling in Artificial Knee Joints, Fig. 6 Parametric TKR models can be used during parameter studies or for design
optimization of implant components for reduced wear. Example parameters include the different radii of curvature of implant
features in different planes, which affect surface conformity and contact characteristics

the film thickness in artificial knee joints using experi-
mental and numerical approaches. Previous models have
suggested that changes in counterface sliding direction at
the contact surface may reduce the film thickness and
increase the amount of wear damage locally. To the
author’s knowledge, however, there have not been any
published artificial knee wear models that include the
effects of fluid film lubrication. As the complexity of
numerical models increases and the capability of com-
puter systems expand, it will be possible to consider
these effects and better understand the relationship
between wear and lubrication.

Key Applications

Complement to Experiments

Wear experiments for total knee replacements will typi-
cally run between 3 and 5 million cycles in order to
observe the long-term wear characteristics of a given
implant design under a given set of driving motions.
Such long-term experiments are costly in terms of time
and money. Computational wear simulation can be

completed in a fraction of that time. Experimental in
vitro testing is still an essential stage of implant develop-
ment, but the amount of experiments required can be
greatly reduced. Reliable computational wear simulations
can be used to screen out undesirable implant designs
early, before the prototype and experiment stage.

Parameter Studies and Design Optimization
The ability to calculate the wear characteristics of a
candidate implant design in silico introduces an opportu-
nity to perform parameter studies on implant shapes
(using parametric models, as in Fig. 6), driving motions,
and implant positioning. Such studies can be used to
quickly identify what factors truly contribute to changes
in wear characteristics. Taking this notion a step further,
these wear simulations can be included as an objective
function for total knee replacement (TKR) design
optimization. A properly developed optimization frame-
work can quickly and efficiently examine a large design
space of candidate TKR designs and identify the most
optimal shapes with respect to wear performance. Pending
the availability of other performance measurement
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simulations, such as kinematic analyses, one can consider
multiple objective functions simultaneously using
multiobjective design optimization methods. Such methods
can help implant developers better understand the relation-
ship between wear and other TKR performance measures.

While few examples exist in the literature, it is certainly
possible to apply the same wear modeling approaches to
other contact surfaces in TKR. One example is the
patellofemoral joint. The patellar component is normally
resurfaced with UHMWPE and articulates against the
femoral component. Wear modeling can also be applied
to the distal (bottom) surface of the UHMWPE insert in
mobile or fixed bearing designs. Patellar component and
backside wear has been observed clinically in both mobile
and fixed bearing TKR designs.

Cross-References

» Contact Conditions in the Artificial Knee
» Testing of Artificial Knee Joints

» Wear Modeling of Artificial Hip Joints
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Synonyms
Computational wear simulation of artificial hip joints;
Computer wear modeling

Definition

The wear of bearing surfaces caused by mechanical wear
processes such as abrasive and adhesive wear accounts for
the majority of the wear debris generated in artificial
hip joints. Wear debris-induced late implant loosening
has been recognized as the primary factor affecting the
long-term performance of artificial hip joints. Compu-
tational wear modeling has been increasingly considered
to complement laboratory simulator wear tests for
wear assessment and implant design optimization.
Here, the focus is on the wear modeling of artificial hip
joints, and the methodologies developed may also be
relevant to other joints such as knee, spine, and ankle,
as covered separately in » Wear modeling in artificial
knee Joints; » Tribology of ankle joints. Computational
wear modeling provides a quick evaluation tool for
wear simulation of artificial hip joints, particularly in
parametric studies.

Computational wear modeling mainly deals with the
numerical simulation of the wear laws for ultra-high-
molecular-weight polyethylene (UHMWPE) bearings
and metallic bearings used for artificial joints and its
application in artificial hip joints. The main wear model-
ing procedures are generally described here. The wear
models are Archard’s law and a newly proposed alternative
law for metallic and UHMWPE hip bearings, respectively.
The wear factors or coefficients considered by the above
wear models are experimentally determined either from
the physical hip simulators and clinical measurements
or from the simple wear tests, for example, using
a pin-on-plate tester. In contact modeling, finite element
(FE) methods are largely used through quasi-static contact
analyses in commercially available FE software to obtain
contact stress distribution on the bearing surfaces. In the
wear calculation, the linear wear depths derived as the
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functions of contact pressure and/or sliding distance are
numerically evaluated. The resulting wear is incorporated
through geometry modification to the FE contact model
and the above solution process is iteratively carried out
until the required simulation cycles are completed.

Scientific Fundamentals

The main wear model used for artificial hip joints is the
classical Archard wear law:

V = KFL (1)

where Vis the volumetric wear, F is the normal load, L is
the sliding distance, and K is the constant referred to as
specific wear rate in engineering or wear factor in orthope-
dic biotribology (Maxian et al. 1996). This equation is
derived from experimental observations and the assump-
tion that the surface asperities in contact are deformed
plastically and the real contact area is directly proportional
to the load applied (Arachard 1953). The constant (K),
defined as a wear factor, represents the wear volume per unit
sliding distance per unit normal load. This factor is incor-
porated to reflect the overall tribological influences of the
bearing surfaces at work, such as material combinations,
surface roughness, lubrication, and so on, and its values are
generally experimentally determined. For the computa-
tional modeling of artificial hip joints, the wear factor is
selected from a wide range of data to match clinical or
experimental simulator measurements. The computational
prediction thus obtained is not generic and independent
but relevant to the specific set of conditions.

A linear wear depth equation can be further obtained
by dividing both sides of (1) with the apparent contact
area associated with the load (F) as follows:

0 =KpL (2)

where § is the linear wear depth and p is the contact
pressure. This equation is normally used to numerically
calculate the wear instead of the volumetric wear equation.
Another wear law especially for the UHMWPE artic-
ulating against metal or ceramic bearings in total hip
replacements (THRs) is based on the hypothesis that the
volumetric wear (V) is explicitly proportional to
the apparent contact area (A) and the sliding distance
(L) under a certain range of contact pressure, given by

V = CAL (3)
where C is a dimensionless constant referred to as a wear

coefficient. In association with (3), the linear wear depth
equation is written as

0=CL (4)

For polymeric bearing materials used in artificial
joints, due to their relatively low elastic modulus, the
deformation of the asperity contacts is largely elastic, and
the real contact area of the polyethylene bearing is not
markedly different from its apparent contact area. The use
of Archard’s law for polyethylene leads to the wear factor
(K) being a strong function of contact pressure, while with
the use of the new law, the wear coefficient (C) is largely
constant under the pressures considered for the
UHMWPE bearings in artificial joints (Liu et al. 2011).

A major factor affecting UHMWPE wear rates is
recognized as the cross-shear resulting from the multidir-
ectional motion of the UHMWPE bearings. Cross-shear
motion refers to the local counterface motion that is
transverse to the direction of strain hardening of the
polyethylene. With linear tracking motion, the molecules
of UHMWPE are stretched along the sliding direction,
leading to significant strain hardening and increase in
wear resistance. With multidirectional motion, surface
molecules align preferentially in the principal direction
of sliding, strengthening in one particular direction and
weakening in the transverse direction. This weakening is
known as orientation softening, which increases wear
generation (Wang 2001).

The cross-shear can be quantified using the ratio of
the frictional work in the direction perpendicular to the
principal molecular orientation (PMO) to the total fric-
tional work (CSR) in the form of

CSR="y Wi/ Y (Wi+ Wp) (5)

where W,; and W,; are the frictional work components
perpendicular to and along with the PMO direction,
respectively. The frictional work can be generally calcu-
lated as the product of the contact pressure and the sliding
distance, and the PMO direction is the direction along
which the maximum amount of frictional work is released.
Equation (5) can be used in an attempt to develop a more
generic approach. By doing so, the coefficient is deter-
mined for the polyethylene hip joints as C = V/(AL)
based on laboratory pin-on-plate wear tests. In the test,
a rotating polyethylene pin is used against a translating
metal plate under lubricated conditions, and different
cross-shear motions are achieved by combining different
rotation angles of the pins and translation lengths of
the plates during tests (Kang et al. 2008). The CSR is
calculated to range between 0 and 0.5, accordingly.

For metal-on-metal bearings, wear factors or coeffi-
cients can be expected to be highly dependent on
lubrication regimes. However, directly incorporating the
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lubrication regimes into the equations of wear factors
or coefficients has not been easy (Harun et al. 2009).
Instead, different wear factors have been used to reflect
different lubrication regimes, for example, the running
and steady-state phases respectively (Liu et al. 2008).

Contact mechanics of artificial hip joints are largely
modeled with FE methods, as addressed elsewhere in
Encyclopedia of Tribology. The contact models with
smooth bearing surfaces without incorporation of asper-
ities and under dry contact conditions are used to obtain
the contact pressure distribution on the bearing surfaces.
Such an approximation is considered to be valid because
the pressure distribution under lubricated contacts is close
to that of dry contacts, and the smooth surface assump-
tion has a small effect on the global, average pressure
distribution modeled with the above wear equations.
The quasi-static contact analyses are modeled at each
time instant during a motion cycle instead of a complete
transient simulation. FE contact analyses are widely
available in many commercial FE software packages.
With the FE software used, material properties can be
readily incorporated, for example, the plastic deformation
of UHMWPE can be modeled using true strain-
stress data.

Another simplified model used is the elastic founda-
tion model or column model for an elastic solution (Bartel
et al. 1986). It assumes that the contact pressure at a point
on the surface is only dependent on the deformation at
that point, and the pressure is given by

3 3 -1
1 n 2 R R ] E
= — =) - —u
P T T \R R, R,
(6)
where u is deformation, p is contact pressure, E is Young’s
modulus, v is Poisson’s ratio, and R, and Rj; are the inner

and outer radius of the bearing. If R;/R, tends to 1, it can
be further simplified

ng{l— 2v2}1u (7)

1—v

where d is the thickness of the bearing.

The wear depth equations are used and numerically solved
in the forms

5:iK'p,‘~S,’ (8)
i=1

and
n
5= C(CSR)-s; (9)
i=1
where n is the discretized time intervals over a motion
cycle, p; and s; denote the instantaneous contact pressure
and sliding distance, respectively, and C is the function of
cross-shear ratio (CSR) as determined by using (5) for the
hip joint bearing surface.

In (8) and (9), the FE contact models are evaluated by
quasi-static solutions and the corresponding sliding dis-
tances are calculated using the coordinate transformation
for the relative motions of the cup and head. The geometry
modification due to the wear is considered at a larger time
interval, such as 250,000 motion cycles for an example hip
joint model, and, therefore, the linear wear depths are
calculated for a motion cycle and multiplied by the
above factor to obtain the wear over the geometry update
interval. The contact pressure, the PMO direction, and the
cross-shear ratio are calculated accordingly after each
geometry modification interval. The linear wear depths
calculated are then converted to the volumetric wear for
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Wear Modeling of Artificial Hip Joints, Fig. 1 Wear
modeling flowchart
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Wear Modeling of Artificial Hip Joints, Fig. 2 (a) Schematic
cross-section of a hip joint resurfacing replacement tested in
a hip joint simulator showing the bearing geometry,
articulation, fixation, motion, and loading. (b) Three-
dimensional representation of the bearings under the motion
and loading conditions (Taken from Liu et al. 2008)

the joint bearings. Figure 1 shows a flowchart for the
wear modeling.

Key Applications

Artificial hip joints consisting of metallic/ceramic
femoral heads articulating against metallic acetabular
cup are used as low-wear bearings and an alternative
to UHMWPE bearings (Fisher et al. 2006). One of the
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Wear Modeling of Artificial Hip Joints, Fig. 3 (a) Loading
force and (b) motions of a simulated gait cycle corresponding
to the hip joint resurfacing replacement shown in Fig. 1 (a) and
(b) (Taken from Liu et al. 2008)
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Comparison of the predicted volumetric wear between
the hip simulator testing and computational modeling
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Wear Modeling of Artificial Hip Joints, Fig. 5 Computationally predicted wear depth distributions on (a) the cup bearing
surface and (b) the head bearing surface of the hip joint resurfacing replacement under simulated gait cycle conditions after

50 million cycles (Taken from Liu et al. 2008)

metal-on-metal (MOM) bearings is resurfacing replace-
ments, with the femoral bearing surface being replaced
rather than the whole head. This bearing is developed for
longer term use, particularly for younger, more active and
demanding patients. The simulator testing of artificial hip
joints is generally carried out for three to five million
cycles, representing clinical follow-up of 3-5 years. The
resurfacing joints are expected to last for up to 50 years,
equivalent to 30-50 million cycles, which is time-
consuming and impractical. The computational model is
more suitable for long-term simulation (Liu et al. 2008).
Figure 2a shows the resurfacing joints tested in a hip
simulator and the 3D representation of the bearings with
motion and loading applied in Fig. 2b.

The corresponding profiles of the load and motions of
a simulated walking gait cycle are given in Fig. 3a, b,
respectively.

The wear of the MOM resurfacing bearings is modeled
with Archard’s law using different wear factors. The FE
contact model created in a commercial FE package,
ABAQUS (version 6.5—1, ABAQUS Inc., Rhode Island) is
used to obtain the contact pressures on both the cup and
head bearing surfaces. Wear factors of 1.13 x 10~® and
1.20 x 107> mm’N"'m™" are determined based on the
simulator results and used for the bedding-in and steady-
state wear phases in the modeling, respectively. The results
of volumetric wear and linear wear depth distributions on
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o Computational (new law)
o Experimental
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Wear Modeling of Artificial Hip Joints, Fig. 6 Wear rates
predicted using different wear laws, simulator testing, and
different femoral head sizes of the UHMWPE hip joint bearings
under simulated gait conditions

the bearings of the simulation extended to 50 million
cycles are shown in Figs. 4 and 5, respectively. Both the
volumetric wear and wear depth distributions computa-
tionally predicted agree with those of the simulator
testing results.

Metal-on-UHMWPE Bearings
The use of the Archard equation for UHMWPE hip joints
results in the wear factor being a strong function of
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contact pressure and hence a wide range of wear factor
values (Barbour et al. 1997). This has been further com-
plicated by incorporating the cross-shear effect of the
multidirectional motion of the hip joints into the wear
factor (Kang et al. 2009), the wear factor being curve fitted
as a function of both the CSR and contact pressure:

K(CSR, p) = o(~13.140.191n (CSR)~0.29p)

(10)

The use of the alternative wear equation leads to
a relatively constant wear coefficient over the contact
pressure considered for UHMWPE hip joints, and hence
the wear coefficient being a function of CSR only.
For example, a representative wear coefficient can be
determined only as an explicit function of CSR based on
the result of the representative pin-on-plate tests given
by curve-fitted function as follows:

C = (32.0CSR +0.3) x 10~° when CSR < 0.04 (11a)

C = (1.9CSR 4 1.6) x 10~? when 0.04 < CSR < 0.5
(11b)

Figure 6 shows the volumetric wear rates predicted
using Archard’s law and the new law as well as
a representative simulator testing for different head sizes.
The prediction with the new wear law improves the agree-
ment with that of simulator testing and with that of the
clinical wear measurement, particularly for the larger head
sizes. Figure 7 shows the increase in volumetric wear
associated with the larger head size resulting from the
larger sliding distance and the contact area.

Future modeling may include the effects of lubrica-
tion on the wear factors, different materials such as
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Wear Modeling of Artificial Hip Joints, Fig. 7 Volumetric
wear predicted for the UHMWPE hip joint bearings for
different femoral head sizes (head diameters 22 ~ 36 mm)
under simulated gait conditions over nine million cycles

cross-linked UHMWPE and ceramics, patient-specific
models, and more diverse wear scenarios such as edge
loading occurring during hip joint microseparations and
other joint application such as spinal disc and ankle
replacements. The dynamic loading may be necessary in
determining the wear coefficients for UHMWPE instead
of constant loading used in the above formulation. Some
other factors that may affect the surface deformation and
lead to differences in UHMEPE wear prediction, such as
the effect of polyethylene creep known to increase the
surface worn area, material properties such as Young’s
modulus, and heat effect, should also be considered
in future modeling work.
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Synonyms

EDSC - equivalent discrete spherical convolution
for spherical-bearing wear modeling; ESC-equivalent
spherical convolution for spherical-bearing wear model-
ing; FTM — fixed-tracked method for spherical-bearing
wear modeling; SFFT — spherical fast fourier transform for
spherical-bearing wear prediction; SGDM — spherical grid
data model for spherical-bearing wear modeling; SIF —
spherical inverse filter method for spherical-bearing wear
modeling

Definition

Wear modeling of spherical bearings allows effective
computational prediction of wear of bearings under given
operating using a set of methods and advanced simulation
techniques. General wear modeling is helpful understanding
the wear mechanisms of both spherical and aspheric bear-
ings. Wear modeling of spherical bearings also helps to
develop methodologies and techniques that are employed
to simulate the sliding wear process and related tribological
problems. Wear modeling of real spherical bearings is
a complex issue in tribology; for example, the complex or
changing geometry of spherical bearings with either macro-
scopic or microscopic bearing geometry features needs to be
represented by the fixed-tracked method (FTM), developed
on the basis of the spherical grid data model (SGDM). On
the other hand, a number of factors, such as lubricant,
asperity contact, lubrication, geometry, material mechanical
property, operating conditions, and so forth, play a signifi-
cant role in the sliding wear process of spherical bearings in
motion. Therefore, further study of effects of the factors
related to the sliding wear process is also addressed by the
development of wear modeling. The general methods and
advanced numerical techniques for wear modeling of spher-
ical bearings can be applied not only for wear prediction in
integrated tribology simulation systems for spherical bear-
ings but also for the study of other tribological problems.

Scientific Fundamentals

Wear often takes place in the interface of bearing in motion
under given operational conditions. Spherical bearings are
widely applied in industrial engineering and bioengineering,
for example, spherical bushings, hip joint replacements, and
spherical joints (Flores et al. 2006; Scholes et al. 2000, Wang
et al. 2009a, b). Significant progress in tribological model-
ing of spherical bearings involving friction, wear, and
lubrication has been achieved in the last decade. Some
subjects related to this progress, such as contact mechan-
ics, deformation, and corresponding methodology and
advanced numerical techniques, have been significantly
developed. Throughout this period, wear modeling of
spherical bearings with hard-on-hard bearing material
combinations and under multi-directional transient
motion and dynamic loading conditions has also been
built with the support of a group of novel methodologies
and advanced simulation techniques such as the fixed-
tracked method (FTM) and the smooth spherical inverse
filter method (SIFM) (Wang et al. 2005, 2008b, 2009a, b).
These play an important role in the development of the
tribology system of spherical bearings. For example, both
dynamic contact mechanics and computational wear pre-
diction of spherical bearings with geometrical modifica-
tions of two bearing surfaces due to wear with time can be
simulated. Furthermore, an aspheric bearing with com-
plex geometry and motion can be resolved by the regular
spherical grid data model (SGDM) (Wang et al. 2010;
Wang 2010, 2011). More details of wear modeling and
methodology of spherical bearings is explained below.

Wear Model

Wear may often occur in spherical bearings with various
bearing structures or bearing surfaces, including aspheric
bearings and spherical bushings. A ball-in-socket config-
uration for representing the spherical bearing, either with
full or partial spherical bearing surface, can be widely
found in engineering and bioengineering, as shown in
Fig. la, b (Wang et al. 2005, 2008a, b, 2009a, b, 2010).
For example, the bearing configuration as shown in Fig. 1a
is often used to describe the spherical head against the
spherical cup in hip joint implants, while the spherical
bushing shown in Fig. 1b represents the spherical joints or
spherical bearing. A general spherical bearing model
under three-dimensional loading and Euler angular
motion is used for the study of wear modeling and meth-
odology, as shown in Fig. 2 (Wang et al. 2008a, b). An
appropriate spherical coordinate system with the z-axis
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Wear Modeling of Spherical Bearings, Fig. 1 Spherical bearing model: (@) hemi-spherical bearing against spherical bearing and

(b) spherical bushing against spherical bearing

Wear Modeling of Spherical Bearings, Fig.2 Spherical
bearing model with three-dimensional loading and multi-
directional motion

through the polar points is selected, as shown in Fig. 3.
Thus, an inclination angle of spherical bearings, such as
the physiological positioning of hip joint implants, is
readily given in the corresponding wear modeling by the
spherical coordinate ¢ = f§ in the meshed bearing surfaces,
as shown as Fig. 4a, b (Wang et al. 2005). The mesh grids of
spherical bearing surfaces are also adopted for the study of
tribology of spherical bearings, such as contact mechanics,
lubrication, and wear modeling, as described in the fol-
lowing sections.

The wear problem of spherical bearings due to the
sliding process on bearing surfaces under the loading

Wear Modeling of Spherical Bearings, Fig. 3 Spherical

coordinate system with the z-axis through the polar points of
Nand S

condition can be described by the Archard wear equation
as follows (Archard 1953; Wang et al. 2010):

V = kFs (1)

where Vis the volumetric wear (mm?), k is the wear factor
(mm’N"! m™), F is the overall loading (N) on the
interface between the contact surface couple brought
into contact, and s is the sliding distance (m) of the
surfaces in contact. The original Archard wear equation,
involving the two asperities in contact, can be also given by
the simple formulation with regards to a point on the
contact area as
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w = kps (2)

where w represents the linear wear or the linear wear depth
and p is the contact stress or contact pressure. This wear
equation can predict wear accurately for most of materials,
but still depends on the given wear factor. The wear factor
can be determined through laboratory or test, where the
simple wear model is employed to evaluate it as follows:

|4
k= S Fs 3)
In fact, the wear factor used for wear prediction of
spherical bearings is often evaluated by matching the
volumetric wear obtained from testing with the predicted
results from several iterations of wear modeling, which is
called the trial and error method (Hu et al. 2011; Wang
et al. 2010).

Representation of Bearing Geometry

A challenging problem in wear modeling of spherical
bearings is how the bearing geometry changes due to
wear with time under the multi-directional motion con-
dition, such as in the three-dimensional Euler angular
motion, which is effectively described as required for the
numerical simulation space in the spherical coordinate
system at each instant during the operational cycles
(Wang et al. 2010). For example, a spherical bearing with
a hard-on-hard material combination, such as metal-
on-metal bearing hip joint implants or steel-on-steel
spherical bearing joints, often work under the multi-
directional transient motion and dynamic loading
condition; thus, wear always takes place on the two bear-
ing surface couple. In the wear simulation process, the
meshed bearing geometries in motion are represented
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accurately with the regular mesh grids in the simulation
space where each simulation can be carried out (Wang
et al. 2008a, 2009b, 2010).

The fixed-tracked method (FTM), which is widely
employed for the study of tribological problems with
complex bearing geometry or combined with complex
motion, had made significant progress in complex tribo-
logical modeling due to representation of interfacial
geometry in motion (Wang et al. 2009a, b; Wang 2010).
The method is explained in the following section.

The geometry of spherical bearings in an appropriate
spherical coordinate system, as shown in Figs. 2 and 3
(Wang et al. 2009a, b, 2010), is given by

r; = rio(p, 0) + Ari(p, 0) + Oi(p, 0) + 5i(p,0)  (4)

where r;, represents the radius of a nominal spherical
bearing surface, Ar; is the deviations of an aspheric bear-
ing relative to the nominal spherical surface, @; is the
micro-geometrical change, such as roughness or machin-
ing marks, and ¢, is the deformation. Elastic deformation
is evaluated by the equivalent discrete spherical convolu-
tion model (EDSC) and the spherical fast Fourier trans-
form technique (SFFT) (Wang 2004; Wang et al. 2005,
2009a).

To carrying out numerical simulations in the space
coordinates, a point on the regularly meshed geometry
of a spherical bearing, as shown in Fig. 4, can be described
by the spherical coordinate p(¢p, 0, r), while in the body
coordinates for tracking the geometry or the changing
geometry in any motion, the set of regularly meshed
grids is still adopted with the corresponding spherical
coordinate p (¢, 0, r) to describe the geometry. The points
on the meshed geometry in the space and body coordi-
nates is one-to-one correspondence between the two sets

Wear Modeling of Spherical Bearings, Fig.4 Spherical coordinate system with the z-axis through the poles: (a) mesh grids, and

(b) inclination angle
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p(p, 6,1)

z

Wear Modeling of Spherical Bearings, Fig.5 Diagram of
spherical mesh grids: (a) the fixed mesh grids in space
coordinates for wear simulations, and (b) mesh grids in body
coordinates for tracking geometry in motion

of mesh grids because of mesh grid motion, as shown in
Fig. 5. It should be pointed out that the two mesh points
on the two sets of mesh grids of spherical bearings have the
same or similar coordinate value either in space or body
coordinates, respectively. However, the coordinate values
at the same point on the spherical bearing surface at each
instant during motion for wear modelling are different in
space and body coordinate systems, as shown in Fig. 6
(Wang et al. 2009a, b, 2010). Therefore, a general meth-
odology for representing bearing geometry in motion
must be developed in order to build the relation of the
two points as below.

Generally, the transition from data information on the
meshed geometry of bearings in body coordinates to that
in space with common origin of coordinate systems can be
accomplished by means of an orthogonal transformation
of [A] (Wang et al. 2009a, b, 2010). The orthogonal trans-
formation has the directional cosines of an internal body
set of axes relative to an external space set of axes, as shown
in Fig. 7. Thus, the location vectors of r(yp, 0, r) and
Y (¢, &, ') at a point on the bearing surface in space
and body coordinate systems, as shown in Fig. 5 (Wang
et al. 2009a, b), can be expressed as

r= [A]flr’ (5)

The two sets of mesh grids can be designed in space
and body coordinates, one for the numerical simulation of
tribological problems and the other for the representation
of moving bearing geometry. Therefore, the relations
between the two sets of mesh grids can be rewritten as

[r] = [A] 'Y (6)

where [r] and [r'] represent the local matrices in space and
body coordinates, separately. The transformation matrix
of [A] is given by the transposed matrix as

|

oo r)orr(¢) 6,r")

Wear Modeling of Spherical Bearings, Fig.6 Coordinates of
mesh grids in space and body coordinate systems

Wear Modeling of Spherical Bearings, Fig.7 Directional
cosines of the internal body set of axes relative to an external
space set of axes with the common origin of coordinates

[A]=[A]""
cos ffcosy —sinf}

= | cosasinficosy coswacosf

cos fsiny
sino cos f§

sinoccos S sinasin fsiny + cosacosy

(7)

sinasin ff cosy
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where (o, 5, y) are the three Euler angles corresponding to
the three Euler angular velocities (w,, w,, @), respectively,
as shown in Figs. 2 and 3. It is noted that the vectors of
r and r’ in the wear modelling process, as described in (5)
and (6), respectively, should be given by their Cartesian
coordinates as

x rsinfcosp
r=1< y p =1 rsinfsiny (8)
z rcosf
and
x 7’sin0’ cosy’
Y=y ;=1 sindsiny’ 9)
4 1’ cost/

The general method of representing both the bearing
geometry fixed in space coordinates and tracking the bear-
ing geometry in body coordinates, as described in (6), is
the so-called fixed-tracked method (FTM). The method
has been widely employed for complex tribological
simulations in spherical bearings, aspheric bearings, lubri-
cation, friction, and contact mechanics (Wang 2010,
2011). The complex tribological problem of both real
spherical and aspheric bearings with complex bearing
geometry is resolved with a spherical grid data model,
where a perfectly spherical bearing is used to describe the
deviations between real spherical and aspheric bearings
(Wang et al. 2009a, b). Therefore, the fixed-tracked
method is applied not only to the study of the wear
modeling involving the changing bearing geometry of
spherical bearings in motion due to wear with time, but
also to other tribological problems of aspheric bearing due
to complexity of geometry.

