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Doris Kuhimann-Wilsdorf

University Professor of Applied Science

Department of Materials Science
University of Virginia
Charlottesville, VA 22901

In the previous contract period, experimental as well as theoretical re-

search has been carried out.

of a novel testing apparatus which promises to reveal hitherto inaccessible

details on the surface condition of materials during sliding.

The former has concentrated on the development

It employs si-

multaneous measurements of the coefficient of friction and the electrical con-
tact resistance, using a  “soft" set-up and following the momentary variations.
.This research has not yet yielded reportable results but progress is most en-

couraging.

Theoretical work has been devoted to theory of plastic deformation, and
a review on workhardening theory has been written due to be published in Trans.
Met. Soc. While this is progressively leading to a deeper understanding of
metal plasticity, and in this much is valuable, no particularly noteworthy new
results have emerged.
Of by far the qreater interest in connection with the nresent contract

theme, namely friction and wear and surface processes qoverning these, has

been the research embodied in the two extensive papers which are appended

herewith. As is seen from these, it has been possible to derive rather sim-
ple analytical, closed equations for the evaluation of the momentary temper-

ature at contact spots during sliding.
case of concurrent friction and Joule heating, as presented in the-third,

—shorter enclosed paper, which has been subm1tted to the WEAR QF MATERIALS -

1985 conference.

»

This theory has been extended to the
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DE-MYSTIFYING FLASH TEMPERATURES - II APPLICATION TO HEATING THROUGH FRICTION

AT PLASTICALLY DEFORMED CONTACT SPOTS

by
D. Kuhlmann-Wilsdorf
Department of Materials Science
University of Virginia, Charlottesville, VA 22901

Abstract

In Part I expressions for the flash temperatures at elliptical contact
spots, ATe,were derived. They were uniformly found to be proportional to
q, the rate of heat evolution per unit area of contact. In the case of fric-
tional heat, q is proportional to the velocity of sliding, v, and also de-
pends on the total force, P, exerted between the two relatively sliding ob-
jects and the number, N, of contact spots at which they touch. For plastic-

ally deformed contact spots (which is by far the most frequent case) the

following expressions are found, using the listed symbols. For the charac-

teristic velocity v, = KlVHNHS//F = p/V/P; for the flash temperature in gen-

eral

AT, = (u/PHs7TrN v//\l)/(l/ZOS+)\r/So) = (WH_v_/c;0,)/(1/Z_S+A S )
where z (v <2) = l/(1+vr/3), z (v 22) = (9/8)/(/\7:+ 1//8),
S(v 1) = S = 4/30/0+e37% 13y (14173374 and

3/4

S(v_21) = (e”“+e1/“//83r)/(1+e /VBv )

for the flash temperature at very low speeds for circular contact spots

ATo(vr<<1)=u/PHs/nN v/(xl+x2) = juvP v,

for the flash temperature at very high speeds for circular contact spots

2.3 1/4 — 1/4 ~
A = YV = .
uTo(vr>>l) (9u/8kl)(KlHSP/nN) v guP vV

and for the flash temperature of circular contact spots at v =1,

(1)
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AT (v =1) = (uHs/olcl)/(4/3+Xr) = bu .

The model is expanded to include that in actual fact the heat is evolved
in a narrow zone in the softer material just below the contact spot. For

that case a maximum attainable temperature (if below the melting point) is

found, of roughly
ATmax = u(lOw/3)Hs/pscs = fu, attained at a speed in the order
of 100v .
o
In order to assist in the practical application of the above equations,
tables are presented of approximate values of the parameters p, j, g, b and
f for a number of metals and three non-metals. Pin/disk asymmetries arise
because at high speeds the heat flow is practically independent of the pin
material but isdetermined by the substrate, unless it is a very poor heat con-
ductor compared to the pin.
Lastly, in case that the contact spot moves relative to both sides, with
speeds vy and Vo i.e. relative velocities V.S K,R and v_,= K2/R where

1 r2
R = VF7ﬂ, it is, in general,

8T, = BRI vADIZ (S () + A /2,05, )]

(ii)

TA
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List of Symbols

Radius of circular contact spots

Parameter for the computation of ATo(Vr= 1)

Workhardening coefficient

Specific heat

Ratio of axes in the direction of sliding and at right angles thereto
of elliptical contact spots
Parameter for the computation of ATmax
Area of contact spot

Parameter for the computation of ATo(vr>>l)

Hardness of the softer side

Parameter for the computation of ATo(vr<<l)

Sliding distance

Width of the deforming zone on the soft side in units of a
Measure of the thickness of the deforming zone on the soft side
Number of contact spots

Parameter for the computation of v,

Average normal pressure at contact spots (equal to HS in case of
plastically deformed contact spots).

Normal force between two sliding solids

Normal force at single contact spot

Tangential force at single contact spot

Heat input per unit area and unit time at contact spots
Characteristic dimension of contact spots

Shape factor for elliptical spots in relative motion

Shape factor for elliptical contact spots at rest

Characteristic time interval

(iii)
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R TM Melting temperature
ATO Flash temperature of circular contact spot at vr-value indicated,
or else for v = vy
AT = uH Chara isti
ch u s/olcl haracteristic temperature
ATe Flash temperature of elliptical contact spots
ATh Flash temperature at high speeds
ATJ Flash temperature at low speeds
ATmax Maximum temperature within the deformed zone of the soft side
v Velocity
v . Speed at which in the high-speed approximation AT would be
crit max
reached
v, = K/R  Characteristic velocity
v, = v/vo Relative velocity
v Heated volume
Win Mechanical energy input into one contact spot
in Rate of energy input to one contact spot
Y = erO Function used by Jaeger (2) to express the velocity dependence
of flash temperaturms in case of friction heat.
Zo Function used to compute the velocity dependence of flash temp-
; eratures of circular contact spots
’
' Z at high d
- a speeds
8 %o o 2t high sp
.
- Z. Z at low speeds
b L0 (o]
p.
N z Coordinate normal to the interface
%
¢
r, z Depth below contact spot on the softer side at which shear is at
[
1 maximum
S
T iz Depth to which the heat diffusion front has penetrated into the
4 -
€
g substrate
-
& iv)
(iv
L
L_-‘-- I R T S S AT S P . S R SR A VS U P LA S




Subsurface shear strain on the soft side

Subsurface shear strain at zo

Coefficient of friction
Subsurface shear stress on the softer side

Critical resolved shear stress of the softer material at small

.”'-- e e i sl Dat Mg Bamh gt Boe e e 4

. .

B Y

E 's

: K Heat diffusivity
u

i T
T
o]

shear strains

Subsurface shear stress on the softer side at depth z,

Subscripts

Referring to substrate

Referring to asperity side

Referring to number of contact spots

Referring to circular spots, except for v, which is applicable

also to elliptical spots.

(v)
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De-Mystifying Flash Temperatures - II Application to Heating Through Friction

at Plastically Deformed Contact Spots

by
D. Kuhlmann-Wilsdorf
Department of Materials Science

University of Virginia, Charlottesville, VA 22901

Introduction

In part I the basic equations for the flash temperatures, AT, of ellip-
tical contact spots were derived. Invariably AT was found to be proportional
to q, the rate of heat input per unit area of contact spot. When heating is
due to friction, q is proportional to the velocity. Specifically, for a
contact spot of characteristic radius R and ellipticity e = A/B, with A
and B the axes in, and at right angles to, the direction of sliding, respect-
ively, we have in accordance with Fig. 1, with R = /K_, and PN the normal force

q = UPNV/TTRZ = upv , (1a)
where E is the average normal pressure over the contact area.

The value of ;'depends on conditions. When PN is gradually raised from
zero pressure, E'increases until it reaches the Meyer hardness, H, (see ref. 1).
Within a fairly narrow margin that pressure is then maintained until the
contact spots have spread to the point that they occupy a sizeable fraction
of the macroscopic contacting area and they begin to interact. In the typical
sliding situation the actual contact area is much smaller than the macro-
scopic area of contact and, conversely, the normal forces exerted are large
enough to cause local plastic deformation at the contact spots of the softer
side. In these cases, then,

q = uH_v (1b)

with . the coefficient of friction and v the sliding speed. The otherwise
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redundant subscript s is used here as a reminder that Hs is the hardness of
the softer side, whether it be the asperity or substrate side.

In the following we shall examine the flash temperatures arising in this
condition of plastically deformed contact spots, with particular emphasis
on unlubricated "adhesive' wear between metals.

The Basic Equations

a) Circular Contact Spots

Fur unlubricated "adhesive" wear with plastically deformed contact
spots, the relative motion between the two sides is accomodated through sub-
surface shear in the softer side aeccording to Fig. 2. We shall defer discus-
sion of the consequences of the fact that the heat is developed within
either the asperity side or the substrate side, and shall for the time being
revert to the model of Fig. 1 in which the heat is evolved in the interface.
We may then write for the flash temperature of a circular contact spot of
radius a = /F/T = R and area F, in accordance with eq. 1 of Part I,

AT = uHsRv/(Al/ZOH\Z) s (2)

where the symbols are mostly the same as in part I. Specifically, X is the

thermal conductivity and Zo is a function of relative velocity, Vs

v, = v/vo = v/(Kl/R) (3)
where

v, = (Kl/R) = Kl/plclR . (4)

Here <l is the thermal diffusivity,pl is the mechanical density, and c1 is

the specific heat of the substrate side, - meaning the side relative to
which the contact spot moves, while it is stationary on the asperity side,
As was shown in part I,

z (v <2) = Z,, = 1/(1+Vr/3) (5a)

B i atraa g |




and

Zo(erZ) = Z

ho (9/8)/(er+l/V8) (5b)

which for quite large values of v, reduces to
(5¢)

>> = 2
Zo(vr 1) 9/8vvr .
Introducing the relative thermal conductivity of the asperity side as
A= A (6)
the characteristic temperature rise as
&T = HH Rv /A) = pHs/plcl, (7)
and the function

Y=vz2, (8)

a> used by Jaeger (2), we can rewrite eq. 2 into the more convenient form

AT = AT /(LY /v ) = ATchvr/(l/zo+xr), (9a)

Fig. 3 shows ATO/ATC as a function of Ar and Vs using Z_ according

h

to Jaeger's computation (Fig. 7 of ref. 2) as reproduced in Fig. 2 of Part I.

