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Molecular dynamics simulation of 
mechanical behaviour 

E. D. S H C H U K I N ,  V. S. Y U S H C H E N K O  
The Institute of Physical Chemistry, Academy of Sciences of the USSR, Moscow, 
Leninski Prospekt 3t, USSR 

A molecular dynamics (MD) simulation of strain and failure of a crystal, the effect of 
environment on these processes, the interaction between the adsorption-active atoms and 
the environment walls, the effect of stress on mobility of interstitial admixtures, the 
formation and the failure of a contact between two crystals has been performed using a 
two-dimensional system consisting of Lennard-Jones atoms. The basic features of strain 
observed by means of MD included generation and motion of dislocations, various 
mechanisms of shear and brittle-to-ductile transition at low temperature. Environment- 
sensitive mechanical behaviour has been studied for the first time on an atomic scale. It 
is shown that rapid local processes whose unit act takes about 10-a0 sec and involves 
several tens or a few hundred atoms may provide for environment-induced embrittlement. 
The features common to these microscopic processes are (1) pronounced interaction 
between the foreign atoms and the atoms of the solid, i.e. a sharp decrease in the surface 
energy of the solid in contact with the environment, and (2) direct participation of 
thermal fluctuations in the failure and rearrangement of interatomic bonds. By inter- 
acting with the crack walls, the environment atoms create a force compatible with the 
interatomic bond strength, which promotes crack propagation. Tensile stress causes 
appreciable acceleration of diffusion of interstitial admixtures in the direction normal to 
the strain axis and hinders diffusion along the axis. Under constant load the failure of 
interatomic bonds and sintering involve a thermal fluctuation mechanism. 

1. Introduction 
The understanding of the Rehbinder effect requires 
information on the atomic-scale mechanisms of 
adsorption-sensitive mechanical behaviour. In 
solving this problem one faces both experimental 
and theoretical limitations. No experimental 
technique can provide for the direct observation 
of the gradual stepped movement of individual 
atoms (molecules) taking part in the thermal 
motion. Theoretical methods including computer 
calculations, on the other hand, routinely involve 
certain a priori models which essentially simplify 
the actuall processes. 

These limitations may be to a certain extent 
overcome with the help of the molecular dynamics 
(MD) approach, which deals with an ensemble of 
several tens or hundred of atoms (molecules) 

possessing a certain mass and size and arranged in 
a preset initial order. Other parameters of such a 
system include the interaction potential between 
the particles, the kinetic energy ( temperature)of  
the system expressed in terms of the initial random 
distribution of their pulses and the potential of 
interaction between the particles and the environ- 
ment, such as the walls of the "box" containing 
the ensemble. By integrating the Newtonian 
equations of motion of all the particles according 
to a preset program a computer can calculate their 
co-ordinates, pulses and interactions, as well as 
such overall characteristics as the potential and the 
kinetic energies of the system, the work of the 
applied force, etc. These stepped calculations 
make it possible to obtain a unique dynamic pic- 
ture of the process and to observe the behaviour 
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of all the atoms involved, which is the main 
advantage of MD over other combinations of 
experimental and theoretical techniques. 

The technique of molecular dynamics was 
suggested more than two decades ago by Alder 
and Weinwrite [1] and Rahman [2]. Its general 
features, as well as the numerous applications for 
the analysis of many physico-chernical phenomena 
were recently reviewed by Wood and Erpenbeck 
[3] whose otherwise comprehensive paper, unfor- 
tunately, fails to mention a number of Soviet 
works in the field (Yevseev e t  aL [4-6],  Lagar'kov 
and Sergeev [7-9],  Grivtsov Shnol' e t a l .  [10-13] 
etc). The last-named group of:workers was the first 
to undertake a MD study of surface phenomena 
and adsorption. In co-operation with Grivtsov, the 
authors of the present paper used the MD approach 
to investigate the molecular mechanisms of some 
physico-chemical processes on solid surfaces, 
namely wetting and spreading [14, 15], deforma- 
tion and failure of crystals [16, 17] and the effect 
of foreign atoms (environment) on these processes 
[181. 

The present paper is only concerned with the 
mechanical behaviour of materials. The technique 
of computer experiments with two-dimensional 
crystals is described briefly in Section 2. Section 3 
deals with such problems as the molecular-scale 
picture of elastic deformation and plastic flow of 
these crystals, the emergence of defects and crack 
propagation at various temperatures and under 
different conditions of strain. The unit processes 
of environment-assisted failure, i.e. the mechanism 
of adsorption-induced strength reduction (the 
Rehbinder effect) will be discussed in Section 4. 
Interaction of the environment atoms with the 
crack walls will be discussed in Section 5. The 
effect of stress on the diffusion rate and on the 
solubility of interstitial admixtures is considered 
in Section 6 and the long-term strength of an 
individual atomic bond (static fatigue measure- 
ments) is considered in Section 7. Finally, Section 8 
concerns the early stages of crystal sintering, 
which involves the emergence and failure of unit 
phase contacts. 

Within the limits of this brief review the authors 
confined themselves to the description of the most 
important results, particularly the observed atomic- 
scale pictures of the processes. Quantitative 

estimations, though quite possible using the MD 
approach, prove fairly time-consuming in the case 
of non-stationary behaviour. Thus our description 
is primarily qualitative. However, a certain b o d y  
of quantitative information such as the strength of 
a two-dimensional crystal, changes in temperature 
during deformation, the dislocation velocity and 
some other evaluations will be reported below; the 
details may b e found in our earlier papers [ 16-22]. 

2. Experimental procedure 
The investigation involved two-dimensional sys- 
tems, so that the number of particles was limited 
(~200)  and the count time reasonable. The 
results could be easily visualized since the com- 
puter gave the co-ordinates of every atom at 
regular intervals, which was especially valuable 
in the case of the processes involving mutual 
displacement of atoms. Two-dimensional systems, 
of course, differ from three-dimensional ones in 
several ways (for example, consider the instability 
of infinite [23] or even very large [24] two- 
dimensional crystals). Nevertheless, there is con- 
siderable evidence obtained from computer exper- 
iments that two-dimensional systems display many 
basic features of their three-dimensional counter- 
parts. 

The atoms were assumed to interact via the 
Lennard-Jones potential ~0(r) = e[(ro/r)  12 _ 

2 ( ro / r )6]  *. This potential is widely used in MD 
calculations and usually refers to noble gases. It 
was also shown to be valid for the description of 
certain properties of Ti, Be, Mg and other hexa- 
gonal close-packed metals [25]. Since the 
Rehbinder effect is now known to be common to 
virtually all types of solids [26--28] it could be 
expected that the two-dimensional crystals con- 
sisting of Lennard-Jones atoms would also mani- 
fest the principal features of adsorption-induced 
strength reduction. 

