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INTRODUCTION

The main goal of our book is the study of strained metallic
surfaces under deferent conditions. The free surface, being
a specific type of flat defect in a crystal, can have a significant effect
on its physical and mechanical properties. A real metal surface
is a complex structural formation determined by the variety of
processes that form it. Thus, the surface, being the interface between
the medium and the metal, mediates contact interactions and
different types of finishing (hardening) parts.

It is also known that the structure of the surface layers differs
from the structure of the inner layers of metals. Therefore, the
physical and mechanical properties of the material near the surface
should differ from those in the bulk. Therefore, it is obvious that the
creation of a physical picture of the deformation of metals involves
the development of a theory of the course of deformation processes
in the near-surface layers of materials.

The physical nature of the surface influence on the mechanical
properties of metals consists of the formation of an ion-electron
structure near the surface, which is different from the overall
structure. Already in early works, a predominant plastic flow was
found in the near-surface layers of crystals in the initial stages of
deformation.

Residual stresses are produced by plastic deformations,
thermal contractions or can be induced by a production process.
The residual mechanical stresses are known to balance in the
macroscopic and microscopic areas of materials. The plastic strain
of the surface is well-known in the industry as a way to improve the
fatigue and strength properties of metallic parts. Shot peening, deep
rolling, hammering, treatment by metallic balls in an ultrasonic
field, and laser shock peening are the new technological methods
used to increase the strength of crucial parts. All these processes
induce in one way or another the nanostructures near the surface.
The generation of nanostructured surface layers is expected to
lead to improved material properties. Structural changes in the
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INTRODUCTION

near-surface regions of metals and alloys are of great interest and
have not yet been sufficiently studied.

The special material condition of the near-surface layer requires
the development of special experimental methods for the study of
deformation characteristics. The most important are the methods
that allow to establish the relationship between the parameters
of microgeometry, residual stresses and surface energy with the
mechanical characteristics of elasticity and plasticity, with the
resistance to fatigue. The study of the nature of the physical and
mechanical properties of the material of the near-surface layer
is also necessary to understand the deformation phenomena in
polycrystalline materials, at the boundaries of grains and blocks of
the crystalline structure.

The electron work function (WF) is of particular and growing
interest to scientists and engineers because of its sensitivity to the
physical state of the surface. It is known that metals consist of two
subsystems. These are the relatively slow crystal lattice of ions and
the gas of the fast free electrons. External and residual stresses
cause considerable changes in the ionic crystal lattice. The electron
emission properties indicate a close interaction between the ionic
and electronic subsystems. However, it is essential to emphasize that
the relationship between emission properties and elastic and plastic
stresses is not yet sufficiently understood. Here we would like to
address this lack of data.

We believe that there is a need for a book that serves as a link
between the theory and its practical applications. This book is
an attempt to bridge the gap between surface physics, solid state
physics and technology.

The book consists of three chapters.

A succinct description of the metal surface characteristics is
presented in the first chapter. The study of WF changes under
various mechanical loading conditions of metals established the
sensitivity of the WF to deformation processes. Thus, a new scientific
direction was created, during the development of which a link
was established between WF changes and specific processes in the
crystal structure during deformation. In order to solve this problem,
a number of hypotheses have been put forward and physical models
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of the formation and evolution of the WF during the deformation of
metals have been developed.

The second chapter is devoted to some techniques for
experimental studies of deformed metal surfaces. The WF was
measured for Al and heat resistant alloy surfaces in fatigue tests.
The specimens were also studied using an X-ray method. The
position dependence of the WF was observed as a result of fatigue.
A decrease in the WF occurred above the future crack. The drop
in the WF is related to the breakthrough of dislocations and the
emergence of loaded steps on the metal surface. A fatigue process
model is considered and some physical values are evaluated from
the experimental data.

A method for calculating the WF for a deformed real metal
surface is proposed. The method is based on the relationship
between the WF and the atomic electro-negativity and takes into
account the formation of nanoscale surface defects. The presented
calculation results for aluminum and copper are in good agreement
with the experimental data.

The work function of metals decreases under the influence
of plastic deformation and fatigue tests. The higher the degree
of deformation, the greater the drop in the work function. This
phenomenon is related to the dislocations moving towards the
surface. The creation of loaded steps on a surface is a precursor to
crack nucleation.

The WF was measured on the metal surface after wear.
A decrease in the WF was observed due to the contact friction
interaction. The lower the wear resistance of the hard alloy
specimens, the greater the increase in WF and vice versa. The
studied method predicts the wear resistance.

The formation of the grain boundary structure of low-carbon
steels occurs through the processes of heating, hot deformation,
subsequent polygonization, recrystallization, phase transformations,
temperature conditions of austenite decomposition, which
determine the state of the grain boundaries in the products. Their
physical and service properties are the subject of the third chapter.

The object of the research reported in this work is the stress-
strain state of the reactors during the production of titanium
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sponge by the magnesium thermal method, taking into account
the conditions of their operation and the physical and mechanical
properties of materials.

The problem considered is the plastic deformation of the
reactor in the titanium tetrachloride reduction process. To solve
this task, an axisymmetric geometric model of the reactor was
built using the CAD module of the Comsol Multiphysics software
package. For the calculation, the Nonlinear Structural Materials
module was used. Using the finite element method, the critical
parameters for the formation of the plastic deformation band of
the reactor were determined.

Modeling of the thermoplastic deformation process of the reactor
under the conditions of obtaining the titanium sponge allowed to
determine the temperature gradient in the upper part of the reactor
wall, which leads to local plastic deformation of the wall. The
solution to the problem of the continued operation of the reactor
would be to prevent the overheating (supercooling) of the reactor
wall within the limits of the resulting temperature. The physical and
mechanical parameters of the reactor wall material, necessary to
prevent the occurrence of an annular band of plastic deformation,
were also determined.

This work is devoted to solving the problems related to quality
control of machine and scissor steels in the process of product
production in mechanical engineering, aviation and shipbuilding
industries. A new progressive method for the control of the process
of thermochemical and thermal treatment of steels has been
proposed and for its implementation the differential dilatometer has
been specifically developed.

The operating system of thermochemical treatment allows to
ensure obtaining the required parameters of the diffusion layer -
the concentration of the saturating element and the gradient of its
distribution, the thickness of the layer for high duty products.

The physical and mechanical properties, durability and heat
resistance of the developed case-hardened steel are as good as those
of chromium-cobalt-nickel-molybdenum steel. For the first time,
the differential dilatometer is offered for use in monitoring (and
controlling) the thermochemical treatment (TCT) of steel.
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The influence of chromium, vanadium and titanium on the
mechanical properties is analyzed during the process with the
use of the statistical method of planning the active experiment.
Conformities to the law of change of mechanical properties are
established from the influence of alloying elements and the optimal
recommendable chemical composition is chosen appropriately. The
most important mechanical properties of the steel depend on the
chromium and titanium content of the steel. The influence of the
correlation of the amount of chromium and titanium is notable. The
presentation of the results of the experiments of the second-degree
polynomial type appears justified.

The influence of rolling parameters on structural and phase
transformations and on the mechanical properties of steel is
analyzed. At a particular combination of temperature, strain
and strain rate, a fine-grained austenite structure with a highly
developed polygonal substructure can be obtained.

Transmission Electron Microscopy (TEM) allowed studying
the effect of variable factors (g, T, t), as well as the relative amount
of special low-energy boundaries in ferritic and martensitic
components of low-carbon steels in the CSL (Coincidence Site
Lattice) concept. The optimal performance of thermoplastic
deformation was established, as a result of which the process of
polygonization takes place: a change in the configuration of grain
boundaries, the formation of low-angle polygonal boundaries, the
interaction between them and high-angle and special boundaries.
The performance of the developed heat treatment provided
an increase in impact hardness of both the base metal and the
heat-affected zone of low-carbon steels such as 10X®TBu steel
(a Ukrainian standard). This is due to the appearance of special
boundaries — twins, sigma 5 and others, as well as the occurrence of
polygonization. It is shown that triple joints are more stable and play
an important role in the formation of the final structure of weakly
perlitic steels, on the boundary of 120 °C.

This study determines the effect of plastic deformation on the
structure formation and the process of phase transformations in
low-alloy steel 10X®TBu (a Ukrainian standard). The deformation
temperature was varied from 770 °C to 950 °C, the degree and rate
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of deformation remained constant. It was found that the optimal
hot deformation mode for low alloy steels exists in the temperature
range of 850...950 °C at the deformation rate of u=100 s and with
the degree of deformation In €=1.2. The number of phases is 58-80%
ferrite and 20-42% perlite, which significantly increases the strength
of the alloy steel, while maintaining sufficient ductility.

This book is intended for undergraduate and graduate students
in the subject areas of solid-state physics, surface physics, and
materials engineering. It is expected that this book will meet the
needs of those concerned with the properties, study and application
of modern industrial alloys.

It is hoped that this book will also be useful to materials
scientists, engineers, researchers, and practitioners in industries
concerned with problems of material properties, surface
strengthening, and fatigue resistance.
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1 GENERAL CHARACTERISTICS
OF THE SURFACE LAYER OF METALS

1.1 Methods for studying the surface

The development of theoretical concepts and intensification of
knowledge about the properties of the surface layers of materials
largely depend on the level of experimental studies in this field.
The physical methods of surface analysis include, in particular,
optical and electron microscopy, X-ray structural analysis, electron
diffraction, spectroscopy. non-destructive methods are of particular
interest for the study of surfaces.

One of the most common methods for analyzing the chemical
composition of the surfaces of solids is a method of Auger-electron
spectroscopy [1, 2]. This method provides effective information on
the distribution and composition of the elements present on the
surface in an amount of more than 0.1%, and allows defining some
of the elements in a bound state. Electron spectroscopy methods
require the use of high vacuum, which limits their application for
studying processes. Fourier and photoelectron spectroscopy are
promising to determine the elemental composition of the shallow
impurities and their electronic state [3].

A wide range of physical methods of studying the surface layers
of metals and alloys is based on the diffraction of X-rays, electrons,
and neutrons [4-11]. Electron diffraction method is of interest for
decoding structures, especially in the presence of highly dispersed
phases, which sometimes cannot be detected by X-ray analysis.
Electron diffraction is widely used to study the surface layers of
a few nanometers thick, as well as specially prepared thin film.
The use of X-ray diffraction methods determines the possibility
to identify the interconnection of properties of solids with their
structure. X-ray methods make it possible to study the structural
changes in metals and alloys under plastic deformation, heat
treatment, various power influences. X-ray structural analysis is
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widely used for practical purposes in establishing the optimum
technological modes of components manufacturing, during their
processing and use. An important advantage of the X-ray method of
studying the materials is that defined parameters of the structural
state are averaged over large volumes and provide a satisfactory
correlation with the physical and mechanical properties of the
objects studied.

One of the promising methods of nondestructive energy
state testing of the surface of solids is an exoelectron emission
method (EEE) [12-18]. EEE has a number of regularities that are
not typical of other types of emissions. The presence of macro-
and microdefects, stress fields, layers of oxides and adsorbates
in the surface layer of the materials after machining leads to
significant changes in the electronic subsystem of solids, which
is reflected in exoelectron properties of the deformed surface. In
general, the increased activity of the deformed surface emission
is caused by a decrease of the energy barrier for electron yield
due to the formation of structural defects. The deformational
excitation of the surface layer in metals, gives rise to a chain of
processes: the formation of surface defects — the initial drop of WF -
adsorption on defect — an additional change in WF. Currently, the
EEE methods are used in the nondestructive technique of testing
the surface of various materials. However, a single explanation
for all manifestations of exoemission does not exist yet. Further
development of the EEE method is seen in the way of studying
regularities of the electronic states on the deformed metal surface in
a variety of environmental influence conditions.

