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Simulations of Scuffing Based on a Dynamic System Model
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Abstract: Scuffing, a magjor cause of failure in auto-
mobile engines, is considered as a dynamic process in
this study. Loca adhesions may occur randomly in lu-
bricated contacts due to the existence of asperity contact
and breakdown of lubricating films. Scuffing would take
placeif thelocal events develop rapidly into alarge-scale
plastic deformation and catastrophic failure. A system
dynamic model established in the present paper alows
one to predict dynamic behavior of a tribological sys
tem through numerical solutionsof agroup of differential
equations. Results show that a transition to adhesion be-
gins when the surface temperature goes beyond a critical
value, followed by a rapid growth of the adhesion area.
To understand the mechanism of scuffing, further inves-
tigationsare required.

keyword: scuffing, surface temperature, dynamic sys-
tem, catastrophic failure

1 Introduction

The study of scuffing can be traced back to more than
fifty years ago (Blok, 1937), and great efforts have been
devoted to thisinvestigation. Experiments have been car-
ried out on various types of equipment, under different
operating conditions, and for different materials. Numer-
ous scuffing criteria have been proposed based on ex-
periment data. While the studies accumulated valuable
knowledge, the mystery of scuffing remains unsolved,
and design engineers have to largely relay on their ex-
periencesto prevent the disastrousfailure.

A remarkable feature in the study of scuffing is that con-
fusions and controversies have hung over this research
area for many years. The occurrence of scuffing has
been attributed to different sources such as instability of
hydrodynamic films (Johnson et al., 1988) desorption of
active chemical species (Spikesand Cameron, 1974), de-
struction of surface films (Cuotiongco and Chung, 1994),
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material plastic flow (Hirst and Hollander, 1974), or ac-
cumulation of subsurface damages (Ludma, 1984). Pro-
posed criteria for scuffing show a great variety, includ-
ing the critical surface temperature (Blok, 1937), max-
imum PV or PVT values, friction power intensity, sub-
surface stress, plasticity index, or a combination of tem-
perature, stress and material property (Sheireton et al.,
1998a and 1998b). In fact, there islittle agreement even
on what scuffing is or what its appearance is (Sheireton
et a., 1998a). In a well-known definition, scuffing was
described as a “localized damage caused by the occur-
rence of solid-phasewelding” (Peterson et al, 1982), but
Ludema (1984) believes it should be “a roughening of
surfaces by plastic flow”.

The confusions have slowed down progresses in scuff-
ing investigation. It is therefore necessary to state a few
notionsrelated to thistopic.

Itisunlikely to expect that scuffing can only start from a
singleorigin. On the contrary, it may initiate from differ-
ent sources, depending on the operating and lubrication
conditions, but ends up with the final failurein a similar
form - alarge scale welding. Furthermore, scuffing could
be excited by random sources, such asaflash temperature
or local damages caused by debris.

Scuffing is a process that undergoes successive but dif-
ferent stages. Confusionsin the study of scuffing result
partly from a misunderstanding that takes a phenomenon
in a certain stage of the process as a genera feature of
scuffing.

The process of scuffing is dynamic in nature. It could
either proceed rapidly from a local damage into a large
scale welding, or be stopped suddenly at any stage of the
course and switch to arunning-in process. A remarkable
common feature of scuffing isthat it goesto a non-linear
instability and catastrophic collapse at the final stage of
the process.

Based on these considerations, we are trying to develop
atheoretical model in this paper to characterize scuffing
as a dynamic process. Numerical simulations have been
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performed on the basis of the dynamic model, and re-
sults show that in addition to load and dliding velocity,
the environmental temperature plays an important rolein
the occurrence of scuffing. It has to be emphasized that
scuffing is an extremely intricate phenomenon, and what
we have done hereis only thefirst step in modeling such
a complicated process.