In their preset initial positions the atoms 
formed a h c p lattice cell placed in a box (ABCD, 
Fig. 1) whose walls interacted only with the 
nearest layer of atoms via the 9--3 potential. The 
walls parallel to the close-packed atomic layers 
(AB and CD) were mobile and their interaction 
with the atoms was strong enough to prevent the 
separation of the particles from the walls during 
deformation. The second pair of walls was immo- 

*Truncated potentials were used. The truncating radius for atomic interactions was r c = 3 ro, for atom-wall interaction 
r e = 1.3 r o. To improve the conservation of overall energy the potentials were corrected, i.e. the value ~(r)~v(re)  was 
used as the potential. 
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bile and their interaction with atoms was weak. 
They did not allow the atoms to spread over the AB 
and CD walls. In the absence of strain such a sys- 
tem is stable and develops spontaneously from, for 
instance, the state when the close-packed rows are 
parallel to the weakly interacting walls. Deforma- 
tion was accomplished by moving the AB and CD 
walls apart so that the centre of gravity was at rest. 
During the experiments the main events occurred 
in the middle of the box and were thus fairly 
independent of the type and parameters of the 
atom-wall  interaction potentials. 

Both the magnitude and the direction of the 
initial pulses of the atoms were preset at random. 
The distribution of pulse projections on the axes 
(uniform or normal) proved insignificant, since 
the system reached thermal equilibrium rapidly 
enough. The overall kinetic energy corresponded 
to a certain preset value, the velocity of the centre 
of masses was zero. 

All the numerical values in this paper are 
expressed in terms of the interaction potential 
parameters and the mass of the basic component 
(B) atoms, i.e. eBB , ro BB and m~. Thus the ener- 
gies are measured in e units, the distances in r0, the 
times in ro(m/e) 1/2, velocities in (elm) re2, forces in 
e/ro, or, in a more illustrative manner, in unit 
interatomic bond strengths F~ = --(@/dr)max "~ 
2.69 e/ro. For argon, a typical object of MD cal- 
culations, e = 119.8 K = 1.654 x 10-14erg, 
r o = 3 . 8 2 A ,  m = 6.64 x 10-2ag, ro(m/e) ~/~= 
2.42x 10-12sec, (elm) 1/2= 1.58x104cmsec  -1, 
e/ro= 4.33 x 10-Tdynes and F m = 1.165 x 10 -6 
dynes. 

The equations of motion were integrated using 
the method of central differences with the step 
ro(m/e)l/2/64. The total energy of the system 
minus the work performed by the applied force 
was constant to within 0.3%. The calculations 
were carried out using M-222 and BESM-6 com- 
puters employing an assembly program. 

3, Deformation of a single-component 
crystal 

The system used to study the general picture of 
strain and failure of a two-dimensional microcrys- 
tal is shown in Fig. 1. In this series of experiments 
the central cavity served as a mere stress concen- 
trator, wlfile otherwise it contained atoms of a 
foreign component (see Section 4). The system 
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Figure I The initial positions of  the  atoms.  The rectangle 
in the centre corresponds to the  accuracy o f  the a tomic 
co-ordinates. 

was deformed by moving the AB and CD walls 
apart at a constant speed; the changes brought 
about by strain were observed in the pictures by 
the positions of the particles. Also measured were 
the potential energy, the kinetic energy and the 
forces applied to the box walls. The experiments 
were characterized by variables such as the strain 
rate [from 0.03 to 0.3 (e/m) u2 ], the initial kinetic 
energy, the temperature (leT from 0 to 0.2 e) and 
the distribution of inital atomic velocities. The 
observation time was long enough for the system 
to accomplish a unit act of strain and failure 
(depending on the strain rate, from 10 to 
lOOro(m/e) 1/2, which in the case of argon corre- 
sponds to 2.4 to 24 x 10-11 sec). 

Slow deformation involves regular changes in 
the force applied to the mobile walls (Fig. 2). 
The early linear stage refers to elastic deformation 
(Stage I in Fig. 2). The Young's modulus calculated 
from these data and from the geometry of the 
crystal is equal to ~ 80 er g, just slightly less than 
the theoretical prediction [29, 30] (because of the 
relatively rnajor strain and non-zero temperature) 
and is in agreement with the experimental results 
for solid argon [31 ]. 

As structural defects appear and accumulate 
in the lattice, deformation is no longer linear 
(Stage II in Fig. 2). The initial stage of this process 
consists of the bending of the atomic rows, parti- 

* In the discussions o f  s ingle-component systems the BB superscripts were omit ted for the sake of  simplicity. In two- 
componen t  systems the second componen t  (the adsorption-active environment)  is denoted by A. 
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Figure 2 The force applied to the mobile walls (1) and the 
kinetic energy (temperature) of the system (2) plotted 
against the deformation. The displacement velocity of the 
walls is 0.03 X ( e l m )  '/~ . 

cularly those tilted at 30 ~ to the strain axis. As 
the tensile force reaches its maximum, other 
defects appear, primarily dislocations (e.g. AB 
line in Fig. 3). For a certain period of time after 
appearing at the surface of the cavity a dislocation 
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Figure 3 Formation of a dislocation (above) and brittle 
cracking (below) during deformation. The results of 
experiments at high and low temperatures respectively. 
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is moving in the close-packed atomic row ("slip 
plane"). Since the geometry of the system does 
not permit the dislocation to emerge on an immo- 
bile (weakly interacting) wall, the non-conservative 
movement and generation of vacancies is observed. 
The vacancies usually emerge on the immobile 
wall. The dislocation velocity in the slip plane, 
as estimated from the pictures of atomic positions, 
proved equal to about 2ro(m/e) 1/2, which is several 
times lower than the velocity of sound. Changes in 
temperature did not affect the dislocation velocity. 
Our estimation of this value is but approximate; 
in a special study the dislocation velocity at 
different temperatures and under different stresses 
may be measured with a fair degree of accuracy. 

As the initial system contained no dislocation 
sources, its strength was almost ideal and defor- 
mation did not necessarily involve the dislocation 
mechanism. The alternative mechanisms observed 
under identical strain rate and temperature con- 
ditions in systems with different sets of random 
atomic velocities included simultaneous shear 
along the entire slip plane with subsequent failure 
near the immobile wall. This agrees with the 
geometry of the system, lattice decay across the 
whole neck (local melting), substantial rearrange- 
ment of the atoms and a variety of intermediate 
mechanisms when, for example, a dislocation 
proved "scattered" over several interatomic 
distances. Whether a particular strain behaviour 
would take place is a statistical event, each mecha- 
nism having its own probability and the dislocation 
mechanism being considerably more likely than 
the others. Thus, sometimes during simultaneous 
deformation, either neck of the microcrystal 
studied displayed its own strain mechanism. This 
microscopic "variability" of the process empha- 
sizes the experimental nature of the MD approach. 
One cannot therefore impose a particular mecha- 
nism on the process if another strain mechanism 
can operate under the given conditions. On the 
other hand, this factor suggests that the basic paths 
of the process may be revealed only in a large 
series of experiments. Also quantitative estima- 
tions by means of the MD method may be difficult 
to obtain, as they are to be averaged over individual 
unit acts of the process rather than over time as 
is usual with stationary systems. 

The above-described irreversible strain causes a 
decrease in the tensile force (stress relaxation, Stage 
III in Fig. 2). The relaxation time ~ 4ro(m/e) u2 
takes a few thermal vibration periods of atoms 



[~0.4ro(m/e)x/2]. The stress relaxation results 
in the almost ideal restored lattice with an additio- 
nal row of atoms and with thinner necks. During 
further deformation the picture is reproduced 
several times, but as the necks between the mobile 
walls become thinner, the tensile force gradually 
decreases. 

