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Abstract

A brief review is presented of the development of work carried out mainly by Derjaguin and co-workers since the end
of the 1940s concerning electrophysical phenomena accompanying the rupture of the adhesive bond and the failure of
solids under mechanical loads (e.g. the electrical charging of fresh surfaces and gas discharge processes due to the
excess charges, and the emission of electrons and X-rays, as well as cold nuclear fusion). A correlation between the
electron emission phenomenon and mechano-chemical processes in solids is noted.
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Boris Vladimirovich Derjaguin is the originator
of a new direction in the study of the surfaces of
solids. Together with N.A. Krotova and V.V,
Karasev, he discovered in 1952 the phenomenon
of the emission of high energy electrons (EHEE:)
from mechanically formed fresh surfaces of solids
on rupturing of the adhesive contact or the failure
of the solids in a vacuum. Thus Derjaguin’s scien-
tific school was born and has gained strength.

Experimental and theoretical studies, carried out

over about half a century, of the formation of an

electric double layer (EDL) on the adhesive contact
interface and the consequences of its failure enabied
an electronic concept concerning the strength of
an adhesive joint to be formulated. The theory
developed by Derjaguin and Smilga has become a
fundamental theory for examining adhesion and
especially electroadhesive phenomena.

When the adhesive contact is broken, and solids
undergo failure under a mechanical load, X-ray
emission and cold nuclear fusion were found to
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occur. A correlation between the EHEEs and
mechanical transformations was established. The
theses of tens of candidates and a number of
doctoral dissertations have been concerned with
the detailed examination of separate problems in
that field of surface phenomena. Since 1968, sympo-
sia on mechano-emission and the mechano-
chemistry of solids have been held regularly, with

the participation of foreign scientists and
specialists.
The nresent naner is a brief review of the origin
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and the development by Derjaguin and scientists
of his school of investigations of electrophysical
phenomena in adhesion and the failure of solids,
which have been carried out mainly at the Institute
of Physical Chemistry of the USSR Academy of
Sciences. Many investigations have been per-
formed, based on the ideas of Derjaguin, and with
his support and advice.

In the 1940s, Derjaguin and Krotova carried out
the first studies of electrical phenomena observed
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during the tearing off of a polymer film from a
substrate. They detected the electrical charging of
surfaces after the tearing-off of a number of poly-
meric films from metal and glass [1]. The high
values of the work of adhesion (4) (up to
10° erg cm ™ %) obtained in the experiments proved
to be higher by two orders of magnitude than the
energy of a chemical bond. It was shown that the
values of A4 calculated for the polymer peeling from
the substrate mainly correspond to the true work
of tear-off, and a correction for the work of defor-
mation is not essential. The authors suggested the
concept of an electric component of adhesion [1]
in accordance with which, on the tearing-off of the
films, the new surfaces are electrified by opposite
charges as a result of the separation of the plates
of a molecular EDL. After the tear-off the charge
density o increases with the tearing-off velocity v.
At high values of v there is an observed glow
visible in darkness accompanied by a sound effect
(a so-called crackling) which is characteristic of a
discharge. Applying the model of the plane capaci-
tor discharge and assuming that ¢ does not have
enaugu time to decrease greauy GWiﬁg to its con-
ductivity, it is possible to represent the specific
work A, due to the tearing-off of the polymer film,
by the following expression:

2na%k _ oV
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where o, is the initial electric charge density, h is
the distance (cm) at which (on average) a discharge
occurs, D is the dielectric permittivity of the
medium (for air, D=1), and V is the discharge
potential

(V/h=4no is the potential gradient). (2)

The experiments confirmed the significance of
electrical forces in adhesion. It was found that the
well-known law of similarity for the Paschen gas
discharge is applicable also in the case of the
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i.e. there exists a dependence of the work of tearing-
off on the pressure of the ambient medium.

Two main conclusions follow from the concept
of the electric component of adhesion.

(1) The electric component of the adhesion of
solid films is due to the electrostatic attraction of
EDL charges {of a microcapacitor) formed on the
film-support interface.

(2) The tearing-off of the film from the substrate
in the range of high tearing-off velocities (=1 cm
s “!) represents a drawing apart of the microcapaci-
tor plates until a gas discharge occurs; the process
follows the Paschen law (i.e. the dependence of the
discharge potential V on the product of the pres-
sure of the gas medium p and the value of the
discharge interval h): )

V =ph 3)

The results of the first experiments relating to
the study of electroadhesive phenomena were gen-
eralized both in Krotova’s doctoral dissertation
[2] and in a review [3].

