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INFRARED RADIOMETRIC MEASUREMENTS OF 

SURFACE TEMPERATURES GENERATED BY FRICTION 

OF SLIDING TRON-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 °m 

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 friction. 

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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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 implications. 

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 

l.centimeter 7} for the iron-on-sapphire system. (watts-steradian 

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 studies, 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 *mm2). 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 Onax = Q/(1Ka) = qa/K {1} 

where the total heat supply per second is given by Q = tqa*. 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 > a ’ 

ga bs 
center x (4K /Vra) (2) 

For low velocities where V< aK ; 
— 25a 

center 18a/KVr {3}



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 A,q@ and Aj@ are the quantities of heat entering 

bodies 1 and 2, respectively, it is obvious that A; + A> = 1. To 

determine the fractions A, and A», 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 velocity case that 

1/2(1 = 1/12) + K,/K, (Wra/8e,)? 
  A % 

2 {4} 4 1 + K,/K, (Vna/8«) 

and A; = 1—- A» {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/a2 {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 semi-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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Figure 1 A Round Protuberance on Body 1 Sliding 

of Body 2 Against the Plane Surface
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of particular importance are those pertaining to a square source of 

sides 21 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, y, 2) at time ¢ in an infinite solid, 

initially at zero temperature, due to a quantity of heat @ instantaneously 

liberated at the point (x*, y°~, 2°) at zero time as derived by Carslaw (29) 

to be 

  

Qx (x - x7)? + (y - y~)?2 + (z - 27)? 
Qo = - exp - {7} 

- 3 4ct ’ 
8K(net) 

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, 

Q = 0.9462%q/K 
£3} 

mm 

and 

9 = 1.122%q/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 L, 

called the Peclet number. The Peclet number is defined as 

L = vVe/2k« {10} 

Therefore, for small Z (ZL < 0.1), 

@, = 0.946q2/K {113 

Onax 7 1 t22q2/K 12}
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These are equivalent to the stationary heat source equations. 

For large L (LZ > 5.0), 

@ = 1.064q/K - (cn /V)2 £13} 

O ax: 2q/K ° (2«2/ nv)? {14} 

For the intermediate range of LZ (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/2«q)0 versus LZ. Curve I is to 

be used for maximum temperature calculations and curve Jf 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, A, 

enters the plane surface and A-7z 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 (7 - A)g. Therefore, 

it was determined that A may be given by 

  

A = K,/(K, + Ko) (L < 0.1) {15} 

(ev)? Ki (2V 
A= L> 5 

L i, ( {16} 
1.125Kyk1,° + Ky (2V)* 

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

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

1.4862K,V (O.l < L< 5) 
  {17} 
1.4862K,V + Ki Koy



m
K
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Figure 2 Graphical Method for Both Maximum (1) 

and Average (II) Temperature Calculation ~ 

as Developed by Jaeger
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where 

y = (mK, V/2AqK ,)9., {18} 

and is the ordinate of Fig. 2 for the abscissa £2. Applying these 

values of A to the corresponding average temperature equations, the 

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

  

  

o. 7 0.946q2/(K, + K,) (L < 0.1) {19} 

le 
1.064qL«, * 

o. iy i (L > 5) {20} 
1.125K,«,° + K, (@V) 

0.9462« gy 
o. = (O.1 < L< 5) {21} 

1.4862K,V + «Koy 

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 A = na*, 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.
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Figure 3 Archard's Model for Surface Temperature 

Calculations Between Rubbing Surfaces
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Archard developed his theory by first deriving the equations for 

the flow of heat into each body. The surface temperatures were then 

expressed in terms of rate of heat supply, the size and speed of the 

heat source, and the thermal properties of the material. Finally, the 

proportion of heat entering into each body was determined. Like 

Jaeger (28), Archard used the Peclet number, 1, where 

L = Va/2« {22} 

as a speed criterion to determine which temperature equation applies for 

a given sliding condition. The stationary heat source problem was shown 

to result in a steady average temperature across the contact area as 

Ci Q,/ (4aK,) {23} m 

The subscript, 8, applies to body 8 since it will be, in all cases, 

subjected to a stationary heat source. 

For the slow moving heat source as defined by LZ < 0.1, the average 

temperature was given to be the same as the stationary case since there 

will be sufficient time for the temperature distribution to be establ- 

ished in body C. Thus, 

OF = Qc/ (4aK,) {24} 

As the velocity increases to the point where Z > 5.0, the heat penetrates 

into body C only into a very thin layer such that lateral flow of heat 

can be neglected. Thus, the high speed equation was determined as 

0.310 K *s 

6 - 2B. | Fe | 25} 
( Koa Va J 

For the intermediate range of velocities, i.e., 0.73 < Z < 5.0, Archard
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gave the following equation as an approximation 

9 = O0.5aNL 
m { 26} 

where N = ntg/ocV, q being the rate of heat supply per unit area. The 

parameter a is a function of Z which must be obtained using Jaeger's 

graphical method (see Fig. 2). Archard stated that a ranges from 

approximately 0.85 at £ = 0.1 to about 0.35 at Z = 5.0. 

To determine the proportion of heat entering each body, Archard 

proposes a method which differs from both Blok's and Jaeger's. The 

method is to determine the flash temperature of each body on the 

assumption that all the heat is supplied to each separately. Thus, 

the stationary heat source equation should be used for body 8B, and 

the appropriate flash temperature equation based on the value of JL 

should be used for body C. Then, the final average surface temperature 

between body B and body C will be given by 

1/0 = [0 1/0, + 1/6, {27} 

Applying elastic and plastic deformation theories where both 

bodies are of the same material, Archard derives the following equations 

for low and high sliding speeds. 

At low speed (% < 0.1) with plastic deformation, 

L. 

u(mp W) “Vv 
01, = {28} 

8K 

At low speed (Z < 0.1) with elastic deformation, 

2 

uw By 
  

] 

- (E/R) /3 {29} © I 

8. 8K



For high sliding speeds (Z > 100) with plastic deformation, 

3 ] 1 

une) Aw Ay & 
08 or {30} 
mn 3.25(Koe) 2 

For high sliding speeds (Z > 100) with elastic deformation, 

L, 
u (WV) ? E hs 

  

@ Il e 

3.8 | KocR {31} 

The above equations reveal how the mean surface temperature varies with 

load, speed, and material properties. It can be seen that the surface 

temperature rise will increase with velocity and load, where velocity 

has the greater effect in most cases. 

The case of sub-dividing the contact region into a number of small 

contact areas was discussed briefly by Archard. It was noted that if the 

smaller contact areas were closely packed, the above derived equations 

may give a first approximation of the final average surface temperature 

Since the heat conduction interaction between contact areas will be high. 

In the limit, the largest calculated temperature will result if the 

contact region is considered to be wholly in contact. 

The early work by Blok, Jaeger, and Archard has been widely used 

to estimate flash temperatures in frictional processes. However, a 

number of investigators of relatively recent years have proposed in- 

teresting theories spurred by valid questions. The earlier work has 

been used as a foundation upon which various modifications have been 

made in order to provide a more accurate mathematical model of the basic 

sliding system and to give a better estimate of the temperatures generated 

between the two bodies.
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The effect of multiple contacts on the calculated temperature rise 

has been reviewed in detail (31). To determine this effect, Archard's 

flash temperature theory was applied to an increasing number of contacts, 

each having equal area, while the total contact area remained constant. 

For any number of contacts existing within the general region of contact, 

the total area determined by plastic deformation is given by 

A = nat = W/p {32} 

where ” is the number of circular contacts, each having a radius of a. 

Assuming an even distribution of heat, each individual contact will 

receive heat at the rate of Q/n. Interaction of heat flow on neighboring 

contact areas was neglected. Substituting equation {32} into equations 

{24} and {25}, the temperature rise of a contacting asperity becomes 

    

Q f mp \4s m 
e,2 at lo (33} 

AK nW ) 

at low velocity, and 

0.310 Tp 3h, 1 )°4 
m 9 = oy | ol (34) 

m (Kp cv) ’2 W ( ny 

at high velocity. 

_ From the above equations, the number of contacting areas will 

L. 
decrease the flash temperature by a factor of (1/n)* for low sliding 

po
 

speeds and by a factor of (1/n)”* at high sliding speeds. A general 

example showing the flash temperature at low speeds as a function of 

the number of contacts is given in Fig. 4. The number of contact areas 

in the range of 7 to 100 has a significant effect on the calculated 

surface temperature. Therefore, to obtain a better estimate of the 

surface temperature likely to be obtained, the probable number of con- 

tacts must be assessed.
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The theoretical and experimental investigations by Ling, et al. 

have addressed some interesting questions. Ling and Pu (32) have 

developed a simple, stochastic model which allows the computation of 

surface temperture in a contact region within which the actual contact 

area changes with time and space. In this model, the simplifying 

assumptions are: all the heat enters a semi-infinite solid, no heat 

loss occurs over the surface, heat enters only at the common contact 

areas, and the real area of contact does not change with time. The 

model in Fig. 5 shows a square protrusion divided into m x m square 

areas, each being of the magnitude of the smallest microscopic contact 

area. From plastic deformation theory, only a certain percentage of 

the m* areas will be in contact for a given load and material yield 

Strength. Thus, as time proceeds, a number of the basic squares may 

coalesce. The stochastic process is applied for each time interval At. 

From a histogram of surface temperature transients, it was found that 

a significant peak average occurred, having a magnitude of approximately 

five times the average temperature. 

The existence of transient temperatures above the average surface 

temperature has been observed experimentally, i.e., that noted by 

Furey (21), who utilized the dynamic thermocouple principle in a ball- 

on-cylinder test machine for friction studies. 

Ling and Rice (33) investigated the effect of temperature-—dependent 

thermal properties on surface temperatures generated by a moving heat 

source along the surface of a semi-infinite body. The solution to this 

problem was given by Blok, Jaeger, and Archard assuming constant thermal 

properties. To provide for the temperature dependency of the thermal
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Stochastic Model for Calculating Surface Figure 5 

Temperature Transients (from reference 32)
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properties, the governing heat conduction equation becomes nonlinear. 

With no general method of solving nonlinear differential equations, an 

iterative method was developed. The function (o-ek)7? was used as a 

criterion to determine whether the temperature dependency of the relevant 

thermal properties should be considered. 

The steady-state temperature distribution within a sliding Hertzian 

contact region was derived by Francis (34). An ellipsoidal distribution 

of the frictional power was used which arises from the pressure distri- 

bution of the elastically deformed surface. Also, the contacting bodies 

were not assumed semi-infinite, thus, a bulk temperature term for each 

body was included in the calculations. The resulting equation gives a 

maximum flash temperature 33-38 percent higher than that predicted by 

Blok (27). 

The question of the effect of surface roughness has been investi- 

gated by Cook and Bhushan (35). Their analysis included the temperature 

rise at each pair of mating asperities and the interaction of the 

temperature rise on neighboring asperities. The average surface tem- 

perature between two bodies was given as 

uv ~ | 9 = ——— > (0.44Hd | + 0.350) {35} m 
Ki + Ky 

where a. ae is the area weighted average of maximum junction diameter, 

o is the mean contact stress, and 4 is the material bulk hardness. 

Malkin and Marmur (36) calculated surface temperatures by modeling 

the moving heat source as being distributed within a thin layer beneath 

the surface, in contrast to the classical plane heat source that moves 

on the surface. The temperature was expressed in dimensionless form.
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However, due to the complexity of the temperature equation and the 

subsurface energy input distribution, integration was done by a digital 

computer. The numerical results were compared to those predicted by 

Jaeger, and it was found that the surface temperature can be signifi- 

cantly overpredicted by classical flash temperature theory. The 

deviation between the two theories was shown to become greater at higher 

Peclet numbers and at lower energy input gradients in the subsurface. 

The problems of non-stationary heat exhange and heat mass transfer 

processes which can occur at the sliding interface were discussed by 

Balakin (37). To solve the heat conduction equation, proper boundary 

conditions must be chosen. A variety of thermophysical models of 

Sliding contact was considered. Balakin stated that analysis of 

non~stationary heat generation and heat exhange in high-speed and 

heavily loaded sliding contacts can only be solved statistically, based 

upon experimental data on various factors, e.g., asperity interaction, 

material transfer, effect of surface films, possible changes of real 

contact area, and the thermophysical properties of the bodies. 

In conclusion, it becomes clear that at some point, certain 

assumptions must be made in order to obtain an analytical solution 

for surface temperatures generated in tribological processes. These 

assumptions must be made in consideration of the particular system 

being analyzed and upon the degree of accuracy desired. To develop 

useful mathematical models, additional experimental work is necessary 

to broaden the present knowledge concerning the complex interactions 

at the sliding interface.



EXPERIMENTAL 

A. Description of Apparatus 

The focus of this experimental investigation of surface temperature 

was centered on the interface between an iron specimen having a hemi- 

spherical end in sliding contact with a rotating sapphire disk. The 

sliding system is shown in Fig. 6. The pin test specimen was constructed 

of Armco iron having a length and diameter of approximately 12.5 mm and 

3.2 mm, respectively. The pin, being held securely by two setscrews, 

was positioned to extend approximately 5.2 mm above the holder. The 

machined hemispherical end (diameter = 3.18 mm) provided convenient 

location of the initial contact area and microscope focusing. The 

geometry also simplified the application of elastic deformation theory 

necessary in using flash temperature theories. A copper-constantan 

thermocouple was used to measure the bulk temperature rise of the test 

specimen. 

