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·i . ABSTRACT 

Our laboratory has, over the years, developed a p rogramme of studies 
of the effect o f mechanical deformation on the transport properties 
of solids. By applying tensile and shear stresses to metals and 
determining the changes in such properties as thermoelectric emf, 
resistivity and magnetic behaviour, we have made significant 
contributions to the basic physiLs undedying theories of the behaviour 
of these solids. 

A second li.1e of work involved studies o f the tribological 
behaviour of solids. We have been able to show, for the first time, that 
the adhesion model of fnction which was originally developed for 
metals can be applied, almost wholly, to polymers. 

In this lecture, we give a panoramic account of these experiments. 
ln a few concluding remarks, we point out what is probably wrong 
with solid state physics research m Ghana ii.r-rrvi.; glimpses of the 
early development of the solid state group at the Bell Laboratories. 

Leg on J. K. A. A. 
April 30, 1998 
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INTRODUCTION 

Solid state physics, can be said, broadly speaking, to relate to the 
structure and properties of solid matenals, especially in terms of the 
arrangement or behaviour of ions, molecules, nucleons, electrons and 
holes in the crystals of a substance or to the effect of crystal 
imperfections on the properties of a solid substance. \Vhen we speak 
of, for example, a solid-state s~ereo system today, we mean that the· 
system does not utilize electron tubes (or valves). This manner of 
speaking has come as a conse1uence of the fact that the device that 
initially replaced the valve is the transistor - a device that is based on 
the motion of electrons and holes in solids. 

As a field, solid state physics experienced one of the fastest 
grO\vth-rates for an academic discipline: in the 1920s, the teem solid 
state physics was not in use but by the mid-1970s it was the single 
most populated sub-field o f physics. Mucl1 o f tl1e growth took place 
in industry. Several ground-breaking discoveries were nlade in industrial 
laboratories and among the first generation of physicists to refer to 
tl1cmselves as solid state physicists were Bardeen, Bnttain and Shockley 
who invented tl1e transistor while working at the Bell Laboratories. 
Indeed, it is very instructive to review the evolution of the solid state 
group at the Bell Laboratories because there are several lessons which 
we might find useful. For exam?le, we might fmd sometl1ing in the 
statement that "all successful industrial rcseard1 directors have learned 
fron1 experience that one tJ1ing a director of research must never do is 
to direct rcscard1"I \"<'c might also learn son1etl1ing from finding that 
people who were employed to work on problems relating to the 
telephone industry were told "you do wlrntever you please; anything 
you want to do is all right with me" and pron1ptly cn1barked on research 
on topics app:uently tot:Uly unrelated to the industry whicl1 paid their 
salaries: order·disorder in met:ils and :illoys, tJ1eory of secondary 
emission, radar etc. 

1\lthough we <lo not h:ive time now for sucl1 a rene\\~ we shall 
return to this theme brieflr in our concluding rem:trks. 
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Our \vork here at Legon addresses one of the underlying coo- , 
cepts o f solid state physics: understanding the behaviour of the Fermi · 
surfaces of metals through a study of their transport properties. The 
Fermi surface is so basic to the behaviour of metals that it may 'Well 
be that the best definition of a metal is that it is a solid that has a 
Fermi surface. 

The concept of tl1e Fermi surface in metals is intimately related 
to the existence of lattice periodicity whid1 is tl1e most fundamental 
property of crystalline solids. The existence of the Fermi surface is a 
consequence of this lattice periodicity and tl1e fact that electrons obey 
Fer.ni-Dirac statistics. In simple terms, tl1e Fermi ~urface is a 
mathematical construction related to the dynamical properties of the 
conduction electrons in a metal. 

Electrons in !\"fculs 

In the simplest theory of electrons in metals, we calculate the ground­
state properties of N electrons confined to a volume V In the 
independent electron approximation (which means the electrons are 
assu!T'"d not to interact with one another), we first find the energy 
levels of a single electron m the volume V and then fill these levels up 
in a manner consistent with the Pauli exclusion principle, which permits 
at most one electron to occupy any single electron level. The one­
clectron wave function \fl ( r ) associated with a level of energy E 
satisfies the tin1<!-independent Schrodinger equation: 

-· er er l'l2 
+ - ) 'V( ') = - - v2'l' (') = E'I' ( ') 

ai: 2m 

With appropriate boundary conditions, tl1e solution of this equation 
IS 
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E(k)= 
2m 

where k is any position independent vector, also called the wave vec­
tor. The components of k are, on account of the boundary condition, 
of the form 

k = • 
21tn • 

L ' k = 
1 

(n,., n,. n, are integers) 

21tn 
y 

L , k = 
J 

27tn, 

L 

Thus, in a three-dimensional space with cartesian axes k , k and k 
x ' • 

(known as k-space) the allowed wave-vectors are those whose coordi-
nates along the three axes are given by integral multiples of 

21t where L = V113 

L 

We often need to know how many allowed values of k are con­
tained in a region of k-space that is very large compared to 2it/L and 
that, therefore, contains a large number of allowed points. To a good 
approximation, the number of allowed points 1s the volume of k­
space contained m the region, A. divided by the volume of k-space 
per point in the network of allowed values of k 

A 

( 2 'It )' 
L 

AV 
8 it ' 

Hence, the number of allowed k-values per unit volume of k-space is 

v /8 1t l 

The one-electron levels are specified by the wave vectors k and 
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by the projection of the electron's spin along an atbitrar:y axis which 
can take either of the two values h/2 or - h /2. Therefore, associ­
ated with each allowed wave vector k are two electronic levels, one for 
each direction of the electron's spin. 