It has been noted that the most important parameter of the
electronic subsystem is the work function of electron. Many
methods for experimental determination of WF are developed
by now: thermionic and photoelectric methods, methods of
contact potential difference, surface ionization methods etc. The
differences between these methods are conditioned due to the
way of energy excitation of electrons [19, 20]. The measurements
of WF with the contact potential difference method are attractive
due to small perturbations of the state of surface under study,
equal suitability for measurements in both high vacuum and
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gaseous environment. One of the most accurate and the most
often used in practice is a method of vibrating capacitor. In the
literature there is a description of a number of devices based on
the method of CPD [21-37]. CPD does not depend on the capacity
of the condenser, and is determined by the material of plates
and measurement conditions. WF values which are obtained
with the help of the CPD method are in good agreement with data
obtained by other methods. The work [23] describes an apparatus
for measuring the CPD with automatic compensation of contact
voltage with accuracy up to 1 mV through the use of feedback.
Another measurement method is implemented in [24], where the
measurement of the CPD in vacuum was carried out by the dynamic
capacitor formed by the electrode and the flat thin metal filament
of string self-excited oscillator with electrostatic excitation. In [25]
it is noted that the effectiveness of the capacitor method can be
increased by a joint analysis of the offset voltage and current of
the dynamic capacitor, which shape of vibrations allows obtaining
additional information about the relaxation oscillations of surface
adsorbed charges.

The thermoelectric method and infrared spectroscopy are used
in the study of deformation processes on samples and field details.
The basis of the thermoelectric method is the measurements of the
material temperature using micro thermocouples, fixed on a surface
of deformable sample [38-40]. Thermoelectric method has found
application in the study of the deformation anisotropy of the yield
stress, determining the stresses in an inhomogeneous state of plane
stress. The main limitation of this method is the need to implement
the conditions of adiabatic flow deformation process. Infrared
spectroscopy method is based on the registration of the spectrum
of infrared radiation from the surface under the study. Character
of change of infrared radiation parameters is depending on the
degree of elastic and plastic deformations. Explanations of the
experimental dependence of the intensity and the wavelength of the
infrared radiation from the strained state of metals have now only
a qualitative nature [41].

Integrating basic parameters of the surface metal layer can
be considered the surface roughness and residual stresses. They
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determine the state of the material, which is formed under
processing conditions and regularities of deformation destruction
during operation. In its turn, the roughness parameters, the
magnitude and distribution of residual stress express physical
and mechanical properties of the surface layer material. The
most common methods for studying the physical and mechanical
properties of the surface layer are tests on the local deformation
or indentation. Indentation methods are directly related to the
mechanical loading of the metal surface. The fact that they are
non-destructive to a certain extent, stimulate the development of
research for the indentation parameters to determine the yield
strength of the material [42-44]. Another important area is the
establishing of the functional relationship between the parameters
and characteristics of the indentation stress-strain state in
tension [45-55]. When using the continuous pressing method, one
can receive information on the deformability of the material on
depth of the surface layer. This makes it possible to evaluate not
only the elastic and plastic properties of the material, but also the
option of strengthening [56-58]. Indentation is primarily a contact
interaction of interfaced bodies, as a result of which the actual
contact area is formed. In the process of changing the load on
the indenter a corresponding change in the metal contact area
occurs. Moreover, this area is characteristic of the interaction of
bodies already by its very nature. Using the actual contact area
as a parameter of deformation and fracture of the interfaced
surfaces has not found wide application by now. For continuous
determination of the contact area of the interfaced surfaces the
most convenient is the method based on the measurement of the
contact electrical resistance (CER) [59]. The high sensitivity of the
electrical resistance measurement allows studying the kinetics of
deformation processes in the surface layer material at loading and
unloading of interfaced bodies and revealing the finest features of
this process [60]. The informativeness of parameters of the contact
electrical resistance in the research of friction and wear phenomena
proved in [61, 62]. It is noted that the drop in the contact zone
conductivity is related with the formation of oxide insulating films
and fretting wear products, leading to fluctuations of the contact
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electrical resistance. The papers [63, 64] are dedicated to the study
of the contact electrical resistance nature. The basis of experimental
and theoretical studies is determination of dependence of the CER
on discrete metal contact parameters. The account of the sizes and
distribution of the contact points in the most general form, are
carried out in the work [59]. Since this work is dedicated to solve
electrical engineering problems, it is natural that, dependence of
CER on the real contact area received little attention. The real area
is an integral characteristic of the totality of conductive points,
which takes into account the unevenness of their distribution
and mutual influence. It seems promising to use the real area as
a parameter of deformability of the rough surface layer on the basis
of measurements of the contact electrical resistance.

1.2 Regularities of the material deformation
of the surface metals layer

The earliest systematic identification research which concerns
the surface role in the process of plastic deformation are works of
A. F. Ioffe. The study of the plastic flow kinetics at the initial stage of
deformation and explanation the nature of the surface sources are
devoted to the study [65-68]. The graph illustrating the influence on
the mechanical properties of the surface on metals is represented in
Figure 1.1.

In work [69] is found that the surface influence causes profound
volumetric regular changes in the crystal. The experiments were
conducted on annealed crystals of sodium chloride. During flushing
crack by water was observed that it is “grows” as it in depth and in
width. For completely flushing was required removing a layer at
10-20 times greater than its depth. As a result of the dissolution
of the surface significantly change the picture shifts in the entire
thickness of the crystal, observed in polarized light. It can be
assumed that the surface influences on the process of plastic flow in
volume. Then, the surface plays a permissive role of the process for
certain mechanisms of deformation.
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Figure 1.1 — Surface influence
on the mechanical properties of the metal

In work [70], a radiographic study of the structural changes in
single crystals of tungsten in their four-point bending deformation
in the process of electropolishing and without it was conducted. It
is found that the flow stress during crystals tungsten at bending
varies depending on the rate of metal removal from a surface. It
was found that the nature of the structure of the surface layers
and in the bulk tungsten crystals deformed by four points
bending during electropolishing and without it, it is differed
(electropolishing contributes to the phenomenon of mechanical
polygonisation in the surface layers of crystals). With increasing
current density i.e. with increasing metal removal rate was
observed the increase the yield point of tungsten and 50%
compared with the deformation without polishing.

The first attempt to obtain separate quantitative information
on the characteristics of the plastic flow of surface and inner
layers in a number of crystals was the work of Kramer [71-73].
By removing the surface layer of the sample during deformation,
Kramer found the extent increasing and decreasing in the slope
of curves of the first and second stages of strain hardening. The
termination of removing the surface layer increases the coefficient
of strain hardening to values observed during deformation without
removing it. This is due to the increased a dislocations density
in the surface layer, hindering the dislocation occurring during
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deformation in the crystal. It is shown that the formation of such
a layer does not depend on the presence of the oxide pellicle and
the peculiar metals with different types of crystal lattice. It is also
established the influence of the surface layer on the activation
energy of plastic deformation of metals with face-centered cubic
and their activation volume [4]. In work [7] it was found that
by removing the surface layer by electropolishing samples of
aluminum single crystals flow stress was decreased with repeated
loading at all stages of deformation.

In work [74] put forward a point of view according to which
the surface layer is characterized by a high density of surface
dislocation sources, strength and barrier role in the first stage of
strain hardening. It is also noted that, given the trend toward
relaxation of the dislocation structure near the free surface, the
second stage of strain hardening the surface layer has a lower
dislocation density and the dislocation cells larger than the inner
layers of the deformed metal. Direct measurement of dislocation
density near the surface and in the volume of materials with
face-centered cubic it was found that after the deformation in the
surface layers of the dislocation density is higher than inside the
crystal. It is also established the presence of the dislocation density
gradient from the surface into the crystal.

A detailed examination of the physical regulations of
microplastic deformation of the surface layers of solids is given by
V. P. Alekhine [75-81]. The complexity and diversity of the influence
of the surface layer on the nature of the deformation of materials
is largely determined by the interaction of the surface with the
volume. It was in the course of this interaction is the formation of
a surface layer with special properties and further its influence on
the general character of the deformation. In work [82], on basis
of the various structural methods analyzes the character of the
distribution of dislocations wrought by the cross section of the
samples studied the impact of surface micro deformations features
totaling kinetics of strain hardening. Also the basic physical reasons
and factors responsible for the anomaly micro deformations near
the free surface were reviewed. It is shown, for example, that the
development of the effect of Haasen — Kelly responsible the events
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in the surface layer, as a result of the relaxation of redistribution
and more rigid fixing dislocations in the surface layer in the
process of unloading and the actual barrier effect. There is also
notes a mechanism for undersaturated crystal openings during the
unloading of the sample, by which they are “absorbed” from the free
surface and cause the climb of dislocations [78].

The specific surface energy of the interface metal-environment
can be changed due to the adsorption of surfactant components
from the gas phase. Electrically charged metal surface changes the
surface energy y in accordance with the thermodynamic relation

dy/de=-q, (1.1)

where ¢ - potential, g — the surface charge density.

The impact of electric charging surface of lead in the electrolyte
solution is considered in work [83]. Also, in Rebinders works, it
was found that the speed of creep is independent of the sign of
the charge. The possible impact of the environment on the process
of deformation can be explained by the contribution of grain
boundary sliding in the deformation. This is due to segregation
at grain boundaries impurities diffusing from the environment,
as well as the formation of oxide and adsorption pellicles. Grain
boundary sliding is the result of slip dislocations in the grain
boundaries, and the sliding speed is determined by the non-
conservative movement of the edge components. The latter process
is controlled by the speed of diffusion of point defects supplying
the thresholds on the lines of dislocations.

1.3 The dislocations on the surface

Experimental facts suggest that the dislocations are formed on
the surface of crystals, in places where there aren’t irregularities
in the scale absolution of not only light, but electron microscopes.
For the formation of dislocations on the crystal surface in terms of
the atomic geometry of the latter structure, there are auspicious
opportunities due to the presence of monatomic steps, located along
the densely packed crystallographic directions. In the work [84]
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it was shown that the presence on the surface of crystal ledge with
a radius of curvature of the edges of the atomic size (regardless of
the height of the ledge) creates, by means of the surface forces, the
local concentration of shear stresses about the theoretical strength.
While these stresses are concentrated in a very narrow place of the
crystal along the ledge, but in the presence of a suitably oriented slip
planes it will be enough for a shift to a depth of a few interatomic
distances. The gradual decrease in the curvature of the ledge with
its movement into the crystal in the quality of dislocations will lead
to the stress reduction. The formation of dislocations should be
facilitated even more during the replacement of free surface to the
medium with a large shear modulus (for example, in the case of the
metal-oxide interface).

In the work [85] the formation and accumulation growth of
straight dislocations in the flat surface of the crystal are analyzed.
It was shown that in a crystal with a random field of internal
stresses, generated by grown-in dislocations, the intensity of the
dislocations multiplication by surface sources is substantially greater
than by the internal (by times). The average dislocation density in
external stress T is determined by

p(t)=p, + %asds exp(t/t,) + a.d, exp(t/1,), (1.2)

where h is the width around the surface zone, in which top-surface
sources are located; L is the characteristic linear dimension of the
crystal: a,=P; <n, (0)>, a;=2P; <n, (0)>, P,=0,37, P;=0,27 — the probability
of inclusion respectively the surface and internal sources.

If the smooth surface of the polycrystalline sample before
applying the scratch receives the significant deformation, the
process of “healing” that occurs at high temperature, the mark
profile will remain smooth, just as it was in the case of “healing” of
the marks to the amorphous body surface [86]. The mark, inflicted
on the surface of the sample, that has preliminary long-term
annealing, can be hardly healed, but it only changes the profile
in accordance with the grain orientation relatively to the plane
of the section, and on the distorted surfaces the speed of mark
smoothing increases with the degree of distorted surface. The
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surface layer, subjected to the deformation, is a complex of finely-
divided disoriented microcrystals or blocks that have arisen as
a result of polygonization of the near- surface layer. The stability
of the structure of the near-surface layer is proved to a possible
dissociation of individual elements of the structure, i.e. the
presence of a grid of discontinuities, preventing accumulative
recrystallization. In case when a polycrystalline surface was
subjected to grinding and polishing, it’s necessary to distinguish
the surface diffusion, which consists in the atoms replacement on
the surface of the crystal-vacuum boundary and the “near-surface”
diffusion, which occurs in the near-surface layer of a certain
thickness, permeated by a variety of interfaces and dislocation lines.
The coefficient of surface diffusion must be the material constant,
depending only on the temperature, while the coefficient in the
near-surface layer is structurally sensitive, and therefore it depends
on the nature of the surface treatment. The preservation of a smooth
profile in the process of scratches healing on polycrystalline copper
samples can be the result of a small anisotropy of the coefficient of
surface tension and the presence of mutual disoriented elements of
the dispersed structure in the near-surface layer.

