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A real modeling of the mass transfer process in a crystal by visualization of the crystal
material motion under deformation using markers as well as structure studies have
revealed inhomogeneity in the stress fields and in the crystal dislocation structure. Four
crystal regions have been distinguished differing in the dislocation structures and the
dislocation interaction mechanisms. For each region, the structure evolution has been
studied and the structure state diagram has been constructed as a function of the pre-
straining rate.

PeannHOe MogenupoBaHue IpoIecca MAacCOIEePeHOca B KPUCTAJIE IIyTeM BH3yaau3alliu, C
IOMOIILI0 MAPKEPOB, MEPEMEINeHns] KPUCTAJINYECKOr0 MaTepuaaa npu Je)OpMUPOBAHUUN U
CTPYKTYPHBIE MHCCJIEJOBAHUSA BBLIIBUJIM HEOJHOPOLHOCTH II0Jeil HANPAMKEHUH M HEeOJHOPOI-
HOCTL JHCJIOKAIIMOHHOM CTPYKTYPbI KPHCTAJJIOB. BhIZeseHBI deThipe O6JIACTH KpHCTaJIa,
XapaKkTepu3yrInuecsa PasiuYHbIMUA AUCIOKAIMOHBIMU CTPYKTYPaMKU M MEXAHH3MAMH MEeX-
OUCJIOKAIIMOHHOTO B3ammojeiicTBus. [asa KaKaoil us obJjacTeil uccaezoBaHa 9BOJIOIUSA
CTPYKTYPBLI M IIOCTPOEHA AMAIPAMMA CTPYKTYPHBIX COCTOSIHHMII B 3aBHCHMOCTH OT CTEIEeHU
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peABapuUTeIbHON HedopMaIUu.

It is known [1, 2] that, under plastic de-
formation of single crystals of NaCl lattice
type oriented along [100] relatively to the
loading and having the height (a) to base
side (¢) ratio about 2 to 3, the gliding in the
initial deformation stages occurs along the
{011}<011> planes tilted at 45° to the load-
ing direction.

The plastic deformation of single crystals
with a/c <1 is specific in that the disloca-
tion exit out of the gliding strips to the
surface in the central region is blocked by
the deforming setup rods. The studies on
metals [3, 4] have evidenced that when the
a/c <1 samples are deformed by compres-
sion, a bulk stress-strained state (SSS)
arises in the crystal due to the plastic
strain inhomogeneity. In the works cited,
polycrystalline samples were considered,
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thus, the sample structure consisted of a set
of mutually misoriented grains, and the dis-
location exit out of the gliding strips to the
surface was blocked by grain boundaries.
There are no literature data on the SSS
studies in NaCl type crystals being de-
formed under the loading under considera-
tion. Those differ from the metals in that
there are only three possible active gliding
systems (<110>, <100>, and <111>) acting
at 45° and 90° to each other. The plastic
strain inhomogeneity might result in inho-
mogeneous stress relaxation for wvarious
crystal regions and thus in various disloca-
tion structures (the dislocation interaction
mechanisms). It this connection, of impor-
tance is to study the specific features of
NaCl lattice type crystals deformed in the
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Fig. 1. Distribution of the material shift
diagrams in the simulated crystal at & val-
ues (per cent): 18 (1), 25 (2), 27 (3), 28 (4),
29 (5), 30 (6), 42 (7). Dotted line shows the
FE matrix shift of the sample.

case when the sample height is smaller than
the base side.

Simulation. To calculate SSS (in particu-
lar, to study the material shift distribution
and stresses in the crystal), the COSMOS/M
software was used developed at Structural
Research and Analysis Corp., 1661 Lincoln
Boulev., Suite 100 Santa Monica, California
90404, 2000, where the SSS of an object is
calculated using the finite element (FE)
method. The simulation of the plastic
straining process by the FE method had the
following specific features: (i) when simu-
lating the strain up to stresses correspond-
ing to the plastic strain process onset (yield
limit), the calculation accuracy using FE be-
tween the stress distribution and the mate-
rial shift in a real (physical) and simulated
(virtual) crystal depends on the initially
preset physical and mechanical charac-
teristics of the material; and (ii) when the
crystal being simulated is strained up to
stresses exceeding the yield limit, the FE
calculation does not take into account the
changes in the internal stress fields caused
by the multiplication and motion of disloca-
tions. Only the macro-scale changes in the
internal stresses was accounted for by
means of setting the plastic flow law for a
group of FE. That factor was described as a
strain-induced hardening curve obtained in
experiment for a crystal being deformed in
conditions where the dislocation interaction
processes typical of a certain group of FE
dominate therein.