In building up the N-electron ground state, we begin by placing 
two electrons in the one-electron level k = 0 which has the lowest 
energy E = 0. We continue to add electrons successively filling the 
one-electron levels of lowest energy that are not already occupied. 
Since the energy of a one-electron level is direcdy proportional to the 
square of its wave vector, when N is very large, the occupied region 
win be a sphere. The radius of this sphere is called ~ (the F is for 
Fermi). The sphere of radius k, (the Fermi wave vector) containing 
occ.1.1p;cd one-electron levels is called the Fermi sphere:. The surface 
of the Fermi sphere, which separates the occupied from the unoccu­
pied levels is called the Fermi surface. 

The Fcrn1i Surface in the Noble Metals 

The noble n1etals - copper, siiver and gold - are so called because 
their electronic configurations bear strong resemblances to those of 
tl:e no:)le gases -dosed-shell atomic levels giving rise to very tightly­
bound bands tl1at can be considered as part of the inert ion cores 
while the remaining bands can be constructed by considering either a 
bee Bravais lattice of K+ ion cores to which is added one electron per 
unit cell or an fee Bravais lattice of Cu11+ ions to which is added 
eleven electrons per unit cell: Cu ((Ar] 3d104s1

) . The elements in the 
periodic table which bear very close resemblance in terms of electron 
configuration to the noble metals are the alkali metals (compare 
K ([Ar] 4s1

) to the configuration of. Cu given above). In the case of 
potassiU01 (and tJ1e otJ1er alkalis), the e::..'tra electron is accommodated 
by filling half of a band that is free electron-like. In ilie case of Cu 
(and the other noble 1netals), at least six bands are required to 
acconunodate the eleven additional electrons. 

The Fern1i surface for a single half-filled free electron band in 
an fee Bravais lattice is a sphere entirely contained \viiliin the first 
Brillouin zone, approaching me surface of the zone most closely in 
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. i t the <111> directions. (The Brillouin zone is the polyhedron in .. 
1 momentum space whose boundaries define the positions of energy 

gaps in the band structure of metals.) The Fermi surfaces of all three 
noble metals are closely related to the free electron sphere; however, 
in the <111> directions, contact is actually made with the zone faces 
and eight "necks" reach out to touch the eight hexagonal faces of the 
zone, but otherwise the sucface is not grossly distorted from spherical 
(Fig 1). 

Fig. l: The Fer.mi surf~ce of coppet showi.og necks where i1 teaches out to tLe 
zone boundary. 

Sowce: From Elliott, R J and A. F. Gibson (1978). Ar. lntroduc/Um to Soid Stnft P~ 

nnd itJ ApplimtioM, EL.nS and Macxnillan, Lm:idoo and Dasingstokr, I' 107. 

Stress Dependence of the Fermi Surface 

Elastic stresses :ilte~ tlie topology of the Fernu surface. Experin1enral 
investigation of tl1e stress dependence of the surface may provide a 
rather critical test of the theoretical models used in descnbing a metal. 
Since the electronic t.rnnsport properties of metals are, to a large extent, 
determined by their b:md strucrurcs and the shape of their fenni 
surfaces, inforn1ation on the topologies of the Fermi surface can be 
obtained by measurements on these properties - electrical 
conductivity, the Hall effect, magnetoresistance, thermoelectricicy etc. 
While the study of these bulk or macroscopic properties may not be 
particularly sensitive to the fine details of the shape of the Fermi 
surface, it is ncverd1elcss possible to use tliese properties to obtain 
some general iadications of trends m the topology of die Fcrnti 
surfaces of mcmls in a giYcn group or row of the penodic table. 
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T he Longitudinal Piezothcrmoclcctric E ffect 

Here at Lcgon, our experiments have been concerned with the variation 
of thermoelectric power with stress - the piezothermoelectric effect. 
Early studies of this effect were mainly concerned with the ability to 
correct for the effect of pressure on the output emf of thermocouples 
in pressure ,·essels. Our first experiments obtained the longitudinal 
piczothcrmoclectric coefficient, 7tL' which is a measure of the change 
in thermoelectric power per unit tensile stress (i.e. stretching force) 
per unit temperature gradient. \Ve found, for example, that when these 
coefficients fo: the noble metals were arranged in increasing order l f 
n1:-t'.jnitude, we obtained the same sequence as obtained in 1969 by 
Luch.-vick for the relative changes in the Fermi surfaces on the 
::pplication of uniaxial stress or hydrostatic compression. However, 
we did not n1ake :iny attempts to establish a quantitative relation 
betweea our coefficients and d1anges in the Fernii surfaces because 
our set-up (Fig. 2) was so simple that we shrank from venturing so far 
?.field. \Vires of dian1etre between 0.3 mm and 1 mm were stretd1ed 
ia :i simple holder. One end was fixed and the other passed over a 
pull"~· so that weights could be attached. Junctions were n1ade with 
unstrctched pieces of the same wire. One junction was kept in a hot 
sandbath ar.d the other was held in a bath of melting ice. The 
unsttetchcd sections of the wire were joined to galvanometer leads in 

a constant tcnipcrature bath. 
To be able to detect dnnges in the thermoelcctnc emf, we needed 

a me:isuring system sensitive to one-hundredth of one-millionth of a 
YOlt (1.e. 104 V). \'i/e ad1ie,·ed this by designing a rather ingenious 
galvano1netcr amplifier system (Fig. 3). 