The specimen was loaded against a sapphire disk which was rotated 

at various constant rotational velocities. The disk has a diameter 

and thickness of 50.8 mm and 1.0 mm, respectively. Sapphire was the 

material choice for several reasons. First, sapphire is highly trans- 

parent within the radiation bandwidth of the microscope's infrared 

detector (t = 0.85) and to the eye. Second, sapphire is much harder 

than many materials which prevents excessive wear of the disk'’s surface. 

Third, sapphire disks are readily available having optically flat 

surfaces. The material properties of both Armco iron and sapphire are 

given in Table l. 

25
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The temperature at the sliding contact was measured indirectly 

by a Barnes Infrared Radiometric Microscope Model RM-2A. The micro- 

Scope responds to the emanating radiation from the surface without 

physical contact. Figure 7 shows the infrared microscope unit. The 

microscope has both a visual and infrared optical channel allowing 

Simultaneous viewing and measurement from the target area. A resolution 

of 1.778 « 10°° m is obtained by using a 56X reflecting objective, 

resulting in a total visual magnification of 360X. The i10X eyepiece 

contains a crosshair reticle which enables precise location of the target 

area. The infrared channel contains a tuning-fork optical chopper which 

serves as an ambient background reference source having a 50% duty 

cycle. A copper-constantan thermocouple was attached to the microscope 

body to detect any variation in ambient temperature. The liquid 

nitrogen-cooled (77 K) indium antimonide photovoltaic detector receives 

the radiation from both the specimen and the chopper, converting it 

to an AC electrical signal. The spectral response of the detector is 

shown in Fig. 8. The detector responds within the bandwidth of 1.8 to 

©o.o microns. The microscope was calibrated following the procedure given 

in Appendix A. 

The infrared microscope is attached to a precision X-Y table which 

allows the general area of contact to be scanned. The relative position 

was accurately measured by a linear variable differential transformer 

(LVDT) in both the radial and tangential directions. Figure 9 shows 

the precision X-Y table and the location of the LVDTs. Details con- 

cerning the calibration of the LVDTs are given in Appendix B.
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Figure 7 Schematic Diagram of Barnes Model RM-2A 

Infrared Microscope (from reference 38)
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The coefficient of friction was determined by measuring the fric- 

tional resistance using the miniature torque transducer shown in Fig. 10. 

The calibration procedure and method of calculating the frictional 

coefficient are given in Appendix C and Appendix D, respectively. A 

magnetic speed sensor was attached to the torque transducer body to 

measure the rotational velocity. 

The drive system is shown in Fig. 11. The arrangement of gears 

allows a variation of rotational velocities by interchanging drive 

belts. To maintain constant velocity, a hysteresis synchronous motor 

is used to drive the system. The radial position of the specimen 

determines the sliding velocity for a given disk angular velocity. The 

radial position is controlled and measured by the calibrated radial 

displacement slide arrangement shown in Fig. 12. The radial displace- 

ment slide supports the loading balance beam to which the specimen and 

a pan are attached at each end. Precision weights are added to the pan 

to produce the desired normal load at the interface. 

Support instrumentation was added to complete the surface temper- 

ature measurements. All the desired outputs were recorded simultaneously 

on a seven-channel FM tape recorder and stored on magnetic tape. The 

camera setup in Fig. 13 was used to photograph the wear area through 

the visual channel of the microscope. 

Figure 14 is a block diagram of the basic instrumentation system 

including the measured outputs.
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a Pr 
Pa 

TD TL   
Figure 10 Miniature Torque Transducer Used 

to Measure Frictional Force
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B. Operational Theory 

The source of thermal radiation arises from the frictional inter- 

action between the test specimen and rotating sapphire disk. The 

function of the infrared radiometric microscope is to measure radiance, 

the radiation intensity in milliwatts/steradians - cm*. If the necessary 

radiative properties are known, the radiance data measured by the 

microscope can be converted to the temperatures generated at the sliding 

interface. However, the presence of the sapphire disk complicates the 

radiance to temperature conversion by its absorptive and reflective 

properties. 

An infrared detector receives radiation from a body by two sources: 

(a) emitted radiation from the surface due to its temperature and (b) 

the radiation from the surroundings reflected from the body's surface. 

Assuming that the opaque body is gray, the relation between its ability 

to emit radiation in comparison to an ideal emitter and its reflective 

property is given by 

etp= 1 {36} 

p=l-e {37} 

Thus, if Ne otal is the total radiation emitted by a gray body and 

received by the infrared detector, Ne otal is given by 

Nectar ~ “Nope * C1 - NG {38} 

where Nyy is the radiance emitted by a blackbody at the same tempera- 
t 

ture as the body, and WV, is the radiance emitted by the ambient back- 
0 

ground.
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Since the infrared microscope utilizes a chopper permitting the 

detector to observe the incoming radiation only one-half of the time, 

the electrical output of the detector is proportional to the difference 

between the incoming radiation and the ambient radiation from the 

chopper. The detector electrical output may be expressed as 

BE = KR tar ~ No? {39} 

where K, is an optical contant and Ra is the detector responsivity. 

Substituting equation {38} in equation {39}, results in 

E = KoRje(,. - Nod {40} 

The proportionality constant (A RD) was determined empirically by 

using the calibration heat source and recording the electrical output 

of the microscope. Since the heat source was black, the value of ¢€ 

is 7. The radiance of the ambient background, Nj, was determined from 

the blackbody radiance versus temperature curve from the microscope 

instruction manual (see Appendix E). This procedure was identical to 

the calibration procedure in Appendix A. From the calibration data 

points, a best-fit line was determined by linear regression and the 

magnitude of the slope which is equal to (KF a) was derived. 

Therefore, if the ambient background radiance and the target 

emissivity are known, the radiance emitted from the blackbody at the 

Same temperature of the target can then be determined from the micro- 

scope's electrical output. The temperature of the target can then be 

found from the radiance versus temperature curves in Appendix E. 

The derivations to convert the radiance to temperature become more 

complicated with the presence of the sapphire disk. The disk partially 

reflects and absorbs both the radiance emitted from the specimen and
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the radiance emitted from the ambient background. This problem can be 

handled by using a ray tracing technique. Figures 15 and 16 show the 

effect of internal transmissivity and the Fresnel reflections on the 

ambient radiation and the emitted radiation, respectively. The internal 

transmissivity is denoted by t and the Fresnel reflection at the air/ 

sapphire and iron/sapphire interfaces is denoted by p and Ps? respectively. 

To determine the total radiation, MV reaching the detector, the 
total’ 

fractions of radiation leaving the top surface of the sapphire disk must 

be summed and multiplied by the corresponding impinging radiance. 

Therefore, equation {38} becomes 

    

Neotal ~ © Xype * BNo {41} 
where 

= - 3 _ 2,245 _ T= t(1 - p) + pp st*(l - p) + p*pete(l - ep) +. . {42} 

= 2 _ 2 2-4 _ 2 R=p + pt (1 0}. + ppet (1 o)c Ft... {43} 

Substituting equation {39} into equation {41} and solving for Nupt gives 

E } 4 

“ppt | FN)G - RD {44} 
{ KR eT 

Replacing R and 7 with the first three terms of each infinite series 

results in the following expression: 

E/KyR, + No{l - (© + pC ~9)2 + poet * (1 - )2)} {45} 

e{t(l - 9) + po tr -o) + p*p ot (1 - o)} 
Nope 

Once. the value of W is obtained, the temperature may be found 
bbt 

by using the curves in Appendix E. However, due to the unwieldy equation 

and necessary use of graphs, a computer program (in Appendix H) was 

developed by C. A. Rogers (39) to calculate both the radiance and target 

temperatures.
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Figure 15 Ambient Radiation Ray Trace Through the 

Sapphire Disk
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fo foe” t°p*p * (1-9) 

3 t.0p, t°p*p.?       

  

  Mn ign 
Figure 16 Emitted Radiation Ray Trace 

Through the Sapphire Disk
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C. Experimental Conditions 

The conditions of the experimental study allowed the effects of 

load, velocity, and environment to be observed from which a statistical 

analysis was performed, establishing the relative magnitude of these 

effects. 

The normal loads and sliding velocities were particularly chosen 

to study their effects on surface temperature, friction, and wear. The 

loads ranged from 0.5 NV to 2.5 N by increments of 0.5 MN. Three sliding 

velocities were chosen, namely 2.0 m/s, 4.0 m/s, and 8.0 m/s. The 

velocities were determined by both the radial position of the test 

specimen and the angular velocity of the sapphire disk. 

The tests were performed in two distinct environments -- air and 

nitrogen. Experimental studies in nitrogen allowed radiance measure- 

ments to be taken from a relatively oxide-free surface. Therefore, thea 

effects of oxide formation in tests run in an air environment may be 

observed. 

Table 2 summarizes the loads and velocities used in both air and 

nitrogen environments. The test conditions used in the analysis of 

variance study are designated. One repeat run was made for each test 

case. 

The laboratory environmental conditions were controlled and 

monitored to avoid additional variables entering the experimental study. 

The observed range and mean values of ambient temperature and relative 

humidity during this study are presented in Table 3.
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TABLE 3 

LABORATORY ENVIRONMENTAL CONDITIONS 

  

  

  

  

Ambient Temperature Relative Humidity 

(C) (4) 

Minimum 22 38 

Maximum 26 62 

Mean 25 52          
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D. Experimental Procedure 

To obtain accurate radiance, torque, and position measurements, 

careful use and supervision of proper instrumentation operation was 

necessary to minimize experimental error. A listing of over thirty 

probable errors that may occur with the system being used is given in 

reference 26. The necessary measurements were made using the following 

procedure. 

Various preliminary procedures necessary prior to a test run were 

as follows: 1) both the test specimen and sapphire disk were cleaned 

as described in Appendix F and the specimen was weighed; 2) an instru- 

mentation warm-up period of approximately 30 minutes was allowed to 

insure stability; 3) the vibrational-induced noise of the torque trans- 

ducer output was minimized by viewing the output signal on an oscillo- 

scope and adjusting the drive belt tension (this procedure was repeated 

whenever the drive system had to be altered, i.e., for velocity changes); 

and 4) the proper operation of the instrumentation was checked by follow- 

ing the calibration procedures in Appendices A, B, and C. 

When the above preliminaries were completed, the sapphire disk and 

test specimen were installed, including the thermocouple for measuring 

the bulk temperature. With the specimen at the proper radial position, 

the loading beam was balanced, and the proper weights were placed in the 

pan. After the infrared microscope was zeroed using the black calibration 

heat source at ambient temperature, it was focused on the center of the 

contacting area. At this position, both linear variable differential 

transformers (LVDTs) were adjusted to 0.000 volt output. The instru- 

mentation output cables were connected to the FM magnetic tape recorder
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in the following order: 1) O-1 Hz radiance, 2) 0-400 Hz radiance, 3) 

torque, 4) tangential LVDT, 5) radial LVDT, and 6) magnetic speed sensor. 

After a 30 second initialization period at ambient temperature, the 

drive motor was started with the specimen in contact and run for approxi- 

mately 3.5 minutes. Scanning of the general contact region to measure 

the maximum level of radiance was attempted. When the radiance data 

collection was completed, the final bulk temperature was recorded and 

the drive motor turned off. After 30 seconds to record the cooling 

response, the tape recorder was stopped. The diameter of the final wear 

area was determined by viewing through the microscope and recording the 

LVDT outputs at the wear area edges. After the necessary photographs 

were taken, the specimen was weighed. 

All test specimens were handled by forceps, placed in individual 

vials, and stored in a desiccator. 

The tests performed in nitrogen followed the above procedure with 

the exception of the nitrogen chamber attachment shown in Fig. 1/7. 

Prior to the test run, air was purged by allowing nitrogen to flow 

slowly into the chamber for approximately five minutes. The nitrogen 

was allowed to flow throughout the experiment. 

The emissivity of the specimen was measured using a specially 

designed heater shown schematically in Fig. 18. The detailed procedure 

for determining the emissivity within the general contact area is given 

in Appendix G.
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RESULTS 

A. Radiance, Emissivity, and Temperature 

The principal objective of this research was to measure the temp- 

erature rise due to frictional losses at the sliding interface. Since 

an infrared technique was used to measure this temperature rise indi- 

rectly, the handling of the radiance and emissivity data, which are 

necessary to obtain the surface temperature, must be done carefully to 

produce reasonable and accurate results. 

Typical radiance traces from tests conducted in both air and 

nitrogen under identical test conditions, i.e., load and velocity, are 

shown in Figures 19 and 20, respectively, Both traces include stationary 

radiance measurements at the center of contact (first four minutes) 

followed by scanning radiance measurements through the center of contact, 

parallel to the sliding direction. In each case, a quasi-steady state 

condition was reached after approximately two minutes. It can also be 

seen from the traces recorded while scanning the wear area that radiance 

is a strong function of position for tests performed in air but much 

less for tests performed in nitrogen. 

The appearance of sharp radiance rises may be an effect due to 

rapid changes in emissivity, temperature, or a combination of both 

emissivity and temperature. To be able to determine the surface temper- 

ature accurately, the effect of emissivity must be isolated. 

Measurements of emissivity were made at the end of the test following 

the procedure in Appendix G. The number of sample points was sufficient 

to obtain an accurate emissivity contour plot of the wear area. Only 

50
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one sampling of emissivities was taken for each load and velocity case. 

Examples of these plots are given with their corresponding scanning 

electron microscope (SEM) photographs in Figures 21 through 32. From 

these figures, it can be observed that the presence of oxide formation 

becomes less pronounced with increasing load. Regions of increased 

emissivity correlate well with the presence of oxide debris on the 

wear area. 

