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INFRARED RADIOMETRIC MEASUREMENTS OF
SURFACE TEMPERATURES GENERATED BY FRICTION

OF SLIDING IRON-ON-SAPPHIRE

by

Steven Craig Moyer

(ABSTRACT)

Experimental measurements of surface temperatures produced during
dry sliding contact were made by using an advanced infrared microscope
which receives radiation from a very small target area e.g., 1.78 x 107 5m
in diameter for a 36X objective, allowing temperature measurements with-
in a general region of contact.

The sliding system consisted of an Armco iron pin, with a hemi-
spherical end loaded against a rotating sapphire disk. A statistical
study was made concerning the effect of environment, load, and velocity
on temperature, wear, and coefficient of frictionm.

The formation of iron oxides and its influence on emissivity and
possible correlation with wear and friction is discussed.

Comparison between the experimental results and the flash temper-

ature theories by both Jaeger and Archard is made.
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NOMENCLATURE

Q Heat supply per unit time

q Heat supply per unit area per unit time
e Surface temperature rise

Om Mean surface temperature rise

a Radius of circular contact area

A Length of square contact area

K Thermal conductivity

p” Density

c Specific heat

K Thermal diffusivity (K/p”c)

u Coefficient of friction
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W Normal load

Pm Material hardness

E Modulus of elasticity
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INTRODUCTION

A, The Problem: Importance and Purpose of Study

With the advent of the first machine, man has been in a constant
struggle to control the energy-dissipating force of friction and the
destructive wear of machine components. Surface temperature is likely
to hold a key to greater understanding of the complex mechanisms of
friction, the formation of wear particles, and the failure of lubricants.
Thus, the study of surface temperature extends into the complete area
of tribology, having many practical applications.

Surface temperature has received attention in manufacturing
processes, design of machine components, and the development of lubri-
cants. Chao, Li, and Trigger (1) used lead;sulfide photoconductive
cells to determine the temperature distribution across a tool-flank
surface, aiding better understanding of tool wear. The frictional
heating of wires and strips during drawing has been analytically inves-
tigated (2), providing important information in reducing undesirable
residual stresses produced by high thermal gradients. Beneficial use
of the high temperatures produced by friction have been successfully
used in production welding.

Design of machine components in relative motion has profited by
studies of surface temperature. H. Blok, one of the earliest investi-
gators of surface temperatures, has proposed that gear scuffing occurs
when a critical temperature is obtained and has theoretically derived
a "flash" temperature equation (3). This concept has also been

investigated by others such as Niemann and Lechner (4) who measured



surface temperatures of meshing gears using the dynamic thermocouple
principle and Al-Rubeye (5) who experimentally applied this principle

to a four-ball machine. Both experimental (6) and theoretical (7)
treatments of surface temperatures generated between frictional material
and metal have been instrumental in improving brake design. In bearing
design, Floquet, Play, and Godet (8) have shown the effectiveness of
using surface temperature as a design criterion.

Related to Blok's work, the failure of lubricants in elastohydro-
dynamic (EHD) contact by high temperatures has important implicationms.
Turchina, Sanborn, and Winer (9) have used a thermal radiative technique
to measure the steady-state temperature distribution in an EHD contact.
The employment of surface temperature in the formation of an antiwear
film has been proposed by Furey (10). In this concept, polymer-formers
within a lubricant react at sites of high contact temperature, depositing
a protective polymer film.

Since surface temperature is an important variable in a wide range
of application, earnest investigation has ensued. Various experimental
approaches have been attempted, but the difficulty in obtaining accurate
surface temperature measurements has led to the general use of theoretical
calculations. Even so, relatively large discrepancies exist between
theories. Thus, in light of much effort, only moderate progress has
been made in the accurate prediction of surface temperatures produced

by friction between solids.