Sliding Distance

Wear of spherical bearings is related to the sliding distance
in the sliding process (Maxian et al. 1996; Harun et al.
2009). If y shows the spherical distance between the two
points of p(¢, 0) and q(¢', ') on a unit spherical surface,
as shown in Fig. 8 (Wang et al. 2010), then the sliding
distance on the spherical surface is expressed as

(10)
where  is also equal to the central angle of arc between

p and q points on the unit spherical surface. Thus, the
spherical sliding distance produced between two spherical

cosyy = cosOcosl) + sinfsin0’cos(¢’ — )

bearing couples due to the relative motion is evaluated by
s=Ry (11)

where R represents the nominal radius of the spherical
bearing surface in motion, such as ry, or 7., as shown in

Wear Modeling of Spherical Bearings, Fig. 8 Sliding
distance on the unit spherical bearing surface

Fig. 1. The sliding distance matrix [S] can be completed by
the evaluations of spherical sliding distances of all mesh
grids on the spherical bearing surface in motion relative to
the other bearing surface in wear modeling practice
(Wang et al. 2009b, 2010). A case for wear modeling of
spherical bearings of hip joint implants under the given
operating conditions of the three-dimensional Euler
motion and dynamic loading will be discussed in the Key
Applications section.

Contact Mechanics Model

The evaluation of contact mechanics of spherical bearings
under the given operational conditions is required for the
wear modeling, as described in (2). The contact mechanics
simulations can be carried out either macroscopically or
microscopically, depending on the requirement for the
computational wear prediction. The contact problem of
bearings can be made by the restriction relationship of the
gap between the two surfaces brought into contact and the
resultant contact pressure p in contact area Q. (Wang et al.
2003, 2005, 2006, 2008b). A general constrain condition
for description of contact mechanics in spherical coordi-
nates is expressed by

g(p,0) =0 (p,0) € Q.
p(p,0) >0 (p,0) € Q, (12)
g(p,0) >0 (p,0) & Q,
p(p,0) =0 (p,0) & Q,
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where the gap g comprises the original unreformed gap g
without contact pressure and the deformation caused by
contact pressure (Wang et al. 2005, 2006, 2009b). The gap
between the spherical bearing surface couple in contact
can be described as

g(p,0,t) = (r. — 1p) — ex(t) sinB cos
—e,(t)sinOsing — e,(t) cos 0
+ @4, 0) + (0, 0, 1)

(13)

where 7, and r, are the radial distance from a point on the
inner or outer bearing surface of the real spherical or
aspheric bearing to the center of the nominal spherical
bearing, respectively. The variables of (e, e, e,) are the
position of the center of the inner bearing surface with
reference to the center of the outer bearing surface.
The variables of ®4 and J. are the combined micro-
geometrical variation and deformation of two bearing
surfaces separately. The elastic deformation evaluation is
made by the equivalent discrete spherical convolution
model (EDSC) combined with spherical fast Fourier
transform (SFFT), which can be found elsewhere (Wang
et al. 2005, 2008a, b, 2009a).

The finite element method is usually employed for
contact mechanics of spherical bearing, as shown in
Fig. 9. Due to a limitation of the number of mesh ele-
ments, the finite element model is often applied for the
analysis of contact mechanics of spherical bearings with
a macroscopically geometrical scale. To evaluate the
contact mechanics of spherical bearings with a microscop-
ically geometrical scale, such as curvature, clearance,
structure, and other sophisticated features, an efficient
methodology with a high density of mesh grids has to be
considered (Wang et al. 2005).

Significant progress has been made in contact
mechanics since the smooth inverse filter method (IFM)
was developed. The method can resolve contact problems
macroscopically and microscopically (Wang et al. 2010).
The method has been also developed into the smooth
spherical inverse filter model (SIFM) of spherical contact,
under the support of the elastic theory of spherical
surfaces, involving the equivalent discrete spherical con-
volution (EDSC) model and the spherical fast Fourier
transform (SFFT) (Wang et al. 2008a, b, 2009a). The
spherical inverse filter method has been widely employed
for the evaluation of contact mechanics of spherical con-
tact problems, both in spherical and aspheric bearings.
A high density of mesh-grids for contact mechanics can
be adopted by incorporating the efficient method with the
fast numerical technique to facilitate the numerically iter-
ative process of the contact problem. Thus, the contact
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Wear Modeling of Spherical Bearings, Fig. 9 Finite element
model of contact mechanics of a spherical bearing

pressure of spherical bearings can be resolved by the
smooth spherical inverse filter method (SIFM) with
the smooth function of vy for convergent iterative proce-
dures (Wang et al. 2005, 2009b). Contact pressure in
the frequency domain with the fast Fourier transform is
evaluated by

il i) = 20 )

i Sij(fp, fo) sin(0)
where (f,, fyp) are variables in the frequency domain,
corresponding to variables (¢, 0) in the time domain.
The contact pressure p(¢, 0) is achieved after the inverse
fast Fourier transform during iteration of the contact
solution (Wang et al. 2005).

The resultant load due to contact pressure distribution
on spherical surfaces of spherical bearings in contact is
required for balance with the external load (Wang et al.
2005, 2008a, b). The resultant load balance is given by

7i(fo: 10) (14)

=R [7 f(flzpsin(?cosapsiné)dﬁdap = wy
f, =R f:? fgfpsiHOSingosinGdOdgo: w,  (15)
=R f;:z {izpcosesined(?d(p

:WZ

where (w,,w),w,) is the loading on the spherical bearing.
The numerical integration is made for the evaluation of
the resultant load. Once the contact pressure distribution
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and the corresponding sliding distance are obtained,
wear simulation can be performed, as described in the
next section.

Wear modeling of spherical bearings during multi-
directional transient motion and dynamic loading condi-
tions, involving the representation of bearing geometry by
the fixed-tracked method and the contact pressure distri-
bution by the corresponding contact mechanic model as
well as the sliding distance of spherical bearings, can be
carried on. The linear wear depth in the radius direction of
spherical bearing, evaluated by Archard’s wear law, as
given in (2), is rewritten as

Ari(t) = kpes: (16)
t=1

where 1, is cycles experienced during the given operating
condition. During the operating condition, the bearing
geometry is modified with time due to wear (Hu et al.
2011). It is noted that modification of bearing surfaces
may occur on the two bearing surfaces with a hard-on-
hard material combination. The modifications at each
instant during the operating cycle are found by
i) = 7N (t) £ Ar(1)

1

(17)

where either the + or — sign presents the direction of
geometry modification of bearings during wear simula-
tion (Wang et al. 2010). Thus, when the modification
caused by the variations of geometry of spherical bearings
due to wear with time is performed at each instant during
one operating cycle, the worn geometry of spherical bear-
ings is projected by the fixed-tracked method in space
coordinates, and the next cycle of wear simulations starts.
The wear modeling is carried out by the developed
in-house software. A tribology simulation system by the
in-house software incorporating a group of methods and
numerical techniques has been developed for solutions of
tribological problems of spherical or aspheric bearings
under the given operating conditions, including friction,
lubrication, deformation, contact mechanics, and wear
(Wang et al. 2005, 2008a, b, 2009a, b, 2010). The details
of wear modeling are further explained in the next section.

Key Applications

Wear modeling of spherical bearings has been applied for
the study of computational wear simulation and related
tribological problems in both spherical and aspheric bear-
ings, including the corresponding methodology and
advanced numerical techniques. An example of wear

simulation of spherical bearings of metal-on-metal hip
joint implants is run by the wear modeling in this section.
The hip joint implant consists of a spherical femoral
head articulating with a spherical acetebular cup and is
modeled by a ball-in-socket configuration, as shown in
Fig. 1 (Wang et al. 2005, 2008a, b). The mechanical prop-
erties of the metal-on-metal bearing components used in
hip joint implants are shown in Table 1, while the geomet-
ric parameters of the metal-on-metal bearing components
are given in Table 2. The spherical acetabular cup is

Wear Modeling of Spherical Bearings, Table 1 Mechanical
properties of the metal-on-metal bearing components used in
hip joint implants

CoCrMo 210
227

0.30
0.23

Cement

Wear Modeling of Spherical Bearings, Table 2 Geometric
parameters of the metal-on-metal bearing components used
in hip joint implants

Femoral head radius (R;) 14.00 (mm)
Acetabular cup radius (R>) 14.03 (mm)
Cup wall thickness (d) 9.50 (mm)
Cup inclination angle (f5) 45 (deg)
3.0 v v - -
25F WYy |9

Dynamic load (KN)

O A

0 01 02 03 04 05 06 07 08 09 1
Time (s)

Wear Modeling of Spherical Bearings, Fig. 10 Dynamical
load applied to spherical bearing of hip joint implants
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anatomically positioned with an inclination angle of
f = 45° in clinical implants (Wang et al. 2009a). Spherical
bearings in bioengineering are operated under the given
walking condition of the three-dimensional Euler motion
and dynamic loading, as shown in Figs. 10 and 11.

—a (FE)
smmsens 3 (E] )
sy (AA)

Euler angle (degree)

_40 A A A ' A A A A A
0 01 02 03 04 05 06 07 08 09 1

Time (s)

Wear Modeling of Spherical Bearings, Fig. 11 Three-
dimensional Euler motion and angular positions of spherical
bearing of hip joint implants

One walking cycle consists of both the stance phase and
the swing phase. In this application case, this is divided
into 20 instants for both the time-dependent loading and
motion (Hu et al. 2011).

The wear volume of 28 mm diameter metal-on-metal
bearing experienced during an experimental measurement
by wear simulator is employed to obtain the wear factor
for wear modeling of spherical bearings (Chan et al. 1999),
as explained in the previous section. The total wear vol-
ume of both spherical head and cup bearing is classified
into two parts, one for the running-in stage and the other
for steady stage for the 1st year and above, respectively.
Consequently, the wear factor is divided by the
corresponding ones, which are k; = 0.5 x 10 and k, =
0.15 x 10°®* mm’N"' m™' for running-in and steady
stages by the trial-and-error method. The method is
employed through matching the volumetric wear within
the partial stages, which is obtained by experimental sim-
ulator, with the volumetric wear by wear modeling,
respectively (Harun et al. 2009; Hu et al. 2011; Wang
et al. 2009b, 2010).

The contact pressure distribution of spherical bearings of
hip joint implants is solved by the finite element model
(FEM) with the density of 60 x 60 mesh grids in the given
spherical coordinate system, as shown in Figs. 3, 4a, b, and 6.
Running and updating of the FEM model in code is

p (MPa)

=15 -15

Wear Modeling of Spherical Bearings, Fig. 12 Dynamic contact pressure distributions on the spherical cup bearing surface
during one walking cycle at the instants: (a) 0.05 s, (b) 0.25 s, (c) 0.5 s, and (d) 0.75 s
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controlled by the wear modeling system developed by
a computing program. Data communication between the
fixed mesh-grids for simulating wear prediction in space
coordinates and the tracked mesh-grids for describing
bearing geometry in motion in body coordinates can be
made by the fixed-tracked method automatically in the
wear simulation system. All wear simulation works are
carried out by the wear modeling of the integrated tribol-
ogy simulation system by a group of methodologies and
advanced numerical techniques. The calculation of the
linear wear depth for both the spherical head and cup
bearing surfaces is carried out after evaluation of sliding
distance is performed.

The various results produced in the computational
wear simulation process are predicted by wear modeling,
as described above. Some of them are given in the
following descriptions. The dynamic contact pressure

20 19

distributions on the cup bearing surface of spherical
bearings of hip joint implants are obtained by the
corresponding finite element model for contact mechanic
solutions of contact stress in the wear model. Several
results at the instants of 0.05 s, 0.25 s, 0.5 s, and 0.75 s
during one walking cycle are presented as shown in
Fig. 12a—d (Wang et al. 2009a, b, 2010). The finite element
model can be carried out during the dynamic contact
mechanics process in wear modeling. A micro-contact
mechanics model had to be used for wear prediction of
spherical bearings with micro-geometrical variations such
as roughness with a high density of meshes for simulation
due to the limitation of the number of elements of the
element model. To resolve the problem, the smooth
inverse filter method can be employed, as explained pre-
viously (Wang et al. 2005). Additionally, the contour of
contact pressure distributions on head bearing surfaces of

17 16 15 14 13

Wear Modeling of Spherical Bearings, Fig. 13 Contour of contact pressure on a spherical head bearing surface at 20 instants

during walking condition of 10 million cycles
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Wear Modeling of Spherical Bearings, Fig. 14 Contact pressure distributions on a spherical cup bearing surface during walking

condition between 21 million and 30 million cycles
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Wear Modeling of Spherical Bearings, Fig. 15 Computational wear distributions on a spherical cup bearing surface at the

operating times: (a) 10 years, (b) 20 years, and (c) 30 years
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Wear Modeling of Spherical Bearings, Fig. 16 Volumetric
wear on a spherical head and cup bearing surface and total
volumetric wear with time
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Wear Modeling of Spherical Bearings, Fig. 17 Linear wear
depth on a spherical head and cup bearing surface with time
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spherical bearing of hip joint implants at 20 instants
during the walking condition of 10 million cycles, in
which wear occurs with time, is shown in Fig. 13. The
contact pressure distributions on the spherical cup bearing
surface during the walking condition between 21 million
and 30 million cycles are shown in Fig. 14, where wear
with cycle time approach to the edge of the cup bearing.
(Hu et al. 2011; Wang et al. 2009b).

Furthermore, the computational wear prediction of
spherical bearings of hip joint implants under the three-
dimensional time-dependent motion and dynamic load-
ing condition is carried out by wear modeling (Wang et al.
2009b, 2010). The linear wear distributions on the cup
bearing surface in operating cycles of 10 years, 20 years,
and 30 years are given, as shown in Fig. 15a, b, c. Here, one
million cycles are equivalent to 1 year operating time for
hip joint implants. At the same time, the volumetric wear
of the head and the cup bearings, and the total volumetric
wear with operating time of walking cycles within 30 years
are presented, respectively, as shown in Fig. 16. Wear has
obviously taken place on the edge of the cup bearing
surface (Hu et al. 2011). Subsequently, the linear wear
depth on the head and cup bearing surfaces and the total
linear wear depth on both bearing surfaces are given, as
shown in Fig. 17. Therefore, it is found that the wear
modeling incorporated in the tribology simulation system
was able to carry out the wear prediction (Wang et al.
2010). Further details have been published elsewhere
(Wang et al. 2008b, 2009b, 2010).

For specific details of wear modeling for the study of
tribological mechanisms of both spherical and aspheric bear-
ing and the tribology simulation system, readers can refer
to the following entries: » Geometry of Spherical/Aspheric
Bearings, P Elasticity Theory for Spherical Bearings,
and » Lubrication Theory for Spherical Bearings.

Cross-References

» Contact Mechanics for Spherical/Aspheric Bearing
» Elasticity Theory for Spherical Bearings

» Friction Prediction for Spherical Bearings

» Geometry of Spherical/Aspheric Bearings

» Lubrication Theory for Spherical Bearings

» Sliding Wear

» Wear Modeling of Spherical Bearings
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Definition

Wear in bearings is the removal of component surface
material as a result of non-ideal operating conditions,
usually attributable to the presence of contamination,
inadequate lubrication, or general misuse. The removal
of surface material may be mild on an asperity length scale
by adhesive (two-body) or abrasive (three-body) mecha-
nisms (Tallian 1992), or it may be macroscopic in the form
of spalling or pitting damage. Although bearing design life
is based typically on an expected material or subsurface
fatigue limit, the effect of unanticipated wear may be to
initiate damage that leads to premature failure.

Scientific Fundamentals

The majority of bearing damage in the field is attributable
to wear rather than contact stress-related subsurface mate-
rial fatigue. Approximately 10% of bearings achieve
predicted fatigue life in application (Ludema 1996). Even
if a bearing is designed, manufactured, and specified prop-
erly for an application, wear may still occur unless the
potential for contamination, inadequate lubrication, and/
or misuse is managed. Specific examples of these common
wear modes and their causes are presented here with
emphasis on wear of steel rolling element bearings, includ-
ing ball, cylindrical roller, tapered roller, needle roller, and
spherical roller bearings. However, the general categories
of wear and examples may be applicable to plain or fluid
film bearings as well. It is noted also that bearings may
continue to perform satisfactorily in the presence of cer-
tain types or degrees of mild wear. However, if wear is
allowed to progress without corrective action, the conse-
quences can include excessive deflection, loss of design
clearances, excessive noise and/or vibration, high torque
and/or temperature, and bearing seizure (Harris and
Kotzalas 2007).

Although wear in bearings is generally defined as the
undesired removal of surface material, this rarely happens
as one discrete step. Instead, wear processes may require
a sequence of events under specific conditions to occur
before the full measure of bearing damage is detected. The
wear process is usually initiated by an event that produces
a surface defect site such as localized plastic deformation,
a pit, a crack, a scratch/gouge, an adhesion junction
between asperities, or abrasive third-body particles, for
example. In rolling element bearings, continued cyclic
contact stress over these defective surface regions may
initiate cracks that can then propagate by fracture, leading
to the removal of surface material. A few common damage

modes by which the removal of surface material occurs in
rolling element bearings are defined below before focusing
on examples of mechanisms that may initiate them.

Spalling is a type of contact fatigue failure that occurs
on contact surfaces by propagation of near-surface cracks
that ultimately lead to macroscopic surface material
removal and thereby the formation of craters (Tallian
1992). Spalling on contact surfaces that are subjected to
cyclic Hertzian contact can be initiated by surface defects
and cracks or by subsurface cracks associated with imper-
fections or material inclusions. Prediction of spalling ini-
tiated by the latter in the absence of surface flaws is the
focus of design fatigue life models. On the other hand,
surface-initiated spalling in rolling element bearings (such
as point-surface origin (PSO) spalling) is mostly attribut-
able to localized surface damage and can be much harder
to predict. Careful microscopic analysis of the fracture
surfaces may be required to distinguish between surface
and subsurface-initiated spalling (Widner 1986).

Like spalling, pitting is the formation of surface craters
or voids by loss of material. However, pits are usually
smaller than spalls and have steep side walls, sharp edges,
and they may be accompanied by local micro-cracks
(Tallian 1992). Inherently, small pits are defects that may
initiate larger spalls on surfaces in cyclic Hertzian contact.
Flaking occurs when large groups of pits join together in
lines or networks to deteriorate bearing contact surfaces
(Widner 1986).

Peeling or micro-pitting occurs when thin flakes of
material are removed from contact surfaces. The damage
area is usually shallow on a microscopic scale, giving the
appearance of “gray staining.” Peeling or micro-pitting
damage can also initiate cracks that later propagate into
macroscopic fatigue spalls (Widner 1986).

Bearing design algorithms, as well as many bearing per-
formance tests, assume a clean environment to predict or
assess performance. In the field, solid, usually particulate,
foreign material may enter the bearing and initiate wear of
critical contact surfaces. The foreign material may be
residual particles from bearing manufacturing processes
or it may enter into the bearing from the outside environ-
ment during operation. Particles from manufacturing can
be eliminated in post-finishing cleaning prior to bearing
packaging. Proper selection and use of seals can prevent
ingress of debris particles from the environment around
the bearing. However, occasionally particles may be gen-
erated elsewhere in an application (e.g., a gearbox) due to
wear of adjacent components and it may not be possible to



Wear of Bearings W 4063

seal them out. In this situation, lubricant filtration is
required.

The size and type of particulate contamination in
bearings directly affects the wear damage that can result.
Fine hard particle contamination can remove material
from bearing contact surfaces by excessive polishing like
a lapping compound, changing internal bearing geometry
by abrasive wear (Widner 1986). Large hard particles can
become embedded into softer cage material and create
groove marks in rolling element body surfaces. Bruising
and denting of contact surfaces can occur when ductile
particles are entrained through heavily loaded bearing
contacts and plastically deform the surfaces. When
a dent passes through a rolling element-raceway contact,
high stress concentration may occur at the dent shoulder
(or outer ridge) that can lead to crack initiation. Experi-
mental work has shown that dents produced by large
ductile particles may lead to pitting and spalling, while
dents attributed to small ductile particles can lead to
micro-pitting or peeling of bearing raceways (Ai and
Nixon 2000). Furthermore, the extent of bearing life
reduction is influenced by the slopes and area densities
of surface indentations produced by debris in rolling
element bearings (Ai and Nixon 2000). Depending on
the size and shape of the dent, lubricant entrained into
the contact may collapse into the dent depression and
effectively lower the lubricant film thickness in that
location (Harris and Kotzalas 2007).

Non-particulate chemical contamination of bearings
can produce wear and damage by corrosion or etching. If
a steel bearing is exposed to water or moisture through
damaged packaging or seal failure, corrosion pits or rust
can form on critical surfaces that may lead to increased
friction (overheating), initiate spalling, or create particles
that cause abrasive damage when the bearing is operated.
Other chemical contaminants such as products from
lubricant degradation or halogens from metalworking
fluids can produce etching damage if they are in persistent
contact with bearing components. It is critical that bearing
assemblies and components be properly protected by rust
preventatives in storage, and that a lubricant with appro-
priate rust and oxidation inhibitors is used when the
bearing is in service.

Bearings are designed to require lubrication. Whether it is
by oil, grease, air, solid lubricant materials, lubricious
wear debris, or transfer films, the presence of an appro-
priate quantity of lubricant in the proper location is
a fundamental component of design life predictions.

If lubricant supply is frequently interrupted, or if the
lubricant properties are degraded by overheating, exces-
sive oxidation, or poor sealing, bearing wear may occur
and it is unlikely that full design life will be achieved.

Boundary lubrication results when the conditions
for formation of a lubricant film to separate bearing
contacting surfaces are inadequate, usually at low speeds,
high loads, high temperatures, inadequate lubricant
viscosity, high slide-to-roll ratio, or under lubricant star-
vation. Under these conditions, frequent contact between
opposing surface asperities produces regions of high stress
concentration localized at the surfaces, which may result
in mechanical damage. Full surface separation by
a lubricant film is achieved in the elastohydrodynamic
lubrication (EHL) regime for heavily loaded contacts,
and the transition between boundary and EHL conditions
is described as the mixed lubrication regime. Prolonged
bearing operation under mixed or boundary lubrication
conditions is associated with peeling or micro-pitting
damage (Widner 1986). Micro-pitting damage has also
been observed to initiate or accompany PSO spalling in
rolling element bearings. If peeling is observed uniformly
across a bearing contact surface, marginal lubrication film
thickness for the whole bearing is to be suspected. On the
other hand, if peeling or micro-pitting is non-uniform on
a contact surface, it is possible that localized boundary
lubrication around a scratch or some other defect is
the cause (Widner 1986). The potential for micro-pitting
and peeling wear may be minimized by ensuring proper
lubricant film separation of contacting surfaces in
bearings.

A severe wear mode in bearings associated with oper-
ation in the boundary lubrication regime is adhesive wear.
Adhesive wear occurs when contacting asperities bond in
intimate contact (similar to cold welding) and tear. It is
usually accompanied by sliding contact and high temper-
atures, and results in plastic deformation of the surfaces
and the transfer of material from one surface to the other.
A milder form of adhesive wear is smearing, in which
roller-raceway slip in boundary-lubricated rolling element
bearings produces plastic deformation at the asperity scale
that may be accompanied by material transfer from one
surface to the other. More severe wear modes that may
involve adhesion mechanisms include scoring, scuffing, or
galling. Scoring is adhesive wear that may occur upon loss
of lubrication at contacts with a large sliding component,
such as the rib-roller end contact in tapered roller bear-
ings. Heat damage or discoloration of the wear zone is
frequently observed to accompany scoring. The term
“scoring” has also been used to describe macroscopic
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gouging by an abrasive wear process (Tallian 1992), so
caution must be exercised in determining whether adhe-
sive or abrasive wear occurred if damage is described by
that term. Scuffing is associated with plastic deformation
of asperities and surface roughening, potentially including
localized adhesive wear damage as well (Ludema 1996).
Like the smearing and scoring cases, the extent of adhesion
in scuffing is not so great that two scuffed components in
contact cannot be separated. Scuffing may occur in a plain
bearing if the fluid film is interrupted and the bearing
surfaces come in sliding contact under boundary lubrica-
tion conditions, for example. Galling is described as severe
adhesive wear with significant plastic deformation of sur-
faces and material transfer, which may result from gross
roller sliding in the presence of a cage failure, for example.
Often, two components that have galled together are not
easily separated due to significant welding of the worn
surfaces. Adhesive wear can usually be prevented by oper-
ating bearings under appropriate fluid-film lubrication
conditions, but as in the galling example given above, it
may occur secondarily as a consequence of some other
damage mechanism and therefore complicate post
mortem root cause analysis.

False brinelling can occur in rolling element bearings
at rolling element-raceway contacts that are subjected to
low-amplitude oscillating motion, usually produced by
sustained machine vibration or during machine transpor-
tation. Under these conditions, a lubricant film is not
maintained between contacting surface asperities and
localized high friction and adhesive wear interactions
lead to material oxidation. Subsequent micro-sliding
removes or disrupts this oxide layer, and the cycle repeats.
In this regard, false brinelling is a type of friction oxidation
or fretting wear (Widner 1986). It is so-called because the
resultant damage at roller-spaced increments on the race-
way can appear to be similar to true brinelling, which is
produced when rolling element-raceway contacts are
overloaded beyond the material yield limit and dents
spaced according to the rolling element spacing are pro-
duced in the raceways. True brinelling is distinguished
from false brinelling in that raceway finish marks are
preserved in the dented areas, indicating purely plastic
flow. On the other hand, false brinelling is usually accom-
panied by loss of surface finish marks in the worn areas
and the presence of reddish or black particulate debris
(iron oxides, in steel bearings). False brinelling wear may
be minimized or prevented by proper bearing preloading
practices (if applicable), isolation from machine vibra-
tions, modification of operating clearances, or the use of
lubricants containing additives that provide fretting
damage protection (Harris and Kotzalas 2007).

Bearings are designed to accommodate specific load and
speed ranges. However, if the bearing is installed with
excessive pre-load or is overloaded during operation, loss
of surface integrity and cracking (i.e., peeling) may occur
at minimum or gross fracture of bearing components may
occur at worst. In case-carburized steel components, sub-
case fracture may occur under overload conditions. Under
impact or shock loading conditions, bearing rolling ele-
ments can plastically deform the raceway surfaces at the
roller-spacing intervals via true brinelling. Subsequent
bearing operation and rolling element contact over true
brinelling indentations can initiate raceway spalling. To
minimize the potential for overloading, thorough appli-
cation load analysis must be accompanied by proper bear-
ing selection (Ludema 1996).