It was assumed that the data taken at the end of the test was 

indicative of the emissivity during the radiance measurements, once a 

steady condition was reached. Thus, an estimation of the expected 

emissivity was made possible by using a statistical treatment, multiple 

linear regression. 

Each measured emissivity value was assigned an appropriate load 

and velocity as defined by the imposed test conditions and a position 

within the wear area. (See Appendix J for description.) Multiple 

linear regression was used to: 

l. analyze the relationship between the dependent variable, 

emissivity, and the independent variables, load and velocity, 

2. establish the significance of the above relationships, and 

3. develop a prediction equation by which an estimated mean 

emissivity and confidence interval may be determined. This 

mathematical model is not only applicable for the specific 

tests from which the emissivities were measured, but for any 

future tests at any given load and velocity within the initial 

test condition limits. 

The above method was applied for both air and nitrogen environments.
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Figure 21 Emissivity Contour Plot of an Armco 

Iron Specimen Slid in Air at 4.0 m/s 

with a 0.5 N Load
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Figure 23 Emissivity Contour Plot of an Armco 

Iron Specimen Slid in Air at 4.0 m/s 

with a 7.5 N Load
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Sliding Direction of Disk ——~> 

  
Figure 24 SEM Photograph of Wear Area in 

Fig. 23 at 133X
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Figure 25 Emissivity Contour Plot of an Armco 

Iron Specimen Slid in Air at 4.0 m/s 

with a 2.5 N Load
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Figure 26 SEM Photograph of Wear Area in 

Fig. 25 at 108X
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Figure 27 Emissivity Contour Plot of an Armco 

Iron Specimen Slid in Nitrogen at 

4.0 m/s with a 0.5 N Load
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Figure 28 SEM Photograph of Wear Area in 

Fig. 27 at 121X
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Figure 29 Emissivity Contour Plot of an Armco 

Iron Specimen Slid in Nitrogen at 

4.0 m/s with a 1.5 NW Load 
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Figure 30 SEM Photograph of Wear Area in 

Fig. 29 at 85X
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Figure 31 Emissivity Contour Plot of an Armco 

Iron Specimen Slid in Nitrogen at 

4.0 m/s with a 2.5 N Load
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Figure 32 Sem Photograph of Wear Area in 

Fig. 31 at 92X
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The final models derived are given below. 

For tests conducted in air, 

Cooe = 0-74293 - 0.31353*LOAD - 0.038395*VEL + 0.02106*LOAD*VEL + 

Posttton 

- 0.16442 7 
0. 08433*LOADSLOAD + _ 9. 14639 , £46) 

- 0.07897 3 

0 4 

Each independent variable was deemed highly significant (99% confident), 

with the model accounting for approximately 29% of the total measured 

variation of emissivity. 

For tests conducted in nitrogen, 

“est = 0.38311 + 0.22976*LOAD - 0.08300*VEL - 0.01137*LOAD*VEL - 

0. 02587*LOAD*LOAD {47} 

Note that position is not a variable in this model for its significance 

was determined to be approximately 25% confident. Again, each parameter 

in the equation was found to be significant (99% confident), with the 

model accounting for approximately 58% of the total variation of 

emissivity. 

From the above derived models, the maximum 95% confidence interval 

about the estimated mean emissivity for both environments was determined 

to be + 0.04. 

To obtain the range of surface temperatures measured within the 

contact region for each test run, the predominant maximum, minimum, and 

See Appendix J for definition.
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average radiance levels were visually determined with a straight edge 

from the chart recordings after the quasi-steady state condition was 

reached. An example presenting these three radiance levels is shown 

in Fig. 33. 

The estimated mean emissivity was used to calculate the surface 

temperature for each corresponding maximum, minimum, and average 

radiance value. The computer program in Appendix H was used to perform 

the radiance to temperature conversion. The measured bulk temperature 

was subtracted from the calculated total temperature to obtain the 

temperature rise. Appendix K contains the numerical data of radiance, 

emissivity, and temperature for each test. Using the computer program 

in Appendix I, the theoretical mean temperature rise as a function of 

both load and velocity was plotted. The range of temperature rises 

measured for each test case was also plotted to allow comparison with 

theory. Note that the temperatures were normalized to a coefficient of 

friction of one (1.00). This was accomplished by dividing the calculated 

temperature rise by its corresponding average friction coefficient. 

These plots are shown in Fig. 34 through 41. The numerical data for 

the measured temperature rises as determined by Archard and Jaeger 

theories are presented in Table 7. 

B. Friction 

A typical torque trace for both environments is shown in Fig. 42. 

The average torque was measured for each test run and the coefficient 

of friction was calculated following the procedure in Appendix D. The 

numerical data is given in Appendix L. It was found, in general, that ,
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Figure 42 Typical Torque Output as a 

Function of Time in Minutes 

For Both Environments
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the coefficient of friction was higher in nitrogen than in air, under 

the same load and velocity conditions. The numerical value of the 

coefficient of friction (uy) for each test case is given in Table 7. 

C. Wear 

The amount of wear for each test was determined from the calculated 

weight loss, the difference between the specimen's weight before and 

after a test run. The wear volume per sliding distance was calculated 

by dividing the change in weight (mg) by the density of Armco iron and 

the total sliding distance. Archard's wear "law" states that 

Lik tg {48} 

V = wear volume 

L = sliding distance 

W = normal load 

H = material hardness 

K = coefficient of wear 

All of the above variables were known for any given test run except for 

the coefficient of wear, K, thus, it was claculated for each test. 

Appendix M contains the numerical wear data. In general, the wear rate 

was higher in nitrogen than in air under identical load and velocity 

conditions, increased relatively linearly with load, and decreased with 

velocity. The numerical wear data is given in Table 7 in terms of V/ZL 

for each test case.
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D. Analysis of Variance 

A statistical treatment, the analysis of variance, was performed 

to determine the significance of the effects of load, velocity, environ- 

ment (air and nitrogen), and their interactions on the measured values 

of surface temperature, friction, and wear. Table 4-6 summarizes the 

statistical results. The R-Square value is the proportion of variation 

explained by the main effects and their interactions. 

E. Summary 

The results of the measurements of temperature rise, coefficient 

of friction, and wear are summarized in Table 7. The relative trends 

of these parameters as a function of load, velocity, and environment 

are graphically presented in Figs. 43 through 47.
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Figure 43 Trend of Measured Surface Temperature Rise as 

a Function of Normal Load in Both Air and 
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DISCUSSION 

The radiance data collected as a function of time presented useful 

observations which formed some basic assumptions used for estimating 

emissivity and calculating surface temperatures. The important obser- 

vations made were: 

1) the presence of rapid radiance fluctuations, 

2) the quasi-steady state condition obtained after a run-in 

period (approximately two minutes), 

3) the higher radiance levels generally recorded as a function 

of position for tests conducted in air, especially at lower 

loads and velocities, 

4) the relatively constant radiance levels recorded, independent 

of position, for tests conducted in nitrogen, and 

5) the general increase of radiance level with increasing 

velocity and load. 

The occurrence of rapid radiance fluctuations recorded while taking 

measurements from a fixed target area may be explained by two phenomena 

-~ a change in temperature or a change in emissivity. It is highly 

probable that changes in both will occur simultaneously. 

Photographs taken at the end of each experiment showed formations 

of oxide at the interface for tests performed in air. Measurements of 

of the oxide layers revealed emissivity values of approximately 0.80. 

However, clean iron surfaces have a measured emissivity of approximately 

0.20. Thus, a large change (400%) in radiance can occur during the wear 

process even if the surface temperature is held constant. In contrast, 

~ 91
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tests conducted in nitrogen have been shown to successfully inhibit 

oxidation on the interface surface, resulting in a much narrower range 

of possible emissivities. However, radiance fluctuations were still 

recorded though somewhat diminished in magnitude. It may be assumed 

that these fluctuations are due to temperature changes within the 

target area. 

Although several hypotheses may account for the change in temper- 

ature within the target area, that caused by the migration of the con- 

tact area which occurs naturally by the wear process as discussed by 

Ling and Pu (32) seems most probable. As contacting areas wear, new 

areas in different locations come into contact. This would also in- 

clude load-carrying wear particles as they traverse the contact region. 

Since the target area of the infrared microscope is very small (% 2.5 x 

10° 19%m2) , it is possible for contacting areas to be outside this area. 

Therefore, radiance fluctuations will occur whenever an area of actual 

contact comes within the microscope's target spot. This total process 

would most likely occur within a short time period, relative to the 

size of the contact area. The fluctuations shown in Fig. 19 and 20 

reveal an almost instantaneous rise followed by a rapid, exponential 

fall in radiance which may correspond to the rapid heating and cooling 

of an area which has come into sliding contact. 

After a period of time (approximately two minutes), a quasi-steady 

state condition appeared to be reached in each test case. This condition 

may be characterized by stable wear processes and steady heat transfer 

from the system to the surrounding environment. In this state, a 

relatively prominent minimum and maximum radiance level was observed
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and recorded along with the average radiance level. These levels were 

shown in Fig. 33. These three values provide a qualitative measure 

of the radiance output behavior for each test. 

Scanning within the wear area revealed that radiance level is a 

function of position for tests conducted in air, while in nitrogen, 

relatively constant radiance levels were recorded. The maximum radi- 

ance levels recorded in all tests in air was located between the center 

and trailing edge of the wear area, nearer the trailing edge, in most 

cases. Present evidence correlates the increased radiance levels to 

the presence of oxide layers which have a relatively high emissivity, 

as previously stated. Thus, emissivity was assumed to be a function 

of position within the wear area, at least for tests in air. Following 

the assumption that steady conditions exist, it was assumed that the 

distribution of emissivity over the wear area remains constant and, 

furthermore, repeatable for tests performed under identical conditions. 

From the measurements of emissivity for each test condition, a 

distribution of the emissivity values can be determined within the wear 

area. However, to minimize the variance of this distribution, the wear 

area was divided into four equal sections, or positions, normal to the 

direction of sliding, as shown in Appendix J. Knowing the distribution 

of emissivity for each position, a mean temperature and its error can 

be calculated given the radiance level and the position from which the 

measurement was made. 

To determine the mean emissivity and the variance for each test 

condition, multiple linear regression was implemented. This technique
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was used, not only to calculate the mean and the variance, but to 

generate an equation to fit the statistical data as a function of the 

Significant parameters, i.e., position, load, and velocity. Thus, it 

would be possible to predict a mean emissivity and a variance for any 

combination of load, velocity, and position within the limits of the 

initial test conditions. This method was applied to data from both 

environments. 

The statistical results supported the observation that emissivity 

is a function of position for tests performed in air but not in nitrogen. 

Therefore, the model for estimating emissivity in air is a function of 

load, velocity, and position, and the model for emissivity in nitrogen 

is only a function of load and velocity, given by equations {46} and 

{47}. It was determined that the proportion of the variation of emis- 

sivity explained is approximately 0.29 and 0.58 for tests conducted in 

air and nitrogen, respectively. Although the models are only fair in 

their predictive capabilities, it should be understood that this is not 

an exhaustive, but rather a preliminary investigation from which the 

results may provide insight to better designed experiments in the future 

The parameters used in both mathematical models were determined 

to be significant with 99% confidence. Therefore, it would appear that 

other variables exist which were not accounted for in these tests. 

Future tests should include not only load, velocity, and position, but 

any other possible variables which may have an effect such as, time, 

laboratory environmental conditions, and variations in material 

properties due to temperature changes. It may also be necessary to
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determine a better method of assigning positions. 

Comparing the results of the two environments may provide further 

insight. Even though the model for nitrogen tests is simpler than that 

for air, it explains almost twice the variation of emissivity. Obviously 

the principal cause is the lack of oxidation on the surface. Thus, 

parameters that affect oxidation should possibly be added to the model 

for tests in air. However, it would be an advantage is surface temper- 

ature measurements of readily oxidizable materials could be performed 

in nitrogen and still be representative of the surface temperatures 

generated in air. 

The estimated mean emissivities were used to calculate the surface 

temperatures from the measured radiance levels. The variance associated 

with the estimated mean emissivities was found, in general, to affect 

the mean temperature by 7 or 2° C which may be consider negligible 

in comparison to the total experimental error. Therefore, only the 

surface temperature calculated using the estimated mean emissivity is 

given in the numerical data in Appendix K. The measured bulk tempera- 

tures were subtracted from the measured surface temperatures to give 

the temperature rise. Figures 34 ~ 41 compared the range of normalized 

measured temperature rises of both environments to the theoretical 

mean temperature rise as a function of velocity and load. In general, 

the measured surface temperature rise was less than that predicted by 

Archard and Jaeger. 

The plots of measured temperature rise reveal some interesting 

observations concerning the effects of load, velocity, and environment 

on surface temperature. In general, it can be seen that surface
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temperature increases with both velocity and load. However, changes in 

velocity have a more marked effect on surface temperature than changes 

in load. (This fact is supported later by the statistical results.) 

Theoretically, the surface temperature has been shown to be proportional 

to V and YW although the measured values do not follow these relation- 

ships. 

It can also be seen from the numerical temperature data that the 

range of measured surface temperatures becomes larger with increasing 

velocity and load. This increased difference of surface temperature is 

easily explained by the hypothesis that individual areas of contact are 

viewed as they migrate within the wear area. Heat is assumed to be 

generated at the contacting asperity tips and then conducted away into 

the bulk material. Therefore, the temperature will be much greater at 

the sites of contact than at those not in contact. Furthermore, this 

temperature gradient will increase as the heat input increases, i.e., 

at higher loads and velocities, resulting in a greater difference of 

temperatures. 

