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CORRELATION OF TENSILE AND SHEAR STRENGTHS OF
METALS WITH THEIR FRICTION PROPERTIES

by Kazuhisa Miyoshi and Donald H. Buckley
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

The relation between the theoretical tensile and the shear strengths

and the friction properties of metals in contact with diamond, boron ni-

tride, silicon carbide, manganese-zinc ferrite, and the metals themselves in

u,	 vacuum was investigated, The relationship between 'the actual shear strength

and the friction properties of the metal was also investigated. An estimate

of the theoretical uniaxial tensile strength was obtained in terms of the

equilibrium surface energy, interplanar spacing of the planes perpendicular

to the tensile axis, and the Young's modulus of elasticity. An estimate of

the theoretical shear strength for metals was obtained from the shear modu-

lus, the repeat distance of atoms in the direction of shear of the metal and

the interplanar spacing of the shear planes. The coefficient of friction

for metals was found to be related to the theoretical tensile, theoretical

shear, and actual' shear strengths of metals. The higher the strength of the

metal, the lower the coefficient of friction.

INTRODUCTION

In the 1940's Pauling recognized differences in the amount of the

d-bond character associai;ed with transition metals (ref. 1). Since the

d-valence bands are not completely filled in the transition metals, the

filling of the d-valence electron band in transition metals is responsible

for such physical and chemical properties as cohesive energy, shear modulus,

chemical stability, and magnetic properties. The greater the amount or the



percentage of d-bond character that a metal possesses, the less active is

its surface. The adhesion and friction of metals in contact with themselves

can be related to the chemical activity of the metal surfaces (ref. 2). The

d-bond character of the metal influences the adhesion and friction for met-

als in contact with diamond, pyrolytic boron nitride, silicon carbide, and

manganese-zinc ferrite crystals, just as it does for metals in contact with

themselves (refs. 3 to 6). The more active the metal, the higher the coef-

ficient of friction.

It should, however, also be possible to determine such tribological

properties as friction in terms of the physical and mechanical properties of

these metals as well.

The objective of this paper was to investigate the relationship between

the theoretical tensile strength, theoretical shear strength, and actual

shear strengths with the friction properties of metals when those metals are

in contact with metals and nonmetals.

As greater and greater mechanical strengths are obtained from engineer-

ing materials, it is only logical to ask, Wliat is the upper limit to the

strength of a solid? This upper limit or maximum strength has come to be

referred to as the theoretical strength.

An estimate of the theoretical (ideal) uniaxial tensile strength o rttax

for metals was obtained from equilibrium surface energy and interplanar

spacing of the planes perpendicular to the tensile axis, and the Young's

.modulus of elasticity. The theoretical shear strength 
.max 

of a solid

subjected to a simple shear mode of deformation is estimated (ref. 7). The

actual shear strengths for the metals are taken from the data of Bridgman

(ref. 8).
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Coefficients of friction for various pure elemental metals in contact

with diamond, pyrolytic boron nitride, silicon carbide, manganese-zinc fer-

rite, and the metals themselves were taken from our previous studies (refs.

2 to 6). Some additional data were taken from the experiments, which were

conducted in the same manner as reported earlier in references 2 to 6.

In references 2 to 6, all sliding friction experiments were conducted

with light loads, 0.01 to 0,5 newton, at a sliding velocity 0.70, 0.77, or 3

millimeter per minute, in a high vacuum of 3x10 `8 pascal and at room temper-

ature. Frictional heating did not produce a measurable temperature rise.

Experiments were conducted in this investigation with the metal pin speci-

mens sliding on the metal or nonmetal flats. The radius of pin specimen was

0.79 millimeter.

SYMBOLS

b	 repeat distance of atoms in the direction of shear

d	 interplanar spacing of shearing planes

E	 Young's modulus

Finax	
average friction force

G	 shear modulus

k	 cor°taut

W	 normal load

x	 displacement of the shear plane front its neighbors

y	 surface energy per unit area

P	 coefficient of friction

°max	
theoretical tensile strength

A	
Tmax theoretical shear strength
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THEORETICAL STRENGTH OF SOLIDS

The generally accepted thinking with respect to the fracture of solids

is that the ideal elastic solid is one which exhibits elastic response to a

load until such time as atomic separation takes place on a plane by overcom-

ing the interatomic forces. At the atomistic level fracture occurs when

bonds between► atoms are broken across a fracture plane and a new surface is

created. This can occur by breaking bonds perpendicular to the fracture

plane (fig. 1(a)) or by shearing bonds across the fracture plane (fig.