At the hypothetical temperature, 0 K, when the 
atoms in the initial state are immobile the system 
displayed a ductile-to-brittle transition. On passing 
from Stage II to III the bends of atomic rows form 
a crack (Fig. 3) which crosses almost the whole 
sample. By the time the crack emerges on an 
immobile wall the temperature of the system 
increases appreciably and the weakly-bound 
surface atoms fill the crack tip. Generally speaking, 
brittleness is not characteristic of a two- 
dimensional crystal, and at temperatures as low as 
k T  = 0.01 e the deformation was always ductile. 

The temperature of the system during defor- 
mation is not constant (Fig. 2, Curve 2). The 
system is adiabatic and the stored elastic energy 
released during stress relaxation transforms into 
heat. Of particular interest is the fact that during 
elastic deformation the crystal cools down, which 
indicates that elastic energy accumulates on 
account of the kinetic energy of atoms as well as 
due to the work of the applied force. However 
intriguing it may seem, this effect has a simple 
thermodynamical explanation: the reversible 
extension of a solid possessing a positive thermal 
expansion ratio involves heat absorption in iso- 
thermal systems and cooling in adiabatic systems. 
If the Carneau cycle is considered (isothermal 
expansion, adiabatic extension, isothermal com- 
pression, adiabatic compression) and if it is assumed 
that temperature variations in adiabatic processes 
are proportional to the changes in stress, a corre- 
lation between the heat absorption during iso- 
thermal extension (SQ), cooling during adiabatic 
extension (AT) and the variation of stress (&p) 
is obtained 

oLT 
8Q = vaTAp;  A T  -- Ap,  (1) 

C 

(tensile stress is assumed positive) where v is the 
volume of the sample, a is the linear expansion 
ratio, c is the heat capacity per unit volume under 

constant stress and 7" = (T1 + T2)/2 is the average 
temperature of the adiabatic process. 

If the strain rate exceeds 0.2 (elm) u2, the walls 
of the box move so far apart during relaxation 
that the stress again reaches the value of the crys- 
tal strength, and Stage III overlaps with Stage I of 
the next act of deformation. The behaviour 
becomes more complex: while some defects heal, 
other ones appear, the cleavage along close-packed 
atomic rows and the local decay of the lattice 
become more likely. The tensile force shows large- 
scale fluctuations. The cooling effect is more pro- 
nounced in this case and may amount to 20% of 
the initial kinetic energy. 

Experiments have shown that MD provides 
insight into many basic features of strain and 
failure without invoking maj or a priori hypotheses. 
The method directly confirms the existence of 
phenomena such as the generation and motion of 
dislocations, cooling caused by extension of the 
system, etc. On the other hand, it is necessary to 
emphasize once more that the processes involving' 
a large number  of atoms and/or requiring con- 
siderable times (as compared to the period of 
thermal vibrations of atoms) cannot be observed 
in MD experiments. 

4. Investigation of the Rehbinder effect 
In order to study the mechanism of adsorption- 
induced strength reduction (the effect of environ- 
ment on mechanical behaviour due to the decrease 
in the free surface energy of the solid [26-28,  
32-36]) ,  atoms of a second component (A) 
were placed into the cavity of the crystal. In the 
initial state they covered the walls of the cavity 
(the internal surface of the crystal, Fig. 4). The 
physico-chemical conditions in the experiments 
were chosen to promote the Rehbinder effect.* 

Firstly, both components were of similar nature 
(Lennard-Jones monoatomic molecules); secondly, 
the A--A interaction was substantially weaker than 
the B-B interaction (eBB/eAA = 2--6), i.e. 
environment A was more fusible and had a lower 
surface tension than the basic component. The 
energy of mixing Uo= (eaA + eBB)/2--eAB 
varied from 0 to 2kT. Finally the experiments 
were carried out at temperatures at which the B 
lattice was stable while the environmental atoms 
were mobile and, in particular, could desorb from 

*The number of atoms in our systems was small and the observation time relatively short. Thus the absence of environ- 
mental effects in MD experiments does not necessarily mean the same for macroscopic systems; our goal was to provide 
sufficient conditions for the Rehbinder effect rather than to determine the necessary conditions. 
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the cavity walls (kT ~, 0.2 eBB = (0.4 to 1.2)eAA ). 
In view of the short physical time of the experi- 
ments (about 10 - n  to 10 -m see), the migration 
mobility of  A atoms was usually enhanced by 
attributing a smaller radius and lower mass (rn A = 
mB/2, ~ A  = rBOB/3, ~ B  = 2r~oB13) to them. 

MacroscopiaUy, under these conditions the 
Rehbinder effect may result both from contact 
with the liquid phase A and from adsorption of 
A atoms at the crystal/gas interface [37]. In the 
absence of the environmental atoms at the same 
temperature and strain rate the crystal showed 
only plastic flow in all the experiments. 

The plastic flow in the presence of environ- 
mental atoms, as in their absence, was preceded 
by elastic deformation, generation and accumu- 
lation of defects and stress relaxation. No environ- 
mental effects were observed in the elastic region; 
they took place at the stages of defect accumu- 
lation and lattice rearrangement. Environment- 
induced strength reduction requires the presence 
of structural defects [38, 39] and does not occur 
in the case of  perfect crystals (whiskers [40]). 
Therefore, not unexpectedly, the strength reduc- 
tion in the experiments under consideration was 
not great (10 to 15%). The quantitative estima- 
tions of the energy aspects of  failure will be given 
below. 

This series of  experiments was undertaken 
primarily to reveal .the environment-induced 
qualitative changes in the atomic picture of  
strain and failure. It appeared that adsorption- 
active atoms often caused brittle cracking, i.e. the 
Rehbinder effect may be directly observed in com- 
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Figure 4 The initial positions of  the atoms in the experi- 
ments on the Rehbinder effect. 
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puter studies. The strain behaviour in each particu- 
lar experiment could hardly be exactly predicted, 
since it was dependent not only on the physico- 
chemical variables having macroscopic analogues 
(temperature, strain rate, number and mass of  
atoms and the interaction potential parameters) 
but also on essentially microscopic initial data 
such as t h e  initial atomic velocities, the overall 
kinetic energy and the function of distribution 
of velocities being the same. The above variability 
of  results is even more pronounced here. At the 
same time one may still single out a few principal 
mechanisms which sometimes operate in their 
pure form, though more often deformation shows 
features of  several mechanisms. 

(1) If  the environment atoms possess high 
migration mobility, they penetrate into the 
strained and thus loosened lattice of  the B com- 
ponent so that a crack filled by A atoms is formed 
(Fig. 5, upper part). The crack propagates as the 
foreign atoms penetrate to its tip. This migration 
is sharply accelerated by mechanical stress. At zero 
stress no diffusion of A particles was observed in 
this series of  experiments. An estimation in terms 
of activation energy shows (see Section 6) that 
deformation may bring about a 200-fold increase 
in the diffusion rate of  A atoms. 