The environmental effects are readily observable. In all tests 

conducted in nitrogen, the range of temperatures measured was less than 

the corresponding range of measurements in air. This may be a con- 

sequence of the narrower distribution of emissivity, due to the near 

absence of oxidation. However, as the load and velocity increased, the 

range and magnitude of the measured temperature rises in air approached 

those measured in nitrogen. This may be explained by the fact that the 

distribution of emissivity for tests run at higher loads and velocity 

in air approaches the distribution of emissivity in comparable tests
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performed in nitrogen. This may be seen by comparing Figs. 21-26 to 

Figs. 27-32. Thus, it might be assumed that at high loads and velo- 

cities, the surface temperature is not a function of the environment, 

i.e., air versus nitrogen. However, this is not conclusive. 

A statistical treatment, the analysis of variance, was performed 

to determine whether a variation of conditions has a significant effect 

on surface temperature, coefficient of friction, and wear. The analysis 

of variance not only establishes the significance of the main effects, 

but also their interactions. Interaction is a measure of the change of 

the effect of one factor due to the presence of another factor. The 

interaction would be zero if the effect is independent of the second 

factor. For simple cases, plots of the data may reveal both main effects 

and interactions. For two level cases, a consistent change in slope 

may signal an interaction between factors. The final numerical results 

of the statistical analysis were summarized in Table 4, 5, and 6 and 

presented graphically in Figs. 43-47. 

As expected, both load and velocity have a significant effect on 

surface temperature, with velocity having the greater effect (the larger 

F value). The interaction between load and velocity was also found to 

be significant with the highest surface temperatures measured at both 

high load and velocity. These effects can be seen in Figures 43 and 44. 

Environment was determined to be significant within 90% confidence. At 

this level of significance, it is difficult to definitely state that 

surface temperature is or is not a function of environment. Models 

having predictive capabilities of higher accuracy than the ones used in 

this study should establish whether any environmental effects exist.



Irrespective of the models used, the measured surface temperatures 

were consistently greater for tests performed in air than those performed 

in nitrogen. (See Figs. 43 and 44.) This trend occurs even though the 

energy input, as determined by frictional resistance, is greater in 

nitrogen, expecially at 2 m/s as shown in Fig. 45. One possible reason 

may be due to the presence of oxide formation which is prevalent in the 

air tests. Iron oxide, having a lower thermal conductivity than pure 

iron, may form an insulating layer. This layer would decrease the 

amount of heat transferred across the interface, thus increasing the 

surface temperature of the specimen. A second reason may be that the 

increased energy input to the system in nitrogen is expended by the 

increased wear rate. Figures 46 and 47 show that wear is greater in 

nitrogen than air, especially at 2 m/s. 

The significant effects on friction (the coefficient of friction) 

was determined to be velocity, environment, and the interaction between 

these two variables. The trend of these effects can be seen graphically 

in Fig. 45. Higher friction coefficients in nitrogen, in contrast to 

air, was expected since the oxide film which acts as a protective layer 

was inhibited from forming, allowing greater adhesion between the speci- 

men and sapphire disk. However, transfer from the specimen to the disk 

appeared minimal, though no actual measurements were made. The observed 

decrease in friction with an increase in velocity is definite; however, 

the reason for this effect is not known. 

Wear was determined to be a function of load, velocity, and envi- 

ronment. All three variables, including their first and second order 

interactions were deemed highly significant (99% confident). The
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greatest wear was measured for tests performed in a nitrogen environment, 

at high load and low velocity conditions. The general effects can be 

seen in Fig. 46 and Fig. 47. The effect of load was as expected from 

equation {48}; however, the strong effect of velocity was not predicted. 

The actual cause for the decrease in wear (wear volume per sliding 

distance) with velocity is not known. Increased wear in the nitrogen 

environment was anticipated since adhesion at the sliding interface 

would most likely be greater than in air, as noted previously.



CONCLUSIONS 

Surface temperatures generated by friction have been indirectly 

measured using an infrared radiometric microscope. The sliding system 

consisted of an Armco iron pin loaded against a rotating sapphire disk. 

The temperatures were calculated from measured radiance levels 

emitted from the surface and estimated mean emissivity values. The 

presence of oxide formations for tests performed in air caused a wide 

variation in emissivity across the wear area. Repeated tests in nitro- 

gen inhibited the formation of oxide layers. The resulting range of 

measured surface temperature rises was compared to the theoretical 

mean temperature rise, as determined by Jaeger and Archard theories. 

Measurements of frictional resistance and wear were also made for 

each test run. A statistical study revealing the relative effects of 

load, velocity, and environment (air versus nitrogen) on surface 

temperature, friction, and wear was performed. 

The following is a summary of the major findings in this experi- 

mental investigation. 

1) The infrared radiometric microscope and system were success- 

fully used to measure surface temperature, frictional resis- 

tance, and wear. 

2) The radiance data revealed large fluctuations with time 

emitted from a fixed area within the general region of con- 

tact. These fluctuations were caused by changes in both 

emissivity and temperature. 
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3) 

4) 

5) 

6) 

7) 

8) 

9) 
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Emissivity measurements and SEM photographs showed that 

emissivity is dependent on the oxide formations within the 

wear area for tests conducted in air. 

Performing repeat test runs in a nitrogen environment 

successfully inhibited oxide formations. 

From statistical results, emissivity was found to be a 

significant function (99% confident) of position, load, and 

velocity for tests in air. For tests in nitrogen, only load 

and velocity were significant. 

A general increase in radiance level was observed with 

increasing velocity and load. The radiance level rise was 

associated with a rise in surface temperature. 

Analysis of variance results verified that surface temperature 

is significantly effected by velocity and load with a con- 

fidence of 99%. However, environment was deemed only 90% 

significant. 

Coefficient of friction was found to decrease with velocity 

for both environments with the decrease being greater in 

nitrogen. The coefficient of friction in nitrogen was 

higher than that for air at 2 m/s. 

Data revealed that wear decreased with velocity and increased 

with load. Greater wear was measured for tests performed in 

a nitrogen environment. Statistics confirmed that velocity, 

load, and environment are significant, including their first
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and second order interactions (all with 99% confidence). 

10) In general, the measured surface temperature rises were 

less than those predicted by flash temperature theory.



RECOMMENDATIONS   

The following recommendations for further study have been made 

based upon the results of this experimental investigation. It is 

sincerely hoped that the solutions to these problems may advance the 

present state of surface temperature measurement and the science of 

tribology. 

1) 

2) 

3) 

Develop a more accurate mathematical model for estimating 
    

the emissivity and the variance. Answers must be found to 
  

questions such as: Does a quasi-steady state truly exist? 

Are the emissivity distributions actually repeatable? What 

other variables may affect emissivity than those already 

established? 

Using the newly developed model, apply statistical methods to 
  

determine if surface temperature is a function of the environ-     

ment ( air versus nitrogen). If no function exists, surface     

temperature measurements can then be conducted in nitrogen, 

providing both fewer complicating factors and greater accuracy. 

Expand the use of nitrogen in surface temperature measurements 
      

of other readily oxidizable materials and compare with similar 
  

tests in air. It would be advantageous to know if the effects 

of load, velocity, and environment are universal or only unique, 

being dependent upon the material chosen. 
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4) 

5) 

6) 

7) 

8) 

9) 
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Improve the method for measuring radiance output. Employing 
  

more advanced techniques than measuring voltages from chart 

paper will help to reduce experimental error. 

Relate the radiance frequency distribution to load, velocity, 
  

and environment. This may provide information concerning the 
  

number and size of contacting areas. 

Determine any correlation between radiance and friction data. 
  

It may be possible that radiance fluctuations are a function 

of friction transients causing higher surface temperatures. 

Further investigate the effect of sliding velocity on friction 
  

and wear. The discovered effect of decreased friction and 

wear with increased velocity may possibly be caused by a 

peculiarity of the system being used. If so, a design change 

may be necessary. 

Observe, in more detail, the build-up of oxide layers at the 
  

trailing edge for tests performed in air. It has been shown 
  

that the oxide formation is a function of load and velocity. 

However, it should be determined what proportion of the load 

is carried by this layer at the trailing edge. Also, the 

effect of this oxide layer on conduction heat transfer should 

be established. 

Design an experiment to relate wear and surface temperature. 
  

According to Quinn's oxidational wear mechanism (23), the wear 

rate should increase with surface temperature.
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10) Examine the possible effect of material transfer to the 
  

sapphire disk on external transmissivity. A method is needed 

to monitor any significant reductions in radiance measurements 

caused by transfered materials.
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APPENDIX A 

CALIBRATION OF THE BARNES INFRARED 
  

RADIOMETRIC MICROSCOPE   

The following procedure was used to calibrate the infrared 

microscope. 

1. An instrument warm-up period of approximately 30 minutes was allowed. 

2. The infrared microscope was focused on the calibration heat source 

(shown in Fig.A-1) at ambient temperature and the voltage output 

was zeroed by adjusting the zero set control knob. The microscope 

control unit was adjusted to measure radiance according to the 

procedure in the instruction manual for the microscope (38). The ra- 

diation scale was set on 70X and the voltage output was measured from 

the "recorder" output jack set on "HI" impedance. Note: For all 

radiance measurements, the adjustable ring on the $6X objective must 

be set on "0", 

3. With the microscope positioned away from the aperture of the cal- 

ibration heat source, the source was allowed to heat to a given 

temperature. The microscope was then positioned over the heat 

source and the voltage output was recorded. 

4, Step (3) was repeated for each temperature setting. The resulting 

calibration curve is shown in Fig. A-2. 

The listing of instrumentation is given in Table A-l. 
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VOLTAGE OUTPUT (V) 

Figure A-2 Calibration Curve of RM-2A Infrared 

Microscope
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TABLE A-1 

INSTRUMENTATION 

Barnes Infrared Radiometric Microscope 

and Control Unit 

Model RM-2A 

Serial No. 421 

Beck Reflecting Objective (36X) 

Model RM-121 

Serial No. 255 

Calibration Heat Source and Controller 

Model RM-121 

Serial No. 307 

Keithley Digital Multimeter 

Model 168 

Serial No. 31533



APPENDIX B 

CALIBRATION OF THE LINEAR VARIABLE 

DIFFERENTIAL TRANSFORMER 
  

The following procedure was used to calibrate the linear variable 

differential transformer (LVDT). 

1. The LVDT was connected to a power supply adjusted to 20.0 V DC 

output with the LVDT output connected to a digital voltmeter. 

2. With the LVDT output initially set at 0.000 volts, the microscope 

assembly was displaced in definite increments by the precision 

X-Y table. The voltage output was recorded for each increment. 

3. The above procedure was performed for both the tangential and 

radial LVDTs. 

4. The calibration curve for the tangential LVDT and the radial LVDT 

are shown in Fig. B-l and Fig. B-2 , respectively. 

The listing of instrumentation is given in Table B-l. 
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TABLE B-1 

INSTRUMENTATION 
  

Schaevitz Linear Variable Differential Transformer 

Model Type 100 HR-DC 

Serial No. 1502 

Hewlett-Packard Power Supply 

Model 6218A 

Serial No. 1148A04947 

Keithley Digital Multimeter 

Model 168 

Serial No. 31533



APPENDIX C_ 

CALIBRATION OF THE LEBOW TORQUE TRANSDUCER 
  

The following procedure was used to calibrate the Lebow miniature 

torque transducer. 

1. The provided calibration hardware which includes two sets of pulleys, 

a spacer block, an aluminum disk (0.0508 m in diameter) with screw, 

and clamp was installed as shown in Fig.c-l. The clamp prevents 

movement of the torque transducer's lower input shaft. 

2. A length of nylon monofilament was attached to the screw positioned 

edgewise in the aluminum disk. A pan was attached at one end of the 

monofilament while a counterweight was attached at the other end. 

3. With the monofilament positioned horizontally over the pulleys, 

lead shot was added until the pan weight was nulled. The transducer's 

output was 0.000 volts as measured by a digital voltmeter. Power 

was supplied by a 12V battery with the voltage adjusted to 10.00 V 

by a variable resistor. The output signal of the transducer was 

amplified 7000X. 

4. Laboratory weights were placed on the pan to produce a known applied 

torque to the transducer. To overcome the static friction between 

the slip rings and brushes, the brushes were opened then closed after 

each weight was added. The voltage output was recored for each 

torque value. 

5. The calibration curve in Fig. C-2 was obtained showing the linear 

torque/voltage relationship. 

The listing of instrumentation is given in Table C-l. 
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Figure C-1 Attachments for Calibrating 

Torque Transducer
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TABLE C-1 

INSTRUMENTATION 
  

Lebow Miniature Rotary Torque Transducer 

Model 1102-50 

Serial No. 752 

Keithley Digital Multimeter 

Model 168 

Serial No. 31533 

Hewlett-Packard Amplifier 

Model 2470A 

Serial No. 553-00061 

i2Z V Ray-O-Vac Battery 

Model 922



APPENDIX D 

CALCULATION OF THE COEFFICIENT OF FRICTION 
    

The following procedure was used to derive the frictional coefficient 

from the torque transducer output. 

l. The voltage output as recorded from the torque transducer during a 

test was converted to torque output by multiplying by the slope of 

the calibration curve (1.38 x 10°% N-m/mV). The transducer signal 

was amplified by i000X, thus, the actual voltage recorded corresponds 

to millivolt output. 