In the 1950s, further investigations of electroad-
hesive phenomena and, in particular, the properties

of the EDL were given imnetus hv the dmr‘nvpry
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by Karasev et al. [4] of the emission of electrons
during the tearing-off of a polymer film from a
glass substrate in a vacuum. The detection of the
electron emission thoroughly confirmed the electri-
cal concept of adhesion.

A photographic plate was used for recording the
electron emission. If a permanent magnet was
placed in the path of electrons behind a slit in a
diaphragm, the slit image was blurred on the
photographic plate. The radiation was only com-
pletely screened by a glass plate 165 um thick;
however, it was partly retained by a thin mica
screen (about 2-5 um thick). On the basis of these
experiments, the workers had supposed that
electrons were emitted on the tearing-off of the
polymer film from the glass substrate. The electrons
were able to cause the glass to fluoresce on bom-
barding it. In accordance with the workers’ assess-
ment L..)J, the ENncrgy of the electrons was about
103-10* eV. It was established that the electrons
are emitted not by the whole surface of the torn-
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off polymer film but by scparate arcas of the
surface [5] — the so-cailled emission centres.

They also detected electron emission on cleaving
crystals ol quartz, Secignette salt, sugar, and on
laminating samples of mica and gypsum [6]. Tn
this case, the energy of the electrons amounted to
scores of kilo-electron volts, while that for quartz
was about 120 keV [6]. In the case of mica, a
mosaic pattern of the charging of the new or fresh
surface had been observed.

Morozova and Krotova [ 7] examined the forma-
tion of the adhesive bond between two polymers
with a view to elucidating the relative role of the
electrical and diffusion processes in adhesion. In
the case of the interdiffusion of polymers, no
influence was noted of the tearing-off velocity ¢ on
the adhesion value. If electrical processes taking
place on the interface prevail, then the adhesiogram
{the dependence of the work of tearing-off (4), the
adhesive bond strength, on the velocity, ie.log A =
o(log v)) exhibits three characteristic arcas.
Flectroadhesion phenomcna (e.g. gas discharge,
electron emission) are observed at v > 0.1 cm s 1,
when charge relaxation on the freshly torn-off
surface does nol play a noticeable role because of
the surface conductivity. In contrast, if v <0.1 cm
s 1 then the charge does practically leak off, and
electrical phenomena are not recorded.

The electrons are emitted by the negatively
charged surface of the torn-off polymer film. Yet
the positively charged substrate (e.g. glass, metal)
does not exhibit any emission. In the case of the
cohesive type of tearing off, when the cohesive
work is smailer than that of adhesion, no emission
was recorded, nor was there a residual charge on
the surfaces that had been drawn apart [7].

Morozova and Krotova [7] also noted the
influence of the nature of fillers in rubber on the
electrical phenomena when the polymer film was
torn off from the rubber: if carbon black was used
as a filler, then the surfaces that had been drawn
apart showed no emission or charge. However, if
kaolin was used as a filler, the electrical phenomena
were observed to a considerable degree.

The electron emission continued for some time

after the polymer film had been torn off from the
glass or metal substrate. The mechanical treatment
of the metal enhanced the adhesion of the polymer
and the emission intensity [&].

By the end of the 1950s, Smilga and Derjaguin
had developed the concept of the electrostatic
component of adhesion [9-13]. In the formation
of an EDL on model systems, one of the contacting
bodies is an electron donor, while another is an
electron acceptor. The authors had a problem in
clarifying the general qualitative charactcristics and
evaluating the possible role of the EDL in the
adhesion phenomenon. It was shown thal the
charge density and the electrostatic component of
the adhesive force can attain very large values and
can play a determining part in the phenomenon of
adhesion of solids. Thus the electrostatic compo-
nent of the adhesion force was calculated for
semiconductors with any zone structure and an
arbitrary spectrum of surface states [12,13]. The
role of the surface properties in the formation of
an EDL in adhesion was determined and the
donor—acceptor chemical bond was phenomeno-
logically considered while taking into account the
influence of the functional chemical groups —
glectron donors and acceptors [11-13]. The role
of the tunnel effect was assessed in the destruction
of the EDL on the tearing-off of the polymer film
from the substrate [13].