Wear damage to bearings can also result from poor
installation, misalignment, high spots, and incorrect
fitting practices. Misalignment of bearing rings on
a shaft or within a housing can produce evidence of
irregular roller path or wear tracks on the raceways and/
or geometric stress concentration spalling (GSC). GSC
damage usually has the appearance of spalls that start at
a raceway edge and propagate inward toward the center of
the raceway. High spots may result from improper bear-
ing, shaft, or housing manufacturing or installation and
can lead to uneven wear tracks on bearing raceways and
ultimately spalling damage. Incorrect fitting may lead to
improper preload conditions and result in spalling or
other evidence of wear. Fretting can occur between bearing
rings and shafts or housings as a result of insufficient press
fit. For example, if the inner ring fit on a shaft is insuffi-
cient to prevent intermittent spin motion of the ring on
the shaft with bearing operation, fretting damage between
the inner ring bore and shaft outer diameter surface may
result. Wear attributed to improper installation and
fit may be prevented by proper bearing design and/or
selection and proper installation practices.

If a bearing is improperly exposed to electric current,
such as is possible in an electric motor, pitting, burning, or
fluting damage may occur. Fluting damage has the appear-
ance of corrugation marks on the raceway with a spacing
that is dependent on the electric current frequency and
internal bearing dynamics (Harris and Kotzalas 2007).
Other potential sources for electric current exposure are
improper grounding of equipment, welding damage, or
static discharge issues. Material removal and pitting dam-
age resulting from electric current damage may lead to
subsequent spalling and failure. This wear mode can be
prevented by proper electrical isolation or grounding of
bearings in application.
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Wear of Bearings, Fig. 1 Example debris-dented roller body
due to particle contamination in the bearing

Wear of Bearings, Fig.2 Example point-surface origin (PSO)
spall on a tapered roller bearing raceway. The rolling direction
was left to right, and the arrowhead-shaped leading edge is
apparent on the left side of the spall

Key Applications

Photographs of example bearing wear and damage are
given in this section, again with an emphasis on steel
rolling element bearings (The Timken Company 1994).
However, many of the general principles can be applied
directly to plain or fluid-film bearings as well.

Examples of Wear by Contamination

An example of denting or bruising damage on a roller
body is shown in Fig. 1 that may be attributed to hard
ductile particle contamination. Although the denting pro-
cess deforms rather than removes surface material, each
dent is a potential initiation site for cracks that may
initiate point-surface origin (PSO) spalling wear with

Wear of Bearings, Fig.3 Excessive abrasive wear at the rib-
roller end contact due to hard fine particle contamination

Wear of Bearings, Fig.4 Corrosive wear in a tapered roller
bearing due to contact with water or moisture

Wear of Bearings, Fig.5 Over temperature damage of
a tapered roller bearing resulting from inadequate lubrication
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continued bearing operation. The example PSO spall
shown in Fig. 2 was not initiated by debris denting,
but it is included to show the characteristic arrowhead
leading-edge appearance for these types of surface-
initiated spalls.

When hard fine particle contamination occurs, abra-
sive wear may result that produces a lapping or excessive
polishing effect. Figure 3 shows an extreme example for
a tapered roller bearing, in which the original roller end rib
geometry was abrasively removed to the degree that it
appears both surfaces were machined off. Whereas the
center of the tapered roller end was originally a recessed
area, it is pronounced in Fig. 3 after the contact area for
the roller large end was polished down. Likewise, the

Wear of Bearings, Fig.6 Peeling damage on a raceway
attributed to insufficient lubricant film thickness

original rib was mostly removed by aggressive polishing,
resulting in the rollers effectively shifting down the cone
body during operation and creating excessive axial clear-
ance within the bearing.

Unintended exposure of a bearing to water or mois-
ture may produce rust (abrasive debris) and corrosion
pitting as shown in the extreme case of Fig. 4.

Examples of Wear by Inadequate Lubrication
Lubricant loss or degradation in a bearing application may
promote high friction and excessive operating tempera-
tures. If high temperatures are localized within a bearing,
thermal expansion mismatches among the components
may occur and cause the inner ring to expand more than
the outer ring, for example. Inconsistent thermal expan-
sion may reduce internal clearances and increase friction
even more. This over-temperature scenario initiated by
insufficient lubrication may lead to bearing component
material property degradation, including softening and
yielding of components, or severe adhesive wear damage.
An example of this for an overheated tapered roller bear-
ing is shown in Fig. 5, where the rib, roller bodies, and cage
are severely distorted. The onset of an over-temperature
situation may be identifiable by lubricant staining of
components.

Peeling damage as shown in Fig. 6 is associated with
lack of sufficient lubricant film thickness in a bearing
contact, that is, under boundary or mixed lubrication
conditions. The damage areas are very shallow and have
a gray, frosted appearance. Insufficient lubricant film
thickness in a bearing may result from high temperatures,

Wear of Bearings, Fig. 7 Rib-roller end scoring damage in a tapered roller bearing attributed to loss of lubricant, or oil-off

conditions
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Wear of Bearings, Fig.8 True brinelling damage on
a raceway surface due to overloading

Wear of Bearings, Fig. 9 Geometric stress concentration
(GSQ) spalling on a raceway surface attributed to excessive
edge loading from misalignment

heavily loaded conditions, or incorrectly selected or
applied lubricant.

Tapered roller bearings are susceptible to rib-roller end
scoring or adhesive wear if lubrication is lost during oper-
ation. As shown in Fig. 7, adhesive wear damage is
observed on both the rib face and roller end, with trans-
ferred metal and high heat discoloration apparent. The
rib-roller end contact is especially susceptible to this dam-
age mode when lubrication is lost because of the signifi-
cant sliding component of contact at that location. In
addition, adhesive wear or smearing may persist in cylin-
drical or spherical roller bearings under marginal lubrica-
tion conditions when significant roller slip against the
raceways is possible.

Wear of Bearings, Fig. 10 Fluting damage on a bearing
raceway from improper exposure to electric current

Example Bearing Wear due to Misuse

Long dents in the axial direction of a raceway from true
brinelling damage are shown in Fig. 8, most likely attrib-
utable to overloading or impact loading. Notice that
finishing marks are visible in the bottom of the dent,
indicating plastic deformation and distinguishing it from
false brinelling damage. As with debris denting, true
brinelling is not technically wear because it plastically
deforms rather than removes surface material. However,
the dents can initiate spalling with continued bearing
operation. If true brinelling occurs while the bearing is
static, spalls may initiate at the brinell marks at equal
roller-spaced intervals around the raceways.

If a bearing is misaligned during installation, an exces-
sive edge loading condition may result that produces
geometric stress concentration spalling (GSC) as shown
in Fig. 9. The spalled region extends from the edge toward
the center of the raceway. GSC spalling may also occur
as a result of uneven loading from shaft or housing
deflections.

Electric current damage to a bearing raceway is shown
in Fig. 10. As current passes through the bearing, burning
and arcing can occur at the contact surfaces. If this hap-
pens while the bearing is rotating, fluting damage can
result, as shown in Fig. 10, with a corrugated-type appear-
ance. Proper grounding and electrical isolation design are
required to prevent this wear mode.
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Synonyms

Degeneration of articular joints; Degeneration of weight-
bearing joints; Degenerative osteoarthritis; Idiopathic
osteoarthritis

Definition

Osteoarthritis (OA) is a progressive joint disease with
a heterogeneous set of conditions of varied etiologies
associated with altered biomechanics, which may initiate
in cartilage or bone (Abramson and Attur 2009). It is

a significant medical problem in today’s aging population
and has an impact on the lives of a growing number of
patients as the life expectancy of both males and females
increases. Due to partial correlation of disease progression
to symptoms, it is complicated to obtain an accurate
assessment of the number of people suffering from OA.
According to the Arthritis Foundation, in 2010, the lives of
more than 27 million Americans were affected by this
serious, painful, and potentially life-altering joint disease.
Diagnosis is usually based on joint pain, visible signs of
joint deformity, radiographic changes, and biochemical
tests that detect inflammation.

The weight-bearing joints and the spine are particu-
larly vulnerable, and among articulating joints the knee
and the hip have the highest prevalence of OA. OA
develops as a result of poor intrinsic regeneration of hya-
line cartilage. It is a multifactorial disease and the factors
that contribute to disease onset and progression are age,
genetics, injury, obesity, occupation, bone density, meta-
bolic diseases, inflammation, and abnormal biomechanics
(Abramson and Attur 2009).

Scientific Fundamentals

Articular Cartilage Morphology and

Structure

The integrity of the articular joint is dependent upon its
architecture (geometry) and the health of the cartilage, the
bone, and supporting structures, like menisci, ligaments,
and tendons (Bullough 2004). The articular cartilage is
a highly complex stratified tissue originated from mesen-
chymal stem cells. It covers the articulating surfaces of
long bones. The main functions of cartilage are to transmit
applied load across surfaces, to permit smooth articula-
tion within the joint with lubrication and low friction, and
to perform a shock absorption. In order to perform its
main functions cartilage must have the high tensile
strength and elasticity that is provided by the composition
of the extracellular matrix (ECM) (Guilak et al. 2000). The
main constituents of the ECM are water (about 65-80%)
and solid components (20-35%), primarily composed
of cross-linked collagen type II (10-20%), proteoglycans
(4-7%), glycoproteins, and cellular components (1-10%).
In adult human cartilage, the resident cells, called
chondrocytes, represent about 5% of the volume. The
chondrocytes are embedded in an abundant extracellular
matrix rich in hydrophilic proteoglycans entrapped in
a cross-linked network of collagen fibrils and matrix pro-
teins. This solid matrix has intrinsic mechanical properties
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that enable it to undergo rapid reversible deformation
during loading. Under normal homeostasis, hyaline carti-
lage undergoes controlled turnover, with the chondrocytes
being responsible for the production, organization, and
maintenance of the extensive extracellular matrix. Adult
articular cartilage is avascular, aneural, and alymphatic
tissue, and therefore has a limited ability for self-repair
and regeneration. It receives its nutrients by diffusion
from the synovial fluid (Guilak et al. 2000).
Morphologically, human articular cartilage can be
described as tissue with heterogenic matrix and cells
(Fig. 1). There are four zones identified horizontally
in adult cartilage: superficial zone representing about
10-20% of the full thickness; the middle zone, also called
transitional, representing 40-60% of the tissue; the deep
zone that constitutes about 30% of the entire thickness;
and the calcified zone that separates the cartilage tissue
from the underlying subchondral bone. The junction
between the deep and calcified layers is defined by
a smoothly undulating tidemark, which is critical for the

Interterritorial
Matrix

Pericellular
Matrix

(o

transmission of load from the cartilage to the bone. Each
cartilage zone is distinguished by the orientation of colla-
gen fibers, the composition of matrix components, and by
the properties of residing chondrocytes (Fig. 1). In the
superficial zone, the collagen fibrils are arranged parallel
to the articular surface and the amount of proteoglycans is
reduced in comparison with other zones. Chondrocytes
residing in the superficial zone have elongated shape; they
are small in size, present in higher density, and are distrib-
uted parallel to the surface as single cells (Fig. 1).
In addition, their phenotype and metabolism are distinct
from other chondrocytes by expressing genes that are
specific to the superficial zone, for example, superficial
zone protein (Schumacher et al. 1994), and by synthesiz-
ing high levels of collagen and low levels of proteoglycans.
The middle zone of cartilage is characterized by randomly
arranged collagen fibrils that are less densely packed, and
by reduced fibril concentration and high levels of aggrecan
and water. Middle zone chondrocytes are randomly dis-
tributed throughout the matrix as single rounded cells.

b
CHONDROCYTES
Superficial Layer @)
Middle Layer ‘
Deep Layer
Territorial

Matrix

Wear of Natural Joints (Osteoarthritis), Fig. 1 Structural organization of human normal adult articular cartilage. (a) Safranin
O (left panel) and picrocirius red (right panel) staining indicate cell orientation in the superficial, middle, and deep cartilage zones.
(b) Schematic depiction of chondrocytes shape within each of the cartilage zones. (c) Toluidin Blue staining of human adult

articular cartilage showing deep cartilage zone indicating pericellular, territorial, and interterritorial matrices
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In the deep zone, the collagen fibrils are arranged radially,
perpendicular to the joint surface, and cross the tidemark
to enter the calcified zone (for general reference, see
Guilak et al. (2000)) allowing a stable anchorage between
soft and hard tissues, specifically cartilage deep layer and
hard, calcified cartilage and subchondral bone. The water
content is the lowest in the deep zone, while the concen-
tration and density of proteoglycans is the highest. The
deep layer is characterized by rounded chondrocytes
arranged in columns in the same vertical direction as
collagen fibers. The deep layer chondrocytes form func-
tional structural units called chondrons (Poole 1997).

In addition to horizontal matrix heterogeneity, extra-
cellular matrix around each chondrocyte can be differen-
tiated circumferentially into pericellular (the closest to the
cell), territorial, and interterritorial (the furthest-removed
from the cell or cell chondron; Fig. 1) (Guilak et al. 2000;
Poole 1997). These matrices are distinct in the composi-
tion, concentration, and organization of proteoglycans
and collagens. Collagen organization is also differentially
arranged within these concentric subdivisions. Collagen
fibers adjacent to the cell form a tightly woven (consisted
exclusively of type VI collagen), densely compacted,
nest-like enclosure around each chondrocyte. In the terri-
torial matrix, collagen fibers are thicker and they form
radial bundles. The interterritorial matrix is characterized
by the largest collagen fibers, where their compact
organization and radial alignment defines the “collagen
arcades” classically described by Benninghoff (for general
reference Poole (1997)). Thus, articular chondrocytes are
surrounded by a complex pericellular microenvironment
that, in the middle and deep layers, is integrated with
a territorial matrix, separated from adjacent territories
by the interterritorial matrix. This structural organization
of adult articular cartilage defines biomechanical proper-
ties of the tissue and recognizes chondrocytes as key reg-
ulators of both catabolic and anabolic events necessary for
cartilage homeostasis.

The Role of Biomechanics in Normal Joint
Homeostasis

Diarthrodial joints are subjected to combinations of static
and dynamic stresses during the day. Thereby articular
cartilage acts as a cushion and shock absorber for the
joint. Typical mean contact stresses are around 1.5 MPa,
as can be concluded from pressure readings of cadaveric
human hips that were loaded at three times body weight in
the laboratory (Day et al. 1975). Two and a half times body
weight is about the load expected during walking. Stair
climbing and jogging can load the cartilage surface with
up to three to four times the body weight. In vivo

experiments with a hemi-arthroplasty have shown that
contact stresses on articular cartilage surface in the hip
are in the range of 5-8 MPa for level walking (Rydell
1966). However, these peak stresses are short in duration
and last only a few milliseconds. Accompanying stress
rates were estimated to be 6-25 MPa/s for walking,
50-210 MPa/s for jogging, and 140-250 MPa/s for
jumping. In addition, diarthrodial joints undergo com-
plex motions during loading that are a combination of
rolling, sliding, and spin. The various rotations and trans-
lations cause the point of contact between opposing sur-
faces to move. This movement varies with joint type as
well as location within the joint and plays a vital role in
regulating the biosynthetic and functional responses of
articular cartilage. In particular, the fluctuation of the
loaded cartilage area helps to keep the interstitial fluid
pressure at high levels, as outlined below.

The interstitial fluid pressure supports a majority (up
to 95%) of the loads applied to the tissue. The pressuriza-
tion affects many different physical, electrical, and bio-
chemical phenomena at the cellular level, including fluid
flow, streaming potentials, nutrient, and ion concentra-
tion gradients (Gray et al. 1988). This interstitial fluid
support, however, is short term and decreases quickly
over time (Soltz and Ateshian 1998). This may cause an
increased loading of the chondrocytes and the ECM com-
ponents. Prolonged, excessive loads can result in cell
death, which alters the structural, functional, and syn-
thetic properties of articular cartilage. Disease or damage
of the tissue can alter the interstitial fluid support and thus
the capacity of the tissue to support the load.

Limited Intrinsic Repair of Hyaline Cartilage

Articular cartilage is a metabolically active tissue. How-
ever, due to low mitotic activity of its fully differentiated
chondrocytes and the structure and composition of the
extracellular matrix it has a limited intrinsic reparative
capacity, especially when matrix integrity is compromised.
A number of studies have documented that in vitro iso-
lated chondrocytes or chondrocytes residing in cartilage
explants can produce various matrix components specific
for hyaline-like cartilage, especially when stimulated with
pro-anabolic mediators or physiological load (reviewed in
Chubinskaya et al. (2007)). However, on the joint level or
in vivo, spontaneous or induced cartilage regeneration
almost does not exist or fails to reproduce tissue that
resembles characteristics of native cartilage. The nature
of repaired chondral tissue is fibro-cartilage, whose extra-
cellular matrix is generally composed of a higher ratio of
collagen type I to collagen type II and a lower content of
proteoglycans (Khan et al. 2008). Its biomechanical
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function and properties are inferior to those in native
cartilage and it has little morphological or structural iden-
tity to hyaline cartilage. Though initially, repaired and
host tissue may appear to be integrated, inherent biome-
chanical weakness of the fibro-cartilage makes it more
susceptible to wear or re-injury in both the junction area
or within newly produced cartilage. This eventually
evolves into full-thickness fissures, leading to the loss of
the repaired tissue. Further, it sets the stage for progressive
cartilage degeneration and predisposes the joint to the
development of OA.

Osteoarthritis as Not a Simple Wear of
Articular Joint

OA is a degenerative disease that affects the entire joint. It
is characterized by an imbalance between catabolic and
anabolic activities of chondrocytes, suggesting that alter-
ations in cellular metabolism contribute to the onset and
progression of the disease. Chondrocytes regulate their
metabolic activity in response to mechanical, chemical,
or electrical stimuli by altering cartilage structure and
composition to accommodate the physical demands of
the body. The solid matrix of articular cartilage has intrin-
sic mechanical properties that enable it to undergo rapid
reversible deformation during loading. In combination
with mechanical factors, local cellular responses, including
specific phenotypic changes, contribute significantly to
loss of cartilage matrix structure and function in OA,
concurrent with changes in other joint tissues. Once the
OA process has been initiated, the forces borne by the
joints during motion and support (both aberrant loads
and physiological loads) may accelerate the progress of
structural degeneration. Ultimately, this process proceeds

Mankin Grades
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through degeneration of the articular hyaline and fibro-
cartilage and substantial periarticular bony changes.

Because cartilage is a soft-tissue spacer in the joint, loss
of cartilage can cause joint laxity, even in the absence of
other changes. Cartilage loss typically proceeds gradually
(Fig. 2) and is accompanied by extended periods where
the loss is stabilized or partially reversed by a fibro-
cartilaginous repair process. The typical pattern of joint
degeneration in OA involves (1) the progressive loss of the
articular cartilage surface, with sporadic attempts at
repair; (2) remodeling of the subchondral bone with
sclerosis and, possibly, microfractures; (3) synovial and
capsular thickening, often with local inflammation,
which is common and has increasingly been recognized
as one of the drivers of joint destruction; (4) the growth of
osteophytes at the joint margins; and (5), especially in
end-stage disease, sclerotic bone cysts (Abramson and
Attur 2009; Guilak et al. 2000).

Though in OA the biomechanical properties are
compromised, it is still not understood whether this pre-
cedes the onset of the disease or is a result of it (Loeser
2009). It has been widely documented that the prevalence
of idiopathic OA rises directly with age and it is the most
common cause of chronic disability in older adults. How-
ever, it is important to note that OA is not an inevitable
consequence of aging; it is not a simple “wearing out” of
the joints; and aging-related changes in the joint can be
distinguished from those due to disease. Not all older
adults develop OA and not all joints are equally affected.
It is more apparent that aging changes in the musculo-
skeletal system contribute to the development of OA by
working in conjunction with other factors such as obesity,
joint injury, genetics, and of course biomechanics. It is also

Wear of Natural Joints (Osteoarthritis), Fig. 2 Stages in human adult articular cartilage degeneration illustrated by Safranin
O staining and assessed by Mankin score. (a) Grade 0, normal appearance of Safranin O staining; (b) grade 3, indicates the loss of
staining primarily in the upper part of cartilage; (c) grade 6, indicates the loss of superficial layer, surface fissures, and substantial
loss of staining throughout cartilage depth; (d) grade 12, indicates fissures into the deep layer, formation of large clones of

chondrocytes, loss of staining, and matrix disorganization
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clear that OA-like changes in the joint can develop without
contribution of aging, which is especially true for post-
traumatic OA. Thus, aging and OA are inter-related but
not inter-dependent (Loeser 2009).

The Role of Biomechanics in the

Development and Progression of OA

Normal joint function depends on the low joint friction
and absorption and transmission of loads provided by
healthy cartilage. Even relatively small changes in the
integrity, composition, or organization of the cartilage
matrix will alter its mechanical properties and compro-
mise its functionality. Since adult articular cartilage has
a limited capacity for natural regeneration, even small
injuries or small changes in mechanical properties can
predispose the onset of OA. The factors initiating such
a process are manifold and include major trauma, repet-
itive overuse, aging, and genetics. The progression of the
already established disease is largely biomechanically
mediated. The disease progresses more rapidly with
increased load (Andriacchi et al. 2004).

Biochemical factors in cartilage degradation are well
known (Cawston and Wilson 2006). OA involves the
proteolytic cleavage of key structural matrix compo-
nents and aggrecan loss from the cartilage matrix is an
early and sustained feature of OA. For example,
aggrecanases (a Disintegrin And Metalloproteinase
with Thrombospondin Motifs [ADAMTS]-4 and -5)
play a big role in the cleavage of aggrecan, while collage-
nases, and especially collagenase 13, initiate the cleavage
of collagens. The fragments of matrix constituents elute
into the synovial fluid and the matrix loses its function
of water attraction. The cartilage loses its mechanical
damping characteristics and becomes “softer” over
time and more prone to overload and tear. Less is
known about the mechanical factors of tissue wear. In
pure mechanical terms, wear is defined as the removal of
material from the contact surfaces due to mechanical
action between them. At this point there is no proof
whether adhesive, abrasive, or fatigue wear of the colla-
gen matrix can occur without chemical cleavage.

Beyond the joint, clinical OA of the lower extremities
proceeds in a manner that is heavily influenced by biome-
chanics. Evidence of this comes from the previous studies
of OA progression. If OA were primarily mechanically
mediated, then it should progress in a non-random,
mechanically predictable manner. Shakoor et al. (2002)
evaluated the outcome in the other joints of the lower
extremities in a group of patients who had end-stage OA
in a single lower extremity joint. A comparable group
undergoing single-joint arthroplasty for rheumatoid

arthritis (RA), a systemic inflammatory disease that is
not primarily mechanically mediated, was studied as
a control. Using a database of ~6,000 patients undergoing
hip or knee arthroplasty, it was found that patients under-
going primary hip replacement for OA who then had
evidence of OA progression in the knees, progressed pri-
marily in the contralateral knee rather than in the ipsilat-
eral knee. This was in stark contrast to RA patients, for
whom progression in the knees was random. Confirma-
tion of the mechanical contribution to lower extremity OA
progression was provided by an analysis of gait in a large
cohort of subjects undergoing hip replacement. Thus, in
contrast to the systemic arthritis RA, which progresses
randomly in the lower extremities, OA progresses in
a non-random manner that is directly related to asym-
metric dynamic loading of the involved joints.
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Definition

Wear is a phenomenon that can never be completely
eliminated. It is present everywhere, in all aspects of life.
While the problem of wear in metallic materials has been
described in detail, the problem of wear in rubber prod-
ucts requires further investigation. It is common for rub-
ber products (tires, conveyor belts, etc.) to show signs of
wear. Tire production is the largest sector among products
made of rubber. Their wear is an important factor both for
manufacturers and buyers. Manufacturers aim to produce
tires with better resistance to wear than those of their
competitors, while buyers look for a tire with the best
resistance to wear. This chapter will introduce you to the
wear of standard tires used on roads and highways as well

as off-road tires used in harsh terrain conditions such as
quarries, construction sites, or forests.

Wear is usually considered in terms of abrasion, which
is defined as the loss of material resulting from mechanical
action on a rubber surface. Abrasion resistance is a com-
plicated phenomenon and is dependent on many things,
such as residence, stiffness, thermal stability, and resis-
tance to cutting and tearing, and different applications
require a wide range of these properties.

The definition of cutting and chipping, for the pur-
pose of this essay, is as follows: Cutting takes place when
the tire strikes a sharp object with enough force that the
surface is penetrated or cut. Chipping can follow cutting
by the effect of reactive, braking, or other forces on rough
or sharp surfaces, causing tearing of the rubber com-
pound, usually at 90° to the direction of the cut. Chipping
can also occur in an early stage if the relative motion
between the tread and the cutting object can gouge out
a piece of rubber.

Scientific Fundamentals

A typical tire consists of several parts: tire carcass, tread,
sidewall, bead, breaker, inner rubber, and other parts.
A tire provides an immediate contact between the vehicle
and the road. It must transmit the load of the vehicle, help
transmit the driving torque, and ensure satisfactory driv-
ing conditions. The tire design is divided into radial or
cross-ply (Fig. 1).

In the case of radial tires, the cords of the carcass run
across the direction of travel from bead to bead. This
arrangement is called “radial.” Cords do not ensure suffi-
cient stability of the casing. This is ensured by a belt
located around the circumference under the tread, which
consists of several plies of rubber-coated steel cords.

Wear of Tires, Fig. 1 Basic design types of tires (a) cross-ply tire, (b) radial tire, (c) cross-ply tire with a belt
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The individual belt plies are crossed over and positioned at
an acute angle to the direction of travel. In the case of
modern tires, both of these reinforcing elements are made
of steel cords. These tires are referred to as “ALLSTEEL.”
Initially, these tires were manufactured for special uses on
a 5° tapered divided rim (including tube and flap). The
latest radial ALLSTEEL truck tires are designed for 15°
tapered bead seat rims. These tires are always tubeless. The
rim is one-piece (drop-center rim).

Unlike the radial design, the carcass of cross-ply tires
consists of several rubber-coated textile cord plies. Cord
plies are positioned at approximately 40° to the direction
of travel (crossing from the ply). This arrangement
is called “cross-ply” in Europe and “bias-ply” in the
US. A breaker can be inserted between the tread and
the carcass to reduce the risk of damage to the carcass
(www.conti-online.com).

In the rubber industry, the wear of rubber parts is
a frequent problem. Some kinds of wear, in particular
wear of tire treads or conveyor belts, are very similar to
machining. The tire tread is the part of the tire that pro-
vides the contact between the vehicle and the road and is
directly involved in the transmission of the driving force
(Fig. 2). Friction between the tire tread and the road
surface has a direct influence on the ability to transfer
the driving forces but also in the ability to brake the car
on a required track. It depends on the properties of the
rubber compound the tire tread is made of, as well as on
the properties of the road on which it is moving. In the
case of the tire carcass of passenger cars and trucks using
standard roads, the wear of the tread is characterized by its
abradability. The tread of a tire is exposed to the abrasive
effect of the road on which the car is driving.