2 A dynamic mode of scuffing

The dynamic model established in the present study is
for applicationsin design of piston-cylinder assembly. It
is therefore assumed that two lubricated surfaces are in
dliding contacts and scuffing may develop in the region
of mixed lubrication. The contact geometry of the system
is schematically shownin Fig.1.
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zone (Q2)

Real contact

X

(b)

Figure 1 : Contact geometry and real contact area

The studies on rough surface contact have shown that a
nominal contact zone, predicted by the classical theory
of elasticity for smooth Hertz contact, is different from
the real contact area formed by interacting asperities. In
most circumstances, the real contact area takes only a
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small portion of the nominal zone, as illustrated by an
enlarged view in Fig.1(b). Suppose that information on
film thicknessis available, the real contact area, A, for a
stationary elastic contact can be estimated by integrating
the areaswhere h is zero.

A= [ F(noy (1)
Q

where Q denotes the area of the nominal contact zone
and F(h) isatopological function defined as

0O when h>0

1 when h=0 2

F(n = {
Asperity contact does not necessarily mean a metal-to-
metal adhesion if surface films or absorbed species re-
main at the contact areas. When these protective sur-
face layersdisappear for some reasons, such as high tem-
perature, plastic deformation, etc., a transition from lu-
bricated contact to a microscopic adhesion takes place.
Hence, the area of adhesion between two contacting sur-
faces can be calculated based on eguation (2) but with a
small modification.

Av= [ R(T,p2o)F (h)xly ©
Q

where A, defines the area of metal adhesion or so called
‘coldwelding’, and R(T, p,t¢) isatransition function that
describes how many percentages of the real contact area
have been converted into direct metal contacts, due to
destruction of adsorbed layer or surface films. In gen-
eral cases, atransition from lubricated contacts to metal
adhesion can be caused by severa factors, such as the
increasesin temperature T, normal pressure p, or tangen-
tial stress tc. In applications to piston-cylinder assem-
blies where contact pressure is relatively small, it is as-
sumed that the stress-induced transitions are negligible,
and temperature becomes the only cause to initiate adhe-
sion. Under this assumption, the transition function R(T,
p,tc) hasthe simplest form of

0O when T<T,

1 when T>T; “)

RT) = {
This expression suggests that the transition to metal ad-
hesion occurs at the locations where the local tempera-
ture exceeds a critical value, and above the critical tem-
perature, the adhesion area would be independent of T.
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Equation (4) contains considerable simplifications of
course. First, adhesion may be caused by intense contact
pressure. The criterion for the pressure-induced transi-
tion relates to the material property, which has not been
included in equation (4) due to the assumption of mod-
erate contact condition. Secondly, the adhesion area may
keep growing after the transition, or may develop into a
large-scale plastic deformation under the combined ac-
tion of temperature, pressure and subsurface stress. In
other words, the value of the transition function could
exceed unity, increases continuously, and experiences a
second catastrophic change. A full analysison the nature
of the transition function may require an understanding
of the material behavior under high temperature and ex-
treme stress, the discussionsin this paper are limited to
the contact-to-adhesion transition caused by temperature
only.

In the present model, scuffing is assumed to initiate
from the metal adhesionsin microscopic scale. For ma-
chine components in contacts under normal operation,
the value of A, used to be small, but the microscopic
adhesions may be or may not be developed into scuff-
ing, depending on whether A,, remains stable or grows
rapidly. In thissense, the prediction of scuffing becomes
amatter of determining the value of A, and itstime evo-
lution.

According to equation (3), the adhesion area A,, depends
on four factors: surface temperature T, normal pressure
p, film thicknessh and tangential stresst.. Therefore, the
primary task in scuffing predictionisto calculate the dis-
tribution and time evolution of the four variables, which
can be achieved by solving following equations.

2.1 Surfacetemperature

Theoretically, the surface temperature Tcan be deter-
mined from the equation of heat conduction for solid
bodies,
piCi dT

k ot =V Vi

(5)
with a boundary condition specified as

Al

= Aigqtki (T, —Ty) at the contact surfaces (6)
0z z=0,h

In equations (5) and (6), the subscript i=1,2 referring to
the two surfaces in contact, p; , Ciand k; stand for the
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density, heat capacity and conductivity of the materials,
A is a coefficient providing the heat partition between
two surfaces, and q is the heat generated by interfacial
friction, expressed in the form of

q=upV (7)
where p denotes the friction coefficient, p is the normal
pressure distribution, and V standsfor a sliding velocity.