10)). Such behavior is expected in the case of an ideal crystalline solid

which contains no defects. Under such conditions criteria for fracture are

simple; fracture occurs when the local stress builds up either to the theo-

retical cohesive strength or to the theoretical shear strength.

The calculation of the theoretical cohesive strength of an ideal elas-

tic solid is based on the proposition that all the energy used in .s eparation

is available for the creation of two new surfaces with the only expenditure

of energy in creating these two surfaces is assumed to be the surface en-

ergy. If the atoms A and A' in figure 1(a) are pulled apart, the stress

required to separate the plane is the theoretical strength 
`max 

and when

that is reached, the bonds are broken. The theoretical strength (the theo-

retical uniaxial tensile strength) is then given by well-known equation,

d°max ^	
1)

where E is the appropriate Young's modulus, Y is the surface energy per

unit area, and d is the interplanar spacing of the planes perpendicular to

the tensile axis (refs. 7 or 9 to 12). In the equation the theoretical

strength of solid is directly related to other macroscopic physical proper-

ties. The foregoing approach is equally applicable to any solid. Frenkel
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used a similar method to estimate the theoretical shear strength '`max Ot

a solid subjected to a simple shear mooe of deformation (ref. 7 o 1a). It

is assumed that, for any solid, the stress to shear any plane a distance x

over its neighbor is given by

sin2l
ix
F
	

(2)

where b is the appropriate repeat distance in the direction of shear (the

planes are assumed to be undistorted by the shear) and k is chosen to give

the correct shear modulus G. It is then easily shown that

Gb	
(3)

Tmax T`d

where d is the interplanar spacing of the shearing planes.

PHYSICAL PROPERTIES

Surface energies of solid metals have been reported in the literature

(refs. 14 to 21). 'fable I is a compilation of surface energy values by

Tyson and Miedema (refs. 14 and 21). Miedema (ref. 21) estimated values at

absolute zero temperature y s from values of the experimental surface

energy and entropy. Values at room temperature of Ys were calculated

using the values of YQ and the temperature dependence factors estimated by

Miedema.

The surface energy data referred to herein are mean values. Anisotropy

of the surface energy is not considered in this paper (although it may be

remarked that while anisotropy exists it is usually small, with variations

from the average of the order of 10 percent for example for cubic metals

(refs. 22 and 24). Table I lists elastic moduli E and lattice constants for

the metals used in this paper (from refs. 25 to 27). Young's modulus is for

bulk, polycrystalline materials.
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The values of the shear moduli for bulk, polycrystalline materials are

listed in table I (ref. 25). The shear modulus, like Young's modulus, has a

marked dependence on the electronic configuration 0 the element (ref. 25).

The values of the lattice constants are used for the estimations of an

.interplanar spacing of slip plane and an atomic spacing in the direction of

shear. The experimental results of slip systems at room temperature are

given in table I (ref. 28).

RESULTS AND DISCUSSION

Correlation of Coefficient of Friction with Theoretical Tensile Strength

A clean metal in sliding contact with a clean nonmetal or th4 metal

itself will fail either in tension or in shear because some of the interfa-

cial bonds are generally stronger than the cohesive bonds in the cohesively

weaker metal. The failed metal subsequently transfers to nonmetallic mater-

ial or the other contacting metal (see fig. 2 and refs. 2 to 6). It is,

therefore, anticipated that friction, metal transfer, and metal wear would

be related to chemical, physical, and metallurgical properties and to the

strength of metals. Therefore, let us consider the relation between the

theoretical tensile strength and the tribological properties.

The values of the theoretical tensile strength obtained from equa-

tion (1) are presented in table II. The values of the coefficient of fric--

tion for various pure elemental metals in contact with diamond (ref. 3),

pyrolytic boron nitride (ref. 4), silicon carbide (ref. 5), manganese—zinc

ferrite (ref. 6), and the metals themselves (ref. 2) are presented in

table III.