Belt layer 2x Cap ply

Carcass |
\ Sidewall |

Innerliner

Rim strip

Bead wire

Wear of Tires, Fig. 2 Cross-section of a passenger car tire

Resistance to wear is a very complicated property. In
laboratory testing it is subject to a protocol testing method,
although in practice it is influenced by many factors and is
significantly affected by the way in which the rubber prod-
uct is to be used. In some cases, it is necessary to use rubber
with great elasticity (e.g., for tire treads, soles, and heels),
which provides resistance to the separation of particles
during deformation, i.e., when in contact with sharp
edges of stones and rough terrain. In other cases, the best
performance can be attained by rubber with little resistance
to deformation at high deformation speeds or rubber that
can flex to avoid sharp edges of stones and terrain irregu-
larities. This phenomenon can be seen to a certain extent in
the case of tire treads — harder rubber is more suitable for
highways with a smooth surface and softer rubber is better
for stony surfaces. Good resistance to wear depends on
both the composition of the tread compound and the
uniform dispersion of the filler used. Seeking good resis-
tance to wear of rubber parts subjected to high stress
usually involves a combination of resistance to flex, crack-
ing, and dynamic stress (Schitz et al. 1979).

It is important to consider the influence of elasticity
and hardness in the wear-resistant materials. Wear resis-
tance is significantly influenced by the type of elastomer
and filler used. To a lesser extent, it is also influenced by
the vulcanizing agents and softeners used.

Wear tests are carried out in order to determine the resis-
tance of different materials to wear and consequently the
changes in the material surfaces and the loss of material
under the test conditions. These tests evaluate the wear
resistance (to abrasion, rubbing, friction) of rubber prod-
ucts, such as tire treads, shoemaking material, or conveyor
belts, which is important in determining the service life of
a product.

Wear tests are of great importance, taking into consid-
eration that field tests of products such as tires, usually
carried out on roads or on a test circuit, are time consum-
ing and very expensive. Tire manufacturers usually
check the tread compound of tires during production to
guarantee minimal resistance to wear (Grosh and
Schallamach 1961).

Selecting the right testing method for a given applica-
tion is very important, as different types of tires are
subjected to different stresses. In most cases (tires for
passenger cars and trucks driving on standard roads),
friction of a tested material for rough to abrasive
surfaces is important, and the following values are used —
friction force, normal pressure force, and coefficient of
shear friction.


http://www.conti-online.com
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F = x N[NJ (1)

where F is the friction force, N is the normal pressure
force, and W is the coefficient of shear friction.

According to the speed of the wear process, the coef-
ficient of shear friction is divided into static (Mgar), in
which case the friction force necessary to set the system
in motion is inserted in the formula, and dynamic (payn),
in which case the formula includes values necessary to
maintain the system at constant speed. In some cases,
the friction force is reduced to the effective friction force.
However, as the effective friction area is difficult to estab-
lish, this value is rarely used. When evaluating tread com-
pounds, depending on experimental arrangement and the
condition of the surface, it is possible to separate the
process of friction into deformation and adhesive friction,
and hence divide the friction force into deformation and
adhesive force (Grosh and Schallamach 1961).

F = Fd + Fa[N]| )

where F is friction force, Fd is deformation force, and Fa is
adhesive force.

Deformation friction relates to the transformation of
surface unevenness of a softer element by a harder friction
element. This process should be considered as any friction
process from the point of energy. The supplied external
energy is used for shape deformation of surface projec-
tions to the direction of motion while at the same time
elastic energy is released together with deformation. The
ratio of supplied and released energy should be propor-
tional to the hysteresis of losses related to viscoelastic
properties of the tested tread compounds and it should
dissipate as heat energy (heating). That means that the
center of energy losses will be under the surface layer,
where the maximum shear forces are present.

Adhesive friction is smaller than deformation friction
and is present in every surface contact (even smooth) of
two bodies. The origin of these forces is in low molecular
forces (electrostatic forces, van der Waals forces, hydrogen
bridges). The degree of approximation is determined by
surface irregularities (effective distance is 5-10 pm), where
adhesive friction is shown by a continuous sequence of
creation and dissipation of adhesive “link.”

To sum up, smooth surfaces and loads support adhe-
sive forces, while great surface irregularities or rough fric-
tion elements and high normal pressure forces cause
deformation friction. The mechanism of tread that com-
pounds abrasion (tire wear) is as follows: First, smooth
surfaces are rubbed by abrasive edges, which cause the
formation of parallel cuts perpendicular to the direction
of abrasion. These cuts are asymmetrical in profile. A set of

these cuts, a sort of abrasive marks, are also visible on tires
in real life and are very similar to those made by laboratory
abrasive equipment (sandpaper or wheel). After the abra-
sion, projected bits that flex in the direction of motion
occur. One of its sides is protected while the other side is
exposed to more rubbing. The edges of these projections
get thinner and thinner until they are ripped off and the
surface becomes smoother. In the meantime, new edges
from the bottom layer are formed, new abrasive marks are
formed, and the whole process repeats itself.

There are a number of laboratory devices for testing
tire tread wear. Although each one works on its own
principle, their task is to model practical behavior of tested
tread compounds (tires). This article mentions only a few
of them.

Wear tests are performed both in the laboratory and in
the field. Laboratory tests focus almost exclusively on one
phenomenon and a special device and methods are pro-
posed for each factor. Field tests not only facilitate
establishing wear but also a set of properties important
for the operation of the given vehicle (Schitz et al. 1979).

Laboratory Tests for Wear

Resistance to wear cannot be given by a positive value but
by a negative one, i.e., loss during frictional stress to which
rubber is subjected. The value of wear is not a given
property of rubber because it depends on how it occurs.
Wear is a very complicated phenomenon subject due to
many factors. There have been many studies and papers
designed to establish the different contributions to wear,
but so far with little success. It is known that hardness,
strength, tear strength, and resilience have some effect on
wear, but this relationship is indirect and complicated.
Part of the problem is that wear caused by frictional stress
occurs at high temperatures, while the static tests are
performed at normal temperatures.

In a laboratory test, wear is very often determined as
follows: a sample of a surface is rubbed under a certain
pressure against moving standard abrasive material, which
can be sandpaper or a carborundum disc. A variety of
scenarios are given by different devices, differences in the
shape of the sample, the way of pressing, moving direc-
tion, the character and shape of the abrasive material,
given pressure, and speed of movement.

Results are usually given as the mass loss in a unit of
time, after a given number of revolutions, or after a given
distance. To eliminate some experimental mistakes caused
by factors such as unevenness of the abrasive material,
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the loss is reduced to the loss for standard rubber with
known values tested under the same conditions. The stan-
dard loss equals 100; the loss of the test is expressed by
a dimensionless number, which shows the ratio of the
standard loss and the tested loss. A number higher than
100, e.g., 125, indicates rubber of a poorer quality than
standard rubber, a number lower than 100, e.g., 85, indi-
cates rubber of a higher than standard quality.

Given the great variety of arrangements of these
devices and different test conditions, it is not possible to
compare the results from the different devices directly.
Despite these drawbacks, laboratory tests represent
a good tool for checking and for development of
compounds.

Resistance to wear is an important property for tire
treads, heels, soles, and conveyor belts. There is plenty of
literature that gives many examples of testing treads.

Due to the many factors influencing wear, and also to
the nature of this property itself, laboratory results do not
fully correspond with the field test results, and, moreover,
the results are often contradictory.

Wear is affected by the composition of the compound —
more precisely, by the type and amount of carbon black
used. In recent years, carbon black has been substituted
with silica. Based on the present knowledge, increased
resistance to wear, for elastomers, can be ranked as follows:
styrene butadiene rubber, natural rubber, and others
(Schitz et al. 1979).

A number of methods and testing devices have been
developed for tire wear tests. The devices can be divided
into two groups. The first group contains testing devices
that measure wear of standard tires used on standard roads
and highways. Wear is characterized by abradability. In
the other group, the devices can test off-road tires
(rubber products subject to high stress). National and
international standards for abrasion resistance are shown
in Table 1.

Wear of Tires, Table. 1 National and international standards
for abrasion resistance

1SO 4649 (ISO (DIN) abrader)
ISO 5470 (Taber)

ASTM D394 (Du Pont)
ASTM D1630 (NBS)

ASTM D2228 (Pico)

ASTM 3389 (Taber)

BS 903: Part A9

DIN 53516

The following examples relate to some of the devices
and methods used:

The Du Pont methodology using constant friction is
suitable for evaluation of tread compounds and, to
a certain extent, correlates with the road tests. The mass
loss of the samples is established by weight. The samples
have square sections and are fitted with fixtures. They are
attached to the lever of the device and during the test they
are forced against a circular ring of abrasive material with
a constant pressure.

The Bussen—Schlobach methodology measures wear on
rubber with a variable size of friction.

The method of Akron—Croydon uses a small disc sample
that rotates at a defined speed and at constant pressure
when pressed against a carbon corundum disc. The resis-
tance to wear is given as a volume loss after a defined
number of revolutions.

With the Dunlop—Lambourn methodology, the test
sample rotates and is forced against a carbocorundum
wheel with a separate drive. Resistance to wear is
established by mass loss per 1 km of track.

The dry sand—rubber wheel test (DSRW) uses a device
designed for laboratory test of metal wear, which is adjusted
to measure elastomer samples. Sand acting as an abrasive is
spread between the test sample and the wheel.

The National Bureau of Standards (NBS) abrader is
used for testing soft vulcanized rubber compounds, such
as those used for shoe soles.

The Pico abrader uses a pair of blunt tungsten carbide
knives that rub the test piece while it rotates on a turnta-
ble. The force on the test piece and the speed of rotation is
reserved at intervals throughout the test and a dusting
powder is fed to the test piece surface (Smith 1993).

When a vehicle is moving, the tread of the tire is in contact
with the road surface. The tread is the part of the tire that
ensures contact of the vehicle with the road and helps to
transmit the driving force. The tire rubs against the road
surface. This is evident from the tires’ diminishing tread
depth. Wear is caused mainly by friction, which enables
the transmission of driving forces on the road surface, as
in the case of acceleration or braking or cornering in the
case of lateral forces. Slip is a relative movement between
the road and the tire that occurs when force is transmitted.
Slip means that the vehicle speed is greater or smaller than
the wheel’s circumferential speed. In other words, the
distance the vehicle covers is longer or shorter than the
rolling circumference of the tire. Wear, either slow or
quick, is unavoidable.
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The degree of wear and thus mileage performance of
a passenger car tire depends, among other things, on the
degree of slip. While slip, as such, is a necessary condition of
driving, the degree of slip is greatly dependent on the
motorist’s driving style. The degree of wear is directly linked
to the degree of slip. Depending on the driving style —
whether it is economical or high performance — comparable
tires can attain mileage performance of anywhere between
5,000 and 40,000 km. Every type of excessive wear shortens
the potential mileage performance of a tire. The causes of
premature wear are evident on the basis of characteristics
of wear pattern displayed by the worn tread. Besides design,
material, and driving style, wheel alignment and mainte-
nance affect the wear of tires. This effect implicates,
for example, side wear, wear in the tread center, diagonal
spot wear, heel and toe wear, flat spot wear, excessive
one-side wear, and many other problems (www.conti-
online.com).

Laboratory Test of Off-Road Tire Wear
For tires that are used in harsh terrain conditions
(Fig. 3), the mechanism of wear is totally different. Sharp
edges of stones and terrain irregularities cause cuts in the
tread, which can be compared to the mechanism of
machining. There is a certain similarity, e.g., with milling,
although very specific conditions are necessary. The
mechanism of wear of tire treads operating in harsh
terrain conditions is referred to as the chip-chunk
effect and it can be compared to “machining” of a
rubber surface.

Thirteen kinds of tread compounds were selected for
a wear test. These tread compounds are designed for the
production of off-road tires and are industrially produced

Wear of Tires, Fig. 3 Off-road tire wear

and processed. Treads were produced on the basis of
NR and BR and carbon black was used as filler. The
selected tread compounds are used for the production of
agricultural, multifunctional, high performance, and
motocross tires.

The tests for tire wear are both time consuming and
expensive. They are carried out using tires in testing rooms
or in the terrain during driving tests. This is one of the
reasons why a new wear test method is needed, one that
would allow comparing different kinds of tread com-
pounds using small sample sizes in a very short time.

Based on these requirements a device was designed.
Its principle is illustrated in Fig. 4. A device for testing
chip—chunk wear (Batty 1989) was selected for basal
measurements. A new device enabling changing the test
parameters, providing true simulation of the process con-
ditions, was designed (Manas 2005; Manas et al. 2008a).

Arm I, revolving around a pivot, is lifted by a lifting
device (piston of the pneumatic roller) 2. Once lifted, the
arm, to the end of which is attached a special ceramic
tool 3, is dropped on the rotating wheel 4 (test sample)
powered by an electric motor 5. The tool, when it drops on
the rotating wheel, gradually chips the material and creates
a groove on the wheel. The size of the groove created by the
tool in a given time is the scale of wear.

Dimensions of the Test Sample
Test samples were prepared according to Fig. 5. The diam-
eter of the test sample was 55 mm and the width 13 mm,
the same as the test sample for establishing Luepke
rebound resilience (Fig. 5).

In the course of the test, a groove was made (cut) in the
test sample using a ceramic tool. As experienced with
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Wear of Tires, Fig. 4 Machine for testing chipping and chunking effect 7 — arm, 2 — pneumatic roller, 3 - ceramic tool, 4 - test

sample, 5 - electric motor

a b

Wear of Tires, Fig. 5 Sample for the test of quick wear (a) before testing (b) after testing

tooling other materials such as metals, wood, plastics, and
others, the shape of the groove was expected to be regular.
However, due to the properties of the machined rubber
that showed its elasticity, the material of the rotating wheel
was torn the moment the ceramic tool dropped on the
rotating wheel. Therefore, the original intention of evalu-
ation of wear by measuring the diameter of the groove was
dismissed and a gravimetric evaluation was performed
(Manas 2005; Manas et al. 2008a).

Analysis of Wear

The influence of the energy of dropping the ceramic tool
on the surface of the test sample is crucial for wear. In the
case of a rigid sample, it would be easy to calculate the
effect of the dropping force. However, for elastic test
samples, after the first drop of the ceramic tool on the
surface of a test sample, a series of other effects with less
intensity, like “jumping” on the surface, took place. The
main effects of the ceramic tool have only partial influ-
ence on the total wear. It has been found that to establish
the total work necessary for wear (i.e., creation of
a groove in a test sample) considering only the energy

of the main drop would be biased. For the first testing of
the experimental equipment, it was considered that the
results of the given series of measurements would be
comparable provided that the experiment was done
under the same conditions. The design of the test sample
with a key fitting into a groove on the shaft and clamps
with teeth will prevent slipping of the test sample (Manas
2005; Manas et al. 2008a).

Conditions of Experiment
The tests of quick wear were performed on the experi-
mental equipment under the following conditions:

Revolutions of the test sample 500, 750,910 rpm
Frequency of dropping of a ceramic tool | 1 Hz

Stroke of the ceramic tool 60 mm

Ambient temperature 21°C

Time of the experiment 270's

The test sample was clamped between the wrists of the
machine to prevent slips and was set into rotation. At the
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same time, a lifting device used for lifting the arm with the
ceramic tool was started. The time was measured from
the first contact of the tool with the test sample. During
the experiment, ten test samples from each compound
were used. Upon completion of the experiment, the mass
loss was established by weighing using analytic balances.
The values measured were graphically processed and
evaluated (Fig. 6) (Manas 2005; Manas et al. 2008a).

The greatest wear was observed with compounds I, K,
and D. The best properties were reported with test samples
prepared from H, B, and E compounds (Fig. 6).

Dependence on the Running Conditions
Vehicles move at different speeds in the terrain, in running
conditions that can be characterized by the circumferen-
tial speed of the tread. Therefore, more experiments were
carried out to establish the degree of wear in different
conditions. The wear test was run at the following test
revolutions: n; = 910 rpm, n, = 750 rpm, nz = 500 rpm.
The other conditions of the experiment remained the
same. The results show a tendency of increased wear at
higher revolutions (Fig. 7) (Manas 2005; Manas et al.
2008D).

Wear [g]

Wear of Tires, Fig. 6 Comparing wear of the compounds

Compound

Compound

B 500
[rpm]

0 750
[rpm]

0 910
[rpm]

Wear of Tires, Fig. 7 Comparing the mass loss (wear) at different running conditions
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The Course of Wear

Figure 6 shows that, from the point of view of wear (cut,
chipping and chunking resistance), it is possible to com-
pare various compounds with each other.

The mass of samples was measured every 30 s from the
beginning to the end of the experiment (270 s). Due to the
different behaviors of tested compounds at the initial phase
of the test, special attention was paid to the phase of exper-
iment in the interval from 0 to 60 s, in which the weight of
the test sample was measured every 10 s (Figs. 8, 9).

Most of the test samples showed a gradual increase of
wear in the initial phase of the experiment (Figs. 8, 10).
A more pronounced wear occurred only after the forma-
tion of cracks. This means that wear is minimal until the

0,9
0,8
0,7
0,6

0,5

Wear [g]

0,4
0,3
0,2

0,1

first manifestations of surface damage. It is caused by the
elastic nature of the rubber testing wheel. The tool has a
kinetic energy at the drop of the ceramic tool on the
rotating test sample that can cause deformation
(Figs. 12, 13). Deformation work consists of the elastic
component of the deformation work and work that is
reduced by friction during molecule regrouping. The
rebound of a ceramic tool is formed by an elastic element
of the deformation work, which is diminished by the
hysteresis of the loss. This process goes on until the
moment of creation of first cracks in the test sample.
Increased wear from the beginning of the test can be
seen in compounds with low resistance to wear (Fig. 10)
(Manas 2005; Manas et al. 2008).

+ @ X m
=S X« - T O mTmm
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40” 50” 60"

Time [s]

Wear of Tires, Fig. 8 Gradual mass loss (wear) of all compounds in the time period (0-60 s)

o 20”

40”7 60"

Wear of Tires, Fig. 9 Gradual mass loss (wear) in the test samples in the time period (0-60 s)



Wear of Tires

Wear [g]

> B

+ @ X
S r X T IT o mm

0” 30”7  60” 90”  120”

150”

180”7 210”7 240”7 270”7

Time [s]

Wear of Tires, Fig. 10 Gradual mass loss (wear) in all compounds in the time period (0-270 s)
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Wear of Tires, Fig. 11 Gradual mass loss (wear) in the test samples in the time period (0-270 s)

There is a gradual tendency for wear to accelerate with
proceeding time in most cases. This means that, before the
creation of the first rips on the surface of the tire tread
while driving on harsh terrain conditions (sharp stone
edges, etc.), the wear is quite small. The first damage to
the tire tread starts the “avalanche effect” of other damage
and the wear increases faster (Figs. 10, 11).

The actual contact surface between the surface of the
tested rubber sample and sharp edges of stones and terrain
irregularities is very small during the process of wear.
Stress develops in this spot during rotation (rotary move-
ment) of the test sample. When the ceramic tool is
dropped on the circumference of the test sample, the
tool is forced against the surface layer of the rubber,
which causes tensile stress behind the head of the defor-
mation on the sides of the groove (Figs. 12, 13). If the
tensile stress exceeds the mechanical strength of the rubber
material, a part of the rubber is ripped off, either

completely or partly. Stress and deformation in the area
around the ceramic tool are reduced and the process can
repeat a bit further away. A ceramic tool machines the
surface of the rubber test sample (by turning or milling).
The way in which individual parts are ripped off (Fig. 12)
is similar to the way of ripping during a test of tear
strength. Thus, it can be expected that the factors influenc-
ing the process of wear are deformation energy needed for
ripping and the size of a ceramic tool (in real conditions
they are sharp edges of stones and terrain irregularities).
This is determinant for the size of deformed micro-macro
areas and ripped particles. The process during which
a given rubber particle is ripped off can be seen as an
elementary tensile test, where the speed of ripping is
much bigger than the speed of the movement of the test
sample. Resistance to wear will be closely linked to
the deformation energy needed for ripping the given rub-
ber particle.

W 4081
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Wear of Tires, Fig. 12 Damage of the surface of the test sample

Falling of the cutting edge onto the rotating specimen
was simulated. At first, the sliding of the cutting edge
along the specimen surface without material destruction
was analyzed. Von Mises stress in the specimen during
counter-clockwise rotation is shown in Fig. 14. Then,
a hack of cutting edge into the specimen during rotation
was simulated and is shown in the Fig. 14 (Manas 2005;
Manas et al. 2007a, b, 2008b).

A high-speed camera system Olympus i-SPEED 2” was
used to examine properties of the test samples. The cam-
era system was used to visualize the behavior of the test
sample at the drop of the ceramic tool (Figs. 12, 13).
Deformation of the test sample was observed at the time
of drop of the ceramic tool. At the same time, the creation
of first rips at the drop of the ceramic tool on an
undamaged surface of the test sample was observed,
which starts the avalanche effect of wear and hence
destruction of the test sample. The high-speed camera
enables a better understanding of the process of tire
wear. Next to the observation of deformation of the test
samples, it is possible to determine the degree of pressure
on the sample at the drop of the ceramic tool, the size of
the ripped particles, and their speed of movement. It is
also possible to observe the character of damage and the
creation of rips on the test samples (Manas 2005; Manas
et al. 2008).

Tensile
stress

o

Compressive
stress

Wear of Tires, Fig.13 Development of tension in the place of
the drop of the ceramic tool

In the rubber industry, mechanical properties such as
tensile strength, elongation, tear strength, and rebound
resilience are usually tested. Also, a complex dynamic
model is usually used. The producers seek to find correla-
tion between these mechanical properties and wear. These
mechanical properties play an important role in tire wear.
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Wear of Tires, Fig. 14 Stain in the rotating sample by sliding and hack of the cutting tool
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Wear of Tires, Fig. 15 Comparison of all the observed properties

The sets of measured values were processed and the results
are illustrated in graphs (Fig. 15). For easier and faster
comparison of the measured values, dimensionless values
expressed as the ratio of separate measurements to the
maximum value reached during the given measurements
were used. The influence of mechanical properties on wear
of rubber parts (tire tread compounds) subjected to high
stress was investigated. This influence was statistically
processed using the correlation coefficient (r) and the
p value (the extent of relevance).

The experimental results of the experiment show that
the resistance of heavily stressed rubber parts to wear
depends on mechanical properties of rubber as well as

on a given deformation energy. Substantial influence is
recorded by defects (and especially their size) that were
present in the rubber testing sample from the beginning of
the test, or were created during the deformation. Signifi-
cant correlation between individual mechanical character-
istics should also be noticed.

Apart from mechanical characteristics, the impact of
chemical activity of ozone and oxygen present in air has
considerable effect.

Tread compounds of off-road tires are subjected to
harsh terrain conditions (construction sites, quarries)
being stressed by sharp edges and terrain irregularities.
Their high load contributes greatly to the deformation



4084 W Wear of Tires

when the tires move on a stony surface. If a high resistance
to wear is required, the tires must resist cutting tools such
as sharp edges of stones and terrain irregularities as tools
for the surface of the tread compound. The compounds
with high value of hardness, resilience, and dynamic com-
plex module will easily manage to roll around the sharp
bits on the surface. Their greater values of elongation
strength will ensure better toughness and thus a high
resistance against damage of the tread compound surface
what would cause micro and macro cracks, leading
sources for avalanche effect of wear. Hard compounds
with smaller elongation strength and high values of resil-
ience and dynamic complex module E* will be more
susceptible to crumbling when in contact with irregular
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surfaces. This leads to damage on the surface of the com-
pound, which creates ideal conditions for more cracks,
resulting in the avalanche effect of wear.

The character of wear shows that laboratory condi-
tions for testing tread compounds used for the production
of off-road tires are very close to real conditions. Figure 16
shows the comparison of a test sample with an actual tire.
The character of wear is very similar (Manas 2005; Manas
et al. 2007a, b, 2008b, 2009a).

Correlation Matrix

Correlation matrix (Table 2) shows the linear dependence
of mechanic characteristics on work of heavily stressed
rubber parts. Strong dependence of wear on hardness

Wear of Tires, Fig. 16 Comparison of actual wear with a test sample

Wear of Tires, Table 2 Correlation matrix

Correlation matrix X1 X2 X1xX2 X3 X4 X5 X6 Y

X1 1.00 0.35 0.64 0.48 —0.57 0.35 —0.52 —0.59
X2 p=.23 1.00 0.93 0.27 —0.22 —0.27 —0.13 —0.32
X1xX2 p =.01 p =.00 1.00 0.40 —0.41 —0.07 —0.31 —0.49
X3 p =.09 p=.36 p=.17 1.00 0.13 0.12 0.20 —0.20
X4 p =.04 p = .46 p=.16 p=.65 1.00 —0.62 0.96 0.83
X5 p=.23 p=.36 p=.81 p =.69 p=.02 1.00 —0.60 —0.48
X6 p =.06 p = .66 p=.29 p=.50 p =.00 p=.03 1.00 0.78
Y p=.03 p=.28 p=.08 p=.49 p =.00 p=.09 p =.00 1.00

where Y = Wear [g]

Xi = Measured value of properties of rubber compounds, i.e.,
X1 = Tensile strength [MPa]

X2 = Elongation [%]

X3 = Tear strength [N/mm]

X4 = Shore hardness [ShA]

X5 = Resilience luepke [%]

X6 = DMA (complex tensile modulus E") [MPa]
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and complex module E* as well as mutual correlation of
mechanical characteristics are recorded. Correlation coef-
ficient values are stated in the matrix above the diagonal,
the importance of (p-factor) is stated below the diagonal
(Manas 2005; Manas et al. 2007c, 2008b).

Actual Wear of Off-Road Tires

Circumferential Scoring (Cuts)

Cuts (Fig. 17) or a similar wear pattern along the circum-
ference of the tire are caused by projecting vehicle parts or
foreign objects trapped in the tire when the vehicle is in
motion (www.conti-online.com).

Mechanical Damage of the Tread

Mechanical damage of the tire tread is caused by stony
roads or terrain irregularities. This wear pattern is also
closely connected to the damage caused by sharp objects
such as glass or metal. The tire damage is accentuated by
moisture and overinflation (Manas 2005; Manas et al.
2008, 2009) (Fig. 18).

Key Applications

Tire wear is a rather complicated matter. It is not entirely
clear which tire tread compound is the most effective and
which will show poorer qualities with respect to wear. The
character of wear should always be taken into account and
the right properties of a given compound should be

selected accordingly. For movements on standard roads
and highways where the tread is exposed to abrasion, it is
more suitable to select a compound that is harder and
more resistant to the abrasive effect of the road. On the
other hand, a softer compound is a better choice for tires
used in harsh terrain conditions.

It is also necessary to pay attention to the correct
inflation pressure of the tires. A properly inflated tire
can play an important role in the final wear of the tires
used. Finally, it should not be forgotten that the proper
alignment of a vehicle is crucial for the reduction of
tire wear; misalignment can cause excessive wear. Tire
wear can also be affected by subjective factors, such as
driving style.

Excessive wear is a serious safety and economic prob-
lem. Suitable laboratory methods for testing tire tread
wear and finding correlations between routinely measured
rubber compounds can play a significant role in the pre-
diction of tire tread behavior, because testing tires in the
running conditions is both time consuming and expensive
(Manas et al. 2009a, b; Stanek 2010).