2.2 Normal pressure

There are two types of pressure coexisting in mixed lu-
brication, generated by hydrodynamicflow or by asperity
contact, respectively. Hence, thenormal pressure, p, may
be obtained through the Reynolds equation or solid me-
chanics. In the present study, a new approach presented
recently by Hu & Zhu (2000) will be employed, which
provides normal pressure distributionsover the entire re-
gion of mixed lubrication by solving the Reynolds equa-
tion and its reduced form.

9 p__p i(ph?’ap)
oX M ox ay 12n dy
a( h
- (h>0) ®
and
oh oh
U&—I—§_O (h—0) 9)

Questions may arise for the creditability to use equation
(9) in the regions of boundary lubrication. However, we
believe that as film thickness decreases, the pressure dis-
tribution obtained from Reynolds equation will converge
to that predicted by the theory of elastic contact, pro-
vided the difficulty in numerical solution can be over-
come. Thisnotion has been clarified by recent numerical
studies, more details can be found in references (Hu and
Zhu, 2000).

2.3 Filmthickness
Film thicknessis given by the following expression.
h(x,y,t) =

hO(t) + G(X7 y) + B(Xv yvt) +V (X7 yvt) (10)
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Inthisexpression, G(x,y) isafunction describing the ge-
ometry of contact bodies, 6(x,y) denotes the amplitude
of composed surface roughness, the third term, V (x,y, t),
represents surface deformation caused by the normal
pressure, and hp relates to the surface distance to be de-
termined through load balance.

w=/bmwww (11)
Q

2.4 Tangential stress

Asdiscussed previously, anominal contact zone hasto be
divided into severa parts with different lubrication con-
ditions. Asaresult, the value of tangential stress, which
changes from one region to another, can be described by
the following expression.

HiP
Tc=9§ HbP
HaP

The four variables are strongly coupled with each other,
so that equations (5) through (12) have to be solved si-
multaneously and a numerically.

for hydrodynamic lubrication
for boundary lubrication
for adhesion area

(12)

Equations (3) through (12) present a dynamic model,
which provides an opportunity for a numerical simula-
tion of scuffing process if the convergent solutions are
available within an acceptable computation time. Un-
fortunately, the simulation has been limited to the early
stage of the process in this paper, due to the difficulty in
establishing a mathematical expression for the transition
function R(T,p,¢).

3 Determining surface temperature

As stated in the previous section that temperature distri-
butions on contact bodies could be determined through
anumerical solution of the equation of heat conduction,
but it require a huge amount of computational work, es-
pecialy when the flash temperatures with sharp spark
and very short life are concerned. Since our major in-
terest is the surface temperature, a technique called the
‘transient point heat source method’ (Carslaw and Jaeger,
1986; Qiu and Cheng, 1998), has been employed in this
study to save computation times.
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Consider two bodies in a point contact as shown in fig-
ure 1, in which the two surfaces move aong the x di-
rection with velocities V1 and V,. Suppose an instan-
taneous point heat source of strength g(x’,y’,t")dx'dy’dt’
emitted at position (x',y') and timet’ with no heat losson
the boundary. The temperature rises caused by the point
heat source was derived by an analytical solution of the
equation of heat conduction (Cardaw and Jaeger, 1986).
For adistributed heat source, the overall temperature rise
at the position (x,y) and timet can be determined con-
sequently, by integrating the elemental temperature rise
over the spatial domain Q and timeinterval (0, t), which
gives an expression in a non-dimensional form of

| O(%..1)dedydr
()37

7 jow

In the above equation, the subscript i=1,2 refers to the
two surfaces in contact, f; (X, ¥, ') denotes the heat par-
tition coefficients that describe how the heat is assigned
between two surfaces, and the heat flux density caused
by friction can be determined through equation (7) where
the friction coefficients p have different values in differ-
ent regions, as expressed in equation (12).

The pressure distributions, to be used in calculation of
heat flux density g, were obtained with the program de-
veloped by Hu & Zhu (2000), which gave the solutionsof
Reynolds equation (8) and itsreduced form (9). The heat
flux partition coefficients f;(X,y,t') were determined by
acondition of temperature balance.