Theoretical developments by Smilga and
Derjaguin indicated a novel method for developing
the examination of electroadhesive phenomena,
first for the experimental substantiation of the
main statements following from the concept of the
electrostatic component of the adhesive force. In
particular, it was necessary to substantiate the
essential possibility of controlling the adhesive
strength of different contacting bodies by selecting
corresponding surface functional groups (donors
and acceptors) for the polymer and the substrate,
including a method of chemical modification of
the surfaces. The formation of an EDL is due to
the redistribution of the electron density, and hence
of the charge between the contacting surfaces. In
fact, the more distinct is the donor—acceptor char-
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acter of the adhesive bond, the stronger on the
macroscopic scale must appear the electrostatic
component of the adhesive interaction of solids.
However, if the chemical bond is almost homopolar
or covalent, then the electrostatic component is o
small significance [ 3]
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interdiffusion of ontacting polymers occurs then
is blurred. In this is
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sense in referring to adhesion as bemg a result of
the intermolecular interactions of surfaces of
different natures; electrical phenomena occurring
on the separation of components having a blurred
interface are not recorded at all [14].

The following important fact should be noted:
Morozova [15] assessed the chemical activities of
the freshly torn-off surfaces according to their
ability to cause the grafted polymerization of a
gaseous polymer (acrylonitrile). Infrared spectra
demonstrated that such an activity is proportional
to the emission from the fresh surface.

At the beginning of the 1960s, work in the field
of electroadheswe phenomena mainly concerned
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semiconductor, polymer-semiconductor, poly-
mer-glass and polymer—polymer. A universal AZS-
1 grade adhesiometer was designed; the instrument
enabled one to determine the work of tear-off at a
preset tearing velocity, the specific tear-off stress,
and the mechanical properties of the materals
being joined. It was established that the number
of surface states of a semiconductor, which are
characterized by the lifetime of the carriers, plays
an important role in the adhesive interaction of a
metal-semiconductor couple. For a polymer—glass
system, the formation of an adhesive bond is due
to the existence of hydrogen bonds between the
hydroxyl groups of the glass skeleton and the
functional polymer groups. The breaking of the
hydrogen bonds leads to the electrlcal charglng of
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the electrostatic component of adhesion resides in
the direct proof of the formation of an EDL on
the polymer fiim—substrate interface. For this pur-
pose, the choice of the field-effect method proved
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the first time by Sokolina et al. to the treatment of
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method essentially consists of recording a change
in the surface conductivity of a semiconductor as

a result of the adsorption of gases, vapours and
solutions when a transverse electric field with an
intensity of about 10°-10° V cm ™! is superimposed
on a sample. The contact between the semiconduc-
tor and the polymer (a film from the solution) may
be considered to be the origin of a defect on the
substrate surface, leading to alterations of the
semiconductor surface states.

Also examined was the influence of the nature
and concentration of the functional groups of a
polymer contacting with the surface of a germa-
nium single crystal on the electrophysical charac-
teristics of the semiconductor, the iatier being
determined by applying the field-effect method
[13,16,17]. The experimental results showe
on applying the films (from solutions), depending
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polymer, the charge as entrapped by the surface
states of germanium (Q;) changes (in the control

sample, Qo= —2.5:10" ° Ccm ™% in the sample
with a polystyrene film, Qo= —0.6-10"? Ccm ™ ?;
in the sample with a perchlorovinyl film, Q,=
+3.8:107° Ccm 2.

A change in Q, after the application of a polymer
film on the germanium surface is evidence of the
appearance of new levels, changing the conductiv-
ity of the semiconductor. Comparing the data on
the charging of the surface for a control sample
with that for the surface coated with a polymer
film, it i1s possible to state whether the polymer is
an electron donor or an electron acceptor. In other
words, an EDL charge is formed on the interface
already in the process of providing an adhesive
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ductor). The destruction of an EDL leads to the
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the adhesive bond, a change in the germanium
conductivity, and the appearance of electron emis-
sion during the peeling-off of the polymer film [13].

Reference [18] indicates the primary significance
of the rate of loading of an adhesive joint: it
predetermines the character of failure (either on
the interface or inside the polymer) and, conse-
quently, the adhesive strength and the electrical
phenomena.

