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Character of relaxation processes has been analyzed in crystalline materials near stress local concentrators of various types (a
crack in copper under its healing by uniaxial compression; a rigid (corundum) inclusion in a KCI single crystal; a hole in a KClI single
crystal due to pulse optical breakdown of the single crystal by ruby laser radiation). It was shown that in the first two cases (crack and
rigid inclusion), the main mechanism resulting in relaxation of about 50% stress was the dislocation-diffusion one. According to this
mechanism, excess vacancies and interstitials occur at intersections of screw dislocations; as a result, rapid crowdion (interstitial) mass
transfer is switched on completing the relaxation process. In the case of laser breakdown, the crowdion mass transfer mechanism is
principal. The diffusion-and-dislocation mechanism steps in at the final stage of the process and provides near 5% of the full necessary
mass transfer amount.
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[IpuBeneH aHanm3 XapakTepa pPeNAKCAIIMOHHBIX INPOLECCOB B KPUCTAJUIMYECKHX MaTepHallaX B OKPECTHOCTH JIOKaJIbHBIX
KOHIIEHTPATOPOB HANPSDKEHHH Pa3HBIX TUIOB (TPEHIMHA B MEAU IIPHU €€ 3aJICUMBAHUU OJHOOCHBIM CXKATHEM; YKECTKOe (KOpYHJ)
HHOPOJIHOE BKIoueHHe B MoHOKpucTaiuie KCl; monocts B Monokpuctaiuie KCl, momyueHHas B pe3y/ibraTe UMITYIbCHOTO ONITHYECKOTO
po0osi MOHOKPHUCTAJIIA H3ITy4YeHHEM pyOHHOBOTO J1azepa). [lokasano, 4To B MEPBBIX ABYX CIy4asx (TPEHIMHA, KECTKOE BKIIOYCHHE)
BEeYIMM MEXaHH3MOM MacCONEPEeHOCa, MPUBOASIIMM K CHATHIO 10 50 % HanpsukeHUH, SBIAETCS AUCIOKALMOHHO-IUG(Y3HOHHbBINH
MexaHu3M. COIIacHO ’TOMY MEXaHU3MY, Ha TIepEeCEUCHHUSIX BUHTOBBIX AUCIOKALIUH OSBISIOTCS H30BITOYHBIC BAKAHCHU M MEXKY3€IIbHBIE
aTOMBI, O1arofapst YeMy BKJIIOYaeTCst OICTPBIN KpayTHOHHBIN (MEXKy3eJIbHBIN ) MacCONEpPEeHOC, 3aBepIiast peslakcalnoHHBIH npornecc. B
ClTy4ae J1a3epHOTO IIPoOO0s BEAYIINM SIBIISICTCS] MEXaHU3M KpayIHOHHOTO Maccornepernoca. Juddy3noHHo-AnCcI0KannoOHHbII MEXaHU3M
TIOAIKITIOYAETCS Ha 3aKIIOYUTEIBHON CTaUHU Mpoliecca, 00ecednBas mopsaka 5 % IMOTHON BeTHMYNHEI HEOOXOANMOTO MacCOIIepeHoca.

KirioueBble ciloBa: AMCIOKALMH; KpPAayJHOHBI; MEXYy3elbHble aToMbl; AnGY3Hsd; KOHLUEHTPALUS HANPSIKCHUH;
pellaKCalMOHHBIC TIPOLIECCHI.