1.4 Study of the defect structure of metals
by electron microscopy

A significant number of works are devoted to the study of
the process of the plastic deformation in metals by means of
electron microscopy [87, 88]. It was found that the sliding tracks in
aluminum, copper, silver, nickel, stannum, etc., observed in the light
microscope as separate lines, actually have a complex structure.
They consist of a few fine lines. The structure of the sliding tracks
on the surface of the aluminum alloy was investigated in the
works [87, 89]. It was found that the deformation is localized not
only in the visible sliding tracks, but also between them. The slide on
a pack of atomic planes corresponds to each sliding track. Moreover,
the shift on these planes is distributed irregularly. It was shown
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that the structure of deformed metal surface reflects the process of
deformation in volume.

In the work [90] it was experimentally shown that shift lines at
small degrees of plastic deformation can be detected only with
the full removal of residual stresses from the surface. The study
of the height irregularities on the sample surface of steel 10,
shown in uniaxial tension, showed that the height of steps reaches
0.15 microns. The slip bands on the yield line are relatively far
from each other (about 7 microns), and the entire volume of the
metal between the bands is virtually untouched. It indicates that
here the major deformation is concentrated on the slip bands. With
increasing of deformation degree, the relief accuracy and the height
of the steps increase markedly. The measurement of the micro-
hardness along the line, which crosses the boundary between the
elastic and plastic deformations, showed that the micro-hardness
value increases step-like in the area of plastically deformable metal.
During the deformation on the yield line at the border section of
elastic and plastic deformation in the deformed part of the sample,
if not all, but the vast number of grains join the plastic deformation.
The formation of movable dislocations leads to a hard change of the
elastic properties of the alloy, the linear relationship between stress
and deformation breaks.

In the work [91] the results of direct observation of
electromigration of single dislocations in ultra-pure copper mono-
crystal were presented. The electromigration is carried out directly
in the column of the high-voltage electron microscope JEM-1000.
At a current density above the threshold value of 107 A/cm?, at first
unmovable dislocations started to move generally to the sample
surface. Speed of dislocations movement was about 1 mm/s. Upon
reaching the current threshold, the worst enshrined dislocations,
lying close to the surface, quickly removed. More enshrined
dislocations, which can’t be pushed by the current to the surface,
came on their place from the depth of the sample. In order to
remove these dislocations a new increase in the current was
needed. The influence of directional flow of electrons resulted in
buckling of unmovable dislocations in the direction of the current
electromechanical force.
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1.5 The problem of residual stresses

Mechanical characteristics of metals are determined by
microscopic researches that allow determine parameters such as
hardness limit of plasticity, work hardening coefficient, fatigue limit,
etc. These parameters are directly connected with microstructural
state of the material, determined by the chemical composition,
direction and distribution of the grains, the density of impurity atoms
and dislocations. It is also necessary to bear in mind that mechanical
properties of the surface layer differ from those properties of
a volume, i. e. the definition of physical and mechanical properties
is connected with material volume, overtaken by the measurements.
Microstructural changes in the surface layers often lead to plastic
deformation of these layers. The continuity of the material between
surface and volume causes the residual macro stresses. The latter play
a significant role in the process of deformation as they change the
values of the stresses, experienced by the material near the surface.
Apparently, it is necessary to distinguish the influence of residual
stresses and properly microstructure on physical and mechanical
properties of metals. At various stages of deformation, and also
depending on the loading conditions, variable state parameters of the
material structure have a decisive role.

In case when the plastic deformation due to some reasons is
impossible or impeded, the residual stresses have a significant
impact on the process of destruction. The effect of residual stresses
on the fatigue strength is most full studied [92-94].

The presence of compressive residual stresses in the surface
layer of the detail increases the fatigue strength [95-97], especially
in the places of stresses concentration. It was experimentally
established that compressive residual stresses in the surface layer,
resulting from the hardening treatment, play a significant role in
enhancing the durability of workpieces, working in bending and
twisting [98]. It was noticed, that the residual stresses are largely
reduced in the surface layers, which by their physical nature, are
less robust. With the increase of the amplitude of the diagram cycle
the residual stresses are considerably changed, especially in the
surface layers [99].
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1.6 Macro- and microroughness of a surface

The surface of a solid body is wavy and rough. The roughest
metal surfaces have roughness’s of 0.05-0.1 micron high. The
roughest metal surfaces which are found in mechanical engineering
have ledges of 100-200 micron high which usually settle down
on some wavy surface. The step of this wave changes within
1,000-10,000 micron and its height, respectively from several to
40 microns. Interfaced metal surfaces always have separate small
spots of the contact, and owing to a waviness these spots of the
contact are located in certain areas. The number of contacts depends
both on loading and on a roughness of surfaces. The pressure on
contacts is distributed depending on their configuration [100].
Besides, structural changes occur owing to physical and chemical
interaction with environment. For example, as a result of
“Rehbinder’s effect” and diffusive saturation of elements from the
environment and from a counter body, during the process of the
chemical interaction with the atmosphere.

A process of friction is determined by periodically repeating
local loadings. A material destruction in the conditions of cyclic
contact interactions is generally defined by fatigue processes [101-
103]. Therefore, studying of characteristics of a surface layer and
mechanisms of surface hardening has the defining value in this
case too. The technology factors which influence distribution,
the size and residual stresses (RS) sign, at the same time influence
a surface profile. Special boundary conditions on a surface lead
to high-quality change of all near-surface layer condition. Really,
at the very surface RS create the forces operating strictly parallel
to tangents to a surface to the planes, but with a material depth,
according to Saint-Venant’s principle the influence of a surface form
has to decrease. Thereby presence of a stressed state in a sample
with not ideally smooth surface inevitably entails heterogeneity
of this stressed state. As the relief is a set of incidentally and (or)
periodically located hollows and ledges the stressed state on
a metal surface is non-uniform along the surface. Ledges in
relation to the average operating tension are unloaded, hollows
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serve as concentrators of tension according to the theory of
elasticity [104, 105].

Thus, in the course of receiving and processing of a product
a certain microgeometry and stress-deformed condition of
a surface layer material are formed. Herewith geometrical and
physical-mechanical characteristics are interconnected in many
respects. The main way of the processing of metal details is direct
mechanical impact on a surface. Operation of details is also followed
by mechanical loading of of the surface layer material. Therefore,
researches of physical mechanical properties of surface layer of
details for the purpose of processing optimization and receiving
a layer of material with the set properties are actual.

The superficial gradient of dislocations density created at an
initial stage of deformation serves as a barrier to the dislocations
leaving a volume on a free surface of a crystal [82]. Three main cases
of such barrier influence are distinguished:

1. The barrier effect of an atomically clean surface is caused
by that the dislocations surface outgoing should have an additional
energy spent for work connected with the increasing of the
general superficial energy of a crystal during of a step formation
of nb height, where n - is a number of dislocations in a congestion,
b - Burger’s vector.

2. The barrier effect of the real surface covered with oxides and
other firm membranes and coverings.

3. The barrier effect connected with a formation of some
density gradient of dislocations at a surface and arising owing to
realization of the facilitated deformation conditions.

Really these three effects are imposed at each other. In ordinary
cases of macroscopic samples deformation, the effect 3 is the most
essential. To come to a free surface of a crystal, the dislocation has
to form a step of b height [111]. For this purpose, it is necessary to
spend additional energy

W=yb, (1.3)
length unit of a dislocation, where y - is a superficial energy.
To dislocation could come to a surface, its energy has to be higher
than this value. Sliding strips in a cross-section form steps on
a sample surface. Height of a step is equal to, at least, a constant
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lattice, in this case the step is a trace of the elementary act of plastic
deformation. However, lines of sliding from several hundred high
to many thousands of a constant lattice are observed most often.
It is possible to accept that the average width of the line of sliding
has an order of 100, and step height — 1,000 constants of a lattice.
This height, obviously, depends on a corner between the directions
of sliding in the active (already operating) sliding plane and the
observed surface of metal. In aluminum distances between strips
of sliding reach 1-2 micron, and between lines of elementary
structure — about 30 nanometers. Height of the last ones reaches
2-5 nanometers [106].

In recent years nuclear steps on a surface of a solid body were
intensively studied both experimentally, and theoretically, and at
experimental studying emphasis generally was on the equipment
resolution increasing. So, by means of reflective electronic
microscopy in Bragg’s position, the contrast formed by the
superficial steps having height of one atom was researched [107].
For supervision of mononuclear steps on a surface with sensitivity
of 0.01 nanometers in work [108] the method of reflective electronic
holography was used. Results of the surface topography research
Au and Pt were researched by means of the scanning electronic
microscope, are presented in the work [109]. In the survey
work [110] it is noted that among the methods allowing nuclear
steps (NS) studying on a surface, methods of the translucent
electronic microscopy (TEM), diffraction of low energies
electrons (DLEE), scanning tunnel microscopy (STM), dispersion of
He atoms, dispersion of X-rays have special value. By means of these
methods the existence the NS on a material surface is registered,
their form, density and distribution on a surface are studied.

In the series of theoretical works [111-114] power aspects
of a problem and also interaction between steps of various
configuration are in detail considered. The interaction between
mononuclear steps investigated in the work [115] showed that the
attraction between them is caused by the relaxation of superficial
tensions and at distances R=3-5 constant lattices fall down as r=.
The superficial steps configuration and kinetics of their migration is
also considered in the work [116]. In the work [117] by means of the
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modified model of dot ions step profiles for eight fcc and bcc crystals
surfaces are predicted. Existence of step structures with various
degree of an atomic roughness is established, the tendency to the
step edge smoothing is noted. The data provided in work will be
agreed well with the results of experiments on aluminum and iron.

In work [118] elastic fields on a surface with periodic steps in
the form of not isosceles triangle, which one side is a step, and
another is a terrace were investigated. Elastic near-surface fields
are connected with a deficiency of electrons on the surface. If
the surface has a step, then atoms migrate from step edges deep
into a surface that leads to its relaxation. In the considered model
of elastic medium with a periodic lattice of linear forces with
the period equal to the period of steps, it appeared that fields of
deformations and tension quickly fade deep into a surface as Yxe?,
where Y is rated distance from the surface, and superficial energy is
defined, mainly, by energy of tops and terraces.

The sub microroughness characterizes a thin structure of
a real surface and has submicronic scale, having impact on
formation of a so-called physical relief. Its emergence is connected
with the internal structure of solid bodies and crystallographic
imperfections which is tensely deformed by a condition of thin
surface layers and an influence of a working environment
in a contact zone when processing. Owing to heterogeneity
of material structure, the equilibrium condition of a surface
determined by a minimum of its free energy usually can’t be
combined with its initial smoothness, as causes one of reasons for
crystal surfaces rejection from ideal and emergence of a natural
roughness. It significantly surpasses an atomic roughness in scale.
The sub microroughness shows as occasional arrangement of
crystallographic surfaces, surfaces of grains, insular membrane
of the oxide and adsorptive nature, formed at impact on a surface
by streams and particles. It can also appear that the reduction of
a surface will be exactly that process which generally will provide
the reduction of free superficial energy. This tendency is shown in
processes of surface defects smoothing [89].

The research is devoted to a question of influence of a polishing
class at a size of a true metal surface. It was established that
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roughnesses of a profile within 0.01-2 microns cause increase
in a geometrical surface no more than for 3%. Experiments on
adsorbed ions quantity measurement on metals show that the true
surface of metals, irrespective of a type of polishing, is 2.5 times
bigger than the geometrical. Authors [119] draw a conclusion
that difference of a geometrical surface of metals from the true
is caused by the roughness’s lying outside the most high-class
processing of metals.