A new stage in the development of systematic
and thorough investigations of the emission phen-
omena had begun when Polyakov and Krotova
had applied, as an electron detector, a secondary
electron multiplier (SEM) of the open type [19]
instead of the earlier photosensitive plates (or films)
or fluorescent screens which allowed only the fixing
of the electron emission. There now arose the
possibility of obtaining quantitative characteristics
of the electrons emitted on the failure of the
adhesive joints and the solids themselves. The
principle of operation of the SEM is based on the
phenomenon of secondary electron emission. The
SEM can be used in the regime of counting separate
pulses with a high amplification coefficient (up to
10%). Such multipliers are distinguished by good
stability under vacuum and a weak dark current;
they are also small in size and are convenient for
use as electron detectors.

Electron emission of intensity J ~2.5-10* pulses
s~! and with a time of decay to the background
count of about 10 min was recorded by Polyakov
and Krotova on the peeling-off of a gutta-percha
film from glass. Deformation of the same film in
the plastic deformation region is also accompanied
by electron emission (J < 5-10° pulses s~ !) which
rapidly decays with time ¢. An extension of a gutta-
percha sample to the elastic range is not accompa-
nied by any emission [19].

The regularities of the emission intensity decay
obey the exponential equation

J=At"? 4)

where the constant A is characteristic of the initial
emission intensity (at t=0), while the constant b

determines its decay rate, the constant being associ-
ated with the conductivity of an adhesive couple.

Derjaguin et al. [20] had put forward a supposi-
tion that the electron emission is a consequence of
a gas discharge due to a difference in the potentials
applied to the surfaces being drawn apart, taking
into account the evolution of gaseous products on
the peeling-off of the films from the substrates [21].

These workers [20] showed experimentally that
the phenomenon of electron emission is associated
with the conductivity of filled rubber peeled off
from glass and metal. A high conductivity of the
rubber interferes with the achievement of discharge
values for the potential difference between the
surfaces being separated. The emission in Ref. [20]
was recorded by use of the method of exposure to
light of a photographic plate, and therefore the
emission was only fixed (or was completely absent).
The rubber conductivity values were not known
either.

A little later, Khrustalev et al. [22] proved the
quantitative interrelation of electron emission
parameters with the conductivity of filled rubber,
from which a polymer film had been peeled off.
The conductivity of the rubber was altered by 15
orders of magnitude by adding fillers of different
types and properties. It was established that in all
the cases the peeling-off of a nairite film from the
rubber substrate was accompanied by electron
emission. The energy of the electrons was about
40-50 keV. The higher the conductivity of the
substrate, the smaller the value of the emission
recorded, and the faster it decayed. After-emission
was observed for a specific bulk resistance of
rubber of 10'°Qcm (up to 4.4-10"°Qcm).
Knowing the value of the work of adhesion (4=
2.5+10% erg cm~ 2) and the electron velocity (energy)
it is possible to evaluate the EDL charge density
using Eqn (1): 6=2A4/V=4-10° CGSE. This value
is in agreement with that of the theoretical calcula-
tion performed by Smilga and Derjaguin [12,13].

The influence of the functional groups of poly-
mers (their donor—acceptor properties) on the pro-
vision of an EDL and the density of its charge in
the zone of contact with the glass substrate was
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investigated by Polyakov and Krotova [23] using
a complex adhesiometer within the velocity range
107 °-107?m s~ !. The adhesiometer enabled one
to determine simultaneously the strength of an
adhesive joint and the parameters of electron emis-
sion on the peeling-off of the polymer film from
glass at different velocities. A correlation was estab-
lished between the work of adhesion and the
intensity of electron emission on the peeling-off of
a polymer film from glass [23] and a semiconduc-
tor [24].

The workers [23] supposed that the electron
emission is a modification of the autoelectron
emission: electrons are emitted from the polymer
surface under the effect of the field due to the
charge on the fresh surfaces after the destruction
of the EDL, distorting the potential barrier and
contributing to the appearance of the tunnel effect.
In the same field, just the free electrons are
accelerated to high energies.