Wear of tires used on standard roads is characterized
by their abradability. As the running conditions are varied,
laboratory tests can only give approximate results and
they also depend on the method used for measuring
abradability and its evaluation.

Laboratory testing methods for tire treads used
in harsh terrain conditions are well worked out.

Wear of Tires, Fig. 17 Cuts along the circumference of the tire
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Wear of Tires, Fig. 18 Chipping and chunking, tire damage

Special equipment known as a chip-chunk tester is able to
compare wear (by chip-chunk resistance) of different
compounds or to make a comparison with etalon. The
test is not time consuming and uses minimal material. The
correlation found between wear and routinely measured
properties makes it possible to predict behavior of the
tested product during its operation.

When observing the process of wear, other unconven-
tional methods prove very useful, such as observing the
process using a high-speed camera. This leads to new,
useful findings and the problem of wear will continue to
be examined with the objective of finding new methods,
describing the process further, and helping to design tires
with better resistance to a given wear pattern.

Cross References

» Friction of Polymers

» Polymeric Elastomers: Material Aspects of Tribology

» Polymeric Elastomers: Tribological Behavior and Engi-
neering Components
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Synonyms
Point-wise measurement of surface topography changes

Definition

The surface topography of solids is changed due to
removal or at least displacement of material from
tribologically interacting surfaces. The amount of wear
may be quantified by measuring the local change of topog-
raphy of the same region of the worn and unworn surfaces.

Scientific Fundamentals

Tribological interactions between a solid surface and
another solid, liquid, or gaseous media normally causes
surface wear. The processes leading to wear are adhesion,
abrasion, erosion, fretting, and others that are described
elsewhere (Kato 2005). In general, the result of a wearing
process is the removal of material from the tribologically
stressed surface and subsurface layers. The exception is the
case of material transfer to the surface from a counterpart
(Czichos 1978; Bhushan 1999).

Usually the amount of wear is given in terms of mass
or volume loss (“wear volume”) of the wearing body or as
the change of some characteristic linear dimension (“wear
height,” “wear depth,” or diameter). However, the amount
of worn material is usually very small compared to the
total amount of material and the dimensional changes of
wearing bodies of technical interest are typically in the
range of micrometers and below. Thus, quantification of
wear is often difficult in practical applications.

In terms of surface metrology, surface topography is
often assessed in terms of form, waviness, and roughness
of a surface (Whitehouse 2002). However, in the context
of this article, the term “surface topography” simply

denotes the set of points defining the geometric locus of
the surface. A topography data set is a digital representa-
tion, i.e., a discretely sampled subset of the surface topog-
raphy, obtained by a suitable measuring device. These
devices include among others the atomic force micro-
scope, confocal white-light microscope, or laser interfer-
ometer. Hence, a surface topography data set (S) is given
as the elevation (z;) of the surface above a regular plane
grid (x;,y;), see Fig. 1, i.e.,

s={7i=(5rz)" = (o-+ibx o +idyz(x.0))" |
(1)

with the integer index set
={G)I0<i<nA(1<j<))} 2)

A representation of the surface topography in the form
z=1z(x,y) is also known as the relief of the surface and its
discrete form (1) as the height map of the surface. An
illustration of these definitions is given in Fig. 1.

As stated above, wear manifests itself as a change of
surface topography. Therefore, one possibility to quantify
wear is the accurate detection of those changes, i.e.,
the point-wise comparison of topography data sets of
corresponding regions of worn and unworn surfaces.
Slightly different implementations of this idea may be
found in (Corniani et al. 2009; Monetti et al. 2009; Heintze
et al. 2006; Harris and Krauss 2001; Borodich et al. 2003;
Schofer and Santner 1998; Gahlin and Jacobson 1998).

A surface topography data set of a worn surface is
suitable for wear quantification only if this data set also
contains unworn regions of the surface that is used as
reference and either the nominal shape of the unworn
surface may be described by an analytical function (e.g.,
plane, sphere, or cylinder) or a surface topography data set
of the unworn surface is available.

The nominal shape of the unworn surface topography is
given as

z=2"(x,y;d) (3)

where d = (ay,...,ak) is a vector of shape parameters.
For example, a plane may be specified analytically with
d=(a,b,c)as

Z'(x,y;d) =ax+by+c (4)

or a sphere with @ = (x¢, yc, zc, R) as

2 (xysd) = ze+ /R - (x—xf = (y =y (5)
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Wear Quantification by Comparison of Surface Topography Data, Fig. 1 Scheme illustrating the definitions of “surface

topography” and “topography data set”

If Iy is the set of indices of points lying on the reference
regions, i.e., the unworn part of the surface, the nominal
shape of the unworn surface can be recovered by chi-
square minimization, i.e., by minimizing

by sy,
(ij)€ElR Y

with respect to the shape parameters, i.e., by solving a set
of K (possibly non-linear) equations

o
aak =2 Z

(ij)€lr

(zj — 2" (x5, 33 4)) 5o

O',jz

-0 (7)

with k=1,...,K. In (6) and (7), o;; are the standard
deviations of the elevation values z;. Hence, the values
0jj characterize the measurement uncertainties. The solu-
tion of (7) is a vector of shape parameters d = 4, leading
to a nominal surface shape that best fits the topography
data set. The deviation of the data set from the nominal
surface can be calculated on a point-by-point basis as

hij = zjj — 2° (%), i3 Bopt) (8)

Negative values of h indicate material loss, whereas
positive values indicate material build-up. Thus, the
wear height can be effectively quantified on a point-by-
point basis, i.e., in a spatially resolved way, by mapping h;;
onto the grid (x;,y;). Actually, the wear height is usually
defined as being positive where material is removed, i.e.,

Wij = — h,] (9)

One factor limiting the applicability of the above-
described method is the fact that no real surface is
following a mathematically described nominal shape.
Following standard surface metrology terms, the topogra-
phy of a real surface will have deviations in form,
waviness, and roughness. Therefore, the uncertainty in
the calculation of the wear height is given by the average
height of these deviations, given, for example, by the R, or
R, value.

If the nominal shape of the original surface is not known
and/or the wear height is in the same order of magnitude
as the typical height of the roughness asperities (see con-
cluding remarks of the above section), wear can still be
quantified if there is available a topography data set of the
same region of the unworn surface, i.e., one has a reference
data set. Denote the reference data set by

T
SO = {7301] = (xojvyohzoij) } (10)

At first sight one could assume that the grid arrange-
ment (x%, y°,) is identical to (x;, y;) in order to calculate
the point-by-point difference as z; — z°;. However,
this naive approach is not correct since consecutive
measurements of the same surface region will lead to
a certain amount of misalignment, especially if the sample
has been manipulated between those measurements.
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load

motion

Wear Quantification by Comparison of Surface Topography
Data, Fig.2 Contact situation during a ball-on-plate linear
reciprocating friction and wear experiment

600
400
200

Such misalignments are usually the case when performing
some wearing experiment. As a consequence, since the
underlying co-ordinate system is affixed to the measuring
device and not to the surface, even identical values of
(xoj, yoi) and (x;, y;) will in general not refer to the same
points on the surface. Therefore, an alignment procedure
has to be employed.

The goal of the alignment procedure is to match ref-
erence regions of the original topography data set to those
of the worn one. The degrees of freedom for the alignment
procedure are given by three angles of rigid body
rotation (ax, ocy,(xz) and three components of the rigid
body translation vector ( te, by, tz). These components
may be given in many different ways. In particular, taking
the rotation matrix

1500

1000 X [um]

Wear Quantification by Comparison of Surface Topography Data, Fig.3 Topography data of wear scars on ball (top) and plate

(bottom)
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Wear Quantification by Comparison of Surface Topography Data, Fig. 4 Wear height (false color) and wear scar (hatched

region) calculated from topography data shown in Fig. 3

1 0 0 cosa, 0 sino,
R=|0 cosa, —sino, | - 0 1 0
0 sinoy,  COSOL —sino, 0 cosoy
cosa, —sino, O
sino, cosa, O
0 0 1

(11)

and the translation vector

(12)

> T
t= (txa iy, tz)
the transformation of a point 7 € S is given by

. . - /o
ri]. =R 1ij +t= Tij(rij; Olxy Obyy Xz, Ly, t}” tZ)

(13)

The match is achieved by y?-minimization (6) with
respect to the parameters a = (ocx, Oy, Oz, iy, by tz), which
will be written as

(14)

2%(x, y) must be a continuously differentiable function
interpolating the reference data set S, i.e., zoij =
2°(x%,5°;). Any suitable interpolation scheme may be
chosen, e.g., using cubic b-splines. The result of the min-
imization procedure is a set of optimal fitting parameters,
leading to

— S 7
Tij opt = R(ax,optv Oy opt 5 az,opt) * Tij 4 Topt

(15)

and the wear height can subsequently be calculated as
a point-by-point deviation of topography data as

Wear Quantification by Comparison of Surface Topography
Data, Table 1 Results of wear quantification procedure
applied to ball and plate

Mean wear height Worn area Wear volume

Ball [1.4pum 032mm? |45 x 107" mm?
Plate 0.71 mm? |58 x 107* mm?

0.8 um

(16)

The advantage of this method, as compared to the one
described previously, is given by the fact that the shape of
the unworn surface is derived from measured data and
does not rely on assumptions about a nominal shape.
Therefore, form, waviness, and roughness are accurately
captured down to the lateral resolution of the measuring

) of. 1. /
hij = Zijopt — % (x ijopts Y ij,opt)

device. Thus, the uncertainty of wear height values is
determined by the point-wise uncertainties, i.e., the verti-
cal resolution of the measuring device itself.

Key Applications

Ball-On-Plate Wear Volume Determination
One of the most common contact principles used for
model friction and wear experiments is a ball sliding
against a plate in a linear reciprocating motion with lateral
oscillation amplitudes in the range of few millimeters
(see Fig. 2).

One advantage of this experimental setup is that
the regions of the counteracting bodies affected by wear,
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ie., the wear scars, are very well localized and small
enough to be entirely captured by a surface topography
measuring device. Furthermore, the nominal shape of the
test specimen is well known and the amount of wear is

motion / wear track

load

Wear Quantification by Comparison of Surface Topography
Data, Fig.5 Contact situation of a pin-on-disk tribometer

z [um]
3

-1000 -

2000 ¥

-

" -1000
2000

typically much larger than the average roughness of the
test specimen, such that method 1 is suitable for wear
volume calculation. Typical data sets of worn ball and
plate surface topography are shown in Fig. 3 and will be
used to illustrate the calculation procedure.

At first, the optimal nominal geometries, i.e., a sphere
(5) and a plane (4), are determined solving (7). Subse-
quently the wear height is calculated on a point-by-point
basis using (8) and (9). In Fig. 4, wear height is shown as
false color image mapped onto the surface topography
data. Finally, the wear volume is obtained by integrating
the wear height over the wear scar region (depicted as
black hatch in Fig. 4). The results of wear quantification
of by comparison of surface topography data are summa-
rized in Table 1.

wearing surface

reference marks

————reference surface

1000

X [um]

Wear Quantification by Comparison of Surface Topography Data, Fig.6 Schematic view (a) and topography (b) of cylindrical

pin test specimen
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Sub-micrometer Wear Height Determination
on a Cylindrical Pin

A pin-on-disk rig is one of the most widely used
tribometers for model friction and wear tests. A cylindrical
pin is pressed against a rotating disk, as shown schemat-
ically in Fig. 5. The disk is wearing on a circular track
according to its motion, whereas the pin (see Fig. 6) is
wearing on its complete contacting surface.

50

z [um]

50 -

z [um]

For accurate determination of the wear height of the
pin, method 2 described above is applied. For this purpose
a slightly recessed ring is machined into the contacting
surface (see Fig. 6a), which does not wear during the test
and can therefore be used as reference surface. Addition-
ally, reference marks are created on the surface using
a spherical indenter. These reference marks allow for bet-
ter initial positioning and faster convergence of the

—
1000

0

" 1000  x[um]

~ -2000

1000

-

21000

0
X [um]

2000

Wear Quantification by Comparison of Surface Topography Data, Fig.7 Superposition of the worn (blue) and unworn (yellow)
surface topography data sets (a) before alignment and (b) after alignment
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alignment procedure. Figure 6b shows the topography
data set of the unworn surface.

By superimposing the topography data sets of the
worn and unworn surfaces in the same diagram, as
shown in Fig. 7, the effect of the alignment procedure
(11, 12, 13, 14, 15) becomes clearly visible. Figure 7a
shows the two datasets using an initial guess for the fit
parameters oy, oy, 0., and 7 whereas for Fig. 7b the best fit
parameters were used. The alignment procedure involves
solving an unconstrained, non-linear minimization prob-
lem (14), which must be done numerically. For this par-
ticular application, the BFGS algorithm (Press et al. 2007)
has been used. Following (16), the point-wise height dif-
ference can be calculated using the optimally aligned
topography data sets. With the example data shown in
Fig. 7, the average wear height on the top pin surface
(wearing surface) amounts to 0.37 = 0.08 pm.

Cross-References

» Asperities

» Confocal Microscopy

» Optical Interferometry

» Surface Roughness

» Surface Variation in Tribological Processes
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Synonyms
Buildup; Buttering; Cladding; Hardfacing and weld
overlay; Weld cladding

Definition

Traditionally, the term weld overlay is used to define appli-
cations of welding processes to deposit one or more layers
of metal with specific characteristics on a base metal to
improve desirable properties that are not inherent to the
base metal or to restore the original dimension of the
component.

The procedure consists of the deposition of several
weld beads arranged side by side, leading to the formation
of a continuous surface layer.

The weld overlay technique can be classified according
to the specific objective of the coating. Weld cladding
corresponds to deposition of a corrosion-resistant mate-
rial, in general, measuring at least 3 mm (1/8 in.).

Hardfacing is a form of surfacing used when the
weld deposit is done using a hard and wear-resistant
material to reduce the loss of material by abrasion, ero-
sion, galling, cavitation, and other forms of wearing
mechanisms.

Buildup is a specific term to denote the deposition of
weld metal on a base metal surface to restore dimensional
requirements of a component. The term buttering refers to
the deposition of one or more layer of weld metal on the
face of the joint with the purpose of assuring some metal-
lurgical aspects before weld filling.

Scientific Fundamentals

The weld overlay procedure consists of the deposition of
one or more layers of filler metal holding specific charac-
teristics on a base metal to improve desirable properties
not inherent to the base metal. The post-weld desirable
properties are related to the application of the equipment,
tool, or machining parts and also depend on the charac-
teristics of the material to be deposited.

When the layer is deposited with corrosion-resistant
materials to protect against corrosive environments, the
term used is weld cladding. When the weld deposit is made
using hard and wear-resistant materials, with the objective
of reducing the loss of material by abrasion, erosion,
galling, cavitation, and other forms of wearing, the specific
term is hardfacing. Buildup is a specific term to denote the
deposition of weld metal on a base metal surface to restore
dimensional requirements of component. The term
buttering refers to the deposition of one or more layers
of filler metal on the face of the joint with purpose of
assuring some metallurgical aspects before weld filling
(Davis 1993).

This procedure is a common practice in the
manufacturing or maintenance of equipment and com-
ponents for a wide range of industries, including agricul-
ture, mining, steel, paper, food processing, chemical,
petrochemical, petroleum and gas, and nuclear. One of
the most beneficial aspects of this procedure is the reduc-
tion of cost due to application of an elevated hardness,
wear- and/or corrosion-resistant coating on a base metal
whose function is strictly structural, when compared with
solid noble alloy construction.

An important aspect of welding overlay is the dissim-
ilarity of materials employed in the cladding process, in
other words, a great difference of chemical composition,
physical, mechanical and metallurgical properties between
filler and base metal.

The main materials used as filler metals to hardfacing
applications include iron-based, cobalt-based, nickel-
based, and copper-based alloys, high-chromium white
irons, carbides, and low-alloy ferrous materials (Davis
1993). The corrosion-resistant materials commonly used
for cladding are austenitic stainless steels and Ni-based
alloys. As for base metal, these are typically carbon, C-Mn
or low-alloy steels, stainless steel, cast-iron, nickel-based
alloys, and others.

With regard to dissimilar welding, some special char-
acteristics of the weld bead should be achieved to guaran-
tee high-quality, defect-free coating, and also with high
performance in service. One of the most important char-
acteristics is the deposition of weld with a minimal dilu-
tion level.
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Dilution is the term used to define a change in the
chemical composition of filler metal that was deposited
due to mixture with base metal melted. Mathematically,
dilution is defined as the percentage of the base metal that
has melted during welding and has been incorporated to
the fusion zone to compose the final weld metal chemical
composition (AWS 2004).

Then, depending on dilution, weld metals with differ-
ent chemical compositions than the original ones can be
obtained. Dilution can be evaluated directly through
chemical analysis of weld metal or estimated by the mea-
surement of the cross-sectional area of the weld bead or
layer (Fig. 1). In such a case, (1) is used to determine the
percentage of moisture present in the melted base metal
added with filler metal.

The Agy corresponds to the base metal area melted
during welding and Apy corresponds to the area added by
deposition of melted filler metal.

A
D=—"""__ 100 (1)
Apm + Apm

The importance of controlling the dilution level in
overlay operations is attributed to the fact that the
mixture between base and filler metals can significantly
alter metallurgical characteristics such as microstructure,
susceptibility to cracking and embrittlement, wear and
corrosion resistance (Balasubramanian et al. 2009; Day
et al. 2004).

The allowable dilution level depends on specific service
requirements. For hardfacing applications, it is important
to control dilution level less than 20 % to guarantee a harder
layer with appropriated wear resistance.

For cladding applied as protective coating to petro-
leum and gas industry equipment, the dilution level is
indirectly indicated by the standards, which specify the
maximum iron content in weld overlay. The iron contents
are separated in two categories: FES5, for iron contents
equal or below to 5 %, and FE10, for coatings with 10 %
or less in iron content. These considerations refer to coat-
ings done with alloy 625 measuring 3 mm from the orig-
inal surface of base metal to the surface of the coating

P - penetration

W R - reinforcement
< » W - width
7} Afm - filler metal area
R Avis Abm - base metal area
v

PW Agm

Weld Overlay, Fig. 1 Weld bead geometry

(ISO 2009). Higher dilution levels are acceptable for other
types of weld overlay as buildup and buttering.

Geometric characteristics of weld bead are an impor-
tant factor to guarantee the success of overlay operation.
The most important geometric parameters to be evaluated
are penetration, which corresponds to the maximum
depth of melted metal into the base metal; and reinforce-
ment, which corresponds to height of weld bead measured
from base metal surface and width of weld bead measured
on surface level.

The penetration of the weld bead should be as small as
possible to avoid dilution-related problems. The rein-
forcement should be high enough to assure appropriate
thickness according to welding procedure or standard
specifications (ISO 2009; ASME Boiler and Pressure Vessel
Code Committee 2004).

When post-welding finishing machining is necessary,
the procedure should foresee the deposit of a thicker layer.

Wide and flat weld beads are preferable to increase the
coated area and to minimize the surface irregularities,
contributing to productivity increase and quality of
the overlay. Another aspect to be observed is the reinforce-
ment/width ratio (R/W). This geometric parameter
indirectly evaluates the convexity of the weld bead. Weld
beads that are very convex may hinder the overlap of
subsequent passes, causing lack of fusion in the crossing
among passes.

Figure 2 shows two examples of weld bead with differ-
ent geometries. In the first case, the weld bead had low
penetration, adequate reinforcement, and reasonable
width. This geometry resulted in a 0.83 % dilution level,
which was considered extremely low.

Weld Overlay, Fig.2 Examples of single-weld bead of
Ni-based alloy deposited on C-Mn steel. With arc oscillation
(left). Without arc oscillation (right). Scale in mm. GTAW
process with cold wire feed
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The R/W ratio also was considered good, 0.38, which
corresponds to a good convexity for a weld bead desig-
nated to overlay. In general, values of R/W ratios
greater than 0.5 are indicative of weld beads that are
exaggeratedly convex.

In fact, the R/W ratio of the second weld bead was 0.58,
which exhibited a high convexity. Such behavior was
attributed to a deeper penetration, minor width, and an
increase in reinforcement, resulting in large dilution. This
problem can be solved with the correct choice of welding
parameters, as shall be discussed later.

An inappropriate selection of welding parameters
leads to deposition of poor-quality weld beads. The for-
mation of layers through the deposition of weld beads
with inadequate geometry can result in internal defects,
as observed in Fig. 3. The macrograph showed some
defects identified as lack of fusion due to high convexity
of weld beads. Although the defects are into the weld
metal, their presence can be critical in some applications
because of their elongated morphology that can concen-
trate stress on the tip and propagate a crack, especially
when components are subject to cyclic loads.

As mentioned before, the welding parameters must be
carefully adjusted to guarantee both a correct weld bead
geometry and low dilution level.

Unfortunately, each welding process has its particular-
ities and, sometimes, specific parameters. However, the
main parameters to be adjusted are common to all pro-
cesses that use electric arc as the heat source. These param-
eters are welding current, voltage, and travel speed. In
addition, the product current versus voltage correspond
to arc power. When the arc power is divided by travel speed,
the heat input can be determined by the equation (2):

Where

I — welding current
V —voltage

S — travel speed

1 — arc efficiency

The welding heat input is an essential factor to be
selected due to its large influence on the quality of the
overlay. Low heat input levels result in a poor deposition
rate and make the process unproductive. Nevertheless, the
increase in the heat input can possibly lead to increases in
productivity, but the change can have disastrous effects on
dilution. The welding heat input can be adjusted mainly
by changing the current or travel speed.

As already mentioned, the welding current is an
important parameter because of the strong influence it
causes on heat input. On one side, the increase in current
provides high fusion and deposition rates and, conse-
quently, contributes to an increase in the amount of mate-
rial deposited, resulting in productivity gain. On the other
hand, the higher the welding current, the larger the
amount of heat available to melt the base metal has to be.

In addition, high current levels make the actuation of
electromagnetic forces influencing the flow of liquid metal
on the weld pool more intense. Depending on the flow of
the liquid metal on the weld pool, the weld bead penetra-
tion can be more or less deep. The arc voltage is the electric
potential established between the electrode and work-
piece. In general, this is associated with the arc length.
In the welding processes with shielding gas, the arc

Weld Overlay, Fig. 3 Lack of fusion among passes due to high convexity
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voltage is influenced by the type of gas or moisture used.
However, due to the small variation caused, this is less
effective for controlling the heat input as compared with
current and travel speed.

Travel speed can be defined as the velocity at which the
arc is moved along its trajectory. As mentioned, the travel
speed has a strong effect on the heat input. The combina-
tion of moderate to high current levels with low
travel speed may result in overheating, causing excessive
melting of base metal and increasing the dilution. In
addition, this parameter influences the weld bead pene-
tration and profile.

When travel speed is sufficiently slowed to impinge the
arc on the weld pool, the metal deposited acts as a barrier to
the action of the arc on the base metal, diminishing the
penetration. However, if the travel speed is excessively high,
the arc impinge occurs on the base metal ahead of the weld
pool, eliminating the barrier caused by the reinforcement.
Such behavior transfers more heat to the base metal,
resulting in a deeper penetration and, consequently, in
a highly diluted weld bead (Scotti and Ponomarev 2008).

In addition, with an increase in the travel speed, grad-
ual reduction of the heat input is observed. The combina-
tion of these effects is shown in Fig. 4. As can be seen in the
figure, there is a critical travel speed in which the com-
bined effects of impinge and heat input are maximized.
Before the critical travel speed, the arc impinge on the weld
bead is the most important effect on the penetration. After
this point, the effect of the heat input exerts stronger
influence on the penetration of weld bead than the former.

Welding with high travel speed decreases the penetra-
tion and, consequently, the dilution, and produces in
general a small weld bead with inadequate geometry.

Effect of heat input

i

Effect of arc
impinge

Penetration

v

Travel speed

Weld Overlay, Fig.4 Combined effects of arc impinge and
heat input on penetration as a function of travel speed

For the above-mentioned reasons, the use of low travel
speed in welding processes is recommended.

Another control parameter of great interest in the weld
overlay is the arc length, which is defined as the distance
from electrode tip to base metal. Short arc length causes
a compression of the arc on a small anodic region (surface
of base metal), which implicates it in a high density of
current and strong pressure of the arc on the weld pool,
causing an increase in penetration and dilution.

Arcs with longer lengths may become more extended,
increasing the surface area of weld pool and reducing the
density of current. Such fact leads to a better distribution
of heat on the surface of the workpiece, therefore impli-
cating it in a shallower and wider weld pool, with low
penetration and dilution.

Mechanical arc oscillation is another parameter that
can be adopted to increase the width of weld bead and to
better distribute the heat from the arc on the base metal
surface, avoiding excessive dilution.

The procedure consists of applying relative motion to
the arc from side to side, orthogonal to the direction of
travel. Several types of trajectories can be employed, for
example, triangular, spiral, or double-8. Figure 2 shows an
example of a single-pass weld where arc oscillation was the
only parameter modified.

Research Findings

The selection of the welding process is an important step
in the overlay operation and must be based on the engi-
neering factors. For example, the type and composition of
the filler metal, required properties of hardfacing or
cladding, quality requirements of the deposited layer,
metallurgical aspects of the base metal, metallurgical com-
patibility between filler and base metal, geometry, size and
weight of workpiece to be coated, and operational cost.

Several welding processes have been improved for
overlay applications, each with its own advantages and
particularities. The main welding process used in overlay
operations will be discussed later.

Shielded metal arc welding (SMAW) is typically
a manual process in which an arc is established between
the covered electrode and the workpiece, producing a pool
of liquid metal.

The electrode is basically a metal core, which consists
of a wire, covered by a mixture of mineral and metal
powders and/or organic compounds. The functions of
the covering ingredients are, among others, to produce
gas to shield the arc and weld pool, to contribute for the
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plasma arc ionization, to produce a slag cover on the weld
metal conferring form and protecting the melted metal, to
introduce alloy elements to confer desirable metallurgical
and mechanical properties, and in some cases to enhance
the deposition rate.

In this process, the welder is responsible for feeding the
electrode into the weld pool and for moving it. Because of
dilution, it is recommended to use a welding current lower
than half of the amperage range specified by the manufac-
turer (AWS 2004).

The high versatility and flexibility of this process,
combined with low cost due to simple, inexpensive, and
portable power sources, absence of auxiliary shielding gas
or flux, and the capacity of welding a large variety of
metals and its alloys can be regarded as great advantages
of SMAW process (Davis 1993).

Nonetheless, the low deposition rate due to limited
maximum useful welding current, low operator factor
(i.e., open arc time/total labor time to weld) because of
the time needed to reload new electrodes and to clean
the previous weld bead, and removing the slag before
resuming the weld operation, make the SMAW process
slow and expensive for welding overlay, except when low
volume of deposition is required or in maintenance
operations.

The submerged arc welding (SAW) process has been
used to weld overlay deposition on carbon and low-alloy
steel. The fusion of the metal is produced by an arc
established between a bare metal electrode and the work-
piece. The arc is enveloped by a blanket of granular fusible
flux, which functions to protect the weld pool against
atmospheric contamination, to guarantee the stability of
the voltaic arc, to avoid spattering and sparks, and to
prevent fumes and radiation emission. The flux also pro-
duces changes in chemical, metallurgical, and mechanical
properties in the weld metal.