Dividing the spatial domain Q and time period (0O, t) into
M xN elements and P time intervals, respectively, equa-
tion (13) for the temperature rises may be rewritten into
adiscrete form.

Mz

. P
Ti(x .0 =),

k=1i

Z fi(i7j7

0j=0

k)q(lvjvk) Xci(ivjvk)

(14)

where Ci(i, j, k) is the influence coefficient representing
the temperature rise at (X,y), caused by a continue unit
point heat source emitted &t (i, j) and in the timeinterval
k.
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In order to improve computational efficiency, a moving
grid method, used by Ren & Lee (1993) in calculation of
elastic deformation, was applied for constructing the in-
fluence coefficient matrix for temperature determination.
More details on the numerical approach can be found in
Liuet al. (2001).

4 Resultsand discussions

The process of scuffing has been studied numerically by
examining the surface temperature, the area of adhesion
and their time evolutions. Asapreliminary effort in mod-
eling of scuffing, the adhesion triggered by plastic defor-
mation and the final system collapse due to high tem-
perature and stress were not considered. All computa-
tionswere performed for point contacts, in which an infi-
nite smooth plane dlid under a stationary spherical body,
whose surface might be either smooth or superposed with
a 2D sinusoidal waviness (Fig.1). Different initial body
temperatures were applied in order to check their influ-
ences on scuffing process. The duration of the process
under investigation was 0.236 second, divided into 60
timeintervals. Asanumerical example to show the capa-
bility of the model, values of u¢, W, and |y, correspond-
ing to the friction coefficients in the regions of hydrody-
namic lubrication, boundary lubrication, and metal ad-
hesion, were chosen from generally accepted database.
Other parameters used in calculations are listed in Table
1.

Table 1 : Parameters used in computations

Item Value
Load W 800 N
Rolling velocity U 100 mm/s
Geometry Ry, Ry 19.05mm
Amplitude of wavinessc 0.4 pm
Wavelength w,, wy 0.5a°
Lubricant viscosity no 0.096 Pas
Pressure-viscous coef. 0g18.2 GPa~! | 18.2 GPa !
Young'smodulus E/ 219.78 GPa
Friction coefficient i 0.05
Friction coefficient p, 0.1
Friction coefficient i, 04
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4.1 Resultsfor a smooth contact

To verify the model and the numerical approach estab-
lished in the previous sections, the first numerical ex-
ample is designed for determining temperature rise in a
smooth dry contact, i.e., both surfaces are smooth, no lu-
bricant exists, and the normal pressure obeys a Hertzian
distribution. Initialy, the lower surface was dliding in
a constant velocity. The friction coefficient between the
two surfaces is assumed pp=0.1. After a period of time
(thirty time steps), the sliding was suddenly switched off,
and the system relaxed towards the equilibrium. Fig.2(a)
gives a temperature distribution on the stationary body,
calculated for a given initial temperature T,=25C"° and
at the time just before the switch-off of sliding (time step
= 30). The shape of temperature distribution looks simi-
lar to that of normal pressure, which can be explained by
the factor that the pressure dominates the density of heat
generation. The maximum surface temperature, which
appears near the center of contact circle, has been plotted
in Fig.2(b) as a function of time. One can see from the
figure that the surface temperature rises in a very short
time and then disappears quickly after switching off the
diding. It hasto be noticed that the quick response of the
system reflects the nature of surface temperature while
the body temperature is expected to take much longer
time to reach the equilibrium.

4.2 Temperaturein mixed lubrication

In thiscase, an isotropic 2D sinusoidal waviness, with an
amplitude of 6=0.4 um and wavelength of wy=w,=0.5a,
has been superposed to the surface of the stationary body
while the lower smooth plane remains in the same dlid-
ing velocity. When lubricant exists, the numerical analy-
sis shows that the two surfaces are in a regime of mixed
[ubrication with afilm ratio of A=0.13, and areal contact
area of 47% (Hu & Zhu, 2000). Fig.3 gives the results
obtained at the initial temperature of T,=25C°. Fluctu-
ations in temperature distribution, due to the interacting
asperities, are observed in Fig.3(a). However, the gen-
era trend of the maximum temperature is similar to the
smooth case that the surface temperature rises quickly
and reaches a stable value, as shown in Fig.3(b). In this
calculation, no transition to adhesion is observed, that is,
all asperities are in lubricated contacts. As a result, the
maximum temperature is stabilized at a relatively lower
level (Ts~ 120C°).