Electroadhesive phenomena are essential not
only to the violated extended contacts of solids,
but also in the failure of microcontacts, such as,
for example, between powder particles and the
substrate [25-29]. Thus, the electrostatic character
of the adhesive forces and the mechanism of contact
charging of particles (5 < d < 30 um, where d is the
particle size) of electrographic developing polymer
powders with fillers and dye-stuffs, after the break-
ing of their contact with a semiconductor (the
failure of the EDL), depend on the parameters of
the donor-acceptor interactions of the particles
with the substrate [28,29]. The quality of an
electrographic image is to a considerable extent
determined by the electroadhesive properties of the
powder particles. Methods [29] have been sug-
gested for controlling these properties by altering
the nature (chemical structure) of and modifying
the contact surfaces.

Anisimova [30] continued the investigation of
electrical phenomena occurring on the formation
and violation of the adhesive contact in the poly-
mer—germanium system, the investigation having
been begun by Sokolina et al. [17]. A change in
the chemistry of the semiconductor surface through

interaction with alkylchlorosilane vapour was sug-
gested [30] to evaluate the character of the tearing-
off in terms of the surface conductivity of germani-
um-an adhesive (on the interface) or a mixed one
(partly throughout the polymer buik).

The resuits of the work carried out by Polyakov
[24], Anisimova [30] and Sokolina [31] are pre-
sented in their respective dissertations.

Polyakov [24] detected a penetrating radiation
on the tearing-off of the polymer film from the
substrate.

Evdokimov [32], using general ideas on the
electrostatic concept of adhesion, suggested a
method for the creation and breaking of an adhe-
sive point contact of polymers with dielectrics and
metals through the effect of an external electric
field. The strength of such an adhesive interaction
(the work of adhesion) amounts to about
10° ergecm ™2 and depends on the value of the
potential applied, the spacing between the
electrodes and the system, the properties of the
contacting materials, the state of their surface, time,
etc. The adhesive contact is still retained after the
removal of an external electric field. The adhesive
contact may also be destroyed through an external
electric field.

Tyurikova et al. [33] established that radiofre-
quency radiation occurred on the tearing-off of
polymer films from solid substrates as a result of
a gas discharge.

Mambetov and Musuraliev [34,35] established
a dependence of the intensity of gas-discharge
radiation (which is dependent on the nature of the
ambient gaseous medium and the pressure of the
gas) on the work of adhesion. Mambetov and
Knyazeva [36] derived the same dependence in
the case of the friction and breaking of the adhesion
of modified poly(tetrafluoroethylene) films.

Simakov and Baramboim [37] effected the poly-
merization of frozen acrylic acid via an electron
flux arising from the vibrodispersion of polymers.
In this case, any contact between the emitting
surface of the polymer particles and the monomers
was eliminated. Later, Kapitanchuk [38] calcu-
lated theoretically the possibility of a radiation
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effect of high energy electrons (HEEs) generated
by the destruction of the polymers and the breaking
of an adhesive contact between the solids.

The end of the 1960s was significant because in
1568 the First All-Union Symposium on Mechano-
emission and Mechano chemistry of Solids was
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experts in the field during almost 25 years. F rom
the very beginning, electrophysical phenomena and
chemical transformations during the mechanical
treatment of solids have been considered simulta-
neously. Derjaguin has supervised the organization
committees of all the symposia from the first. In
the following year (1969), the second symposium
was held in Frunze (Kirghizia) with the participa-
tion of experts from the German Democratic
Republic, Czechoslovakia and Poland. The sympo-
sia have attracted the attention of specialists from
different research institutes, high schools, and other
scientific and industrial collectives — physicists,
chemists, mechanical engineers, etc. — to the inves-
tigation of electrophysical phenomena and chemi

cal reactlons taking place

mechanical treatment
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In the 1970s, a major event in the development
of the research direction was the publication in
1973 of a book entitled “Adhesion of Solids”, i
which Derjaguin, Krotova and Smilga generallzed
and analysed work on electroadhesion phenomena
in solids [13]. The book was translated into
English and published in the USA [39]. It has
attracted new research workers to the study of
mechano-emission and mechano-chemical pro-
cesses both in our country and abroad.

In a report presented at the Praesidium of the
USSR Academy of Sciences, Derjaguin [40] sum-
marized the resuits of work performed in the fieid
of electroadhesive phenomena, which underlined
the essential difference between the processes of
establishing the adhesive contact and the breaking

hen solids undergo
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dynamically equilibrium manner, yet its breaking
is in most cases accompanied by a considerable
irreversible dissipation of energy. Of special signi-
ficance is the investigation of the mechanism of the
provision of an EDL on the contacting of different
materials including semiconductors and metals,
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polar chemical bond. Consequently, in Derjaguin’s
opinion, there is no sense in contrasting chemical
mechanisms of adhesion with  electrical
mechanisms.

