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The process of internal stresses relaxation at jump-like change of external stresses is
experimentally investigated during creep of NaCl and KCI single crystals. The basic relaxa-
tion processes have been considered and some of those have been simulated.

9KCIepUMEHTAJIbLHO HCCJIeJOBAH IIPOIECC PeJIaKCallu¥ BHYTPEHHUX HANPSIKEHUUA IIpU
CKaYK000pasHOM M3MEHEeHUU BHEIIHUX HAINPSKEeHWU BO BPeMS IMOJI3YyYEeCTH MOHOKPUCTAJIJIOB
NaCl u KCI. PaccmoTpeHbl OCHOBHBIE PeJIaKCAIMOHHBIE IPOI[ECCHl U IPOMOJEINPOBAHBI HEKO-

TOPbIE€ U3 HUX.

Plastic deformation of single crystals is
known to occur by moving of dislocations
which are thermodynamically nonequili-
brium defects of a crystal lattice. There-
fore, a number of relaxation processes may
run in dislocation subsystem even in ab-
sence of external stresses (c) [1]. Those re-
sult in reduction of internal stresses o; and
excess energy related thereto. The applying
of external stresses activates some relaxa-
tion processes, in particular, the scattering
of dislocation boundaries.

To elucidate the external stress influence
on the internal stress relaxation mecha-
nisms, experiments on jump-like change of
external stresses during high-temperature
deformation are of good promise. In such
cases, the dislocations having an edge com-
ponent of Burgers vector, may not only
glide, but also climb due to diffusion. Dislo-
cations in the external loading direction
glide under action of effective stresses ¢,z =
6 — o;, therefore, the analysis of kinetic
creep curves shapes at partial fast unload-
ing of samples allows to judge on time de-
pendence of average internal stresses.
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Direct dynamics observations of individ-
ual dislocations and pile-ups thereof at high
temperatures is possible only in thin sam-
ples by means of an electronic microscope,
while it is practically impossible in bulk
crystals. Thanks to new computer technolo-
gies, it is expedient to combine experimen-
tal researches with mathematical modeling
of physical processes. Comparison of these
research results makes provides a better un-
derstanding of the processes occurring in
dislocation subsystem of the crystals.

The experimental part of researches was
carried out on alkali halide single crystals
NaCl and KCI shaped as rectangular prisms
of 8x5x10 mm?3 with initial dislocation den-
sity p0z105cm’2. Crystals of two orienta-
tions <100> (crystals I) and <111> (crys-
tals II) were strained in a temperature
range of 0.6 to 0.92T,, ,,, in the creep mode
under uniaxial compression. The initial
(transient) stage of creep, when changes in
dislocation subsystem are the most essen-
tial, was studied. The dislocation structure
of crystals prior to deformation was re-
vealed by etch-pit method. To determine the
average internal back stresses, the tech-
nique of fast changes of the applied exter-
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nal stresses from o; to oy [2] was used (the
stress interval o; = 0.4 to 1.2 MPa). The
values o; was determined from the stress oy
at which the deformation rate ¢ is equal to
zero for some time, that is, Coff-

The results obtained show that o; in-
creases in direct proportion to ¢ both for
crystals I and crystals II (Fig. 1a). A higher
internal stress level in crystals I (the exter-
nal stresses and temperature being the
same) is caused by a greater number of dis-
locations and their pile-ups therein as com-
pared to crystals II, because of easier aris-
ing and sliding of dislocations in crystals I.
The o; decreases at temperature elevation
(Fig. 1b).

Experiments to determine the average in-
ternal stresses are carry out usually within
several seconds or tens seconds. Study of
strain curves g(¢) during tens minutes after
sharp stress release down to level cy~c; has
shown interesting features: on a background
of constant or decreasing strain, periodic
sharp jumps of positive (in the direction of
applied external loading) strains are ob-
served, thereafter the curve &(t) gradually
comes back up to the level preceding the
jump (Fig. 2a). The period increases in
time.