Advantages of the SAW process are a high deposition
rate due to high current levels and large dimension of the
electrode. In some instances, multiple wires or metallic
strips can be simultaneously utilized instead of a single
wire as filler metal, improving the productivity.

The operational configuration of the SAW process can
be semiautomated, mechanized, and automated. A great
inconvenience of this process is the high dilution level, as
much as 50 %, demanding, sometimes, the deposition of
three or more layers to promote a gradual reduction of
dilution until an acceptable chemical composition is
achieved.

Gas metal arc welding (GMAW) is another process that
has been used to weld overlay operations. This process

uses an arc established between a continuously fed wire
electrode and the workpiece. The shielding of the weld
poolis obtained by an external supply of a shielding gas. In
general, the most commonly used shielding gases for
GMAW are argon, helium, CO,, and mixtures.

The continuous wire feeding awards to this process
a high deposition rate, significantly higher than SMAW,
and a high productivity due to deposition of long weld
beads without the need of pauses for reloading and
cleaning.

Another beneficial feature of wire continuous feeding
is the possibility of utilization of higher travel speeds,
notably increasing the productivity. In addition, the weld
is very clean due to the absence of slag, requiring
a minimal cleaning after weld. A smaller weld pool, in
contrast to SAW, makes it possible to weld in all positions.
Other characteristic is that the process can be easily
automated.

Although this process has shown several advantages as
compared with the others presented thus far, certain lim-
itations can restrict its utilization. The first is the com-
plexity and cost of the equipment compared with SMAW.
Another factor is that many filler metals or materials for
hardfacing cannot be drawn into wire or rod forms
because of low ductility or brittle nature, limiting the
utilization to a smaller variety of alloys. In addition, for
outdoor applications under the action of strong airflow
a larger supplement of shielding gas should be supplied to
avoid contamination.

For the GMAW process, the parameters can be
adjusted to obtain spray metal transfer, characterized by
small droplets of melted filler metal propelled axially
across the arc to the base metal (Fig. 5a). This transfer
mode produces a very stable process, absence of spatter,
and a high-quality weld bead, however, dilution levels are
high. Short circuit transfer is another transfer mode where
the liquid metal at the wire tip is transferred during a fast
contact with weld pool (Fig. 5b). Although this transfer
mode causes instability of the arc and spattering, the
dilution level is smaller than spray transfer and has been
a good option to overlay applications when a strict control
of dilution is needed. In some cases, pulsed current is
preferred to reduce the dilution level. In this case,
a one droplet detachment per pulse transfer mode is the
desired condition.

The flux cored arc welding (FCAW) process is similar to
GMAW. Both processes use the same set of equipment,
including a continuous wire feeding system. A metallic
tubular electrode with an inner fusible flux is used as filler
metal in the FCAW process.
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a Spray transfer mode

Weld Overlay, Fig. 5 Filler metal transfer mode. (a) Spray mode. (b) Short-circuit mode (Miranda et al. 2004)

Similar to the SAW and SMAW processes, the flux
present inside the tubular electrode is of great importance
in the welding process and introduces metallurgical char-
acteristics to the weld metal that could not be done in the
case of the GMAW.

The shielding of weld pool and arc stability are
achieved using a gas supply (gas-shielded) or by the fusion
of flux (self-shielded) forming a slag cover and some gases
that maintain the arc stable.

The most notable advantage of the FCAW process is
the high productivity due to the continuous feeding of
filler metal along with the opportunity of manipulating
the chemical composition of the weld, making it
possible to deposit several alloys, which is not possible
with the GMAW process. FCAW, therefore, reaches
a higher deposition rate and productivity when com-
pared with SMAW.

Gas tungsten arc welding (GTAW) is a process where
the arc is established between a nonconsumable electrode
and the workpiece. The protection of the weld pool is
accomplished by an inert gas flux. In this case there is
not deposition of material and the unique material melted
is the base metal (autogenous welding).

The electrode is made using pure tungsten or this
element doped with cerium, lanthanum, thorium, or zir-
conium to improve the electron emissivity. The use of
tungsten is due to its high melting point (3,410 °C),
which allows the thermionic emission.

For hardfacing or cladding operations, where addi-
tion of material is needed, an extra supply of filler

Weld Overlay, Fig.6 Configuration of the GTAW process
with cold wire feed

metal is assisted by a wire feeding system. The wire
feeding is possible in two configurations, cold wire,
when the filler metal is added at room temperature,
and hot, wire when the filler metal is preheated using
electric resistance.

When cold wire is used, the filler metal should be fed
into the weld pool, crossing the arc welding to absorb the
maximum amount of heat available (Fig. 6). The hot wire
can be fed in front of or behind the arc, not necessarily
being fed into the arc.
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The great advantage of this process is associated with
the independence between the heat source and filler metal.
Such independent settings allowthe adjustment of arc
parameters and wire feeding speed to ensure that the arc
heat melts the filler metal as much as possible, resulting in
little heat input to melt the base metal and producing
a weld bead or layer with very low dilution level. Remem-
ber that with hardfacing or cladding the wire feed speed
should be adjusted as necessary.

The success of the weld overlay deposited by this
process is dependent on several parameters besides current
and heat input, such as arc length, geometry of tungsten
electrode tip, and configuration and geometry of the wire
feeder system. When correctly adjusted, the result is
a high-quality weld bead deposited with dilution level as
little as 1 %, as can be observed in Fig. 2.

Other advantage of GTAW are the high quality of the
weld bead, and versatility as it can be used in either the
manual or automated version. Some of the disadvantages
of this process are the low rate of deposition compared
with other processes, the relative complexity of adjusting
a large number of minor parameters, and difficulties of
welding in outside environments or windy areas.

Plasma arc welding (PAW) is considered an evolution
of GTAW process because they use the same principle (an
arc electric opened between an nonconsumable electrode
and the workpiece). However, in the PAW process the arc
is constricted by an orifice, causing a contraction of the
arc diameter and a higher density of energy (AWS 2004).
Two distinct fluxes of inert gas are necessary to promote
the process. The first is the plasma gas, where a flux of gas
is fed through the constrictor nozzle surrounding the
electrode, promoting the ionization of the environment
and maintenance of arc, and producing a hotter and
stronger gas jet. The second flux of gas is responsible
for shielding the weld pool against atmospheric
contamination.

Two variations of the PAW process are found,
depending on how the arc plasma is established. When
the arc is opened between the electrode and workpiece, it
is called a plasma-transferred arc. However, if the arc is
established between the electrode and the nozzle, the
process is called a plasma-nontransferred arc. The first
kind of process is used to melt electric conductor materials
such as metals and alloys. The second kind is usually
applied to weld nonconductor materials such as glass or
polymers. In this case, the heat is transferred only by
the plasma jet gas (AWS 2004). For weld overlay applica-
tions the first technique establishes the arc is directly on
the base metal.

The deposition of material in this process is similar to
that described for the GTAW process, for which addi-
tional equipment is required to feed the filler metal into
the arc to form the weld pool. The same configurations
(cold wire and hot wire) are used for the plasma arc
welding overlay.

Among all characteristics of this process, the most
important are the high arc stability, high density of energy,
and excellent control of the heat source.

Plasma transferred arc (PTA) is one of the most
notable processes used for overlay applications today.
Although PTA is also used to characterize the mode of
formation of the arc in the plasma arc welding process,
industrially PTA is recognized as special surfacing tech-
nique that uses the material in powder form to deposit
layers for specific applications such as hardfacing or clad-
ding (AWS 2004).

As already mentioned, the heat source is a plasma
transferred arc and a flux of powdered material is intro-
duced into the arc, which melts the powder and deposits it
on a surface promoting a weld bead. Three fluxes of inert
gas are used in this process: the first is plasma gas flux, the
second carries the powder and injects it into the arc, and
the third flux shields the weld pool against atmospheric
contamination (Fig. 7).

An important aspect of the PTA process is the of use
the filler materials (which can be metal, alloys, carbides, or
other hard particles) in powder form. This eliminates

Plasma gas
Cooling water

Tungsten electrode — Powder + carrier gas
\ Shielding gas

]

Coating Plasma arc

Substrate

\Weld pool

Weld Overlay, Fig.7 Plasma-transferred arc hardfacing
process (Cheng et al. 2008)
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problems with the production of the filler metal in wire or
rod, which becomes difficult for some hardfacing mate-
rials due to intrinsic mechanical properties. In addition,
the use of powdered metal results in more spreading of
melted material on the surface, increasing the area cov-
ered. As the heat of the arc is in great part used to melt the
powder material, the result is a shallow weld pool, con-
tributing to obtain a reduced dilution level, as low as 5 %,
which is another attractive aspect of PTA process for weld
overlay applications.

Key Applications
Weld cladding and hardfacing are a common practice for
improving or restoring a specific surface property in
equipment and components for a wide range of industries,
including agriculture, steel, paper, food
processing, chemical, petrochemical, petroleum and gas,
and nuclear.

In mining industries, where severe abrasive wear is
encountered due to the superficial contact during extrac-
tion of rocks, crushing and pulverizing of minerals, and

mining,

transportation. In this case, a hard and wear-resistant
material is applied on the surface of the tractor parts and
equipment that has direct contact with the abrasive
material.

Another industrial sector in which the hardfacing is
applied to reduce wear is the sugar and alcohol industry.
In this industrial segment, there are some machines
and equipment that squeeze and crush the sugarcane to
produce a cane juice, which is later processed to obtain
sugar or alcohol (ethanol fuel). Due to high loads and
movement of the crushed cane, intense wear of the
machine parts is observed during service. The wear is
associated with several factors such as corrosion of the
parts due to acidic cane juice, sliding contact among
parts, and sliding of the bagasse (the fibrous part of the
sugarcane) against the roller surface (Buchanan et al.
2007). In most cases, to guarantee a wear-resistant surface,
layers are deposited by weld overlay. Iron-based alloys are
the most popular group of hardfacing materials used
for this application in the sugar and alcohol industry due
to their relatively low cost and ease of application
(Buchanan 2009).

In transformation industries such as steelmaking and
metalworking, some activities such as heavy forging and
rolling are subject to severe service conditions because of
high temperature and high loads applied. In these cases,
hot forging dies and rolling mill rolls undergo several
forms of damage associated with abrasive wear, oxidation
wear, thermal and mechanical fatigue, and plastic

deformation, among others (Gulenc and Kahraman
2003; Fouilland et al. 2009). To improve or restore
a wear-resistant surface, the weld overlay is considered
a good alternative, from the point of view of economy
and quality, to extend the service life of the tools. Co- and
Ni-based alloys are the most common materials used as
filler metal for overlay applications because of their
strength and resistance to oxidation at high temperatures
(Fouilland et al. 2009).

Cross-References
» Laser Cladding
» Laser Welding

References

ASME Boiler and Pressure Vessel Code Committee, ASME Boiler and
Pressure Vessel Code. Section III, Division I. (The American Society
of Mechanical Engineers, New York, 2004)

AWS, Welding Process — Part 1, vol. 2 (American Welding Society, Miami,
2004)

V. Balasubramanian, R. Varahamoorthy, C.S. Ramachandran, C.
Muralidharan, Selection of welding process for hardfacing on carbon
steels based on quantitative and qualitative factors. Int. J. Adv.
Manuf. Technol. 40, 887-897 (2009)

V.E. Buchanan, Solidification and microstructural characterization
of iron—chromium based hardfaced coatings deposited by
SMAW and electric arc spraying. Surf. Coat.Technol. 203,
3638-3646 (2009)

V.E. Buchanan, P.H. Shipway, D.G. McCartney, Microstructure and abra-
sive wear behavior of shielded metal arc welding hardfacings used in
the sugarcane industry. Wear 263, 99-110 (2007)

J.B. Cheng, B.S. Xu, X.B. Liang, Y.X. Wu, Microstructure and mechanical
characteristics of iron-based coating prepared by plasma transferred
arc cladding process. Mater. Sci. Eng. A 492, 407412 (2008)

J.R. Davis, Hardfacing, weld cladding, and dissimilar metal joining, in
Welding, Brazing and Soldering, vol. 6, 10th edn. (ASM International,
Metals Park, 1993), pp. 1967-592

J. Day, X. Huang, M. Yao, Study on composition-induced microstructural
variation in the interface between co-based hardfacing alloys and
IN738 Ni-based superalloy. J. Mater. Eng. Perform. 13(2), 158-166
(2004)

L. Fouilland, M. El Mansori, A. Massagq, Friction-induced work hardening
of cobalt-base hardfacing deposits for hot forging tools. J. Mater.
Process. Technol. 209, 3366-3373 (2009)

B. Gulenc, N. Kahraman, Wear behavior of bulldozer rollers welded
using a submerged arc welding process. Mater. Design 24, 537-542
(2003)

H.C. Miranda, V. Ponomarev, A. Scotti, V.A. Ferraresi, Optimisation of
MAG-CO2 welding short-circuiting metal transfer. Int. J. Joining
Mater. 16(2), 43—48 (2004)

ISO 10423, Petroleum and Natural Gas Industries — Drilling and Produc-
tion Equipment — Well Head and Christmas Tree Equipment. 3 rd edn.
(International Standard, Geneva, Switzerland, 2009)

A. Scotti, V. Ponomarev, MIG/MAG Welding. Better Understanding, Better
Performance (Ed. Artliber, Sao Paulo, 2008) [In Portuguese]



http://dx.doi.org/10.1007/978-0-387-92897-5_695
http://dx.doi.org/10.1007/978-0-387-92897-5_706

4102 W Wet Clutch Friction Material: The Surfaced Groove Effect

! Wet Clutch Friction Material: The
Surfaced Groove Effect

J. Y. JANG, M. M. KHONSARI
Department of Mechanical Engineering, Louisiana State
University, Baton Rouge, LA, USA

Synonyms
Automotive Transmission; Band Clutch or Brake; Clutch
Friction Materials; Cone Clutches and Brake

Definition

Grooves are either machined or molded into the friction
material to improve the performance of a wet clutch by
enhancing the ATF (automotive transmission fluids) flow
rate, thus providing a means for better dissipation of heat
during engagement. Grooves can also improve friction
and wear characteristics as well as durability.

Scientific Fundamentals
A disk-type wet clutch is an important component of an
automatic transmission. Wet disk clutches are designed to
provide adequate torque for the transmission of power
from the driving member to the driven member during
operation. A wet clutch pack consists of a series of sepa-
rator and core disks to which friction-lining materials are
bonded. The core and the separator disks are arranged
alternately to a clutch hub that accommodates axial actu-
ation and hydraulically presses the disks together. A wet
clutch is immersed in an automatic transmission fluid
(ATF) that lubricates and cools the surfaces and provides
smoother performance with longer life. The surface fea-
tures of the friction-lining are much rougher than the
mating separator disk and, as such, they offer a fairly
high frictional coefficient with relatively low wear-rate
and stable operating characteristic. The wet clutch con-
nects the driving and the driven members so that they may
be locked together and rotate at the same speed (engage-
ment phase), locked together and rotating at different
speed (slipping phase), or unlocked and rotating at the
different speed (disengagement phase).

In the first stage of engagement, pressure is applied
hydraulically by means of a piston. Hydrodynamic pres-
sure is developed in the ATF as a result of squeeze action,
which supports most of the applied load. At this stage, the
surfaces are separated by a relatively thick film of fluid
and thus the behavior of the clutch is governed by the
lubrication.

theory of hydrodynamic During the

engagement process, the film thickness is reduced to the
extent that the surface asperities come into contact. As
a result, the contact pressure at the asperity level begins to
support a major portion of the imposed load, thus signif-
icantly influencing the behavior of the wet clutch. The film
thickness undergoes a further reduction as the friction-
lining material is compressed and deforms elastically.
When the relative velocity reduces to zero, the two disks
are locked together, and the engagement process is com-
plete. It follows, therefore, that in a typical engagement
cycle, the lubrication regime undergoes a transition from
hydrodynamic to mixed or boundary lubrication regime.
The time scale of the first stage of the engagement process
is typically on the order of 1 s (Khonsari and Booser 2008).

During the engagement, a large amount of frictional
heat is generated both due to viscous dissipation and also
as a result of interaction of surfaces. Clearly, the viscosity
of the ATF and, therefore, the entire operating perfor-
mance of a wet clutch is influenced. In the absence of
adequate cooling, high interfacial temperature rise can
lead to thermal failure of the clutch face as a result of
oxidation and decomposition of ATF. Various groove pat-
terns on the friction material have been employed to
provide more effective cooling and to facilitate the flow
of ATF across the faces.

Types of Friction Material
There are four basic types of friction material available for
use in wet clutches:

e DPaper-based friction material is made of cellulose
fibers with friction modifiers saturated in a resin to
improve its performance. This material is widely used
for ATF-immersed clutches. It has strong abrasion
resistance, but it is susceptible to damage because of
its relatively soft nature. This type of material offers
good torque capacity, smooth and stable transmission,
and low noise. Porosity of the paper-based friction
material is considered to be an important property
for controlling the friction characteristics.

e Sintered bronze is made by pressing tiny bronze pow-
ders tightly together, making it highly porous, tough,
and durable. It can be used in applications that require
high temperature resistance. However, it is susceptible
to chatter noise.

e Graphitic material is manufactured by molding graph-
ite and resin binders. Graphitic material has good
thermal capacity and can be used in high-energy
applications. However, in time it becomes susceptible
to noise.
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e Carbon material is ideal for applications that demand
high load-bearing capacity and low wear. However,
their use is limited because carbon material can
be costly.

Types of Groove Pattern

Grooves on the face of the friction material provide oil
flow channels from the inner radius to the outer radius
and accommodate in dissipating heat during the engage-
ment process. Typically, grooves are machined in the fric-
tion material after the friction material is bonded to the
clutch plate. This manufacturing method is rather time
consuming and expensive. The limited groove depth,
which is due to the necessary machining tolerances,
reduces the oil flow rate through the grooves and, thus,
decreases the cooling capacity of the clutch plate. Alterna-
tively, grooves can be molded into the friction material.
However, molding method also limits the groove depth.
Groove shapes, patterns, and manufacturing methods can
influence shudder during the engagement.

Most groove patterns are designed to force the lubri-
cant to flow from the inner radius to the outer radius
through the grooves by centrifugal forces. Therefore,
when the clutch plate is stationary or operating at
a relatively low speed, insufficient oil flows through the
grooves, leading to inadequate cooling. In the absence of
oil flow through the grooves, the clutch face temperature
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can rise and result in formation of macroscopic hot spots
or thermal failure of the clutch facing (Jang and Khonsari
2002). Excessive frictional heat due to high temperature
will also cause decomposition of the oil. A desirable groove
pattern equalizes the surface temperature of the friction
facings and thus increases the thermal capacity of the
clutch. Numerous groove patterns exist depending upon
the needs of each application. Typical groove patterns,
shown in Fig. 1, are:

Radial grooving pattern: By far the simplest pattern,
this type of grooving easily provides pathways for ATF to
flow radially outward during the engagement phase. It is
thus suitable if plenty of lubricant is available. Clearly with
high flow rate, heat is dissipated quickly, keeping viscous
drag low. One has to keep in mind that, similar to thrust
bearings, excessive lubricant between the grooves can
increase the parasitic drag losses (see Khonsari and Booser
2008).

Spiral grooving pattern: This type of grooving distrib-
utes cooling oil quickly but has the disadvantage of devel-
oping relatively high drag losses.

Walffle-shape grooving pattern: This type of grooving
offers less drag loss compared with spiral groove pattern and
demands less flow requirement than radial groove pattern.

Spiradial grooving pattern: This type of grooving may
be used in wet clutch applications where there is limited
oil available.

b
Spiral Groove
d
Spiradial Groove
f

Off-radial Groove

1 Typical groove patterns
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Sunburst grooving pattern: This type of grooving is
a relatively common design and generally suitable for
ordinary applications in which sufficient oil is available.
Sunburst groove patterns operate at lower drag levels.

Off-radial grooving pattern: This type of grooving is
a variation of the radial grooving pattern. The orientation
of off-radial grooves significantly affects the squeezing
process and, therefore, the torque.

There are many properties of the wet clutch that influ-
ence the friction characteristics. They include material
parameters, lubricant, surface roughness, elasticity, and
permeability of the friction material. Permeability, the
capability of the fluid flow inside the friction material,
influences both the engagement time and the temperature
profile due to the change of lubricant flow. The engage-
ment time decreases due to a smaller squeezing action and
the temperature decreases due to the fluid flow in the
material with increasing the permeability. When the
groove pattern is manufactured by pressing, there is
a possibility that the groove walls become very dense.
Therefore, dense groove walls can seal the friction material
and friction material becomes almost impermeable.

Some of the pertinent analytical studies for investiga-
tion of wet clutch performance are available in the
published literature. Payvar (1991) developed a numerical
solution of the heat transfer equations with simplified
assumptions for computing the heat transfer coefficient
in the grooved wet clutch. Yang et al. (1995) developed an
axisymmetric model to describe the heat transfer in a wet
clutch. Their predictions of interface temperature com-
pared favorably with experimental measurements. Berger
etal. (1996) developed a finite element model and later on
reported an analytical solution (Berger et al. 1997) for
modeling the torque response of the grooved wet clutch
during the engagement. Jang and Khonsari (1999)
presented a comprehensive model capable of considering
the thermal effect in wet clutches with radial grooves.
Razzaque and Kato (1999a) also developed an analytical
model for the radial and off-radial groove patterns by
applying the narrow groove theory to investigate the tran-
sient engagement characteristic of the wet clutch. The
narrow groove theory is based on the assumption that
the number of groove is large (i.e., the grooves are narrow
enough). They found the orientation angle to be one of the
most important parameters.

Key Application

An automotive transmission is a device that provides
different gear ratios, as well as neutral and reverse between

the engine and drive wheels. It enables the vehicle to
accelerate to a desired speed by converting the torque.
The transmission input shaft connects through the disk-
type wet clutch and flywheel to the engine crankshaft. To
get the vehicle in motion, the transmission allows the drive
wheels to turn slowly with large torque. When the vehicle
is accelerated, the transmission provides less torque but
the drive wheels turn at a higher speed. Four-wheel drive
(4WD) vehicles transfer the torque from the engine to all
four wheels simultaneously and provide better control on
rough roads.

Razzaque and Kato (1999b) presented a model for inves-
tigating the effect of radial and off-radial grooves on the
wet clutch in the disengaged state by neglecting the
squeeze action and focusing only on the hydrodynamic
behavior of the wet clutch. They considered straight
grooves with rounded, trapezoidal, and V-section at dif-
ferent angular orientations. Their results show that com-
pared with rounded and trapezoidal grooves, V-section
grooves produce higher torque and lower flow-rate due to
their smaller cross-sectional area (typically 3/4 of the
cross-sectional area of rounded grooves). They also
showed that rounded grooves produce the smallest viscous
torque and that the flow rate is almost identical to that of
trapezoidal grooves because the cross-sectional area is the
same. Razzaque and Kato showed that the viscous torque
becomes maximum at § = —8°, where f is the orientation
angle. A large number of grooves produce larger viscous
torque. The effect of groove numbers on the viscous
torque disappears at a large 5 value, either positive or
negative. The flow rate is maximum when f = 50°,
where the radial velocity is high. At a higher radius ratio,
defined as the ratio of the inner radius to the outer radius,
the radial span decreases and the interior area is influenced
more by the flows, which causes a drop of the viscous
torque. However, at a large 8 value, either positive or
negative, flows become directional and the effect of the
radius ratio disappears.

Jang and Khonsari (2011) developed a comprehensive
model to investigate the effect of radial grooves and
waffle-shaped grooves on the performance of a wet
clutch. The model was based on the three-dimensional
formulation of the governing equations with provisions
for the thermal aspects. Roughness, centrifugal force,
deformability, and permeability of the friction material
with grooves were taken into account. They showed that
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Wet Clutch Friction Material: The Surfaced Groove Effect, Fig. 2 Analytical model of clutch with radial grooves

effects of groove geometry such as groove depth, grooved
area, and number of grooves on the engagement charac-
teristic of a wet clutch play an important role. Figure 2
shows the schematic of a clutch with radial grooves, where
hgi represent the initial groove depth, h,; represents the
initial film thickness, w, denotes the groove width in
radian, d represents the thickness of friction material,
and ¢ represents the compressive strain and 7 is the num-
ber of radial grooves.

Figure 3 shows how the hydrodynamic film thickness,
relative speed, load, and torque at 2,000 rpm vary with
time. The solid lines represent the thermohydrodynamic
(THD) results with six radial grooves while the dashed
lines represent the THD results without grooves.
Thermohydrodynamic (THD) analysis takes into account
the influence of temperature on the hydrodynamic lubri-
cation process, especially on the viscosity of the lubricant.
Therefore, the energy equation is coupled with the rheo-
logical equations through the temperature-viscosity rela-
tionship. The groove depth ratio is H, = 1 and the grooved
arearatio is ¢ = 0.1. The input data is listed in the paper by
Jang and Khonsari (2011). The dimensionless torque is
definedas T = h,; T / ,u,»b4wi, the dimensionless film thick-
ness is h = h/h,;, the speed is @ = w/w;, and the dimen-
sionless load per unit area is W = W /P,, where y; is the
initial viscosity, b is the outer radius, w; is the initial speed,
and P, is the applied pressure. At the beginning of the
engagement process, the gap between surfaces is filled with
ATF and completely separated without any asperity con-
tact. When the load is applied, the film thickness drops
very rapidly at the early stage of the engagement process.
As the separator and the friction surface come into

contact, asperities begin to support the load and the por-
tion of the load supported by the hydrodynamic load
decreases. For a plain friction surface without grooves,
the hydrodynamic load-carrying capacity becomes nil at
about 0.2 s, the film thickness reaches its minimum, and
the entire load is taken up by the asperity contacts. The
minimum film thickness remains constant until the end of
the engagement process, where the relative speed between
the separator and the friction disks becomes nil. The
relative speed decreases at an approximately linear rate.
For the radial grooves, the hydrodynamic load decreases
continuously until the end of the engagement since the
hydrodynamic pressure is generated within each groove.
Consequently, the engagement time with radial grooves is
longer than that of plain friction surface.

Figure 3 also shows the variation of viscous
torque, contact torque, and total torque. At the beginning
of the engagement, the contact torque increases very
rapidly until the asperity contact starts to support the
applied load.

The contact torque for the plain friction surface with-
out grooves is higher than that of the radial grooved
friction surface since there is less contact area involved.
For a plain friction surface without grooves, it is shown
that the total torque reaches its peak when the film thick-
ness is at its minimum. After reaching its peak, the total
torque remains relatively flat for a length of time, and then
begins to rise gradually as the relative speed between the
two disks decreases. The increase in the torque is
a consequence of the change in the friction coefficient
corresponding to the reduction in the speed, as the
lubrication regime undergoes a transition from fully
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hydrodynamic to boundary lubrication (Khonsari and
Booser 2010). At the end of the engagement the total
torque tends to suddenly increase, which is sometimes
referred to as the lockup torque or rooster’s tail. This
highly undesirable sudden spike of torque can be reduced
by altering the friction behavior.