The work is devoted to clarification of extent of machining
influence at a size of a true surface [120]. The surfaces of samples
of Mg, Al, steel St-3, St-45, bronze and cast iron received when
turning and planning, milling and grinding to various classes of
purity were studied. Roughness’s of a surface were presented in the
form of the separate tetrahedral pyramids adjoining one another.
A height of these pyramids is defined by a processing class. The
measured surface represents the size of side surfaces of pyramids,
and geometrical is the sum of the areas of the bases. Change of
a roughness of 0.1-2.5 microns and distinction in ways of processing
don’t influence the size of the measured area. The method of
sedimentation of ions also confirms an independence of a true
surface of a metal’s roughness degree.

1.7 Development of defective structure near a clean surface

A number of theoretical works [121-123] is devoted to the
analysis of different aspects of power interaction of dislocations
with a surface of a crystal and to influence of forces of the image on
the movement of dislocations in near-surface layers. Influence of
a surface is shown also in features of elastic interaction of spot and
linear defects with a free surface of a crystal. Spot and linear defects
near a surface are affected by the field of distortions caused by the
relaxation phenomenon. The conclusion is drawn that impurity of
implementation and interstitial atoms are attracted to a surface, and
vacancies are taken away in depth of metal.

Formation of vacancies is followed by reorganization of a grid
around it. Such reorganization has generally electronic character.
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In metals electrons of conductivity get in vacancy due to “tunnel”
effect. As a result, effective surface energy of vacancy decreases and
distributed more evenly on defect volume. Surface tension causes
vacancy compression.

The dislocation which has appeared under the influence of image
forces about a surface for continuation of sliding has to increase
the vector of Burger’s, that is energy. And it causes emergence of
force interfering a dislocation exit to a surface. This effect amplifies
“spreading” of a kernel of dislocation near a surface. Apparently
it needs to be considered at research of processes of adsorption
and absorption, influence of external environment on mechanical
properties of crystals. When studying interaction of dislocations
with a free surface use a method of images [124]. Dislocation is
attracted to a free surface with a force

F=—pb® /4nl, (1.4)

where p — the shift module; b — Burger’s vector; [ — distance from
dislocation to a surface.

Existence of a layer of oxide on a surface interferes with an exit
from metal of the dislocations which are formed at deformation. It is
considered that the free surface of a crystal is the most preferable
area of heterogeneous origin of dislocations [125, 126].

The ready easily operating sources of dislocations the surface of
a crystal can have oxide films, scratches and cracks, upper cuts of
a sample, a particle of allocations, surface micro ledges and steps
of a chip, an etching pit, area of the appendix of the concentrated
electric field, prints from the indenter, etc. The surface of a crystal
can also works as a source of dislocations. The specific role of
a surface in reproduction of dislocations is also that it, being
a powerful source and a drain of vacancies, intensifies recrawling
processes. It in turn leads to formation of surface sources at which
activation there is both a sliding and recrawling of the dislocation
line. The most widespread scheme of heterogeneous origin of
dislocations this education them near surface steps.

Steps of different signs A and B turn at crystal stretching
into dislocations in different systems of sliding 1 and 11. The
mononuclear step on a surface is capable to form not only single
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dislocation, but also under certain conditions can work as a source
of a set of dislocations on two systems of sliding.
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Figure 1.2 — Scheme of heterogeneous origin of dislocations

Reorganization of dislocation structure in the course of
deformation of metals is often carried out is heterogeneous.
In work [127] periodic changes of dislocation structure at
deformation of aluminum in the conditions of active loading are
investigated. Change of a form and width of diffraction lines (200)
and (400) was accepted to criterion of existence of reorganizations
in structure of material. Periodic changes of dispersion of elastic
deformation are found, and the number of fluctuations of dispersion
before destruction of material is continuous for this material. For
an explanation of results of experiment the model based on effect
of rotational instability of ensemble of dislocations is offered.
It is supposed that each material maintains quite certain number of
fluctuations of defective structure corresponding to number of the
possible active rotational systems which are carrying out a dynamic
relaxation before destruction.

In work [128] the stationary solution of the kinetic equations
for density of dislocations near an exterior surface of the deformed
semi-infinite crystal is received. The microscopic mechanisms
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which are the cornerstone of interaction of atoms or molecules of
external environment with mechanically activated surface of crystal
materials still still are up to the end not clear. The explanation
of influence of the environment on mechanical properties is
possible on the basis of the phenomenon of the dislocation
dynamic diffusion (DDD) — penetration of atoms or molecules of the
environment into a surface layer of a crystal on moving dislocations.
Local change of density of dislocations in a surface layer depending
on depth of their bedding is unambiguously connected with
influence of external environment. And depending on type of the
environment in which the crystal is deformed the surface layer
either is strengthened, or hardening and softening.

Density of screw dislocations near a surface of the crystal
deformed in vacuum decreases at approach to a surface. This
results from the fact that forces of the image increase the speed of
dislocations to a surface. Falling of density of screw dislocations
near a surface of the crystal deformed in vacuum is connected with
simultaneous influence of two factors: reproduction of dislocations
in volume of a crystal and an attraction of dislocations to its surface
at the expense of image forces. Influence of external environment on
screw dislocations leads to disappearance of regional effect. It has
a talk interaction of the negative dislocations moving from volume
with atoms of impurity of external environment which get into the
near-surface layer at the expense of DDD which has passed at earlier
stage of deformation. Force aims to enlarge the images the speed
of dislocations and by that to reduce their density near a surface.
Atoms of impurity slow down dislocations and increase their density.

1.8 Influence of the adsorbed substances on the surface
on the mechanical properties of metals

I's known about an effect of adsorption strain relief when
the adsorption agent, reducing the surface energy of a rigid body,
contributes to the emergence of flow shears and development of
defects variety in the surface layer under the application mechanical

31



Physical and mechanical laws of metals structure formation
in the processes of treatment and deformation

loading. The effect of surface-active agents (surfactants) on the
deformation of a number of metals was studied in the work [129].
The dependence of the adsorption effect from the orientation of
the acting sliding elements was found for single crystals of tin and
zinc, expressed in the fact that the reproducible values of the effect
are obtained only for the samples with the same orientation of
slip planes to the axis of the single crystal. It is also observed that
the concentration of the surfactant, which is corresponding to
the maximum effect of single crystals, is the same as that for the
polycrystals of tin, lead, copper, and corresponds to the equilibrium
saturation concentration of the adsorbed layer. The increasing of
surface hardening of polycrystalline metals (zinc and copper) with
periodic deformation is found out. It’s a running with roller or
ball in adsorption-active medium (increasing of microhardness).
The effect of the surfactant depends on the deformation rate and
has maximum. The value of the adsorption effect is determined
with deformation mode and can be observed in certain, although
quite wide range of deformation rates. The boundary of this area
depends on temperature. The adsorption effect increases with
increasing heterogeneity of the stress state (with decreasing in the
ratio of the stretched crystal to its diameter). Adsorbed substances
under the influence of an already hardened crystal can reduce
hardening coefficient during further deformation to a value nearly
corresponding to non-hardened metal. Surfactant affects mainly
grains situated in the surface layer while adsorbing on the outer
surface of the metal. The higher the fineness of grains, the metal
is the less susceptible to the effects of surfactant during creep.
“Adsorption fatigue” both at very small and very large (10,000 min)
frequencies stops operating practically and is the maximum in the
range 1,500-3,000 min.

Plasticizing effect is the most common effect of action in surface-
active media, and it is always a case of metals deformation in any
surface-active medium. The essence of the positive impact of the
surface layers plasticizing of metals at the initial moment of the
cyclic deformation is to remove local normal stress arising at the
head of dislocations accumulation at the surface of the metal,
which can be a significant barrier for moving dislocations under
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ordinary conditions [130]. In the work [131] there is an attempt to
evaluate the impact of air, vacuum (133 MPa and 1.33 MPa) on the
principle of change long-term strength and structure of the nickel
alloy 911868 in the range (700...900) °C. The material was studied in
a position of supply (hardening from 1,150 °C with delay of 1 hour).
The specimens with working part size of 1x3x9 mm?® were tested
and manufactured by stamping from a sheet of 1 mm thick, followed
by filing and polishing of the surface. The phase composition of
the alloy after treatment in various media was determined using
DRON-3 in copper Kgradiation (30 KV, 15 mA). The value of the
nickel lattice parameter was determined from the integrated
intensity of the line (111). It was found that the influence of the
environment on the alloy at a temperature of 700 °C is significant on
base of 10® minutes - test or more. During the interaction of EI868
(Ukraine) nickel alloy with a medium containing oxygen in the range
(700...900) °C oxides of chromium and molybdenum are formed,
isolated as separate particles along the grain boundaries (133 MPa),
or in the form of a continuous film (in the air). This continuous
film has a strengthening effect on the alloy. When the temperature
changes from 700 °C to 800 °C strengthening effect of the oxide film
is weakened due to the formation of less dense oxide Cr,0,. The alloy
without any precipitates (1.33 MPa) has the greatest deformation
capacity at the same temperature and failure stress value and alloy
with oxide precipitates along the grain boundaries (133 MPa) has
lowest deformation capacity.

Using of unsymmetrical X-ray reflection lets to analyze the
surface layers of metal with thickness comparable with the set one.
In the work [132] radiography was made through direct sliding
beam of alloys AZIO (Ukraine) and AMu6 (Ukraine) in different
environments in the air, in a vacuum (102 Pa), vacuum grease and
films coated with TiN of different thicknesses. During the study
a reversible change in the interplanar distances in the surface layer
thickness of 15-20 microns was found. It occurs during pumping
and puffing in the chamber with sample of air. In the samples
coated with a surface lubricant, the interplanar distance value
in comparison with pure samples in the air changed even more
significantly than in a vacuum. It was also found that the durability
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of the samples the more increases under vacuum, the smaller the
amplitude of the load. Whereas samples durability with surface
lubrication is significantly reduced and the change in air pressure
(in contrast to the objects with a clean surface) has no effect
on it. The nature of the durability changes after coating depends
on the layer thickness — its growth to the critical value thickness
(<1 micron) goes into decline at supercritical thicknesses. The
authors of [133] believe that the fatigue durability is determined
by the adsorption-desorption mechanism of the environment
influence. In the work [134] WF change during adsorption was
calculated using the formula

£
S

where x, is the distance from the nucleus of an adatom to the
metal surface; ¢ is the degree of filling of the adsorbate lattice
under consideration; S is the area of the unit cell of the lattice;
q is the charge of the adatom.