The inherent torque of the system (without an externally applied 

torque) was subtracted from the above recorded torque. This torque 

was measured prior to each test run and has been found to be dependent 

upon the rotational velocity of the torque transducer. 

The resulting torque is that due to the sliding resistance of the 

specimen alone. 

To calculate the frictional coefficient, the torque applied by the 

specimen was divided by both the applied normal load and the radial 

position of the specimen on the disk. 

Example 

A test was performed at 4.0 m/s sliding velocity with a 1.0 N 

normal load. The drive shaft was rotating at 188.5 rad/s. The recorded 

voltage was 0.607 V. The internal torque was measured to be 2.0 x 103 

N=-m. 
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The preceding method was followed. 

l. Since the torque transducer signal was amplified by 1000X, 

the actual transducer output was 0.607 mV. Converting the 

output voltage to torque gives 

(0.607 mV) x (1.38 x 10 *N-m/mV) = 8.37 x 10 3N-m 

Subtracting the internal torque results in 

(8.37 x 10 °N-m) - (2.0 x 10 ?N-m) = 6.37 x 10 °N-m. 

Thus, the externally applied torque is 6.57 x 10° 3N-m. 

The radial position of the specimen can be determined from 

the sliding velocity and the angular velocity. This is found 

to be 

(4.0 m/s) / (188.5 rad/s) = 2.122 x 10 2m. 

Thus, the coefficient of friction is determined to be 

(6.37 x 10 3N-m) / (1.0N x 2.122 x 10 2m) = 0.30.



APPENDIX E 

RADIANCE VERSUS TEMPERATURE CURVES   

FOR BLACK EMITTER   

(Reproduced from reference 38) 
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APPENDIX F 

CLEANING PROCEDURE FOR TEST SPECIMENS 
  

AND SAPPHIRE DISK 
  

Test Specimens 

The following procedure was used to clean the Armco iron test 

specimens: 

1. The specimens were scrubbed with a paper towel saturated with a 

4% concentrated solution of tri-sodium phosphate detergent in 

distilled water. 

The specimens were rinsed with distilled water. 

The remaining water was removed by a methanol rinse. 

After drying by evaporation, the specimens were placed in clean 

glass containers and put in a desiccator. 

Sapphire Disk 

The following procedure was used to remove iron and iron oxide 

from the disk: 

The disk was scrubbed with a cotton-tipped applicator saturated 

with diluted hydrochloric acid. When removal was difficult, the 

disk was immersed edge-wise in diluted hydrochloric acid. Acid 

contact with the resin epoxy was prevented. 

The remaining acid was removed by rinsing with distilled water. 

The disk was scrubbed with a paper towel saturated with a 4% con- 

centrated solution of tri-sodium phosphate detergent. 

4. Distilled water was used to remove the detergent. 
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5. The disk was then rinsed with methanol. 

6. After drying by evaporation, the disk was piaced in a clean container 

in a desiccator.



APPENDIX G 

PROCEDURE FOR DETERMINING THE   

EMISSIVITY WITHIN THE WEAR AREA 
  

The following procedure was used to measure the emissivity of 

any location in the wear area. 

1. A specially designed heater for this purpose as shown in Fig.18 

was placed on the microscope'’s substage and allowed to reach a 

steady temperature. The temperature was controlled by regulating 

the input voltage by a variable transformer and measured by a 

copper-constantan thermocouple. 

After removing the heater cover, the test specimen was positioned 

as desired in the holder, adjusted to the same height as the black 

standard specimen, and held in place with a setscrew. The cover 

was replaced quickly to minimize heat loss. 

Equilibrium was allowed to be reached. 

The infrared microscope output was zeroed by focusing on the 

black calibration heat source at ambient temperature. The output 

voltage was measured by a digital voltmeter. 

The microscope was focused on the black standard specimen and 

the output voltage was recorded. 

The microscope was then focused on a predetermined reference 

point on the wear area of the specimen. The X and Y position of 

the specimen as measured by the substage micrometers was recorded. 
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7. The specimen was displaced by definite increments relative to the 

reference point with the microscope output voltage being recorded 

at each position. The output voltage from the microscope was 

amplified. 

8. Since the microscope was zeroed at ambient temperature, the emis-—- 

sivity was determined as the ratio of the voltage measured from 

the specimen to that from the black standard. 

The listing of instrumentation is given in Table G-l.
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TABLE G-1 

INSTRUMENTATION 
  

Barnes Infrared Radiometric Microscope 

and Control Unit 

Model RM-2A 

Serial No. 412 

Beck Reflecting Objective (36X) 

Model RM-163 

Serial No. 255 

Heater for Emissivity Measurements 

Model Special 

Powerstat Variable Transformer 

Model $649 

Calibration Heat Source 

Model RM-121 

Serial No. 307 

Keithley Digital Multimeter 

Model 168 

Serial No. 31533
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Dynamics Amplifier 

Model 7521B 7914D/NR 

Serial No. 3124



APPENDIX H 

COMPUTER PROGRAM FOR CONVERTING 

INFRARED MICROSCOPE VOLTAGE OUTPUT 

TO RADIANCE AND TEMPERATURE 

136
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REAL IR,NS,NO 

HHHHHHHEHHHHHHHHRHHHRHHHHHHHHRRHHRHHHEH HHH RHEE HEH HHH HHHHHHHHHHHHHHRH HHH 

PEE HE HEHEHE HE EEE HEHE EEE IE HEHE EEE HEHEHE EEE EHH HH EHH HEH HHH HHH 

H#HHCONVERSION OF INFRARED MICROSCOPE 
VOLTAGE OUTPUT TO BLACKBODY RADIANCE 

EMITTED FROM THE SPECIMEN AND TEMPERATURE *** 

HHHERHHHRHHEHHEHHHHHHHEHKHHHEHHRHHHHH HHH HERE HEHEHE HHHHHHHHHHHHHH HEH 

THIS PROGRAM CONVERTS THE VOLTAGE OUTPUT FROM 
THE BARNES MODEL RM-2A INFRARED RADIAMETRIC 
MICROSCOPE TO EFFECTIVE BLACKBODY RADIANCE 
EMITTED FROM THE SPECIMEN AND 4TS TEMPERATURE. 
INPUT PARAMETERS NEEDED ARE THE EXPERIMENTALLY 
DETERMINED EMISSIVITY, THE VOLTAGE OUTPUT OF THE 
MICROSCOPE AND THE GAIN SETTING OF ANY EXTERNAL 
AMPLIFIER. THE OUTPUT CONTAINS THE FRESNEL 
REFLECTION COEFFICIENT, THE EMISSIVITY OF THE 
SPECIMEN, THE SPECIMEN SURFACE REFLECTIVITY AND 
THE ATTENUATION FACTORS OF BOTH THE AMBIENT RADIATION 
AND THAT EMITTED FROM THE SPECIMEN. PROGRAM 
WRITTEN BY C.A. ROGERS. 

HHH AHHH HHH EHH HHHHHHHHHHHHHEHHHHHEHHHHHKHHHHHHHHEHHHHHHHRHRHHR HHH 

DIMENSION ANAME( 10), VOLT(20),EMISS( 20), RADINT(250), TAU( 250) 

HHEHHHHHHHHHHHH KHER HHH HHH 

READS THE POWER OF THE MICROSCOPE 
OBJECTIVE USED WHERE: 

OBJ = MICROSCOPE OBJECTIVE 
(36X OR 15X) 

HHH HHH HEHEHE HHH HEHEHE EHH HHH HHH HEHEHE HEHEHE HHH HE 

READ (5,5) OBJ 
FORMAT( F3.0) 

HEHEHE HEHE EEE HE EEE EEE HEHEHE HE HHH HHH HRHHHHHHHHEHHHHEHHHHHHHHHEH HER HHH 

READS THE DATA FROM DATA CARD 
NUMBER 2 WHERE: 

ANAME = SPECIMEN MATERIAL 
GAIN = EXTERNAL AMPLIFIER GAIN 
AMB = AMBIENT RADIATION (M/CM=STER) 

HHH HHH HEHEHE HHHKHHHHHHHRHHHEH HEHEHE RHEE HEHEHE HEH 

READ (5,10) (ANAME( 1), 1=1,10),GAIN,AMB 
FORMAT (10A1,F6.1,F9.7,F5.3) 

PMH HH HHH EHH HHH HHH HEHEHE HEHEHE HEHEHE EKER HREHHEHHRHRHHHHHHHHHHHH
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Cc 
C READS THE DATA FROM DATA CARD 
Cc NUMBER 3 WHERE: 
C NE = NUMBER OF EMISSIVITIES TO BE EVALUATED 
Cc NV = NUMBER OF VOLTAGES TO BE EVALUATED 
Cc 
CHR HHH HHH HHH HERRERA HHH HE 

Cc 
READ (5,20) NE,NV 

20 FORMAT (213) 
WRITE (6,30) 
WRITE (6,40) 
WRITE (6,50) 
WRITE (6,30) 

30 FORMAT {  ###RRHHHHHHHHH HHH HHHHHH HHH R EHR HERHHHH RRR HHH HEHEHE 7 ) 

40 FORMAT(1H1,10X, 'CALCULATION OF THE EMITTED BLACKBODY' ) 
50 FORMAT(15X, ‘RADIATION FROM THE SPECIMEN'/) 

HHEEHHHEHHHHHHRHHHHHRHHHRHHHEH HEHEHE HHHHHHHHEHHHHEHEHHHRHHHHHHHHEHHHHHHHRHHHHEH 

READS THE DATA FROM CARD 
NUMBER 4 WHERE: 

EMISS = EMISSIVITY OF THE SPECIMEN SURFACE 

HM HRH HHH HHH HHH HHHHHHEHHRHHHHHHHHHHHEHHHHHEH HHH 

READ (5,60) (EMISS(1),1=1,NE) 

HHHHHHHHHHHHHHRHHHHHHHEEHHHEHRHER RHR RHE RHE Ht 

READS THE DATA FROM DATA 
CARD NUMBER 5 WHERE: 

VOLT = VOLTAGE OUTPUT FROM MICROSCOPE AND ANY 
EXTERNAL AMPLIFIER 

HHHHHHHHHHHHEHHHHHHHHHKRHH HEHEHE HHHHHHKHHHHHEHHHHHHEHHHHHHHHHHHHHRHEHRHEH HR HH 

READ (5,60) (VOLT(1!), 1=1,NV) 
FORMAT (20F6.3) 

He HE HE HE HEHEHE He dE He HE HE Et HE FE HE HE HE HE Ee EE TEE EE HE EE HEE HEE EE HE HH 

oO
 

THiS DO-LOOP EVALUATES EACH EMISSIVITY 
FOR EVERY VOLTAGE OUTPUT IN THE DATA 

HHRHMHHHHHHHHHRHHHHEHHHHHHHEHHEHHHHHRHRHHHHRHHEHHEHHHRHHHERHHEAREHHHRHHHHRHHEHHEHHEE 
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DO 120 1=1,NE 
WRITE (6,70) 

70 FORMAT (///) 

CHR HHH HHH HEHEHE HHHHHHHHKERHHHHEHHHHHHERHH HEHEHE HHH RHEE EHH 

C 

QO
 

C THIS EXPRESSION EVALUATES THE SURFACE 
Cc REFLECTIVITY OF THE SPECIMEN AS
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(1-EMISSIVITY) WHERE: 
SURF = SURFACE REFLECTIVITY 

HHH HHH HEHEHE HHH HHH HHH HH HH HHH HHH KH HHH HHH HHHHHHHHHHEHHHHHHHHHKR RHE HH 

SURF=1.0-EMISS(1) 

HHH HHHHEHHHHHHHHHHHHHHRHRHHHHHHEHHH HHH HHHEHHHHHHHHHHEHHEHHHEE 

THE NEXT DECLARATION SETS THE INDEX 
OF REFRACTION TO A GIVEN VALUE WHERE: 

IR = INDEX OR REFRACTION OF THE SAPPHIRE 

HHHKHHHHHHHHHHHHHEHHEHHHEHHHHHHHHHHHHHEHHHHHHEHHEHHHEHHHHHHHHHHHEHHHHE HHH EH 

IR=1,.65 

HHH HEHEHE HHH HEHEHE HREM HHH HHHHHHHE HEHEHE HHH HHH 

THE NEXT EXPRESSION CALCULATES THE 
FRESNEL REFLECTION COEFFICIENT FROM 
THE INDEX OF REFRACTION GIVEN ABOVE 

EHH HEHEHE HEH HHH HHH HHH HHHHHHHHHRHHEHHHHHHRHHHHHH HHH HR HH 

FRES=(1R-1.0)##2/(( 1 R+1.0)*#2) 

HHH HHH HHH HHH HHH HHHHHEHEHHHEHHHHHHHHHHHRHHHHHEHHHH HH HHH HHH 

THE NEXT SECTION CALCULATES THE 
INTERNAL TRANSMISSIVITY BASED ON THE 
DECLARED INDEX OF REFRACTION AND THE 
EXPERIMENTALLY DETERMINED EXTERNAL 
TRANSMITTANCE WHERE: 

EXTER = EXTERNAL TRANSMITTANCE 
TRANS = INTERNAL TRANSMISSIVITY 

HEHEHE HTH HHH HHH HEH HHH HHH HEHEHE HHHHHEHHHERHHHHHHHEHHHH HH HHH HEHE 

EXTER=0.8539 
TRANS=EXTER/( (1-FRES)/(1+FRES) ) 