(2) By interacting with the environment, the B 
atoms become more mobile, and a two-component 
mixture forms in the stress concentration area. 
The mixture, which has no lattice and consists of 
very mobile atoms, may evidently be regarded as 
a liquid resulting from local melting or from 
dissolution of the basic component in the liquid 
environment. On stress relaxation, the B atoms 
either add to the lattice or remain in the solution. 
During stress relaxation A atoms were sometimes 
expelled from the lattice into the cavity, since 
their solubility substantially increased with strain 
(see Section 6). 

(3) The environmental atoms of limited migra- 
tion mobility (for instance, large atoms 
r0 AA = ro AB = r BB) could display their effect 
without mutual dissolution of the components. In 
this case an empty crack forms (Fig. 6, upper 
part), while the A atoms responsible for its gene- 
ration stay in the crack mouth or "spread" into 
the adjacent area. Though the crack tip contains 
no A atoms, their presence in the system does 
promote crack propagation and makes it more 
likely than plastic flow. Significantly, in our 
model the interaction of each pair of  atoms is 
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Figure 5 Penetration of A atoms into the lattice and for- 
mation of a crack filled by foreign atoms. 

a function of distance only and does not depend 
on the presence and nature of  neighbours. Hence 
the weakening of bonds between the basis compo- 
nent atoms cannot account for the observed 
effect of the environment. Rather, the generation 
and propagation of a crack is facilitated by the 
force acting on the activity walls normal to the 
crack and created by the A atoms. This force may 
on the average amount to 70% of the A-B bond 
strength and sometimes even exceed it. It may 
apparently be regarded as a form of two-dimen- 
sional pressure equal to the environment-induced 

decrease in the free surface energy of the solid. 
Special studies on this phenomena are described 
in Section 5. 

(4) When the strain rate is high [0.3(eBS[mB)1/2] 
it takes about 3roBB(mB/eBB) 1~2 time units (5 to 
10 atomic thermal vibration periods) for the 
tensile stress to reach the strength of the sample. 
Even such small environment atoms as ro a n  = roBB/3 
show no appreciable penetration into the lattice. 
Moreover, since the thermal motion of  A atoms 
does not catch up with strain, they may act as a 
strengthening solid ftlm. By strengthening the 
surface layer and preventing generation of dislo- 
cations the environment, in some cases, leads to 
the formation of  an isolated crack in the bulk of  
the neck. 

(5) Along with striking environment-induced 
embrittlement, more sophisticated strain behaviour 
was observed, as well as the absence of any effect 
of the second component (compare the upper and 
lower parts of  Fig. 6). 

It is therefore clear that a variety of  molecular 
mechanisms are involved in environmental effects 
and that the macroscopic physico-chemical con- 
ditions affect the probability of a particular unit 
act of  strain and failure in the presence of  the 
environment. The behaviour of  a real macroscopic 
sample is averaged over many such unit acts. For 
instance, if both plastic flow and brittle failure 
could occur at the crack tip with commensurate 
probabilities, macroscopically one should expect 
crack propagation involving certain plastic flow. 

Fig. 7 shows the strain dependences of  the 
overall energy of B-B  and A - B  atomic inter- 
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Figure 6 Formation of an empty 
crack (above) and plastic shear 
(below). 
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action, the work of the applied force* and 
temperature in an experiment with 60 A atoms 
and the following values of the parameters: 
e A A  = eBa/6, CAB = EBB/2  , re AA = r0BB/3, 
mA = roB~2, the box elongation rate 
0.03(eBB[roB) 1/2, which are typical of mechanisms 
I and II, which in terms of energy are almost 
identical. 

The overall variation of interaction energy B-B 
( A  VBB = 10 eBB) and A - B  (A VAB = - -  5 eBn = 

- - 1 0 C A B )  may be compared with the work 
required for the creating of a new surface in a 
single-component system and with the adsorption- 
induced decrease in free energy of this surface. In 
other words, while 10 B-B bonds were broken 
in this experiment, 10 A-B bonds formed. 

During deformation the number of A - B  bonds 
increases as the environment penetrates the 
lattice or dissolves the solid. This process is simul- 
taneous to that of B-B bonds breaking and 
rearranging and they mutually facilitate one 
another. Note that the number of A-B  bonds is 
the greatest (the minimum of Curve 2) precisely 
at the moment when the system overcomes the 
potential barrier (the maximum of the B-B 
interaction energy curve). Only a part of the 
energy necessary to overcome this barrier comes 
from the applied force, while the rest results from 
the formation of new A-B  bonds and from 
cooling of  the system also observed in this case. 
Stress relaxation involves partial desorption of A 
atoms and their expeUing from the lattice, as well 
as the addition of B atoms to the lattice. Due to 
these processes the number of A-B bonds some- 
what decreases. From the energy standpoint the 
effect of environment may generally be described 
as follows: foreign atoms promote the rearrange- 
ment of the basic component atomic bonds which 
otherwise would have been impossible due to lack 
of energy. In other words, the environment 
decreases both the work necessary for failure and 
the potential barrier of failure. 

Our MD experiments have thus shown that 
rapid (taking ~< 10-1~ sec) local processes involving 
just a few tens or hundred atoms may cause a 
transition from plastic flow to brittleness. MD has 
made it possible to observe the live picture of 
strain and failure in the presence of foreign atoms 
and to demonstrate its local variability, i.e. the 
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Figure 7 Deformation-induced variations in the overall 
energy of the system i.e. the work of the applied force 
(1), in the overall energy of interaction between the 
basic component atoms and the foreign atoms (2), in the 
B-B overall interaction energy (3), and in the kinetic 
energy of the system (4). 

fact that under identical physico-chemical con- 
ditions a variety of environmental effects is 
possible. The microscopic analysis of the Rehbinder 
effect should therefore take into account that 
brittle failure of a macroscopic sample may result 
from a number of  mechanisms operating at the 
crack tip. The following two conditions are 
common to all the mechanisms: (1) the solid- 
environment interaction must be strong enough, 
which macroscopically corresponds to the decrease 
in the surface free energy of the solid in contact 
with the environment [41, 42], and (2) thermal 
fluctuation must directly participate in the 
rearrangement of atoms at the crack tip in the 
presence of foreign atoms which, in turn, must 
possess sufficient mobility. This means that 
environment-induced brittle failure, in contrast to 
regular brittleness, is essentially a thermally 
activated process. 

The analysis of our results should allow for the 
following circumstances. First, our calculations 
were based on paired potentials, i.e. the inter- 
action between each pair of atoms did not depend 
on the presence and type of their neighbours. 
Second, MD calculations deal with only a few hun- 

*The overall energy of the system minus the work of the applied force is constant during the experiments. The variation 
of the sum of the kinetic and the potential energy is equal to the work of the forces applied to the mobile walls of the 

box. 
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dreds of  atoms and with times of  about  10 -1~ sec. 