Also, the authors analyze the dependence of WF on the degree of
the surface coverage by adatoms. An approximate dependence has
the form

A = —4nx,e’ —q,, (1.5)

Ap = -0,230"3, eV . (1.6)

1.9 Dependence of work function from the crystal structure
of the surface

Consider the question about the bond of the electrons work
function with the electronic structure of metals. The work function
of electrons, as one of the fundamental solid’s characteristics
correlated with the atomic volume, compressibility factor, the
crystal lattice energy, surface tension, atomic radius [135]. This
shows that electrons work function reflects to some extent the
power of the interatomic bond. Physical constants by which WF is
expressed, determined by spatial directions of the not paired d- and
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p-electrons, and extreme values of these characteristics correspond
to the density extreme values of the not paired electrons in the
outer d- and p-levels. The nature of WF reduce with the appearance
defects in the crystal structure due to the plastic deformation
has been investigated in the works of L. Andreev and Palige,
V. S. Kortow, R. I. Mintz et all. Even the early work suggests that the
WF change is due to the advent as on the metal surface and as in
volume during the deformation of a significant defects number
of the crystal structure, leading to local dilatation of the crystal
lattice. Dilated phenomena in lattice leads to a change the average
by volume sizes of the unit cell and to significant local changes of
the unit cell parameters. These changes, in turn, are the cause of
changes in the distribution of the electron states density due to
the Fermi energy level of bias. The Fermi energy increase causes
a WF decrease. The integral effect of these defects occurs at the
Fermi level when structure crystal defects is appeared in the metal
volume, which leads to uniform WF reduction for the entire metal
surface (retaining crystallographic anisotropy). This decrease is the
backdrop for local WF reduction in the immediate vicinity of the
formed defects on the surface and in the subsurface. V. S. Kortov
informs [136] about the discovery the greatest WF decrease in
alloys with low stacking fault energy. Experiments were performed
on a polycrystalline zinc of commercial purity after annealing in
a furnace with an inert atmosphere at 160 °C. Metallographic studies
showed that such samples the twinning is the most main mechanism
of deformation in tension at a rate of 1.0-2.5 mm/min. doubles
formation occurred in an avalanche that was fixed by voltage jump,
corresponding to the instantaneous disordering of the sample
material. Power jumps were accompanied by a sharp WF decrease.
Another mechanism of the WF change on the deformed metal
surface is considered in work [137]. It is assumed that the non-
uniformity of plastic deformation may be the cause between
neighboring areas of the crystal lattice, spaced at the distance about
10 angstroms, contact potential difference is to 0.1-0.4 V. This will
lead to the emergence of the electric field density of about 10° V/cm.
The WF surface distribution of the germanium and silicon
samples was investigated in work [138]. It was assumed that the

35



Physical and mechanical laws of metals structure formation
in the processes of treatment and deformation

grain boundaries consist of clusters of edge dislocations and due
to the existence of dislocations in dangling bonds, they must act as
acceptors. And the minima on WF curve distribution were observed
only after three hours of the samples processing in a vacuum >10-¢
torr at 700 °C. Yield slip planes on the surface was determined by
a chemical etching in the solutions in 30% HF + 70% HNO; for n — Ge;
40% HF + 30% HNO; + 30% CH;COOH for the p - Si.

The author assumes that all the broken bonds of dislocations are
found near the surface. Therefore, the region near the dislocation is
positively charged. The positive surface charge and negative charge
of the dislocation changes dipole moment on the surface and as
a result WF decreases. Changes are possible in the power states of
the oxide layer. The linear WF increase was noticed from the middle
to the sample’s edges, which could be explained by the distribution
gradient of impurities and dislocations caused by the heat treatment.

One way to measure WF changes is the determination of the
energetic position of the onset of the secondary electron energy
distribution. The WF measurements ionic sputtering (Ar) of the set-
multilayer surface Ni — Cr was noticed in the work [139]. Authors
obtain periodic relief of the WF changes according to the thickness
of sputtered Ni or Cr layer. Has been shown that the sensitivity of
the WF changes with depth not less than 30 angstroms. Based on
these data one can assume that the WF formation is determined by
subsurface layer with thickness of <30 angstroms.

The influence of mechanical stress on the contact potential
difference of several metals Al, Cu, Au, steel, brass was investigated
by Kelvin method in the work [140]. It is shown that the load
application leads to displacement of the surface charge in a positive
direction. The comparison electrode was made of brass, the
vibrating electrode oscillation frequency was 150 Hz. The stresses
applied to the samples were limited to a few percent of the elastic
yield limit. Before the measurements the samples were washed in
alcohol. Loading and unloading of samples was carried out in the
range of 65.5-131 kg/cm? using a press through a lead gasket.

In the work [141] WF measurements were carried out depending
on number of atomic steps on the surfaces (111) for Pt and Au, and
also on the surface (110) for W. In all cases there was a WF linear
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decrease with increasing density of the atomic steps, and also it has
been revealed that WF depend on the orientation of the stairs. The
authors suggested that the observed WF change is due to surface
electric dipoles. Samples of Pt and Au were prepared by MRC
monocrystal 6 mm in diameter (zone melting). Cylindrical spark
samples were prepared by cutting. Samples with different density of
atomic steps were prepared in different crystallographic directions.

Ni Co Ni Cr Ni

o, 3B

Figure 1.3 - Periodic relief of changes in WF depending
on the thickness of the deposited film

S [m(lll)x(lli )] (111) S[m(111)x(100)]

(110)

/

Figure 1.4 — Samples with different density of atomic steps
in different crystallographic directions

And the radius of the cylindrical surface is approximately 20 mm.
Samples were annealed to remove carbon in an oxygen atmosphere
at 5.10 Pa, 900 °C for Pt and 700 °C for Au during 10 hours. Surface
cleaning was carried out by ion bombardment of Ar. Local surface
WF changes were obtained from the corresponding changes in the
low-energy secondary electrons boundaries. It is shown that the
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density of monatomic steps depends on the cut angle of the single
crystal relative to considered crystal plane.

Since the terraces divided by monoatomic steps, the terraces
width decreases with the increase of the slope cut angle and the
density steps is increased accordingly. It has been shown that
the density of atomic steps ranges from zero to 3.5x10° cm™.
Terrace considered as dangling atomic planes, like an analog of
dislocations to the surface. In the case where the polycrystal
deformation is explored you must keep in mind the deformation
of the individual single-crystal grains and grain boundaries form.
One of the main results of is that a different WF dependence
on the density of steps for different metals and different
crystallographic orientations of the same metal (changing the
angle of inclination of the graph).

Another important result is the discovery of a WF linear
dependence on the density of atomic steps. To change the WF on the
unit length you can obtain by:

A =300 x10"4mu, 1.7

where n is a number of steps to 1 cm; p is a dipole moment of 1 cm
(Debye).

It is known that the redistribution of charge at the metal-medium
caused by adsorption depends essentially on the orientation of
the metallic edges. In [142, 143] the framework of the microscopic
approach a quantitative assessment of the impact of adsorption from
the gas phase on the orientation dependence of the surface energy
and the electron work function are carried out.

It is shown that the adsorbate leads to a noticeable anisotropy
smoothing of the surface energy and a change in the orientation
dependence of WF. The most dramatic change of the surface energy
and WF in the presence of the adsorbate appear on loose edges.
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1.10 Change in work function during tensile test in vacuum

Regularity of WF change by plastic deformation of metals studied
in [144, 145]. The value of these investigations consists in carrying out
of the contact potential difference measurements during the deformation
of metals at ultrahigh vacuum (10-'° millimeters of mercury).

The study was exposed to molybdenum and tantalum filament.
Before a tap device was subjected to a long workout at 400...450 °C
in a vacuum 10°5-10% millimeters of mercury, the samples were
outgassed by direct current heating or electron bombardment.
During the tapping the sample was in the heated state.

In the process of producing ultra-vacuum the sample was
periodically heated by electric current to 2,100...2,200 °C. It was
found that the sample was heated to 2,200 °C in the first hours of
the pumping after the tap led to the loss of vacuum in the 1-1.5 and
about one-temporarily observed decrease WF to 1,000 mV. After
stopping the heating of the sample WF is increased, asymptotically
approaching some constant value for 1 hour. As the pump and
increase the number of periodic vacuum annealing, and reduce the
effects of WF changes were reduced to nothing.

The authors suggest that the observed phenomenon is due to
the adsorption and absorption of residual gases. Tensile tests have
shown that under the deformation 3-5% WF decrease is occurred
on 15-20 mV.

The work [146] is devoted to study the intensity of emission and
exoemission from deformation of the commercially pure metals Cu
and Al. On the samples after annealing exoemission measurement
and WF were performed at the same time under tension of the
samples in a vacuum 2x10° millimeters of mercury or better.
Art. community nature of the process is indicated at a strain rate
of 2.5 mm/min: the growth of emission current corresponds to
a WF decrease. After deformation the curves are extreme points
and there is a reverse process: the emission current decreases and
WF increases. Extreme points for Cu are shifted relative to the end
of the deformation in the direction of the big times and have no Al
Moreover, deformation and relaxation times measured value is
several minutes.
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1.11 Work function of electrons depending
on the surface processing

Considerable experimental material about metal deformation
influence on WF is presented in the work [136]. In the work [147]
WF measurements on samples of pure aluminum (99.999%),
titanium, and tungsten are done. Measurements were made from
surface of pre-deformed samples in air, and places in the vacuum
camera. Measurements results are evidence of WF increasing in pre-
deformed samples. Heating influence on WF changing of aluminum
samples is discussed in the work [148]. After aluminum deformation
in vacuum samples were heated to 400 °C. WF increased up to
270 °C and then decreased, but more slowly. The sample before
deformation was annealed in vacuum on 450 °C. WF spreading on
certain surfaces areas was studied. It was shown that the degree
of heterogeneity is maximal when sample deformation in vacuum
and it decreases when annealing. Air deformation reduces the
degree of heterogeneity because of oxidation of deformed surface.
Complicated WF changing when heating in a range from 20 to 450 °C
of copper monocrystal is discussed in [16]. Sample surface under
consideration had misalignment [110] no more than 7°. Deformation
was made by rolling in the direction [112]. It was developed
that in a range from 40°C to 120 °C WF is increasing, reaches
maximum, then decreases dramatically and reached minimum
when 180...250 °C. With temperature increase, WF is increasing
slowly too. When reheating described kinetics is less expressed.
Slight decrease of WF goes after low temperature maximum, its
value than stabilizes on the same level. With deformation decrease
parametric characteristics of the curve of WF thermal dependence —
starting value when room temperature and minimal value. Both
parameters decrease with deformation growth. It was also shown
that for copper monocrystals deformed on 37% a thermal interval
of process connected with structural rebuilding is 180...200 °C. Thus,
WF changing while annealing of deformed copper monocrystals
considerably depends on structural transformations. It’s possible
that on first stages of recrystallization characterized by initiation
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of grain boundaries and increasing of their mobility, WF decreases,
and as recrystallization is finishing, it increasing. The first WF
growth while heating is apparently connected with desorption
processes, water desorption, in general.

1.12 A surface in the field of elastic deformations

Heterogeneity of distribution of tension with elastic anisotropy
in materials creates premises for effects of origin of destructions.
In pilot studies of elastic properties of metals, it must be kept in
mind that Hooke’s law is only the first approach at the description
of physical properties of real materials at an initial stage of their
loading. Actually deviations from Hooke’s law which are found
in property of imperfect elasticity [190] take place. Properties of
imperfect elasticity are shown in a number of the phenomena
arising when loading crystalline solids to an elasticity limit. These
phenomena are manifestation of a relaxation which decides by
a deviation from internal balance when loading a body on final
speed. One of manifestations of imperfect elasticity is the elastic
after-effect of metals which is shown over time in additional
deformation of a body under the influence of tension.

Residual (irreversible) deformations of solids are found at
very small tension in the field of the deformations 10 which
are traditionally referred in literature to elastic [149]. Inelastic
deformations are shown in this area at all types of the solids (mono-
and polycrystals of flexible and fragile materials, amorphous solids)
which are strongly differing by the nature and physic mechanical
properties. These deformations can be referred to a special
type of inelastic deformations - quasimicroplastic, and effect of
quasimicroplasticity — to fundamental property of solids.

Research of WF change in the field of elastic deformation of
metals devoted not so much work. In work [150] described an
experiment in which was found a small radial potential difference
in the rapidly rotating rotor made of titanium, aluminum and
stainless steel in air at a pressure of between 133.3x10* and
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133.3x10°% Pa. The cross-shaped rotor has a diameter of 15 cm and
2 cm in thickness. Width of bands was 2 cm. It was found that the
electric potential at a point on the surface of the rotor with the
radius remains constant for a long time at constant rotor speed and
temperature. If the rotor speed is increased, the electric potential
at the periphery becomes positive compared to the area close to
the axis. After returning to the original speed, it was restored such
as the corresponding speed of the surface potential. Radial volume
potential was approximately proportional to the square of the speed
of the rotor. In some experiments with the plastic deformation of
the rotor was observed the change of the potential at the direction
positive change. To analyze this experiment in terms of changes in
the work function of electrons is difficult. First of all, it is causing
some confusion circuit potential measurements shown in Figure 1.5.

C1 c2

o

o1 Pz

Figure 1.5 — Scheme of measurement potentials on a rotating rotor

Capacitor C2 fixed the change in potential from the end of the
working part of the rotor, i.e. which operated from the surface
with compressive stress. Secondly the authors [151] do not discuss
and probably do not take into account changes in value of the
clearance between the plates of the capacitor C2 at rotation of the
rotor. If still trust the experimental data of, the observed potential
shift in a positive direction indicates the WF decrease in the action of
compressive stresses on the surface of the metal.