The thermoelectric emf is fed into the ga.lvano1ncter, G 1, wh1d1 
is :ibout 1 1n away from the gah-anomcrcr lamp Lt. TI\e light spot is 
iccciYcd on two photocells n1ounted side by side m a blackbox Cl 
which is held on the scale ci1rned by Ll. The output of the cells m Cl 
is feel into a second galvanon1eter G2. The lamp 12 also carries :i box 
of photocells C2 the output of which is then recci,·ed on a iccorder 
R. This w:iy, the very sm:ill YOltages from the thermocouples arc 
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T, 

0 

J 

R 1----1 W 

G 

Fig. 2: E xperimental set up for the measurement of the longitudinal 
piczothcanoelectxic coefficient, IIL. 

l~ 
G .... -' --~ ---.. .... .... 

C, 

G, 

c, 

R 

Fig. 3: GalV10ometer amplifier system for measurement of ilieanoclectric emf 
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magnified several-fold and can be measured. The system is calib~ , 
by feeding into G 1 known voltages of the order of 1~ and reading 
the deflection on the recorder. Using this system, we carried out a 
systematic measurement o f itLfor several metals chosen from different 
rows and columns of the periodic table of the elements (Fig. 4). We 
are still trying to explain, in terms of the electronic configuration of 
the elements why 1tL seems to increase as we go down a column in the 
periodic table and to decrease as we progress in a row. 

2:. 27 28 29 
v Co Ni Cu 

41 47 
Nb Ag 

73 79 
Ta Au 

Fi.g. 4: A diagnm showing rows and colulDJls of a section of the periodic table 
and the clements which were studied. 

We did decide, later in our experiments, to venture far a field and 
relate our coefficients to the quantitative d1anges in the Fermi surfaces 
of the noble metals. Since our samples are polycrystalline, the relative 

change of the area of the surface \vith stress, (LiAJA)l(LiA/lla) that 
we determined are averages over all directions of unia.x1al stress. The 
fact that our values are dose to measurements by od1er \vorkers, using 
different techniques sud1 as d1e de Haas-van Alphen effect, on the 
neck regions of the surface is very surprising indeed. 1l1is is because 
since most of the Fermi surface area is belly-like, we expect the belly 
to dominate an average of (fl A/ A)/ Ila over the Fermi surface, rather 
than the neck. 

It has been said d1at outstanding unexplained features of the 
transport properties of the noble metals are all the more distressing 
since detailed knowledge of the Fermi surfaces of these metals has 
deprived us of the convenient excuse that with a complete under-
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TABLE t 

Rclabft Cll~a in the Fumi Surface Areu, AA/ A and Relative Changes 
ia the C6oas Sectional. Areas of the Fer mi Surface Necks, AA /A per un it • • 

streu (in units of 10·11 N"' m ') 

l 1111Ufi/!1tio11 MtthoJ Rtlati11t Change CM Av Ag 

DHVA effect M / A • • 8.8 ± 0.8 11.9 ± 1.1 22 ± 6 

(Slavin 1973) 6a 

D HVA effect M / A • • 0.9 ± t.S 7 4 ± 1.2 15 ± I 

(Shoen berg •-d Watts 196 7) 6a 

DHVA effect M / A.. 12.3 ± 1 2 -

(Gamble :and Watts 1972) 6a 

TEMF M/A 3.53 ± 0.6 6.15 ± 0.8 6.19 ± 03 

(Amuzu, 1981) 6a 

TEMF M / A 2.88 ± o.s 6 10 ± 0.2 9.70 ± 0.9 

(Amuzu :and Addoh, t 982) t:i.a 

standing of the b and structure will con1c the answer to tl1c puzzles. 
Oearly, much remains to be done. 

The Shear Piezothermoelectric Coefficien t, 7t • 

It is not only by stretching solids do we alter the topology of their 
Fermi surfaces; shearing them :ind applying hydrostatic pressure also 
achieve sunilar results. \Y./e can define three piezotl1ermoclectnc 
coefficients: 7tv corresponding to hydrostatic pressure (change of 
volume); 7tL corresponding to uniaxial tension, the measurement of 
which we have already described; and 7t" t11e shear effect. Fig. 5 
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illustrates the different orientations for the measurement of these 
coefficients: 

r----i1V------1 
F - - F 

Hot Co~ 
(&) 

CC> 

Fig. 5: The diffcrcot ocieotatioos for the measureme111 of the pj.,:.olheanoclecttic 

coefficieots. (a) The loog1tudi.oal effect ( 7tL ). a wire stretched iD the x 
direction, TEMF measured in the same duecboo (b) The pressure (or 
volume) effect ( 7tv ): • wire is subjected to hydrostatic pressure and the 
TEMF measuud. (t) 111e shear effect ( 7t

5
) applicaboo of shcu ill lhe XJ 

plane, TEMF measured w a direction tntuverse to tempttatutt gradient. 

