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ABSTRACT 

The adhesion theory o f f r i c t i o n i s i n v e s t i g a t e d 
using the model j u n c t i o n proposed by A. P. Green i n 1954. 
The r e s u l t s of the model j u n c t i o n experiments are extended 
to study the wear mechanism. An attempt has been made to 
c o r r e l a t e the model j u n c t i o n r e s u l t s w i t h s i m i l a r r e s u l t s 
obtained by various experimentors u s i n g a c t u a l surfaces. 

The f r i c t i o n r e s u l t s e s t a b l i s h e d that f r i c t i o n i s 
independent of load which i s i n agreement w i t h experiments 
done using a c t u a l surfaces. The model j u n c t i o n shows gen
e r a l agreement w i t h the t h e o r e t i c a l estimate of the f r i c t i o n 
and normal forces made by A. P. Green. 

The wear r e s u l t s i n d i c a t e general c o r r e l a t i o n s be
tween the model and a c t u a l surfaces w i t h regard to p a r t i c l e 
shape and wear-load r e l a t i o n s h i p s . 

In general, the r e s u l t s of the i n v e s t i g a t i o n i n 
d i c a t e that a c t u a l surfaces should have small surface f i n i s h 
angles f o r minimum wear and that the double shear mode of 
j u n c t i o n f a i l u r e provides an expl a n a t i o n f o r wear p a r t i c l e 
formation and the larg e values of the c o e f f i c i e n t of f r i c -
t i o n found f o r outgassed metals s l i d i n g i n vacuo. 
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CHAPTER I 

I. INTRODUCTION. 
The f r i c t i o n and wear of s o l i d bodies i n dry 

s l i d i n g contact are subjects o f considerable p r a c t i c a l 
and t h e o r e t i c a l i n t e r e s t . The m a j o r i t y of the experimen-
t a l work concerning f r i c t i o n and wear has been conducted 
using a c t u a l surfaces and the d e t a i l e d study of complex 
i n t e r f a c i a l phenomena under microscopic c o n d i t i o n s i s ex
ceedin g l y d i f f i c u l t . The la r g e s c a l e model j u n c t i o n 
proposed by. Green ^, would have many advantages i n the 
study of f r i c t i o n and wear of m e t a l l i c . s u r f a c e s i f 
c o r r e l a t i o n can be e s t a b l i s h e d between the model and a c t u a l 
surfaces. I t i s the purpose of t h i s t h e s i s to e s t a b l i s h 
c o r r e l a t i o n and then use the model j u n c t i o n to study 
f r i c t i o n and wear under lar g e s c a l e simulated c o n d i t i o n s . 
The s p e c i f i c s i m i l a r i t i e s to be e s t a b l i s h e d are: 

1. Wear p a r t i c l e shape. 
2. Wear versus load. 
3. C o e f f i c i e n t of f r i c t i o n as a f u n c t i o n 

of load. 
Having e s t a b l i s h e d the above s i m i l a r i t i e s 

between the model and a c t u a l s u r f a c e s , these and other 
r e l a t i o n s h i p s w i l l be st u d i e d i n greater d e t a i l . In 
a d d i t i o n , the e f f e c t of v e l o c i t y on the simulated co
e f f i c i e n t of f r i c t i o n and wear w i l l be i n v e s t i g a t e d . 



• II-. HISTORY * 
A b r i e f h i s t o r y of the var i o u s t h e o r i e s of 

f r i c t i o n i s necessary i n order to develop the reas
oning l e a d i n g up to the use of the model j u n c t i o n . 

Amontons published the r e s u l t s of h i s exper
imental i n v e s t i g a t i o n of the f r i c t i o n of u n l u b r i c a t e d 
s o l i d s i n 1699. He hypothesized t h a t the f r i c t i o n 
f o r c e was due to the i n t e r l o c k i n g of surface asper
i t i e s and was equal to the force r e q u i r e d to l i f t the 
i r r e g u l a r i t i e s of one surface over those of the 
other. Amonton's experiments w i t h u n l u b r i c a t e d sur
faces i n d i c a t e d t h a t the f r i c t i o n f orce was indepen
dent of the apparent area of contact of the surfaces. 
These experiments were v e r i f i e d by many i n v e s t i g a t o r s , 
i n c l u d i n g Hire (1732), E u l e r (1750), and Coulomb 
(1785). Coulomb made the a d d i t i o n a l observation 
t h a t f r i c t i o n appeared to be independent of the 
s l i d i n g v e l o c i t y . Rennie (1829),:suggested t h a t a 
more general theory should take i n t o account the 
bending and f r a c t u r e of the surface i r r e g u l a r i t i e s 
or a s p e r i t i e s . 

Ewing (1892) developed the adhesion theory 
of f r i c t i o n which suggests that the surfaces adhere 
together by the r e a c t i o n of molecular forces 
f o l l o w i n g molecular displacement. This theory 
r e c e i v e d considerable a t t e n t i o n by Tomlinson (1929) 
and Hardy (1936). 

Beare and Bowden suggested that the 

This h i s t o r y i s based on s i m i l a r h i s t o r i e s found i n r e f e r e n 
ces 2 and_3 i n the B i b l i o g r a p h y . A l l the names mentioned i n 
t h i s s e c t i o n , unless otherwise s p e c i f i e d , are found there 



3. 

f r i c t i o n a l r e s i s t a n c e between u n l u b r i c a t e d metals 
could be a t t r i b u t e d to the shearing of minute m e t a l l i c 
j u n c t i o n s . These j u n c t i o n s could be formed by c o l d 
welding or adhesion when two a s p e r i t i e s come i n t o con
t a c t under extreme l o c a l pressure. A l t e r n a t i v e l y the 
welding could take place by the a c t i o n of high l o c a l 
temperature, developed when the s l i d i n g v e l o c i t y i s 
l a r g e . This idea of j u n c t i o n formation i s f u r t h e r es
t a b l i s h e d by Bowden and Leben i n t h e i r observations of 
discontinuous s l i d i n g between u n l u b r i c a t e d surfaces. 
They observed that the f r i c t i o n f orce would increase 
f a i r l y r a p i d l y and then suddenly d i m i n i s h . This " s t i c k -
s l i p " behaviour i s e q u i v a l e n t to the r e l a x a t i o n o s c i l l 
a t i o n s encountered i n c e r t a i n e l e c t r i c a l c i r c u i t s . 
Bowden and Tabor ^ have f u r t h e r shown that the area of 
contact may f l u c t u a t e i n a s i m i l a r manner. The adhesion 
theory of f r i c t i o n appears to be i n agreement w i t h the 
experimental data that has been accumulated. A d d i t i o n a l 
c o n t r i b u t i o n s to the f r i c t i o n f orce have been suggested 
by E r n s t and Merchant ? and by Bowden and Tabor 2. The 
former experimentors suggest that the f r i c t i o n f o r c e i s 
increased on very rough surfaces by the f o r c e r e q u i r e d 
to l i f t one surface i r r e g u l a r i t y over the other. I t i s 
of i n t e r e s t to note that t h i s recent theory i s e q u i v a l e n t 
to the o r i g i n a l ideas of Amontons. 

The l a t t e r group has shown the importance of a 
ploughing f o r c e , whereby the surface i r r e g u l a r i t i e s of 
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the harder surface plough out the s o f t e r one. These 
two a d d i t i o n a l c o n t r i b u t i o n s to f r i c t i o n are combined 
w i t h the shearing component, r e s u l t i n g i n the f o l l o w i n g 
equation,3 

F = S + R + P t 

Where S i s the shearing component of the 
f r i c t i o n f o r c e , R i s the component r e s u l t i n g 
from l i f t i n g one surface i r r e g u l a r i t y over 
the o ther, 
and P t i s the ploughing component determined 
ex p e r i m e n t a l l y by Bowden and Tabor. 
Feng 6 ± n 1952 proposed a new conception of the 

formation of m e t a l l i c j u n c t i o n s . He suggested t h a t 
the t i p s of two opposing a s p e r i t i e s are roughened by 
p l a s t i c deformation, as a consequence they mechanically 
i n t e r l o c k as shown i n Figure 1. Subsequently when one 
surface s l i d e s over the other, the j u n c t i o n shears some 
dist a n c e away from the i n t e r l o c k e d i n t e r f a c e . (Figure 
l b ) . Feng suggests t h a t the shear of the j u n c t i o n pro
duces a temperature f l a s h which causes heat to be con
ducted through the i n t e r f a c e . I f the temperature r i s e 
and heat conduction i s s u f f i c i e n t to cause welding .at 
the i n t e r f a c e , metal w i l l have been t r a n s f e r r e d from 
one surface to the other. In subsequent encounters 
w i t h other a s p e r i t i e s t h i s t r a n s f e r r e d metal i s l i k e l y 
to become detached as a wear p a r t i c l e . 
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In summary, i t may be s t a t e d that v a r i o u s t h e o r i e s 
of f r i c t i o n have been advanced but the Bowden conception of 
m e t a l l i c adhesion i s the g e n e r a l l y accepted theory at the 
present time. I t i s t h i s theory which i s u t i l i z e d i n the 
present work and i t w i l l be discussed i n expanded d e t a i l i n 
the next chapter. 
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FIGURE 1 
FENG THEORY OF METALLIC JUNCTION 

FORMATION AND FAILURE 

FIGURE 2 
FORMATION OF METALLIC JUNCTIONS 

BY ADHESION OR WELDING 



CHAPTER I I . 
The Adhesion Theory of F r i c t i o n . 