Figure 4 shows the dimensionless temperature con-
tour at the surface of the friction material at four instances
at 2,000 rpm. The dimensionless temperature ® = ®/@,,
where the initial temperature ®; = 100°C is used in this
simulation. At ¢ = 0.022 s as shown in Fig. 4a, where the
hydrodynamic squeeze action is maximum, the tempera-
ture inside the grooves is clearly distinguishable from the
temperature in the ungrooved area since the flow rate in

1.0

15
Time (s)

20 2.5

ig. 3 Variation of dimensionless parameters at 2,000 rpm (¢ = 0.1

grooves is large at this instant in time. It is shown that the
cooling effect in grooves is reduced as the engagement
proceeds since the film thickness and the flow-rate
decrease after the squeezing motion disappears. Note
that the temperature near the outer radius is higher than
that near the inner radius due to the higher linear velocity.
In the ungrooved area, the temperature remains relatively
constant in circumferential direction due to the rotation
of the disk.

Effect of Radial Groove Depth Ratio on
Engagement Time

Figure 5 shows the engagement time with variation of
groove depth ratio, Hy, grooved area ratio, ¢, and radial
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groove number at 2,000 rpm with consideration of the
viscosity change due to the temperature rise. Also shown
for baseline comparison is the engagement time for
the plain friction pair without the groove, represented by
H, = 0. The engagement time increases as the number of
grooves, 1, increases since the hydrodynamic pressure
generated in each groove contributes to an additional
load-carrying capacity. At the end of the engagement, the
hydrodynamic load becomes nil since the relative speed is
zero and friction pair is locked up. Therefore, at the end of
the engagement the entire load is supported by the contact
load and the film thickness is minimal. The film thickness
with grooves is less than that without grooves due to the
reduction of the contact area.

For shallow-depth grooves, the engagement time
increases with increasing the groove depth ratio, H, due
to the higher hydrodynamic pressure generated within the
grooves. As the hydrodynamic pressure within the grooves
increases, the hydrodynamic load-carrying capacity
increases and, consequently, the contact load decreases
during the engagement to satisfy the force balance.

The net result is a smaller torque and the engagement
time increases to complete the engagement time. How-
ever, beyond a certain value of the groove depth ratio the
squeezing velocity becomes larger and reduction in the
film thickness is faster with increasing the groove depth
ratio due to the less resistance to the squeezing motion.
Therefore, the film thickness approaches its minimum
quickly. Consequently, the contact load becomes larger
and the engagement time decreases.

The engagement time is also influenced by the grooved
area ratio, ¢. The hydrodynamic load-carrying capacity
increases with increasing the grooved area ratio, which
results in a reduction in the contact load and the associ-
ated torque. Therefore, the engagement time becomes
longer. However, the opposite trend is observed for the
shallow-depth grooves.

Compared with the isoviscous results, the THD sim-
ulation results predict that the engagement time at very
shallow and very deep grooves is much greater. Consider-
ing thermal effects, the engagement time is influenced by
the viscosity drop, yielding a smaller hydrodynamic
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torque, leading to a larger engagement time. However, in
the middle range of the groove depth, the engagement
time by the THD simulation is smaller.

Cross-References
» Band Clutch or Brake
» Clutch Friction Materials
» Cone Clutches and Brake
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Synonyms
Fluid clutch; Hele-Shaw clutch; Viscous clutch

Definition

Awet clutch transfers power through mechanical and fluid
couplings by mating rotating friction plates immersed in
lubricant. What differentiates wet clutches from dry
clutches is lubricant between the plates. The inter-plate
fluid plays multiple roles, including torque transfer via
fluid coupling, lubrication, separation of plates without
actuator input applied, flushing particles, and cooling.
A wet clutch solely based on fluid coupling is rare
(Hele-Shaw et al. 1923). Most wet clutches transfer torque
via mechanical friction and fluid interaction. Wet clutches
are typically used in a compact and lubricant-rich envi-
ronment, such as automatic transmission (Deur et al.
2005) because a wet clutch is typically smaller than a dry
clutch, maximum transmittable torque per plate pair is
limited for wet clutches. Multiple plates are often
employed to compensate the limited torque per plate
pair. Actuators are also embedded in the package. Hydrau-
lic or electromagnetic actuators are common due to
the size advantage (Ross et al. 2007). Synchronizing the
timing of clutch engagement is important in many appli-
cations, for example, smooth gear shifting in automatic
transmission.

Scientific Fundamentals

Wet clutches engage in two distinct stages depending on
lubrication regimes: hydrodynamic lubrication and
boundary lubrication. At the beginning of clutch engage-
ment, the inter-plate lubricant fully accommodates speed
differences of rotating plates. The velocity profile and the
external pressure induce normal and shear stresses in
the fluid, which result in thrust and tangential forces on
the plates. In this stage, fluid coupling transfers torque,
with operation similar to hydrodynamic thrust bearings.
Unlike a thrust bearing, the mating surfaces are purpose-
fully rough and flat. Some lubricant becomes trapped in
the valleys of the rough surfaces and moves with the
rotating plates. Because friction surfaces are made of

porous materials, surface pressure and centrifugal force
cause leakage through the circumference of the friction
lining. As the plates are further pressed together by an
actuator, microscopic asperities on mating surfaces con-
tact and transmit torque. Meanwhile the contribution of
fluid coupling becomes small to nil. After engagement, the
maximum torque is largely transferred by contact. Statis-
tical properties of random and complex friction surface
profiles such as centerline average and roughness charac-
terize the relationship between maximum torque and
contact pressure. Lubrication evolves from hydrodynamic,
through mixed, to boundary lubrication. Engagement of
wet clutches differs from dry clutches because of the
transient torque from fluid coupling, and an inherent
time delay due to a squeeze film effect between plates,
influenced by lubricant and surface properties.

Friction surfaces of wet clutches are flat and rough unlike
hydrodynamic thrust bearings. Patir and Cheng’s average
flow model (Patir and Cheng 1979) corrects Reynolds
equation for surface roughness effects on sliding surfaces,
using empirical flow and stress correction factors. Effects
of porous friction linings mandate other correction factors
(Natsumeda and Miyoshi 1994) in the modified Reynolds
equation for most wet clutch models (Berger et al. 1996;
Deur et al. 2005). While the transient response is
influenced by fluid interactions, performance at steady
state depends on contact pressure. The dynamics of film
thickness are affected by rough surfaces and the squeeze
film effects.

Consider two smooth parallel plates 1 and 2 moving at
speeds U, and U, in the x direction. Assuming constant
density p, the Reynolds equation simplifies to

O (K Op\ 0 (RO UGk on
Ox \12n 0x dy \12ndy) 2 0Ox Ot

Average flow g incorporates statistical surface proper-
ties into the Reynolds equation via empirical correction
factors ¢y, calculated by regressing results of computer
simulations wherein surface profiles were numerically
generated in a random fashion based on specified statisti-
cal surface settings. Average flows in x and y are defined as

_ I/5 6p U+ U, - U — U,
B 4 2
q Tanax T 2 hr + ———0¢. (2)
_ B dp
gy = (byﬁ@ (3)
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where ¢, and ¢, are the pressure flow factors in xand y, ¢
is a correction factor for shear flow, hr is the average film
thickness, and o = (6,2 + 5,2)%° is the composite stan-
dard deviation of roughness of two sliding surfaces 1 and 2
having standard deviations of roughness ¢l and &2
respectively.

Pressure flow factors ¢, and ¢, relate pressure-driven
flows on rough sliding surfaces to that on smooth sliding
surfaces. To illustrate shear flow factor ¢, (Patir and Cheng
1979), suppose a rough surface slides against a smooth
stationary surface. Fluid caught in numerous valleys on
the rough surface move with the rough surface, increasing
average flow, giving ¢, > 0. If the rough surface is station-
ary and the smooth surface slides, stagnant fluid in the
valleys of the rough surface impedes average flow, giving
¢, < 0. Considering these corrected flows, the extended
Reynolds equation becomes

2 (R 00) 0 (, ¥ 1)
Ox \ " *12n0x Ay "7 1200y (4)
:U1+U2% UI_UZO_% %
2 ox 2 Ox Ot

where p is the average pressure on sliding surfaces, and
Patir and Cheng’s flow factors are

¢y =1-CeMfory<1 (5)

¢, =1+CH for y>1 (6)
b, (H,7) = d.(H,1/7) (7)

¢, = Va®i(H, ) — Vo ®s(H,7,) (8)

@, = A{H" exp(—o,H +a3H*) for H<5  (9)

(10)
In the foregoing, H = h/o, surface pattern parameter
Y = V054705 Yo.5x and Y5, are 0.5 correlation lengths of

®, = A exp(—0.25H) for H > 5.

surface profiles along x and y directions (characteristic
length at 25% standard deviation), y; and y, are the y of
surfaces 1 and 2, and V,, = (¢,/6)? =1 — V,,. The empirical
flow factor coefficients C, r, A;, o; &, a3 and A, values are
tabulated in Table 1. For an isotropic surface, the surface
pattern parameter becomes unity (y = 1). As a
surface becomes smooth (H — 00), the pressure flow
factor becomes unity (¢, — 1) and the shear flow factor
becomes zero (¢, — 0).

Assuming a uniform pressure distribution along the
moving direction (i.e., 0p/ 0x = 0), the average shear stress
is expressed as

U(Uzh— Ur) (

b + d5) (11)

where shear stress correction factor ¢, accounting for
averaging of local shear stress, is given by
For H < 3,

@:%{(1 —zz)sln<:/-;al>
. {_55 +2(132+ 2(345 + 2(—160 + z(—405 + 2(60 + 1472)))))}]

Oxy =

60
(12)
For H > 3,
35 3 z+1 z
br=3,° {(1 ) ln(z_ 1) —i—1—5{66—i-22(3022 —80) }}
(13)

In (12) and (13), where z = H/3, the empirical
shear stress correction factor ¢4 due to effects of surface
roughness is defined as

b= Vn@s(H,7;) — Vols(H,y,) (14)

®p=A;H™ exp(—a5H+ac6H2) (15)

The coefficients of (15) are tabulated in Table 2.

Wet Clutch, an Introduction, Table 1 Empirical flow factor coefficients (Patir and Cheng 1979)

1/9 1.48 0.42 H>1 2.046 1.12 0.78 0.03 1.856 H>05
1/6 1.38 0.42 H>1 1.962 1.08 0.77 0.03 1.754 H> 05
1/3 1.18 0.42 H>0.75 1.858 1.01 0.76 0.03 1.561 H>05
1 0.90 0.56 H>05 1.899 0.98 0.92 0.05 1.126 H>05
3 0.225 1.5 H>05 1.560 0.85 1.13 0.08 0.556 H>05
6 0.520 1.5 H>05 1.290 0.62 1.09 0.08 0.388 H>05
9 0.870 1.5 H>05 1.011 0.54 1.07 0.08 0.295 H>05
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Wet Clutch, an Introduction, Table 2 Emprical shear stress factor coefficients (Patir and Cheng 1979)

brs

0% Az ay as ag Range

1/9 14.1 245 2.30 0.10 7>H>05
1/6 134 242 2.30 0.10 7>H>05
1/3 12.3 2.32 2.30 0.10 7>H>05
1 11.1 2.31 2.38 0.11 7>H>05
3 9.8 2.25 2.80 0.18 7>H>05
6 10.1 2.25 2.90 0.18 7>H>05
9 8.7 2.15 297 0.18 7>H>05

Wet Clutch Model
Consider two circular disks immersed in lubricant, one
stationary and the other rotating at angular speed .
A friction lining is attached on the stationary plate, and
an external force is applied on the other plate, as shown in
Fig. 1. The diagram shows one pair in a multiple clutch
disk pack, often employed in real applications. Fach pair
of a separate plate and a core plate with a friction lining
can be modeled based on this simple two-plate model.
Assuming fluid density p constant, the extended
Reynolds equation in cylindrical coordinates can be
stated as

10 ([ 0ROpY 10 (6K 0p
ror\ n, Or r200 \ n, 00

B Ohr 94, Ohr

(16)

Considering the centrifugal force acting on the fluid,
permeability f of paper facing, strain ¢ of paper facing
along the lining thickness d, and the exuding velocity u, of
fluid from the surface of porous and compressible paper
facing, (16) revises to (Natsumeda and Miyoshi 1994)

10 {r{¢_h3+ 12pd(1 — s)} 8p]

ror [, N JOr

1O [(ph 128d(1—¢)) Op
+ﬁ%[{n—s+T 90
=3 et L2 (O _ 99
_IOd)pwhrar(ns %\ 0 ~ 70

BET (96

(17)

where u, is the Darcian flow velocity on the small
sector-shaped column having the same height as that of
paper facing,

M

Lubricant

Porous

Wet Clutch, an Introduction, Fig. 1 A schematic diagram of
wet clutch model (Note that the clutch is submerged in the
lubricant)

///////////////////////

10 [rd(1—g)\0p 1 0 [d(1—¢)0p
”Z_ﬂ{rar{ N }8r+r280{ N, 00
oe 1 1 (4dz
+da and asz; (18)

Deur et al’s wet clutch model will simplify (17) into
(25), based on the following assumptions:

1. Film thickness h is constant over a normal clutch,
giving
Oh Oh o
_— = —= S — 1
a0~ or 0md 5y =0 (19)
2. Average film thickness in tangential and radial direc-
tions (Patir and Cheng 1979)

ET:hg(h)—i-\/%ef% and g(h) :% {1 —l—erf(%)]

(20)
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is constant, and thus

Ohy _ @0 Ok _ ) O1 _( Ohr O

o SWap g — 8 Mg =07, =g =0
(21)

3. Lubricant viscosity is uniform over normal clutch
area, giving

0= N = Tl (22)
4. Compressibility of paper facing can be neglected,
giving
Oe
~0and — =~ 0 23
e~ 0and o (23)

5. The centrifugal term pw” can be neglected because of
a minuscule amount of fluid trapped between clutch
plates. Instead add the Beavars and Joseph velocity slip
term for radial flow at the permeable boundary. The
Beavars and Joseph factor with slip coefficient X is
defined as

1
ﬂB}(h) = m

The modified Reynolds equation simplifies to
oh oK [10 12pd\ Op
ot Tang(h) [?5{’(1 3y (55 o

19 128d\ 9p
+ﬁ%{(1+37137(h)+7)%}:|

The external force F,,,

hydrodynamic pressure force and the asperity contact

(24)

(25)

balances with the sum of

force, giving

Fyp :JJ pdA—i—JJ pcdA
Ay A,

The mean contact pressure on the paper facing is
defined as

(26)

pe = Ee— E,ﬁ—; (27)
where A, is the real contact area, A, = n(V* — a?) is the
nominal contact area, € is the strain in the thickness
direction, and E, is the Young’s modulus of the paper
facing. According to Kimura and Ohtani (1991), typical
values are E = 31 MPa and E, = 27 MPa.

The contact pressure can be calculated based on the
Greenwood and Williamson model (Natsumeda and

Miyoshi 1994):

pe(h) = \/gENrao {e*hz/z”z - g \/gerfc (%)} (28)

where E is the Young’s modulus, N is the asperity density,
and r, is the asperity tip radius.

For an ungrooved clutch, the pressure distribution on
tangential direction is assumed to be uniform. After
applying 0p/00 = 0, the Reynolds equation (25) further
simplifies to

oh oK’ 128d\ (10 [ dp
" Tang(h) (1 3 () + 55 >{?a (f@}

(29)

Accompanying (29) are boundary conditions on
pressure at inner and outer radii

p(r=a)=0andp(r=b) =0. (30)

Solving the above boundary value problem for
pressure p(r) yields

p(r):[ﬁqs(l?f{l+3nB](h)+l§#H_l )

dhl [, , o In(r/b)
Ei(r + (b 7a)ln(r/a)7b)

The pressure in the radial direction has a slightly
asymmetric parabolic distribution. Applying the pressure
distribution to (29), the dynamics of the squeeze film
becomes

% = [% (1 + 315 (h) + 12}%)] (Uh;Q) ”A pdA
- L (++2m0055)  (55)

X (Fapp — Aupe(h)) (32)
where
4 4 2012 2 2 232 4 2 2
Q=12n bl—a' (b’ —a’) (V¥—-2a’) b —la
16 8 161In(a/b) 8
(33)

Film thickness can be estimated by solving the initial
value problem with initial condition:

h(t=0) = hy (34)

The clutch torque transfer per pair is the sum of the
asperity contact torque T oniacr and the viscous torque
Tyiscouss §IVING

21 b
Telutch = Tcontact + Tviscous = $gN(®) L J rup.rdrd0

a

+ E Jb () O rina (35)
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After the integration of (31), the total torque from
Ny identical clutch pairs is

v —a

Tclutch = _Nf Sgn(wd) (27[)#1)5

bt —at bp— g
4 19Ty

(36)
—(2m)

The external force in (26) can be calculated with the
actuator dynamics typically approximated by a first-order
equation

tyPapp + Papp = Py (37)

The time constant ¢, determines the bandwidth of the
actuator.

Simulation Using the Wet Clutch Model

Key equations for numerical simulation of the wet clutch
model were provided in previous sections, including
(32) for film thickness and (37) for applied pressure.
Not introduced was the rotor dynamics, which depends
on the application. To illustrate the nonlinear characteris-
tics of wet clutch engagement, the wet clutch model in
Fig. 1 was simulated. Surface properties and initial clear-
ance hy between clutch plates were assumed known before
simulation. The detailed parameter values can be found
at (Choi et al. 2010). Film thickness h, applied pressure
Py, and clutch slip speed w, are to be determined.
The simulation procedures with relevant equations are:

1. Given the initial film thickness h, and surface proper-
ties, calculate the correction factors:

d(h)y=1—Ce ™ fory=1 and
g(h) :% [1 + erf(%)} where H = h/o

For H< 3

,E L 2\3 z+1
¢f7322 (1 z)ln<g/3o_>

—55+2(132+ 2(345 + 2(— 160
+ 2(—405 + z(60 + 147)))))

60
For H>3
235 [0 2 (P 4 2 g6 2 (302
¢f732z{(1 2) ln<2_1>+15{66+z(302 80) }

where z = H/3
¢p= (Vi1 = Va) @i(H,y = 1) where
Oy = A;H™ eXP(—OCSH + O€6H2)

1
7731(}1) :W

2. Calculate the clutch torque

v —a

3
b5 — dﬂ
h

Telutch = — Nf [sgn(a)d)(Zn),upc

bt —a*

- (m)

nwga

3. Given initial & and P,,, and pressure input command
P, integrate the following equations:

tpPapp + Papp = Pu

h3
X (m) (ApPapp - Anpc(h)>

bt —at

2012 _ 2
whereQ:ZTc( _a(b «)

16 8
B (b2 _ az)z B bt — a2
161n(a/b) 8

4. Integrate the rotor dynamics for the slip speed wy
(note f(t) depends on the application)

Jog=f (TC)
5. Repeat steps 1-4 until the final time is reached.

Figure 2 presents simulations of clutch engagement
actuated by step inputs in pressure. Figures 2a—c show
transient responses of film thickness, slip speed, and
applied pressure to a step of 100 kPa (i.e., P, = 100 kPa)
applied at t = 0; different curves pertain to different values
of time constant t,. The pressure rises in Fig. 2c are typical
of a first-order linear time invariant system, with different
time constants. As the applied pressure pushes the two
plates together, initially the film thickness rapidly
decreases, but then slows due to squeeze film effect between
plates. Meanwhile, the difference in rotational speeds
between the two plates steadily diminishes. The speeds of
the various transient responses are not proportional to the
corresponding time constants of the linear pressure
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Wet Clutch, an Introduction, Fig.2 Wet clutch engagement simulation

dynamics, because the dynamics governing film thickness
are highly nonlinear. Figures 2d—f show the effects of
magnitude of input pressure P, on film thickness and
slip speed. Here t, = 50 us only. Figure 2d shows that
a larger input pressure magnitude renders a smaller ter-
minal film thickness. Note that the rate of slip accommo-
dation increases as the pressure magnitude increases.
However, the relations are not proportional to the magni-
tude of input pressure, due to the nonlinear behavior of
film thickness.

Key Applications

As shown in the previous section, wet clutch engagement
is a nonlinear process affected by film thickness, slip speed,
lubricant property, and contact surface conditions.
Because of the complexity, control of wet clutch engage-
ment for most applications has been limited to a torque
switch or a torque limiter. However, affordable digital
computers have enabled recent torque vectoring mecha-
nisms such as active differential (Ross et al. 2007), which
requires the precise control of clutch torque and slip
speed. Typical applications of wet clutch include torque

limiter, motorcycle clutch, shifting mechanism in auto-
matic transmission, primary clutches in dual clutch trans-
mission, torque vectoring mechanism for 4WD vehicles,
and active limited slip differential.

Cross-References

» Asperities

» Average Reynolds equations

» Friction

» Lubricant Viscosity

» Lubrication Regimes

» Lubrication with a Newtonian Fluid

» Reynolds Equation

» Stochastic Contact Theories: Theories of Surface
Roughness and Applications to Contact Mechanics

» Surface Characterization and Description

» Transmission Lubricants
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information from the measurement of an optical intensity
as a function of a relative displacement of an optical
component.

Michelson Interferometer

The general principle of white light interferometers can be
explained by the example of the well-known Michelson
interferometer, shown in Fig. 1.

In a Michelson interferometer the light is split into
beams, one into the measurement arm to the object and
one into a reference arm with a flat mirror. The reflected
light from both arms is superimposed. The interference
occurs for white light only, when the optical path lengths
of the measurement beam and the reference beam are
nearly matched and if the optical path lengths of the two
arms differs less than half the coherence length of the light
source. An object surface having features of different
heights leads to a phase pattern that is mixed with the
light from the flat reference in the camera image sensor
plane. Each pixel of the CCD samples a different spatial
position within the image of the object surface. So the
complete area within the field of view is detected. A typical
white light correlogram (interference signal) is produced
when the length of the reference or measurement arm is
scanned by a positioning stage through a path length
match. By scanning (changing) the measurement beam
path length, e.g., by moving the reference surface, a
correlogram is generated at each pixel of the detector
camera when the path-length condition is met and
moved through. The width of the resulting correlogram
is the coherence length and depends strongly on the spec-
tral width of the light source. The interference signal of
a pixel has maximum modulation when the optical path
length of light hitting the pixel is exactly the same for the

Mirror

Sample

reference and the object beams. Therefore, the z-value of
a surface point imaged by this pixel corresponds to the
z-value of the positioning stage when the modulation of
the correlogram is greatest. The results of all pixels
together lead to the topography of the complete area.
The lateral positions of the height values depend on the
corresponding object point that is imaged by the pixel
matrix.

These coordinates, together with the
corresponding vertical coordinates, describe the surface
topography of the object.

The Twyman—Green interferometer (Fig. 2) is a special
configuration of the well-known Michelson interferome-
ter, considering the light source as point source. A coaxial
telecentric setup is best for the 3D-profiles of larger
areas and also allows measurement of or within deep
cuts or drillings without shadowing. Theoretically the
z-scan-range is only limited by the scan-stage, which is
typically either a high-accuracy stepping motor for larger
scan-ranges or a piezo-stage for smaller displacements.
Due to the small aperture of a telecentric setup, however,
the optical lateral resolution is poor against microscopic
setups (Fig. 3) according to Eq. 1 (Abbe or Rayleigh
criterion)

lateral

- )

2n sin o

The difference in lateral resolution is clearly shown in
the example (Fig. 3) of a nebulizer for medical applica-
tions: With the large field of view the shape and form can
be measured with a high z-resolution, but the small holes
of the nebulizer cannot be obtained; with a microscopic
system, however, you can see the holes within the same
sample with its material throw-off.

Camera

White Light Source

White Light Interferometry, Fig. 1 Setup of a Michelson interferometer
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White Light Interferometry, Fig. 3 Profiles of a nebulizer (picture from the sample) (a), 3D-profile with a white light
interferometer with a large field of view (b), and with a microscopic setup (50x objective). (c) Interferometer with

Microscopic Setups

In order to visualize microscopic structures, it is nec-
essary to combine an interferometer with the optical setup
of a microscope. Such an arrangement is shown in Fig. 3.
This setup is similar to a standard optical microscope. The
only difference is an interferometric objective lens. The
optical magnification of the image on the CCD does not
depend on the distance between tube lens and objective
lens if the microscope images the object at infinity. The
interference objective is the most important part of such

a microscope. Different types of objectives are available.
With a Mirau objective, as shown in Fig. 4, the reference
beam is reflected back in the direction of the objective
front lens by a beam splitter. On the front lens there is
a miniaturized mirror of the same size as the illuminated
surface on the object. Therefore, for high magnifications,
the mirror is so small that its shadowing effect can be
neglected. For lower magnifications a Michelson interfer-
ometer is integrated into the objective. Moving the

W 4117
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White Light Interferometry, Fig. 4 Schematic layout of an
interference microscope with a Mirau objective

interference objective modifies the length of the measure-
ment arm. The evaluation of the correlogram finally
leads to the topography. In general, white light interfer-
ometers are optical instruments that superimpose refer-
ence light with light reflected from the sample surface to
obtain the sample’s surface topography from the resulting
correlogram.

Measurement
To determine surface heights the camera frame output is
processed pixel by pixel. No phase-related pixel to pixel
information is required. For the measurement the surface
is scanned over the interesting z-range and for every step
the intensity of the superimposed light from both paths is
recorded from every camera pixel with a certain frame rate
(given by the camera type) and exposure time (given by
the user).

The user has in addition the choice of the step-width:
A larger step-width of the stage means shorter measure-
ment time and a small step-width more accuracy, but also
more disturbing environmental influences caused by the
longer measurement time. The best results are obtained
with a short coherence length, an optimized sampling step
size, good vibration isolation, and high contrast. The best
contrast values are achieved when the intensity of the light
from both beam paths is the same. Some white light
interferometer devices allow the adjustment of the

intensity of at least one path. In general, smooth objects
show the most cooperative surfaces. Industrial suppliers of
white light interferometers specify the resolution of their
instrument by measuring the 3D-profile twice (or even
more) under the best environmental conditions and
subtracting the first from the second. The result is more
or less the noise-value, which is typically in the
subnanometer-range. The traceability is ensured by height
standards from the National Bureaus of Standards. The
analysis described in the VDI guideline 2655-1-1 (VDI
guideline 2655 part 1.1 March 2008) gave an uncertainty
for step measurements of 5.5 nm. The advantage of white
light interferometers against classical interferometers,
however, is their ability to characterize both rough and
structured surfaces. Such surfaces very often show variant
reflectivity from different areas of the surface, which
require different exposure times of the camera. Here very
often a technique similar to HDR (high dynamic range)
techniques of digital image processing systems is used. The
smart surface scanning technique, which scans the sur-
faces two or more times with different camera exposure
times and then chooses the result with the best contrast.

The quality and shape of the correlogram have a major
influence on the system’s resolution and accuracy. The
most important parameters of the light source are its
wavelength and coherence length. The coherence length
defines the width of the correlogram, which again depends
on the spectral width of the light source.

