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Evolution of dislocation structure during formation of the contact area was studied in
modeling experiments “wedge-plane” for KCl single crystal under loading at room and high
(0.8T,) temperatures. It was shown that at the first (rapid) stage of the process, a
quasi-stationary dislocation assemblage is formed due to emission of dislocations. It was
established that at high temperature (0.8T, ), the cellar structure (CS) was formed at the
earliest stages of annealing under loading. The experimentally determined dislocation
critical density p, at which the CS is formed pczlo7 em™2 is by the order of value
corresponds to the calculated one (106<pc<1010) ecm™2. The crystal-likeness of the CS
predicted by the theory is supported qualitatively; the CS contains a mixture of cells-poly-
gons with the number of sides predominantly from 4 to 6.

IKCIIEPUMEHTAJBLHO MCCJIEI0BAHA 9BOJIOIUA LUCIOKAIIMOHHON CTPYKTYPHI HIpU HPOPMUPO-
BAHMH KOHTAKTA B MOJEJBHBIX SKCIICPMMEHTAX  KJIWH-IJIOCKOCTH wu3 MoHOKpmcTtanaa KCI
IIOJ, HArpysKo# mpu KomHaTHOW m BBICOKOH (0.8T,) Temmeparypax. Ilokasamo, uTo Ha
nepBoii (ObICTPOI) CTagMM MPOIlECcCa 34 CUET IMIUICCHUM IHCIOKAIUNA (GOPpMUPYETCH KBA3UCTA-
MUOHAPHOE IHCJIOKAIMOHHOE CKOILIeHMNE. ¥YCTAHOBJEHO, UTO IIPH BBICOKOI TeMueparype
(0.8T,)), auencrasa crpyrrypa (fC) dopMupyercs Ha caMbBIX PaHHHMX 2Talax OTMKHUIA IIO]
HArpy3Ko#. OKCIIEPHMEHTAJbHO OIPENENEeHA KPUTUYECKAH ILIOTHOCTh AMCIOKAIUE ., IPU
roropoit IC dopmupyercs: pc=107 eM 2, UTO IO HOPALKY BEIWYUHBL COOTBETCTBYET €e Dac-
YEeTHOMY 3HAUYEHUIO (106<pc<1010) em™ 2. Kpucramnomnogobue SC, npeckassiBaeMoe Teopuel,
KauecTBeHHO MOATBep:kgaeTca; JIC comepKuUT cMech AdeeK — MHOTOYTOJLHMKOB C UHCIOM
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CTOPOH TPEeMMYIIeCTBeHHO OoT 4 10 6.

1. Introduction

Interaction of the solids being in contact
and formation of the contact area between
the solids under squeezing is a multidimen-
sional problem of both great scientific and
practical importance because that is a basis
of various technologies for production of
new materials and items. Contact surfaces
of solids keep some roughness even after
the most thorough treatment, thus under
squeezing, a lot of mechanical stress local
concentration sites occur; their relaxation
results in contortion and embedding of the
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roughness followed by mass-transfer process
by different physical mechanisms and for-
mation of the contact area between the sol-
ids.

The mass-transfer mechanisms have been
studied for a number of decades and are of
interest nowadays due to great importance
for modern technologies. Among the
achievements of the last decade, the follow-
ing developments can be mentioned: the
conception on dislocation structure (DS)
evolution under deformation [1-5]; mecha-
nisms and kinetics of mass-transfer in local
stressed areas occurring near dispersion in-
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Fig. 1. (a) Dislocation structure of the samples in initial state; (b) morphology picture in the

contact area (a: x30, b: x40).

clusions under micro-indentation [6, 7]; for-
mation and healing the cracks and micro-
pores [8-13], etc. Certain success was
achieved in studying the role of fluctuation
mechanism for deformation and destruction
of solids [14-17].

In the works [18] and [19] the formation
kinetics of the contact zone between
squeezed solids at high temperature was
studied and it was shown that the transfer
processes are realized by the dislocation-dif-
fusion mechanism (DDM) in this case.

In the present work, the results on
studying the DS formation kinetics in the
contact area under squeezing the solids, its
geometry and evolution are given for simu-
lation experiments with KCI single crystals.