T mder (1972) has given the constitutive relation for the coefficients 
which con1pletcly specify the thermoelectric power tensor 7tiikl. Jn matri.'I: 
subscript notal'lon, tl11s relation is 

where s~ is the tl1ermoelectric power tensor and crld the stress tensor. 
For tl1e longin1dmal p1ezothermoelectnc effect this relation becomes, 
for cubic crystals 

where tJ1e subscripts ij and kl have been unfolded according to the 
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scheme 11 is 1. 22 is 2, 33 is 3, 23 is 4 etc. in agreement with common 
practice. A is the piezothermoeJectric power anisotropy factor and F 
is the orientation factor. For polycrystalline isotropic crystals, A=O so 
that the changes in the thermoelectric power for the various types o f 
stress can be written as 

fiS = ucr = 7t er s s 

3 1 
Hence 7t = -s 

2 
1tL -

2 

Bridgman has measured 7tv for several metals includmg the noble 
metals. Measurement of the shear coefficient presents serious experi­
mental difficulties and is very seldom attempted. Our two attempts 
made 14 years apart can only be regarded :is first attempts to estiblish 
the effect and obtain values of it, which reflect the order of magni­
tude. The difficulty lies, essenoally in the application of shearing stresses 
to a specimen. Fig. 6 shows the diagram of our app:uacus for doing 
this. 

• 

Fig. 6: Diagram of the •pp•nws for the appljcuion of sbeu forces to specimeo. 
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The essential parts of the machine are the movable central arm 
(A), the hot box (H) and the cold box (q. A can move about the pivot 
P. It also carries the box (H) which can be heated electrically. Facing H 
is a vertically-mounted plate which carries the box (q, through which 
cold water can be circulated. Each box has a centrally-placed tooth 
which fits into one of the several notches cut on the specimen as 
shown in Fig. 7. TI1is is to prevent slipping between the specimen and 
the boxes. The remaining notches on the specimen carry copper- • 
const:lntan thermocouples with which the temperature gradient 
generated across the specimen can be measured. The hot and cold 
L-:lxes :ind the specimen are pushed tightly together bj the application 
of a 5 kg load at D. The fixed arms (B and E) carry pulleys and by 
applying loads to wires going over these, tl1e central arm can be puJled 
either to the right or to the left. The hot and cold boxes are made of 
copper and insuJated from the rest of the steel machine. 

5mm 

~ 

a= 25 mm 

II ...... 
..-------'I 4 mm 

Fig. 7: Di~gr:un of specimen shlpcJ into' tccunguhr block. The notches ptt\'eDt 

~lippwg in tl1c shoring machine and :Jso carry thcunocouplcs. 

A con1parison of our n1easured values and the calcuJated v:i.lues 
for 1t5 as in Table 2, shows that our method is indeed a viable way to 
proceed. 

12 
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TADLE 2 

Piczothttmoclcctric Cocfficiau s for Copper and Silver 

~ Irv sr
1 

rat "s exp 

Cu 3.61 2.9 4.0 3.4 ± 0.8 
Ag 8.1 8.3 8.0 6.5 ± 1.1 

The v:alucs arc in 10-11 VK-1 m2N-1• 

It must be pointed out, however, that our results \Vere very 
variable. This could be due to the suggestion that the effect could be 
quite different for the two types ::if shear corresponding to the elastic 
constants 1/2(C11 - CJ and C14. Variations in the orientation distribution 
of the crystals in the polycrystalline specimen might then account for 
the variability of the measurements. It \Vould, therefore, be desirable 
to perform these experiments on single-crystal specimens, although, 
clearly the measurements would be extremely difficult. 

We have already pointed out that the initial expe1iments on the 
piezothermoelectric effect were nlainly concerned with the ability to 
correct for the effect of pressure on the output emf of thcn1ocouples 
in pressure vessels. Of course, there is nothing new about efforts to 
solve technical problems leading to studies in basic science because, 
needless to say, that is how it has always been. However, it is still a 
curious thing that a completely different tedmical problem has lead 
us to the investigation of the applicability of a theory of metallic 
behaviour to other types of solid. This investigation has involved 
eJ..-periments in which, this time, we slide solids over other solids or 
over themselves. We shall now discuss these experiments. 

Fric tion io Polymers 

Sliding friction is one of the oldest problems in physics and certainly 
one of the most important from a practical point of view. The ability 
to produce durable low-friction surfaces and lubricant fluids has 
become an important factor in the miniatunzat1on of moving 
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components in many technological devices: magnetic storage. recoromg 
systems, miniature motors and many aerospace components. 

It is nmv generally accepted that certain aspects of the friction 
of polymers (or plastics) may be explained in terms of the adhesion 
n1cchanism originally developed for metals. According to this model, 
when two surfaces are placed together, intimate contact occurs at the 
tips of the asperities which are "crushed down" until their cross-sec­
tion is sufficient to enable them to support the applied load. Strong 
adhesion (or cold \vclding) occurs at tl1ese regions and the frictional 
force is essentially the force required to shear the junctions formed. 

Now, all surfaces are generally covered with thin films which 
norn1ally have a profound influence on the friction and wear of 
contacting solids. Solid film lubrication an<.: boundary lubrication are 
criticcl to processes involving sliding parts and several experimental 
tedmiques for studying the shearing of thin films have been developed. 
We h2.ve also developed a simple way to do this - we study the 
shearing o f polymeric filn1s deposited on hard substrates, such as 
gl2.Ss br n1oving a slic;er over tl1em. This is because many aspects of 
rebtive n1ovcmcnt between lubricated contacts may be considered as 
the ~he:uing of polymeric films or ilie sliding of such films over each 
other. Since lubricant oils are almost invariably o rganic, when sliding 
1nctallic surfaces are separated by a layer of lubricating oil films, organic 
material n1ay be either absorbed or d1crnically formed at ilie surfaces 
?.nd in n1any cases these layers may be regarded as iliin films of organic 
polymer:;. 