As seen, for small speeds, when Zo=l,AT /ATCh rises linearly, namely as
0

(ATO/ATCh)v<<vo= er1+Ar) (9b)

and at intermediate and high speeds when eq. 5b applies,

(“o/“ch) = vr/[ (8/9) (/Gr+1//§)+xr] (9¢)

v22v
)
in accordance with the corresponding expressions for Z, (eqs. 5b and 5¢).

b) Elliptical Contact Spots

Tor elliptical contact spots the appropriate expression for the flash
temperature is, corresponding to eq. 35 of Part I,

STL/IT = L/L/YS+A /S v ) = v [(1/Z S+ /S ). (10)

The shape factor S was derived in Part 1. For vrzl it is

g _v'y"




S(v_21) (el/4+el/4/v’87r—)/(1+83/4/v'§\7;) (11)

and for vrfl it is

S(vrsl) =8 = (4/3)le+e3/4/3)(l+l/3e3/4) (12)

Correspondingly, for velocities below Vo SO appears in eq. 10 not only in

conjunction with Ar but also with ZO so that

(;re/;Tch)vrSl = sovr/(l/zo+kr) . (13)

In fact, except for the introduction of ATCh = UHS/olcl in lieu of

4vF7?/\1, and multiplication with v. this is eq. 34 of Part I, Figs. 4 to 6

show T /AT
e c

h for the same choice of parameters for which ATO/(qu/ﬂ/kl)

was computed and represented in Figs 7-9 of Part L.

Application to "Adhesive' Sliding

a) The Model

While Fig. 1 is an oversimplification of the actual, vastly more compli-
cated case of frictional heating at contact spots between sliding solids,
Fig. 2 is still an idealization, although rather more realistic. It envisages
that the mechanical work input

Win = WP (14)

when two solids slide past each other for unit distance under the normal
force P is totally converted into heat via plastic deformation. Indeed,
the fraction of win which is stored in the form of crystal defects is typ-
icallv very small (e.g. ref. 3) and it may well be overbalanced by additional
heating through chemical reactions at the surface such as through oxidation.

In agreement with a previously developed model (4,5), it is assumed

that the shearing takes place in the softer material underneath the contact

spots and is essentially confined to a zone ma wide and a/n thick where

I
1
|




2<mg<4 and 2<n<50 with m*3 and n*10 good average values.

Since according to this model the shearing zone typically is much thicker
than incidental surface films, their presence will not greatly affect the
results. However, it has already been noted that, strictly speaking, the
heat evolution does not take place at the interface, where indeed there will
normally be relative rest and thus no heat evolution of any significance at
all, but within the softer side quite close to the interface.

This concept is akin to the proposal of Rozeanu and Pnueli (6,7) that shear
instabilities could concentrate the relative displacement into a narrow
subsurface region which becomes strongly heated. Yet, the present model has
a different physical basis, since there is always enforced relative rest
at the interface on account of micro interlcocking to a relief depth of, say,
2z on average, where zoSlOOOX(ref. 4). For the remainder at depths
z)zo the shear stress appears (4,8), to drop as

T = Tszo/g(z+zo), (15)

ile a representative work hardening law, linking subsurface shear, v, to
the prevailing stress, T, is (%)
T =T +B g 7 . (16)
Consequently, after repeated passes,or a sufficiently long sliding distance

that quasi-equilibrium is established, we expect

Y =Yy exp o (z -z2)/B(z +z2): (17)
S S (8] 8]
with
v o= wexp (-7 )/B, (18)
3 s 0
Previousiy, ( +) values for T s and B were semi-quantitativelv in-
ferred frm published measurements of ~(r) for a worn copper pin (% ) and were i

found to be compatible with the known materials properties and sliding
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MATERIAL /105 ¢ A «/A0Y Wi Py B 6 T

Ac 10.5 233 418 1.71 3-7 21 88 50 2100 960°C
A 2.7 88 210 0.8 1.4-4 8.2 57 47 1300 660
Ay 19.3 129 310 1,18 2-7 1.0 77 51 1903 1163
Be 1.85 1750 150  0.46 15 10,0 200 183 4300 1280
(R 7.1 480 67 2,17 7-13 3.8 140 186 3400 1903
Cir 8.9 381 380 1.14 b-7 15 70 48 1700 1083
Fe 7.8 452 60 0.1/ 6 2.3 73 125 1300 1539
[R 22.4 134 50 0,167 27 4.9 380 480 9430 2443
Me 1.74 1005 159  0.91 2 7.7 49 48 1200 657
Mo 10.0 259 140  0.56 18 13 310 272 7500 2610
N1 8.8 4us 70 0.178 7-20 3.7 150 209 3600 1453
PB 11.3 126 35 0.25 0.5 1.0 15 40 370 327
Pp 12,2 247 70  0.25 4-10 3.6 100 143 2500 1552
Pr 21.4 13270 0,25 4-8 3.4 91 130 2200 1772
SN 7.3 223 64  0.38 .45-.6 1.5 14 28 337 232
Ta 16,6 138 54 0.24 12 4.7 220 283 5500 2996
T1 4,5 611 17 008 11 1.2 170 420 4200 1668
N 19.3 134 180 0.70 12-4020 430 250 10,500 3380
IN 7.1 384 111 0.4 3-6 4.9 71 35 1700 420
Brass 8.5 377 50 0.33 9 5.6 120 230 2900

Steer 7.8 490 50 0,12 15-30 3.2 250 340 6200

SLass 2.4 840 1.2 .0058 g 0.09 170 1400 1200

Brick 2,6 840 0.8 .,0038 40(7) 0,13 780 5800 19,000
GRaniTe 2.4 950 1.7 0.012 30 0.37 560 3900 14,000
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by a factor of 3 for Ni/Ti, of 10 for steel/granite, and ~6 for Mg/Cu.
The values in Table III suggest that flintlock ignition is theoretically
the best, indeed the only realistically feasible, manner to generate a
spark in one strike.

13) Pb and Sn are much softer than en;ineering materials. Hence these deform
when paired with those, and the flash temperatures are correspondingly
low. Thus Pb and Sn platings provide fine lubrication layers.

14) Hard platings by contrast can transfer the shear strain to the other
side that may be less sensitive or less used, e.g. from pin to disk.
Also, hard platings will mostly reduce u and thus the flash temperatures.

15) The theory may be readily expanded to the case in which the contact
spot moves relative to both sides, as may occur in gears. In that case,

in terms of the contact velocities v. and v

1 2 relative to the two sides,

with v = vy + Vs it s v, = Kl/R, v , = K2/R and

rl rl
;Te/(p»PHS77U v) = 1/[11/Zo(vrl)s(vrl) + Az/Zo(vrz)S(er)]
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coefficient of friction, - in actual fact thus on the shear strength

of the softer material.

The data in Table 1 yield this maximum temperature to be above the
melting point if the coefficient of friction '‘es above ™ 1/2, on
average. However, in fact the melting temperature of the softer side
cannot be much exceeded because the material loses its shear strength
and thus the coefficient of friction drops strongly

The critical velocity at which the maximum temperature is reached is
estimated at about 100 v, or moderately less.

Again, using characteristic values of the parameters involved, vO is
found as low as “lm/sec at P=IN for lead, and as high as "20m/sec for
silver and for tungsten. Since vy is proportional to l//;l it can be
as low as lem/sec for railroad wheels.

The flash temperature at v=v is independent of P, but is proportional
to u. For u=l/3 it ranges between V5°C for Sn and 140°C for W.

For low speeds, ATO =3 VP v where j depends on both of the materials.
For Sn/Pb, for example, j~13 and for Ag/Sn it is j*=3 in mks units.
However, j is quite high for hard materials and those with low thermal
diffusivities, (e.g. it is 3§90 for titanium on iridium).

In the high-speed regime, pin/disk asymmetries arise. These can be
further accentuated because geometry and heat flow favor long-lived de-
forming asperities on the pin and therefore the pin tends to assume

the role of the soft material even if ordinarily it would be the harder
one. Therefore, while the disk controls the heat flow,the pin typically
controls the heat generation. A table of estimated values shows that
on reversal of pin/disk roles for the same materials, the temperature

rise at the interface can differ by a factor of several; specificallv
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lubricants. Conversely, Ti tends to run "hot'" among the metals, both on

account at high hardness and of low heat conductivity.

The by far lower heat conductivities of ceramics as compared to metals,

finally, cause flash temperatures of these to be very much higher, to which

their generally greater hardness still adds, Interestingly, according to

table III, trial and error led to the best choice for making fire in striking

flint against steel in flintlock rifles.

1)

2)

3)

4)

5)

6)

Summary

Flash temperatures cannot be given accurately because, in nature, they
are ill-defined and vary greatly from place to place and moment to moment.
Even so, good estimates are possible, provided essential parameters

are known.

Speeds are slow or fast relative to a characteristic speed V- At that
speed the "diffusion distance'" of the heat energy equals the character-
istic dimension of the contact, a, within the time {t during which the
substrate moves through the length of its radius - more or less. 1I.e.

in the interval dt = a/vo the diffusion distance is, Sz = Vkot = a, while
the spot moves through a = /E§7;; .

Significantly below v, the asperity acts much as if it were at rest,

and the heat flows into the two materials in proportion to their heat
conductivities, Kl and Xz.

At high speeds, and provided that vr>>Ar2, the softer material heats
adiabatically through rapid shear at the interface, but the heat flows
practically exclusively into the substrate, so that only its heat con-
ductivity enters into the problem.

In the fully adiabatic case, when shearing takes place only in the softer

material, a maximum temperature is reached which depends on the size of

the shear zone relative to the size of the contact spot and on the
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answers presented in this paper are upper limits as far as the discussed
shift of the zone of heat evolution is concerned.

b) Reliability of Results

It will have become clear that the critical parameter in calculations
of flash temperatures is v since it is in comparison to this velocity that

actual velocities must be judged as "slow" or 'fast'". Fortunately, v, de-
pends on the root of both the number of contact spots and hardness, so that
errors in these parameters do not affect the result sensitively. However,

as seen in table I, for same P and N, the characteristic velocity v has very
widely different values depending on the material, while it decreases with
increasing P, and increases when N increases.

If the input parameters are all known,eq. 10 in conjunction with egs.

5a and 5b for the determination of Zo,and eqs. 11 and 12 for S and S, re-

spectively, will give results within a few percent of the accurate mathe-
matical solution for model I. This is amply satisfactory and no further
refinements appear to be worthwhile on account of the unavoidably larger errors
and uncertainties which arise due to discrepancies between the model and
actuality, e.g. as in Fig. 2 and through erratic changes in N and spot shape.
Further, a more thorough study will have to include the changes of A, 2, «, 1
¢ and HS with temperature. Fortunately, with the exception of Hs’ these are

minor.