It was found during the computation that the stable value
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Figure 2 : Temperature in a smooth point contact: (a)
A 3D view of temperature distribution (T, = 25C°, time

step = 30) (b) maximum temperature vs. time

of the maximum temperature depended strongly on the
initial temperature Tp. For this reason, we did the same
calculation as that presented in Fig.3, but with a higher
initial temperature T, = 110C° . In this circumstance, a
critical surface temperature T, for the transition from lu-
bricated contacts to adhesion has to be specified. Unfor-
tunately, the value of T¢ would not be available until ase-
ries of carefully designed experiment was conducted and
the mechanism of the transition wasfully understood. To
exhibit dynamic behavior of the system, however, a ten-
tative value of T, = 200C° has been used in the present
study. The resultsin Fig.4(a) show that the temperature
distributionisin a similar shape with that in Fig.3(a), but
it is stabilized at a higher level. Fig.4(b) gives the max-
imum temperature as a function of time from which one
can see a step jump in Ty, indicating that a transition
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Figure 3 : Temperature in mixed lubrication: (a) A 3D
view of temperature distribution (T, = 25C°, time step =
60) (b) maximum temperature vs. time

takes placewhen Tk reachesthe critical value. Thetime
evolution of the adhesion area, Ay, has been also plotted
in the same figure, which demonstrates that the adhesion
develops rapidly after the temperature goes beyond the
critical value, and al the real contact areas have been
transited into adhesion within a very short time. Based
on the numerical results, contour plots of the adhesion
area at different times have been displayed in Fig.5 that
illustrates the development of adhesion.

Fig.4(b) and Fig.5 show the initiation and development
of metal-to-metal adhesion. Furthermore, the effect of
theinitial body temperature can be observed by compar-
ing Fig.4 and Fig.3. For a given combination of mate-
rials, contact geometry, surface roughness and operation
conditions, there may be a threshold of the initial body
temperature, beyond which the adhesion will initiate and
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Figure 4 : Temperature in mixed lubrication: (a) A 3D
view of temperature distribution (T = 110C°, time step
= 60) (b) maximum temperature vs. time

then grow up quickly.

It is assumed that if surface temperature goes below the
critical value, lubrication film will be automatically back
in function, healing the adhesion spot. However, this
self-healing process was not observed in the above exam-
ple, partly dueto the stationary roughnesswas employed.

Finally, the numerical resultspresentedin Fig.4 and Fig.5
may not reproduce a complete scuffing process since
both temperature and adhesion area were stabilized again
after the transition. The adhesion area can be further ex-
panded by a large friction force or shear stress, and the
high temperature may soften material, leading to alarge-
scal e plastic deformation under the action of normal pres-
sure and shear stress. Most likely, there will be another
transitionin thelater stage of scuffing, whichleadsto the
final collapse of the system. Thiswill be the next target
of the investigation.

5 Conclusions

In the present study, scuffing is considered as a dynamic
processthat initiatesfrom local or microscopic adhesions
and ends up with a large-scale welding. A dynamic sys-
tem model has been established, which allowsto predict
dynamic behavior of a tribological system through nu-
merical solutionsof a group of differential equations. To
improve the computational efficiency, a transient point
heat source method has been introduced in evaluation of
surface temperature. Results show that a transition to ad-
hesion begins when the surface temperature goes beyond
acritical value, and the adhesion area grows rapidly. We
realize that scuffing is an extremely complicated phe-
nomenon, and the present work is only a preliminary
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effort to develop a humerical model that describes the
early stage of the process. To understand the mechanism
of scuffing, further investigationsin both theoretical and
experimental aspects are required.
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