Also lubricant oils may contain viscosity-improvers many of 
which are polyn1eric-based in which case these additives may adsorb 
at tl1e interface. Polymers formed in 1it11 where monomer polymerizes 
on the hot surfaces of the conttcting metals can also act as lubricants. 
It appears, tl1crefore, that a study of the shear properties of thin films 
of organic polymers is a useful way of att~pting to model d1e energy­
dissipating processes of boundary lubrication. 

Furtl1er, iliin solid films have found widespread use in modern 
tcd1nology. One important application involves the use of iliin layers 
of both organic and inorganic materials as solid-film lubricants. Such 
lubricants are used where conventional oils or greases arc unsatisfac-

14 
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tory, especially where the liquid would be lost by creeping or evapor:i­
tion (as at high temperatures or high vacuum) or would be :m explo­
sion hazard or a source of contamination. 

The adhesion model of friction originally developed for metals 
assumes that the energy of sliding is dissipated in a narrow zone close 
to the interface because the shearing of the adhesive junctions occurs 
in a very th.in surface b yer which is about l OOA thick. Thus, if the 
shear strength of the junction is •,the frictional force can be written 

F=•A 

where A is the real area over which the surfaces arc in contact. If the 
deformation of the cont-cting asperities m entirely plastic, then 

A=W/ P 
0 

where Wis the normal load and P
0 

the flow or plastic yield stress o f 
the softer material in the combination. Thus, 

F = or µ 
p p 

0 0 

where µ is the coefficient o f friction. ll1is relation sho"·s that if we 
know the shear strength of the thin film and the contact pressure, we 
can obtain its coefficient of friction. However, our work and tJ1ose of 
others show that the shear strength, t , of a polyn1er film is related to 
the mean contact pressure, P, to a good approximauon, by 

• = • + aP 0 

where t
0 

and a are constant for a given tempet:lture and sliding speed. 
It is interesting to note that tJ1e pressure coefficient, a, 1s the l101itmg 
value of the coefficient o f friction :it high normal lo:ids. Since the 
limiting condition obtains when (t o/P) <<a. 

µ = 
p 

't 
0 

p 
+a 
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Now, when a bulk polymer is slid on either itsdf 01' 011 a hard 
counterface, the contact pressure is not very different from the mean 
yield pressure of the polymer, P.,, so that under this condition -we can 

rewrite the friction equation as 

t 
0 

µ = (-) +a. or 
p 

0 

t (P.) 

p 
0 

where t (P.) is the ' -:ilue of t at P 
0

• In order to make any headway in 
showing that the adhesion modt'. of friction is applicable to polymer 
friction, we h:tvc to make a crucial assumption. This is that when the 
bulk polymer is slid on a hard counterface or on itself the shear strength 
of the adhered region is the same as the shear strength obtained when 
a thin fihn of the polyn1er is sheared between rigid substrates at contact 
pressure po" If this is ~o, then WC can USC data from our shear strength 
c~:pcri.incnts on thin films to compute the coefficient of friction which 
we can t11cn comp:tre to the coefficient from conventional sliding 
c:::pct-!.-ncnts on t11c bull; n1:tterials. Should tl1e thin film work yield 
..-:ilu:.:s of it which :uc the s:une as those obtained frmn measurements 
O:l the bull: materials, we would have developed a powerful tool. TI1c 
re:tSO:lS for saying this :uc as follo\vs: friction measurement on certain 
cbsses of 1nateri:tls, a r,ood example of which are explosives, is a 
tricky und:.:rtaki.ng :tnd differs somewhat from measurement on other 
n1atcrials. In general, it is necessary to study very sn1all amounts of 
materi:tl. This restriction is brought about by the fact tl1at it 1s often 
not possible to grow brgc enough smgle crystals, and m addition safety 
conside1ations requ ire that only sn1all amounts of matcri:tl arc used. 
This const.'":lint o ften necessitates the adoption of e.'\perimental 
procedu1cs whid1 n~::a$urc the frictional force indirectly. On t11e ot11cr 
hand, the fil1n technique whici1 requires only small quantines of the 
material constinitcs a direct way of n1easurmg the friction. 

The co1np:iri~ons for the computed coefficients of friction 
:1cconling to the e<1uacion 
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and the experimentally-observed values for a number of polymers are 
made in Table 3. 

TABLE 3 

Computed and Measured/Coefficients of Friction for Some Polymers 

p t(Po) to 't t(Po) • • - +a 
Polymer (Pa) (Pa) (Pa) t / P • • 

(l p 
• Po ~ r g 

lDPE 1.53 x107 8.0 x 10' 6.0 x 10' 0.39 0.14 0.53 0.52 0.52 0.42 

HDPE 3.90 x 107 7.0 x 10' 2.5 x 10' 0.06 0.10 0.16 0.18 0.15 O.OS 

PTFE 2.27 x 10' 3.0 x 10' 1.0 x 10' 0.04 0.08 0.12 0.13 0. 16 0.13 

pp 4.75 x 10' 1.25 x 10' 5.0 x 10' 0.10 0.17 0.27 0.26 0.26 0.26 

PM.MA 2.68 x 10' 1.10 x 10' 1.0 x 107 0.03 0.36 0.39 0.42 0.36 0.41 

PVC 1.01x10' 4.80 x 107 -9.0 x 10' -0.09 0.57 0.46 048 0.55 0.54 

PS 1.39 x 10' 6.5x 107 4.0 x 10' 0.03 0.45 0.4S 047 0.42 0.45 

"[ 

It can be seen that, in general, the agreement between (# ) +a, 
0 

t(P J/P 
0

, ~ and µ for each polymer is good; µb and µ& are the 
coefficients of fricJon obtained when the bulk polymer is slid on 
itself and on a smooth glass substrate respectively. The close agreement 
between the computed coefficients of friction and the observed values 
supports the assumption that in the sliding of the bulk polymer energy 
is dissipated primarily within a thin region close to the interface. 