The above-discussed results indicate that  even 

under such condit ions one can observe the ductile- 
to-brit t le transit ion and strength reduction.  How- 

ever, the Rehbinder effect may of  course also 
involve some molecular mechanisms different from 
those observed. In particular,  the atomic bonds of  
the solid may be directly weakened in the presence 
of  environmental  particles. An impor tant  role 
may be also played by slow and/or  large-scale pro- 
cesses. The former factor appears to be a suitable 
object  o f  MD studies allowing for the non- 
addit ivity of  interaction. The latter factor is to 
be investigated by  means of  more macroscopic 
methods,  where the MD approach may prove 
useful for the evaluation o f  microscopic para- 
meters in macroscopic models.  

5. Interaction of environment with crack 
walls 

It has been shown in Section 4 that embri t t lement  
does not  necessarily involve the penetrat ion of  
environment atoms into the lattice. This type of  
strength reduction has been studied in a special 
series o f  experiments.  The system investigated is 

shown in Fig. 8. The crack walls were simulated 
by  two rows o f  immobile B atoms. The CD wall 

(Fig. 8) served as a reflector limiting the cavity. 
As shown b y  Grivtsov, such a wall may be 
regarded as a model  of  a gas phase of  density 

equal to that  of  the gas near the reflecting wall 
inside the cavity [6]. The interaction potent ial  

parameters were preset as ~ A A  = GAB = C; 
ro aA = ro AB = r0 (since the B atoms were immobile, 

no B - B  potent ia l  was preset). The number of  
mobile A atoms corresponded to half  the density 
of  a hexagonal crystal with the lattice parameter 
ro. The force of  interaction between the mobile 
and the immobile atoms, the kinetic energy, the 
potent ial  energy and the local density distr ibution 
were measured. 

At high temperatures (kT/e = 1.23 and 0.74), 

the A component  behaves as a dense gas, since all 
its atoms are mobile and uniformly distributed 
over the cavity volume. Adsorpt ion of  A occurs via 
interaction with  the four closest B atoms at the 
crack t ip,  but  no condensation area may be 
singled out.  As the temperature decreases to 
kT/e = 0.55, the A atoms still possessing migration 
mobi l i ty  gather near the crack tip which process 
may be regarded as condensation into a liquid. At 
kT/e = 0.52, three A particles are virtually fixed at 
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Figure 8 The system for the investigation of interaction 
between the environment atoms and the crack walls. 

the lattice sites depending on the geometry o f  the 

walls while atoms further away show a marked 
tendency to a iegular lattice arrangement, though 
still retain some mobil i ty.  In other words, in the 
kT/e range from 0.55 to 0.52, crystallization 
occurs, as is evidenced also by  the sharp increase 
in the heat capacity of  the system in this tempera- 
ture range. 

Our calculations have shown that by  inter- 
acting with the B atoms at the crack tip the 
environmental atoms create a force (on the 

average, Xi per one B atom) which in effect 
"spreads" the walls of  the crack and promotes 
its propagation. This force seems to be analogous 
to the two-dimensional pressure (one-dimensional 
in our  case) o f  environment atoms on a solid 
surface, which is equal to the decrease in the sur- 
face free energy of  the solid in contact  with the 
environment. Table I gives average values o f  the 
force projected normal to the crack direction. This 

T A B L E I Average values of the forces acting upon the 
atoms of the solid from the environmental atoms in the 
direction normal to the crack axis (minus the pressure 
force of the gas measured from the pulse acting on the 
reflecting wall). The force values are given in interatomic 
bond strength units and are averaged over the corre- 
sponding atoms at the opposite sides of the crack. The 
numeration of atoms is the same as in Fig. 8. The last 
column gives the overall force promoting the crack propa- 
gation. 

kT/e Numbers of atoms 
3 4 5 6 7 8 Z 

1.23 0.0 -- 0.1 0.0 0.4 0.5 -- 0.2 0.6 
0.74 0.0 -- 0.1 0.0 0.4 0.6 0.0 0.9 
0.55 0.0 0.1 0.2 0.4 0.7 0.2 1.6 
0.52 0.0 0.i 0.4 0.4 0.5 0.1 1.5 
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force may exceed half the strength of the A - B  
bond and, provided the A - B  interaction is not 
substantially weaker than the B-B  interaction, it 
may decrease the strength of the solid. Moreover, 
the values of  Xi are subject to pronounced fluctu- 
ation and at certain moments may exceed the A - B  
bond strength. Thus the environmental atoms may 
affect strain and failure even without outrunning 
the crack. 

It is of interest to consider hi as a function of  
temperature. As the system cools down from 
kT/e = 1.23 to kT/e = 0.55 the maximum value of 
~i grows steadily, which means the condensation 
of  the dense gas into a liquid at the crack tip 
enhances the effect of  the environment. Further 
cooling to kT/e = 0.52 and the subsequent crys- 
tzllization of  the environment at the crack tip 
causes a sharp decrease in the force and, hence, 
weakens the effect. This trend provides further 
support for our earlier conclusion [37] that for the 
Rehbinder effect to occur the crack tip must 
contain a dense system of  particles possessing 
sufficient mobility, i.e. a liquid phase or an adsorp- 
tion layer. Both the decrease in concentration of  
the foreign atoms (at high temperatures) and the 
decrease in their mobility (at low temperatures 
when these atoms are arrested at lattice points) 
cause the decrease in the force acting on the crack 
walls. 

6. Influence of elastic strain on mobility 
and heat of dissolution of interstitial 
admixtures 

The effect of  environmental penetration into the 
prefailure zone and the acceleration of  this process 
in tension were mentioned in Section 4. The 
influence of tensile stress on the mobility of  a 
second component in a crystal has been studied 
in a special series of  calculations concerning 
diffusion of  an interstitial admixture in an ideal 
lattice strained in an elastic manner. 

The use of  the MD approach in solving this 
problem would have required very long count 
times and would have given no opportunity to 
study a wide range of  parameters of  the system.* 
We have therefore employed the method of  
relaxation [43] which makes it possible to calcu- 
late the atomic structure equilibrium at OK, the 
energy of this structure and the height of  the 
potential barrier to be overcome by a foreign 

atom moving from one interstitial position to 
another. This height is identified as the activation 
energy of thermofluctuational diffusion transfer 
[44]. According to the Gibbson-Vineyard 
approach, the equations of  motion of  the particles 
are integrated from a certain non-equilibrium 
position of the atoms to the moment when the 
kinetic energy of the system starts to decrease. 
At the moment when the kinetic energy of the 
system has a maximum value (and the potential 
energy has a minimum value) the velocities of 
all the atoms are put equal to zero (or a very small 
value) and integration continues. The procedure 
is repeated until the maximum kinetic energy 
decreases below a certain preset value (10-4eBB 
in our case) characterizing the accuracy to which 
the minimum of potential energy is reached. The 
summit of  the potential barrier was determined 
using the following algorithm. At every step, 
after the force applied to a moving atom was 
calculated, the sign of its projection on the direc- 
tion of displacement was changed so that the 
atom was "drawn" to the summit of  the barrier 
rather than "rolled down" from it. This approach 
makes it possible to t~md the position of the 
barrier and its height without the routine calcu- 
lation of intermediate states of  the atom as it is 
assumed fixed in a number of  points along its 
displacement path. Control calculations by means 
of  the usual method demonstrated that the barrier 
in the system under consideration is of  a simple 
one-maximum shape and that the method described 
is valid for determining its height. 