Figure 3 presents the coefficients of friction as a function of Umax*

3	 The data of these figures indicate a decrease in friction with an increase

of the theoretical tensile strength of the metal bond. There generally
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appears to be a strong correlation between friction and the theoretical

tensile strength of metals. "rhe higher the tensile strength, the lower the

f riction.

On separation of the metallic and nonmetallic material in sliding con-

tact, fracture occurs in the metal as well as the shearing at the adhesive

bonds in the interface. The morphology of metal transfer to the nonmetal

revealed that the metals that have low tensile strength exhibit much more

transfer than those that have higher tensile strength.

For example, examination of wear tracks on the silicon carbide after

single pass sliding with titanium revealed evidence of both very thin trans-

fer films and lump particles of titanium transferred to the silicon car-

bide. On the other hand, examination of the silicon carbide surface after

multipass sliding with titanium indicated the presence of very thin transfer

films, multilayer transfer films, very small particles, and pile up of par-

ticles. Table IV summarizes metal transfer to single-crystal silicon car-

bide observed after multiple passes sliding. Generally, metals farther to

the right in table IV have less chemical affinity for silicon and carbon and

greater resistance to tensile and shear fracture, and accordingly lower

coefficients of friction. Therefore, with metals further to the right in

table IV, less transfer to silicon carbide was observed.

Such dependency of metal transfer on the theoretical tensile strength

arises from the adhesion and fracture properties of the metal. Thus, the

theoretical tensile strengths which are functions of the surface energy,

Young's modulus, and interplanar spacing in the crystal, play roles in the

adhesion and friction and transfer of metals contacting metals or nonmetals.

Further correlations between surface energy and other physical proper-

ties have been sought by many investigators (refs. 14, 15 and 21). The most

7



successful and widely accepted of these correlations for elemental solids

occurs where the heat of sublimination has been considered. A good correla-

tion between surface and cohesive energy was also, however, found by Tyson

and Jones (refs. 14 and 15).

Correlation of Coefficient of Friction with Theoretical Shear Strength

From equation (3) the values of the theoretical shear strength were

obtained and these are presented in table V. It is assumed that the slip

occurred on the slip plane in the slip direction, as indicated in table V.

Figure 4 presents the coefficients of friction as a function of the

theoretical shear strength. These figures indicate a decrease in friction

with an increase in the theoretical shear strength of the metal bond.

The theoretical shear strength generally produces a correlation with

the coefficients of friction for metals in contact with such nonmetals as

diamond, pyrolytic boron nitride, silicon carbide, and manganese-zinc fer-

rite, as shown in figure 4. The coefficients of friction for metals in con-

tact with themselves correlate with the metal shear strength, except for

platinum and palladium, as indicated in figure 4. In these figures the val-

ues of the shear strength for face-centered cubic metals are used from the

results shown in table V.

The shear strength values for the body-centered cubic metals are aver-

age values calculated from the values of the shear strength for three domi-

nant slip systems. Those for the hexagonal metals are average values calcu-

lated from the shear strengths for two dominant slip systems, that is, the

(1010) , <1120> and ( 0001) <1120>.

Thus, the tensile and shear properties play important roles in the ad-

hesion and friction of metals contacting nonmetals or metals contacting

themselves. These simple calculations of the theoretical strength and the
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correlation between the fiiction and the strength can be criticized on a

variety of grounds. The extent of slip in a crystal depends on the magni-

tude of the shearing stresses produced by thi applied forces and the orien-

tation of the crystal with respect to these applied forces. This variation

can be rationalized b y the concept of the crystal's resolved shear stress

for slip. Despite the foregoing the results of the relation between the

coefficient of friction and the theoretical strength may lead in turn to an

appreciation for the role of the physical properties of materials in deter-

mining the tribological properties and the mechanical behavior of metals.

A good correlation between the coefficients of friction and the shear

modulus (refer to table V) was also found with metals contacting nonmetals.

The correlations are very similar to those between the coefficient of fric-

tion and the shear strength, as shown in figure 4. This is to be expected

at least for face-centered cubic and close-packed 'hexagonal metals because,

as shown in table V, the ratios of Tmax 
to G are essentially constant at a

value of about 0.1. With the body centered cubic metals the ratio of Tmax[G

is essentially constant at a value of about 0.6.