HHH HEHEHE HEHEHE HHH HEHEHE HHH HHEHHHHRHEHHHRHHEHRHHHHRH RHEE HHH HE 

THIS SECTION CREATES A TABLE OF IMPORTANT 
DATA FOR EACH NEW EMISSIVITY EVALUATED 

HHH HEHEHE HHH HHH HHH HHH HHH HEH HHH HHH HHH HEHEHE HEHEHE 

WRITE (6, 80) EMISS(1), IR, SURF, FRES, TRANS, GAIN, OBJ 
FORMAT (1X, ‘EMISSIVITY OF THE SPECIMEN ' F6.4/1X, 

2 "INDEX OF REFRACTION ' F6.4/1X, 
3 "SPECIMEN REFLECTIVITY ' F6.4/1X, 
4 'FRESNEL REFLECTION ' F6.4/1X,
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5 "INTERNAL TRANSMISSIVITY ' F6.4/1X, 
6 "AMPLIFIER GAIN ",FR.LO/1X, 
7 "MICROSCOPE OBJECTIVE 'F3.0,'X'///) 
WRITE (6,90) 
FORMAT( 1X, 'VOLTAGE', 4X, 'SPECIMEN', 8X, 'AMBIENT',6X, 'AMBIENT', 

1 8X, 'SPECIMEN',6X, 'SPECIMEN'/1X 
2'OUTPUT' ,&Xx, "ATTENUATION', &X, 'ATTENUATION', 3X, 'RADIATION', 7X, 
3'BLACKBODY', 3X, ' TEMPERATURE’, /13X, 
3, FACTOR! , 9X, ' FACTOR! , 22X, 'RADIATION! , 6X, ' DEG. c',/1xX 

TEESE HEHE HEHEHE EEE EEE HEHE HEHEHE HHH HHH HEH HHHHHHH HEHE HHH HHH HH EHH HHH 

THIS DO-LOOP CONVERTS EVERY VOLTAGE 
OUTPUT TO BLACKBODY RADIANCE OF THE 
SPECIMEN WITH THE EMISSIVITY 
DETERMINED BY THE OUTSIDE DO-LOOP 

HHHHHEHHHHHHHHHHHHHHHRHHHHHHHKHHHHEHHHERHHHHHHHHHHHHHHHHHHHHHHHHHERHHHHHEE HHH 

DO 110 J=1,NV 

HHEHHKHHHHHHRHHHHHHHHHHHHHHHKHHHHHHHHHHHHHHHRHHRHHHHRHEK HH HHH HHH 

CONVERTS THE VOLTAGE OUTPUT TO 
RADIANCE WHERE: 

0.312 = THE CALIBRATION CONSTANT FOR THE 
MICROSCOPE WITH A 36% OBJECTIVE 

0.171 = THE CALIBRATION CONSTANT FOR THE 
MICROSCOPE WITH A 15X OBJECTIVE 

HEHHHHHHHHHHKHHHKRHHHHHHHHHHHHHHHHHHHHHHHKHKEHHKHEHHHHRHHHKHHHHHHRHRHHRHERH HH 

}F(OBJ.EQ.15. )CAL=.171 
1F(OBJ.EQ.36. )CAL=.312 
VOUT=VOLT(J)*CAL/GAIN 

HHH HHH HHHHHHHHHKHHHEHHHHHHHHHEHHHEHR HHH MHHKHHHHHHHHHHHHRHHHHHRHHEHHRHHEHRHE HEH 

THE NEXT SECTION CALCULATES THE FRACTION 
OF SPECIMEN AND AMBIENT RADIATION THAT 
IMPINGES ON THE INFRARED DETECTOR; 1.€E. 

REFLS1 = FRACTION OF SPECIMEN RADIATION DUE 
TO REFLECTION NUMBER 1 

REFLA3 = FRACTION OF AMBIENT RADIATION DUE 
TO REFLECTION NUMBER 3 

KEE HHH HEHHEHH HEHEHE HERE RHEE HEHEHE HHH HHH 

REFLS1=(1-FRES)*TRANS 
REFLS2=(1-FRES)*SURF*#*FRES*( TRANS*4#3 ) 
REFLA1=FRES 
REFLA2=(1-FRES)**2*SURF*( TRANS*#*2 ) 
REFLA3=( 1-FRES) **2*( SURF**2 )*FRES*( TRANS*#*4 )



O
O
N
A
N
A
A
A
A
O
N
D
 

D
Q
O
O
N
N
N
M
G
A
H
D
 

A
M
N
M
N
A
O
M
O
A
9
O
9
N
9
 

A
A
N
A
N
M
D
M
A
A
N
O
D
 

141 

HR HEH HHH HHH HHH HHH HHH HEHEHE HEHEHE HHH HEH 

THE ATTENUATION FACTORS ARE THE SUM OF 
THE APPROPRIATE REFLECTION FRACTIONS WHERE: 

NO = AMBIENT ATTENUATION FACTOR 
NS = SPECIMEN ATTENUATION FACTOR 

HEHEHE HE HE HE HE HE HE HE HEHE EE HE EEE HE HEHE HE HE HE RE He HE HE EE HE HEHE EE EE HEE HEHEHE EE HEHE EE HEE EHH 

NS=REFLS1+REFLS2 
NO=REFLAIT+REFLA2+REFLA3 

MHRKHRHHHHHHHEHHEHRHHHHHEAHEEHAHEHEEEHHHHHHEHAHEEHREHREHRHHEHHHEHHHHHHERHHEHHHHHERHH HHH 

THE NEXT EXPRESSION CALCULATES THE BLACK- 
BODY RADIANCE EMITTED FROM THE 
SPECIMEN WHERE: 

RAD = BLACKBODY RADIANCE 

HHHHHHHHHHHHHHHHHHHHHHEHHHHHHHEHHHHHHHHEHHKHHKHHRHEHHEHHHEHHHHEHEHHHHHRHHH RHE 

RAD=({ VOUT+AMB= ( NO*AMB) )/(EMISS(1)*NS) 

HEHEHE HHHHHEHHHHHHHHHHHHHHHHHHHEHHHHHHEHHREHERHHKHREHEHERHHHHHHHHHHRHHHHEH HHH 

THE NEXT STATEMENT GIVES THE FOLLOWING 
SUBROUTINE TEMPER, AN INITIAL GUESS OF 
THE TEMPERATURE OF THE SPECIMENS. 

HHH HEHEHE HHHHHHEHHHKHHHHHHHHHHHEHHHHEHHHHHRHHH KHER HHH 

TEMP=10. 

HHH HHHHHHEHHHHHHHHHHHHHHHHHRHHHHHHEHHHHKHHHRHHHHHHHHKEH HHH HK 

SUBROUTINE TEMPER CALCULATES THE 
SPECIMEN TEMPERATURE 

HHH HHH HHH HHH HEHE HH HEHEHE HHEHHHR HHH HEHEHE HHH HHKHHHKHHRHHHHEHRHH RHE 

CALL TEMPER( RAD, TEMP, TEMPC, DLMDA, TAU, 1COUN) 
WRITE(6,100) VOLT(J),NS,NO,AMB, RAD, TEMPC 

100 FORMAT (2X, F6.3,5X,F7.3,8X, F7.3,3X,2(E12.4,5X), F7.2) 
110 CONTINUE 
120 CONTINUE 

WRITE (6,130) 
130 FORMAT (1H1) 

el
 e
l
e
l
e
r
e
l
e
r
e
)
 

HHH HHH HHH HHH HER HHHHHHHHHHHHHHEHHEHHEHHEHHHHHHHHHRHHEHRHEHRE HEHE HH 

SUBROUTINE RESPON PLOTS THE SPECTRAL 
RESPONSE CURVE USED IN THE CALCULATION 
OF TEMPERATURE
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HREHHHHHHHHHHHEHHHHHKKHHKHHKRHEHRHHEHRHHEAHHHHEHHEHEHHHREHRHHHHHHRHHRHHHEEHH HHH 

CALL RESPON( TAU, DLMDA, |COUN) 
STOP 
END 

HMB HHEH HEH HEHEHE HHH HHHHRHHHHHHHHRHHHHRH HHH HEH 

HHH HEHEHE HHH HEHEHE HER HHEHRHHRHHERHHHHEHHHEHHEHHHE HHH HHH HEHEHE 

HHHHHHHEHHHHHHHHEHHEHHHEHHEHHHHHHHKHHHHHHHHHHHHHHHHHHHHEHHHEHHHHHEHHHHH HHH 

SUBROUTINE TEMPER 

SUBROUTINE TEMPER TAKES THE EXPERIMENTAL SPECIMEN EFFECTIVE 
BLACKBODY RADIANCE AND THEN CALCULATES THE CORRESPONDING 
TEMPERATURE. THIS IS DONE BY GUESSING A TEMPERATURE AND THEN 
CALCULATING THE MONOCHROMATIC BLACKBODY RADIANT INTENSITY FOR 
THE BANDWIDTH OF THE MICROSCOPE. THE RADIANT INTENSITIES ARE 
THEN MULTIPLIED BY THE SPECTRAL RESPONSE OF THE MICROSCOPE. 
BY NUMERICAL INTEGRATION THE AREA UNDER THIS CURVE IS CALCULATED 
AND REPRESENTS THE ACTUAL RADIATION RECEIVED BY THE MICROSCOPE. 
THIS VALUE 1S CORRECTED FOR THE ELECTRICAL CONSTANTS AFFECTING 
THE OUTPUT AND THEN COMPARED WITH EXPERIMENTAL VALUE. AN 
ITERATIVE PROCESS IS USED TO CONVERGE TO THE PROPER TEMPERATURE. 

HHH HHH HHH HHH HEHEHE HHHHHHHEHRHEHHHHHHHHHHHRHHHHHHHHRHH HHH 

RHHKHHHEHHHHHHEHHHRHHHEHHHHRHHRHHHHHHEHHHHHHHEHHHRHHHHH AHHH RHR HH HHH 

HH HHH HHH HHHHHHHEHHHHHHHHHHHHHHEHHHHHHHHHHKHHHHHHHHHHHHR HEHEHE 

SUBROUTINE TEMPER( RAD, TEMP, TEMPC, DLMDA, TAU, | COUN ) 
DIMENSION RADINT(250), TAU(250),X(250),¥1(250), Y2( 250), WAVE( 250) 
DIMENSION RADI(250),RADY( 250) 
TEMPK=TEMP+273. 
DLMDA=0. 022 
WAV=1.6-DLMDA 

| COUN=0 

HHH HHH HME HHH HHHRHHHHHHHEHEHEHHKHHE HEHEHE HEHEHE HHH 

THE NEXT SECTION CALCULATES THE NORMALIZED 
SPECTRAL RESPONSE OF THE MICROSCOPE FOR A GIVEN 
WAVELENGTH, WHERE: 

TTAU=NORMALIZED SPECTRAL RESPONSE 
TAU=MATRIX CONTAINING TTAU 

HHH HIE EEE HE HEE EEE EE EEE HH HE He EE HE 

| COUN= | COUN+1 
WAV=WAV+DLMDA 
IF(WAV.GT.6.2) GO TO 3 
(F(WAV.GE.1.6.AND.WAV.LT.2.0) TTAU=. 75*WAV-1.2
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IF(WAV,GE.2.0.AND.WAV.LT.2.2) TTAU=-. 10*WAV+. 50 
IF(WAV.GE.2.2.AND.WAV.LT.2.4) TTAU=0.0375*WAV+, 1975 
IF(WAV,.GE.2.4.AND.WAV.LT.2.6) TTAU=.1125*WAV+0.0175 
IF(WAV.GE.2.6.AND.WAV.LT.2.8) TTAU=.20*WAV~.21 
IF(WAV.GE.2.8.AND.WAV.LT.3.0) TTAU=.25*WAV-~. 35 
| F(WAV.GE.3.0.AND.WAV.LT.3.2) TTAU=. 30*WAV~.50 
bF(WAV,.GE.3.2.AND.WAV.LT.3.4) TTAU=.425*WAV-.90 
lF(WAV.GE.3.4.AND.WAV.LT.4U.2) TTAU=.375*WAV-. 73 
IF(WAV.GE.4.2.AND.WAV.LT.4.8) TTAU=, 225*WAV-. 10 
IF(WAV.GE.4.8.AND.WAV.LT.5.0) TTAU=. 10*WAV+. 50 
IF(WAV,GE.5.Q.AND.WAV.LT.5.2) TTAU=-.60*WAV+4 
| F(WAV,.GE.5.2.AND.WAV.LT.5.4) TTAU=-1. 30*WAV+7. 64 
|F(WAV.GE.5.4.AND.WAV.LT,5.6) TTAU=-2. 35*WAV+13. 31 
IF(WAV.GE.5.6.AND.WAV.LT.5.8) TTAU=-.45*WAV+2.67 
| F(WAV,GE.5.8.AND.WAV.LT.6.0) TTAU=-.25*WAV+1.51 
IF(WAV.GE.6.0.AND.WAV.LT.6.2) TTAU=-.05*WAV+. 31 
TAU( | COUN )=TTAU 
WAVE( | COUN )=WAV 
GO TO 2 