¢) Qualitative Features of Results

Notwithstanding the above limitations, the results obtained are very
helpful. Clearly, for example, under otherwise same conditions materials run
"hot" or "cool" principally depending on their thermal conductivity and
hardness. Thus, as evident from Tables I to III, Pb and Sn always run ''cool"

on account of their very low hardness, and thus they may be used as effective




Lastly Table III demonstrates the pin/disk asymmetry for a number of

material pairings, assuming for the pin either one half of the listed hard-
ness, or the lowest value in the range of Hs listed for the pin material.
No values of j are given if those pin hardnesses lie above the upper hard-
ness value given for the substrate, on the assumption that in such a case
the substrate material will continue to slide. As already indicated, pin/disk
asymmetry will be also expected in that case, but the corresponding values
can be readily calculated and might confuse the reader if they were also in-
cluded in Table III.

Discussion

a) Effect of Sub-Surface Instead of Interfacial Heat Evolution

The above graphs (Figs. 3 to 6) and Tables I to III should go far to
aid experimentalists in making rapid estimates and/or calculations of the flash
temperatures due to friction in unlubricated adhesive sliding. With some
caution these may be also used in the presence of minor surface films, but
not necessarily if sliding is not "adhesive'. The deciding factor is whether
the heat is evolved at restricted contact spots sufficiently small and suf-
ficiently widely separated that the models of Fig. 1 or 2 are applicable.

As to the displacement of the zone of heat evolution somewhat into the
interior of the softer material, this will have the lesser effect, the more
closely to the surface it is situated. At any rate, the highest temperatures
will be in the softer material and the heat flow into the harder side will
be diminished. Correspondingly, also, the surface itself will be at a lower
temperature than calculated on the basis of the model in Fig. 1.

By and large it appears, intuitively, that the above effects will not be
major, and for this reason the theory has been presented making use of the model
in Fig. 1, and the contact spot size has been used rather than the somewhat larger
area of actual heat evolution. Future investigations will have to determine

the magnitude of the consequent error. At any rate, it would seem that the
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Further, in computing P1o* b* and f* in table I, the average

» 810
value of H was used where a range rather than a single value was given.

At any rate, hardnesses vary widely from specimen to specimen, as also

with temperature, and therefore all of the values given for the computed
parameters are guide-line values only, and certainly not accurate. The use

of those parameters is in accordance with eqs. 22, 25, 26 and 29 namely,

for circular spots,
(i) Find v the characteristic velocity for the listed material on the

substrate side, as s
Vo = P1o/vP (33)

(ii) Find the flash temperature for the material sliding on itself with
speed v, as

ATo(Vr=l) = ub* (34)

(iii) Find the flash temperature in the case of /;;>>Ar,and the listed
material as the substrate, as
2 4
> =
AT (v >>h ) = g ou /P N (35)
(iv) Find the estimated maximum temperature in the listed material when it
acts as the softer side as

ATmax = fu (36)

provided that ATmax<¥K’ since otherwise melting inhibits further rise of
energy input. Note, therefore, that the ratio ATmax/f provides an estimate
of the lowest coefficient of friction which can lead to melting.
In table II are listed values of j according to eq. 24. With their
aid the flash temperatures at low speed (i.e. vrsl) may be found as
AT (vpsl) = WP v j . (37)
Since low speeds are concerned here, there is no pin/disk asymmetry. Again

the average values of Hs are chosen, extracted from Table I.
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exists for the simple reason that on reversal of the two materials Ar changes
from, sav, 1/2 to 2, or 4 to 1/4, etc. As seen from Fig. 3 this causes the
corresponding, typically quite marked change of flash temperatures. To the
extent that wear rates go up with temperature this means that making the

pin of the more highly heat conducting material will generally decrease the

wear rate.

- It may be added here that the time intervals in which contact spots are
. . ey

F stationary on the substrate side need be no longer than 2a/v or veF/m/v,

respectively, to make the equations applicable. If the spot moves in regard

to both sides, the appropriate values of ZO and S must be applied also in

[. connection with )\r in all of the above equations.

Numerical Examples

The experimentalist is often interested in some rough estimates but not

interested to go through the equations in detail. 1In such cases the curves
in Figs. 3-6 should be very helpful. To simplify the task even more, Tables
I to III present some approximate values for the hardness and the parameters
p (eq. 22b), j (eq. 24b), b (eq. 25b), g (eq. 26b) and f (eq. 29b).
Specifically, in Table I are collected the values for p, ¢, A, K, H, p,
b, g, f and the melting temperatures for a number of materials, - in regard

to specific conditions which are explained in the legend to Table I, where

also the significance and use of those parametefs is more fully explained.

- Throughout, N = 10, m = 3, and n = 10 have been assumed. It is, of

!

t ' course, a simple task to convert to other values of N, m and n; e.g. indi-
cating the chosen value of N, the number of contact spots, by the corresponding
S subscript (as done in Table I), we have

S Py = P,,N/10, (32)

{ and similarly in regard to m and n whose reasonable ranges are believed

to be 2 < m < 4 and 4 < n < 50 while 1 £ N 5 100.
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Pin-Disk Asymmetries

The above expressions for Vcrit/vo and ATmax/ATo(vr=l) are somewhat
cumbersome on account of the factor plcl/oscs. This reduces to unity if
the substrate is the softer material but otherwise can lie within a rather
wide range of values depending on the materials concerned. At any rate,
vcrit/vo will almost certainly be much larger than unity so that the high
speed approximation for Zo applies, unless Ar is rather large (see Fig. 3)

in which case eq. 2 or 10 in conjunction with eq. 5b must be applied.

At first glance it may appear strange that the "substrate" side might

{ be the softer side just as well as the "asperity" side, for the reason that

L one intuitively tends to think of the asperity as being sheared. However,

g on which side the contact is stationary, whether for short or extended periods,

- is not so much a question of materials properties than of macroscopic geometry:

If one of the two members is much smaller than the other, such as in a pin
and disk or block and ring arrangement, contact spots can be stationary only
on the smaller object, i.e. the pin or disk, but not on the larger one.

A stationary contact spot tends to bulge out through thermal expansion,
which increases the load. This then causes further expansion in the typical

thermo-mechanical behavior (compare ref. 10). Further, the bulk temperature

of the smaller member, i.e. normally the asperity side, will tend to rise more
and, lastly, as already discussed, the heat is not strictly speaking generated

in the interface but on the softer side. All of these effects have the

PR AN i § MR AR AL s

tendency to favor sliding in the smaller member, i.e. the pin, and thus cause

its wear, even if normally its material should be the harder.

{ This, then, is a cause of strong pin/disk asymmetry. However, even if

the discussed reversal in the role of the "softer'" material does not occur

] on reversal of pin and disk materials, yet a significant pin/disk asymmetry
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. the width of which is controlled geometrically. Let us then ask what the

maximum temperature is which may be attained in that zone. To this end
we proceed much as in deriving the equations in Part I, as follows:

The energy input when a contact spot moves through distance L is

2
win = u(P/N)L = uma HSL 27)
which is expended in the volume

V = ma(a/n)L (28)

according to Fig. 2. Provided that the velocity is high enough so that the

heating in that volume is essentially adiabatic, the resulting temperature
rise is
p
b
- &Tmax = win/pScSV = uﬂHSn/pscSm = fu (29a)
o
b : with
p
3
=7
[ f Hsn/pscsm (29b)

where the subscript s reminds us that the softer material is concerned.

Comparing eq. 29 with eqs. 22, 25 and 26 shows that the above maximum
temperature would be reached in the high-speed case at the critical speed
Vericr Siven by

Vorie/vy = L(8Ta/9m) (o /o c ) 12 (30)

) =
and that ATmax relates to JT(vr 1) as

- « s v

; aﬁ"r?i1;

AT AT (v = D) =(Trn/m)(4/3+A2/kl)(plc1/oscs) . (31)

Physically, the significance of ATmax is this: Provided that the values

of AT computed according to eqs. 23 or 26a lie well below ATmax’ they are

' @
F presumed to be rather reliable and the heatflow to be well described by the
:7 model of Fig. 1. However, as the computed values approach AT max’ they have
A
. to be regarded with skepticism and are in all likelihood too large.

° .
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v, = Kl/hwﬂs//i=p//§ (22a)

with
p = K,¥TNH (22b)

and the flash temperatures for circular contact spots (eqs. 2 and 9) are

found as

ATO = u/PHS7TrFI'v/>\1(1/zo+>\r) (23)

in general. At very low speeds eq. 23 reduces to

AT&T u/PHS7nﬁb/(Al+A2) = juw?P v (24a)
with
j = /HS/nN /(A1+A2) , (24b)

while at the characteristic speed of v, it is
AT (v =1) = (uH /o c )/ (4/3 + A = bu (25a)
with

b= (Hy/ojc)/(4/39), (25b)

and at high speeds such that /V;5>Xr and vr22, at the least,
6T (v >>1) = AT, = (9u/8kl)/V(KiH2P/nN)l/4 - qupt/* & (26a)

with

/4

g = (9/8xl)(Kiug/nN)1 (26b)

The Maximum Attainable Temperature

Eq. 26 can clearly not apply to any arbitrarily high velocity. The most
obvious limit to the flash temperature is the melting point of either of
the two sides. Once this is attained, the coefficient of friction must drop
preciptously (ice-skating being the best-known example) and thereby the
work-input.

According to Rozeanu and Pnuely (6, 7) melting can occur through a
thermo-mechanical instability. This may well be possible. However, as was
discussed above in connection with Fig. 2 one must expect the heat genera-

tion not to occur at the interface in any event, but within a narrow zone
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conditions. The expended mechanical energy density found from 15 to 18 is,
for z>z
o

Ty = TSYS[ZZO/(ZO+Z) Jexp{ (TS/B) (zo-z) /(zo+z)}, (19)

Since invariably (TS/B) will be larger than unity and more typically be in
the order of 10, the decrease of energy density input with depth described
by eq. 19 is very rapid. E.g. for TS/B = 10 it decreases by a factor of 40
between z = z and z = 22o

Thus the zone of heat evolution will be very narrow and hence be well
approximated by a mathematical plane as in Fig. 1 for the great majority of
cases. That, even so, the parameter n appearing in Fig. 2 1s not estimated
to be larger than 50 and more typically is believed to be about 10, is for
reasons of geometry, in that contact spots canﬁot be expected to be accurately
Planar over their whole extent but will be warped. Indeed, one may feel
rather comfortable with the estimate of n = 10, being confident that it will

mostly be good to within a factor of less than two.

b) The Parameters q and a (or R)

Overwhelmingly, the softer side is plastically deformed and its com-
pression hardness, HS, determines the total contacting area under total
normal load P. Therefore, if there are N contact spots, assumed to be cir-

cular, their radius is found as

a= VP/TNH_ . (20)

If now, ) er the total contact area Nwaz, the frictional work is dissipated at
the rate Qin = uPv, the power density q becomes
. 2
q = Win/Nﬂa = WH_v (21)
(see eq. 1b).