To understand the difference between the classical and
a white light interferometer the following consideration
might be helpful: The superposition of two waves with
slightly different wavelengths results in a beat signal, and
superposition of five or ten waves with slightly different
wavelengths leads to a superposition with a pronounced
maximum (see Fig. 5). A broadband light source emits
light of many different wavelengths, thus generating
a correlogram without side-lobes. In other words, in
a white-light interferometer only in the small range of
the coherence length all wavelengths have almost the
same phase conditions as at the light source and therefore
all wavelengths interfere, whereas outside the range the
phases and the interferences are randomly distributed and
no interference can be observed.

For a more detailed calculation of the relationship
between correlogram width, coherence length and spectral
width a Gaussian spectrum of the emitted light is
assumed, which is a good approximation for a light
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White Light Interferometry, Fig. 5 Interference of waves with 2 (a), 5 (b), and 10 (c) different wavelengths

emitting diode (LED). In Fig. 6a the spectral density
function (Eq. 2) for a Gaussian spectrum is shown. The
normalized spectral-density function is defined according
to Eq. 2, where Av is the effective 1/e-bandwidth and vy is
the mean frequency.

_ 1 Vv — Vo) 2
50 = e ()

In Fig. 6b the corresponding intensity modulation is
shown to be substantial only in the neighborhood of
position z,, where the reference and object beams have
the same length and superpose coherently.

The z-range of the positioning stage in which the
envelope of intensity modulation is higher than 1/e of
the maximum value determines the correlogram width.
This corresponds to the coherence length because the
difference of the optical path length is twice the length
difference of the reference and measurement arms of the
interferometer.

(2)

The relationship between correlogram width, coher-
ence length, and spectral width is calculated for the case of
a Gaussian spectrum, which is a good approximation for
spectral distribution of an LED.

According to the generalized Wiener—Khintchine the-
orem, the autocorrelation function of the light field is
given by the Fourier transformation of the spectral density
(Eq. 3), which is measured by interfering the light field of
reference and object beams.

o0

k() = / S(v) exp(—i2mve)dv

—00

= exp(—m*T*AV?) exp(—i27mvot)

©)

In the case that the intensities in both interferometer
arms are the same, the intensity observed on the screen
results in the relation given in Eq. 4

I(z) = IoRe{l + k(1)} (4)
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White Light Interferometry, Fig. 6 (a) Spectral density function of the light source. (b) Light intensity as a function of z- path

difference

Here Iy = Iopj + Lier where Iy and I are the light
intensities from the measurement arm and the reference
arm, respectively. The mean frequency vy = ¢/Aq can be
expressed by the central wavelength, and the effective
bandwidth by means of the coherence length L., L. =
c/tAv. From Egs. 3 and 4 the intensity on the screen can
be derived (Eq. 5), taking into account that T = 2-(z—zo)/c,
with ¢ being the speed of light.

2
Z—1 zZ—1
_4( I ) ]cos<4n%(p0))

Accordingly, Eq. 5 describes the correlogram as shown
in Fig. 3b. One can see that the distribution of the intensity
is formed by a Gaussian envelope and a periodic modula-
tion with the period A/2.

In practice, however, phase shifts at the object surface,
inaccuracies of the positioning stage, dispersion differ-
ences between the arms of the interferometer, reflections
from surfaces other than the object surface, and noise in
the CCD can lead to a distorted correlogram. While a real

I(z) = 1o (1 + exp

correlogram may differ from the result in Eq. 5, the result
clarifies the strong dependence of the correlogram on two
parameters: the central wavelength and the coherence
length of the light source.

Computation of the Envelope
The envelope function (Eq. 6) is described by the expo-
nential term of Eq. 5.

E(z) = exp [—4 (Z ; Z°> 2} (6)

The software calculates the envelope from the
correlogram data. One commonly used principle of the
envelope calculation is to remove the cosine term of Eq. 5.
With the help of a Hilbert transform the cosine term is
changed into a sine term. The envelope is obtained by

summing the squares of the cosine and sine-modulated
correlograms (Eq. 7).

(o) ]oei)
(oo () | sn(se52))

(7)

Knowing the center frequency of the light, another
approach can be used by fitting a cosine function with
the given central wavelengths of the white light to the
measured intensity of a pixel. By this, the maximum can
also be determined. In addition, for smooth surfaces it is

E(z) =

more accurate to look at the zero-crossing of the cosine
curve next to the maximum of the envelope. By a phase
unwrapping algorithm known from the classical phase
shift interferometery you can trace the order for connected
surfaces. This tracing is necessary to avoid influences from
the optical parts like, for example, dispersion in the beam
splitter. For non-connected surfaces or surfaces with steps,
a combination of both is done by the software. These are
only examples for evaluation. Industrial suppliers of white
light interferometers very often use patented algorithms,
which might differ. In general, the uncertainty of the
calculation of the envelope maximum depends on the
following:

e The coherence length.

The sampling step size of the correlogram.

Deviations of the z-values from desired values (e.g.,

due to environmental conditions like vibrations).

e The interference contrast and the roughness of the
surface.

The former part describes a common evaluation
algorithm as an example. Other algorithms, such as
the more noise-resistant algorithm for the estimation
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White Light Interferometry, Fig. 7 Profile of brake discs before (left) and after treatment (right)

White Light Interferometry, Fig. 8 Abrasion of a friction pad
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White Light Interferometry, Fig. 10 3D-profile of a Bio-MEMS

of the overall signal position using the centroid posi-
tions, are described in the ISO 25178-604. An important
and more precise evaluation algorithm only for smooth
surfaces combines the envelope evaluation with the
phase estimation. In short, the envelope determines the

fringe order and the evaluation and the height determi-
nation is done by interference phase estimation as in
classical interferometers. This results in a better resolu-
tion, however, the roughness must be smaller, for exam-
ple, A/10.
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For a good signal to noise ratio of the measured
intensity values, it is important to have a high interference
contrast. To achieve this, the filters in the reference and
object path must be adapted to the reflectivity of the
surface and the camera exposure time is chosen to make
best use of the dynamic range of the camera.

It should be noted that the determination of the mea-
sured z-point is more accurate than the chosen step
widths of the stage. Typically a step width of around
100 nm, which gives a reasonable number of measurement
points within the correlogram, leading to a resolution of
about 1 nm.

Measurement Examples and
Applications

In tribology one of the most important tasks is the
“before-and-after” determination. The advantage of
white light interferometry is the characterization of fine
structures before and after treatments. Examples of mea-
surement data for a brake disc are shown in Fig. 7 and the
abrasion of a friction pad in Fig. 8.

Very often, the exact determination of volumes is
required. An example surface from a ball on disc test is
shown in Fig. 9. A repeatability and reproducibility mea-
surement shows a volume of the groove-like depression of
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White Light Interferometry, Fig. 11 Honed surface and pore distribution
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White Light Interferometry, Fig. 12 Flatness measurement on a surface at a depth of >40 mm below the top

2.971 x 10”2 mm®. Other parameters like material distri-
bution, height analysis, etc., can also be determined in an
easy way and are more precise than a volume determina-
tion with a microscope, and a 3D-profile includes more
detailed information on the structure.

Quantitative defect analysis, illustrated in Fig. 10 with
the example of a Bio-MEMS surface, is common.

Figure 11 shows a honed surface. The 3D-profile
shows the surface structures and a pore analysis of this
surface.

Of course the determination of the Abbott curve and
the material distribution is also possible. Because the
vertical precision for measurements with white light inter-
ferometers is independent from the field of view, the
flatness, parallelism, or step height measurements can be
done accurately for larger areas. In addition, white light
interferometers with a telecentric beam-path can also
characterize deep-lying areas, as is shown in Fig. 12. Resid-
ual grooves from the machining can also be seen.

Software algorithms allow the exact determination of
the zero-level or the subtraction of the form. An example
with a curved surface is shown in Fig. 13, where the
curvature is subtracted. The reduction of the roughness
on the treated part of the surface is clearly obtained.

In general, the determination of roughness parameters
is quite important. Dynamic sealing surfaces, e.g., require
a certain roughness; smooth surfaces lead to unwanted
adhesion effects, rough surfaces to higher friction. Unfor-
tunately results obtained by optical methods don’t agree

completely with the results of standardized tactile measure-
ments due to the different lateral resolution. This, however,
is only half of the truth, because artifacts like spiking or the
batwing effect, so called because of the shape of the error,
also influence the result. The batwing effect is shown in
Fig. 14, measured on a grating with a grating constant of
200 um and a step height of 80 nm, is usually explained as
additional interference between different heights of the
surface within the lateral resolution of the white light
interferometer. Therefore, this typically occurs on edges
(for more detailed see Leach and Brown 2008). White light
interferometry does not give the correct surface height at
the positions close to the step even if the step height is
significantly greater than the coherence length.

This height enhancement effect also occurs on rough
surfaces with their random height distributions, but it is
not so clearly visible as on steps within smooth surfaces.
A quantification of this effect can be seen in Fig. 15,
a measurement on a grating with a grating constant of
80 um and a step height of 80 pm, measured by a large area
white light interferometer with a optical resolution of
about 40 pm. Depending on which location of the grating
is imaged to the pixel, an enhancement can be obtained or
even no steps can be resolved.

The core idea to achieve comparability is to determine
a short cut-off wavelength down to which the spatial
frequency components of the surface topography are mea-
sured in a correct way (de Groot and Colonna de Lega
2006). The determination of the transfer function is
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White Light Interferometry, Fig. 13 (a, b) Abrasion of a curved surface
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White Light Interferometry, Fig. 14 Topography of a grating showing the so-called “batwings”
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White Light Interferometry, Fig. 15 Measurement of a grating with a grating constant of 80 um with a 40 um optical resolution
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White Light Interferometry, Fig. 16 Determination of the transfer function and calculation results

demonstrated in Fig. 16 with a cut-off wavelength to be
about 200 pum for the present instrument with the lateral
resolution of 40 pm. The result using this transfer function
is shown in Fig. 16.

For microscopic systems the cut-off wavelengths is
smaller and on the order of the radius of a tip of
tactile measurements or shorter. For comparability, the
device-specific transfer function with the longest cut-off
wavelength has to be applied on both. This procedure
will be described in VDI guideline 2655-1-3 or in ISO
25178-604 (2012) in more detail.

Summary

White light interferometry is a fast and versatile tool for
the characterization of surfaces with high z-resolution. It
is independent from material, composition, and nature of

the surface. It delivers a complete 3D-point cloud of the
surface for further evaluations.

All images courtesy Polytec GmbH, Waldbronn,
Germany; www.polytec.com
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Definition

Work of adhesion and work of cohesion are concepts
introduced by wetting phenomena of liquids on solid
surfaces. In order that these two concepts can be demon-
strated clearly, wetting phenomena are introduced briefly.

There are many wetting phenomena of liquids on solid
surfaces in everyday life. Water on a lotus leaf takes the
shape of a water bead, and the water bead may roll off due
to the force of gravity. If a person immerses his hands in
water, a layer of water will dampen them and they will
believe that their hands are wet. These are two of the most
familiar examples of wetting and nonwetting. When
a piece of waxed paper is removed from water, the water
film immediately formed at the surface of the waxed paper
will rupture into water beads. On the other hand, if an
identical piece of waxed paper is removed from oil, the
oil film will spread and become very thin without oil
beads forming. Wetting is one of the most conventional
phenomena we encounter in life and in industrial produc-
tion. In many applications, such as washing, flotation of
minerals, dyeing, the production and use of paint,
water-resistant coatings, and bonding-resistant coatings,
the wetting of liquids at the surfaces of solids plays an
important role.

At the macro-scale, wetting is the process of one
fluid replacing another fluid on the surface of a solid.
From the angle of micro-scale, the fluid, which dampens
a solid, contacts with the molecules at the surface of the
solid after replacing the other fluid originally existing at
the surface of the solid. There are no molecules of the
replaced fluid between the solid and the replacing fluid.
The most common wetting phenomenon is one liquid
replacing air from the surface of a solid, for example,
a drop of water spreads, replacing air at the surface
a pane of glass. In 1930, Osterhof and Bartell divided
wetting phenomena into three types: adhesion, immer-
sion, and spreading.

Adhesion

If one liquid phase (L) and one solid phase (S) combine as
in Fig. 1, this process is called adhesion. The result is that
the solid-vapor and liquid-vapor interfaces disappear,
producing one new interface of solid-liquid.

Immersion

As shown in Fig. 2, a cubic solid (S) is immersed into
a liquid (L). If all the gas at the surface of the solid is
replaced by a liquid, this process is called immersion.

Spreading

Place a drop of liquid at the surface of a solid (shown in
Fig. 3). If the liquid drop automatically spreads into a
liquid film under constant pressure and temperature,
this process is called spreading.
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Work of Adhesion and Work of Cohesion, Fig. 1 Adhesion
process

L

Work of Adhesion and Work of Cohesion, Fig.2 Immersion
process

IR

Work of Adhesion and Work of Cohesion, Fig. 3 Spreading
process

Fundamental Definition
When a liquid contacts with a solid, the wetting of the
liquid at the surface of the solid changes depending on
the properties of the interface between the liquid and the
solid and those of their respective surfaces. Some
liquids drop into a solid and become small, round beads
(e.g., a mercury drop on a desk surface). There are also
some liquids that can spread into a layer of liquid film
(e.g., dropping water on a piece of purified glass panel).
Under constant temperature and pressure, the
interfaces of gas-liquid and gas-solid are transformed
into a liquid-solid interface, which is shown in Fig. 4.
Given that each interface has a unit area, the change of
Gibbs’ free energy for this course can be expressed as

AG = Vies — ’ygfs - 'Vg,I (l)

— s

—

&
P2
v

Work of Adhesion and Work of Cohesion, Fig. 4 Wetting
process of liquid on the surface of solid

WH =-AG= yg—s + yg—l — Vs (2)

where y,_, 7, and 7;_ represent the Gibbs’ free energy
of gas-solid, gas-liquid, and liquid-solid interfaces, respec-
tively. W, is called work of adhesion, which is the maxi-
mum value of work done to the outside by the system in
the course of liquid-solid adhesion. The larger the value of
W,, the more easily the liquid wets the solid and the
stronger the bonding at the interface of the liquid and
the solid.

When two liquid surfaces are transformed into a liquid
pillar, the change of Gibbs’ free energy can be expressed as

AG=0-2y, (3)

Wc = _AG = z’yg—l (4)

where W, is called work of cohesion, which is the measure
of the solid degree of the liquid combining itself.

Scientific Fundamentals

If A, B represents a liquid (L), a solid (S) separately
(shown in Fig. 5), and Wus > Wy, it can be deduced
that y; > (ys — ys) from formula Wyg = y5 4+ 74 — Vap
and Wy =2y, where  Wyuu, Wap,y 1,y 675057857 47 aB
represent the work of cohesion of A, work of adhesion of
A and B; surface tension of L, S; interface tension of S-L;
surface tension of B, A; and interface tension of A-B
respectively. Only if the wetting angle is not equal to zero
can this condition be satisfied. Therefore, one may
conclude that if a kind of binder cannot be spread
automatically, it cannot bond (crack of adhesion) before
it cracks (crack of cohesion).
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Work of Adhesion and Work of Cohesion, Fig.5 A mode for
analysis (a) before and (b) after the separation of A and B

Return to the definitions of work of adhesion and work
of cohesion. One wonderful feature is that the work making
the divided molecules move is connected with the interfacial
tension. It is worth noting that the energy that depends on
the distances of molecules is the potential energy of the
molecule. Postulating that the work driving the cylinder
material apart is just the change of the potential energy of
molecules, the method can be obtained from which the
correlation between interfacial tension and effect of molecule
can be established. The potential energy between molecule
iand j can be expressed as:

6
! a
when |rij’ >0j, ¢ = alj{r—’j}

il < a3 ¢ = +oo

()

where ¢;; is the characteristic energy, rij| is the distance
between the mass centers of molecule i and j, and o; is the
characteristic length, which is the distance between the cen-
ters of molecule i and j when they contact with each other.

The first part of the potential energy is the negative
value and is inversely proportional to the hexa-power of
the distance of the molecules, which is called the dispersive
potential energy of van der Waals or London force. It
represents the absorption force between two molecules.
The second part of the potential is positive, which repre-
sents the repulsion force between two molecules. In fact,
this suggests that molecules should be hard balls and
should not pierce each other. Figure 6 is the mode of the
molecular potential, which is also the plot of formula (5).

G | o

A < i >le LN
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< | ».
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Work of Adhesion and Work of Cohesion, Fig. 6 Mode of
molecular potential energy

When i = j, the nearest distance between molecules is o
(i.e., the diameter of one molecule). When i # j, generally
ojj = 1/2(0ii + 0j). Sometimes, it is more appropriate
to take a,f =1/2(0;? + ajf). It should be pointed out
that these two forms both are approximate values.
The simple blending rule for dispersive energy is
&5 = (euey) /"

Formula (5) is applicable to nonpolar molecules. It
can be written in a more appropriate form as follows:

inif;
when ‘rij’ > ajj, qi),] = — ”‘:’f|’; ©)
i
when ’r,ﬂ < ajj, (f)ij = 400

where n; and #n; are the mole number of matter i and j in
unit volume respectively, f3j; is a new constant, and the
unit of qﬁij is energy/(volume of i)/(volume of j).

The absorption force between A and B, for unit area at
a plane interface, is (—nnanpfap)/(12045%), which is
determined by employing the formula for interactional
energy by Hamauer. In this circumstance, the potential
energy can be represented as (—mnanpf,p)/(12H?),
where the least value of h is 645 (i.e., the beeline between
molecule A and B). At this time, A and B is considered as
hard ball.

If the molecules of A and B are uniform, the work that
causes the system to be divided into two parts along the
plane A'B’ can be represented as:

Waa? = 2y,¥ = (the interactional energy for two mol-
ecules with infinite distance) — (the interactional energy
for two molecules near to each other)
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There is no interaction when the distance between two
molecules is infinite (h = co). Thus,

Waad =2y," = % (7)
where the superscript d represents the contribution of
interface tension and work of adhesion to the
dispersive potential energy. If the molecules are not
polar, Was = Wyu? and y, = 7,% Paddy examined the
above relationship, whose correction improved upon the
potential energy of molecules, liquid theory, and so on.
He found that the theoretical value of interface tension for
liquid-vapor is consistent with the corresponding experi-
mental value.

Similarly, work of adhesion can be expressed as:

a_ TangPap
Wap® = ———. (8)
120 AB
One conclusion for the above equation is that when
oap ~ 0 and o4 ~ opg = o (i.e., the sizes of molecules

are comparable),
Waa” 2 2(7,%95%) /.
If molecules A and B interact only by dispersion effect,
Was = Was” 2 2(7,%5)"°.

Taking this into the formula Wy =y, + 75 — Yup>
then

). (9)

This is Fowkes’ equation, which is a special circum-
stance of the more general Girifalco-Good equation.
However, it is worth noting that (9) is derived when
A and B interact only by dispersion effect. If A and B are
both nonpolar (i.e., y, = 7, and y5 = 759
as follows:

Yap = Va+ 75— 2(0a

, (9) changes

VaBp = 7Va TV — Z(VAVB)1/2~ (10)

Furthermore, when either A or B is nonpolar (i.e.,
their interaction is nearly only by dispersion effect), (9)
is very close. In fact, if A and B are both polar and A is
a solid, (9) is also correct. In this case, the main polar
interaction energy is zero and the dispersion interaction is
overwhelming.

Good-Girifalco Relationship

If two surfaces contact with each other and there is no
interaction of molecules at the interface, the interface
tension can be expressed as

Yi2 = V1 + 72

In fact, it is impossible that there is no interaction of
molecules at the interface region. Thus, work of adhesion
can be defined as the reduction of Helmholtz free energy
caused by interaction of molecules while two surfaces
contact with each other:

Wo=7y1+7 7o (11)
So,
(12)

This formula, proposed by Good, suggests that the
interface tension should be related to the work of adhesion.

Yz ="1 72— Wa

Work of adhesion can be considered as the reversible work
required when one interface is separated into two surfaces.

Similarly, work of cohesion is the reduction of
Helmholtz free energy when two similar surfaces adhere
together to obtain one uniform object:

(Wo), = 2yy,and (W), = 27,. (13)

Work of cohesion is also the reversible work required
when one uniform object is cut so as to reveal two
new surfaces.

Researchers, including Good and Girifalco, proposed the
ratio of work of adhesion to the geometric mean for work of
cohesion of every bulk phase, which is signified as ®:

(W)
[(Wo) (We)y] 2 "

Taking this formula into formula
Girifalco’s equation can be obtained:

O =

(12), Good and

T2 =71+ 72— 20(017)", (15)

PRVRICATARVE o
and ® = Oy D, Oy =20V iy
vl Bv = U T ()

L) o + oty + 2 ()

é061062(

b =

12
(Gt 2+ 8oty 2+ 250)

= 21z (Aard)
(16)

where V is the mole volume after interaction, r is the
distance between two molecules, I is ionization energy, o
is polarizability, y is permanent dipole moment, and 4 is
a constant for molecular attractive force.

It can be seen from formula (16) that @4 is closely
related to the polarity of material. 4 obtains its maxi-
mum value when the materials of two phases have the
same polarity (i.e., @4 is equal to 1). If the polarity of the
two phases differs more greatly, the value of ®4 becomes
smaller. If both the two phases have no polarity,
=y = 0. So,
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_2(LL)"?

- 17
A (17)

When I, = L, &4 = 1.

The smaller the distances between molecules, the more
closely @y approaches to 1.

From the Good-Girifalco relationship, it can be seen
that when the parameter @ of the interaction between two
phases increases, the interface tension reduces. The closer
the polarity of the two phase materials, the lower the
interface tension. Therefore, interface tension is mainly
controlled by the polarity of the two phases.

Theoretical Relationship of Relative Polarity
Because the interaction forces between various molecules
can be added together linearly, the whole attractive
interaction constant of one matter is the result of the
contribution from the attractive interaction constant for
each type, which is expressed as

/{12 = l]zd + /l]zp R , (18)

where the superscripts d and p represent dispersive force
and permanent dipole moment, respectively.

Fowkes believed that the work of adhesion across one
interface between two phases is the simple sum of the work
of adhesion produced by every specific type of interaction
between molecules, which is expressed as

Wo = W+ W+ WP+ W W W W,
(19)

In the formula, W,4, W,", wW,», W,’, W%, w,%,
and W,° represent the work of adhesion produced by
London dispersive force, hydrogen bond, dipole-dipole,
dipole-induced dipole, 7 bond, donor-acceptor bond, and
electrostatic interaction, respectively.

Work of cohesion can be transformed into a formula
similar to (19) and (W¢), = 2y,, so surface tension can be
expressed as

n=EntEnt A (20)

The influential interaction force, happening between
two different phases across the interface, should be one of
those types of interaction forces that are commonly
possessed by the two phases. For example, dispersive
force is common to various materials. Thus W, is one
of the dominant items on the right side of (19). If one of
the two phases only has the interaction of dispersive force,
W, mainly consists of w4

Generally, surface tension can be expressed as the
whole contribution of two parts (i.e., dispersive force
and dipole moment):

p=7" 490 (21)

In the same way, work of adhesion can be also
expressed in a similar form as

W, = W7 + w,P. (22)
So, formula (12) can be written as
Y2 =71+ 72— W' — WP, (23)
Geometric Mean Equation
From the formula
9, = i /3217
work of cohesion can be also expressed as follows:
(W), = nm*iq1 /1677 (24)

Strictly in accordance with the same method,
employing the equation

y = nn*)/32r7,

the work of adhesion for two phases can also be calculated.
The result is similar to (24):

(Wﬂ)IZ = Tty n2i12/161’122. (25)

Good, Girifalco, and others proposed formula (14).
After ten years, they reexamined some demonstrations
relevant to the relation between the attractive interaction
constant A1, 427, and 4,5 in this formula and deduced that
if there is only the dispersive force interaction between

molecules, their relation can be expressed as
hz = (o) 2. (26)

This formula is the geometric mean relationship.
Merging this formula into formula (14),

112
= . (27)
(’12)2
Combining formulas (12), (13), and (14),
S Wl 2 V)
o= YRR (28)
2(1172)
So,
W, = Zq)(VlyZ)l/za (29)
Wad = Zq)(yldyld)l/za (30)

W, = 20(y,Pp,7)"/2. (31)

From this it can be known that work of adhesion and
work of cohesion can be also represented by the surface
tension of each phase and the interface tension. When the
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system interacts via the dispersive force, the constants
relevant to the attractive interaction can keep the geomet-
ric mean relation, and the value of ® obtained is in the
range of 1 & 0.2. Thus, formula (23) transforms as follows:

2 =71+ 72— 200D = 200, P0,P)

This formula is the geometric mean equation. It is
satisfactory to speculate the value of the interface tension

(32)

between low and high surface energy materials from the
equation.

According to the above finding, when the attractive
interaction of dipole moment takes place at the interface
of the involved systems with the equal interaction of
dipole moment occurring at the interface of two phases,
and the dispersive force is nearly equal, the value of ® in
(28) tends to 1. When the interaction of the aforemen-
tioned molecules across the interface is controlled by the
interaction of dispersive force, the value of @ is 1. If there
is polar force at the interface, and the interactions of both
dipole and dispersive force between the two phases are not
equal, the value of @ is less than 1. The closer the polarity,
the higher the value of ®.

Harmonic Average Equation

Wau believed that the harmonic average relation is equiv-
alent to the geometric mean relation. Therefore, the con-
stant of the attractive interaction at interface can be also
defined as /,," = (- + 7=). When phases 1 and 2 possess
similar polarity, the work of adhesion can be expressed as
the harmonic average of the work of cohesion as follows:

d __ 2(‘/‘/de)l X (WCd)2 _ 4y1d’))2d (33)
a - 9
(ch)l + (ch)z Vld + VZd
W, p_— Z(Wfp)l X (WCP)Z — 4y1]7y217 (34)
(WeP)y + (WeP),  miP +9)P
So,
4V1dV2d 4y, Fy,P
Yo =71 +7, — — . 35
e By Ry Sy (35)

This formula is the harmonic average equation. It is
relatively satisfactory to speculate the interface tension of
the materials of low surface energy from the formula.

Key Applications
The conclusion that the harmonic average relation and the
geometric mean relation are equivalent, is derived from

the fact that there is no obvious difference between the
results obtained by employing the constants of the attrac-
tive interaction of these two relationships separately. It is
more accurate to calculate the interface tension of poly-
mers by the harmonic average equation than by the geo-
metric mean equation for a polar-polar polymer system.
But it is simple to calculate by employing the geometric
mean equation.

Applying either the geometric mean equation or the
harmonic average equation, one can only detect the con-
tact angle of the tested liquid on the surface of a standard
solid, which possesses the composition of dispersive
force (e.g., refined solid paraffin), or test the contact
angle of a saturated hydrocarbon homologue droplet on
the surface of a solid possessing polar composition
(e.g., cellulose diacetate film). Then, solving relative
simultaneous equations respectively, one can determine
the values of ¥ and 7? of each solid or liquid and calculate
the correlative values of interface tension according to
these values.
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