Correlation of Coefficient; of Friction with Actual Shear Strength

The theoretical shear strength as well as the theoretical tensile

strength are much greater than the values commonly found experimentally. In

the former sections the relationships between the theoretical strengths and

the friction properties of metals in contact with nonmetals and the metals

with themselves were discussed. There is, however, an obvious need to com-

pare the actual strength of metals observed with the friction propertie;,.

The actual shear strengths of metals were estimated from the experimen-

tal data of Bridgman (ref. 8). The shear phenomena and strength combined

with high hydrostatic pressure were studied at pressures to a maximum of 4.9
a
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gigapascals. The shear strength of the metal is very strongly dependent on

the hydrostatic pressure acting on the specimen during the shearing proc-

ess. The shear strength of the metal is increased with increasing applied

hydrostatic pressure. The shear strength was estimated by extrapolation

from contact pressure during sliding experiments by using the relations be-

tween the hydrostatic pressure and the shear strength obtained by Bridgman

(ref. 8). The contact pressures for various metals in contact with non-

metals are calculated with Hertz's classical equations (ref. 29).

Figure 5 represents the friction properties of metals in contact with

clean diamond, silicon carbide, and manganese-zinc ferrite as functions of

the actual shear strength. The data of these figures indicate a decrease in

friction with an increase of the actual shear strength of metal. There gen-

erally appears to be corn ktion between the friction and the actual shear

strength of metal: This seems to indicate that the ratio of actual to tneo-
retical shear strength does not vary greatly from one elemental metal to

another.

SUMMARY OF RESULTS

An estimate of the theoretical uniaxial tensile strength was obtained

in terms of the equilibrium surface energy and interplanar spacing of the

planes perpendicular to the tensile axis and the appropriate Young's modulus.

An estimate of the theoretici;,, shear strength was obtained from the

shear modulus, the repeat distance of atoms in the direction of shear of the

metal and interplariar spacing of the shearing planes.

The adhesion and friction properties of metals in contact with diamond,

boron nitride, silicon carbide, manganese-zinc ferrite, and metals were ex-

amined in a vacuum of 340-8 pascal at low sliding speed. The coefficients

of friction for clean metals in contact with these clean nonmetals and met-
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als can be generally related to the theoretical tensile, theoretical shear

and actual shear kitrengths of the metals. The higher the strength of the

metal, the lower the coefficient of friction.
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OF P®OR QUALITY

TABLE II. - SIMPLE CALCULATIONS OF THE THEORETICAL TENSILE STRENGTH

°max+ GPa amax/E amaxs GPa amax/E °max+ 
GPa

amax/E

fcc Tensile direction

<111> <100> <110>

Al 19 0.27 20 0.28 24 0.34

Ni 48 .25 67 .35 68 .35

Cu 33 .26 47 .37 47 .37

Rh 68 .18 96 .26 97 .26

Pd 34 .28 47 .38 48 .39

Ir 85 .16 120 .23 122 .23

Pt 43 .25 61 .36 62 .36

bcc Tensile direction

<110> <100> <111>

V 39 0.30 47 0.36 62 0.47

Cr 53 .22 63 .26 83 .34

Fe 51 .24 60 .29 80 .38

Nb 35 .33 41 .39 54 .51

Mo 65 .20 78 .24 102 .31

Ta 48 .27 57 .31 75 .41
W 76 .19 90 .23 120 .30

hcp Tensile direction

<0001> <1170> <10TO>

Ti 21 0.20 27 0.25 29 0.27

Co 36 .17 45 .22 49 .24

Y 11 .17 14 .22 15 .23

Zr 18 .20 23 .25 25 .27

Ru 54 .13 68 .17 73 .18
Re 61 .13 78 .17 83 .18

r

fi'.