With this, the characteristic velocity (eq. 4) is found as

-y .




TABLE I11

—— - pLELE

34 23 b7 42 15 B4 o4 34 46 - -
48 31 -- 60 21 91 /6 u8 65 - T

49 33 97 61 22 93 /7 49 &7 164 164

m el Ay BE _Qu MG N1 TI IN BRASS STEEL GRAMITE
kG
A
EE
Cy

30 2 60 ' 3R 13 o8 48 31 41 - -

-

- v 65 | w| 17" 81| 20| 123 | 103 | es| sg | - |
(. N 66 | s | 130 | s | 29| 10 | 103 | 66| 89 | 219 | -
’ if 160 | 108 | 315 + 197 | 70| 300 | 250 | 160 | 216 | 530 |
E 2 63 | w3 | oy | 78| 81118 | 99 | 63| & | o | -
t; Brass | 125 | 85 | 2u7 | 155 | 55| 236 | 19 | 15| o | " | -
- steet | 75 | 51| 149 | 93 | 33| wp | 19 | 75] 100 | 251 | 251
“ orarure | 700 | w76 1400 | 870 | 307 {1300 (1100 | 700 | 950 | 2300 | 2700

P T — ———y at "T —— w Dt 2 i ams o a LR
N . . . . S O
o - .

PPRy——
Bl [

............

A T . D T A

T dhine il ARt Sl AR il s ks S N T e T g T g wAw T T W TR e e L e e T T,
home 204 R~ A SR SRR S W i ma it el Wi S b A A E S DA A R AP AN AN MM MIE A Dafiialin Dl N A A A P R I St




e T VR ALL N St st Sesh G B e A e d, M A A ARG JES Bnl SFl vl Sl . S ML AR LARML SN E RL a kel
‘!‘.'-
)
21
@
v
Legends

,
»

‘

i

!

4

Fig. 1
Fig. 2

Fig. 3

Idealized model of contact spot.

More realistic model of contact spot seen in cross section at right
angles to the direction of motion, including micro-roughness
deformed zone.

Theoretical flash temperatures for circular contact spots according
to eq. 9 as a function of velocity and relative heat conductivity,

A .
r

Theoretical flash temperatures for elliptical contact spots with
ellipticities as indicated as a function of velocity according to
eqs. 10 to 12 for Kr=0.
As Fig. 4 but for Kr=l.

As Fig. 4 but for kr=10.
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Table 1:
Approximate values, in mks units throughout, of density (g), specific
heat (c), thermal conductivity (), thermal diffusivity (x), hardness (H),

and melting temperature (Tw) for a number of materials, together with the
4

; parameters Plo (i.e. p of eq. 22b for the case of N = 10 and the material

M.
La

- being of the same material), 810 (i.e. g of eq. 26b for the case of N = 10,
’ and the material serving as substrate and being the softer member), and f*
P (i.e. f of eq. 29b for the case that the listed material serves as the softer

.
i

>

|

{E

[

serving as substrate), b* (i.e. b of eq. 25b for the case of the two sides

member, that n = 10, and that m = 3).
The values of those parameters and their use (for circular contact spots
under the named conditions and choosing the average value of H where a range is

given) are as follows:

Plo 7 </ T07H 5 v, = p/VP

bA = (H/20)/(4/3+ 1) 5 AT (v_s1) = ub

gro = (/80 104 st (v 1) = gt R
f* = 10TH/3pc ; o= g

Thus P10 gives an indication of the characteristic speed. E.g. under

otherwise same conditions, v, is roughly 20 times larger for silver than for lead,

and 200 times larger than for glass.

Further, 810 gives a qualitative impression whether the respective materials

"

tend to "run'" hot or cool at high relative speeds. Namely, large values

indicate relatively high flash temperatures, i.e. hot contact spots,and low values

Pk o il ol ol ol e s Sl o M
s

cool contact spots. Hence, tin runs coolest (and therefore is a good lubricant |

Y

plating) while the non-metals run hot.
Next f* is useful in judging (roughly) whether a material is liable to melt,
@ ) ¢cr undergo some phase change etc., through friction, since u = ATmax/f is the

lowest coefficient of friction at which some specific temperature ATmax (e.g.
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that at which austenite transforms to martensite) can be reached.

Lastly, b* is a guide to the flash temperature that is to be expected
it intermediate speeds for any given value of u.

Note that AT is proportional to the coefficient of friction in all cases.
Hence the most obvious corrective measure in order to decrease flash temp-

eratures would be to decrease u, e.g. through lubrication.
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&

:;_;? Table II

r[c Values of J'lo = y"’W(Al + >\2) according to eq. 24, for N = 10,

E based on the values in Table I, assuming the average value of H where a

3

) range is given. From these find the temperature rise for circular contact
-ii spots at low speeds; - for v, < 0.7 with an error of less than 207, for

v

v, < 3 within better than a factor of two, and in each case obtaining an

L o

upper limit. Namely, ATRo = jwP v. Since under otherwise same sliding

el

J. conditions the flash temperature is proportional to j, as seen, it is
evident how much hotter the contact spots are for non-metal on non-metal than

when at least one metal is involved. Note the consistently low values of j

ey

H when at least one of the sliding member is a very good heat conductor, e.g.
3
Ag, Al, Au, Cu and Mg, while values involving Sn are low principally on

account of its low hardness.

i
b
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Table III

Selected glovalues as in Table I with N = 10, but (i) choosing HS as either
one half of the H value given in Table I, or as the lower value if a range
was indicated,and (ii) only if with that choice the pin will serve as the
softer material as compared to the average or upper hardness listed for
the disk material in Table I. When even so the disk material is found to
be softer the corresponding box is left blank. Note the very pronounced
changes of flash temperature expected on interchanging pin and disk, by
comparing paired values along diagional lines from bottom left to top right. For
example,glo changes from 13 for a magnesium pin sliding on a copper disk to
81 for a copper pin on a magnesium disk. Hence the occasionally considerable
changes in wear rates on such interchanges become understandable. Signifi-
cantly, the highest value of all arises for a steel pin on a granite (flint)
substrate. Thus the choice of materials in flintlock rifles was most apt

and, according to this table, perhaps the only feasible one
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DE-MYSTIFYING FLASH TEMPERATURES -~ 1 THEORETICAL CONSIDERATIONS

by
D. Kuhlmann-Wilsdorf
Department of Materials Science

University of Virginia
Charlottesville, VA 22901

Abstract

A simplified model, evolved in conjunction with previous theoretical work
by Blok and Jaeger, yields for the flash temperature at elliptical contact
spots, when the heat is uniformly developed over the contact area,

;Te = (qR/xl)/(l/ZOS + xr/So), where the symbols have the meaning indicated in
the list of symbols, The values of the functions Z0 and S depend on relative

velocity, V. = v/vo, such that Zo(vr<2) ~ 1/(1 + vr/3) , and Zo(vr>2) =

3/4 3/4)

(9/8)/(vv. + 1//8) , and S(v <1) = S = (4/3)7/(1+e3/%/3) (1+1/3¢%/%), and

S(Vr>1) . (eé + ei//QV:)/(l + e3/4//§7;). These expressions are accurate to

within a few percent, and they are represented graphically for some selected
values by means of curves. They can be generalized for the case that the
contact spot moves with velocity vy and Vs relative to the two sides,

respectively, as ;Te = qR/[xl/ZO(vrl)S(vrl) + >2/Zo(vr2)S(vr2), where Vep =

~ \
v ’(<1/9) and Vio = v2/(r2/R,.

1
Y




Symbols

radius of circular contact spot

length of contact spot in direction of motion
breadth of contact spot at right angles to direction of motion
specific heat

adjustable factor in the order of unity

axis ratio of elliptical contact spot

area of contact spot

adjustable factor in the order of unity
adjustable factor in the order of unity

heat input per unit area and time

rate of heat input

characteristic dimension of contact spot

shape factor

shape factor at zero velocity (and up to vr=1)
time

temperature

average temperature of contact spot above ambient
velocity

characteristic velocity (v = <1//F7?)

heated volume

parameter (function of contact spot shape and velocity)
needed for computing flash temperatures.

Z for circular contact spots
thermal diffusivity
heat conductivity

mechanical density

(i1)
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underlies eq. 24, is significant for Ve T 1. The reason for this breakdown is
that forward diffusion (and correspondingly, of course, back diffusion) was
neglected. Therefore the cooling of the spots is increasingly underestimated
as speeds decrease. Indeed, also comparison with Jaeger's data points in Fig.
5 suggests that Ve = 1 is already mildly below the applicability of the
theory, since these points lie noticeably below the curve for e ¢ 1 and above
it for e ’ 1.

Therefore, somewhat arbitrarily, for the present purposes the best values

of S as computed from eq. 24 were judged to be those for Ve = 9/8, i.e.

So,q = e/ d (141/3) /(1434 e/ 4 3/4

4/3)/(1+e™ 7/3) (29)

Correspondingly, So was found by symmetrizing 59/8 as

. A

S9/8

3/4)

(e) x Sg,g(1/e) = (4/3)/ +e34/3)(1+1/3¢ (30a)

The function SO has been entered in Fig. 5.

Expansion to the Case that the Contact Spot Moves Relative to Both Sides

The above flash temperatures are established almost immediately at the
onset of motion. Specifically, after the spot has moved once through its
whole length the equilibrium flash temperature is essentially established
(10), as would indeed be expected on the basis of the theoretical derivations
presented in this paper. However, it is possible, ard even probable in gears,
that the spot moves relative to both sides, i.e. at velocity vy in regard to
material 1 and Vo in regard to material 2.