Since it is just the fce lattice that is
typical of NaCl, KCI, and Nal crystals, it is
just KCI| that was selected as the model ma-
terial to study the structure peculiarities
under inhomogeneous SSS due to its low
hygroscopicity. The sample to be simulated
having the ratio a/c <1 was coated by a
rectangular FE grating where the mechani-
cal characteristics of KCI single crystal were
preset [5]. For the FE group arranged in the
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Fig. 2. Material mass transfer in a crystal
under straining.

central region of the virtual crystal (where
the dislocation exit to the surface in a real
crystal is blocked by the deforming setup
rods), a plastic flow law (the strain-induces
hardening curve) was set obtained for the sam-
ples strained at a/c < 1. For the peripheral FE
group arranged in the region where the disloca-
tion exit to the surface is possible in a real
crystal, the plastic flow law was set obtained
for the samples with a/c = 2.5. Fig. 1 presents
the cross-section of the crystal being simu-
lated along its vertical symmetry axis at the
relative strain of the sample as a whole
equal to 25 % . The dotted line shows the
FE shift in the matrix while the solid one,
the "iso-stressed lines”. Considering that
picture, it is to note that at the moderate
crystal straining near the upper and lower
surfaces, the material relative strain in-
creases from 18 % to 42 % when passing
from the center to periphery.
Experimental. The material was de-
formed using an Instron testing machine.
The sample dislocation structure was visual-
ized by selective etching with PbCl, in ethanol.
To compare the material shift patterns in
the physical and virtual crystals, a model-
ing experiment was carried out. The
50x50x10 mm?3 plates were cleaved out of a
single crystal ingot along the cleavage planes.
The dislocation density was 108 cm™2. The
surface was coated by 0.1- 0.2 mm thick
graphite layer. The plates were stacked to-
gether as a sandwich. The sample so ob-
tained was heated up to a pre-melting tem-
perature, strained by 2 to 5 % and hold
under loading for 2 h. As a result, the sin-
tering boundary was decorated by well vis-
ible black micro-particles. Then the sample
was unloaded and turned by 90°. The re-
peated straining of the sample evidence a
shift of decorating black points. In fact, the
experiment provides a shift diagram of all
the crystal points under straining at ele-
vated temperatures. In Fig. 2, shown is the
cross-section of a sample set up by 50 %.
The material shift picture obtained under
plastic flowing of a physical crystal is simi-
lar to that of the finite-elemental matrix in
a virtual crystal, thus evidencing the admis-
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sibility of the obtained calculated values of
the material strain in the crystal.

Discussion. When considering the strain
distribution diagrams, the horizontal (per-
pendicular to the compression axis) inhomo-
geneity as well as the vertical (along the
compression axis) one are to be distin-
guished. As to the horizontal inhomo-
geneity, the material strain value increases
from the center to the periphery and de-
creases at the crystal edge. As to the verti-
cal inhomogeneity, the strain in the central
region increases from the butts (contacting
with the deforming setup rods) towards the
center. At the periphery, an inverse process
takes place, that is, the relative strain de-
creases from the butts to the center.

The inhomogeneous plastic flow of the
material and the corresponding inhomo-
geneity in the internal stress distribution
must result in an inhomogeneous stress re-
laxation due to dislocation multiplication
and motion. As a consequence, two specific
features are to be noted in the stress relaxa-
tion at the crystal straining. First of all,
the dislocation structure studies have
shown that at the periphery where the dis-
location exit onto the side surface is possi-
ble, the structure differs heavily from that
of regions positioned near the crystal center
where the dislocation exit onto the surface
is blocked by the deforming setup rods. The
photo in Fig. 8 illustrates those crystal
zones (right, the region where the disloca-
tion exit onto the surface is blocked by the
deforming setup rods; left, that where the
dislocation exit onto the side surface is pos-
sible). The interface between those regions
is in the vertical cleavage plane at 45° from
the crystal edge to the horizontal symmetry
axis. The somewhat unusual look of the dis-
location structure photo is associated with
the structure study difficulties in the se-
lected conditions of the crystal deforming.
So at the material strain of 8 to 5 %, the
dislocations which cannot go to the crystal
surface are accumulated therein. Therefore,
at the chemical etching, only a high disloca-
tion density is observed and the small-angle
boundaries forming the substructure are
difficult to distinguish. That is why it is
difficult to estimate the internal substruec-
ture parameters. In this connection, the
procedure was used providing the etching-
off of single dislocation and clear visibility
of the dislocation walls (boundaries) only. It
is known [6] that the distance between the
dislocation walls allows to judge the inter-
nal stresses in a crystal. A smaller inter-
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Fig. 3. Etching pattern of transversal cross-sec-

tion of the crystal region where various disloca-

tion interaction mechanisms are acting (x70).

wall distance is typical of higher stresses.
Thus, the sharp difference in dislocation
structure on the crystal area of 2x2 mm?
size (Fig. 3) evidences the difference in the
internal stress levels and seems to be asso-
ciated with different mechanisms of disloca-
tion interaction at the crystal periphery and
in its center. This confirms that the se-
lected calculation model is valid when the
plastic straining is simulated using the FE
method.