The ability to use the changes of electric potential for the
registration of deformation of metals is considered in [152]. The
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authors measured the potential difference between the uniaxially
stretchable sample of aluminum D16AT (20x8x150 mm?) and the
copper probe (diameter — 20 mm, height — 5 mm). The thickness
of the dielectric laying equal to 0.02 mm. In Figure 1.6 shows
a diagram of the experiment and received data. Registration
begins immediately after the loading of sample, as voltmeter
readings fell within a few minutes. It was found that with
increasing tensile stress the potential of the sample is increasing
(area of the elastic deformation). It was noted that the evidences
are fixed for a few minutes. Apparently, the latter due to the
existence of the contact potential difference between the sample
and the standard.

For relaxation of the electron subsystem of the metal must be
a certain time to equalize the chemical potential. In the considered
experimental system Figure 1.6, a sample from aluminum to
copper on attitude positively charged. Therefore, when calibrating
the author filed in the sample received a negative potential and
a linear dependence of the potential of the sample from the probe
potential. Then in a test specimen in tension it has been found that
the mechanical stress applied analogously occurrence of a negative
charge on the sample. Thus, we can conclude that the tensile stress
in the elastic region of deformation lead to a shift in the negative
potential of the sample area or increase WF. The measurements
were performed using an electrometer voltmeter VK2-16. It was
found that the registration of the results immediately after loading
the sample and in a few minutes later, giving different potential
values. If the unloading of the sample was carried out after the
establishment of indications of the voltmeter, the probe potential
is much more positive. This experiment suggests that the potential
of the sample increases with increasing tensile stress. Since the
negative probe potential is obvious that with increasing tensile
stress, the sample becomes more and more positively charged.
Apparently, this indicates the occurrence of plastic deformation in
the metal surface layer.

In work [139] studied the intensity of EEE, micro hardness and
intensity of infrared radiation from the elastic stresses during
deformation alloys VT-9 and 30HGSNL. A linear dependence of
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these parameters on the elastic stress. Also, there was an increase in
tension and WF decrease in compression.

The review [153] is devoted to the study of the formation of
a potential gradient on the surface of metals under the action of
a self-weight on the metal.

First calculations performed Schiff and Barnhill shown that
in a metal pipe by its own weight occurs electrostatic field equal
mg/e. Moreover, it is directed down to the ground surface. It is
known that in a metal the electrons occupy all the energy levels
up to the Fermi energy. The deformation of the metal changes the
value Fermi energy, if there is a deformation gradient, there is
a gradient of the Fermi energy. The electrons flow from a region of
higher to lower energy Fermi. A consequence of this process is the
formation of an electric field which reduces the electron current
generated by the deformation compensates the effect of the gradient.
In [154] reviewed a possible mechanism for the change in the Fermi
energy by deformation.

It uses the simplest model in which the metal is a degenerate
electron gas in a uniform field of positive charge. Since the relative
change in volume during deformation is equal

av._ _dn (1.8)
V n
the derivative of the Fermi energy of deformation is equal to
du 2
=-p. 1.
av v~ 3" (1.9)

There is n — electron concentration. In general, the Fermi energy
changes by changing the crystal field in the deformation. If we
denote by uy the strain tensor, then the derivative

oo

= 1.10
i (1.10)

in absolute value of the order of the Fermi energy, A, — deformation
potential, averaged over the Fermi surface.

In conditions of thermodynamic equilibrium throughout the
metal has to be constant, the electrochemical potential of electrons
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equal to the sum of the chemical potential and the potential energy
in the electric and gravitational fields

W(r) - eq,(r) — mgr = const . 1.11)
Screen
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Figure 1.6 — Scheme of the experiment and the results
of measurements
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Here ¢ - the potential of a macroscopic electric field within the
metal. From the equilibrium condition it follows that the field inside
the metal is equal to

1

E, =—grado, = %(mg - gradyp) . (1.12)

Direct the OZ axis opposite compressive force of gravity, then the
field produced by the same strain

JLdw _Tmong (1.13)
e dz e 07

In the elastic isotropic metal in the gravity field

ou, pg ou, _ ou,, __G
oz Ey oz oz  Ey P& (1.14)
where p - density; E, - Young’s modulus; ¢ — Poisson’s ratio.

Let’s move on to finding the electric field outside the metal.
Let the potential of the electric field is outside the metal. The
difference ¢,—®; — equal to the potential jump on the surface of the
double layer. This potential jump can be changed by adsorption of
molecules, changing the filling of surface electronic states.

If the density of the double layer was constant, the change in the
work function AW would be equal to the change of the Fermi energy
with opposite sign. In general

AW =-Ap—eAop, — ;). (1.15)

In a state of thermodynamic equilibrium along the metal surface
must be constant and the work function of the amount of the
negative of the potential energy of the electron:

W +eq,(r) + mgr = const . (1.16)

Then the field without metal is equal to

E—'e = _grad(pe = E.,.lgradW . (1.17)
e e

To assess the field grad W/e metal is necessary to know how the
deformation at the surface dipole moment. It is known that the
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contact fields near the interfaces between the various bodies close
to the edges of the crystals whose faces have different WF, typically
compensated fields of adsorbed ions, the redistribution of electrons
in the surface states.

By dynamic capacitor is measured by the work function of metals
and alloys at a uniform tension and compression. In all cases, the
elastic range WF reduced compressive and tensile growing by about
(10-%-10%) eV per kg/cm?. This means that WF change of the same
order as the change in the Fermi energy in the volume of metal.

In work [155] studied the effect of the deformation curve at WF
(the method of Anderson), the Si (111) doped with Al. It is shown
that the application of mechanical stress to 310°® Pa causes an
increase WF 0.52 eV, and after unloading WF remains at 0.12 eV
higher than in the initial state. The change in the interplanar spacing
at the surface reaches 2%.

The author of work [156] argues that the character of the WF
on the degree of deformation for all metals is the same: there is
a slight increase in the WF in the elastic region, and then there is
a rapid decrease in WF at a stage of strong hardening, and when
approaching a stage of dynamic recovery rate of change of WF
decreases.

As a result of experimental studies of the effect of uniaxial
stretching of metals and alloys WF in work [157], it was found
that the strain variation WF near the elastic deformation region is
positive and negative in the plastic. Effect of elastic stress appears to
change the Fermi energy, and as a consequence of a change in WF.
Lowering the electrochemical potential due to dilatation of the
sample leads to the growth of WF. Interestingly, the growth of WF
was also observed in the process of martensitic transformations that
occur with a change in volume. The magnitude of growth WF near
the elastic deformation region varies between 1-5 mV.
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1.13 Changing work function of electrons during the contact
action on a material of the surface layer

Processes of metal details producing and processing are
considerably connected with a surface layer influence on a material.
That is why contact action of metals and alloys laws studying is of
both science and practical interest.

A factual form of the hard phase subsurface field depends on the
real crystal structure defined by lattice defects. In its turn, defect
structure of conjugate crystal lattices while friction depends on
surface energy value on the phase division border. Energy changes
that occur simultaneously with pressure of electron gases on the
metals division border from each side can be valued. It is said in the
work that in the metal with smaller chemical potential, the effect of
surface layer plasticizing should be expressed stronger.

The character of surface contact interaction is connected with
their energetic state. A force field of metals spreads over the surface
on the distance less than 1 mkm and can be fully pictured by the
boundary lubricant layer. It is important to take into account a kish
effect. Screening electromagnetic fields beamed by solid bodies,
oxide films reduce the noncontact adhesion and have a lubrication
function in such a way. Compering with forces of small action radius
on real contact areas, noncontact adhesion forces are long-distance
and characterize condensed phases attraction on the surface areas
belonged to difference of nominal and factual contact surfaces.
The same oxides can turn out to be semiconductors with the
bigger number of surface conditions. Besides, they can be of such
a type that the film contact adhesion with a metal (or film) will be
complicated enough.

In the metal with smaller WF, surface layer plasticization is
exercised easiest. Surface energy decrease results in dislocation
mobility increase that causes plastic flow acceleration in the
surface layer. It is discovered that a sample material is protected
from fretting corrosion if it contacts with a material that has more
negative electric potential than it has.

Electrostatic condition of contact zone areas is continuously
changing (while friction). Surfaces, free energy of which increased
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as a result of interaction, will wish returning to the state of the
biggest passivity. Both, friction factors and relation between them
depend on how quickly friction mechanical activation can be taken
off and what the character of physical-chemical processes run
during this. The formula used for estimating the surface energy is

(04
® T 1885x R X107 (119
where z — number of free electrons per atom, R — atomic radius,
angstrom. WF is defined on the base of contact potential
difference (CPD) measurements relative to the metal-sample.

It was found that surface conditioning of a set of metals (brass,
aluminum, steel) with flint paper and friction with no lubrication
lead to evanescence of WF. WF restoration comes in 10-15 days.
In boundary lubrication conditions while friction (friction stripe)
in process of time WF increases and overtops the base value before
the friction test. It is possible to explain such an effect of WF growth
by formation in condition of friction with lubrication the surface
strongly active to environment. Due to lubrication more regular
plastic deformation (covers more surface atoms) and the oxidation
process suitable to the new surface condition occur. In this case,
density of oxidized atoms increases.

The contact interaction mechanism is considerably defined
by presence of crystal lattice defects [158]. For seizure films on
surfaces of the frictional metals should be damaged by plastic flow,
and juvenile surfaces formed should be brought together on the
distance of interatomic forces action. Under outer load in the contact
zone dislocation centers occur necessarily, and intensive increase
of vacancy concentration and embedded atoms happens. In active
centers zones by the vacancy mechanism, diffusion between contact
metals with metal connections forming is realized. In this case, the
completion of electron levels of atoms of seized metals in energy
profitable correlation.

The work [159] is devoted to studying of physical-chemical facts
in the micro- surface layer of metals. The least surface wear of
details in contact with liquid lubrication between them is obtained
if linked materials have small transmission of nonlocalized electrons
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from one element to another, and have big static weight of atoms
with stable configurations. If two details have metallic contact,
the least surface wear should be obtained by forming “electron
lubrication” between details in contact because of using materials
with enhanced donor strength (the layer of repelling electrons).

1.14 Electron work function dependence on a deformation speed

The measurements, made on different extension rates:
6.3; 2.5; 1.01 mm/min show that increasing of the deformation
rate goes with a great rate of WF changing. Authors make
a conclusion about the defining influence of structural
changes in the surface layer of the malformed metal on the
WF quantity, because numerous experiments are indicative
of WF interconnection with the degree and character of the
deformation made on different conditions, including an ultra-
high vacuum [160]. The blocks and grains borders, micro cracks,
dislocations and other defects contain the definite charges. It
is known that a charge presence changes the surface tension
and significantly influence on mechanical properties [161, 162].
A charge cluster should define the connection of cloud of dirt
with dislocation, diffusion on short circuit lines, processes of
nucleation during new phase crystallization, and influence on
an adsorption process. Simple calculation of WF dimensional
dependence [163] leads to the formula

AD = ——, (1.19)

where o - surface tension; r — radius of a sphere with a similar ratio
of surface and volume increment (a=2r, a — a cube edge); p — density
of electrons. Using a formula for surface energy like this

214
o= ?27;?” P4/9; (b= (%)1/3’ (1.20)

we can get
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2
s = -7 _0.3), (1.21)
r A

where A - the relation of a lattice period to the radius of the first Bohr
orbit. WF measurement subject to deformation of monocrystalline
molybdic fibers with a 1 mm/min speed and vacuum (5-2)x103®
millimeters of mercury show that a plastic deformation cause
decreasing of WF samples. The authors [164] note that analogical
WF dependence on the deformation also happen in a low vacuum
(10-10-5) millimeters of mercury, and for oxidized samples. It is
important that aside of a vacuum, WF changing value corresponded
to the definite achieved deformation maintains constant for two and
more hours after the deformation is done. It is noted that in addition
to a dimensional effect of WF changing, films properties changing,
influence of surface imperfection on a surface potential jump value,
caused by smearing of electrons wave function out of a metal, and
changing the conditions of gas molecules adsorption connected with
surface micro cracks and an asperities appearance.