Bowden and h i s co-workers have shown that 
when two surfaces, are pressed together under a l o a d , 
W, contact takes place at i s o l a t e d a s p e r i t i e s as 
shown by Figure 2. The l o c a l pressures at the p o i n t s 
of contact exceed the p l a s t i c flow pressure p, of the 
s o f t e r m a t e r i a l , and the a s p e r i t i e s flow u n t i l the 
area A i s s u f f i c i e n t to support the load without f u r 
ther deformation. That i s 

A = W (1) 
P 

The p l a s t i c f low a t the i n t e r f a c e of two as
p e r i t i e s can produce the c o l d welding and j u n c t i o n 
formation p r e v i o u s l y discussed. These j u n c t i o n s must 
be destroyed i n order f o r s l i d i n g to take place. The 
forc e F r e q u i r e d to shear the j u n c t i o n i s 

F = sA (2) 
where s i s the bulk shear s t r e s s of the s o f t e r mater
i a l . By combining (1) and (2) we a r r i v e at the 
f o l l o w i n g expression f o r f , the c o e f f i c i e n t of f r i c t i o n 

f = F = s 
W1 p 

and we note t h a t the f r i c t i o n f orce i s dependent 
only on the bulk s t r e n g t h p r o p e r t i e s of the m a t e r i a l . 
However, s and p are interdependent, and are r e l a t e d 
by Von Mises's c r i t e r i o n f o r p l a s t i c y i e l d i n g , namely: 

p2 + 3 s 2 = Y 2 

where Y i s the y i e l d s t r e s s of the m a t e r i a l , con
sequently no absolute s o l u t i o n can be obtained and 



a c a l c u l a t e d value of f i s indeterminate. 
The Model J u n c t i o n 

In 1955 Green 0" adopted a d i f f e r e n t approach 
whereby he suggested that the j u n c t i o n accepts load 
i n a manner determined by the deformation process. 
He assumed that the deformation of a s i n g l e a s p e r i t y 
p a i r took place i n a p a r t i c u l a r manner. From p l a s t i c 
i t y theory, using plane s t r a i n c o n d i t i o n s , i . e . the 
s t r a i n i s assumed zero i n the width d i r e c t i o n , Green 
determined what c o n t r i b u t i o n the j u n c t i o n made to the 
load and f r i c t i o n during i t s " l i f e c y c l e . " 

The f o l l o w i n g assumptions were made i n t h i s 
t h e o r e t i c a l a n a l y s i s . 

1) The s l i d i n g between the surfaces was so 
slow t h a t temperature e f f e c t s were n e g l i g i b l e . 

2) Steady s l i d i n g was assumed to p r e v a i l 
and t h i s i m p l i e d p a r a l l e l s l i d i n g as demonstrated by 
Figure 3. At 'a' a m e t a l l i c j u n c t i o n i s being formed 
between t o a s p e r i t i e s which have a r e l a t i v e motion i n 
the d i r e c t i o n of the arrows. The j u n c t i o n can s t i l l 
grow due to the r e l a t i v e motion of the a s p e r i t i e s and 
t h i s a c t i o n takes place during the s l i d i n g process. 
Steady s l i d i n g i s demonstrated i n Figure 3b, where 
the j u n c t i o n has ceased growing and the r e l a t i v e 
motion of one surface w i t h respect to the other i s 
p a r a l l e l . 
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l i n e p a r a l l e l to surfaces 

r e l a t i v e motion 
a 

r e l a t i v e motion 
b 

FIGURE 3 
DIAGRAM OF A JUNCTION 

(a) DURING THE INITIATION OF SLIDING, 
(b) DURING STEADY SLIDING 

FIGURE 4 
GREEN'S MODEL JUNCTION 
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Using the above assumptions and the Bowden 
theory of m e t a l l i c j u n c t i o n formation Green deri v e d a 
model j u n c t i o n , the parameters of which he used i n h i s 
t h e o r e t i c a l a n a l y s i s . Green's model was of the shape shown 
i n Figure 4.0 i s the angle of surface f i n i s h of the surfaces 
and L i s the width of the j u n c t i o n and Is dependent on the 
p r e v i o u s l y d e f i n e d s t r e n g t h p r o p e r t i e s of the m a t e r i a l , i . e . 
the bulk shear s t r e s s s and the p l a s t i c flow pressure p. 
The r e s u l t s of the p l a s t i c i t y study are shown g r a p h i c a l l y i n 
Figure 5, both f o r a j u n c t i o n i n which there i s a strong 
welding a t the i n t e r f a c e , and a weak j u n c t i o n where the ad
hesion i s i n s u f f i c i e n t to prevent r e l a t i v e s l i d i n g at the 
i n t e r f a c e . I t i s to be noted t h a t the strong j u n c t i o n has 
a f a i r l y constant f r i c t i o n f o r c e and the load supporting 
f o r c e reaches a maximum value e a r l y i n the c y c l e . 

On the other hand the f r i c t i o n f o r c e of the 
weaker j u n c t i o n reaches a maximum e a r l y and diminishes, a 
r e s u l t which can be a t t r i b u t e d to the i n t e r f a c i a l s l i d i n g 
p r e v i o u s l y mentioned. From a r a t i o of the areas under the 
F and W curves, he a r r i v e d a t a c o e f f i c i e n t of f r i c t i o n f o r 
the strong j u n c t i o n of approximately 1. For the weak j u n c t i o n 
a very small c o e f f i c i e n t of f r i c t i o n o f 0.2 was obtained. 
The former i s of the order of magnitude of the value found 
f o r " c l e a n " metals s l i d i n g i n a i r . The l a t t e r value i s 
much lower, not only due to i n t e r f a c i a l s l i d i n g but a l s o 
due to the f a c t that weak adhesion reduces the shear 
s t r e n g t h of the j u n c t i o n . 



FIGURE 5 
GREEN'S THEORETICAL ESTIMATE 
OF THE FORCES INVOLVED IN 

THE FRACTURE OF A METALLIC JUNCTION 
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Greenwood and Tabor i n v e s t i g a t e d Green's 
model j u n c t i o n theory f u r t h e r by making j u n c t i o n s out 
of a s i n g l e piece of sheet metal to simulate p e r f e c t 
adhesion of the strong j u n c t i o n s . These simulated 
models were then broken i n an apparatus i n which one 
a s p e r i t y was held f i x e d and the other moved p a r a l l e l 
to i t according to the c o n d i t i o n of steady s l i d i n g . 

The machine was f i t t e d w i t h c a n t i l e v e r beams, 
the d e f l e c t i o n of which gave the normal load and 
f r i c t i o n f o r c e . For the three types of j u n c t i o n s 
t e s t e d , namely, s o f t copper, hard copper and aluminum 
w i t h surface f i n i s h angle 9 approximately equal to 
10°, the c o e f f i c i e n t of f r i c t i o n i n a l l cases was 
found to be near 3. This i s c o n s i d e r a b l y l a r g e r than 
the normally observed value f o r u n l u b r i c a t e d metals 
s l i d i n g i n a i r . However, the value i s of the same 
order as t h a t obtained f o r c h e m i c a l l y clean surfaces 
s l i d i n g i n vacuum. The d i f f e r e n c e i s explained by 
the f a c t that a c t u a l surfaces n e a r l y always are coated 
w i t h oxide or other contaminent f i l m and strong ad
hesion i s impossible. 

III. Wear 
I t i s l o g i c a l to extend the model j u n c t i o n 

s i m u l a t i o n to a study of wear mechanism. Before 
d i s c u s s i n g the m e t a l l i c j u n c t i o n and wear, i t i s 
convenient to review the b a s i c wear processes. The 
three major types of wear mechanisms are i l l u s t r a t e d 
d i a g r a m a t i c a l l y by Figure 6. 
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THREE BASIC TYPES 
OF WEAR 

I CORROSION 
I I PLOUGHING AND FATIGUE 
I I I ADHESION 

FIGURE 6 
WEAR MECHANISMS 
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Since i n most a l l p r a c t i c a l systems wear occurs i n 
combinations of the b a s i c processes, i t i s of i n t e r e s t to 
examine t h e i r i n t e r - r e l a t i o n s h i p s . Corrosive wear can r e 
s u l t from contaminents on any su r f a c e , path I - I I or a 
surface r e s u l t i n g from metal t r a n s f e r path I I I - I - I I . 
The c o r r o s i o n d e b r i s on the contaminated surfaces i s pro
duced by a ploughing or f a t i g u e of the contaminent f i l m . 
C orrosion of a c t u a l m e t a l l i c wear p a r t i c l e s i s a l s o poss
i b l e i n the presence of a contaminating agent, paths I I -
I and I I I - I. 