2. Experimental

Evolution of DS during formation of the
contact was investigated in simulation ex-
periments with samples in the shape of sin-
gle wedges and combs of wedges with vertex
angle 20 in the range from 60° to 120° and
with the radius of curving the wedge vertex
— of an order of several hundreds of mi-
crons. The samples were prepared from a
KCI single crystal properly annealed at T =
730°C (for 10 h). From the single crystal
block, the rough samples of (10x10x6) mm3
were cut off, and then they were polished to
obtain the required geometry shape using
wet polishers in order to avoid substantial
force impact. The prepared samples were re-
peatedly annealed at T = 730° during 0.5 h
for additional normalization and dehydra-
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tion of the surface. The density of disloca-
tions (DD) in the samples was
(1+2)-10° cm~2 (Fig. la).

The wedge vertex had (100) type direc-
tion and was clamped to the substrate {100}
type plane parallel to (100) type direction.
The experimental temperatures were T,,,,
and T = 550°C (=0.8T,). The main anneal-
ings were for 5; 15; 90; 240 and 480 min.
At T =T,,,m» the loading was carried out or
5 min through a molybdenum wire with di-
ameter 0.5 mm. The load was varied in the
range where the optically resolved DS could
be obtained in order to observe its configu-
ration and formation kinetics. At room tem-
perature, the load was from 20 to 800 N/m,
and in high temperature experiments it was
800 N/m.

3. Results and discussion

Mechanical stress in the contact area of
the solids "wedge-half-space™ is most suit-
able to describe using the solution of the
’plane problem’ where the concentrated and
uniformly distributed along the wedge ver-
tex load P (N/m) acts in the direction of the
bisecting line for the vertex angle 2a
(Fig. 2). This solution suitable both for the
wedge and for the half-space is given in [20].
In the cylindrical coordinates (r, 0) with a
center in O point, the stress tensor is:

_ kPcosO
op=""

Ge = 0-7‘9 = 0, (1)
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Fig. 2. Normal and tangential stress distrib-
uted in the crystal.

where k = 1 - = 2. . Tak-
o+ (1/2)sin2a 20 + sin2a

ing into consideration the fact that in KCI
type single crystals, the dislocation glide
systems include the {110} type planes and
(110) type directions, let us take the {100}
planes as coordinate ones with origin in O
point, and then superpose one of the planes
with upper boundary of the half-space, and
the second one coinciding with (XOY) plane
— in the perpendicular direction. The axes
OX and OY we directed along (110) type
crystallographic directions (Fig. 2). The
stress tensor within these axes becomes:

Oy = ’;—f(cosea _ sin20));

X

kP ;
Oyy = E(cose(l + sin20)); (2)

Oy

y = g(cosﬁ . cos26).

The distribution of shear and normal
stresses depending on 6 given by Eq.(2) for
T = TIeonst (the stress distribution diagram in
polar coordinates) is shown in Fig. 2. All
the stress components (o) decrease with dis-
tance (r) according to 6 ~ 1/r. The value of
k factor in (1) and (2) increases as the
wedge vertex angle 20 decreases. For the
half-space (200 = m), the value k = 2/n=0.64.
For the wedge with 20 = mn/3, the value k
1.045, i.e. the stresses in the wedge with
2a = n/3 are by a factor 1.5 higher than in
the half-space, onto which the wedge af-
fects. Nevertheless, being clamped to the
half-space, the wedge edge is practically not
deformed, while in the half-space the
groove-like cavity occurs due to embedding
the wedge. Such result is not unexpected,
because the Eqgs. (1) and (2) are valid for
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the case of linear contact. For the case of
real solids contacting, for example, for
spherical or cylindrical shaped ones, the
problem is solved by Hertz. It was shown
that in the contact, both solids are de-
formed, and the contact surface forms, so,
it is possible to calculate its geometric pa-
rameters and stresses in the points of the
surface. If the second solid is flat, the flat
surface can only flex under loading trans-
mitted by the first (spherical or cylindrical)
solid. The contact surface occurs in the
form of a crater or a groove. The solution
we use, strictly speaking, is valid beyond
the bounds of the contact surface. If the
plastic zone also occurs, the Egs.(1, 2) are
not accurate in this zone. Beyond the
bounds of the plastic zone, (1) and (2) de-
scribe correctly the pattern of the stress
state [20].