[TpuBeneHo aHaii3 xapakTepy pelakcaliifHUX INPOIECiB B KPUCTATIYHUX MaTepiajlaX HaBKOJO JIOKAIBHHX KOHIIEHTPATOPiB
HarpyXeHb Pi3HUX THMHIB (TPIIMHA B Mifi IIpH 11 3a1iKOBYBaHHI OTHOOCHUM CTHCHEHHSIM; SKOPCTKE (KOPYH) y>KOpPiTHE BKITIOUCHHS
B MoHokpuctan KCI; mopoxxanaa B MoHOKpucTani KCl, orpumana B pe3ynbTari iMITyJIbCHOTO ONTHYHOTO TPOOOI0 MOHOKpHCTANA
BHIIPOMIHIOBaHHAM pyOiHOBOro nasepa). IlokazaHo, 1o B mepuiMx ABOX BHIAJAKaX (TPIlIMHA, KOPCTKE BKIIIOUEHHS) MPOBITHUM
MEXaHi3MOM MAacCOIEPEHOCY, 10 MPUBOAUTH JI0 3HATTA 10 50% HaNpyKeHb, € JUCIOKaLiHHO-an(y3iiHNH MeXaHi3M. 3rigHO oMy
MeXaHi3My, Ha IepeTHHAaX TBUHTOBHX JIMCIIOKALIIH 3’ IBIISIOTHCSI HA/UTUIIIKOBI BAKAHCIi | Mi>KBY3€JIbHI aTOMH, 3aB/ISIKH YOMY BKJIIOYA€ThCS
IIBUAKAI KpayTioHHUH (MiXBY3€IBbHHI) MacoNepeHoc, 3aBepIIyioun pellakcaliifHuii mpomec. Y pasi Jla3epHOro IMpoOor0 BeyInM
€ MeXaHi3M KpayJioHHOTro Macomneperocy. JJudy3iitHo-aucnokamitHnii MexaHi3M HiIKIIOYaeThCsl HA 3aBepIIANbHINA cTaiil mporecy,
3abe3mnedyroun mopsiaka 5 % IOBHOI BETHMINHH HEOOXiJHOTO MacOIEPeHOCy.

KurouoBi ciioBa: gucioxanii; KpayaioHH; MiKBY3€IbHI aTOMU; TU(y3is; KOHIEHTPALis HaIpyKeHb; peaKcaliiiHi mpouecH.

Introduction for dispersion strengthening of a material) or production

Real solid crystalline bodies as physical systems
always possess some excess thermodynamic potential
in comparison with equilibrium ones due to presence
of crystalline lattice defects. These defects as foreign
inclusions, pores, grain boundaries, dislocations,
vacancies, interstitials (intrinsic and foreign) may be either
artificially created with some specific aim (for example,

outgoings. Various defects are introduced into material
in technologies of diffusion welding, powder metallurgy,
dispersion strengthening, etc. [1, 2, 3].

Under analyzing specific situations, one should take
into account not only requirements to products under
exploitation conditions but also the fact that near any defect
being a stress concentrator of external loading, relaxation
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processes take place which in one way or another reduce
both efficiency and service life of the product. These
relaxation processes are necessary to study in order to get a
possibility to control them and to estimate real capabilities
of specific technologies and quality of materials produced
with them.

Experimental Results and Discussion

Based on our previous works [4, 8—10] where
kinetics of relaxation processes near specific local stress
concentrators like cracks, foreign inclusions and pores
was considered, we form the intention to accent the main
peculiarities of relaxation processes and to specify the
transfer mechanisms leading to relieving or damping stress
state. Additionally, it is necessary to estimate the role of
each of the mechanisms under specific conditions.

In [4] healing of a disc-shaped plane crack with
size 2a and thickness ¢ was studied. Under uniaxial
compression perpendicular to the crack occurrence
plane, a dislocation-diffusion mechanism of healing was
assumed, i.e. generation of prismatic dislocation loops
with their subsequent diffusion dissolution. The kinetic
equation [4] for dissolution of dislocation loops contains
two components; one of them depends on loading and
crack size, and another is defined by the value of lattice
supersaturation by interstitials:

2 3
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where L, B, Y are experimental constants [4]; a, a,” are,
respectively, current and initial (under loading) radii of the

crack; D, is vacancy diffusion coefficient; D =D, CI(/) ,Dis
self-diffusion coefficient of copper atoms (at 7= 873 K

D = 3.1'10"7 m¥s); CI(/) is vacancy equilibrium

concentration at a given temperature 7 o is stress created
by external loading; ¢, ¢, are, respectively, current time and
the time for formation of a quasi-stationary dislocation
assemble in the crack tip after loading (in our case
t, = 5 minutes); o, is Peierls threshold; AC, = C,— Ci is

. . . .. 0
supersaturation of lattice by interstitials; C,, Ci are,

respectively, real and equilibrium concentrations of
interstitials at 7 temperature.