The ploughing type of wear mechanism predominates 
at the time bearing surfaces are "running i n " , when they 
are r e l a t i v e l y rough. This process can produce wear d e b r i s 
d i r e c t l y ( I I ) , or from a surface t h a t i s the r e s u l t . o f metal 
t r a n s f e r path I I I - I I . The f a t i g u e process r e s u l t s from 
repeated s t r e s s i n g of the bearing s u r f a c e s , r e s u l t i n g i n 
d i r e c t wear d e b r i s . 

The t h i r d process, adhesion, has been r e f e r r e d to 
above i n d e s c r i b i n g the other two wear mechanisms as metal 
t r a n s f e r . This mechanism i s the d i r e c t r e s u l t of the f r a c t u r e 
of Bowden's m e t a l l i c j u n c t i o n . The shearing of these j u n c t i o n s 
can take place i n three d i f f e r e n t ways, depending on the sur
faces. 

1) I f the j u n c t i o n i s weaker than the metals of 
which i t i s formed, i t w i l l f r a c t u r e at the i n t e r f a c e and 
very l i t t l e , i f any, wear d e b r i s w i l l r e s u l t . 



15. 

2) A j u n c t i o n formed at the i n t e r f a c e of as
p e r i t i e s of d i s s i m i l a r metal w i l l f r a c t u r e i n the bulk of 
the s o f t e r m a t e r i a l . This w i l l r e s u l t i n a p a r t i c l e ad
her i n g to one surface which could be di s l o d g e d i n a sub
sequent encounter w i t h another a s p e r i t y . I f the m e t a l l i c 
t r a n s f e r progresses to a c o n c l u s i o n , s i m i l a r surfaces w i l l 
r e s u l t . These two surfaces w i l l then wear as surfaces of 
s i m i l a r metals, path I I I . 

3) Junctions formed between surfaces of s i m i l a r 
metal w i l l f r a c t u r e a t some distance from the weld and since 
the a s p e r i t i e s have the same st r e n g t h p r o p e r t i e s they should 
both f r a c t u r e e q u a l l y . This w i l l r e s u l t i n the d i r e c t form
a t i o n of a wear p a r t i c l e , path I I I . This i s the wear process 
i n v o l v e d i n the f r a c t u r e of the model j u n c t i o n s to be inves
t i g a t e d i n t h i s work. 

Green ^ observed the formation of such p a r t i c l e s 
i n h i s q u a l i t a t i v e examination of the f r a c t u r e of p l a s t i c i n e 
models. Greenwood and Tabor ^ o b s e r v e d a few i s o l a t e d cases 
of a "knot" of metal forming during the deformation of some 
of t h e i r m e t a l l i c model j u n c t i o n s . Brockley ^ examined the 
d i r e c t wear p a r t i c l e mechanism us i n g the model j u n c t i o n and 
he found that small symmetrical lens-shaped p a r t i c l e s could 
be formed. He concluded that the formation of the p a r t i c l e 
was dependent on the geometry of the j u n c t i o n , and he con-

12 
ducted f u r t h e r experiments i n t h i s d i r e c t i o n 

The mode of f a i l u r e s t u d i e d by Brockley i s not 
only a r e p r e s e n t a t i v e wear mechanism but the "double 
shearing", that i s , the shearing of both sides of the 



j u n c t i o n simultaneously, i s thought to add c o n s i d e r a b l y to 
the f r i c t i o n f o r c e . 

I t i s contended i n t h i s i n v e s t i g a t i o n that i f 
t h i s mechanism can be d u p l i c a t e d i n the r e v i s e d apparatus, 
where the f r i c t i o n force and load c a r r y i n g f o r c e can be 
measured, the higher values of the c o e f f i c i e n t of f r i c t i o n 
encountered when cl e a n metals s l i d e i n a vacuum might be 
approached. 

To summarize, the simulated f r i c t i o n and wear 
mechanism w i l l be analyzed, w i t h p a r t i c u l a r a t t e n t i o n being 
given to the e f f e c t of the double shear f a i l u r e on the co
e f f i c i e n t of f r i c t i o n . 



CHAPTER I I I .  
EXPERIMENTAL 

The experimental work was c a r r i e d out accord
i n g to the assumptions u t i l i z e d by Green i n h i s 
t h e o r e t i c a l a n a l y s i s of the model j u n c t i o n . The 
assumptions are r e - s t a t e d as f o l l o w s : 

1) S l i d i n g between u n l u b r i c a t e d s i m i l a r metals 
a t speeds so slow that any surface temperature e f f e c t s 
are n e g l i g i b l e . In the present i n v e s t i g a t i o n the v e l 
o c i t y of s l i d i n g was of the order of one hundredth of 
an i n c h per minute. 

2) Steady s l i d i n g between c l e a n metals i n 
vacuum which i m p l i e s t h a t the surfaces move p a r a l l e l to 
one another. This c o n d i t i o n was e s t a b l i s h e d i n the 
design of the apparatus. 
The Model J u n c t i o n 

A) Geometry - The geometry of m e t a l l i c surfaces 
can be determined by taper s e c t i o n , e l e c t r o n microscope 
and surface analyzer techniques. The shape of m e t a l l i c 
j u n c t i o n s , formed from these surfaces of known shape was 
d e r i v e d b a s i c a l l y from the manner i n which the m e t a l l i c 
j u n c t i o n s on a c t u a l surfaces are assumed to be formed. 
R e f e r r i n g to Figure 7, one surface "a" i s moving p a r a l l e l 
to a f i x e d surface "b", i n the d i r e c t i o n shown, w i t h 
contact e s t a b l i s h e d between two a s p e r i t i e s . This en
counter i s shown i n Figure 7b, and i t i s assumed that 
the a s p e r i t i e s form a j u n c t i o n by the adhesion process. 
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MOTION 

FIGURE 7 
DERIVATION OF THE MODEL JUNCTION 



The shape of the j u n c t i o n can be d e f i n e d by the parameter 
0, the angle of the surface f i n i s h and L the h o r i z o n t a l 
p r o j e c t i o n of the area of c o n t a c t , which i s assumed to de
pend on the load. The model j u n c t i o n i s d e r i v e d from the 
a c t u a l deformation process and i s shown i n f i g u r e 7c. The 
parameters L and 0 are d e f i n e d i n r e l a t i o n to the a c t u a l 
j u n c t i o n p r e v i o u s l y discussed. The models were made w i t h 
s t r a i g h t sides and sharp corners. 

On a c t u a l surfaces the angle 0 v a r i e s from approx
im a t e l y 4° to 30°, -1-2. The dimension L which has been 
defined as the load f a c t o r was v a r i e d between % i n c h and 
7/8 of an i n c h . I t i s of i n t e r e s t to note t h a t the s i z e of 
the model i s approximately one m i l l i o n times the s i z e of 
a c t u a l j u n c t i o n s . 

A c t u a l j u n c t i o n s are three dimensional, of c o n i c a l 
or pyramidal shape. However, i n the present work two dimen
s i o n a l models were used, whereby the thickness was much smaller 
than the other two dimensions. In order to study the plane 
s t r a i n e f f e c t , which was a l s o s t u d i e d by Green (see page 8, 
Chapter 2) t h i c k e r models were used at one stage of the r e 
search. 

B) M a t e r i a l - The j u n c t i o n s were f a b r i c a t e d from 
a s i n g l e piece of 1/8" t h i c k sheet copper to simulate per
f e c t adhesion. Copper was used since i t was a r e p r e s e n t a t i v e 
pure m a t e r i a l w i t h d i s t i n c t i v e work hardening p r o p e r t i e s . The 
few t h i c k j u n c t i o n s i n v e s t i g a t e d to show the e f f e c t of plane 
s t r a i n were 5/16" t h i c k . The copper was A.S.T.M. s p e c i f i c a 
t i o n B152, E l e c t r o l y t i c Tough P i t c h Copper, c o n t a i n i n g 99.92% 



copper and a t r a c e of i r o n . Several t e n s i l e spec
imens were taken from the sheet and broken i n the 
Olsen t e s t i n g machine. The average s t r e n g t h of the 
specimens i n the "as r e c e i v e d " c o n d i t i o n was 33,800 
p s i and the hardness was 78.-> on the Rockwell E** 
s c a l e . The annealed specimens had an average t e n s i l e 
s t r e n g t h of 30,700 p s i and a hardness of 55.^ on the 
Rockwell H* s c a l e . The exact r e d u c t i o n that the copper 
had undergone during manufacture was unknown but from 
a comparison between the t e n s i l e t e s t r e s u l t s and pub
l i s h e d d ata,-^ i t was found to be approximately 10%. 

C) M e t a l l u r g i c a l - The model j u n c t i o n s were 
annealed a t 470°F f o r 2% hours and quenched i n water 
i n order to maintain a homogeneous m a t e r i a l throughout 
the experiments. A f t e r annealing a l l the j u n c t i o n s 
were checked f o r hardness to confirm the q u a l i t y of 
the heat treatment. 

