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Healing the cracks in crystalline solids under uniaxial compression
normal to the plane of crack deposition
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The results of experimental and theoretical investigations on the process of healing the artificially created disc-like cracks in
uniaxially compressed samples of galvanic purified (99.999%) polycrystalline copper at room (T, ) and high (T=873 K) temperatures
are described. It has been shown that at T=T __under loading, cracks emitting dislocation loops reduce their radius to some stationary
value depending on loading; dislocation mechanism of healing takes place. The obtained calculated dependence of the crack radius on
loading has been experimentally supported.

It has been shown that at high temperature, the formed after loading dislocation assemblage becomes quasi-stationary due to
diffusion dissolving the dislocation loops and generating the new ones — that is dislocation-diffusion mechanism of healing. The
calculated relations describing the process have been obtained and experimentally tested. The assumption has been made on possible
dissolution of dislocation loops at the expense of absorption of interstitial atoms migrating over lattice by crowdion mechanism.

Keywords: crack, dislocation loop, stationary and quasi-stationary state, interstitial atom, crowdion, dislocation and dislocation-
diffusion mechanism.

V310KeHbI pe3yibTaThl AKCIEPHUMEHTANBHOIO M TEOPETHYECKOrO0 HCCIENOBAHMN Mpolecca 3allednBaHMS AUCKOOOPA3HBIX
HCKYCCTBEHHO CO3JJaHHBIX TPELINH B OHOOCHO CXKMMAEMbIX 00pa3iiax ralbBaHHIeCcKn OuUIeHHOH (99,999 %) monukpucTammdeckoit
menu npu komuatnod (T ) n Beicokoii (T=873 K) temneparypax. [Tokasano, uto mpu T=T __ 1pu Harpyxenun o0pasia TPEUUHbI,
HCITyCKasl TUCITOKAIMOHHBIE MTET/IN, YMEHBIIAIOT CBOW PaanyC A0 HEKOTOPOrO CTAI[MOHAPHOTO 3HAYCHHUS, 3aBUCSIIETO OT HATPY3KH —
JIMCIIOKAIIMOHHBIA MeXaHU3M 3ajeunBanus. [lomydenHas pacueTHast 3aBUCHMOCTb pajiyca TPEIIMHBI OT Harpy3KH SKCIIEPHMEHTAIBHO
TIO/ITBEPIK/ICHA.

IToxaszaHo, YTO TPU BBHICOKOW Temmeparype oOpasyroleecst MOCiIe HArpy)XeHHs IUCIOKAlHOHHOE CKOIUICHHE BCIICJCTBUE
11 Y3HOHHOTO PACTBOPEHUS AUCIOKAIMOHHBIX METETb M POXKIACHUS HOBBIX CTAHOBHUTCS KBAa3HUCTALMOHAPHBIM — JIHCIOKAIHOHHO-
11 QY3HOHHBIH MeXaHM3M 3ayiednBaHMA. [OdydeHBI pacdEeTHbIC COOTHOIIEHMS, OIMMCHIBAIOLINE YKa3aHHBI IpOILEcC, KOTOpbIe
MIPOBEPEHbl IKCHEPUMEHTANIbHO. BbICKa3aHO NPEIOIOKEHHEe O BO3MOXKHOM PACTBOPEHUH AMCIOKAIIMOHHBIX METeNb 33 CYeT
TIOTJIOIEHHST ME)XKY3€IbHBIX aTOMOB, MUTPUPYIOIINX B PEIISTKE KPayAHOHHBIM MEXaHU3MOM.

KonroueBnble cjoBa: TpenuHa, JUCIOKAMOHHAS ST, CTAlIMOHAPHOE M KBAa3UCTAIIMOHAPHOE COCTOSHUS, MEKY3EIbHBIH aToM,
Kpay/HOH, MCIOKAIIMOHHBII U AUCIOKAIIMOHHO-TH(G(Y3HOHHBIH MEXaHU3MBI.

BukianeHi pesyibraTi €KCHepUMEHTAaIbHOTO i TEOPETHYHOIO NOCIIKEHb MPOLECy 3aliKOBYBaHHs JUCKONMOMIOHMX IITYYHO
CTBOPCHUX TPIIIUH B 3pa3Kax rajbBaHiuHO o4HIIeHOT (99,999 %) momikpucTamiaHoi Miji, [0 OMHOOCHO CTHCKAKOTHCS, TPU KIMHATHIN
(T, iBucokiit (T=873 K) Temneparypax. [lokazano, mo npu T=T rnpu HaBaHTa)xeHHI 3pa3Ka TPIlMHH, BUITYCKAKOUH UCIOKAIliHH]
NeTTi, 3MEHIIYIOTh CBilf pajiiyc MO JESKOTo CTAI[lOHApPHOTO 3HAYCHHS, 3aJISKHOTO BiJl HABAHTa)KCHHS, — IHMCIIOKAIHHUN MeXaHi3M
3anikoByBaHHsA. OTpUMaHa PO3paxyHKOBA 3aJI€KHICTb pajiiycy TPIIMHH BiJl HABAHTAXKCHHS CKCIICPUMEHTAIIBHO TiATBEPAKCHA.