In the case of the peeling-off of a non-conducting
band, the drawing apart of the EDL plates occurs
first at a permanent charge owing to the slowness
of its leakage. In this case, the difference between
the potentials of the EDL plates increases to some
critical value, at which there occurs a gas discharge
across the gap formed [40].

Calculations showed that the critical differences
in the potentials may amount to thousands of
volts, and in a vacuum to tens of thousands of
1S PN
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to elucidate the dependence of the work of p eeling
pressure and the typ 1bient gas.

Further evidence of the role of electrosurface
forces is shown in the HEE phenomenon on the
breaking of an adhesive contact in a vacuum.
Results of measurements of the maximum energies
of the emitted electrons allowed the calculation of
the EDL charge density, which coincided with
earlier estimates of the charge density obtained by
another method (of the order of 10° esucm 2 or
more) [40].

The emission of high energy electrons (of the
order of 10*eV) leads to the emission of brake
X-rays [41,42]. Kluev and co-workers [43—45]
investigated in detail the characteristics of X-rays
emitted on the breaking-up of the adhesive contact
of diverse systerms.

Data were obtained on the e nergy distribution
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and the failure of solids [47]. Thus the energy of
the electrons emitted from a polymer film just torn
off from the substrate is close to the electron energy
near the monoenergy value. The energy values
aecrease WlU’l ume 51mu1[dneou51y with a decrease
in the electron flux from 104 to 5 102 eV, which is
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example, the maximum energy of the emitted
electrons was about 8.5-10% eV [47].

An autoelectron (field) mechanism was suggested
for the emission of HEEs [44,48,49] from surface
states under the effect of the charge field on a
failure surface that had been freshly formed by
mechanical means. Here, it is important to empha-
size that for the breaking of an adhesive contact
and for the failure of solids the HEE parameters
(e.g. the flux magnitude, regularities of its decay,
the energy, the influence of conductivity etc.) practi-
cally coincide [49,49(a)], which is strong evidence
for the same nature of the emission.

It should be noted that the electrostatic compo-
nent of adhesion also appears on the tearing-off of
a polymer from a poly(tetrafluoroethylene) surface
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tence of an EDL on the interface is substantiated

by the emission of HEEs durine the failure of such
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systems [50,51]. Calculated data on the work of
adhesion and the EDL charge density are in good
agreement with experimental results obtained by
Vilensky [50].

Khrustalev et al. [52] detected a long-range
action of the EDL when the cohesive failure of one
component of a glue-rubber adhesive couple near
the interface (up to 100 pm) also led to the emission
of HEEs. The cohesive failure of the same materials
separately under similar experimental conditions
did not lead to electron emission. (Earlier, the
emission of HEEs on the cohesive failure of an
adhesive joint was not recorded.) The iong-range
action of the EDL was also noted in Ref. [53].

An EDL usually arises on the contact interfa

of solids also in the frlctlon process. D rjagu

Smilga [54] considere

Ce

&
)
a

cally, and the role of the electrostatic component
of rolling friction was later substantiated experi-
mentaliy. Gas-discharge and emission phenomena
were detected in the friction of dielectrics in a

i 4 e PSSP T
vacuum i.¢. glow [55], and the emission of HEEs
[56,57] and of X-rays [58].
The amiccinn of HEFc wacg ectahliched in ctudiec
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on the failure of a series of new substances and
cellulose  [59,60], three-
dimensional polyesters [61] and multilayer poly-
mer films [62], crystals of alkaline halides [47,63],
metal oxides [64], slate [65], polymer composites
[66,67], and in the course of crushing coal [68].
The radiation—chemical effect of the emission of
HEEs and the correlation between the emission
intensity and the mechano-chemical trans-
formations were substantiated experimentally
[64,65,69-74].