B. Present Research at VPI & SU

Within recent years, a system has been developed at VPI & SU to
experimentally measure surface temperatures. In this system, an infra-
red microscope is used to measure radiance emitted from a specimen in
sliding contact with a rotating sapphire disk. Given the necessary
thermal radiative properties of both the specimen and the sapphire disk,
the surface temperature can be readily determined. The unique feature
of this system is its capability to resolve small points of contact and
to allow examination of the temperature distribution within a general
region of sliding contact.

With Dr. M. J. Furey as principal investigator, the design and
construction of the rotating disk/infrared microscope system was
initiated by J. M. Wiggins (11). Additional refinements to the system
and preliminary investigations were performed by D. I. Omori (12),

S. H. Li (13), and M. H. Richardson (14). A collective overview of
these investigations and a discussion concerning the capabilities and
limitations of the system have been presented by Furey (15).

The following experimental study of surface temperature is part
of a 27 month investigation funded by the National Science Foundation (16).
The objectives of this study were as follows:

1) to measure the generated surface temperatures, wear, and
coefficient of friction of an Armco iron specimen loaded
against a rotating sapphire disk in dry sliding contact.

Iron was selected as the specimen material for several reasons:
metals have not been studied before with this particular system,

iron is a widely used material in industry, and iron provides



2)

3)

4)

5)

6)

7)

8)

9)

the effects of oxide formation to be observed.
to observe the effects of time, load, and velocity on radiance

1-centimeter—zJ for the iron-on-sapphire system.

[watts0steradian-
to develop a technique for measuring emissivity within the
wear region.

to investigate the effects of oxide formation on emissivity

at the interface.

to statistically determine the significance of load and
velocity on surface temperature, wear, and coefficient of
friction.

to perform repeat tests in an inert atmosphere (nitrogen).

to compare oxide formation in air and nitrogen environments.
to determine the statistical significance of environment on
surface temperature, wear, and coefficient of friction.

to compare the measured values of surface temperature for both

environments with major theories, i.e., those proposed by

Jaeger and Archard.



REVIEW OF RELATED LITERATURE

A. Experimental Background

A lack of rigorous experimental information on the magnitude of
surface temperatures reached during sliding contact has resulted from
the difficulty in making such measurements. Numerous attempts to measure
surface temperature by embedded thermocouples have been made, e.g.,
Spurr (17). One major objection to this practice is that disruption of
the flow of heat will occur, resulting in an inaccurate measurement.
Embedded thermocouples can satisfactorily measure the bulk temperature
near the surface; however, their use to measure temperatures at the inter-
face is questionable. The sub-surface temperatures measured by embedded
thermocouples have been used to predict the surface temperature by
considering the flow of heat through an idealized single asperity (18).

To avoid the induced error caused by embedding thermocouples, Ling
and Simkins (19) attempted to measure the surface temperature distri-
bution at the contact region by using thermocouples positioned in the
plane of the specimen's surface, perpendicular to the interface. The
experiment was designed such that the flow of heat in the specimen would
be at most two-dimensional in the plane to the interface. Thus, the
temperature along a line parallel to the interface would be approximately
the same.

The interference of the heat flow within a specimen has also been
circumvented by using the dynamic thermocouple (20). Sometimes referred
to as the Herbert-Gottwein method, the dynamic thermocouple consists of

two dissimilar metals as the slider and rider. This method has revealed



more information concerning the high temperature transients as reported

by Furey (21). It was found, however, that the dynamic thermocouple gave
results considerably lower than that predicted by Archard's flash temper-
ature theory. The dynamic thermocouple is limited by the fact that it

can only measure a kind of average surface temperature, being a function

of the number of contacting areas at a given time. Therefore, it is
incapable of describing the temperature distribution across the contact
region. The dynamic thermocouple has also been used by Uetz and Sommer (22)
where the surface temperature measurements were supplemented by deter-
mining the phase transformation of the specimen.

In oxidational wear studiés, Quinn (23) analyzed the oxide wear
debris by x-ray diffraction as an indirect measurement of surface temper-
ature. The estimated temperature was found to be of the same magnitude
as that measured by the dynamic thermocouple.