We have carried out studies on the friction of several explosives 
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in order to demonstrate the versatility of our thin-film technique. Three 
approaches were used to measure the coefficient of friction when 
single crystals of explosive are slid over each other: (1) the direct 
method of sliding single crystal on single crystal, (2) sliding single 
crystals on smooth glass surfaces, and (3) depositing the crystals as 
thin films on glass surfaces and then sliding the surf.ices over one 
another. Fig. 8 shows schematic diagrams of the three sliding 
configurations. 

(a) (c) 

Fig. 8: Schematic diagnm of the sliding configurations: (a) single crystal oo single 
crystal, (b) siJlsle crystal on glass; (t) th.in film between glass surfaces. 

\Ve have shown that the thin-film technique is capable of pre­
dicting accurately the coefficients of friction obtained by the other 
techniques, as shown in Table 4. 

This is consistent with the adhesion model of friction, whid1 
::upposes that the energy of sliding is dissipated in a narro"; zone 
close to the interface, and which was originally developed for metals. 
To be sure, there are several differences between the friction of 
polymers and the friction of metals, although the adhesion model 
appears to explain the main features of both. Perhaps the most 
important of these differences concerns the mode of deformation. lo 
n1etals, deformation at the contacting asperities is plastic so that the 
area of contact is constant and given by A = W /p

0
• Since polymers 

arc viscoelastic, the real area of contact depends on both the applied 
load and the geometry of the surface as well as the time of loading. 
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TABLE 4 

Coefficients of Friction Dctttmiocd for Three Sliding Con6gurating 
(in Fig. 8) 

Collt•• , 2 J 4 5 6 

Crystal µ 'to a µral µ -(1-111) 

PETN 0.40 -5.0 x 10' Pa 0.4: ± 0.05 0.38 ± 0.02 0.40 0.39 
HMX 0.55 0.29 
RDX 0.35 0.26 

AgN, 0.40 1 01 x 107 Pa 0.42 ± 0.0t 0. 4-4 ± 0.02 - 0.37 
Pb(N,)2 0.28 2.9 X 10' Pa 0.26 ± 0.04 0.26 ± 0.04 - 0.28 

uJ.,,,. 1. µ, cod'6cicnt of friclion in coofiguntion (b) at high loads; ma.tked plastic 
deformation of the contact occurs. 

ubt:m11 2. 'to, constant mtasured at 20 •c; configuntion (t). 
Co!.11111 3. a, constant: measured at 20 °C; coofiguntioo (<}. 
Column 4. µ cal, c21culated coe.fficicnt of f:Dctioo at high loads. 
y /Mm11 5. µ, cocf&icnt of friction for single crystal OD single «:ry1lal 

Co1Nm1t 6. for smooth elastic contacts (t -m) = -0.33. 

The sliding friction, F, in d1is case, can be written as F ex. \V" where n 
is termed the load index. This mews that the area, A, follows a law of 
d1e type A a W". For the simplest case of a single contact area between 
crossed cylinders, or a sphere on flat, elasticity theory gives n = 2/3 
so that the load index of the coefficient of friction wluch 1s given by 
n- 1 is -1/3. We have carried out studies on d1e load index o f several 

polymers in a series of experiments in whid1 very smood1 hemispherical 
polymer surfaces were slid on smooth glass slides in an attempt to 
model the sphere on flat configuration. The polymer hemispheres were 
prepared in moulds made by pressing steel ball bearings of known 
diameters into aluminium blocks. The most significant finding in these 
experiments 1s the strong dependence of the indices on d1e radii of 
the sliding hemispheres. Additionally, d1e observed experunental indices 
agree rather closely with values computed from theory. Indeed, it has 
been possible to show that any differences between the expcrimenttl 
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and calculated values measure the degree of smoothness achieved in 
the preparation of the sliding hemispheres. Because our aluminium 
moulds used for making the sliders were carefully polished with pure 
aluminium oxide of particle size of about 0.05 µ, the differences 
between our calculated and measured indices are so small as to be 
virtually negligible. 

Friction Studies on Road Surfaces 

No doubt, these results constitute important and basic contributions 
to the adhesion theory of sliding friction. However, we have also tried 
to ::i.pply our expertise in friction work to a problem 'vhich all of us 
can appreciate. 

For safe 1notoring, it is imperative that there is adequate traction 
between the tyre and the road surface. The greatest threat to the 
achieYement of this requiren1ent arises under 'vet conditions where it 
is possible for filn1s of water to form between the tyre and the road, 
thereby reducing the traction. The coefficient of friction at the contact 
between tyres :ind a dry road can achieve values as high as greater 
d\an 1. l-1owever, on a poor-quality 'vet road, d1e coefficient can be as 
low as 0.2. Clearly, w increase in the wet friction will contribute to 
driving safety. Tyres :md roads are, therefore, designed to dissipate 
diis water at the contact patch as quickly as possible. The coarse 
roughness of road surfaces and the tread patterns on tyres provide 
some drainage for the water at the contact region. 