In that case we may generalize eq. 1 for circular contact spots to

2Ty = AR/ /2 (v ) /T (v )] (31a)

with Vel C vl/(zl/R) and v, - vz/(<2/R). (31b)

1
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Clearly, ZQo as given in eq. 28 is an excellent representation of ZO for
Ve s 2 as will be seen from Fig. 4.

b) Elliptical Spots

The remaining task is to treat elliptical spots at rest or very low
speeds, and to this end we must first obtain a shape factor for the stationary
case and low speeds. This is necessary not only for cases in which V. s 2,
but because in regard to the asperity side the spot is staticnary at all
times, and we must know in which manner the heat flow 62 is affected by shape
changes,

We arrive at an approximation for the sought value S(v=0) = So by
considering Fig. 5 as follows: The values of S are clearly unsymmetrical
about e = 1, so as to be higher for e than 1l/e if e>1. This is so because
spots elongated in sliding direction leave a narrower track than those
elongated at right angles to the direction of motion, and thus are not as
effectively cooled by the substrate. However, both lateral and forward heat
diffusion increase with the length of the spot perimeter and therefore, at low
speeds, elliptical contact spots are ccoler than circular ones of same area,
independent of axis orientation. Correspondingly, for e > 0 as well as e +
we find S tending to zero at all speeds.

The approximation of S according to eq. 24, i.e. on the basis of the
high-speed approximation, evidently is still quite good for Ve T 1, when the
maximum value of S (and thus maximum temperature) is still found at e > 1, as
physically it must at all speeds Vr>0' However, for values of Ve below 1/2,eqa.
24 yields maxima of S for e values smaller than 1, which is certainly wrong.
This indication of a noticeable error already at vr=1 is not surprising since

we know from Fig. 4 that the inaccuracy of the high-speed approximation, which

12

TW e T wT




implicit assumption that rounded and rectangular spots can be treated as

almost the same is vindicated by success, since S does not deviate much from
unity for most reasonable values of e,

Refinement of the Theory for v €2

a) Circular Spots

The heat diffusion pattern about a circular spot at large distances
compared to a is essentially spherical at all speeds on the asperity side, and
is so on the substrate side provided that v <¢ Vo- Even so, the interfacial
temperature will decrease with speed no matter how small. On the basis of the
expected distortion of the diffusion pattern we may now estimate the effect of
small speeds on the flash temperature as follows: On the substrate side, the
effect of slow movements of the contact spot is to elongate the pattern in the
direction of motion linearly with the velocity, thereby to spread out the
generated heat over a larger volume, and thus to increase the heat flow into
the substrate from its value of 61 = nXIaAT (see eq. 2b). The thought lies
close at hand to represent this increase in él by the factor (1+Mvr), where M
is an adjustable factor which cannot be far from unity. We thus obtain,

instead of eqs. 2 to 4,
Q = leaAT (1+Mvr) (26)

and, with Q = Q, + Q, = na’q,

wazq = [+ Ala(l + Mvr) + nxza] AT o (27)
Comparison with Fig. 1 yields M = 1/3 and thus
7 = 1/(1 + Mvr) = 1/(1 + Vr/3) (28)

0

11




fitting the adjustable constant C by comparing Zhe with Z__ for the circle

ho
(i.e. e = 1) at high speed. Namely, comparison between (21) and (22) and use

of eq. 8 renders

Z,. - (9/8)et/L(1+ed/ e ) R T - (9/8)et/ (A we¥t/c (23a)
or for e=1and C = 2
Zyo = (9/8)/(N_+ 1//8 ) . (23b)

Fig. 4 indicates the result for Zho’ i.e. for the circular spot according
to eq. 23b for our initial tentative choice of C = 2. This indeed yields a

remarkably good fit. Thus encouraged we incroduce the shape factor

1

S=1,/7, = e°(1+1//§§)/(1+e3/4//svr) (24)

so that we may write, for ellipsoidal rather than circular spots, for

2
>
V. (Az/xl)

]

AT, = SaT_ . (25)

he 0

Fig. 5 shows the shape factor for a range of V.. values, including Ve = 1,
together with the five values contained in Jaeger's work (10). These are
remarkably close to those computed from eq. 24 for Ve T 1. This is presumably
the choice made by Jaeger since he did not specify the value of Vi At any
rate there either was an oversight or an error since the shape f ctor
certainly depends on speed. Also, Jaeger's computations of S {as indeed also
for Z) were made for rectangular rather than round spots, and in this much our

derived values cannot be entirely accurate. However, as seen from Fig. 5, our

10
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above estimate of the average temperature in the quarter-ellipsoid.
Before embarking on a consideration of the effect of sideways diffusion,
reflected in the ¢B/B term, we examine the case of very high speeds in which

it is negligible. From eq. (17) this is found as

= (3k//B)a R et /(/iope; (v ) -

(3k//8)aR et/Vipic. A

AT 1°1°1

he
Through comparison of eq. (18) with eq. (5a) we deduce that
K= (v/8/3)(9/8) = 3//8 = 1.06 , and that in the high-speed approximation the

flash temperature depends on ellipticity, e, as

-, 1/4
AThe/ATho = e (19)
Returning, then, to eq. (17) we rewrite it as
. 1/4
ATe/AThe = e " 7/(1+sB/B) . (20)
Now with eq. 14b, eq. 20 transforms into
8Ty /0T, = etr(ed e vy (21)

[t is convenient to regard the above dependence of the flash temperature on

the parameter C as due to a shape dependence of the function Z, writing

8The = RZ, /2y (22)

in parallelity with the first part of eq. 5a. This affords an opportunity of
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5B =62/C (14a)
or
s8/8 = 3/ /(0/mv), (14b)
i expecting C to be in the order of 2, (We shall soon see that C = 2 is an

excellent guess, when we compare the present approximation with Jaeger's
- results (ref. 10)).
I In the present approximation we neglect forward diffusion, although it

does occur and a diffusion front precedes the spot at a distance of

SA = A/8&/e Vi (15)
The reason for this procedure is that the forward diffused heat which we
neglect at the front end of the ellipsoid, is balanced by the heat that had
already been deposited ahead of the midline, into the quarter-ellipsoid, by
! the spot in its initial position. However, this approximation, as well as
that for 6B according to eq. 14, and indeed the entire model, becomes invalid

- at speeds below V,» OF SO.

<3

The volume of the heated quarter-ellipsoid under consideration (Fig. 3)
is

Ve = (n/6)AB(1+sB/B)sz = (2/3)F(1+sB/B) &z (16)

whence, by the use of eq. 12

AT = %KQin/plclve = 3KQA/[201C1(1+58/B)6Z v] (17)

where K is an adjustable factor near unity. The factor K is necessary since

one can hardly expect the interfacial temperature to be exactly equal to the
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presented by him, was abandoned after many hours and after the University
Computer Center, having had the project under advisement for several days,
declined the task. Therefore, we shall give a simple estimate, applicable to
V.2 2 or perhaps even V. 2 1, by refining the model already used to derive
eq. 5:

By geometry, about one half of the heat

Q. = AFg/v, (12)

developed while the contact slides once through its whole 1length A, is

in

distributed in a volume whose shape is included in a diffusion front as
sketched in Fig. 3. The average temperature in the outlined quarter-ellipsoid
is representative of the contact spot temperature, within some factor not far
from unity, according to the previous derivation of ATho

(eq. 5). The sideways extension of the ellipsoid beyond the width of the
track swept out, 6B, is due to lateral diffusion, and its short axis, &z, is
due to inward diffusion. Much as before, seeing that inward diffusion occurs

during time interval A/v, we estimate &z as

§z = /Klﬂ/v = A/(ei/?V; )y . (13)

Clearly, 8B is some fraction of 8z since, firstly, lateral diffusion of
significance begins only after the contact spot has reached the mid-way
position and, secondly, the heat content outside the geometrical limits of the
swept track of width B is fed only very ineffectively after the perimeter of
the spot shrinks away from them once again. On the other hand, §B consists of
two strips, one at either side of the track.

Thus we write
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Further we redefine the characteristic velocity v, as

it

= </ FT7 = « /R (10)

Yo
in general, which we met already for circular spots, in particular, as
v = .<1/a.

It is mostly helpful and instructive to use relative velocities

v

’ v/vo, rather than absolute values. The significance of Ve is that, in the

substrate, at velocity Vos the contact spot and diffusion freont emitted at

time t=0 both traverse the characteristic distance, R, in the characteristic

time interval
_ _ 6l
&t = R/v, = R/ s (11a)
i.e.
voat = »}'clé‘t = R, (11b)

Essentially, therefore, at speeds much below Vo heat diffusion in the sub-
strate keeps up with the contact spot. Conversely, at v 7’ v,» as far as the
contact spbt is concerned, the heat is left behind in the substrate where it
was first deposited. [t is thus Yo in regard to which v has to be either

small or large to generate the low and high speed cases already discussed.

The Effect of Contact Spot Shape at v >2 When the Asperity Side is an

Insulator

[ No straight-forward, simple treatment of the effect of contact spot shape
P. on flash temperature is available. Jaeger (10), Holm (4) and Shobert (5) have
considered it mathematically to some extent, but their equations are cumber-
some, to say the least, and it is difficult to find specific answers to actual

cases from these. Indeed, an initial attempt at computing a number of re-

—

presentative values from the equations given by Jaeger (10), beyond the few

6
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Q= (nazq)Za/v (6)
is deposited. Underneath the spot, the heat meanwhile had time to diffuse
only through a thickness in the order of J<12a7v ¢<Ca, and thus it is essen-

tially dispersed in a volume
V = 432 Yo @y . (7)

The interfacial temperature rise must be comparable to the average
temperature rise calculated for that volume since, on the one hand, not all of
the heat energy is confined to the volume V and, on the other hand, the

interface is hotter than the average temperature in V. Therefore
AThO = Q]n /(Qlclv) = ("/‘/g) q/a_/('xlplcl ‘/\7 ) (Sb)

which is to be compared with eq. 5a. We thus found in the high-speed limit
for circular contacts Zho = 1.1 /K17av which is fortuitously close to the

actual answer embodied in Fig. 2, namely

Z,, = (9/8) Yejfav = (9/8)/N/v = (9/8)/ N . (8)

ho

Characteristic Dimension, Velocity, and Distance

Between Spot and Thermal Diffusion front

In general a contact spot will not be circular but roughly elliptical,
with axes lengths A and B, say, in the direction parallel and at right angles
to the direction of motion. The ellipticity of the spot -hall be called
e = A/B and its area F, so that we may define the characteristic dimension of

the spot as

JF7= = 1/AB = jA//e = R . (9)
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we find

8Ty = qa/(x;+2,) (4)

for the contact spot at rest. Comparing egs. 1 and 4 shows thus that at rest,

or at small speeds, Z0 = 1, in agreement with Fig 2.

c) The Limiting Case of Very High Speeds

When the asperity slides over the substrate, it continuously encounters
cool substrate and leaves a trail of warmed material behind, much like the
contrail of an airplane. At very low speeds the extra heat energy needed to
heat up that trail is negligibly small compared to the radial heat diffusion
of the stationary case just discussed. But as the heated volume increases, so
does the heat left behind in the trail. Thus with rising velocity the contact
spot is increasingly cooled by the substrate, until the heat absorbed in the
trail becomes dominant at high speeds. At given q, therefore, AT decreases
with speed, mediated through the corresponding decrease of Z and, depending on
AI/AZ, sooner or later the heat flow into the asperity side becomes negligi-
ble.