A more advanced method of surface temperature measurement is the
use of infrared detectors. In 1948, Parker and Marshall (24) used an
infrared-sensitive photoconductive cell to measure the temperature
reached between a brake and drum. Later, Bowden and Thomas (25) used
a lead sulphide cell to investigate the high, fluctuating temperatures
generated between metal pin specimens and a quartz disk. It was found,
in general, that the maximum temperature rise was limited by the melting
point of the specimen. Another study used the lead sulphide cell to
measure the temperature distribution at the flank surface of a cutting
tool as it quickly passed over an arrangement of small holes drilled

through the workpiece (1).



Early use of infrared detectors received radiation from the total
contacting surface; thus, only an average temperature could be measured.
Recent advances in infrared detectors and electronics have produced an
available infrared radiometric microscope (Barnes Model RM-2A) capable
of detecting radiation from extremely small areas (approximately 2.5 x
10" %mm?). This particular microscope has been used to map the temper-
ature distribution across an EHD contact (9) and has also been used in
fundamental research of surface temperatures generated in dry sliding
contact at VPI & SU (15).

One primary difficulty in using infrared detectors is that one of
the specimens must be transparent to infrared radiation. This reduces
the free choice of material pairing. Otherwise, holes must be drilled
through the specimen to allow the detector to view the surface which
disrupts the flow of heat. Another primary difficulty arises when the
measured radiance output is converted to temperature. To enable accurate
conversion of radiance to temperature, the specimen's emissivity must be
known. Since the sliding contact is a dynamic system, knowledge of the
emissivity with time presents a very difficult problem. Over thirty
potential sources of error associated with the particular system used

at VPI & SU have been discussed in detail by Furey (26).



B. Theoretical Background

One of the earliest attempts to analytically derive the surface
temperatures generated between two sliding bodies was conducted by
Blok (27). The initial work involved the calculation of the temperature
rise due to a heat source in contact with a plane body of infinite heat
capacity. It was assumed that all the heat is conducted away into the
body. Heat sources of various shapes and distributions were dealt with
under two condition, (a) stationary, and (b) moving. The cases having
particular importance were those developed for a circular heat source
having a steady, even distribution.

Under the above given conditions, the temperature rise at the
center of the contact was derived for both the stationary case and the
moving heat source. For the stationary case, the temperature rise was

found to be

center emax = Q/(TTK&) = qa/K {1}

where the total heat supply per second is given by Q = mqa?. For a heat
source moving at constant velocity, and assuming no lateral heat flow
occurs, the temperature at the center of the contact was derived for

both a high and low velocity case.

For high velocities where V > —o—
qa L
center g (4x/Vma) {2}
4K
\ it Voo
For low velocities where Vo< 754 °
center 18a/K/m 13}



It was noted that the high speed equation will become more accurate as
the velocity increases. This effect occurs because the assumption of
zero lateral flow of heat is more nearly approximated.

In applying these equations to a protuberance on one body sliding
against a plane surface of another body (see Fig. 1), the proportion
of heat generated at the sliding interface entering each body must be
determined. Thus, if 4,8 and 4,4 are the quantities of heat entering
bodies I and 2, respectively, it is obvious that 4y + 4, = 1. To
determine the fractions A; and 4,, it was assumed that no temperature
jump occurs at the region of actual contact between the two bodies. To
approximate this condition, Blok equated the average temperature of each
body at the interface and determined for the high wvelocity case that

1
)
)

1/2(1 - 1/V2) + Kz/Kl(Vwa/BKz

A n

2 {4}

1
2
1+ K2/K1(Vna/8K2)

and Ay =1 - Ay {5}
Since the model utilizes friction as the source of heat, the heat
supply per unit area per unit time at the contact region may be assumed

to be
q = uWv/a? {6}

where all of the frictional resistance is converted to heat.