I I APPARATUS 
A) Design Considerations 

The apparatus was designed u s i n g as a bas i s the 
simple machine used by Brockley-^, shown i n Figure 8. 
The model j u n c t i o n was mounted as shown. The moving 
block was guided by the r a i l s C, the power being s u p p l i e d 
through the screw and crank arrangement D. E s s e n t i a l l y 
the same ideas are i n c o r p o r a t e d i n the new apparatus. 

Rockwell E Scale - 1/8" B a l l a n d 100 Kilogram weight. 
* Rockwell H Scale - 1/8" b a l l 60 Kilogram weight. 



FIGURE 8 
MODEL JUNCTION TESTING APPARATUS USED 

BY BROCKLEY 



The machine used by Greenwood and Tabor 0 was 
s l i g h t l y more elaborate than the one described above. I t 
provided f o r the measurement of the simulated f r i c t i o n and 
load f o r c e s , by u t i l i z i n g a system of c a n t i l e v e r beams. 

The b a s i c d i f f e r e n c e s between the above mentioned 
machines and the one used i n the present work are: f i r s t l y , 
the new machine i s more r i g i d , and secondly, i t i s power-
d r i v e n . 

The design of 'the new machine r e q u i r e d that i t be 
much more r i g i d than i t s predecessors. When the machine i n 
Figure 9 was f i r s t used, the r a i l s were b o l t e d and pinned to 
the frame. I t was found t h a t a number of the e a r l y j u n c t i o n s 
broken produced a " p a r t i c l e " or a knot of metal; l a t e r on, 
when the machine l o s t i t s i n i t i a l r i g i d i t y , due mainly to the 
d e f l e c t i o n of the r a i l s , p a r t i c l e s were no longer obtained. 
However, when the r a i l s were welded to the frame, the pre
v i o u s r e s u l t s were d u p l i c a t e d . The method of forc e measure
ment used by Greenwood and Tabor r e q u i r e d l a r g e beam d e f l e c 
t i o n s , and i t would appear that these d e f l e c t i o n s i n f l u e n c e d 
the mode of j u n c t i o n f a i l u r e . A c c o r d i n g l y i n the present 
work a method of force measurement was devised which gave 
r i g i d i t y coupled w i t h s e n s i t i v i t y . The method i n v o l v e d the 
use of a " s t r a i n r i n g " which w i l l be described l a t e r . 

The new apparatus i s power-driven by a servo-
c o n t r o l l e d motor. This gave the advantage of c o n t r o l over 
the r a t e of t r a v e l of the moving a s p e r i t y . 



The f i n a l d e s i g n c o n s i d e r a t i o n was the magnitude 

o f the f o r c e s i n v o l v e d i n b r e a k i n g a p a r t i c u l a r j u n c t i o n . 

To determine t h i s , one o f the l a r g e r j u n c t i o n s used by 

Brockley^Q was mounted i n the s m a l l a p p a r a t u s , then the app

a r a t u s was set up i n an Olsen t e s t i n g machine and the s im

u l a t e d f r i c t i o n f o r c e was o b t a i n e d over the l i f e o f the 

j u n c t i o n . The r e s u l t s o f these t e s t s are c o n t a i n e d i n 

Appendix A . Comparing these w i t h Greenwood and Tabor r e 

s u l t s , some i d e a o f the s i m u l a t e d l o a d was o b t a i n e d . Wi th 

a knowledge of these f o r c e s the v a r i o u s components o f the 

new apparatus were d e s i g n e d . 

B. D e s c r i p t i o n o f Apparatus 

The new machine i s i l l u s t r a t e d i n F i g u r e 9 w i t h 

the v a r i o u s components n o t e d . 

The machine operates i n the f o l l o w i n g manner: 

The motor (1) d r i v e s the power screw (2) through the two 

gear boxes (3) and a c h a i n d r i v e ( 4 ) . One a s p e r i t y o f the 

model j u n c t i o n i s a t t a c h e d by p l a t e s (5) to the moving 

b l o c k (6) which t r a v e l s i n the guides (7) p a r a l l e l to the 

f i x e d b l o c k (8 ) . The f i x e d b l o c k holds the s t r a i n r i n g 

(9) to which the other a s p e r i t y i s r e t a i n e d by p l a t e (10) . 

The servo-motor g i v e s a constant output torque 

over a range o f speeds from 3600 rpm to 36 rpm. Wi th 

the speed r e d u c t i o n and the power screw t h i s g i v e s a range 

o f s l i d i n g v e l o c i t i e s between 0.734 in/min and 0#00734 i n / 

m i n . 

As s t a t e d above, the main reason f o r u s i n g a 
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1. Servo-motor 
2. Power screw 
3. Gear Reducers A 40:1 

B 17.5:1 

FIGURE 9 
4. 70:30 Chain Drive 
5. Holdown P l a t e 
6. Moving Block 

7. Guides 
8. F i x e d Block 
9. S t r a i n Ring 

10. Holdown P l a t e 
to 4> 
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s t r a i n r i n g was to achieve r i g i d i t y of the apparatus. 
S i m i l a r s t r a i n r i n g s are used i n machine t o o l dynamometers 
and design i n f o r m a t i o n i s a v a i l a b l e i n the l i t e r a t u r e - ^ * 

Eig h t s t r a i n gauges arranged as shown i n Figure 
10 measure the W and F f o r c e s when connected i n the cor
r e c t manner i n a Wheatstone Bridge. The Bridge connec
t i o n s and the d e t a i l e d drawings of the s t r a i n r i n g , as w e l l 
as the design equations are given i n Appendix B. 

The s i g n a l s from the s t r a i n r i n g are fed i n t o a 
s w i t c h box, then i n t o Edin a m p l i f i e r s and a continuous r e 
cording o f the simulated f r i c t i o n and load were obtained on 
a two-channel o s c i l l o g r a p h . 

The r a t e of t r a v e l of the moving block was c a l 
i b r a t e d a g a i n s t the o s c i l l o g r a p h c h a r t . This made i t 
p o s s i b l e to o b t a i n the t o t a l j u n c t i o n t r a v e l from the chart 
as w e l l as c o r r e l a t i n g the two forces w i t h the a c t u a l jun
c t i o n displacement. 

The s t r a i n r i n g and a l l i e d equipment was c a l i b r a t e d 
i n an Olsen t e s t i n g machine according to the procedure des
c r i b e d i n Appendix B. The c a l i b r a t i o n curves f o r v a r i o u s 
a m p l i f i e r a t t e n u a t i o n s are a l s o found i n Appendix B. During 
c a l i b r a t i o n c r o s s - s e n s i t i v i t y e f f e c t s were noted. The c r o s s -
s e n s i t i v i t y of the f r i c t i o n force on the e q u i v a l e n t load i s 
taken i n t o account since the f r i c t i o n f o r c e i s g e n e r a l l y 
three times the normal load (see Results'). The e f f e c t of 
W on the f r i c t i o n f orce i s o n l y about 1.5 per cent of F and 
i s t h e r e f o r e neglected; t h i s can be r e a d i l y v e r i f i e d by ex
amining the c a l i b r a t i o n curves. 
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In summary, the present apparatus appears to 
be more r i g i d than e a r l i e r models. The p r o v i s i o n 
of v e l o c i t y c o n t r o l made i t p o s s i b l e to study the 
e f f e c t of t h i s important v a r i a b l e on f r i c t i o n and 
wear. 

I l l Experimental 
Experiments were performed i n such a way that 

both a f r i c t i o n and a wear a n a l y s i s could be c a r r i e d 
out on the same j u n c t i o n s . The f i r s t models were 
stamped w i t h a one-tenth i n c h g r i d so that the de
formation process could be r e a d i l y observed and photo
graphed. A l l experiments were conducted a t a s l i d i n g 
v e l o c i t y of 0.202 in/min. w i t h the exception of those 
i n which the v e l o c i t y was v a r i e d to determine i t s 
e f f e c t on f r i c t i o n and wear. A continuous t r a c e of 
the simulated f r i c t i o n and load f o r c e s was obtained 
so that the c o e f f i c i e n t of f r i c t i o n could be deter
mined at any po i n t as w e l l as the average f over the 
" l i f e " of the j u n c t i o n . 

The simulated wear of the va r i o u s j u n c t i o n s 
was assessed on the ba s i s of the weight of the par
t i c l e s formed. 