1.15 Changes in the metal structure under the influence
of ultraviolet and X-ray radiation

The work [165] is devoted to the study of the energetic effect on
metals. The effect of the emission of hydrogen or argon tubes was
studied - the vacuum ultraviolet with a flux density of 10'7 cmm?2xs™,
and an energy of about 10 eV. When metal is radiated with vacuum
ultraviolet, defects appearing in a thin surface oxide layer on
subthreshold mechanism can penetrate even at room temperature
at a sufficiently great depth, causing a change in the metal structure
of submicron and micron thick. Similarly, during the growth of
the oxide film on the metal surface subtraction loops are formed
in its volume, growing at the expense of vacancies coming from
the section “oxide — metal”. At the initial stage the growth of the
oxide film is accompanied by the formation of the Fresnel pairs.
Own shifted atoms in the electrostatic potential field migrate to the
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surface, and the vacancies along the dislocation lines — inside the
sample, causing a climb of dislocations and forming dislocation
subtraction loops.

In the work [166] for epitaxial film of Al and Ti was discovered
the effect of changes in the lattice parameters and defect structure
under the influence of long-term (250 hours) X-ray radiation of
copper cathode. Tube mode: U=20 kV, I=20 mA, the flux density
of quanta - 10 cm?xc?. The stimulated radiation annealing of
structural defects was observed. The authors suggest that the
decreasing in the period of lattice has vacancy nature. Whereas,
the formation of vacancies occurs in the impurities and dislocation
defects on the mechanism similar to alkali halide crystals.

Assuming that the boundary field strength depends only on the
concentration of chemisorbed particles, and that the structural and
electrostatic members virtually don’t change, we obtain for the
WF difference on the free and occupied by a chemisorbed particle
surface

T (R)
A¢ =0, — =k—ln%—aE, (1.22)
e n
after substitution we obtain
(o)
Ap = _@((rz )’ +2an). (1.23)

The corresponding formula for the p-type oxide can be obtained
by assuming that the number of electrons removed from the surface
of the oxide, are equivalent to the formation of holes on the surface

2me (n@)* 1
e n% Vv

V is chemisorbed volume. WF must grow, if the electron is
transferred to the chemisorbed gas during the chemisorption.
In case of n-type adsorbent, increasing of WF is described by
a quadratic and in the case of p-type adsorbent — by complex
linear-logarithmic dependence on the surface concentration of the
chemisorbed gas.

A(P _ 4TE€ n(o) 1 [
€

1, (1.24)
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2 WORK FUNCTION
FOR THE DEFORMED METALS

2.1 Work function for fatigue tested metals

For metals two subsystems are known to be typical. One of them
is the ionic lattice and the other consists of the gas of free electrons.
The first subsystem is considered to be relatively massive and
slow and the second one is regarded as light and fast. Interactions
between these two subsystems under an effect of plastic strain are of
great interest.

The work function of metals is defined as a difference between
the electron barrier height on the metal-vacuum interface and
the Fermi energy. Thus, WF is related to properties of the electron
gas. Stresses applied to materials have an effect on ionic lattice.
Interaction between the electronic and ionic subsystems of metals
results in a change of WF [167-169]. In previous works it was
discovered that WF actually depends upon plastic strain as well as
upon cyclic stresses [170-173].

Fatigue of materials is known to be a very dangerous type of
fracture. Any methods which allow to forecast the fatigue cracks
formation are important. On the other hand, the plastic deformation
events are known to precede the fatigue fracture.

Our aim was to investigate the effect of the fatigue tests on the
work function of metals. This paper describes data of nondestructive
measurements as a study of processes which had been developed
before the fatigue crack origination.

Materials under investigation were aluminum and two heat-
resistant iron-based steels. The first steel denoted as A contained
(weight %) 0.15 C; 16.0 Cr; 2.0 Ni; 1.5 Mo; 0.7 W; 0.3 Nb; 0.2 V; 0.03 N.
Composition of steel B was 0.15 C; 15.8 Cr; 2.1 Ni; 1.0 Mo; 0.07 N.

The work function was measured by Kelvin dynamic capacitor
method [174]. As it is known the surface of specimen and an
oscillating electrode form the capacitor of alternating voltage.
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Investigator should compensate the signal of unbalance. The
voltage of compensation is equal to the contact voltage difference
between the specimen and material of the standard electrode. As
the WF of the standard material is known the WF of the specimen
can be calculated proceed from this data. In our work this method
was improved and automated. Details of improvement will be
reported elsewhere.

Fig. 2.1 represents the functional scheme of the experimental
set-up. It includes a portable piezoelectrical source of mechanical
vibrations BQ1 and set of measuring equipment. A computer D1
is used for the process control and for the data work-up. The
specimen 2 was fastened in a cantilever geometry and was
subjected to the forced mechanical oscillations. Flat specimens
shaped as single shovel with narrow working part were used. The
examined surface formed the capacitor with the electrode 3. It
was made as a golden probe whose diameter was equal to 1.4 mm.
The amplitude of oscillations of the specimen was measured with
the aid of microscope 1. An equipotential electrical screen 8 was
used to decrease stray capacitance. The specimen was placed
between dialectical plates 7. At the desk 9 of the mechanical
vibration source 9 a clamp 5 was fastened. The specimen 2 was
fixed with a bolt 6. Fatigue tests were carried out by means of the
piezoelectrical source of mechanical oscillations BQ1. The amplitude
of the desk was regulated with amplifier G2.

The frequency of oscillations of the standard electrode 3
was set by generator G1 and was controlled by the frequency
measure device. The signal of decompensation passed through the
amplifier A4, which switched the electrometer A4.1, the synchronous
detector U3, the integrator A4.2 and the analog-digital converter U4.
The analog-digital converter U4 was controlled by the personal
computer and formed the signal of compensation.

Flat specimens of 3.0x11.5x101.0 mm® dimensions with
a selected working part were used. The test frequency was equal to
5,881 rad/s for Al and 2,338 rad/s for steels.

The WF was measured between bending cycles, i.e. before,
during and after fatigue tests. No less than 15 specimens of steels
and 10 specimens of Al were tested. The measurements were made
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along 6 longitudinal lines, which were parallel to the specimen
axis. The experimental points were located every other 1 mm. Thus
40 measurement points were situated at the distance of 40 mm on
the working part of the specimen. Three measurements per position
were performed. The average result was used. The fluctuations,
which were caused with accidental errors, were less than 5 meV.
The WF curves as the plot of distance as well as the plot of the
cycle number were repeatable. The variation of the WF before the
fatigue testing was no more than 5 meV. The accuracy of the WF
measurement was +2.0 meV.

In a number of cases an ultraviolet radiation of specimens was
applied in order to avoid gas adsorption. A source of radiation EL1
(Fig. 2.1) was used. We have investigated preliminary an
influence of surface irradiation upon the adsorption — desorption
equilibrium [175, 176]. It was shown that the ultraviolet rays
seem to create more high energetic surface levels and the effect
of adsorption on WF measuring decreases. Oxidation and gas
adsorption have an influence on the WF quantity. However, it
is necessary to take into account that our measurements were
relative. We mean that the measurements of the WF difference
were performed before fatigue and after fatigue. There are all the
grounds to be convinced that the observed changes of WF were
due to effects of deformations and owing to structure alternations.
According to our experience a varying state of oxidation can
only move curves of WF along OY as a whole. A difference in WF
because of strain was the same.

Specimens after fatigue tests were investigated with X-ray
method. The K; - radiation from tube with Co-cathode was used.
Harmonic analysis of the X-ray reflections was applied [177].
Reflexes of (200) and (400) for Al were recorded and dependences
of intensity I1(20) were obtained (26 is Bragg’s angle). An annealed
specimen was used as a standard. Every curve was divided in
50 intervals and was expanded into Fourier series. Coefficients of
Fourier were calculated. The internal stresses € and the sub grain
dimensions D of materials under investigation were measured.
Proceed from these data the dislocation density p was calculated in
conformity with equation [178]
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p=4xn’xe/bn, 2.1)

where b is Burger’s vector; n is number of dislocations in pile-up;
n~100 was assumed.

During the fatigue tests visible changes of the surface potential
relief came about. The work function was found to decrease at the
very place of the specimen where the crack would be formed, long
before its origination. For example, WF started falling only in 5-10%
of the common service life of Al specimens.

In Fig. 2.2 the typical increment of WF on surface of the heat-
resistant steel A is plotted against the number of cycles. The
decrease of WF occurs directly above the future crack. Obviously
the observed falling of WF reflects some structural changes of the
specimen during stress cycling, especially nearby the surface.

In early stages of fatigue tests the increment of WF was found
to have cyclic variations with N (Fig. 2.3), as if it was reversible.
Intervals in tests were done between measurements at every point.
One can see that every subsequent maximum of WF is some less
than the former one. There are grounds to suppose that up to
certain time defects accumulation in crystal lattice and relaxation
change each other.

The typical WF distribution on the steel B surface is shown in
Fig. 2.4. WF decreased at the same areas where applied stresses
were larger. The cross-section of the specimen is minimal at the
point of 17 mm. A localization of deformation processes is obvious at
the distance of 16-27 mm from the left.

The method of WF measurements was shown to have prognosis
possibilities as to fatigue cracks origination. This method can be
applied to study the fatigue phenomena.

The results that have been obtained make it possible to assume
the existence of two stages of structural changes in fatigue-tested
metals:

1. Stage of reversible structural alternations when WF at a given
point of specimen decreases and increases periodically.

2. Stage of irreversible changes in the surface layer when WF
decreases monotonically owing to generation of charged steps.
Quantity of A® depends upon material under investigation.
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If a metal specimen is subjected to alternating stresses the
generation of dislocations is known to occur. There is a threshold
stress for this process to begin

T, =u, xbxnxp, /(2xm), (2.2)

where 7, is the shear modulus; b is Burgers’ vector; n is the number
of dislocations in the pile-up; p, is an initial dislocation density.

Dislocations, which have been generated, move along the
intersected slip planes. Generation of dislocations nearby surface,
as well as their breaking through results in emergence of steps on
the surface. These steps are known to have dipole moments [179].
Negative charges are accumulated between surface atoms. Dipoles
contribution tends to decrease the work function.

The rate of dislocation multiplication is known to be
equal to [180]

dp

—/ =08 x V s 2.3

dr px (2.3)
where p is the dislocation density; V is the dislocation velocity and o
is the coefficient of proportionality (i. e. the factor of the dislocation
multiplication). The authors developed following equation for the
dislocation density increment during fatigue tests:

U, +b xt, ) % b’ xt, xsin(wxt
ln%:SxVOexp[—WJxIexp[ kxT( )det,(2.4)

1,

s0

where V; is a pre-exponential multiplier; U, is the activation energy
for dislocation motion; 7, xsin(wx?) is alternating stress; t,, and t
are the start and the final times of the dislocation motion within the
half-cycle accordingly; k is Bolzman constant; T is temperature.
Equation (2.4) was solved numerically. The dislocation density
in a surface layer was calculated for every cycle. Initial dislocation
density in Al was equal to p,=3.75x107 cm™. The rate of the dislocation
multiplication was chosen to be equal to dp/dN=37.5 cm?xcycle™.
Criteria for choice of these figures were experimental data [181] and
the agreement between our experimental and calculated data of p(IV).
If these values were available there was no need to know constants o,
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V, and U, The following reasonable values of other constants
were chosen (Al): 7,=2.70x10* MPa; b=2.86x10"° m; t,=82 MPa;
w=5.88x10%rad/s; T=300 °K.

The results of calculations of dislocation density in Al are shown
in Fig. 2.5. The fit between experimental points and calculated
curve is satisfactory on condition that parameters given above were
assumed. The increase in dislocation density was found to be in
agreement with the decrease of WF.