Under conditions of the wedge loading,
due to higher stresses in the wedge and
limitation of its space by lateral surfaces,
the dislocation density increases with ad-
vancing rate. In the wedge, a certain level
of strain hardening is achieved quickly, and
the fixed DS configuration remains almost
unchanged in comparison with dynamies of
DS wvariation in the half-space, where the
main portion of the substance squeezed out
by the wedge is carried away. In this con-
nection, the series of micrographs is shown
below mainly for dislocation structures in
the half-space. To the end of the experi-
ment, the dislocation configurations are
practically similar both in the half-space
and in the wedge with somewhat higher dis-
location density in the wedge (Fig. 3d).

Affect of a sharp flat wedge (limited by
flat intersecting surfaces), which edge is
parallel to (100) type crystallographic di-
rection, onto the {100} type plane can be
considered approximately as micro-indenta-
tion of the crystal with a concentrated
force. Therefore, it can be expected that
under loading at room temperature, disloca-
tion "rays” (DR) should occur in (110) di-
rections from the origin of force (as under
micro-indentation), that is observed indeed
(Fig. 3a). The "rays” are somewhat blurred
that is connected with the indenter "linear-
ity" and unavoidable superposition of DSs
(in the plane where the DS is observed)
from the neighboring points of the linear
indenter.

The mechanism of DR formation is as
follows. The shear loops generated on each
side of the planes x = 0 and y = 0 have dif-

ferent signs caused by difference of Oy
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Fig. 3. Dislocation structures: a, b and ¢ correspond to conditions P = 200 N/m2, T and

room

annealing time ¢ =5 min; a(x150); b and ¢ are fragments of Fig. 2a (x600); d corresponds to
conditions P = 800 N/m2, T = 550°C and annealing time ¢ = 10 min (x280).

signs on each side of these planes (Fig. 2).
The edge portions of such shear loops also
have different signs, therefore in total,
they are equivalent to motion of interstitial
prismatic loops from the contact area,
which transfer the substance from the con-
tact area into bulk of the crystal.

A part of this substance is squeezed out
onto the surface near the contact. The vol-
ume of this substance is insignificant and
amounts (by estimations made using the
sample surface profile analysis after loading
[19]) less than 10 % of the total squeezed
volume. From Fig. 2, it can be seen the
schematic model and the reason of the sub-
stance squeezing. In sub-surface layers in
the small neighborhood of the contact sur-
face, the substance is compressed, thus has
a “trend” to partial squeezing onto the
closely set surface. In Figs. 3b and 3c the
fragments of micrographs for DS from Fig.
3a are shown, where the slip bands from the
"rays” to the crystal surface as a result of
sliding the squeezed substance to the sur-
face. Note, that in the formation of piles
and DRs, also the crowdion mechanism can
take part. This is connected with high inho-
mogeneity of strain in the contact area due to
the local character of force impact (Fig. 1b)
and high gradients of strain in the contact
area [21]. The symptoms of the crowdion
mechanism participation under indentation
were observed in [6, 7], by the authors [13],
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and in the works by V.N.Rozhanskiy et al.
As the temperature increases, the general
scheme of the substance transport caused by
the stress distribution remains, but the role
of thermal-activated processes raises
quickly, which influence on the character of
motion of plasticity carriers and the sub-
stance (dislocations and point defects). At
550°C we already do not observe marked DR
going from the wedge vertex. As it is seen
from Fig. 4a, b, ¢, d, after annealing under
loading, the contact zone is occupied by dis-
locations in the limits of some area rather
uniformly on a macro-scale, with decreasing
density as moving away from the contact.
The formation of slip bands in the {110}
planes under deformation continues in prin-
ciple. But the formed flat assemblages of
dislocations which remained at T,,,,, gener-
ating DR, now lose stability because of lost
stability of the flat assemblages (screw por-
tions of dislocations, for which all the crys-
tallographic planes may be slip planes). The
screw components of the loops realize trans-
versal sliding away from DR. At that, short
portions of "sitting” edge dislocations are
formed which are new Frank-Read sources.
By the repeating transversal sliding the
screw dislocation components create new
shear loops outside the DR. Going out the
screw portions from the flat assemblages
and creation of new Frank-Read sources re-
sults in somewhat weakening of the disloca-
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tion assemblage as a whole, generation of
new dislocation loops, and continuation of
the contact formation process. Such expan-
sion of the dislocation assemblage termed as
double transversal slip (DTS) is the known
phenomenon [22] and was often observed.
The expansion of the "rays” by DTS mecha-
nism begins from the end lateral bands. The
dislocations occupy the half-space up to sig-
nificant distances from the contact place
both by width and depth.