The details of the behaviour of one tread pattern differ from 
those of another. 1-lowever, the m::i.in function of the patterns is to 
break up the area of contact between the tyre and the road so, that 
only sn1all regions of tyre :uul road ::ire in contact at any instant. 
Consequentl)~ any \Vater film tl1at n1ay be trnpped between t11e tyre 
:ind the road is squeezed out Addition::i.lly, fine cuts and edges in the 
tread pattern facilitate the wiping away of the water film as the wheel 
rotates. For exan1ple, in one test, the coeffic1ei1t of friction increased 
from 0.35 when a sn1ooth tyre was slid on a road surface to inore th:in 
0.6 when a tyre of similar rubber but with a patterned tread \V:lS slid 
on t11e san1e road surface. 
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A second approach is to use rubber which has high hysteresis 
losses in the manufacture of tyres. The elastic recovery of d1e rubber 
after it has been grooved by the protuberances on the road surface 
involves hysteresis losses of elastic energy and the higher these losses 
are, the greater the frictional resistance. 

The third approach to an increase in wet friction involves the 
modification of the road surface. It has been shown that there must 
be adequate space for the trapped water to escape between the pro­
jecting stone chippings when the tyre passes over the surface and d1at 
the shape o f the projecting pieces of stone determines the extent to 
which they can penetrate the water film and mak:.! dry contract with 
the tyre. 

We have studied the efficiency of various road surfaces m pro­
viding the drainage for water at d1e tyre-road contact region. The study 
involves the determination of rates of drainage of water using a large 
cyitnder, open at both ends with one end fitted with a rubber lip. The 
cylinder is placed vertically on the road surface with the rubber rest­
ing on the road. A load applied to the cylinder presses the rubber into 
the road surface. For suffic1endy large loads the bottom end of the 
cylinder is completely sealed so that no leakage of water in d1e cylin­
der occurs. For smaller loads, measurements are made of the volume 
of water that leaks from the cylinder per unit time. A simple 1ned1ani­
cal surface profilometer was used to explore the geometry of the road 
surfaces studied. Various road surfaces on the Legan campus were 
selected for study, the choices being such d1at a range of surfaces, 
from d1e very fme texture (asphalted road surface) to the very coarse 
(with lots o f protruding large d1ippings and some loose pebbles) was 
covered. 

Our results indicate d1at fme-textured road surfaces (for exan1ple, 
asphalted roads) are the most hazardous when wet because of their 
inability to drain efficiently the \vater trapped in the contact patch at 
the road-tyre contact. Coa.rse-textured surfaces are the safest when 
wet. 

It is mildly surprising, therefore, mat modern road engineering 
appears to have a preference for asphalted roads. The re'<lsons for the 
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preference a.re, presumably, found in the attractive advantages these 
roads offer: 

1. they prevent water from penetrating to underlying mate­
rial and hence have longer life than coarse-textured roads; 

2. the wear rate of tyre on asphalted roads is relatively low; 
3. asphalted roads make motoring a comfortable undertak­

ing. 

CONCLUDING REMARKS 

I have attcn1pted to give you what may be described as a panorairuc 
account of our work in the Department of Physics at Legan. Solid 
state physics occupies a special place in the Department. Ever since 
the first students of our former Head of Department (and former 
Dean of the Faculty), Professor Alan Nunn May began to return from 
taking their PhDs in the mid-1960s the percentage of the faculty 
working in solid state physics maintained a steady increase and now 
stands at 40 per cent. Professor May set up the Solid State and Metal 
Physics Researd1 Group in 1962 under a Special Professorship sd1eme 
to train young Ghanaian scientists in the physics of metals and other 
solids. 

The special professorship that Professor May held allowed him 
to offer generous incentives in the form of holiday jobs to those of us 
whon1 he had earmarked for further training. Most times, all that we 
were required to do in order to draw a salary at the end of the month 
was to, as he himself put it, mess about in the laboratory. Alas, in the 
present times, this is completely out of the question. ls it any wonder 
then, that we cannot attract promising students to remain in the 
University and take higher degrees in the "dry" areas such as 
Mathematics and Physics? The programme was directed especially at 
materials sud1 as diamonds and semiconductors which were deemed 
to be in1portant for Ghana's industrial development. A small but active 
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group of young scientists flourished under Professor May. TI1e work 
on diamonds promised to provide a means of testing the theories of 
their formation in the earth's crust and the theoretical work on the 
melting of metals was meant to lead to a clearer picture of this 
fundamental phenomenon. O f the students who trained under this 
programme at least six went on to obtain PhDs in prestigious 
universities abroad and four of them are still on the academic staff 
here at Legon. 

The area of work that Professor ~ifay handed down to me involves 
studies of the effect of tensile stresses on such transport properties as 
thern1oelectric power, resistivity :ind rr.Jgnetic behaviour of solids. 
Indeed, the first post-graduate degree awarded m solid state physics 
after the departure of Professor May was for an aspect of my work 
which l have described. Another of my students is curcently working 
for his PhD in dental materials in Manchester and he will rerurn to 
our Dental School soon. 