The peculiarities of kinetic creep curves
after stress dumping are caused by specific-
ity of internal stress relaxation in disloca-
tion subsystem. At the transient creep
stage, the hardening and softening proc-
esses occur at different rates [3]. The in-
crease of internal stresses occurs due to
bending of dislocation lines fixed at stop-
pers to radius R~Gb/c; (G is the shear mod-
ule; b, the Burgers vector value) and to
formation of dislocation pile-ups at block
boundaries. In the first case, the internal
stresses relax after jump-like reduction of
external stresses due to straightening of
dislocation lines. The dislocations emitted
from sources encounter during their move-
ment under action of stresses o the low-
angle boundaries and are stopped, forming
flat pile-ups. In the pile-up head (at the
stopper), the stress level rises up to og = no,
where n is number of dislocations in the
accumulation. If the stress concentration at
the boundary does not exceed the stress
value ¢* necessary for break of dislocations
through the boundary or for its destruction,
the pile-up is stopped. Between dislocations
located in one slip plane, the repulsing
forces act. Under equilibrium, the distance
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Fig. 1. (a) Dependences of internal stress
value on that of external one. T = 650°C.
(b) Temperature dependences of internal
stress value. 6 = 0.8 MPa. KCI single crystals.

between dislocations in the pile-up x; are
determined by [4]:

n (1
A .
G—Zx._x.ZO(l -
j=1 4 ]

The pile-up equilibrium length at the cer-
tain stress is L = 2An/c. A = Gb/2n(1 — V)
for the pile-up of edge dislocations and
A = Gb/2rn for that of screw dislocations. As
the stress level is reduced by Ac = 6, — oy,
the pile-up length increases by

aL< 2An, Q
1

This results in a back deformation of the
crystal. From an estimation of AL wvalue at
known constants of a crystal, for example, KClI,
at the experiment temperature of (G =
0.85-10% MPa [5], b = 410710 m, ¢*~1 MPa),
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Fig. 2. (a) Experimental creep curve for KCI
single crystal after external stress reduction
from o, = 0.8 MPa to 65 =0.2 MPa.
T = 650°C. (b) Strain curve obtained by com-

puter simulation for break of dislocations
through low-angle boundary.

it follows that at the stress dumping by
75 % (Fig. 2a), one pile-up may cause the
crystal lengthening by ~2 um, i.e. an observ-
able back strain is caused by about 10% pile-
ups. The number of blocks in a sample has just
that order of magnitude (according to struc-
tural researches, the average block linear size
I is about 100 um). Thus, the back strain could
be provided either by one pile-up in each block,
or by several pile-ups in some blocks.

The non-monotonous character of kinetic
creep curves (Fig. 2a) testifies to non-mo-
notonous change of internal stresses at
dumping of a part of loading, namely, to
their periodic sharp reduction. As a result,
the effective stresses increase, and the de-
formation occurs for a certain time in the
direction of external stresses. There are
some possible reasons for internal stress re-
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Fig. 3. Post-creep X-ray diffraction pattern
of NaCl crystal obtained by Fujiwara method.