For that case, i.e. Q, <<'Ql, from eq. 1 in conjunction with Fig. 2 and

introducing the relative speed Ve = v/v0 = v/(Kl/a), one finds directly

AT (vr>>1) = ATho = qaZhO/x1 = (9/8) qa/xlfv; = (9/8) q/E/(vxlolcl W), (5a)

We may readily derive this result semi-quantitatively as follows:
Consider the heat flow into the substrate while the contact spot moves at high
)2

speed through the distance 2a, in time 2a/v, generating (2a of new trail

area, while the heat

~
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where the subscripts 1 and 2 designate a substrate (1) and flat asperity (2),
respectively, as sketched in Fig. 1. Here x» stands for heat conductivity, gq
is the amount of heat developed per unit area of contact spot per unit time,
and Zo is a numerically known function of velocity. The subscript o is
carried as a reminder that the function Zo and the above temperature rise T0
apply to circular contact spots only.

Eq. 1 was derived from the early work of Block (8,9) as elaborated by
Jaeger (10,11). The function Zo is indicated in Fig 2 as extracted from Fig.
7 of ref. 10.

b) The Limiting Case of Very Low Speeds

The asperity side 1is stationary in regard to the contact spot at all
times. If it is circular of radius a, heat diffuses into the material of the

asperity side at the rate

(')2 =n>\2aAT, (2a)
if the interface is at temperature aT above ambient, regardless of relative
velocity. To the extent that the bulk temperatures of the two sides are
equal, as is assumed throughout, and that ideal thermal contact exists between

them at the contact spot, then at rest, i.e. for velocity v = 0, the heat flow

into the substrate must be similarly

Ql = 7A laAT. (2b)

Since the total heat flow is the sum of those two parts, i.e.

61"'(.)2:6:“&1’ (>\1+)\2)=q732s (3)
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to a lack of simple methods to compute, or at least estimate, them. 1In regard
to the latter, one is painfully aware that the scientist will ordinarily
disdain numerical estimates and regard quantitative data the more highly, the
more accurately they are known. In regard to flash temperatures that would be
an unjustifiable attitude, though. In actual fact, numbers and average sizes
of contact spots change from moment to moment, and any individual contact
spot, as long or briefly as it may last, does not only change its size and
shape, and hence its temperature, within short time intervals, but also
experiences erratic changes in the momentary temperature distribution over its
area. Therefore, while it is possible to calculate the temperature distribu-
tion over any specific contact spot once its size, speed, shape and the nature
and thickness of intervening surface layers or lubrication layers are known,
what would be the benefit thereof uniess one felt confident that one dealt
with the representative contact spot? It is the average contact spot,
therefore, after which one should enquire, and one must realize that actual
flash temperatures will widely fluctuate about the value calculated for it.

In this spirit, then, we shall develop some simple equations to aid in
such calculations. In Parts II and III we shall then consider practical
applications and give some sample values, expanding on previous work {A-7)

Basic Equations

a) The General Equation for Circular Contact Spots

For circular contact spots of radius a, one may write for the average

flash temperature (6,7)

ATO = qa/()‘l/zo + A2) (1)
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DE-MYSTIFYING FLASH TEMPERATURES -~ I THEQRETICAL CONSIDERATIONS

by
D. Kuhlmann-Wilsdorf
Department of Materials Science

University of Virginia
Charlottesville, VA 22901

Introduction

The temperature rise at contact spots during sliding between two solids
with or without simultaneous current flow has great significance in a number
of ways, and some well-known papers addressed to the non-mathematician are
available (e.g. refs. 1-3). Thus temperature spikes at contact spots induce
thermal stresses which on repeated contacts can cause fatiguing; they mostly
cause superficial softening and thus reduction of the friction; they can cause
the formation or dissolution of precipitates; can anneal out surface modifica-
tions such as through ion implantation; will generally enhance surface re-
actions, especially oxidation; will enhance diffusion into and out of surfaces
so as to cause surface decarburization of steels, for example; and under
suitable circumstances can cause phase transformations. An important factor
in the enumerated temperature effects, especially in regard to chemical
reactions, diffusion, and changes in precipitates, is the fact that cooling is
typically so rapid that the thermal equilibrium vacancy concentration of the
flash temperature is essentially frozen in. Correspondingly these phenomena
can be enhanced much beyond the expectations on the basis of the time-temper-
ature history at the contact spots alone.

In spite of the above, and in spite of the already cited papers plus the
important work by Holm (4) and Shobert (5), much uncertainty and confusion
exists regarding the magnitude of flash temperatures. Presumably this is due

1
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;) increase of track width at trailing end of contact spot due to
lateral diffusion of heat

¥4 thickness of heated layer underneath contact spot

Subscripts

e pertaining to elliptic contact spots
h pertaining to high speeds (Vr >? 1)
2 pertaining to low speeds and to rest (Vr <€)
0 pertaining to circular contact spots (except in the case of Yo
which applies also to elliptical spots)
1 pertaining to the substrate
2 pertaining to the asperity side
-
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Further, on the basis of the considerations in the preceding section we obtain
for elliptical contact spots in that case
AT, = qR/[Al/Zo(vrl)S(vrl) + AZ/ZO(vrz)S(vrz)]. (32)

Summarizing Conclusions

The accuracy with which the present simple theory reproduces Jaeger's(10)
theoretical results is most reassuring and inspires confidence that the model
effectively represents the physics involved. If we accept the flash

temperature of the circular spot at rest with insulating asperity-side, of

value q//r7?/k1, as basic, it is reasonable and convenient to express all
flash temperatures as fractions thereof. Namely, under no circumstances does
40 the flash temperature rise above the mark of qa/x; = q//Fﬂ/xl.

For circular spots in motion with a non-insulating asperity side of thermal

conductivity Ao naming AZ/AI = Ans We may then write

] T/ (aVF/m /xy) = V(V/Z#r.). (33)

1 As was shown, in accordance with eqs. 23 b and 28 and demonstrated in Fig. 4,
3

a0 Z is well represented by

o

? zo(vrsz) = ZS20 = 1/(1 + vr/3) (28)

F.

il and

: Zo(vrzZ) = Zho = 9/8/(/7; +1//8 ) . (23c)
n. The maximum error with this approximation is about 3% at Ve = 2, as seen in
) Fig. 4.

L Fig. 6 shows ATO for a few values of A, between 0 (i.e. insulating

asperity) and A = 10 (i.e. the thermal conductivity of the substrate is only
10% of that of the asperity side). From this in conjunction with Fig. 2 it is
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evident that the high-speed 1imit, in which the bulk of the heat is absorbed

by the substrate, is already fairly well approximated at Ve = 2 for Yo E 0,
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but only for much higher speeds at larger values of Ao In fact for the

high-speed approximation to be useable, it must be vr>>xr2.

The effect of ellipticity is expressed in tcrms of the shape factor S.
For V. < 1 it is approximately equal to So, as given in eq. 30a or, in a

slightly different but not superior formulation,

S (v,s1) =S, = (4/3)/10/9) v e3/%3 4 1738374 (30b)

Thus, at slow speeds the shape factor applying to the substrate is SO, the
same as for the asperity side. For elliptical shapes (including, of course,

circles with e = 1) at low speed we therefore obtain
ATQe/(q/F71r /,\1) = SO/(I/ZQOM\F) = So/(l tv./3+ Ar) . (34)

For higher speeds though, as certainly for Ve > 1, the shape factor S applies

to the substrate but SO continues to apply to the asperity side, so that
8T/ (@F 7w /3y) = 1/(1/Z,S + A/S,). (35)

Figs. 7, 8 and 9 show the flash temperature computed according to eqs. 34

and 35, whereby between Ve = 0.2 and Vp = 1 the transition between So and S

has been smoothed. It is interesting to note how e values above unity lift

the flash temperatures above that for circular spots at higher speeds, and how

5 those speeds at which ATe is larger than ATO increase with increasing e

i values and, for same e, with increasing Ar. Conversely, at low speeds any

i' ellipticity reduces the flash temperature, and does so by the same amount for
® e and 1/e. Fore <1 the factor by which the temperature is reduced increases
:;' with increasing speed. Even so, the effect of ellipticity, whether e is above or
o
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-9
) below unity, is non-major for all speeds below Vs 100, staying within a
Ul! factor of two, more or less, of that for circular spots, at all values of
b
t v, below 100 for 0.1 . e ¢ 10.

Acknowledgements

The financial support of this research through the Materials Division
(Tribology) of the Office of Naval Research, Arlington, VA is gratefully

acknowledged.

' i'wj—r?*.-n' )

16




References

1) J. F. Archard, Wear 2 (1958/9) 438.

2) E. Rabinowicz, Friction and Wear of Materials, Wiley, New York, 1965,
pp. 87-91.

3) E. Rabinowicz, Wear, 78 (1982) 29.

4) R. Holm. Electric Contacts, Springer Verlag (4th Edition), Berlin/New
York, 1967.

5) E. 1. Shobert, Carbon Brushes, Chemical Publishing Co., Inc. New York,
1965.

6) D. Kuhlmann-Wilsdorf, Electrical Contacts-1983, Proc. 29th Holm Conf.,
I11. Inst. Techn., Chicago, p. 21.

7) D. Kuhlmann-Wilsdorf, IEEE Transact. on Magnetics, Vol. MAG-20, No. 2
(1984) p. 340.

8) H. Blok, Proc. General Disc. on Lubrication and Lubricants, Inst.
Mech.Eng., 2 (1937) 14.

9) H. Blok, Ann. N.Y. Acad. Sci., 53 (1951) 779.
10) J. C. Jaeger, J. Proc. Roy. Soc. N.S.W. 56 (1942) 203.

11) H. S. Carslaw and J. C. Jaeger, The Conduction of Heat in So]1ds, Oxford
University Press, (2nd Edition) London 1959.