[lokazaHo, 0 TPH BHCOKIH TemImepaTypi IHMCIOKaliiHE CKYMYeHHS, 1[0 YTBOPIOETHCSA MICHS HABAaHTAXKEHHS, YHACITIJOK
J(y3iHHOT0 PO3YMHEHHSI TUCIIOKAL[IHIX ITeTe b | HAPOKEHHS HOBHX CTa€ KBa3icTallloHapHUM — TUCIIOKAIHHO-1u(y3iHHII MeXaHi3M
3aikoByBaHHs. OTpUMaHi PO3paxyHKOBI CITiBBiIHOILIEHHS, 110 OHNHCYIOTh BKa3aHHMH INPOLEC, SIKi MEpeBipeHi eKCIIepPUMEHTAIBHO.
BucnosieHo TpuITyIIEHHST PO MOMIIMBE PO3YMHEHHS JHUCIOKAIIMHUX IeTeldb 3a PaXyHOK IOIIMHAHHS MDKBY3EJIBHHX aTOMIB,
MITPYIOUMX B PEIIITII KPayJiOHHUM MEXaHi3MOM.

KurouoBi ciioBa: TpimuHa, AUCIOKALIHA METIIs, CTAllIOHAPHUH 1 KBa3icTalllOHApHUN CTaHU, MIXKBY3€IbHHI aToM, KpaymioH,
TUCTIOKAIIIMHUI 1 AUCIOKALIHHO- T (Y31 THAI MEXaHI3MH.

Introduction materials the cracks are able to self-healing (if mouths

Behavior of cracks in single crystals determines in of cracks are sharp enough), and the plastic zone occurs
many aspects their carrier ability and durability of work around the crack [1-3]. This phenomenon is analogous
under loading. Studying the possibilities of healing remains  to the effects of plasticity under powders sintering and
a problem actual at all times. It is known that in plastic  self-compaction. Under uniaxial loading, like under full
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compression, crack healing by the dislocation-diffusion
mechanism may be expected.

In the present work, we give the results of studying the
mechanisms and kinetics of crack healing under uniaxial
loading at low (room) and high (T=873 K) temperatures.

Materials and methods of the experiment

As the sample material, pure (99.999 %) and well
annealed polycrystalline copper was used as both widely
used material and suitable model object.

Each sample with cracks consisted of two plates with
sizes (20x20x5) mm. One of the surfaces (20x20) mm of
each plate was properly treated as to its flatness and mirror
smoothness. In one of the plates, flat-bottom hollows with
diameter to 1.5 mm and depth (10+107) cm were made
using a special attachment. The plates were joined by pairs
(with and without hollows) and then were subjected to
diffusion welding at 7=/073 K in vacuum (10°+10*) mm
Hg during 30 min under loading below Peierls threshold,
afterwards were annealed in vacuum 10* mm Hg without
loading at 7=1073 Kfor structure normalization. The initial
sizes of cracks in the samples obtained were the following:
radius @,~(2+5)-10? cm and thickness (3+5)-10* cm.
Experiments were carried out at room (7, ) and high
(T=873 K) temperatures. Crack sizes were measured using
an optical microscope.

Results and Discussion

Under applied loading, the stress state occurs in the
neighborhood of the crack mouth, while on the surface of
the mouth — dislocation loops of vacancy type are generated
forming a dislocation assemblage with opposite stress
deactivating the source on the mouth surface, so the healing
process comes to stop. The crack radius attains some stable
value a corresponding to a given value of applied stress o ;
the both are related as:

2
1—(iJ — Bo*»
ay

2n(1- v)cl/ 2
a(l)/ G Gi
initial radius of the crack, c is thickness (or height) of the
crack, G is shear modulus, o, is critical stress of shear

(Peierls barrier).

Such state will be stable, if the assemblage formed
near the mouth is stable. This is possible at low (room)
temperature. Obtained experimental data represented
in coordinates /-(a/a,)’ versus o’ are really linearized
(Fig. 1), and o, value following from the plot slope is quite
reasonable: cp/ G=~0,5-10°.

In the extreme case of high temperature [2],
vacancy type prismatic dislocation loops quickly formed
a dislocation assemblage and reduced the crack radius

(M

where B = , v is Poisson coefficient, a, is
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Fig.1. Dependence /-(a/a )’ on G°.
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from q,to a,’, are dissolved by diffusion; the opposite
stress of the dislocation assemblage decreases that gives
a possibility to generating new loops and further healing.
At any temperature, generation of dislocation loops begins
immediately after loading application, and the dislocation
assemblage occurs quickly with corresponding reducing
the crack radius to a’,. At low temperature a’, is some
stable value corresponding to a given loading level.