CHAPTER IV  
RESULTS 

The r e s u l t s of the i n v e s t i g a t i o n are d i v i d e d 
i n t o two main s e c t i o n s , wear and f r i c t i o n . The wear 
r e s u l t s are presented q u a l i t a t i v e l y and i n g r a p h i c a l 
form w h i l e the f r i c t i o n r e s u l t s are a l l i n g r a p h i c a l 
form. A p h o t o - e l a s t i c model was examined and these 
r e s u l t s are i n c l u d e d i n the wear s e c t i o n . 
WEAR 

A. Wear P a r t i c l e Formation 
The manner i n which m e t a l l i c j u n c t i o n s c ould 

deform and f r a c t u r e , forming wear d e b r i s was s t u d i e d 
u s i n g the model j u n c t i o n . Sequence photographs of the 
deformation of a t y p i c a l model j u n c t i o n are given i n 
Figure 11. The j u n c t i o n has a surface f i n i s h angle 9 
of 30° and a load f a c t o r L of 0.65 inches. A 1/10 i n c h 
g r i d was stamped on the j u n c t i o n to show the deformation 
process. The f i r s t photograph shows the j u n c t i o n before 
deformation has taken p l a c e . The next p i c t u r e i l l u s 
t r a t e s the i n i t i a t i o n of f r a c t u r e and i t i s evident t h a t 
the f a i l u r e d i d not s t a r t at the notches but a short 
distance from them. Stress c o n c e n t r a t i o n at the notches, 
caused those areas to become work hardened by the i n i t i a l 
deformation so that f r a c t u r e took place i n the s o f t e r 
metal some distance from the notches. In the t h i r d 
photograph a p a r t i c l e has s t a r t e d to take shape and a 
double shear mode of f a i l u r e i s evident. I t was observed 
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FIGURE 11 
SEQUENCE PHOTOGRAPHS 
OF THE DEFORMATION OF 
A MODEL JUNCTION 

0 = 30 degrees L = 0.650 inches 



i n t h i s type of f a i l u r e that the t e a r i n g d i d not take 
place simultaneously on both a s p e r i t i e s , but would pro
ceed on one side then stop and continue on the other. 
The p i c t u r e a l s o shows evidence of 'out of plane bendirig-y 

that i s bending i n a plane perpendicular to the plance of 
the j u n c t i o n and perpendicular to the d i r e c t i o n of motion 
of the moving a s p e r i t y . At t h i s stage Green's plane s t r a i n 
assumption ceases to be v a l i d . However, i t i s to be noted 
tha t f a i l u r e was i n i t i a t e d under near plane s t r a i n c o n d i t 
ions as seen i n the second photograph. The out of plane 
e f f e c t i s pronounced i n the l a s t p i c t u r e of the sequence, 
where the simulated wear p a r t i c l e has t w i s t e d perpendicular 
to the plane of the j u n c t i o n . Further deformation of the 
j u n c t i o n r e s u l t e d i n the p a r t i c l e adhering to one a s p e r i t y , 
or the other. This i n d i s c r i m i n a t e adherence of the wear 
p a r t i c l e was found when s e v e r a l s i m i l a r j u n c t i o n s were i n 
v e s t i g a t e d . 

B. P h o t o - e l a s t i c I n v e s t i g a t i o n of A Model J u n c t i o n 
The method used was a p h o t o - e l a s t i c c o a t i n g 

technique which allowed the s t r u c t u r e to be t e s t e d i n the 
a c t u a l l o a d i n g system. The method was i d e a l f o r a study of 
the s t r e s s d i s t r i b u t i o n i n a model j u n c t i o n . In t h i s method 
a t h i n piece of a s u i t a b l e b i - r e f r i n g e n t polymer i s attached 
to the metal s t r u c t u r e w i t h a r e f l e c t i v e cement. When the 
p h o t o - e l a s t i c c o a t i n g i s subjected to p o l o r i z e d l i g h t and 
viewed through an analyzer the l i n e s of constant shear s t r e s s 
a t the i n t e r f a c e between the p l a s t i c and the s t r u c t u r e can be 
seen. 
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FIGURE 12 
RESULTS OF PHOTOELASTIC 
INVESTIGATION SHOWING 

STRESS CONCENTRATION AND 
MAXIMUM SHEAR STRESS LINES 



In t h i s i n v e s t i g a t i o n the p l a s t i c used was of the 
Photostress Zandman Method type, 0.119 * 0.002 inches 
t h i c k . The m a t e r i a l was cut to the shape of the c e n t r a l 
p o r t i o n of a j u n c t i o n w i t h 0 = 25° and L = 0.625 inches, 
and cemented to an a c t u a l j u n c t i o n - The model was then 
placed i n the apparatus and s t r a i n e d . The r e s u l t s obtained 
were only q u a l i t a t i v e and are presented i n f i g u r e 12, At 
' a 1 , under a very s l i g h t deformation, the s t r e s s concentra
t i o n a t the notches i s qu i t e evident. With more displacement, 
the constant shear s t r e s s f r i n g e s appear ( f i g u r e 12b) and mul
t i p l y w i t h f u r t h e r s t r e s s i n g ( f i g u r e 12c). 

The complete q u a n t i t a t i v e r e s u l t s o f the wear i n v e s t 
i g a t i o n f o l l o w . 
C. Wear versus Surface F i n i s h Angle 

Figure 13 shows the v a r i a t i o n of simulated wear w i t h 
surface f i n i s h angle f o r va r i o u s load f a c t o r s . The surface 
f i n i s h angles and load f a c t o r s were a r r i v e d a t from the d i s 
c u s sion given i n Chapter I I I . There i s some s c a t t e r of the 
po i n t s e s p e c i a l l y at the smaller load f a c t o r s and angles. 
At a surface f i n i s h angle of 20 deg. there were no p a r t i c l e s 
formed f o r load f a c t o r s of 0.875 inches and 0.625 inches, 
although there are numerous other p o i n t s both a t greater and 
l e s s e r angles. I t i s a l s o evident that the p a r t i c l e s formed 
w i t h the 20 deg. j u n c t i o n s are d i s p l a c e d from t h e i r curves. 

The general trend of the curves i s towards zero wear 
at approximately 10 deg. The slopes of the l i n e s are pos
i t i v e and vary from 0.0353 f o r L = 0.875 inches to 0.0154 
at L = 0.54 inches. 
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VARIATION OF SIMULATED WEAR WITH 
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D. Wear versus Load Factor 
The curve f o r simulated wear versus load f a c t o r 

f o r three surface f i n i s h angles i s presented i n Figure 1 4 . 

This i s a c r o s s - p l o t of Figure 1 3 and a l l the v a r i a b l e s 
have been p r e v i o u s l y described. There i s very l i t t l e s c a t t e r 
on these curves except at the highest load f a c t o r . The 
curves have the f o l l o w i n g p o s i t i v e slopes, showing a decrease 
i n wear f o r decreasing load f a c t o r s ; 

0 = 3 0 ° Slope = 0 . 9 4 

0 = 2 7 % ° Slope = 0 . 8 0 5 

0 = 2 5 ° Slope - 1 . 1 6 

E. Wear versus Simulated A s p e r i t y Height 
The v a r i a t i o n of simulated wear w i t h a s p e r i t y height 

i s shown g r a p h i c a l l y by Figure 1 5 . A s p e r i t y height i s de
f i n e d as the dis t a n c e between the t i p of an a s p e r i t y and the 
main surface as shown i n the upper l e f t corner- of Figure 1 5 . 

Using the model j u n c t i o n s t h i s height was v a r i e d from 0 . 6 8 7 5 " 

to an i n t e r l o c k e d p o s i t i o n whereby a s p e r i t i e s have t h e i r t i p s 
i n contact w i t h the other surface. The p a r t i c u l a r angle 
chosen was 3 0 deg. w i t h a load f a c t o r of L = 0 . 6 2 5 . inches 
since the p a r t i c l e s r e s u l t i n g from these j u n c t i o n s gave 
reasonably good r e s u l t s f o r the v a r i a t i o n of wear versus 
surface f i n i s h angle, (See Figure 1 3 ) . The s c a t t e r of 
poi n t s on t h i s p a r t i c u l a r curve i s plus or minus 5 7 o . The 
curve shows a decrease i n wear w i t h decreasing a s p e r i t y 
h e i g h t , the p o s i t i v e slope being approximately 0 . 1 4 . 