In the middle of the crystal below P
force, there is a zone free of the traces of
plastic deformation, with low DD (Fig. 4d),
which is caused by the stress state character
(Fig. 2). At high temperature, the piles are
formed by the same mechanisms as for the
room temperature case, and additionally the
diffusion mechanism engages.

The consecutive theoretical analysis of
DS development under conditions of plastic
deformation taking into account not only
external conditions, but also the properties
of DS itself [1-5, 23, 24] has shown exist-
ence of some correlation interaction between
dislocations. This gives a negative addition
to energy of the dislocation system, thus
always provokes an effect of attraction be-
tween the dislocations. Under conditions of
the correlation interaction, a certain dynam-
ics of fluctuations occurs, and as DD (p) in-
creases, a bifurcation point is achieved. At
p = p, (p, is critical density), the homogene-
ous state becomes stratified, and cells with
L, size are formed. The type of the formed
cellular structure (CS) is determined by a
set of sustained collective excitations
(modes) termed as parameters of order. In
[4] the cases are analyzed for the number of
the modes N not more than 5. The analysis
shows that at N =1, a single-dimensional
periodic structure forms; at N = 2 and N = 3,
respectively, rhombic and hexagonal ones
form; and at N = 4 and N = 5, more compli-
cated structures with internal symmetry in
the cells occur.

In [5] the expressions for p, and L, are
obtained in an explicit form:

2

8ne(1 - v)4 O 3
]

is Peierls threshold, G is shear
modulus, b is Burgers vector, and v is Pois-
son coefficient,

L.=V8nZ/e(e — 1) - py”,

where o,

(4)
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Fig. 4. Dislocation structures (x20): a, b, c,
and d correspond to conditions P = 800 N/m?,
T = 550°C, for annealing times ¢ (min.): a — 5,
b— 15, ¢ — 90, d — 480.

where p is true dislocation density in their
homogeneous state.

Comparison of experimental data with
theoretical analysis results indicates the
qualitative confirmation of (4): as moving
away from the contact, homogeneous dislo-
cation density drops, and the cell size in-
creases. The tendency to the cell formation
in DS is observed experimentally even in the
earliest stages of annealing, that does not
allow to determine exactly the DD (py) in
homogeneous state. Thus, we solve an inverse
problem of py determination by the observed
L, value. According to Figs. 4a and 3d, after
annealing under load for 5 min, the cell size
near contact is L,~5-1073 cm. Substituting L,
into (4) gives: py == 107 em™2.

Also the residual DD (p,,,) in the cell
can be determined from Fig. 3d. In the sam-
ple annealed under the same conditions dur-
ing 10 min p,,, amounts on average
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(5+8)-10% cm~2 (Fig. 3d) that is close to the
po estimation by L, value (107 cm~2). The
real DD in homogeneous state can be esti-
mated more precisely only in low-tempera-
ture experiments. From the pictures like
Fig. 8b, ¢, it can be obtained that near the
contact (at the limit of resolution, Fig. 2b, ¢)
p = 2.5.107 cm 2. Below (Fig. 2a, between
"rays”), p = 2.5:106 cm2.

Using Eq.(8) we estimate the critical DD
value (p.) necessary for CS formation. Sub-
stituting in (3) the correspondent values
and taking into account that possible ratios
Gp/G are approximately in the range of
10*5<(Gp/G)<10’3, b=381010m, and v = 0.3
we obtain 106<pc<1010 (cm~2). The given
above experimental p, estimations satisfy
this inequation indicating the developed in
[4, 5, 28, 24] theoretical concepts agree
with our experimental results.