Metal Coefficient of friction

Diamond Pyrolytic Silicon Mn-Zn Metals
boron carbide ferrite themselves

nitride

Al -- -- - 0.60 ---

Ni 0.48 0.72 .47 0.59 -
Cu ---- ----

-	
- - --- ----

Rh .37 .52 .36 .42 1.7
Pd - ---- - -- ---- 2.8
I r ---- ---- ---- 1.8
Pt .50 .62 ---- ---- 5.1

V 0.54 0.59 ---- ---- ----
Cr .43 ---- 0.48 ---- 10
Fe .42 .46 .48 0.48 16
Nb - --- .64 --- - ---- -I--

Mo ---- ---- ---- -- -- 5.1
Ta ---- .67 ---- ---- 12
W .42 ---- .45 .50 ----

Ti 0.72 1.0 0.58 0.83 60
Co .47 ---- .43 .55 ----
Y---- ---- ---- ---- ----
Zr .70 .95 .53 ---- 40
Ru-- -- .49 ---- ---- ---
Re .40 ---- .39 ---- ----

OF pOOR QUALU

TABLE III. - VALUES OF COEFFICIENT OF FRICTION FOR VARIOUS

PURE ELEMENTAL METALS IN CONTACT WITH DIAMOND,

PYROLYTIC BORON NITRIDE, SILICON CANBIDE,

Mn-Zn FERRITE AND THE METALS THEMSELVES

TABLE IV, - METAL-TRANSFER TO SINGLE-CRYSTAL SILICON CARBIDE (0001)

SURFACE,  AS A RESULT OF MULTIPLE PASS SLIDING

Form of metal Metals~
trwwfor

Al Ti Zr Cu N1 Cc Cr Fe Re Rh W

Very small particle + + + + + + + + + + +
(submicron In size)

Piled-up particle + + + + + + + + - -
(several microns
In size)

Streak thin film + + + + (	 + + + - - - -
Multilayer film + + + - - - - - - - -

structure (piled up)
Lump particle (several (}) (.}) (+) - - - - + + +

microns In size)

Surface roughness of • - ---
metal wear sear Rougher

Chemical affinity of
metal for silicon
and carbon Lesser

Resistance to shear and
tear of metal Greater

*Transferred after 10 passes sliding +; not transferred after 10 passes eliding -
transferred after single pass eliding (+),



rumGmA , PAGE IS

OF POOR QUALITY

c

c ^ to

fC 0-011, ^C

-^-	 Q	 „_
0-0-0--o"moo

-►- g	 <
T 0---0^

4 % ^

v °'

♦ 	 *' v
V fC

IL

0-0-0-0 x

O 0-0-0--o 1

Q
_.	 _

'O

0

M d
M

H

la	
Q	 V 14

U Fri ^ c

a v ^^'

w
'	 O Yy ^ v

a H -,
Q.	

v

H

O aG

o
0

^q^

O

t{q^ Fpa	 '►̂ m	 w	 o	 on

H F^.^ N lr yi to IfJ 
N 

N

Vn

F
rC,
M

OD 
N 

g w
F^ U N ^-I N

O

^^,, M	 N. N	 ap

(7FP. '^ N w `r	 rrMi

O
Lo

I	 -.
G' F^ G
0 0'

^-1	 i0. M	 W	 U7	 Ifs	 !A

do o
M	 vi	 t4 Oi 

.'y

t

f

t

^,

N

po

	

^^yy

4 7+ fi N

F
O

HQ ^7
pq

O ^O-1 ^7 N M C7

O

^
yH I

o
I -------------- 0.

y `,Q N

y

CaJ
^O ^

Ĉ7
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

(a) Wear track snowing transfer of iron to single-crystal silicon
carbide.

(b) Wear scar of iron.

Figure 2. - Scanning electron micrographs of wear track on the
silicon carbide surface and wear scar of iron as a result of
single pass of rider in vacuum. Silicon carbide {0001} surface;
sliding direction <1010 ; sliding velocity 3 mm 'min; load, 0.2
N; room temperature; vacuum pressure, 10- 8 Pa.
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(a) Sliding material, single-crystal diamond (111) surface.
Sliding direction, <1 0>; sliding velocity, 3 mmlmin; load,
0.05 to 0.3 N.
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(d) Sliding material, single-crystal manganese-zinc ferrite (110)
surface. Sliding direction, <110; sliding velocity, 3 mmlmin;
load, 0. 3 N.

.1	 --

(b)Sliding material, pyrolytic boron nitride surface. Sliding	 40	 Wr
velocity, 0.77 mm/min; load, 03 N.