The analytical study of moving heat sources and their application
to sliding contacts was further investigated by Jaeger (28). Like Blok,
Jaeger dealt with various shapes of uniform plane heat sources moving
with constant velocity on the surface of a sémi-infinite medium with no
heat loss from the surface. Both maximum and average steady temperatures

over the area of the source were derived. The temperature equations
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of particular importance are those pertaining to a square source of

sides 27 in length with heat liberated uniformly at the rate g per unit
time per unit area moving at a constant velocity, V. The equation for

the temperature at a point (x, Yy, 2) at time ¢ in an infinite solid,
initially at zero temperature, due to a quantity of heat ¢ instantaneously
liberated at the point (x”, y~, 87) at zero time as derived by Carslaw (29)

to be

Qx (x - x)2 + (y -y)2 + (z - z7)2 1
o = — R S {7}
8K (met) 2 4ct

From this equation, Jaeger begins his analysis. For stationary square
sources, the steady temperature with no heat loss from the surface and

g constant was found to be,

o = 0.9462q/K 8]
m

and

¢! = 1.1222q/K {9}
max :
In the case of moving heat sources, the derivations are much more
complicated. To simplify the temperature equations, Jaeger specified

three distinct regimes depending upon the dimensionless quantity 7L,

called the Peclet number. The Peclet number is defined as

L = V&/2 {10}

Therefore, for small L (L < 0.1},

o = 0.946q2/K {11}

emax = 1.122q42/K {12}



12

These are equivalent to the stationary heat source equations.

For large L (L > 5.0),

em = 1.064q/K - (|<9,/v)1/2 {13}

Gmax = 2q/K (21<SZ,/TTV)1/2 {14}
For the intermediate range of L (0.1 < L < 5), a graphical method shown
in Fig. 2 was developed by Jaeger to simplify the temperature calculations.
The curves are a plot of the quantity (nKV/2Kq)G versus L. Curve I is to
be used for maximum temperature calculations and curve II is to be used
for average temperature calculations.

To apply these temperature equations to the problem of a small square
protrusion on one body sliding against the plane surface of another body,
Jaeger used similar assumptions to Blok's (27). A fraction of heat, 4,
enters the plane surface and A-1 into the slider. The fraction A was de-
termined upon the assumption that the average temperature over the contact
area calculated for a moving source Ag in Body 1 equals the average temper-

ature calculated for Body 2 with a stationary source (I - 4)g. Therefore,

it was determined that 4 may be given by

A = Ky /(K; +Kyp) (L<0.1) {15}
Ky (2V) 2
A= ! L>5
T 1 ( ) {16}
1.125Kyk1 ° + Ky (AV) 2

For the intermediate values of L, the average temperature for Body 1 must

be obtained from Fig. 2, curve II. It was then found that

1.4862KV (0.1 < L < 5)

{17}
1.4860K1V + k1Kyy
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where

y = (7K V/2Aqc,)0 {18}
and is the ordinate of Fig. 2 for the abscissa L. Applying these
values of 4 to the corresponding average temperature equations, the

final equations were found for the three regimes of L. Thus,

0, = O.946q5&/(K1 + KZ) (L < 0.1) {19}
1
1.064q2K12
o = L » (L > 5) {20}
1.125K 6, + Ky (AV)
0.9462Klqy
o = (0.1 < L < 5) {21}

1.4862K1V + KlKZy

The theoretical work done by Blok and Jaeger is a fairly complete
surface temperature analysis of a single sliding contact point on a
plane surface. However, due to the mathematical complexities of these
analyses, Archard (30) approached the problem of determining surface
temperature by emphasizing the physical considerations upon which the
calculations are based. The model used by Archard is shown in Fig. 3.
A protuberance on the surface of body B forms a circular contacting
region 4 = ma?, which slides with a velocity V over the plane surface
of body C. Thus, body B receives heat from a stationary heat source
and body C receives heat from a moving heat source. The temperatures
were calculated on the assumption that the heat is generated at the
area of true contact and that heat is conducted into the bulk of the
two bodies. For simplification, only a single contact point is used.
To determine the area of contact, both elastic and plastic deformation

theories were used and included within the temperature equations.




























