I I . FRICTION 
A. C a l c u l a t i o n 

The f r i c t i o n r e s u l t s r e q u i r e some expl a n a t i o n 
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regarding the determination of the simulated c o e f f i c i e n t 
of f r i c t i o n from the for c e measurements. Since the co
e f f i c i e n t of f r i c t i o n i s de f i n e d as the r a t i o of the 
f r i c t i o n f o r c e to the normal lo a d , the simulated co
e f f i c i e n t of f r i c t i o n c o uld best be determined by the r a t i o 
of the areas under the o s c i l l o g r a p h curves obtained during 
the deformation of a model j u n c t i o n . The curves f o r two 
such j u n c t i o n s are presented i n Figures 16 and 17. The 
f i r s t f i g u r e contains the curves r e s u l t i n g from the defor
mation of a j u n c t i o n w i t h 0 = 15° and L = 5/8". From the 
r a t i o of the areas the c o e f f i c i e n t of f r i c t i o n was found to 
be 3. The second set of curves i s f o r a 30 deg. j u n c t i o n 
w i t h L - 7/8". These curves are s i m i l a r to Figure 16 up 
to a displacement of 1.2". Beyond t h i s displacement the 
l a t t e r set of curves are i r r e g u l a r . These i r r e g u l a r i t i e s 
can be explained by an examination of the deformation pro
cess p r e v i o u s l y described. (Figure 11). The normal f o r c e 
r e s u l t s from the p a r a l l e l s l i d i n g of the a s p e r i t y p a i r . 
This w i l l be a compressive force and i s assumed p o s i t i v e 
i n t h i s d i s c u s s i o n . When a p a r t i c l e i s formed, such as was 
the case here, the j u n c t i o n f a i l s i n double shear. The 
-shearing a c t i o n , as was pointed out i n the f i r s t p a r t of 
t h i s chapter, d i d not progress simultaneously on both 
a s p e r i t i e s . Therefore as one a s p e r i t y f a i l e d , a t e n s i l e 
f o r c e r e s u l t e d between the a s p e r i t i e s . This caused the 
normal f o r c e to drop below zero at a displacement of 1.4 
inches i n Figure 17. Subsequently the shearing of t h i s 
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a s p e r i t y slows down and the other s t a r t s . At t h i s time 
the p a r t i c l e i s r o l l e d between the two a s p e r i t i e s causing 
a greater compressive f o r c e , w i t h the r e s u l t that the normal 
force becomes p o s i t i v e again. As f a i l u r e of the f i r s t asper
i t y ceases completely and the other proceeds, the normal 
fo r c e again becomes negative at 2.05 inches. At t h i s stage 
the normal f o r c e i s more negative than i t was e a r l i e r s ince 
the compressive a c t i o n i s g r e a t l y reduced by the out of plane 
bending. Meanwhile the f r i c t i o n f o r c e has reached a minimum 
at a displacement of 2.0 inches and then increased s l i g h t l y 
before f r a c t u r e . This behaviour can be a t t r i b u t e d to the 
p a r t i c l e bending out of plane and causing a d d i t i o n a l shear 
s t r e s s . The type of f a i l u r e d escribed above made i t d i f f i 
c u l t to assess the curves a f t e r the normal f o r c e became neg
a t i v e . Another d i f f i c u l t y was i n the determination of the 
true p o i n t of f r a c t u r e of the j u n c t i o n , since w i t h a small 
angled j u n c t i o n of l a r g e load f a c t o r the metal was s e v e r e l y 
cramped between the jaws of the apparatus. This a c t i o n a l s o 
c o n t r i b u t e d to d i s t o r t e d f o r c e measurements. These d i f f i 
c u l t i e s were overcome by c a l c u l a t i n g the c o e f f i c i e n t of 
f r i c t i o n a t the symmetrical p o s i t i o n , Figure l i b . This 
procedure not only solved the above mentioned problems but 
i t a l s o overcame the problem whereby beyond the symmetrical 
p o s i t i o n the out of plane bending could have i n f l u e n c e d the 
f r i c t i o n values. 

The c o e f f i c i e n t of f r i c t i o n obtained i n t h i s 
f a s h i o n was designated f s and i s used i n the p r e s e n t a t i o n 
of the f o l l o w i n g r e s u l t s . 
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B. f s versus Surface F i n i s h Angle 6? 
The v a r i a t i o n of the simulated c o e f f i c i e n t 

of f r i c t i o n w i t h surface f i n i s h angle i s shown graph
i c a l l y i n F i g u r e 18 f o r v a r i o u s load f a c t o r s . For the 
higher values of L (L>%") the curves are g e n e r a l l y hor
i z o n t a l , but r i s e s h a r ply between 20 and 25 degrees. The 
two curves f o r L = %" and 3/8" have a negative slope to 
about the 25 degree surface f i n i s h angle and then r i s e a t 
30 degrees. The curves are p l o t t e d s e p a r a t e l y i n Figures 
19 (a) and ( b ) , due to the crowding on the combined set of 
curves. 

C. f s versus Load Factor. 
A c r o s s - p l o t of the above r e s u l t s i s presented 

i n Figure 20, where the v a r i a t i o n of f s w i t h load f a c t o r i s 
shown f o r v a r i o u s surface f i n i s h angles. With the exception 
of the 25° j u n c t i o n these curves a l l have a negative slope 
of approximately 2.5, f o r L = 0.375 inches. The 25 deg. 
curve has a slope of 0.24. For L = 0.375 there i s a sharp 
r i s e i n f s w i t h the exception of the 25° case, which r e 
mains comparatively f l a t . 
D. Deformation of Thick Model Junctions 

The two t h i c k j u n c t i o n s i n v e s t i g a t e d had a 
surface f i n i s h angle Q = 25° and a load f a c t o r L = % i n c h . 
Sequence photographs of the f a i l u r e of one of these j u n c t i o n s 
i s presented i n Figure 21. The i n i t i a l mode of f a i l u r e was 
s i m i l a r to that shown i n Figure 11, but there was no simulated 
p a r t i c l e formed and there was no evidence of out of plane 
bending. The simulated c o e f f i c i e n t of f r i c t i o n at the 
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44. 

VARIATION OF COEFFICIENT OF FRICTION 
WITH SURFACE FINISH FOR SIMULATED 

METALLIC JUNCTIONS (continued) 
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FIGURE 20 
VARIATION OF SIMULATED COEFFICIENT OF FRICTION 

WITH LOAD FACTOR FOR VARIOUS SURFACE FINISH ANGLES 



FIGURE 21 

DEFORMATION OF A THICK 
JUNCTION 0= 25° L = 0.625" 



symmetrical p o s i t i o n f o r these j u n c t i o n s was approximately 
8.5. 
E. V a r i a t i o n of Wear and F r i c t i o n w i t h V e l o c i t y . 

Figure 22 shows the r e s u l t s of the i n v e s t i 
g a t i o n of the i n f l u e n c e of v e l o c i t y on f r i c t i o n and wear. 
The r e l a t i o n s h i p between both these v a r i a b l e s and v e l o c i t y 
i s n e a r l y a h o r i z o n t a l l i n e . There i s a s l i g h t amount of 
s c a t t e r but no more than was found i n the previous r e s u l t s . 

The r e s u l t s w i l l be discussed i n d e t a i l i n the 
next chapter and they w i l l be c o r r e l a t e d w i t h experimental 
evidence obtained using a c t u a l surfaces. 
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CHAPTER V  

DISCUSSION OF RESULTS 

Copper was used e x c l u s i v e l y i n t h i s i n v e s t i 
g a t i o n but t h i s by no means, r e s t r i c t s the i n t e r p r e 
t a t i o n of the r e s u l t s to copper surfaces. The form
a t i o n and f r a c t u r e of a c t u a l j u n c t i o n s should be the 
same f o r a wide range of metals. I f the s l i d i n g sur
faces are of two d i f f e r e n t metals, the metal t r a n s f e r 
w i l l make them s i m i l a r , as discussed p r e v i o u s l y . 
M e t a l l i c j u n c t i o n s can be formed and they could f r a c 
ture i n a manner s i m i l a r to the model. Metals other 
than copper w i l l have d i f f e r e n t values f o r y i e l d 
pressure and shear s t r e s s . The d i f f e r e n c e i n proper
t i e s w i l l i n f l u e n c e the value of the c o e f f i c i e n t of 
f r i c t i o n and wear magnitude, but the mechanism i t s e l f 
should remain e s s e n t i a l l y the same. With t h i s impor
tant feature i n mind, the var i o u s c o r r e l a t i o n s can be 
made and the r e s u l t s discussed. 
WEAR 
A. C o r r e l a t i o n s 

Simulated wear can be c o r r e l a t e d w i t h a c t u a l 
wear both q u a l i t a t i v e l y and q u a n t i t a t i v e l y . F i r s t l y , 
the shape of the p a r t i c l e s r e s u l t i n g from the f a i l u r e 
of the model j u n c t i o n i s s i m i l a r to the " l e n s " shape 
of the a c t u a l wear debris s t u d i e d by Brockley''"^ w i t h an 
e l e c t r o n microscope. The l a t t e r p a r t i c l e s have a r a t i o 
of diameters of approximately 10 whereas the simulated 



p a r t i c l e s may have a r a t i o approaching 1 f o r lar g e surface 
f i n i s h angles. Secondly, a q u a l i t a t i v e comparison, between 
simulated wear and a c t u a l wear can be made on the b a s i s of 
wear versus load. Figure 23 gives the wear load r e l a t i o n 
ships f o r two metals s l i d i n g on t o o l steel*-?. The wear i s 
given 
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as a weight l o s s d i v i d e d by the distance t r a v e l l e d . This 
i s to be compared to the wear of the simulated j u n c t i o n s 
which i s given as a weight. D i v i d i n g the p a r t i c l e weight 
by the di s t a n c e t r a v e l l e d has the e f f e c t of lowering the 
slope of the curves since wear i s d i r e c t l y p r o p o r t i o n a l 
to the distance t r a v e l l e d 17 This e f f e c t i s demonstrated 



i n Figure 24 f o r the simulated j u n c t i o n s w i t h 0 = 30°, 
and where the distance t r a v e l l e d i s the t o t a l deformation 
of the j u n c t i o n oyer i t s l i f e c y c l e . Comparing the curves 
of Figure 23 w i t h those of Figure 14 and 24, the l i n e a r 
r e l a t i o n s h i p between wear and load i s evident i n both cases. 
This general trend serves to i n d i c a t e that the model j u n c t i o n 
s i m u l a t i o n i s v a l i d . A d d i t i o n a l proof of v a l i d i t y w i l l be 
brought out i n the d i s c u s s i o n of f r i c t i o n . 