Naturally, Eq. (1) contains the external load value
and Peierls threshold (for details, see [4]). Generally
speaking, the level of lattice supersaturation by interstitials
is unknown a priori, and we can not take it into account in
the process under study without additional considerations.
If interstitial atoms are allowed to migrate reliably in
crowdion configuration, we can not really evaluate also
the contribution of crowdions into cracks healing so far.
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Let us turn to specific estimations. It has been found that
if dislocation loop dissolution flow due to interstitial
atoms migration is neglected, i.e. the second summand in
parentheses of Eq.(1) is assumed zero, after experimental
data treatment we obtain understated Peierls threshold
c,~0.4:10° N/m?. On the other hand, using the known from
independent sources Peierls threshold we can evaluate the
second summand in parentheses of Eq. (1).

If, for example, the typical Peierls threshold
c, ~ 10° N/m? is taken, the second summand in (1) is
found to be twice as large as the first one. That means, in
this situation under high-temperature healing of cracks in
loaded copper, the interstitial (crowdion) mechanism of
transfer acts. A specific physical model of such transfer
of atoms is in that vacancies occurring within atomic
close-packed rows move quickly along the close-packed
rows forming crowdion configurations and “take away
hollow” from the crack, so the crack is filled by atoms.
Such configurations are called anti-crowdion ones in [5].
All theoretical concepts developed in [5] for crowdions are
found to be fully applied to anti-crowdions.

A physical model for appearance of lattice
supersaturation by interstitials under plastic deformation
was proposed by Hirth and Lothe [6]. The supersaturation
is related with intersections of screw dislocation loops.
Here vacancies and interstitial atoms are generated. But
concentration of interstitial atoms is always predominates
due to their high mobility [6].

If these considerations are taken, we can believe that
experiments done in [4] and results of their treatment prove
justifiability of assumption on participation of interstitial
migration (crowdions) in the process under study.

Found participation of interstitial (crowdion) mass-
transfer for cracks healing in copper samples under uniaxial
compression perpendicular to the plane of crack bedding
is principal also because this allows correct planning the
regimes of technology operations for crack getting out in
the production cycle.

Similar situation appears also in other cases like this,
for example, during relaxation of stresses near foreign
inclusions in the matrix. In literature there are described
many different cases on reaction of the system near various
inclusions under changing external conditions [7]. Usually,
dislocation and diffusion mechanisms of mass-transfer
were discussed which were really observed (crowdions did
not mentioned practically).

In [8] relaxation processes and transfer mechanisms
were studied in a KCI single crystal with immersed into
it corundum (Al O,) balls at melting temperature (model
experiment). During cooling of the system from melting
temperature, as a result of different expansion coefficients
of the crystal and the ball, dislocations appear in the KCI
single-crystal as in much softer material; some of them are
dissolved by diffusion, whereas some new appear again and
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Fig. 1. Typical dislocation structure in KCl single
crystal cooled from melting T, toroom T temperature
around a corundum ball of 30 um diameter (cooling
constant a&=1.05x10-s™").

again due to continuing cooling. As a result, under cooling
to room temperature, a certain amount of undissolved
dislocations accumulate in the crystal (see Fig. 1). Under
cooling, temperature varies by the exponential law
(T=T, e*") from melting point 7, to room T, =293K.
In experiments, the cooling constant & takes the following
values: 3.0x107s, 1.05x10%s, 1.05x10s, and 1x107s.

Quantitative treatment of dislocation structures (like
given in Fig.1) obtained at different cooling temperatures
near balls of different size was carried out in order to reveal
the cooling rate dependence of the relative portion of full
volume misfit of dislocation loops (AV /AV ) remained in
the crystal after cooling. The value AV, is the misfit between
void and ball volumes at room temperature. According to
calculations, the value (AV /AV ) does not depend on ball
size, but depends on cooling rate (Fig.2).