duction. First, at high temperatures, the
pile-ups of edge dislocations can extend due
to diffusion climbing from the initial pile-
up plane. Second, the pile-ups of screw dis-
locations are unstable because a cross slip is
possible. However, the cross slip planes in
crystals with the NaCl lattice are {100}
ones, not being the easy sliding planes.
Therefore, cross slip of screw dislocations is
hindered and can take place if the <110>
{100} sliding system becomes active. Com-
parison of creep rates for crystals I and II
allows to conclude that at T>550°C, disloca-
tions in the specified slip system arise and
move. The third possibility of sharp inter-
nal stress reduction is break of accumulated
dislocations through dislocation boundaries.
The fourth cause consists in that if the pile-
up dislocations are unable to pass through
the boundary, they can to destroy it and
move together with dislocations of the bound-
ary in the external loading direction. The
fifth reason is that the dislocations can enter
the boundary without passing through it or
destroying it. In case of dislocation pile-ups
stopped on both sides of boundary and having
opposite Burgers vectors this process results
in local reorientation of the crystal. This
process is similar to formation of dump strips
at plastic deformation [6]. Such areas reori-
ented by some degrees were observed experi-
mentally by optical microscopy as a differ-
ence in contrast of the reflected beams and by
Fujiwara X-ray technique as diffraction spot
splitting [7] (Fig. 3). At last, one more possi-
ble reason of internal stress reduction consists
in formation of cracks [8] in conditions when
dislocation moving in easy slip systems is impos-
sible or hindered (crystals II).
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Two of the above-mentioned processes re-
sulting in sharp internal stress reduction
have been simulated. Those were a break of
dislocations of an pile-up through a disloca-
tion boundary and destruction of a disloca-
tion boundary. In our opinion, it is just
these two processes that are responsible for
jump-like deformation in crystals of both
orientations for the following reasons. Re-
solving of dislocation pile-ups due to climbing
or to cross slip, and reorientation of crystal
local areas result in comparatively slow in-
ternal stress reduction. Cracks are formed
mainly in crystals II.

To prove that break through a disloca-
tion boundary results in jump-like character
of plastic deformation, a mathematical
model of the process was constructed. We
have considered not only conservative move-
ment of dislocations, but also their ability
to diffusion climbing at high temperatures.
The behavior of a separate accumulation
consisting of randomly distributed edge dis-
locations near a wall of immovable edge dis-
locations was simulated (the model parame-
ters have been taken for NaCl single crys-
tal). Such a model can be used if the
curvature radius of dislocation lines exceeds
considerably the average dislocation spac-
ing. Then, the dislocations can be consid-
ered as rectilinear and the whole dislocation
ensemble, when being considered, can be
subdivided into subensembles, each of those
being a system of parallel dislocation lines.
Fig. 2b shows the creep curve obtained by
computer simulation and in Fig. 4, consecu-
tive evolution stages of a dislocation pile-up
are presented. We assume that the stress
dump down to oo was realized at the initial
moment, whereas prior to this time, the dis-
location accumulations are arisen in the
crystal near dislocation walls during creep
(under c¢). The creep process (curve in Fig. 2b)
can be subdivided into three stages. At the
first stage, deformation proceeds in the
"positive” direction of the applied external
stress. Dislocations which are located in the
accumulation head break through the wall
and move further under an external stress,
till meeting another obstacle which they
cannot overcome (Fig. 4, a—c). At the sec-
ond stage, there is an active movement of
other dislocations: "front” dislocations, to-
wards the stopper (where those stop),
"back”™ dislocations, in the opposite direc-
tion (where there are no obstacles). This re-
sults in a "negative” straining (Fig. 4, d—e).
At the third stage, some dislocations which
have left the stress field of an pile-up, move
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Fig. 4. Consecutive stages of evolution of dis-
location pile-up near an immobile symmetric
dislocation boundary.

in the "positive” direction. This process oc-
curs simultaneously with generation of new
dislocations which movement results again
in "positive” deformation (Fig. 4, e—f).
Comparing the creep curves obtained ex-
perimentally and by simulation, it is seen
that those are coincident qualitatively if the
dominating deformation mechanism is
breaking of a mobile dislocation pile-up
through the array of fixed dislocation walls.
Thus, it is possible to explain the non-mo-
notony of plastic flow by the passing of
previously created dislocations through
fixed low-angle boundaries, thus resulting
in a internal stress reduction. To provide an
essential contribution of this process to
creep (that could be observed experimen-
tally), such overcoming of obstacles should
either occur locally by great number of dis-
locations, or almost simultaneously by sin-
gle dislocations in different places of the
sample volume. A single dislocation pro-
vides the sample strain of ~10713 m when
moving inside a block in a sample of the
above-mentioned size. Thus, to provide an
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effect in observable in experiment (the
gauge sensitivity being ~2.1076 m) at simul-
taneous processes in all blocks, about 102
dislocations should be involved in deforma-
tion (and in movement) in any of the
blocks.