HHKHHHHHHHHHHHHHHHHHHHEHEHHHHHHHHHHHHEHHHEHRHHHHHHHRHHHHHHHERHEHHHRHHHHHR HEHE 

THE FOLLOWING SECTION CALCULATES THE 
MONOCHROMATIC BLACKBODY RADIANT INTENSITY 
IN WATTS/CM*¥#2-STER 

PHT HEE HHH HEHEHE HHH HHH HHHHHHHEHHHHHEHHRHHHHHHHHHHHHRHHRHHHEHHHHHHHE 

CONTINUE 
| COUN= | COUN~-1 
WAV=1.6-DLMDA 
DO 7 l=1, |COUN 
A=14388/(WAV*TEMPK ) 
1F(A-86. )4,4,5 
RADI (1 )=((11909/WAV*¥S )*(1./( EXP(A)-1.))) 
RADINT( 1)=((11909/WAV*#*5 ) #(1/( EXP(A)-1.)) )*TAU( 1) 
RADY( 1 )=RADINT( 1) 
GO TO 6 

HHH HHH HHHEHHHHHHEHHHHHHHHEHHHHEHHRH HHH HEHE HH HHH HHH HHH HH 

THE FOLLOWING SECTION CALCULATES THE TOTAL 
BLACKBODY RADIANT INTENSITY BY USING 
SIMPSON'S RULE OF NUMERICAL INTEGRATION 

HHH EEE HHH EH HEE HEHEHE HEE HEHEHE HHH HEH HHHHHHHKHRHHE HEHEHE HHH 

RADINT(1)=0.0 
RADY( 1 )=0 
RADI( 1 )=0 
WAV=WAV+D 
CONTINUE 
RADF=RADINT(1)+RADINT( | COUN) 
EVEN=0.0 
ODD=0.0
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M=|1COUN-1 
DO 8 K=2,M,2 
ODD=RADINT( K)+0DD 
CONTINUE 
L=|]COUN-2 
DO 9 K=3,L,2 
EVEN=RADINT(K)+EVEN 
CONT I NUE 
EFRAD=(DLMDA/3.0)*( RADF+4.0*0DD+2.0* EVEN) 

HHRHRHHEHHHHHREHHEHHHHHHHHHHHHHHHEH HEHEHE HHHEHHEHHHHHHHHHHKHKHHHHHHEHH HHH 

THE NEXT STATEMENT CONVERTS THE ACTUAL RADIANCE 
TO THAT READ BY THE MICROSCOPE DUE TO THE 
MICROSCOPE'S ELECTRICAL SYSTEM (PER CONVERSATION 
WITH NELSON ENGBORG OF BARNES ENGINEERING CO. ) 

HHEPHHHHHHHHHHHHHHHHHHHEHKHHHHHHEH HEH HHHEHHHEHHHHHHHHHHHHHHHHHHRHEHHHHHH RH 

EF FRAD=EFRAD#13.50 
TEMPC=TEMPK~273. 

HEHEHHKHKHHHHHHHKHEHHHEHHHHHEHHHEHKHHHHHHHHEHHHHHHHHHHHHHHHHHEHHHHHEHHHR HHH 

THIS SECTION PERFORMS THE ITERATION OF THE 
TEMPERATURE TO CONVERGENCE. CONVERGENCE 1S 
ACHE!IVED WHEN THE CALCULATED RADIANCE EQUALS 
THE EXPERIMENTAL RADIANCE + OR - 1.5 PERCENT. 
AN ERROR RANGE LESS THAN THIS CAUSES NO 
CONVERGENCE FOR SOME TEMPERATURES BECAUSE THE 
TEMPERATURE IS INCREMENTED IN WHOLE NUMBERS AND 
THE RADIANCE CHANGES LESS THAN THE ERROR 

HHHHHHHHHHHHHHHHHHHEHHHHHHHHRHHHHHHEHHHHHHHHHHEHK HHH HHH HHH HHH RHR HHH HEH 

IF( TEMPC.LT.160.) GO TO 22 
ERROR=RAD*0.0075 
GO TO 33 
ERROR=RAD*. 0200 
CONTINUE 
H!GH=EFFRAD-RAD 
ELOW=RAD-EF FRAD 
IF(HIGH.GT.ERROR) GO TO 10 
|F(ELOW.GT.ERROR) GO TO 11 
GO TO 12 
TEMPK=TEMPK=-1. 
GO TO 1 
TEMPK=TEMPK+10. 
GO TO 1 
CONT I NUE 
CALL INTENT( WAVE, RADY, RADI, |COUN, TEMPC) 
RETURN 
END
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REAL KB,KC,MU,LE,LP,L,N, JE, JP, JAVG, NUM 

HHKHHHHEHHHHEHHHHHH HR HHHHKHHRHHHH HHH HHH HH KR HHHHHHKHRHHKHKRHHHRHRHHRHRHHHE RH 

HHRHHHHHHHHHHHHHHHKHHHHRHHKHHHEHHHHHHHHHHHKHHHHHHHHHHHHHHHKHHHRHHHHHK HK HH 

H#EHSURFACE TEMPERATURE CALCULATION PROGRAM### 

THIS PROGRAM CALCULATES SURFACE TEMPERATURES 
GENERATED BY FRICTION USING BOTH ARCHARD'S 
AND JAEGERS'S MEAN TEMPERATURE THEORIES. 
THE TEMPERATURES ARE CALCULATED BY ASSUMING 
PLASTIC AND ELASTIC DEFORMATION WHICH DETERMINES 
CONTACT AREA. 

THIS PROGRAM WAS WRITTEN BY CRAIG A, ROGERS. 
REVISED BY STEVE C, MOYER (SEPT. 1982). 

HHHHHHHHHHHHHHHHHHHHHHHHHHHRHH HH HH HHH HHH HHHHHHKHHHHHHHH HHH HK HHH HHH HH 

HHEMHHHHHHHHHHHRHHHHHHHEHHHRHHRHHHHHH EHH HHH KHER HEHEHE KRHHHHHKH HHH HHH HHH 

He HEH HEHE HE HE HEE HE HE EH HEHE FE HE HE HE EE HE HEE HEE EEE EE HE HEE HE EE He 

THE FOLLOWING STATEMENT CREATES A MATRIX 
WHICH HOLDS THE NAMES OF THE MATERIALS 
WHICH ARE TO BE READ FROM DATA CARDS, 

HEH HHH KH HHH HHH RHR HHH HRHRHHEHHHHH RHE HHH HRRHHHHHHHRHHRHHRRRHHRHEE EHH 

A
Q
G
A
A
D
A
A
N
I
A
A
A
N
A
A
N
A
N
D
A
N
A
N
N
A
N
A
N
A
A
N
N
N
A
A
A
C
A
N
N
 

DIMENSION X(100),¥1(100),Y2(100),BNAME( 10), CNAME( 10) 
READ(5,10) (BNAME(1),1=1,3),EB, RHOB, CB, KB, PMB, TMB, POI SB 
READ(5,10) (CNAME(1T),1=1,3),EC,RHOC,CC, KC, PMC, TMC, POISC 

0 FORMAT( 3AU,7F9.7) 

HEHE HE HEHE HE HEE HE A HEE HEE HE HE HEE HE HEE EEE EEE HE EEE EEE EE EE HE KE HHH 

THE FOLLOWING SECTION CREATES THE TITLE 
AND MATERIAL PROPERTY TABLE WHERE: 

EB,EC=MODULUS OF ELASTICITY OF THE TWO BODIES 
RHOB, RHOC=DENSITY OF THE TWO BODIES 
CB,CC=SPECIFIC HEAT OF THE TWO BODIES 
KB, KC=THERMAL CONDUCTIVITY OF THE TWO BODIES 
PMB, PMC=HARDNESS OR FLOW STRENGTH 
TB, TMC=MELTING POINT OF THE TWO BODIES 
POISB, POISC=POISSON'S RATIO OF THE TWO BODIES 

HEHEHE HEHE HE HEE HE HEE HE HE EE He EE PEE EE EE EE EE EE EEE EE HHH HH 

D
Q
A
M
M
A
R
A
I
A
N
A
A
N
A
A
N
A
A
N
N
O
=
 

WRITE (6,270) 
WRITE(6, 22) 
WRITE(6, 20)
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WRITE(6,22) 
20 FORMAT(20X, ‘CALCULATION OF SURFACE TEMPERATURES'//) 
22 FORMAT (1X,  HRRHHHKH HHH HEHEHE HEHEHE HERRERA HEE RHR RRR 

WRITE(6, 40) 
WRITE(6, 30) 

30 FORMAT ( 1H+, 30X, ' '5x,' ' 
4O FORMAT(1H ,28X,' SPHERE',5xX,' PLANE’) 
WRITE(6,50)(BNAME( 1), 1=1,3),(CNAME( 1), 1=1,3),EB,EC,RHOB, RHOC,CB, 

2 cCC,KB,KC, PMB, PMC, TMB, TMC, POISB, POISC 
50 FORMAT( 1X, ‘MATERIAL " 3A4,5X, 3A4/1X, 

2 "MOOULUS OF ELASTICITY(N/M#*2) ',1PE10.4,5X, 1PE10.4/1X, 
3 "DENSI TY( KG/M**3 ) ",1PE10.4,5X, 1PE10.4/1%, 
4 "SPECIFIC HEAT(JOULES/KG-C) ",1PE10.4,5X, 1PE10.4/1X, 
5 "CONDUCTIVITY( JOULES/SEC-M-C) ',1PE10.4,5X,1PE10.4/1xX, 
6 "HARDNESS(N/M##2 ) ', 1PE10.4,5X, 1PE10.4/1X, 
7 "MELTING POINT(C) '1PE10.4,5X, 1PE10.4/1X, 
8 "POISSONS RATIO ",1PE10.4,5X, 1PE10.4/) 

C 
Cc FEM HH HHH HHH HHH HH HHHHEHHHHHHHHHHHHHEHHHHHHHHHH HHH KR HHHRHHHRHHHHHHHHH HHH HH 

C 
Cc FROM THE DATA: THE NORMAL LOAD,WT (NEWTONS), THE 
C COEFFICIENT OF FRICTION, MU, AND THE RADIUS OF 
Cc THE SPECIMEN,R (METERS), 1!S READ. 
Cc 
C HEH HEHE HEE HE HE HEE EE HE EE HEE FEE EEE HEHEHE EH HEHEHE HHH HHH HHH HHH HHHHHHHHHHHHHHH HHH HH 

Cc 
60 READ(5,70) WT,MU,R 

K=1 
IF (WT.EQ.0.0) GO TO 260 
1=0 

70 FORMAT(3F10.5) 
WRITE(6,80)WT,MU,R 

80 FORMAT( //' LOAD =',F6.2,' N',5X,'COEFF. OF FRICTION =',F5.3, 
2 5X,’ RADIUS = ',1PE12.6,' M'//) 

C 
Cc He HEHE He HE HE Ee HEE EE EE Ee HEE Ee te HE Ee Ee HE ee ee HE 

C 
C CALCULATES THE RADIUS OF THE ELASTIC AREA 
C OF CONTACT, AE. ' 
C 
C AP2=PLAST!IC AREA OF CONTACT 
C AE2=ELASTIC AREA OF CONTACT 
C 
Cc HEHE He HE HE HE HE HE HE HEE HE HE HE HEE He He PE HE HE Et EEE EE HE EEE HEHEHE HEHEHE HEH HHH HHH HHH HH HHH HHH EH 

C 
AE=((((1.-POISB*POISB)/EB)+((1.-POISC*#POISC)/EC) )*, 75*WT#R) **, 33333 

Cc 
Cc HEH HEH HE He PE HE HE He PE EE FE HEE HE EE HEE EE HE EE EE Pe EE HE HEE EE HE EE HE HEE PE EE Ee 

Cc 
Cc DETERMINES THE HARDEST MATERIAL AND THEN USES 
C 1TS HARDNESS IN THE PLASTIC DEFORMATION THEORY 
C 
C He He He HE HE Ee Ee EE HE HEE HE HE EE Ee EE EE HEE HE Ee HE EE HEE EE HEHEHE EHH HH HHH HHH HHH 

C 
PM=PMC
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1F( PMC.GT.PMB) PM=PMB 
AP=SQRT(WT/(3.14159*PM) ) 
AP2=WT/PM 
AE2=3. 1U159*AE*AE 
WRITE(6, 90) AE2, AP2 

90 FORMAT(1X, ‘ELASTIC AREA OF CONTACT =',1PE12.4,' M##2'//1X, 
2 "PLASTIC AREA OF CONTACT =',1PE12.4,' M##2'/) 

Cc 
C PETE HHH HHH HHH HHH HHH HHHHHHHHEHHRHHHHHHHHHHHHHHHHHEHHHHHHHHHHHHHHE HHH EH 

Cc 
Cc DETERMINES THE MATERIAL WITH THE 
c LOWEST MELTING POINT. THE PROGRAM 
Cc WILL STOP WHEN IT CALCULATES A 
Cc TEMPERATURE GREATER THAN THIS MELTING 
C POINT 
Cc 
C HEHEHE HEHE EEE EHH HHH HHI HHH HHH HHHHHHHHHHHHHHHKHHHHHHHEHHHHHHHHHHHHHHE HK 

Cc 
F(TMB.GT. TMC} TM=TMC 

1F( TMC.GE. TMB) TM=TMB 

PEPE HE HEHE HE HEHEHE HE HEHEHE HEHE HE HE HE TE HE TE HEE HEE HEHE HE TE HE HEHE EEE HEHEHE EH HHH HHH HHH HHH HHH HHH 

DIF EQUALS THE THERMAL DIFFUSIVITY 

eH HE HEE HE HE HE HEHE HEHE HE HE HE Ht HE HE HE HE 9 FE HEE HEE HE HE EEE EE ee ES FE EE EE HE HE EH HE HE eH EE EHH 

A
A
A
A
N
A
A
N
 

DI F=KC/(RHOC*CC) 
V=0, 
WRITE(6, 100) 

100 FORMAT(43X, ’ARCHARDS THEORY',5X, 'JAEGERS THEORY'/23x, 
2'PECLET NUMBER',15X, ‘TEMPERATURE RISE (C)'//1X, 
3'SLIDING SPEED(M/S)',3X, 'ELASTIC',3X, 'PLASTIC',3xX, ELASTIC’, 
43X, 'PLASTIC', 3X, "ELASTIC',3X,'PLASTIC'/) 

HHH HEHEHE HHH HEHEHE HEHEHE HHH RHR HEHEHE HHH RHEE HHH 

INCREMENTS THE VELOCITY BY 0.2 M/S. 