During this decade, five symposia on mechano-
emission and mechano-chemistry of solids were
held, namely, the third (in 1971) and the sixth

(1977) in Beriin, the fourth in Irkutsk (1973), the
fifth in Tallin (1975) and the seventh in Tashkent

materials such as

71 n'-ln\ ~ ~ 4+l P

(1¥77). De‘jag uvt:ly contributed to the organ-
ization and the proceedings of the symposia on a
high sc1ent1ﬁc level; a large number of participants

were from former Soviet and foreign organizations

and scientific institutions

In the 1980s, attention was mainly focused on
the investigation of the X-rays that were observed
to be emitted on the breaking-up of an adhesive
contact and the failure of solids. Workers [75]
established by using an electron-probe microana-
lyser that the energy of the X-ray photons may
amount to about 70 keV on the peeling-off of a
polymer film from an aluminium substrate and the
lamination of mica, the maximum on the distribu-
tion curve being located at 10 keV. This result
proves that in the zone of a developing crack there
exists an electron flux having a wide range of
energies (up to 100 keV), with their maximum
possessing an energy of the order of 10keV. In

- bl el ot Y

PPN ~ s siy
accoraance Wllll lllC A'l'd.y yicr

(0]
the e pr 1mary electron flux in a growing
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by 7-8 orders of magnitude the value of the
electron flux recorded in the experiment on the
breaking process of an adhesive bond [75].
Theoretical calculations carried out by Molotsky
{76] resulted in values of about 102! electrons
s~ ! ¢cm ™2 for the electron flux in a crack for ionic

Arvctale (MMha aftar_Amsicoinm frnm thn l'a,\nl-. Tiiren
viysiad. (1nv aucrcuuamuu UL LIIC 11eosil 1auuxc

surface corresponds to the true electron flux with-
out the emission of secondary radiation [44])

Later [77], the following mechanism was sug-
gested for the emission of X-rays on the breaking-
up of an adhesive bond when the fresh surfaces
are oppositely charged. Microsectors with positive
and negative surface charges occur, and high values
of the intensity of the electric fields in those sectors
are obtained. The electrons emitted by the nega-
tively charged surface areas are accelerated by
those fields and are braked by the substrate mate-
rial, thereby generating X-rays that are similar to
the radiation of an X-ray tube. As a result of
vacuum breakdown, however, a small portion of
the atoms of the substrate material can evaporate
from the surface, creating local plasma formations
near the surface, in which processes similar to
those occurring in a vacuum spark are possible,
A ld_y pluuuuluu

al. [78] developed a non-destructive
EDL narame-

i pa aram

timate correctly

investication of th
mvestigation of th

was established that the contribution of the electro-
static component becomes predominant at high
concentrations of functional groups. For the case
of high adhesion, the EDL charge field was about
2-107 Vem ™!, which agrees with theoretical data
[13]. In accordance with the authors’ estimation
[78], the effective thickness of the EDL changes
within the range 10 °-10"7 cm

The influence of colour centres in alkaline halides
after the exposure of sampies to ionizing radiation
on the parameters of the HEE emission on their
failure was studied in Refs [79,80]. It was estab-
lished that there is no correlation between the

A~ it ot ~F o it
Luliveitlauivll vl L

depends linearly upon the radiation dose, and the
emitted HEE flux. The emission intensity is deter-
mined by the character of the failure of the irradi-
ated crystals, while the parameters of the HEE
emission (the magnitudes of the fiux and the energy)
depend on the fine structure of the cleavage surface

ﬁ‘«- 432
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particular, on the cleavage surface not only were
the {100} cleavage planes observed but also other
planes hav1 ng a predominant direction (100> when
the lattice ions are distinctly separated on the NaCl

cleavage plane, while the intensity of the charge
field reaches its maximum value. As was found, the
parameters of the HEE emission depend on the
structural peculiarities of the solid being broken
[81,82] and on the presence of internal electric
fields, in particular, in a ferroelectric [82].

The emission of HEE has been found to occur
on the destruction of hard polycrystalline rocks
[83]. Electrophysical phenomena may show up in
rocks, leading to the prediction of earthquakes
[84-89].

Electrophysical phenomena are also observed
on the failure of organic moiecular crystais {90,91].