As the cooling rate increases, larger misfit value is
“frozen” in dislocation loops as it was expected. But it
is important that only (10—15)% of the misfit is found
to be “frozen” in the remaining dislocation loops. In [8],
sufficiently accurate calculations of the misfit value were
fulfilled. From these it follows that quantitatively the misfit
value in dissolved and unobservable dislocation loops is
also rather small, not more (20—30) % dependently on the
cooling rate.

Thus, in “frozen” and dissolved dislocation loops
there is less than a half of substance taken out of the stressed
area. Because after cooling the stresses in the crystal near
an inclusion were insignificant according to photo-elastic
method estimations, we can consider that more than a half
of full misfit was taken out from the stressed area by the
crowdion (interstitial) transfer.

Another type of stress concentrators was discussed
in [9]. These are voids remaining in the ion single crystal
after focused laser beam transmission accompanied by
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Fig.2. Relative portion of full misfit (AV /AV ) versus
cooling constant & in KCI single crystals cooled from
melting temperature T _ to room value T

room”

so called laser optical breakdown. This phenomenon
is being under study for a long time, and a lot of works
was devoted to it. Different mechanisms of local optical
breakdown (formation of a crystal local destruction) under
transmission of laser radiation as well as emission spectra,
formation of a plasma clot, kinetics of the breakdown, etc.
were considered. In a number of our works, mechanisms
of taking out of substance from the breakdown zone and
void formation are discussed. The main attention was
concentrated at studying the dislocation mechanism as the
most rapid for taking out of substance from the breakdown
zone.

Quantitative treatment of investigation results and
first of all the treatment of dislocation structures around the
breakdown zone [9] allowed us to realize that the registered
quantity of dislocation loops observed in the cleavage plane
intersecting the formed void might explain only about (4—
5) % of substance taken out of the breakdown zone.

In this connection, we have studied large amount of
literature data on this point, analyzed rates of energy losses
under transmission of laser radiation through single crystals
and developed the mechanism of void pulse formation — the
model of a local thermal explosion [10]. According to this
model, melting, evaporation and heating of the radiation
absorption zone to plasma state take place so rapidly that
atoms of the overheated area stay put. Therefore, this
process is an explosion with estimated duration less than
10-¢s. High pressure occurs and a shock wave forms which,
according to explosion theory, initially has the supersonic
speed. On the crest of the wave, atoms of overheated
substance are taken out with the supersonic speed. This is
possible if the atoms form crowdion configurations because
only crowdions are able to move with the supersonic speed
[11].

According to results of microfilming of the breakdown
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zone using nano-second resolution [12], at the initial time,
removal of substance and void formation (almost 80% of its
size) occur so rapidly that atoms would have the supersonic
speed to move to a distance close to observed size of the
heated zone. Dislocations and dislocation mass-transfer are
observed practically at the final stage after crystallization
of the substance.

Conclusions

Thus, analysis of particular but typical cases of
relaxation processes by dislocation-diffusion mechanism
near stress concentrators in various materials (metals
and nonmetals) was proposed. It has been shown that if
interstitial atoms and vacancies are generated at dislocation
lines intersections, the mass-transfer process is accompanied
by joining the crowdion (interstitial) mechanism. In the
cases where generation of interstitial atoms is not related
with plastic deformation but takes place as a result of local
pulse impact onto the crystal (thermal explosion under laser
optical breakdown), the crowdion mass-transfer becomes
principal.

Under healing of a crack, emptiness — vacancy-by-
vacancy — is removed from its volume by generation and
movement of vacancy dislocation loops and crowdion
configurations of vacancy type.

In the cases of thermo-elastic stress relaxation near a
rigid inclusion in the crystal or of a local thermal explosion,
atoms are taken out from the defect zone by generation and
movement of interstitial prismatic dislocation loops and the
flow of interstitial atoms (crowdions).
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