Another specific feature of the stress re-
laxation consists in that at the initial plas-
tic straining stage, when the dislocation
structure can be studied by optical micros-
copy, the dislocation density near the con-
tact surfaces at € = 0.6 % increases from
2.5x10% to 6x10% cm 2 and the material
relative strain increases by a factor of 2.3.
This phenomenon can be interpreted as a
result of hindered stress relaxation within
the region where the material shift is small.
Thus, the residual stresses at plastic strain-
ing decrease from the center to periphery.
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Fig. 4. Scheme of crystal regions with differ-
ent stress relaxation intensities under plastic
straining: the equal material shift region (1);
the hindered straining one (2); the intense
straining one (3); the region where disloca-
tion exit to the crystal surface out of the
gliding strips is possible (4).

The whole set of the results obtained
allow to distinguish several characteristic
regions in the crystal with specific disloca-
tion structures inherent therein (see Fig. 4).
First, there is a region of the equal material
shift arranged near the horizontal symme-
try axis. It is characterized by the material
shifting inhomogeneity of maximum 8 %.
The relative strain value is in correlation
with & value for the crystal as a whole. The
second region is that of hindered straining.
It is at the center near the contact surfaces.
The material is subjected to volume com-
pression. As a result, the material shift in
that region is minimal and amounts 20 to
30 % less than that in the equal material
shift region. Thus, the stress relaxation is
also hindered in that region. The third re-
gion is the intense mass transfer one ar-
ranged at the periphery near the contact
surfaces and characterized by the most in-
tense material straining (low level of resid-
ual stresses). At last, there is a region of
the possible dislocation exit to the surface.
It is arranged at the periphery near the con-
tact surfaces. It that region, the dislocation
interaction mechanisms are typical of crystals
strained at a/c ratio amounts 2 to 3.

The material plastic straining inhomo-
geneity and effects of various dislocation
interaction mechanisms result in different
structure states of different crystal regions,
the strain value of the crystal as a whole
being the same. Fig. 5 presents the struc-
ture state diagram for KCI, NaCl, Nal(Tl)
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Fig. 5. Structure state diagram for crystals
of Nal(Tl) type lattice strained at the height
smaller than the base side: the intense strain-
ing region (I); the equal material shift one
(2); the hindered straining one (3); the region
where dislocation exit to the crystal surface
out of the gliding strips is possible (4).

crystals strained at T = (0.5 to 0.75)T,, for
different a/c values from 0.25 to 1.

To conclude, the strain-stressed state of
crystals with a/c <1 is strongly inhomo-
geneous and is due to two factors. The first
one is the inhomogeneous material shift re-
sulting from the fact that the tangential
stresses generated by friction at the contact
surfaces (of the samples and deforming ele-
ments) are distributed non-uniformly over
the crystal height and amount to a maxi-
mum at the contact surfaces and to a mini-
mum at the crystal half-heig ht. Another
factor is the edge effect associated with the
possible exit of dislocations to the side sur-
face. This results in an inhomogeneous dis-
tribution of strains and stresses as well as of
the subsequent stress relaxation and of the
accompanying residual stress pattern in the
crystal. This is confirmed both by experimen-
tal studies of the crystal dislocation structure
and by calculations of the stressed state.
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Hanpy:xeHno-nedpopmMoBaHU CTaH KPHMCTAJIiB
i3 rpatkoro Tunmy NaCl, nedpopmoBamux B ymoBax,
KOJIM BHCOTA 3pa3Ka MEHIIEe CTOPOHM OCHOBH

A.JIO.Boapunyes, O.B.'ekmin, B.B.Illnaxmypoé

Peannrne mopmenioBaHHA IIpollecy MacollepeHoOCy Yy KPHCTaNi HIIAXOM Bisyasisamii, sa
JOTIOMOTOI0 MapKepiB, IepeMileHHA KPUCTAJiuHOTO MaTepiany mig yac gedopMyBaHHS Ta
CTPYKTYPHI JOCHifKeHHA BUABUJIN HEOTHOPiAHICTH IIOJiB HAIPyr Ta HEOTHOPiTHICTH AuMCIIO-
KaliiHol cTpyKTypu KpucrtajiB. BupiseHo wotupu objacti Kpucrana, SKi XapakTepusyoOTh-
cd PIBHMMHU [IUCIOKAIifHUMU CTPYKTypaMu Ta MexaHismMamMm Bl3aemopii. A KoykHOI 3
obsacTeil MOCTifKEHO €eBOJIOIiI0 CTPYKTYpM Ta 30yZOBaHO AiarpaMy CTPYKTYPHUX CTAaHIB
3aJIe}KHO BiJl cTymeHs mnolepefHbol gedopmarrii.
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