The emission of HEEs may be used as an

DY

indicator o

filler [92]

hydrogen to be detected on the fanlure of dlverse
solids, such as inorganic crystals, metals and poly-
mers [93,94], as well as in the wear and friction of
structural materials [95]. In addition to gas evolu-
tion from the bulk on formation of a fresh surface
during the mechanical treatment of a solid, for
example, the evolution of hydrogen, it is the mecha-
nism of dissociative ionization of water molecules
under the effect of the flux of the emitted electrons
which plays the determining role [93]. The evolu-
tion of hydrogen may lead to undesirable conse-
quences, e.g. hydrogenation and the hydrogen
brittieness of sieel [94,95].

A further discovery, namely neutron radiation,

h
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occurring on the failure of solids, in particular,
deuterated solids. Neutron radiation had been
detected by Derjaguin, Kluev, Lipson, Toporov
[96,97] 3 years before publication of the study by
Fleischmann and Pons [98] and Jones et al. [89(a}]
of cold nuclear fusion, which has so agitated scien-
tific circles all over the world.

A weak emission of electrons was detected on
the pulse failure of crystals of lithium deuteride
and heavy ice [96,97,99]. The mechanism of cold
nuclear fusion or simply cold fusion (CF) was
formulated at that time. It consists of the possibility
of accelerating free deuterons desorbing from the
crystal lattice under the effect of powerful electric
fields, induced in cracks, followed by the interaction
of the desorbed deuterons with the deuterons that
are located in the lattice. At present, the above
mechanism is widely used for interpreting the
results on CF in different laboratories. At a later
date, the group headed by Derjaguin detected the
emission of neutrons and traces of tritium during
the mechano-chemical synthesis of deuterides of
some transition metals such as Ti, Zr, LaNij etc.
[100,101].

The possibility of initiating nuclear fusion reac-
tions by cavitational action on deuterium-
containing media in the presence of a titanium
vibrator was investigated in 1990 [102]. Finally,
quite recently results have been obtained proving
the possibility of CF occurring in high temperature
superconductors [ 103]. This indicates a connection
between CF phenomena and high temperature
superconductivity.

Lipson et al. [104] studied the occurrence of CF
in crystals as a consequence of the transformation
of mechanical (elastic) energy concentrated at sepa-
rate points into nuclear energy.

The present brief review of electrical phenomena
occurring during the mechanical loading of solids
does not of course comprise the majority of the
work carried out by Derjaguin and his co-workers.

I cannot help noting that a series of ideas
formulated by Derjaguin, his colleagues and co-
workers on electrical phenomena occurring on the
adhesive and cohesive failure of solids are scienti-

fically novel, this is substantiated by USSR inven-
tor’s certificates. Thus, utilizing electroadhesive
phenomena, methods for the hydrophobization of
glass [105], for polishing the surface of dielectrics
[106] and for protecting the latter against static
electricity [107] have been suggested. The non-
destructive method for testing the strength of work-
pieces [108] is based on the recording of the
electron emission occurring on the formation of
the very first initiating microcracks on mechanical
treatment of the solids. Also suggested were meth-
ods for recording the deformation of solids [109],
for determining EDL charges [110], and for the
non-destructive control of the adhesive strength of
joints [111], as well as a new X-ray generator
[112]. Inventions have been proposed based on
the interaction of the emission power with the
mechano-chemical  processes, in  particular
[113,114] methods of preparing graft copolymers.

As has already been indicated, sufficiently strong
adhesive joints can be obtained by applying an
external electric field. The application of that prin-
ciple to robot engineering in designing gripping
and fixing devices can be given as an example
[115]. Unfortunately, as far as we know, other
interesting and important ideas concerning the
mechano-emission and mechano-chemistry of
solids have not yet been used to advantage by our
industry.

Thus we have tried to show the initiation and
the deepening interest in, and the development of
the radiation properties of the failure surfaces of
solids. We emphasize once more that the fresh or
juvenile surface of a solid, which has just been
formed under mechanical action, exhibits an unbal-
anced electrical charge. When conductivity does
not play a major role, electrophysical phenomena
due to the presence of the charge field have to be
taken into account in examining the surface phen-
omena, especially chemical transformations.

There is no doubt that these aspects of surface
phenomena have not been exhausted by far. Boris
Vladimirovich Derjaguin and Nataliya
Aleksandrovna Krotova are quite rightly consid-
ered as being the true parents of the mechano-
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emission phenomena. I am sure that in future,
when examining the physicochemical properties of
the non-equilibrium surfaces of solids as formed
by mechanical action, research workers will detect
new effects and make new discoveries.
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