The system studied (Fig. 9) consisted of 59 B 
atoms and one A atom. Strain was accomplished 
as described above and varied from almost limiting 
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Figure 9 The positions of atoms in experiments on stress- 
induced variations in the mobility of interstitial admix- 
tures. Arrows indicate Type 1 and Type 2 jumps. 

*As mentioned in Section 4, during deformation the environmental atoms penetrate only into a strained lattice. A 
study of diffusion under zero stress would have required far longer count times. 
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extension to the same absolute value of com- 
pression. The A-B  interaction potential para- 
meters varied over the following range: roAB/rBoB 
from 0.53 to 0.63 and CAB/eBB from 0.5 to 1.5. 
Fig. 10 shows the activation energy of diffusion 
against parameters of the potential in the absence 
of strain. 

Due to uniaxial strain, the symmetry of the 
crystal is distorted and the directions of displace- 
ment of interstitials become non-equivalent. In 
this system a distinction is made between the 
jumps at 60 ~ to the strain axis (Type 1) and along 
the axis (Type 2). As is shown in Fig. 9, consecutive 
jumps of Type 1 result in diffusion oriented 
normally to the strain axis. Type 2 jumps may 
take the atom no farther than to a neighbouring 
triangular cell. The diffusion along the strain axis 
occurs via alternating jumps of Type 1 and Type 2. 

Tensile stress facilitates Type 1 jumps and 
hinders Type 2 jumps; the effect of compression 
is to reverse this. Fig. 11 presents the dependence 
of the corresponding activation energies on applied 
stress for roAB/rBo B = 0.63. While the mobility of 
large foreign atoms is very stress-sensitive, at 
roAB/ro BB = 0.53 the activation energy of diffusion 
is almost independent of stress, particularly for 
Type 2 jumps. The values of the activation area 
Sa = -  (~E/ap)lp=o where E is activation energy, 
p is stress (in e/(roBB) 2 units) are given in Table II. 

The effect of stress compatible to the strength 
of the crystal may be quite striking. Thus, under 
the conditions of the studies of the Rehbinder 
effect described in Section 4, the acceleration of 
diffusion D(p)/D(p = 0) = exp (z3~/kT) must be 

1.5 

I I ]  
b J  

A 
o 1.0 
II 

1 . 0  

0.5 

0 O.S 1 1.5 

EAB/EBB 
Figure 10 The activation energy of diffusion plotted 
against the A - B  interaction potential parameters. 
roAB/rBoB=0.63 (Curve 1), 0.58 (Curve 2) and 0.53 
(Curve 3). 
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Figure 11 Dependence on activation energy of Type 1 
(Curves 1 and 2) and Type 2 (Curves 3 and 4) diffusion 
jumps of an interstitial admixture plotted against uniaxial 
stress; re AB = 0.63rBB; CAB/eBB = 0.5 (Curves 1 and 3) 
and 1.5 (Curves 2 and 4). 

no less than two orders of magnitude. This is why 
the migration of foreign atoms in the MD calcu- 
lations occurred only in the tensile stress concen- 
tration areas. In real systems, particularly in 
metals, the E / k T  value is high and the effects may 
be even more dramatic, i.e. at stresses close to 
ideal strength the diffusion rate may increase by 
3 to 4 orders of magnitude. 

It should be noted that tensile stress promotes 
migration in the direction normal to the strain 
axis, which is most prone to cracking. (At the 
same time the diffusion along the strain axis, due 
to which the adsorption-active atoms flow away 
from the crack tip, decelerates). 

The mobility of A atoms forming a substitu- 
tional solution appears to be strain-sensitive in the 
same manner. It was at least shown that uniaxial 
deformation offers strong influence on the 
mobility of  vacancies in c~-iron [45]. An interesting 
fact observed in [45] is that hydrostatic defor- 
mation produces a relatively minor effect because 
of mutual compensation of the influences of 
deformations along different axes. 

Our results indicate that a similar situation 
must be observed for interstitial admixtures. 

Our calculations have also given an estimation 
of the heat of  dissolution of A atoms in the crys- 
tal. The heats of dissolution plotted against strain 
are showr~ in Fig. 12. If the foreign atom is larger 
than the interstitial cavity [roAB/ro BR >(3)1/2/3] 
and thus creates a compression area around 
it, the tensile stress increases the heat of  dis- 
solution (the heat resulting from dissolution is 
assumed positive) and the compressive stress 
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T A B L E I I The activation area of diffusion of interstitial admixture atoms for type 1 (upper line) and type 2 (lower 
line) jumps. 

roAe lro BB e t~a/eBB 
0.50 0.75 1.00 1.25 1.50 

0.05 0.06 0.07 0.08 0.09 
0.53 --  0.006 --  0.007 --  0.008 -- 0.009 --  0.01 

0.11 0.125 0.135 0.145 0.15 
0.58 

- -  0 . 0 5 5  - -  0 . 0 6 5  - -  0 . 0 7 5  - -  0 . 0 8 5  - -  0 . 0 9 5  

0.16 0.18 0.19 0.20 0.21 
0.63 --  0.125 --  0.15 --  0.175 --  0.195 --  0.215 

decreases this heat. The effect for small A atoms 
(roAB/rBo B <(3)1/2/3) is  reversed and weaker. If 
the solubility of A in the solid phase is poor and 
one can assume that Ac/co = exp (z~-l /kT)  --  1 
(Co is the solubility in the absence of stress and 
Ac is the change in solubility under the effect of 
stress), the observed variation in the heat of 
dissolution may cause drastic changes in solubility, 
particularly for large interstitial atoms in a 
stretched lattice~ The Rehbinder effect may be 
very sensitive to this factor. If, prior to defor- 
mation, the liquid and the solid phases were 
mutually saturated, the applied tensile stress which 
changes the solubility of the environment and 
increases the mobility of its atoms promotes the 
flow of foreign atoms to the crack tip. This, in 
turn, decreases still more the surface free energy 
of the solid-liquid interface [46]. 

7. Long-term strength of a unit interatomic 
bond 

Static fatigue behaviour, when the load applied to 
the sample does not suffice for instant failure, is 
particularly dependent on thermal fluctuations. 
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Figure 12 Varia t ion of  the heat  of  dissolut ion under the 
effect  of  uniaxial  stress for an interst i t ia l  admixture  wi th  

CAB/eBB ----- 1.5 (Curves 1 and 4) and 0.5 (Curves 2 and 3); 
roAB/ro BB equals 0.63 (Curves 1 and 2) and equals 0.53 

(Curves 3 and 4), respectively. 
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Many years of research, notably by Zhurkov and 
his school, have shown (see for instance, [47-58]) 
that the long-term strength (durability, rm) of a 
material under a constant load is described by a 
universal correlation 

rrn = r0exp [(Uo - - T p ) / k T ] ,  (1) 

where to, U0 and 7 are parameters. This equation 
is applicable to many materials under a broad 
range of experimental conditions. Several workers, 
in particular Bartenev et  al. [53, 54], have shown 
that this correlation may be inferred from the 
idea that the interatomic bond failure and the unit 
act of crack propagation involve a thermofluctua- 
tional mechanism, assuming that the activation 
energy of failure is a linear function of local stress 
or of the force applied to the bond being broken. 
They have also established a relationship between 
the values in Equation 1 and the microscopic 
parameters of the material. Independent deter- 
mination of the parameters of Equation 1 and the 
verification of the above assumptions on thermo- 
fluctuational mechanism of failure and the linear 
relationship between the activation energy and the 
applied stress require atomic-scale studies of unit 
acts of failure. 