TP
[ R

T VWY, V. YNY

e MR i~ AV L Sh =Rt St Ml ~ Al Vadh il it PUL AL et TR T Ty Padis M- aREE SRS Aues apdh oes smess e aasc




P e T MRS A iune-nce 5 e A S T Sk Aok Ane aue da o f A hiC e buta = aibed Ao el p s AN A T RS el A

- Legends
t Fig.1) Mathematical model of a contact spot, consisting of a flat circular or

{;f elliptical asperity of material 2 with thermal conductivity Ap»

: sliding with velocity v on a semi-infinite substrate of material 1
with thermal conductivity SE

Fig.2) The parameter Z0 as a function of relative velocity Ve = v/v0 for a
circular contact spot as extracted from Jaeger's calculation according
to Fig. 7 of ref. 10. Also indicated are the high-speed Timit
Zpo = (9/8)//7; and the lTow speed Timit of unity given in ref. 10.

Fig.3) Model of the volume (roughly a quarter-ellipsoid) about an elliptical
contact spot (with axes A and B) which receives about one half of the
heat energy developed while the spot slides once through its length A.

Fig.4) The function Lo * (9/8)/(/7; +1//8 ), applicable for Vo 2 2, and the
function Z20 = 1/(1+Vr/3) applicable for Vs 2, in accordance with eqs.

23b and 28.

Fig.5) The shape factor S = e%(1+1//§V;)/(1+e3/4//§7;), and the shape factor

SO = 4/3//{i+e3/4/3)(1+1/3e3/4) for stationary spots according to

eqs. 24 and 30a, respectively. S0 is applicable to Ve < 1 and S to

18

}
P. Ve > 1. Included are values given by Jaeger (ref. 10) for rectangular
;J'f contact spots (symbol # )presumed to be applicable to Ve = 1.
The shape factor corrects the function Zo for application to elliptical
. contact spots. Namely for vr.al it is Zhe‘= SZho and for Ve <1t is
o ZQe > SOZO,where ZhO and ZQo are as shown in Fig, 4,
g
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Fig.6)

Fig.7)

Fig.8)

Fig.S)

The flash temperature of a circular contact spot in units of q/F7ﬁ/\1,

j.e. as fraction of the temperature which that spot would have at rest
when the asperity side is an insulator, as a function of relative
velocity for different values of xr = AZ/AI. Large values of Ar mean
that the asperity side is a much better conductor than the substrate
and thus conducts away much of the heat.

The flash temperature for contact spots of different shapes in units
of o/ F/ 7 /Al = qR/A1 (i.e. as fraction of the temperature which a
circular spot of same area would have at rest when the asperity side
is an insulator) for A\ = \z/x1 = 0 (meaning in this case the asperity
side is an insulator). Ellipticities e = A/B > 1 mean spots elongated

in sliding direction and e < 1 spots flattened in sliding direction.

As Fig. 7 but forx = 1, meaning that the heat conductivities on the
two sides are equal.
As Fig. 7 but for Kr = 10, i.e. the case in which the asperity side is

a ten times better conductor than the substrate.
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D. Kuhlmann-Wilsdorf
University of Virginia
Department of Materials Science
Charlottesville, Virginia

ABSTRACT

Approximate solutions, reliable within a few per-
cent, have been obtained for the theoretical flash
temperatures at circular and elliptical oontact spots
between two homogeneous materials when heat is evolved
at the (assumed mathematically flat and uncontaminated)
interface at a uniform rate, either independent of
velocity as in the case of Joule heat, or in proportion
with the relative speed, l.e, as is the case for frict-
ion heat. The parameters appearing in the corresponding
equations have been expressed in terms of known mater-
ials properties plus the number of contact spots and
their axis ratio. The accuracy with which the flash
temperatures can be known in practice is limited by
uncertainty regarding those parameters, and the ideal-
izations embodied in the model. Those theoretical un-
certainties are probably no larger than the actual

E Young's modulus
£(2,5) Describesthevelocity andshape dependence of
the flash temperature: ATe= AT,E(Z,S)

F=¥M8/4 Area of load-bearing contact spot
Hg Mechanical hardness of the softer side

Total current flowing between the two sides
Number of contact spots

"Load", i.e, normal force between the two sides
Heat input per unit time and contact spot area
Rate of total heat generation

r={F—/7TT Characteristic dimension of load-bearing con-
tact spot

I Radius of curvature of asperity making elastic
contact with the substrate

0a ™»Z

R Electrical resistance
:an::tazy fluctuations of the conditions at the contact s Shape factor
pots. S, Shape factor at zero velocity and up to v =1
T Temperature
LIST OF SYMBOLS
T Average temperature of contact spot above ambient
:_’. a Q’ataz::;ﬁ:cs:;:i::o:i ct;r:ent;::;:ys ing To=qr/)\; Reference temperature (circular spot at v=0
- P when the asperity is thermally insulating)
. gA Total load-bearing area in the elastic case
v Sliding velocity of the asperity (side 2) ove
p=P/Hg Total Load Bearing area in the plastic case thg substratze (side l)pe ¥ ) over
. A Length of load-bearing oontact spot in direct- Vo Characteristic velocity (v°=1'1/|: or vo=hy/a,
. ion of motion respectively)
T B Breadth of load-bearing contact spot at right v =v/vg Relative velocity between the two sides
.o angles to A
»,';: c Specific heat z Function needed for computing the velocity
e d Mechanical density dependence of the flash temperature
‘ e=A/B Axis ratio of elliptical load-bearing contact Zo 2 for circular contact spots
~ spot
e
o
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X=Mdc Thermal diffusivitiy
Heat condutivity
Ap=25/21 Heat conductivity of the asperity side re-
lative to the substrate

Is efficient of friction

v Poisson's ratio

4 Electrical resistivity of the sliding materials

Ge Film resistivity ( electrical resistance of unit
area of film

Subseripts

a Pertaining to a-spots

c Pertaining to constriction resistance

e Pertaining to elliptical contact spots

E Pertaining to elastically deformedcontact spots

f Pertaining to electrical film resistance

F Pertaining to friction

J Pertaining to Joule heat

P Pertaining to plastically deformed contact spots

r Standing for "relative"

T Pertaining to current conductionviaelectron
tunneling through surface films

1 Pertaining to side 1 of the sliding pair, the
substrate

2 Pertaining to side 2 of the sliding pair, the
asperity

FUNDAMENTAL RELATIONSHIPS

In a previous set of two papers (1) the following
expression was derived for the flash temperature at an
elliptical contact spot between two semi-infinite
materials as shown in Fig. 1, based on the fundamental
earlier work by Blok (2) and Jaeger (3.4),

4LTg = qr/[;\l/[zo(vt)S(Vt” +)2/S°} (1)
where
Ve = vV = v/ 0G/1) 2)

with subscripts 1 and 2 referring to the two sides as
indicated in Fig.1 and in the list of symbols, where
also the other symbols are explained

The function 2, was numerically known from ref.3,
but no analytical expression for it, except that for
very low speeds it becomes unity, and at very high
speeds approximates (9/8)/yv -

By means of a simple model, in which the diffusion
distances of the heat energy are considered, the fol-
lowing approximations were derived and found to compare
to Jaeger's numerical values within a few percent over
the whole range of speeds (1):

Zo(vp<2) = V(1 + v/3) (32)
and
Io(ve22) = (9/8)/NVv, + INE ). {3b)
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FIG,1: MODEL FOR PLASTIC CONTACT SPOTS
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F1G.2: MODEL FOR ELASTIC CONTACT SPOTS

Using the same approach the shape factor, S, was
found to be approximately given by

SveSl) = S = (4/3)/12 + Y431 (1 + 134 V2 (4a)

and

5(v21) = (/4 + ANED /0 + YANED) . (4b)

In order to employ egs.l to 4 above for the evalu~
ation of flash temperatures in actual cases, one must
know the various parameters appearing therein., Except
for g and r, these are obvious and will ordinarily be
known within reasonably narrow limits. The discussjon
therefore now turns to the determinmation of g and r. In
this, one may treat different additive contributions to
the total heat evolution separately, at least to a
first~order approximation, since the excess of the
flash temperature above ambient is simply proportional
to q, as seen. Correspondingly, we may write

q=Qqp +qy (5)

where qp and gq; signify the heat evolution due to
friction and joule heat, respectively. However, since
g is the rate of heat evolution per unit area of con-
tact spot, one must generally not only know how much
total heat is evolved in order to know g, but also the

size of the spots, i.e, r or a. As we shall see, this
causes some compl ications.
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EVALUATION OF r AND a, THE CHARACTERISTIC SPOT SIZES
{i) The Dimension pr of Plastic Contact Spots

When the load-bearing contact spots are plastical-
ly deformed, the average normal pressure over the whole
area of real contact, independent of the number and
shape of participating contact spots, approximates Hgs
the (Meyer) hardness of the softer of the two sides, be
it the asperity or substrate side,

In that case, then, the total load between the two
sides, P, is supported by the total area phA of the
plastically deformed load-bearing contact spots, say, N
in number, so that

ph = P/Hg = N7 pr’ (6a)
or

pf = VP/NH . (6b)
{ii) The pimension gr of Elasti¢ Contact Spots .

In the majority of cases, when wear occurs, the
contact spots are plastic, in accordance with the above
derivation. However, at very light loads, or when two
very hard or brittle materials contact, or else if
repeated contact is made at the same spots, the behav-
jor can be elastic. In that case, following R Holm (5)

and again for N contact spots under total load P,

gr=138/4M [(1- v /B + (1- V31 /By) £33 (7a)

where V stands for Poisson's ratio, E for Young's modu-
lus, and r, is the radius of curvature of the asperity.

On the assumption that neither 9, nor YV, differ

too much from 1/3, and with 1/F) + }/Fp = 1/Eaye
this somewhat cumbersome expression becomes

gE = (2Pry/3NEqe) /3, (7b)

and correspondingly the total load-bearing area in the
elastic case is approximately given by

A= Nwp? = 2.4 (WPPrg/E DV (7c)

Strictly speaking, the model of Fig.l on which
egs. 1 to 4 are based is incompatible with an elastic
contact spot caused by a spherical asperity meeting a
half-plane, described by the Hertzian eq.7. However,
the heat flow between the two sides is negligibly
affected if Fig.2 is substituted for Fig. 1, as implied
by eq.7. The error resulting therefrom is certainly
smaller than that due to any of the other causes,
unless ry is comparable in magnitude to A

1411) The Dimensions of Qurrent Carrying Contact Spots,

The areas of current-carrying ocontact spots, gen-
erally referred to as "a-spots” (5) do not necessarily
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coincide with load-bearing areas Overwhelmingly (but
as we shall see not exclusively) current passes only
where load-bearing contact is established. Yet on
account of uneven ooverage by surface films of varied
nature, enomous local fluctuations of contact resist-
ance and, hence, of current density can exist, such as
at cracks in oxide layers. Correspondingly, no blanket
statements as to the values of a can be made, but each
case must be considered individually. Only in the
presence of very uniform surface coverage with either a
oconducting £ilm or a "tunneling film", ie. a f£ilm thin
enough to permit electron tunneling, can general equat-
ions be applied.