HEHEHE HEHE HEHE EE HE HE HE HE HE HE HE PE TE EE EE HE HE HE HEE ETE EEE EE HEE EEE EH Ht 

A
O
N
N
I
I
A
N
I
A
N
A
N
D
 

10 IF(V.GT.9.9 ) GO TO 250 
V = Vt0.2 

HHHHHHHHHEHKHHHEHHHRHHHKHHHHHHHKHHHHRHHHHHHHHHHHHHHKHHHHHHHHEHRHHHHRHHHHRHHHHH 

CALCULATES THE PECLET NUMBER FOR THE ELASTIC 
AND PLASTIC AREA OF CONTACT. 

LE=PECLET NUMBER USING ELASTIC DEFORMATION 
LP=PECLET NUMBER USING PLASTIC DEFORMATION 

HEHEHE HEHE HEE HE HEHE HE HEE HH HEE HEHE HE EH HE EE He EE EE EE EEE HE HE HE HEE EEE HE HE EH EH HH EH 

B
F
Q
N
O
O
D
A
A
N
N
A
O
N
N
D
 

70 LE=V*AE/(2.*DIF)



H
Q
O
9
O
9
N
9
N
N
N
I
N
N
Q
 

A
2
N
A
0
9
0
9
N
9
N
0
0
0
 

& © 

190 

200 
210 

A
Q
A
A
A
A
A
R
A
A
N
D
 

220 

T
O
A
A
D
Q
A
A
N
A
A
N
D
 

149 

LP=V*AP/(2.*DIF) 

HHHKHHHHHHKHHHHRHHHHHHHHHHHRHHHRHHHRHHHRHRHHEHRHR HHH HHHHHHHKRHHHRHHHEHHHHHRHHHHR HHH 

CALCULATES THE HEAT INPUT TO THE SYSTEM 

Q=HEAT INPUT 

HHH HEHEHE HEHEHE KHER HHH HHRHHHEHHREHHHHHHHK HHH HHH HR 

Q=MU*WTtV¥ 

HHREHHHKHHHHHHKRHEHHHHHKHHHHKKHHHHHHRHEHHHKHHHHRHHHKER HHH HHH HH 

DETERMINES WHICH OF THE THREE EQUATIONS 
SHOULD BE USED BASED ON THE SPEED CRITERION 
OR THE PECLET NUMBER, 

FETEHE HEH HEHEHE HHH RH HHH HH HHH HHH EHH EE HH 

LP.LT..1) GO TO 220 
LP.GT.5.) GO TQ 230 
LP.GE..1.AND.LP.LE.5.) GO TO 240 

LE.LT..1) GO TO 220 
LE.GT.5.) GO TO 230 
LE.GE..1.AND.LE.LE.5.) GO TO 240 

ITE(6,210) V,LE,LP, TME, TMP, JE,JP 
FORMAT( 6X, F7.3, 7X, F8.4, 3X, F7.4, 4( 4X, F6.1)) 
K=K+1 
X(K)=V 
Y1(K)=JP 
Y2(K)=TMP 
GO TO 110 

HHHEHHHHHHHHKHHHHHEHHHHHHHHHHHHHHHHHHHHRHHHHHHHHHHHHHHHHHHHHKHHHHHHHHHH EHH 

CALCULATES THE SURFACE TEMPERATURE WHEN 
L IS LESS THAN 0.1 USING THE SLOW SPEED 
EQUATIONS 

HHHHHHHHHKHHHHMHHHHEHHHHHKHHHHHHHH RHR HHHH HHH HHH HHH HHH HHH HHH 

IFC IT FLAG. EQ.1) RAD=AP 
IF( IFLAG.EQ.2) RAD=AE 

HERE HHH HHH EHH HHHHHHHHEHHHHHHHHHEHHHHEHHHHHHHHHHHRHHHEHHRHEHHHHRHH HERE 

TAVG [S THE MEAN TEMPERATURE ACROSS 
THE HEAT SOURCE USING ARCHARD'S EQUATION 

JAVG |S THE MEAN TEMPERATURE USING 
JAEGER'S THEORY 

HHH HHH HHH HHH HHH HHH HEHEHE HHH HEHEHE HHH HH HHH HHH
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A
O
A
I
A
A
A
N
 

150 

TAVG=(1./( KB+KC) )*Q/(4*RAD) 
JAVG=0.946*Q/( 4*RAD*( KB+KC) ) 
IF (tFLAG.NE.1) GO TO 111 
TMP=TAVG 
JP=JAVG 
GO TO 190 
IF (1FLAG.NE.2) GO TO 222 
TME=TAVG 
JE=JAVG 
iF (TME.GE.TM) GO TO 250 
GO TO 200 

HEH HEHEHE TEE EH HEE EEE HE HEHEHE HEHEHE EE HEE EEE EE EEE HHH HHH HHH HHH 

CALCULATES THE SURFACE TEMPERATURE 
WHEN L IS GREATER THAN 5 USING THE 
H!GH SPEED ARCHARD EQUATION 

C HHHHHHHHHHHHHRHHRHHHE HHH RHR HHH HEHEHE EHH HEHEHE HHH 

230 

A
O
N
M
A
N
M
A
N
N
A
O
 

333 

uuy 

[fF (tT FLAG. EQ.1) RAD=AP 
IF (I FLAG.EQ.2) RAD=AE 
TAVG=.31*Q*SQRT(DIF/( V*RAD) )/( KC*RAD ) 

HEHEHE HH HHH ETE EEE HEH HEHEHE HEHEHE HHH HH HHH HHH HHH HH HHH HHH HHH HH 

NUM IS THE NUMERATOR AND DEN IS 
THE DENOMINATOR OF THE JAEGER 
EQUATIONS. 

KHHKHKHHHHHHHHRHHKHHHHHHHHHHHHHKHHHHHHHHHHHHRHHHHHHHHHHHHRHR HEHEHE HHH RH 

NUM=1.064*(Q/(3.1417*RAD) )*(DIF**0.5) 
DEN=(1. 125*KB¥DIF*#0,5)+( KC#( RAD*Y) ##0.5 ) 
JAVG=NUM/DEN 
iF (}FLAG.NE.1) GO TO 333 
TMP=TAVG 
JP=JAVG 
GO TO 190 
iF (YFLAG.NE.2) GO TO 444 
TME=TAVG 
JE=JAVG 
IF (TME.GE.TM) GO TO 250 
GO TO 200 

CC HHRHHHHHHHRHEY CHEER HEHEHE EHH EHH EHH HEHEHE HEHEHE EHH HHH EHH HEH HHH 

Q
Q
A
M
A
A
A
A
N
A
I
N
A
N
H
N
 

240 

CALCULATES THE SURFACE TEMPERATURE 
WHEN L IS BETWEEN 0.1 AND 5, USING 
THE INTERMEDIATE SPEED-ARCHARD EQUATION 
WITH ALPHA DERIVED FROM FIGURE 7 OF 
JAEGER'S PAPER 

TEE TE HEHE HEHEHE EEE EE IE HEHE EHH HHH HHI HHHHRHHHHHHR HHH HHA HHH HHH HHH HHH 

[F (tFLAG.EQ.1) L=LP
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N
D
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D
 

A
A
N
A
Q
 

A
a
A
A
A
N
Q
A
 

555 

666 

250 
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{F (1 FLAG.EQ.2) L=LE 

THESE NEXT FIVE EQUATIONS REPRESENT 
THE CURVE OF FIGURE 7 OF JAEGER'S 
PAPER BY APPROXIMATING THE CURVE 
AS 5 DIFFERENT STRAIGHT LINE SEGMENTS 

IF (L.GE.0.1.AND.L.LE..5) Y=2.25*L-0.025 
{F (L.GT.O.5.AND.L.LE.1.0) Y=1.50*L+0. 35 
IF (L.GT.1.0.AND.L.LE.2.0}) Y=1.05*L+0.80 
[IF (L.GT.2.0.AND.L.LE.3.0) Y=0.80*L+1.30 
IF (L.GT.3.0.AND.L.LE.5.0) Y=0.60*L+1.90 
AL PHA=(4#*Y)/(3.14159**24L } 
1F (1FLAG.EQ.1) RAOD=AP 
IF (1 FLAG. EQ.2) RAD=AE 

NB=Q/ ( RAD**2*RHOB*CB*Y ) 
NC=Q/ ( RAD**#2*RHOC#CC#Y ) 

TEMPB |S CALCULATED USING THE ARCHARD STATIONARY 
HEAT SOURCE EQUATION 

TEMPB=0. 5*NB¥L 

TEMPG 1S CALCULATED USING THE ARCHARD INTERMEDIATE 
SPEED EQUATION 

TEMPC=0. 5*AL PHA*NC#L 

THE AVERAGE TEMPERATURE ACROSS THE 
HEAT SOURCE +S FOUND BY 

1/TAVG=(1/TEMPB)+(1/TEMPC ) 

TAVG=1/((1/TEMPB)+(1/TEMPC) ) 
NUM=0. 94U6*DIF#Y#Q/(3.1417*RAD) 
DEN=(1.486*RAD*KC#V )+(DIF#KB*Y ) 
JAVG=NUM/DEN 
IF (tFLAG.NE.1) GO TO 555 
TMP=TAVG 
JP=JAVG 
GO TO 190 
IF (tFLAG.NE.2) GO TO 666 
TME=TAVG 
JE=JAVG 
1F (TME.GE.T) GO TO 250 
GO TO 20G 
X(1)=K-1 
Y1(1)=K=1 
Y2(1)=K-1 
CALL INITT(120) 
CALL BINITT 
CALL XTYPE(1 
CALL YTYPE(1 
CALL XFRM(2) 
CALL YFRM(2) 

3 CALL LINE(3)
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CALL CHECK(X,Y1) 
CALL DSPLAY(X, Y2) 
CALL LINE(O) 
CALL CPLOT(X,Y1) 
CALL FRAME 

CALL LABLE3(35,265,1.25,90.,29, 'Mean Temperature Rise, deg. C') 
CALL LABLE3(375,50,1.25,0.,23, Sliding Velocity, m/sec! ) 
CALL LABLE3(175,550,1.25,0.,6, 'Load = 
CALL CABLES( 198.025. 1.9570. 96, Preiction Coef. =') 
CALL RLOUT(235,550,WT,6,3) 
CALL RLOUT(375,525, mu, 4,3 

,0.,7, 'Newtons' ) 
) 

CALL LABLE3( 350,550, QO. 
0.,12, BNAME ) 
0 
OQ. 

CALL PABLES(400- 650.1, 
CALL LABLE3(460,625,1. 

CALL LABLE3(400,600,1. 
CALL MOVABS( 550, 200) 
CALL DSHABS(650, 200, 3) 
CALL LABLE3(650,200,1.25,0.,16,' Archard Theory') 
CALL MOVABS( 550,250) 
CALL DRWABS( 650,250) 
CALL LABLE3(650,250,1.25,0.,15,' Jaeger Theory') 
CALL MOVABS(0, 780) 
CALL ANMODE 

WRITE( 3,510) 
510 FORMAT(10X,'DO YOU WISH TO GET A HARDCOPY OF THIS PLOT?', 

+/,10X, TYPE 1 TO GET A HARDCOPY OR 2 FOR NO HARDCOPY, ' ) 

{1HARD = iVET(1,2,1E) 
IFC HARD .£Q. 2) GO TO 520 
CALL PLSAVE 

,4,'-ON-') 

25 
8) 
0 
Q , 12, CNAME) 

CALL ERASE 
520 CONTINUE 
C 
260 IF (WT.NE.O.0) GO TO 60 

WRITE(6,270) 
270 FORMAT(1H1) 

CALL FINITT(0O, 700) 
STOP 
END '
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KEY TO NOTATION 

Test Number 

A - 4 = 150 - 1 

Aes Run Number 

Normal Load (x 1077 N ) 

Sliding Velocity (m/s) 

Environment A=Air N=Nitrogen 

Position 

1 > 3 4 fe Area 

Trailing 

© Edge 
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Steven Craig Moyer was born in Anthony, Kansas on April 15, 1958, 

to Mr. and Mrs. S. Jay Moyer. He attended the public schools in Argonia, 

Kansas, and graduated from Argonia High School in May, 1976. In the 

fall of 1976, he began his college education at Wichita State University 

in Wichita, Kansas, where he pursued a course of study leading to a 

Bachelor of Science degree in Mechanical Engineering. On May 26, 1979, 

Mr. Moyer was married to Miss Llewellyn McCoy. Graduating in May, 1981, 

he began his graduate education at Virginia Polytechnic Institute and 

State University in September, 1981, with the expectation of obtaining 

a Master of Science degree in Mechanical Engineering. Mr. Moyer is 

currently an Engineer-in-Training in the State of Kansas and an associate 

member of the American Society of Mechanical Engineers. 
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