I believe I can say witl1out fea.r of contradiction, that remaining 
active in research in solid state physics in our pa.rt o f the world is not 
one of the easiest undertakings. The reasons for this state of :lffairs 
have become sud1 an old song tl1at there really is no point in singing 
it right now. However, I wish to state that it is indeed tragic tl1at tl1e 
fact that industry can be a cat.-Uyst for basic scientific research and in 
so doing place itself in a position to reap a rid1 harvest in 1.he results 
of such researd1 appears to be completely lost on us here in this society. 
I have, at the beginning of this lecture, alluded to the goings-on at tl;e 
Bell Laboratories at the time of the evolution of the solid state group 
there. The technological needs of the telephone industry led to in­
house researd1. The ineviuble interactions of tl1is in-house research 
group witl1 scientific researchers outside its walls eventually focussed 
some of tl1e in-house's principally basic ted1nical studies on even n•ore 
fundamental scieno fie problems. If we are looking for proof that the 
manner of procedure adopted 10 those early days at the Dell 
Laboratories is a valid way of doing things, we only need to ren1ember 
that tl1at is how tl1e transistor was discovered. In the rrocess of 
attempting to build an amplifier to replace the mechanical repeaters in 
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use for long distance telephony, the in-house researchers collaborated 
with other researchers working on such basic phenomena as electroo 
transport in solids whid1 led to the transistor. Additionally, the strategy 
of resorting to in-house research in dealing with problems directly 
pertinent to it saved the industry from the necessity of buying patents 
fron1 other institutions or individuals. I believe there is a lesson hett 
for our industries. 

The shift in the focus of some o f the in-house research onto 
fundamental scientific problems was aided by a phenomenon which, 
to me, is also not very well appreci:ned in our part of the world. This 
is the understanding that creative scientists need fr:.:edom to speculate 
and explore intellectually and to communicate with colleagues working 
on simihr problems. This is the reason why it did not worry the 
con1p:iny that son1e of the results o f the work of its scientists might 
be employed outside the company. Again, active participation and 
con1petition in the larger scientific community,verc recognized as the 
n1ost cffecti,·e means to ad1ieve and maintain awareness of scientific 
frontiers. The tradition of individual visits to other laborato ries 
developed in this period. Academic institutions integrated d1e mdustrial 
resrard1ers into their programn1es, inviting d1em to lecture on how 
fundamc.1tal science could be applied to engineering problems. The 
point hcrc> is that science (or n1ore specifically, applicable science) has 
ne,·er and cannot be expected to flourish in isolation. It is a cooperative 
effort between the researd1ers and those who expect to employ the 
results of researd1. 

1 do not wish to suggest here mat Ghanaian scientists should 
ask for nor that d1e funding system can afford such blank cheque as 
issued to the early solid state physicists at the Bell Laboratories. 
(Remen1ber some of then1 were told "you do whatever you please; 
anydiing you do is all right widt n1e'). But I do wish to suggest that 
there ate circun1Stances in whid1 the blank cheque is the only viable 
route to d1e solution to :i problem. Some of us who are engaged on 
studies in basic scientific research sometinles run out of patience for 
those who dismiss our efforts because tlley do not see us solving any 
of t11e society's problems. To be sure, t11e results o f our rescard1 which 
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I have described this evening have not led to the solution of a specific 
problem of the Ghanaian society. However, they have been published 
in internationally-available journals for use by the world scientific 
community. I believe that because of this fact we have not done more 
or less than what the scientists at the Bell Laboratories had recognized 
as a necessary requirement for true scientific research. 

It is tempting to complain about the conditions under which we 
are forced to operate as researchers and forget that we are, at the same 
ti.me, teachers. It is distressing that we have been reduced, by our 
circumstances, to under-achievers as teachers. We appear not to be 
able or willing to make scientists out of bright your.3 Senior Secondary 
School graduates whose elective subjects a.re in agriculrure. \Vhen a 
colleague and I came from Keta Secondary Sd1ool to do the Preliminary 
Course in Science in October 1966, we had not seen, never mind 
handled, pipettes and burettes in our young lives, because our school 
did not offer Additional General Science or the individual science 
subjects; and if you did just General Science you did not have to take 
practical classes! That colleague of mine 1s now a Professor of 
Chemistry at Cornell University and is among the best-known scientists 
in the U~. It appears to me that one of the most pressing t::.sks we 
have 1s to work to re-establish the conditions that made it possible for 
this University to make Professors of Chemistry and Physics out of 
people like my colleague and me. 

I suspect that before Professor Kofi Anyidoho's Inaugural a few 
months ago, many of us thought that certain rnatters did not belong 
in an Inaugural. I am not thinking about the famous Fiadzigbe scenario 
here (Anyidoho 1997), but I an1 thinking about the fact that sitting in 
this audience is my elder brotl1cr who gave up his allowances at tead1er 
training college so that I could go to secondary school; I am tl1inking 
of our mother (may God keep her) who slaved so I did not miss a 
father who died before I was born Qet me remind you that this is not 
new information, the A in my initials]. K. A. has always prochin1ed 
the fact) and my sisters who remain in tl1e little village, and who shved 
with our morl1er. The latter phases of my struggle up this rostrum 
were sustained by my wife who was 1oined later by our children and I 
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thank Professor Anyidoho for making it possible for me to 
acknowledge their roles as a I stand on the rostrum I had been seelcins 

111is a very fme institution \Ve have here at Legoo. I have long 
taken the ,·iew that one of the reasons for this fineness is that we 
have, over the years, employed equipment, which are so simple and so 
old that a Japanese diplomat, on a visit to our laboratory once, observed 
that those might very well be the same meters used by Maxwell himself 
6'0U n1ust recall here that this is the saine Maxwell who died in 1879Q 
to achieve results which allow us to stand in the community of 
academics 1f not with our d1est~ fully out, certainly not with our heads 
bowed. 
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