B. Wear versus Surface F i n i s h . 
Although the author was unable to f i n d anything 

i n the l i t e r a t u r e p e r t a i n i n g to the r e l a t i o n s h i p between wear 
and surface f i n i s h , these r e l a t i o n s h i p s can be examined on 
the b a s i s of the model j u n c t i o n . The v a r i a t i o n of wear w i t h 
surface f i n i s h i n d i c a t e s that surfaces w i t h small a s p e r i t y 
angles give the l e a s t wear. The height of the a s p e r i t i e s d i d 
not i n f l u e n c e the wear very g r e a t l y (Figure 15), although 
there i s a s l i g h t decrease i n wear w i t h decreasing a s p e r i t y 
height. These two p o i n t s i n d i c a t e t h a t i f the model j u n c t i o n 
s i m u l a t i o n i s v a l i d , the best surface w i t h regard to wear i s 
one w i t h small a s p e r i t y angle w i t h the magnitude of a s p e r i t y 
height having l i t t l e i n f l u e n c e . 
C. P h o t o e l a s t i c Study 

The p h o t o - e l a s t i c model i l l u s t r a t e s two important 
p o i n t s : 

1) The s t r e s s c o n c e n t r a t i o n a t the notches, 
2) The contours of constant shear s t r e s s which are 

the same shape as the p a r t i c l e s . 
These two f a c t s give v i s u a l proof of the s t a r t 

of p a r t i c l e formation and the shear l i n e s . However, a more 
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important r e s u l t of the p h o t o - e l a s t i c i n v e s t i g a t i o n 
i s that i t p o i n t s out a much more accurate method of 
determining the exact j u n c t i o n s t r e s s e s and t h e i r 
o r i e n t a t i o n . This type of a n a l y s i s has been used w e l l 
past the e l a s t i c r e g i o n i n other work and would be 
i d e a l i n the study of f r i c t i o n u sing the model j u n c t i o n 
s i m u l a t i o n . 

D. Wear versus V e l o c i t y 
The r e s u l t s of the simulated wear versus 

moving a s p e r i t y v e l o c i t y suggest th a t wear i s inde
pendent of s l i d i n g v e l o c i t y . This i s due mainly to 
the s m a l l v e l o c i t y range a v a i l a b l e w i t h the apparatus 
i n i t s .present s t a t e . The e f f e c t of v e l o c i t y on wear 
usi n g the model j u n c t i o n could be i n v e s t i g a t e d f u r t h e r 
w i t h the e x i s t i n g apparatus w i t h a few small changes 
i n the d r i v e i n order to a l l o w f o r a greater v e l o c i t y 
range. 

To summarize, the wear r e l a t i o n s h i p s d e r i v e d 
from simulated m e t a l l i c j u n c t i o n s show good c o r r e l a t i o n 
w i t h a c t u a l surfaces both on the ba s i s of p a r t i c l e shape 
and on the ba s i s of v a r i a t i o n of wear w i t h load. Some 
work should be conducted regarding the v a r i a t i o n of wear 
w i t h surface geometry f o r a c t u a l s u r f a c e s , so that cor
r e l a t i o n could be e s t a b l i s h e d i n t h i s respect. The 
p h o t o - e l a s t i c and v e l o c i t y i n v e s t i g a t i o n s a l s o i n d i c a t e 
that f u r t h e r s t u d i e s along those l i n e s would be h e l p f u l 
i n the o v e r a l l a n a l y s i s of wear. 



I I . FRICTION 
A. C o r r e l a t i o n of Model and Green's Theory 

A comparison between the f r i c t i o n r e s u l t s and 
Green's t h e o r e t i c a l s o l u t i o n can be made. Figures 15 
and 16 represent the forces i n v o l v e d i n the f r a c t u r e 
of a j u n c t i o n e q u i v a l e n t to Green's strong j u n c t i o n 
(Figure 5a). A l l three f i g u r e s show W reaching a max
imum e a r l y i n the c y c l e . Green's t h e o r e t i c a l estimate, 
however, shows W to be con s i d e r a b l y greater than F a t 
t h i s p o i n t ; on the other hand the experimental r e s u l t s 
show the opposite s i t u a t i o n . Green gives two reasons 
f o r W being l a r g e i n h i s a n a l y s i s . 

1) He assumed a b s o l u t e l y no out of plane move
ment of the j u n c t i o n , which of course would 
not be the case f o r r e a l j u n c t i o n s nor f o r 
the models. 

2) He assumed a p l a s t i c r i g i d m a t e r i a l i n which 
the j u n c t i o n s were fr e e to flow p l a s t i c a l l y 
but the metal behind them was r i g i d . T h i s , 
of course, i s not the case w i t h a c t u a l met
a l l i c s urfaces. Real metals are e l a s t i c -

p l a s t i c such that the metal behind the 
j u n c t i o n s e x h i b i t s small deformations. 
Both of these f a c t o r s tend to reduce the 

t h e o r e t i c a l estimate of W, so that Green's curves 
probably would approach the experimental curves i f 
i t were p o s s i b l e to make the necessary c o r r e c t i o n s . 



Green's t h e o r e t i c a l curves show that f o r a strong 
j u n c t i o n the f r i c t i o n f o r c e remains constant f o r most of 
the c y c l e , whereas i n the experimental curves i t reaches a 
maximum and then drops o f f q u i t e r a p i d l y . The t h e o r e t i c a l 
estimate of F i s based on a constant shear s t r e s s over the 
l i f e of the j u n c t i o n . The assumption of constant shear 
s t r e s s i s i n c o r r e c t since i t has been shown by Greenwood and 
Tabor ^ that shearing i n the presence of a normal load i s 
not the same as when i t i s absent. In f a c t , here the normal 
force w i l l tend to increase the shearing s t r e s s , r e s u l t i n g i n 
the v a r i a t i o n i n f r i c t i o n shown i n Figures 16 and 17. The 
small j u n c t i o n , Figure 16, i s p r a c t i c a l l y the same shape as 
Greenwood and Tabor's ^ s o f t copper j u n c t i o n and shows the 
same average c o e f f i c i e n t of f r i c t i o n . 

The large load f a c t o r j u n c t i o n , Figure 17, demon
s t r a t e s the i n f l u e n c e that the double shear type of f a i l u r e 
has on the c o e f f i c i e n t of f r i c t i o n . The average f here i s 
approximately 8.5 as opposed to 3 f o r the s i n g l e shear type 
of f a i l u r e . This high value of f i s of the same order of 
magnitude as the c o e f f i c i e n t of f r i c t i o n of outgassed sur
faces s l i d i n g i n vacuo 2 , where metal to metal contact i s 
assumed by the absence of contaminent f i l m s . I t was impossible 
to compare many j u n c t i o n s on t h i s b a s i s because of the crowding 
between the blocks a t smaller angles, but the symmetrical co
e f f i c i e n t of f r i c t i o n shows t h i s high value when double shear 
occurs, (see Figure 18). Above 20° there i s a sharp r i s e i n 
f s except f o r the two small load f a c t o r s . These two curves 
(L = V' and L = 3/8") can be disregarded because they do not 



meet the requirement f o r plane s t r a i n that the thickness of 
1/8" be much l e s s than the other dimensions. Although the 
author was unable to l o c a t e i n the l i t e r a t u r e a r e l a t i o n 
ship between f r i c t i o n and surface geometry f o r purposes of 
c o r r e l a t i o n , the double shear mode of f a i l u r e gives an i n 
d i c a t i o n of why larg e values of f r i c t i o n are obtained w i t h 
outgassed surfaces. This type of i n v e s t i g a t i o n on a c t u a l 
surfaces i s one which could p o s s i b l y a i d i n the study of the 
mechanism of f r i c t i o n . 

B. C o r r e l a t i o n of F r i c t i o n versus Load Factor between 
the Model and A c t u a l Surfaces.  

A comparison of the model and a c t u a l surfaces w i t h 
to v a r i a t i o n of f r i c t i o n w i t h load i s of i n t e r e s t . 
25 i s f o r s t e e l s l i d i n g on e i e c t r o l y t i c a l l y p o l i s h e d 
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small values of L which can be disregarded because they do 
not meet the c r i t e r i a f o r plane s t r a i n as discussed prev
i o u s l y . In general the l i n e s i n Figure 20 have very l i t t l e 
slope and the 25° l i n e i s n e a r l y h o r i z o n t a l . F a i r l y good 
c o r r e l a t i o n between the model and a c t u a l surfaces i s apparent 
which f u r t h e r s u b s t a n t i a t e s the v a l i d i t y of the model j u n c t i o n . 

C. Thick Junctions 
The t h i c k j u n c t i o n s showed a l a r g e increase i n the co

e f f i c i e n t of f r i c t i o n as compared to the thinner j u n c t i o n s . 
This increase i n f r i c t i o n can be a t t r i b u t e d to the l a r g e i n 
crease i n F w i t h o n l y a s l i g h t increase i n W. The main reason 
f o r the small change i n W was that the apparatus was not r i g i d 
enough f o r such a l a r g e j u n c t i o n , and r e l a t i v e l y l a r g e d e f l e c 
t i o n s i n the d i r e c t i o n s of the normal fo r c e were observed. 