This part of the paper concerns the investigation 
of the long-term strength of a unit interatomic 
bond in a two-dimensional system [21]. (A similar 
study for a one-dimensional chain was carried out 
somewhat later by Zaitsev and Razumovskaya 
[59]). We have considered the system consisting 
of two contacting crystals (Fig. 13). The average 
kinetic energy of the atoms ( k T )  was equal to 
0.09 (see Section 2; for argon this corresponds to 
10.8 K). In contrast to the above-described experi- 
ments (Sections 3 and 4) where the mobile walls 
were moving at a constant velocity, in this series 
they moved as particles of mass 7m under the 
effect of interaction with the atoms of the crystal 
and the applied force Fe. A series of 64 experi- 
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Figure 13 Positions of atoms (a) before and (b) after bond failure. 

ments with different sets of  random initial velo- 
cities of atoms was performed for each value of 
Fe; the mean square deviation of  the average time 
to failure was not greater than -+ 13%. 

No failure was observed for a certain time after 
the beginning of the experiment. The potential 
energy and the kinetic energy were fluctuating 
about their average values. The average force of  
interaction between the atoms and the mobile 
wails was equal to the applied force, and the walls 
were vibrating about the equilibrium position 
corresponding to the preset value of F e and kT. 
The work of the applied force was on average 
close to zero. 

At a certain moment failure occurred, primarily 
by rupture of one crystal from the other (Fig. 
13b). The force of  interaction between the mol- 
ecules and the mobile walls decreased and the 
walls together with the crystals started to move 
apart irreversibly under the effect of  the applied 
force. The temperature of the system increased, 
though only slightly (~  0.01 e). The work of the 
applied force spent on the failure was close to e. 
It was assumed that failure occurred when the value 
oft12 (Fig. 13)reached 1.57 ro, as the broken bond 
was never restored in our experiments after this 
criterion had been fulfilled. 

The calculations confirmed that the failure of 
a unit bond in the system under consideration is 
fluctuational and obeys universal statistical laws. 
To within the experimental error the probability 
that a bond does not fail during time t proved 
equal to exp (-- t/~), where f is the average time to  
failure under the given conditions. The system 
deviated from this behaviour only under high loads 
(Fe I> 0.SFm), when the failure occurred rapidly 
enough [ ~ <  lOro(m/e) u2] and the equilibration 
time as well as the time necessary for the crystals 
to move apart until the criterion of  failure is 
fulfilled became compatible with the fluctuation 
expectation time. 

These experiments revealed that the long-term 
strength in the system under consideration obeys 
Zhurkov's equation (In r is a linear function 
of the applied force, Fig. 14a), and the parameter 
7, as one would expect in the absence of defects 
and stress concentration, is compatible with the 
interatornic distance and equals r/3.* 

In Fig. 14b durability is compared with the 
energy (AU) required to break a bond stretched 
by a force F e (see Fig. 15). The results obey a 
correlation In 7- = In 7"0 + AU/kT, which confirms 
the thermal fluctuation mechanism of failure and 
makes it possible to estimate ~'0 as 0.13 ro(m/e) 1/2 
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Figure 14 Durability of a bond plotted against (a) the applied force and (b) the energy necessary for the failure. 

*Since a unit bond fails in our model, we operate with force rather than with stress. Accordingly, the parameter "r has 
the dimension of length rather than volume (in a three-dimensional system) or area (in a two-dimensional system). 
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(3.2x 10-13sec for argon). Being close in 
order of magnitude to common values of ro in 
Equation 1, this value is equal to one fifth of the 
average vibration period of the r12 bond.* 

Incidentally, the bond failure requires that the 
increase in r12 be correlated with the motion of 
neighbouring atoms. In a number of experiments 
the bond length became greater than the "critical" 
value r" (Fig. 15) and the attraction force between 
the crystals became lower than be, but the bond did 
not fail during the given vibration because in a few 
hundredths ro(m/e) 1/2 the distance r12 decreased 
again due to the thermal motion of the atoms. 

Over the range of Fe values studied the depen- 
dence of 2xU on Fe is virtually linear (Fig. 15), 
which means that the principal assumption of 
static fatigue theories is fulfilled and d(s 
- ro /3 .  Hence the validity of  Equation 1 and the 
value of 7 calculated. 

Our experiments have thus demonstrated that 
a unit act of failure (the failure of an interatomic 
bond) obeys a thermal fluctuation mechanism and 
the long-term strength depends on the correlation 
between the energy necessary to break a bond in 
tension and the energy of thermal vibrations of 
the atoms. Specifically, the fact that the attraction 
of the crystals becomes lower than the applied 
force does not suffice for the bond to fail. Another 
important feature is that the characteristic period, 
to, is essentially shorter than the period of the 
bond length vibration. These results may be useful 
in developing a microscopic physico-chemical 

theory of the strength of disperse structures, 
where thermal fluctuations are crucial to the 
failure of contacts between individual particles. 

8. Formation and failure of unit phase 
contacts between crystals 

Along with the failure of contacts between dis- 
perse phase particles, the formation of such con- 
tacts, e.g. in sintering, is also a topical problem of 
physico-chemical mechanics. The development of  
phase contacts has been described theoretically 
(see review [60] and a more recent paper on com- 
puter simulation using continual approximation 
[61]). However, the initial stages of the aggluti- 
nation of crystals (the transformation of a point 
contact into a phase contact) are not easy to inves- 
tigate. The point contact contains a surface singu- 
larity and the discrete atomic structure in this area 
has to be taken into account. On the other hand, 
the small number of atoms in the contact zone 
suggests that MD may prove very appropriate 
for the investigation of the initial stages of 
sintering. The authors undertook such an investi- 
gation in co-operation with Sokolov. 

The system studied contained two crystals with 
a point contact between them (Fig. 16a). The 
immobile walls used in the above-described experi- 
ments were replaced by periodical boundary 
conditions, which meant the system was assumed 
to border on the same cells from the top and from 
the bottom. In such a mode, which is widely 
used in MD studies, there are no laterial faces to 
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Figure 15 (a) the dependence of the energy (1) and the force (2) of interaction between the crystals on rta ,'(b) AU 
as a function of F e. 

*The average vibration period of a bond length was calculated using an autocorrelation function ~o(t) = ((rl~(t) --/;12) X 
(r12(O) --f~2)). The distance between the maxima of this function corresponds to the average vibration period, which 
under the given conditions was equal to 0.66 ro(rn/e)tlL 
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Figure 16 Positions of atoms (a) in the beginning of the 
experiment, (b) after formation of a unit phase contact, 
(c) plastic flow during the failure of a unit phase contact 
between the crystals. 

affect the behaviour of  the microcrystal. 
"Sintering" was performed under a constant 
compressive load below the melting point of  the 
two-dimensional crystal (kTm "~ 0.4 e). The 
expectation time of  a unit phase contact for- 
mation (Fig. 16b) and the mechanisms of  sintering 
were determined at various values of  Fe and kT. 