At high temperature, a’,radius corresponds to loops
coming out from the crack mouth for forming a quasi-
stationary assemblage. This is initial state for further crack
healing due to diffusion dissolution of the assemblage
loops and replacement these by new loops (Fig. 2).
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Fig.2. Dependence of stabilized relative crack size (a/a,)
on loading exposure time ¢ under external compressive
loading ¢ ~5-10° N/m?,

Such mechanism of healing is called as dislocation-
diffusion one.

Kinetic equation describing the dependence a(?) can
be obtained, if to equate the flux of “emptiness” brought
out from the crack volume dV, /dt to the “emptiness” flux
from dissolved dislocation assemblage surrounding the
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mouth, and to take into consideration the equality of the
dislocation assemblage opposite stress o and the stress
caused by external loading o; as a result we obtain a
differential equation [3] from which it follows:

ay

| (ajz_ (t-0). @
- = | =(ay+aBD,AC;)—>"

2 nag 126°
where o= B=
(a))® ¢ GbIn(8R, /b)
Do
Y= k_T , I, t,are, respectively, the current time and the

time for formation of a quasi-stationary dislocation
assemblage at the vertex of the crack (here ¢, = 5 min); a,,
a, a,’ are, respectively, initial (before loading) and current
radii of the crack, and radius to time 7, (@, = 4.5:10* m,
a,”=0.88 a); c =410° m is crack thickness; v = 0.3 is
Poisson coefficient; » ~ 3:10"° m is Burgers vector;
o = 1.18'10% m? is atomic volume; k = 1.38:10% J/K is
Boltzmann constant ; 7 is experimental temperature
(T=3873 K); R,is radius of an emitting dislocation prismatic
loop (taken as R, = ¢/2 =210° m); G = 4.15:10" N/m* is
shear modulus in copper; ¢ = 5:10° N/m? is stress from
external loading; D is self-diffusion coefficient of atoms in
copper (at T'=873 K, D=3.1'10"" m%s); D=D,C° ; D,
is vacancy diffusion coefficient; C°, is equilibrium
concentration of vacancies at given temperature T;
AC, = C,— C" is supersaturation of the lattice by interstitial
atoms; C,, C° are, respectively, real and equilibrium
concentrations of interstitials at temperature 7} o is Peierls
threshold.

The first term in parentheses corresponds to
contribution into crack healing of loops diffusion
dissolution by vacancy mechanism, and the second — to
contribution of loop diffusion dissolution into crack healing
due to absorption of interstitial atoms. The first term is the
known value. In the second one — AC, is unknown. If AC =0
is assumed, then after plotting dependence (a/a’,) versus
(t-t,) in coordinates /-(a/a’ )’ versus (t-t,) from the plot
slope we obtain Gp/ G~=0,34 . This value, in principle, is
reasonable for given experimental conditions therefore we
cannot estimate the contribution of interstitials.

On the other hand, it is known that under conditions
like local plastic deformation, there take place intersections
of dislocation screw parts generating interstitials and
vacancies [4]. Concentrations of both components are
almost equal. But, because of high mobility of interstitials
[4] the quantity of generated interstitial atoms is larger
therefore these are in excessive concentration.

The second circumstance is related with the fact that
external applied stress lowers energy barrier for generation
of an interstitial by the value obla, and concentration of
interstitials can be determined from the relation [4]:
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According to [4], B=1, [ is length of a dislocation
assemblage. If to assume the terms in parentheses of (2) be
equal, it follows: AC,~C ~6,2-10". From (3) it follows

that at c~5-10° N/m?, it should be
U rit kTInC,; 7
[x————~(4,6+4,8)-10""m. This / value
cba

is in accordance with data from [4], therefore the
assumption on the possible participation of interstitial
transfer is reasonable. The most probable mechanism of
interstitial atom migration may be “relay-race” motion in a
close-packed the form of crowdion
configuration [5, 6].

ray in

Conclusions

It has been shown in the work that at low temperature
there takes place dislocation mechanism of healing; its
result is determined by the level of loading applied.

At high temperature, due to diffusion dissolution of
dislocation loops and generation of new ones, the healing
process becomes permanent and is described by the kinetic
equation (dislocation-diffusion mechanism of healing). It
follows from experiments that dissolution of dislocation
prismatic loops may be caused not only by action of the
vacancy diffusion mechanism, but also by absorption of
interstitial atoms which occur in excess concentration in
plasticity processes within crack mouth and migrate over
the lattice in the form of crowdion configurations.
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