The increment of WF due to increase of the step density is
given by,

AD =-Axuxn, (2.5)

where @ in eV; A is constant which is equal to 3.77x107* eV xcm?/D;
u is the dipole momentum divided by interatomic distance in D/cm;
n is the step density in cm™.

From (2.5) we can obtain

d®/dN = —Axpxdn/dN . (2.6)

On the other hand, the breaking through dislocations to surface
causes the origination of steps. Equation of conservation of the
crystal lattice defects can be written as

\/BxLxdetzdnxﬁxL, 2.7)

where L is size of the crystal; Vdt is the mean free path of
dislocations to surface; p is the mobile dislocation density, cm?;
dn is the increment of the steps density, cm™; /4 is a mean height
of steps. Thus, the rate of steps formation is related to dislocation
density and to velocity of their motion

dn/dt =\Jo xV [h . (2.8)

As dt=2mxdN/w, substituting formula (2.8) into equation (2.6) we
can obtain

d<I)/dN:—2><n><Axuxpr/(me). (2.9)

For aluminum value of d®/dN=-1.67x10" eV/cycle from graphs
was estimated. Now we can evaluate some quantities proceeding
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from experimental data. However, we should make a certain
reasonable supposition because some values are unknown.

u=exbf(hx3.34x107") = 4.79x10° D/cm. Assume that

h~b. Then according to (2.8) velocity of dislocations equals to
4.04x107° cm/s. Now from (2.2) we can determine the factor of the
dislocation multiplication §=2.48x10* cm. From (2.7) we obtain
dn/dt=86.5 stepsxcmxs. E.g. it makes for N=2x105 cycles total
1.85x105 steps/cm. It coordinates with quantities that have been
obtained by direct microscopic method. K. Besocke, B. Krahl-Urban
and H. Wagner for Au and Pt single crystals have evaluated of
(2+4)x10° steps/cm and corresponding drop of WF of order 300 meV.

D1
,;3(’ U1 CPU |y loe—

Figure 2.1 - Experimental set-up for the work function
measurements during fatigue tests:
1 — microscope; 2 — specimen; 3 — electrode; 4 — screen; 5 — clamp;
6 — bolt; 7 — dielectrical plates; 8 — equipotencial screen;
9 — support of the source of mechanical vibrations

Thus, WF measurements enable of order - of magnitude
evaluation of physical values. The work function of aluminum and

heat-resistant steels was measured under the effect of fatigue tests.
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A decrease of the WF occurred long before a crack started to form.
The decrease in WF observed is related to the creation of charged
steps on the metal surface because of dislocations breaking through.
The method of WF measurement was shown to have prognosis
possibilities as to the fatigue cracks origination.
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Figure 2.2 - Work function versus number of cycles
for the heat-resistant steel A:
1-4 - four different points at the area of the future crack
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Figure 2.3 — The effect of fatigue tests
upon the work function for steel B
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Figure 2.4 - Distribution of WF over the surface of steel B

1 mm

during testing: 1 - N=0; 2 - N=28x105; 3 - N=85x105;
4 - N=97x10° cycles

Figure 2.5 — The effect of fatigue
tests upon the WF

and the dislocation density in Al:

1 - the WF versus N/N,,
where N, is the number of cycles
till fracture;

2 — computed curve of the
dislocation density
according to the equation (2);

» — experimental data of
X-ray measurements p(N/N)),
T,,=52 MPa; w=5,881 rad/s;
T,,=535 MPa; w=2,338 rad/s
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In insertion is shown scheme of lines, along which the WF
measurements were carried out. The largest stresses correspond to
distance of 17 mm from the left.

2.2 Work function for the real metal surface

Work function of metals has been studied experimentally under
various conditions of strained state [182, 183]. It was found out that
elastic strain increases WF up to several meV. WF of the plastic
deformed metals decreases by tens and hundreds meV.

In paper [184] a stabilized jellium model within the self-
consistent Kohn-Sham calculation method is considered;
stabilization energy and consequently work function, surface energy
etc. as function of electron density and deformation are derived.
However, a physical model, which would be able to explain changes
of WF for surfaces with crystals defects, has not been worked out as
yet. Calculations of WF for real metal surfaces based on quantum
mechanics are too complicated.

The authors [185, 186] have proposed a method of WF
calculations for a non-ideal surface. This method is based on the
semi-empirical theory of the neutral orbital electro-negativity (NOE).
The general idea is that work function can be represented as the
orbital electro-negativity localized close to atom on the surface. The
surface constituent of WF is changed with strain considerably as
the surface potential changes abruptly. In their turn these changes
depend upon the surface microgeometry and upon the coordination
of atoms on it. The determination of the surface atomic coordination
has become possible due to the last achievements in the scanning
tunnel microscopy [187, 188].

The ground for the work was the fact that till today there is no
calculation scheme for determining WF of real metallic surfaces. The
quantum mechanics methods solve the problems for metal surfaces
with regular structure [189, 190] and with indirect deformation
consideration [191]. The proposed scheme of calculation does
not worse other semiempirical methods [192]. At the same time, it
has some advantages. Due to the experimental data of scanning

62



SECTION 2
Work function for the deformed metals

tunneling electron microscopy, information about nanometric
geometry of surface at metal’s deformation can be obtained [193],
and it is possible to calculate WF of any surface unit in the
accordance with the known atom distribution over the surface.

Aim of this work is to develop method of WF calculation for the
strained real metal surface. Connection between work function and
atomic electro-negativity taking into consideration formation of
surface defects is used in this work.

The numbers of disrupted interatomic bonds with the nearest
and with the distant neighbours, i, j, respectively, are used for
the characteristic of the surface imperfection. Dependence of WF
on i and j may be expressed as [185]

_i)na +(I/nn _j)nb +1
r

a

+1.57 eV, (2.10)

v,
®, = x, =0.98

where x; is the orbital electro-negativity of an external atom on
the surface; V, and V,, are numbers of the nearest and the next
neighbors of atoms in volume, respectively; these numbers are
dependent upon the type of crystal lattice; (V,—-i) and (V,,—j) are
the numbers of bonds of the external atom with the nearest and
the next neighbors; n, and n, are the numbers of electrons taking
part in bond of the surface atom with the nearest and the distant
neighbors, referred to one atom; r,, A., is the atomic radius of the
element according to Pauling. The formula (2.10) is semiempirical;
the detailed substantiation of the constants is in article [186].

Formula (2.10) well describes the experimental data on work
function of monocrystal planes of metals. Calculations of WF of
some metals were executed on the basis of the theory of neutral
orbital electro-negativity. The results of these calculations are in
accord with the experimental data.

It is shown on the fig. 2.6, constructed on the basis of the data
taken from the work [194]. WF of the non-ideal surface of metal
can be considered as the average value of electro-negativity of
external atoms of metal. On close-packed monocrystal metal surface
all external atoms are identical, therefore their total contribution
is identical too in any point outside the surface. Close to non-ideal
surface or inside of a part covered with adsorbed particles surface
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the total contribution of external atoms is spatially dependent.
Close to such surface gradient of potential takes place. In model
of NOE the following assumption is used: superficial atoms of
metal keep to some extent individual character. Wave functions,
describing the state of electrons on the surface, are approximated
in immediate proximity from superficial atom by wave function
of isolated atom. Hence, on a surface there are some atom orbitals
or their combinations. Such representation takes into account
asymmetry of an environment of atoms and corresponds to the
certain superficial atom of metal. Using of the idea gives a possibility
to interpret electronic emission as transition of an electron from
the located electronic configuration of metal atom to the free state
and to consider neutral orbital electro-negativity equal to WF as the
activation energy. For non-ideal surface WF is the average value:

=Y S5, (2.11)

where S;is the fraction of surface that is occupied with the spot of @;.

In works [187, 188] it has been shown, that deformation processes
on a surface are determined by formation and evolution of nano
defects. These are nanometric defects having the form of prisms of
various sizes which sides are formed due to dislocations output to
the surface over the planes of easy sliding. Formation of dislocation
steps on surfaces changes the electrostatic superficial barrier and
accordingly work function.

Dislocations output to the surface of metal under stress, and nano
defects of the first rank are formed on it (the length of sides of nano
defects of the first rank makes ~80 nanometers for copper, they
are formed at emission of ~300 dislocations by clasters of sources
of the first rank). Concentration of nano defects of the first rank
grows until it reaches thermodynamically optimum value when
the entropy of nanodefects and atoms of the crystal lattice has the
maximal value. Then one part of these nano defects resolves, and
the other part forms ensemble of nano defects of the second rank.
Concentration of nano defects of the second rank grows, reaches
about 5% and then one part of them resolves and the other part
transforms into nano defects of the third rank, etc. The influence of
load on the sample results in rising of new portions of nano defects
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of the first rank and then transformation of the part of them into
nano defects of the second rank, then the nano defects of the first
rank are accumulated again and the process cyclically repeats. It
is experimentally established, that the nanodefects on the surface
of the loaded copper form four ensembles, and the energy of their
formation in each of the next ensembles is 3 times less, and the size
is 3 times larger, than in the previous [188].

Formation of nano defects is directly connected with the value of
plastic deformation of the sample. Each nano defect is characterized
by its geometrical size. At constant speed of deformation, the number
of dislocations outputted to the surface, which formed a certain nano
defect, is calculated. Plastic deformation of sample is determined by
the area of projections of all the nano defects on a free surface of the
sample. And, knowing the Kkinetics of formation and development
of nano defect structure according to tunnel scanning microscopy,
it is possible to determine size of deformation with the increment of
the area of the free surface of the sample. Formation of new sites of
free surface determines deformation, and difference in coordination
of atoms of these surfaces influences the change of WF of the free
surface. The method of NOE allows calculating changes of WF caused
by change of coordination of an atom on surface of deformed metal
owing to evolution of nano defect ensembles.

The average value of @ is calculated as follows. The arrangement
of atoms on free surface of metal is computed at any moment of
deformation. The strain is determined as the function of the free
surface increment. WF is calculated at the change of the surface
atomic order.

Distances between the nearest and the next neighbors, R, and R,,
respectively, are changed as the result of elastic deformation. These
values exert the influence on the quantities of n, and n,.

WF is calculated at plastic strain for each i and j in addition to
elastic deformation. Calculations are performed for different crystal
planes of copper and aluminum single crystals.

For face-centered cubic lattice in [100] direction

\/2+82+28—208+0282 1-ve

+ 5
3 HEN)
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Ry(s) = 2a(1 - ve) +a(l +s)’ 2.13)
3
where a is the lattice parameter; v is the Poisson coefficient; € is the
strain.
The number of electrons that bind the surface atom with the
nearest neighbors is given by

1%
Ri(e) — Ry(e)) "
0.26

The number of electrons connecting the surface atom with the
next neighbors can be expressed as

n,(e) = (2.14)

Vi + Vi x exp(

Rl (8) - RZ (8))
0.26 ’

Elastic deformation of metal electrodes results in a change of
potential on their surface. Let’s assume that the double electric layer
on the metal surface is the layer of dipoles. Then the elastic strain
leads to redistribution of electrical charge. Electrostatic surface
barrier and work function change accordingly. Taking into account
the correction due to the charge, redistribution formula (2.11)
should be rewritten as follows:

n,(e) = n,(e) x exp( (2.15)

—D)xn, +(V,, —j)xn +1+1'57)X(1+M),(2,16)

r. 8(0)

a

@, = (098 L

Here

p+R(e)/2

d(e) = 1 x (arctg —arctg
T

%(8)/2), 2.17)

where A is thickness of the double electric layer; p is effective
length [185].

Let’s assume the reasonable quantities of A=0.05 nm, p=0.05 nm.
Varying the values of i, j we can calculate the work function in
conformity with equation [188] for different crystal planes.

Time-dependent oscillation of nano defects concentration (in
accordance with the experimental data received in work [188] was
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included into the program of calculations. Relation of the frequency
of the first rank defects formation to the velocities of the relative
deformation was approximately 3.6 for all the three considered
velocities of deformation. It was observed that WF fall under
plastic deformation is mainly defined by forming of surface 