.6	 AI	 Ti	 30

oZr
. 5 	20

	

0 C NI 
DO CrpW	 OFe

.4	 ^Re	 10	
TaL1 OCr

GRh amo
33	 o	 1	 aPd	

Pt I
	 I Rhn I	 I irr

'"10	 20	 30	 40	 50	 60	 70	 80	 10	 20	 30	 40	 50	 60	 70	 80	 90
Theoretical tensile strength, o max, GPa

(c)Sliding material, single-crystal silicon carbide (0001) sur 	 (e) Sliding material, metals themselves. Sliding velocity, a 7 mmlmin;

	

f2ce, Sliding direction, <1010>; sliding velocity, 3 mmlmin; 	 load, 0.01 N,
load, 0.05 to 0.5 N.

Figure 3. = Coefficients of friction as function of the theoretical tensile strength of metals in contact with nonmetals and themselves. Tensile
direction. <ill> for fcc, <110> for bcc, and <0001> for hexagonal metals. Tests were conducted at room temperature at a vacuum pressure
of 10- Pa.
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(d) For single-crystal manganese-zinc ferrite
(110) surface In sliding contact with various

	

ONI	 polycrystalline metals. Sliding direction,

Ta	
<1 0>; sliding velocity, 3 mmlmin; load,

	

a	
0.3.N., room temperature; vacuum pressure,

Nb ,0Pt	 10'8 Pa.

	

0V	 60	 Ti

O Fe	

pRh
	RU 	

50

4 (b) For pyrolyVe boron nitride In sliding contact with single- 	 40 Zr
crystal metals. Sliding velocity, 0,77 mm pin-, load, a 3 N;
room temperature; vacuum pressure, 10" Pa. 	 E

,6	 OAI 6Ti	 30

	

Zr O	
205	 Fe p

	

Ni O 	 p W	 F

.4	 Co	
^Rh
	 C. Re	 10	 ^TCr0	

Mo
d Po ^	 ^R	 r

3 0	 4	 8	 12	 16	 20	 24	 28 ^4	 8	 12	 16	 20	 24
Theoretical shear strength, .Tmax, GPa

	

(c) For single-crystal silicon carbide (0001) surface in sliding 	 (e) For various single-crystal metals in sliding
contact with various polycrystalline metals. Sliding direc- 	 contact with themselves. Sliding velocity,
tion, <1010>; sliding velocity, 3 mmlmin:, load, 0.05 to a 5 N;	 a 7 mmlmin; load, a N; room temperature;
room temperature; vacuum pressure, 10"8 Pa.	 vacuum pressure, 10" Pa.

.7

,6

,5

i

ta) For single -crystal diamond (111) surface In sliding contact
with various polycrystalline metals. Sliding direction, <1M,
sliding velocity, 3 mm/min I1d, a 05 to a 3 N; room tempera-
ture, vacuum pressure, 10" Pa. 	

.6
TI

1.0
O

^Zr	 5

NP	
pco

OFe C

Figure 4. Coefficients of friction as function of the theoretical shear strength of metals.
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(a) For single-crystal diamond hlli surface in sliding contact
with various polycrystalline metals. Sliding direction, 41'07;
sliding velocity, 3 mm/min; LTd, Q 05 to Q 3 N; room temper-

o	 ature; vacuum pressure, 10" Pa.

Alw
.6	 Ti
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.5—	 N 0	 O Fe	 O
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Cu d 
OCo

	

Re
Rh
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(b)For single-crystal silicon carbide (0001) surface in sliding

contact with various polycrystailine metals. Sliding direc-
tion, 40M07; sliding velocity, 3mmlmin; hoed, U 05 to R 5 N;
room temperature; vacuum pressure, 10" Pa.

.4	 1	 1	 I	 Rh	 1

10	 40	 60	 80	 100	 110
Actual shear strength, MPa

(c)For single-crystal manganese-zinc ferrite (110) surface in
sliding contact with various polycrystalline metals. Sliding
direction, 4107; sliding velocity, 3 mmlmin; load 0.05 to
0, 3 N; room temperature; vacuum pressure, 10" $ Pa.

Figure 5. - Coefficients of friction as function of the actual shear
strength of metals.
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