If either type of wniform film is present, and the
contact spots are plastically deformed, the associated
value of the a-spot radius is simply

p2=pl s (8)

and similarly for comparatively large elastic contact
spots

Ba=Er- (9)

Finally, it is possible that the contact spots are
50 small relative to the radius of curvature of the
asperity (i.e, for A<<r, in Fig.2) that the tunneling
current about the periphery of the locad-bearing spots
becomes significant. Namely, electrons tunnel not only
through very thin films but similarly through any nar-
row gap between two materials, and thus also through
the annul ar wedge-shaped gap about the periphery of the
contact spots, 'This effect may be enhanced by elastic
Grfrrmatinn through adhesive forces acting through the
Bame gap, leading to a slight expansion of the con-
tacting area. As a result, current will flow throuch a
somewhat larger area than necessary for elastic load-
bearing, but the corresponding increase of a above [ is
negligible, indeed undiscoverable, except for extremely
small elastic contact spots,

In previous papers evidence for peripheral tunnel-
ing has been discovered and the corresponding theoreti-
cal considerations have been presented (§-10). The
appropriate value of a is (5}

pa = (pr? + 2s51,)1/2 (10

with g the gap width (before deformation through adhe-
sive forces, if any) through which tunnel ing takes
place. In the cases studied in refs. § to 8, the
parameter § was found to be near 5 angstroms

FVALUATION OF qpr DUR TO FRICTICNAL HEAT

When two materials sl ide past each other with
velocity v under the load P with a friction coefficient

J+ heat {s developed at the rate
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- Qp =[PV . (11) similarly, when with entirely uniform surface
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Since this heat evolution takes place at the contact
spots we find, for the subscript i standing for either
Por E, i.e, the plastic or elastic case,

19 = Q/Nv 422 (12)
and

i9fF 4 = PW/Nywjr | (13)
For the plastic case, thus

MF pr = _)‘VW' (14)
and for the elastic case

BF ET = 0.364 pv(PPEpo/rpN) /3 | (15)

EVALUATION OF qjf DUE TO JOULE HEATING
(i) Film Resistance Heating

At or very near the interface Joule heat is devel-
oped from two causes. One of these is the electrical
resistance of the ubiquitous surface films, and be they
only monomolecular absorption layers. If these are not
present, the two sides weld together, and the theory
breaks down in any event on account of "galling" or
"seizing". .

Designating the specific £ilm resistance by the
symbol Gg, the total Joule heat generated is

Qg = I*Rp = I2qp/N, 1 (22 (16)

where ja can stand for pa, pa or pa, as the case may
be, and the subscript a at N, shall draw attention to
the fact that the number of a-spots can be larger or
smal ler than the number of load-bearing spots, and this
by factors as large as ten either way, and perhaps

larger yet.

orrespondingly, ,
= 12 T //E
@Ay 126/ (1,7 ;a9)2 (17) pcdy pt = I°(9) +72) (In(2ye) /€] (Hy/PT N} . (25)
and similarly, for elastic contact spots obtain
: 26 /12 42 a3 By g = 0.133 12(91495) (In(2VE)/VE] (Egye/NoPry) /3
: £9g ja = ICg/N3 ¥° ja . (18) J E 12 av 2 (26)
& Fotl the particular case that a uniform film exists We shall not specifically discuss the case of
- overthewhole surface,we have N =N with pa =pr for reduction of joule heat through peripheral tunneling
¢ plastic contact spots and ga = gr for elastic spots in since this is of very specialized interest only, is \
[ - acoordance with eguations 6a and b.  If so, we have ordinarily a minor effect, and has been discussed in
- 2 3 12 refs, 8 to 10. Therefore, in summary of this section,
o pedy pf = 1° Ggllg /Pl (19) then, the heat flow density due to electric currents is
- 19 = 1690 * 1dg -
L-‘-
o
F
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coverage the contact spots are elastic, so that eq. 7
may be used, one obtains approximately

Efdy Ef = 0.153 12 G¢Eqaye/PNL, © (20)

{ii) constrictjon Resistance Heating

The second contribution to Joule heat at or near
.the interface is due to the constriction resistance.
This arises because all of the current has to pass
through the a-spots and thus the current flow lines are
strongly constricted at the interface. The effect is
much as if the two solids were connected by N, wires of
the same diameter as the a-spots and a length compar-
able to their radius, but unlike the film resistance it
depends on the shape of the a-spots. Approximately, the
constriction resistance of N, elliptical a-spots with
axis ratio e = A/B and area T ;a each is, according
to egs.4.23 and 4.27 of ref.3,
iRe = (f1+ ©2) [In(2Ve) NE]/N, T ja (21a)
where once again the subscript i can signify P, Eor T,
while?is the electrical resistivity of the sliding
materials. However, for e<l.4
iR = (§1+ §2)/4Nz14a (21b)
isbetter approximation which indeed is exact for e=l.
Correspondingly, it is

10y = PiRe (22)
and
1y = (Qy/Na T8 (23)
and
1y 12 = T2 (Q+ §) (2@ AR/ (N ga)2 (24)

For the case of unifcrm surface coverage with a
conducting film or a tunneling film we thus obtain, for
plastic contact spots,
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SUMMARY OF EQUATIONS
Ve may rewrite eq.l as
M= AT £(2,5) (272)
where
OTy= qr/hy = afFA /A (27b)

and

£(2,5) = (1/25(v)S(vy) + Ag/So)71 (27¢)

In this general formulation, AT, is the sum of all
contributions to the flash temperature which simply
superimpose (at least to a first approximation) as q is
the sum of all contributions. Thus

were given above in egs.6-10.

As we saw, it is not generally possible to give
values for qy except when the surface £ilm has uniform
electrical resistance everywhere. For that particular
case, based on egs.13, 18 and 24 obtain

ATq = L£(2,5)/721] (pov/ (N gr) + 126/ (N 7 0
+12(9) + §) [In(2V6) /¥&1/ (N T 4£) 2§ (28)

where jr is either pr or gr.
Hence from eqs 14, 19 and 25

phe = [£(2,8)/a) MpWI/NY + 126 (5Y/pham 1/2

+ 12(g)+ 95) [In(2Ve) /¥e] (Hy/PIN) § (29)

AT = ATep+ ATeg (279) and from egs 15, 20 and 26
and
: AT, = [f(Z,S)/A1]{0.364,w(PZEave/erz)V?’
9=q +qy=qr+@y+ A (27¢)
as discussed in the previous section, while +0.153 12 GgEaye/PNEy
Ap= Ay (276) +0.133 12(fy+ ) [1n(2V8)/ V&) (Enye/NPPER) ¥ 3F (30)
and v, =v/v,=v/(X;/r) in accordance with eq.2. As while
before, r is the characteristic dimension of the con-
tact spot, namely pVr = VIF/NTIH, /)C) 31
t=YF/0 , {27q) and
of which the specific values pr, gfy pa pa and qa EVr ® "(2“2/3mwe)1/3/x1 . (32)
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DISCUSSION than a spot of same area which is wide at right angles

To= Qr/A) is the flash temperature of a circ-
ular contact spot at rest, comprising a themmally insu-
lating asperity side, but having the same area, located
on the same substrate, and experiencing the same rate
by of heat input, as the contact spot under consideration,
: The function £(Z2,S) corrects this basic flash temper-
ature in acoordance with the actually existing modific-
ations due to the facts that the actual ocontact spot is
generally (i) in motion, (ii) elliptical, and (iii)
that the asperity side is ordinarily not a themmal
insul ator so that not all of the heat flows into the
substrate (although the fraction that flows in that
direction increases steadily with increasing speed
because more and more of the heat is expended in warm-
ing up a surface layer of the fresh track on the sub-
' strate).

[ J All three of the named effects diminish the flash
- temperature, so that AT, is the highest flash
temperature that can be generated at a spot of the area
N, F= T2 situated on the given substrate materialand
o heated by heat input q per wnit area. Correspondingly,
s the function £(2,S), shown for A= 0 and for A =10
: in Figs.3 and 4, is never[larger than unity, and
¢ steadily decreases with rising speed and heat
oconductivity of the asperity side.
In regard to ellipticity £(2,S) is not symmetrical
with respect to e = A/B. This is for the reason that
a oontact spot stretched out in the direction of motion
. leaves behind a narrower warmed track on the substrate
-4' \
. -
‘."\"
e

to the direction of motion; and thus the flash temper-
ature of the former is higher than of the latter,

While evidently none of the derivations or
expressions given above are inherently difficult, their
practical application is still cumbersome, albeit by
far more managable than in the few previously available
treatments. Moreover, the functional dependence of the
flash temperature on velocity was known only imperfect-
ly and its shape dependence even less, although one
should hasten to add that Holm {5) has by a different
route arrived at another, and perhaps more accurate,
method of evaluating flash temperatures under a wide
range of circumstances.

The variations in which the equations can be writ-
ten are manifold, and in scmewhat different formulat-
ions they have been assembled in form of a table in
refs. 8 and 10, where also some numerical examples for
the flash temperature are given for the case of circul-
ar a-spots.

One has no reason to be surprised that the equat-
ions are so involved: The number of plysical parameters
and variables which in actuality determine the flash
temperature is considerable, and somehow the equations
have to accommodate that fact.,

We have already pointed out at the beginning, that
the reliability of the obtained numerical values can be
no better than the input parameters plus the
approximations inherent in the model. Yet, results
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N that have variously been computed tor particular cases 4) H S Carslaw and J. C Jaeger, The Conduction of
E 18,10) give the impression of being gratifyingly close Heat in Solids, Oxford Univ. Press, London.
to fact, wherein as a rule of thumb N = 10 is a good 5) R. Holm, Electric Qontacts (Springer-Verlag, Berlin/
choice unlesc one knows the number of contact spots Heldelberg, 4th Ed. 1967).
more reliably from some other source. 6) C. M. Adki..3 and D. Kuhlmann-Wilsdorf, "Electrical
(Mntacts - 1979" (I1l, Inst. Techn., Chicago,
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