No p a r t i c l e was formed i n the f r a c t u r e of the t h i c k 
j u n c t i o n s . The l a c k of r i g i d i t y probably c o n t r i b u t e d to t h i s 
as w e l l as the f a c t that the load f a c t o r was n e a r l y equal to 
the thickness r e s u l t i n g i n a shear break at the narrowest por
t i o n of the j u n c t i o n as seen i n Figure 21. 

The f a c t t h a t there was no out of plane bending i n 
the f r a c t u r e of the t h i c k j u n c t i o n s i n d i c a t e s that they might 
be e a s i e r to analyze over the l i f e c y c l e . Further work i n 
t h i s d i r e c t i o n would probably l e a d to a c l o s e r s i m u l a t i o n of 
a c t u a l m e t a l l i c j u n c t i o n s although designing an apparatus t h a t 
i s s u f f i c i e n t l y r i g i d might pose a problem. 
D. F r i c t i o n versus V e l o c i t y . 

The v a r i a t i o n of f r i c t i o n w i t h v e l o c i t y was i n v e s t 
i g a t e d . I t was found t h a t the simulated f r i c t i o n was 



e s s e n t i a l l y independent of s l i d i n g v e l o c i t y . With a c t u a l 
s u r f a c e s , however, f r i c t i o n tends to d i m i n i s h w i t h i n c r e a s i n g 
v e l o c i t y . 
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CHAPTER VI  
CONCLUSIONS AND RECOMMENDATIONS 

I. Conclusions 
The i n v e s t i g a t i o n has e s t a b l i s h e d the f o l l o w i n g 

two wear c o r r e l a t i o n s : 
A. The shape of the simulated wear p a r t i c l e s i s 

s i m i l a r to those r e s u l t i n g from the wear of a c t u a l sur
faces . 

B. The wear-load curves f o r a c t u a l surfaces and f o r 
the model j u n c t i o n show the same l i n e a r r e l a t i o n s h i p . 

The simulated f r i c t i o n r e s u l t s i n d i c a t e t h a t : 
A. Green's t h e o r e t i c a l estimate of the forces 

r e s u l t i n g from the deformation of a m e t a l l i c j u n c t i o n and 
those obtained i n t h i s i n v e s t i g a t i o n show general agree
ment . 

B. F r i c t i o n i s independent of load. This r e s u l t 
i s i n agreement w i t h experimental data obtained using 
a c t u a l surfaces. 

The model r e s u l t s suggest t h a t : 
A. (1) A c t u a l surfaces should have small sur

face f i n i s h angles f o r minimum wear. 
(2) The magnitude of a s p e r i t y height appears 

to have l i t t l e i n f l u e n c e on wear. 
B. The double shear mode of f a i l u r e provides, 

an e x p l a n a t i o n f o r wear p a r t i c l e formation as w e l l as 
the l a r g e c o e f f i c i e n t s of f r i c t i o n observed f o r out-
gassed metals s l i d i n g i n vacuo. 



The f r i c t i o n and wear r e s u l t s i n r e l a t i o n to 
v e l o c i t y are i n c o n c l u s i v e and r e q u i r e f u r t h e r i n v e s t 
i g a t i o n . 
Recommendations 

A. Future work concerning the r e l a t i o n s h i p 
between wear and surface f i n i s h of a c t u a l surfaces 
would a s s i s t i n f u r t h e r e s t a b l i s h i n g the v a l i d i t y of the 
model. 

B. The wear and f r i c t i o n versus v e l o c i t y i n 
v e s t i g a t i o n should be extended by p r o v i d i n g the e x i s t i n g 
apparatus w i t h a greater v e l o c i t y range. 

C. Metals other than copper should be i n v e s t i 
gated to show that the mode of f a i l u r e i s s i m i l a r i n a l l 
cases. 

D. P h o t o - e l a s t i c methods, e s p e c i a l l y photo-
e l a s t i c coatings appear to provide a means by which the 
y i e l d pressures and shear s t r e s s e s could be analyzed more 
thoroughly. 



APPENDIX A, 
The f o l l o w i n g t a b l e gives the r e s u l t s of f a i l u r e 

t e s t s of s i x j u n c t i o n s ; the simulated f r i c t i o n f orce de
termined was used i n designing the s t r a i n r i n g . 

J u n c t i o n No. 

1 
2 
3 
4 
5 * 
6* 

TABLE 1A** 
Hardness 

Rockwell E or H 
63.5 H 
63.5 H 
63.5 H 
63.5 H 
82.0 E 
82.0E 

Maximum 
F r i c t i o n Force l b . 

2790 
2450 
2560 
2650 
3345 
3200 

** These r e s u l t s were obtained on a T i n i u s Olsen 
T e s t i n g Machine. 

* Junctions 5 & 6 were i n the "as r e c e i v e d " con
d i t i o n as opposed to the others which were 
annealed at 470° F f o r 2% hours and quenched i n 
water. 

The s t r e s s - s t r a i n diagram f o r j u n c t i o n Number 2 i s 
shown i n Figure LA, along w i t h a sketch of the j u n c t i o n . 

From the simulated f o r c e determined here, the de
s i g n loads f o r the s t r a i n r i n g were obtained. Since j u n c t i o n s 
twice the thickness of those t e s t e d here were to be i n v e s t i 
gated a value of F = 7000 pounds was chosen. From Greenwood 
and Tabor's ^ work, the simulated load would then be approx
imately 2300 pounds, but as a precaution 3500 pounds was used. 
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LOAD-DEFORMATION CURVE FOR 
A MODEL JUNCTION 
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APPENDIX B  

S t r a i n Ring Design and C a l i b r a t i o n 
A s t r a i n r i n g i s a comparatively r i g i d device employing 

e l e c t r i c r e s i s t a n c e s t r a i n gauges and i t i s designed to measure 
a forc e by r e s o l v i n g i t i n t o components. The p a r t i c u l a r r i n g 
used here i s shown i n Figure IB and was designed using the 
approximate equations of Loewen and Cook"^, which are as f o l l o w s : 

er = 0.7 V* , 
i b T ^ 

e._ = 1.4 HR 
45 Eb t 2 

dw = HR 3 
Eb t 3 

3 
and df = 3.7 HR where 

3 
Eb tJ 

R i s the mean r a d i u s of the ends of the r i n g , i . e . R - r , where 
2 

r i s the hole r a d i u s , E the modulus of e l a s t i c i t y , b the width and 
t i s the t h i c k n e s s , a l l i n corresponding u n i t s ; d i s the v e r t -

w 
i c a l d e f l e c t i o n due to the forc e W and the d e f l e c t i o n due to 
F. e c i s the s t r a i n at the c e n t r a l gauges and e ^ i s the s t r a i n 
a t the gauges on the 45° faces. 

Using the above r e l a t i o n s h i p s and the r e s u l t s of shear 
12 

t e s t s on a c t u a l j u n c t i o n s using B r o c k l e y 1 s apparatus (see 
Appendix A) a r i n g was designed of the f o l l o w i n g dimensions: 

R = 1.366" b = 1.595" 
t = 0-700" and L the center to center distance 

of the holes was 2.3125". 
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C a l i b r a t i o n 
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1 

FIGURE 2 b 
WHEATSTONE BRIDGE CIRCUIT DIAGRAM 



The m a t e r i a l s e l e c t e d f o r the r i n g was A t l a s S t e e l 
Company's a l l o y S.P.S. 245. This i s a Chrome N i c k e l Moly
bdenum a l l o y c o n t a i n i n g 40% Carbon w i t h a t r a c e of Magnesium, 
S i l i c o n and Phosphorous. The: r e s u l t s of three t e n s i l e t e s t s 
of S.P.S. 245 were: 

Specimen No. Y i e l d s t r e s s Ultimate s t r e s s 
p s i p s i 

1 57,800 92,000 
2 58,800 91,400 
3 56,900 91,700 
Average 57,800 91,700 

The wheatstone Bridge c i r c u i t diagrams are shown i n 
Figure 2b. The bridge voltages were s u p p l i e d by 15, 1.5 v o l t 
Eveready dry c e l l s . Baldwin-Lima S.R. 4, C-7 i s o e l a s t i c s t r a i n 
gauges were s e l e c t e d , which had a r e s i s t a n c e of 500 ohms and 
were 1/8" long. A c a l i b r a t i o n r e s i s t a n c e was i n s e r t e d i n each 
bridge as shown i n the diagrams. 
CALIBRATION 

The s t r a i n r i n g was c a l i b r a t e d i n an Olsen t e s t i n g 
machine. One for c e was a p p l i e d a t a time, and the bridge un
balance was recorded on an o s c i l l o g r a p h . Any cross e f f e c t on 
the other bridge was a l s o recorded. The c a l i b r a t i o n curves f o r 
var i o u s a t t e n u a t i o n s are given i n f i g u r e 3B. The ordinate i s 
the c a l i b r a t i o n load i n pounds and the a b s c i s s a i s the o s c i l l o 
graph pen d e f l e c t i o n i n m i l l i m e t r e s . The c r o s s - s e n s i t i v i t i e s 
are p l o t t e d on the same curves and the slopes of the l i n e s are 
given. 
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