Within a certain range o f  experimental con- 
ditions (IFel < 5 e/ro and kT/e < 0.3) sintering 
proved to obey a thermal fluctuation mechanism 
in the same manner as the failure of  a unit bond 
did in Section 7. Fig. 17 gives the dependence 
o f  the average time of  expectation o f  a unit act 
of  sintering on the force o f  compression and on 
temperature. At kT/e < 0.3 and IFelro/e < 6, the 
results may, to within the experimental error, be 
described* by Equation 1, with the following 
values of  its parameters: Uo = 0.8 e; 3' = 0.12ro; 
ro = 1.5ro(m/e) u2. In this process 7o is greater 
by an order o f  magnitude than the characteristic 

time of  failure of  an interatomic bond 
(O.13ro(m/e) u2, see Section 7) and is equal to 
3 to 4 periods of  vibration of  the lattice atoms. 

These experiments also demonstrated the 
variability of  the microscopic behaviour. The 
values of  k T  and F e being identical, the unit phase 
contact appeared on account o f  different 
arrangements of  atoms. Within the area under 
consideration two mechanisms were of  major 
importance, namely (1) the penetration of  an 
atom forming the wedge vertex between two 
atoms of  the second layer and (2) the movement 
o f  this atom along the surface of  the second 
crystal, while the crystals were brought closer 
together under the effect of  attraction and the 
applied force. 

The total expectation time is equal to 
~ =  1/(N~i-1), where ~ is the average expectation 
time of  a unit act according to the ith mechanism. 
Thus, the operation of two or more competing 
mechanisms may result in deviation from Equation 
1. In our experiments Mechanism 1 was observed 
far more frequently than Mechanism 2 
(rl ~ ~2), and the experiments did not permit any 
definite conclusions about deviations from Equa- 
tion 1 and on the correlation between ~z and ~2. 

At compression forces above a certain value 
(6e/ro at kT/e = 0.17) the microscopic behaviour 
changed, so that sintering took place via defor- 
mation of  the crystals. This, however, resulted 
in the same unit phase contact as that shown in 
Fig. 16t~. (The wedge vertex atom penetrated into 

\ 

3 "* 

\ 

"~,,, 
1 

' ~ J  , , r 

3 

.d , .  ~ 
5 

i i i i i L 

3 6 s 

to" 

o 

6 9 ' IFel ro/~" 

Figure 17 The dependence of ln[~'/%(e/m) ~12 on the 
compression force at kT/e = 0.17 (x) and 0.25 (t) and on 
temperature at IFelro/e = 4 (o). Dotted straight lines cor- 
respond to an equation In [~c/ro(e/m) ~n= 0 .4 - - (0 .Be-  
O.121belro)/kT. 

*An average of 15 experiments was carried out for each set of parameters. Thus the mean square deviation of f is 
about 7/4, and the error in determining In ~ about -+- 0.25. 
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the second crystal and expelled one of its surface 
atoms into the contact zone). The value of ~ in 
this case is greater than predicted by Equation 1 
simply because the atoms lack time for their 
rearrangement, considering also the criterion 
chosen for the end of the process: 3 atoms of the 
wedge were to enter the first co-ordination sphere 
of the second crystal atoms. As the temperature 
was raised to kT/e>0.3 (T/Tm >0.75),  the 
number of mechanisms of the elementary act of 
sintering grew sharply and the acceleration of the 
process was more pronounced than predicted 
from Equation 1. This is due to the beginning of 
local melting in the contact zone and to the high 
mobility of atoms (cf. the results [62] on the 
melting of surface layers of crystals at tem- 
peratures appreciably lower than Tin). 

The failure of contacts was studied under 
constant extension rate conditions. The point 
contact failed under a stress of about 4 e/ro. The 
wedge vertex atom in most cases remained 
attached to the plane, owing to its interaction with 
distant neighbours. Otherwise the lattices were not 
distorted. The unit phase contact failed under the 
stress of about 10 to 11 e/ro (75 to 80% of the 
stress necessary for simultaneous breaking of all 
the bonds in the thinnest cross-section). Along 
with brittle failure, when three atoms of the wedge 
were not separated from the flat crystal, plastic 
deformation of the wedge and neck formation 
were sometimes observed (Fig. 16c). This means 
microscopic phase contacts between plastic 
materials may fail in a plastic manner. 

9. Conclusion 
The use of the MD approach, which takes advan- 
tage of both theoretical and experimental methods, 
has made it possible to observe the actual behav- 
iour of atoms in a crystal, their thermal motion, 
the unit acts of their rearrangement and inter- 
atomic bond failure, the effect of foreign atoms 
on mechanical behaviour and other phenomena. 
The approach, which does not involve any essen- 
tially simplifying models, proved valid for the 
investigation of such processes as elastic strain, 
plastic flow, formation of defects, local failure, and 
the adsorption and transfer of atoms. New quanti- 
tative estimations based on micromechanics of 
mechanical behaviour have been obtained. The MD 
approach has also suggested a number of qualitative 
conclusions, some of which are far from trivial. 
One of the most general results is the variability 

of the microscopic pictures observed and their 
essentially stochastic nature. Dealing with such 
small systems one observes unit acts of behaviour 
rather than the usual average phenomena. 

The MD approach has also been used to study 
some other physico-chemical problems, such as 
the molecular picture of wetting and spreading. 
Computer experiments carried out for a variety 
of interactions between the support and the micro- 
scopic droplet resulted in all possible types of 
behaviour. On the background of surface fluctua- 
tions (Mandelshtam's waves) we observed the 
transition to complete wetting and spreading on a 
lyophilic surface (when the energy of adhesion was 
equal to that of cohesion): the formation of a 
segment with a finite contact angle on a lyophobic 
surface (90 ~ when the energy of adhesion was 
equal to half that of cohesion) both by advancing 
and by receding. These experiments revealed the 
statistical nature of the contact angle and the 
dynamic equilibrium between the liquid phase 
and the adsorption layer on a solid surface. These 
experiments do not bear direct relevance to 
mechanical behaviour and they have not been 
included in this review; the reader may find the 
results in [14, 15]. 

The MD approach also provides an excellent 
opportunity of visualizing the molecular picture of 
the processes studied by means of cinematography. 
The data on the positions consequently occupied 
by atoms may be presented in a movie film with 
a l0 s to 109 times "linear magnification" and 
1011 times "time magnification" (deceleration). 
Such a film was first demonstrated by one of the 
authors at the plenary lecture during the 7th 
International Congress on Surfactants (Moscow, 
1976). 

At present the authors are continuing their 
studies on contact interactions (including those 
between disperse phase particles), particularly on 
the effect of the environment on the formation 
and failure of contacts, surface and near-surface 
defects. The approach is also being used to inves- 
tigate three-dimensional systems and other types 
of interaction (ionic and metal interactions). 
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