The second important effect influencing
the non-monotonic character of plastic de-
formation is a scattering of dislocation
boundaries when dislocations leaving the
boundaries move through the block and con-
tribute to deformation. When considering
the scattering of boundaries, a special at-
tention has been given to destruction of an
asymmetric site of dislocation boundary [9].
Such sites appear always at crossing of the
boundaries formed in polygonization proc-
ess. The stable (that is, most energy favor-
able) configurations of asymmetric disloca-
tion boundary sites have been determined.
To solve that problem, the energy relief of
function U(x,y) was constructed. This func-
tion is such that the force acting on unit
length of the edge dislocation F = —grad U.
Considering the surface relief of that func-
tion, it is possible to establish the minimum
and maximum values of energy barriers
which generate the dislocations of different
slip systems (with Burgers vectors b, =
(b,0,0) and by = (4,0,0)) located within a
dislocation wall so that an asymmetric site
of dislocation boundary is formed. Move-
ment of a dislocation located near to a wall
is directed towards the reduction of U(x,y).
In Fig. ba, the relief of function U(x,y)
near to the asymmetric site consisting of
four dislocations with by is shown.

In the diagram presented in Fig. 5b, the
arrows specify the movement directions of a
dislocation with Burgers vector b; near an
asymmetric site containing three disloca-
tions with by. The combined consideration
of such diagrams and corresponding power
relieves has established that there are two
stable configurations of an asymmetric site:
alternation of equally spaced dislocations
with b; and by and a paired extremely close
arrangement of such dislocations (with a
possibility of dislocation reaction and for-
mation of a sessile dislocation). Having de-
termined possible steady configurations of
asymmetric sites of dislocation boundaries,
the sequence of asymmetric dislocation wall
destruction has been found, that is, the dis-
locations for which is energy favorable to
leave such boundary first have been deter-
mined.

As stated above, destruction of a disloca-
tion wall with an asymmetric site occurs at
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Fig. 5. (a) Energy function surface of an
asymmetric dislocation wall area. (b) Diagram
of possible motion directions of a dislocation
near an asymmetric area of dislocation
boundary.

a lower stress level than that of a symmet-
ric dislocation wall [10]. We have calculated
the value of the critical shear stress o,
necessary to destroy a dislocation wall with
an asymmetric sitea, for two essentially dif-
ferent cases: low temperatures (dislocations
move by sliding) and high temperatures
(T ~ T,,e1;» dislocations can climb). At high
temperatures, the dislocation wall with an
asymmetric site is destroyed at a lower level
of stresses, than at low temperatures. This
can be explained by the fact that at high
temperatures a dislocation can leave its slip
plane and, following a minimum of a poten-
tial relief, go away from the wall.

Thus, comparison of experimental data
with results of computer simulation allow
to conclude that the main processes respon-
sible for non-monotonic deformation of al-
kali-halide single crystals under sharp re-
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duction of external stresses during high-
temperature creep are processes of break of
dislocations through subboundaries and de-
struction of dislocation boundaries.
Appreciation is expressed to D.V.Mat-
sokin for help in computer simulation.
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MexaHi3MH BHCOKOTEMIIEpPATYPHOI peJjlaKcamii
BHYTPINIHIX HaNpPyKeHb y NMPOIEeCi MOB3y4OCTi
JY:KHOTAJOITHUX MOHOKPHCTAJIB

B.I1. Mayoxin, I.M.Ilaxomosa

ExcnepumeHTaIbHO IOCIIMKEHO IIPOIleC peJsiakcalii BHYTPIIIHIX HAIPyKeHb IIPU CTPUO-
KomoxibHiil smiHi 30BHImIHIX HampysxeHp mig uac mossydocti momHokpucraais NaCl ta KCI.
PosrisaHyTo OCHOBHI penakcaliiiiHi mpoliecu Ta IIPOMOAEJIbOBAHO AEAKi 3 HUX.
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