As it is seen from micrographs (Fig. 3),
during annealing the cells increase their
sizes significantly with time (after 8 h of
annealing — by an order of value) achieving
the order of 5:1072 c¢m and even up to 1071 em
sizes. If the growth of the cells is thought
as a result of diffusion, we can use the
known relation from diffusion theory L2 = Dt
(L is distance of substance transfer, D is
diffusion coefficient, and ¢ is diffusion
time) and evaluate the diffusion coeffi-
cient by our observed data. Substituting L =
51072 ¢m, and ¢ = 2.88.10% s we obtain D =
8.7-10°8 cm?2/s. This value is somewhat
overestimated. Therefore, it may be as-
sumed that the cell growth realizes both by
dislocation slip mechanism and by diffusion
climb.

As to CS symmetry and its crystal like-
ness, it may be said the following. The ob-
served CS (Fig. 38d, 4d, etc.), firstly, cannot
be classified as one-dimensional periodic
one, so in the terms of the developed in [4]
theory this contains the number of parame-
ters of order obviously N>1. On the other
hand, the cells contain no internal elements
assigning their intrinsic symmetry of rota-
tion, that signifies according to the theory
that the number of the order parameters
N<4, i.e. really N = 2 or 3. At these N, as
it is noticed in [4], a crystal-like cellar
structure should be formed, respectively, of
rhombic or hexagonal type. It is difficult to
insist that we observe one of these types.
But we indeed observe polygonal cells, as a
rule, of not right form with different num-
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ber of sides (but, usually, 4+6 sides; see
Fig. 3d, 4d).

This is the structure of a mixed type
with rhombic and hexagonal cells (rarely
triangle cells observed as well as more than
six-sided ones). In this connection, it is
worth to note an important obstacle that we
observe plastic deformation in the local area
near the stress concentrator, high and
rather inhomogeneous strain with large gra-
dients that is well seen in the picture of the
contact area morphology (Fig. 1b). Near the
contact surface, high dislocation occupa-
tion, high concentration of point defects,
and disintegration of single crystal occur.
In our experiments, nearby the contact area
the block off-orientation estimated by blur-
ring the spots on inverse Laue-grams achieves
5+10 degrees. In fact, it is a low bound where
a fragmentary structure forms [1-3].

A number of phenomena are known,
which have behavior peculiarities under
conditions of high strain inhomogeneity.
There is, for example, information [25] that
under local conditions, dynamical ecrystal-
lization was observed as well as small-angle
and high-angle grain boundaries, micro-
pores and micro-cracks, etc. These notes
may serve a basis for assumption that the
mentioned conditions for localized deforma-
tion can affect the CS form. Taking this
fact into account, it may be assumed that
the given experimental data and estimations
are enough to consider these as supporting
qualitatively the theoretical predictions
[4, 5, 28, 24].

The obtained knowledge on the regulari-
ties and kinetics of DC formation under
plastic deformation in local area nearby the
contact for the samples of KCI single crys-
tals is in full measure valid for experiments
with other single- and polycrystalline mate-
rials, including copper samples studied in
[19]; the fact signifies about wvalidity and
effectiveness of the developed in [18, 19]
dislocation-diffusion mechanism (DDM) for
formation of the contact between squeezed
crystalline solids. Let us pay attention to
the follows. In the kinetic curves S(¢) ob-
tained in [19] (S is relative width of the
contact of W/W) after t;; =~ 5+10 min from
the beginning of the process, an abrupt re-
tarding the contact growth occurs that is
observed as changing the behavior ("knee")
of curves; this was explained as the fact
that ¢, is the formation time of quasi-sta-
tionary dislocation assemblage locking ac-
tivity of a dislocation source on the surface
of the contact. The thermal-fluctuation de-
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parture of dislocations from the “tail” of
the assemblage opens the source and con-
trols the process further. This is the mo-
ment when the transition from dislocation
mechanism to DDM of the contact forma-
tion takes place. By the behavior of ob-
served kinetics of DS variation it is also
seen that after t;,, = 5+10 min the DS looks
like completely formed (quasi-stationary)
(Fig. 3d, 4a, d). Thus, actually postulated
in [19] by the "knee" of kinetic curves,
quasi-stationary of the dislocation assem-
blage after t,, in our experiments is sup-
ported by the kinetics of DS variation.

At >t , only the ordering of the cellar
structure and its enlarging is observed
along with gradual decreasing the disloca-
tion background density, that takes place
due to both dislocation annihilation and em-
bedding these into inter-cell walls. How-
ever, after the maximum annealing time
(8 h in our experiments), relative disorien-
tation of cells remained insignificant (ex-
cluding the area adjacent to the contact sur-
face). Observed in Fig. 4d several slip bands
intersecting a few cells not far from the
contact do not show visible ’knees’ at the
cell boundaries, therefore the structure re-
mains cellar and does not became fragmen-
tary [1-8] which is characteristic for large
deformations.

4. Conclusions

Evolution of dislocation structure during
the contact area formation under loading
was studied in the model experiments
"wedge-plane” for KCI| single crystal at
room and high temperatures 0.8T,,. The ex-
istence of the postulated earlier quasi-sta-
tionary dislocation assemblage was sup-
ported, with which formation the rapid
stage of the dislocation mechanism for con-
tact formation is finished. It was shown on
the basis of DS observations and analyzing
the stress distribution field nearby the con-
tact, the main mechanisms of substance
transport away from the contact into bulk
of the crystal as well as partial squeezing
this onto the surface are dislocation mecha-
nism and DDM. In connection of locality of
the force impact and, as a consequence,
high strain gradients, also participation of
the crowdion mechanism is possible. It was
established that as the DD increases and
achieves the critical value (p,), the disloca-
tion structure became cellar. The cell size

L, increases with DD decreasing in homoge-

50

neous state in accordance with the theory.
By experimental observations the DD criti-
cal value (p,) at which the CS formed was
estimated. This was found to be of the order
of 107 em 2. This value is in the range of
theoretically predicted p, values, at which
the CS formation should be expected:
106<pc<1010(cm’2).

The crystal-likeness of CS followed from
the theoretical analysis is supported qualita-
tively. The CS observed consists of cells-
polygons with the number of sides usually
from 4 to 6, i.e. this looks like a mixture of
cells with rhombic and hexagonal symme-
try, as predicted by the theory.
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Kinetuka dopmMyBaHHS AMCIOKAI[IHHOI CTPYKTYpPH
Yy NPMKOHTAKTHINA 00JacTi 37aBIIOBaAHUX
KPHCTAJIYHUX TiJ

I0.1.Boiiko, M.A.Boaocwk, B.I' Kononenko

ExcriepyMeHTaNbHO MOCHIMKEHO €BOJIONII0 AUCHOKAIINHOI cTPYKTYpH npu (OopMyBaHHI
KOHTAKTY Yy MOJEJbHINX €KCIIePUMEHTax  KJamH-mommea’ 3 moHokpucrtana KCl mix masanTa-
MeHHAM Opu Kimmarmiit i Bucoki#t (0.8T),) remmeparypax. Iloxasarmo, mjo Ha mnepmriii
(urBuakiit) cragii mpomecy s3a paxyHOK emicil mumciokariii dopmyerbcsa KBasicramionapme
AucioKaliline cKymueHHA. Beranosieno, mo npu Bucokiii Temmeparypi (0.8T,,) xomipuacra
crpykrypa (KC) dopmyersesas ma Halpamimmx eramax Bimgmany mixg maBaHTaseHHAM. EKciie-
PUMEHTAJLHO BU3HAYEHO KPUTHYHY INUIBHICTE AmcaoKamii p,, upu Akxii KC dgopmyersca:
pczIO7 cm™2, mo B8a TOPAAKOM BeJIWUYMHM BifmoBizac ii pPOBPAXYyHKOBOMY BHAUEHHIO
(106<pc<1010) em™2. KpucranomogiGuicrs KC, mo mepegbauacTses Teopicio, AKkicHO migTBep-
mxyerbesi; KC micTuTs cymim Komipok — 6araToOKyTHUKIB 8 UMCJIOM CTOPIiH mepeBaskHO Bif
4 no 6.
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