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The regularities of disc-like voids (cracks) healing in polycrystalline copper samples
under conditions of uniaxial compression at 600°C were experimentally studied. The
theory of crack healing by diffusion-dislocation mechanism was developed. Comparing the
experimental data with the theoretical dependences has shown their complete correspon-
dence, which is supported by agreement of the experimental Peierls threshold stress with
literature data. The work is an important step for solving the general problem on mecha-
nisms of stress relaxation near various stress concentrators in crystals.

OKCIepUMeHTAILHO M3YyUeHLI 3aKOHOMEPHOCTH IIpoIlecca 3ajeUMBAHUA [TUCKOOOPA3HELIX
mosiocreil (TpeluH) B moJuKpucrasie mesu upu temoeparype 600°C B yciaoBuax OJHOOCHOTO
coxarusa. ITocrpoera teopusi AudPy3MOHHO-IUCIOKAIMOHHOIO MexaHusMa sageunBanud. Co-
OCTABJICHNE DKCIEePUMEHTAJBHBIX JAHHBIX C TEOPETHUECKUMM 3aBHCHUMOCTAMU IIOKA3AJ0 UX
OJIHOE B3aMMHOE COOTBETCTBHE, UTO IIOATBEPMKIAETCA TAKMKE COBIAJCHHEM 3HAUEHUA BeJIU-
YWHBLI IOPOroBOro HampsaKeHus IlaliepJca, IOJyYeHHOro B 9KCIEPHMEHTE, C JUTEPATYPHBIMU
IaHHBIMK. Pabora dABISeTCA BaKHBIM IIArOM B pelleHHU oOmIed 3agadyyM 0 MeXaHM3MaxX
peJaKcanuy HALPAMEHUN B KpHCTALIAaX BOJM3M PaSJIMUYHOIO POJa KOHIEHTPATOPOB HAIIPS-
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1. Introduction

It has been established earlier that an
external mechanical loading applied to crys-
tals containing pores (isomer interstices) or
fractures (disc-like voids) causes reducing
the defect volume, i.e. results in healing the
defects [1-8]. It was shown, if the loading
was applied at room temperature and the
stress obtained was less than yield point of
the crystalline substance, the healing proc-
ess for such type of defects would be real-
ized by the dislocation mechanism. In this
case, the "emptiness” from the defect bulk
is transferred with prismatic dislocation
loops into the sample bulk. This process is
over when the reverse stress created by the
formed dislocation assemblage and acting
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over the defect surface becomes equal to the
value of stress caused by the external load-
ing. In this case, the dislocation sources are
found to be locked and substance transport
ceases. On this stage in the "crystal-defect”
system a quasi-equilibrium state is estab-
lished, that is kept up by a certain loading
level. Further, the defect healing process
can be reactivated if the conditions for un-
blocking the dislocation sources will be cre-
ated. Such conditions can be realized when
the external loading acts at an increased
temperature. In this case, either diffusion
merging the dislocation loops positioned in
the assemble end or transferring them into
the crystal bulk by thermo-fluctuation
movement promotes the dislocation sources
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unblocking and, respectively, can renew the
defect healing process. This mechanism of
substance transport during the defect heal-
ing in crystals was termed as "dislocation-
diffusion™ one [3]. In this work we pre-
sent the results of theoretical and experi-
mental studying the cracks healing process
under conditions of external stress acting
onto the crystal at increased temperatures,
i.e., when the dislocation-diffusion mecha-
nism of substance transport is the most
probable. As an investigation object copper
coarse-grain polycrystalline sample contain-
ing artificially created disc-like voids
(cracks) was used. Mechanical stress was ap-
plied to the sample using uniaxial loading
scheme. The averaged over the sample
stress value was always lower than the yield
point of the studied crystal under applied
loadings.

2. Regularities of crack healing
process by dislocation-diffusion
mechanism (theory)

It is known, that even when the stress
created by external loading is lower than
the crystal yield point, local stresses exceed-
ing the threshold value occur around the
crack top due to the "concentrator” factor
[2-4]. Relaxation of the stresses results in
formation of plasticity zone. The stress on
external boundary zone is equal to the
threshold stress corresponding to disloca-
tion sliding 0y (Peierls threshold). Using an
approximate description of stress field o
near the vertex of disc-like crack with a
radius (the case of plane stress state [4]), it
is easy to obtain an expression for the plas-
ticity zone radius, which is given by the
length 1 , of dislocation assemble: I, =
(G/Gp)2a0. As it was already mentioned the
dislocation assemble formed at high tem-
perature is not stationary, but it is in dy-
namical equilibrium, i.e. how many disloca-
tion loops disappear — so many new loops
appear near the crack vertex. Therefore, the
crack healing kinetics in such regime should
be determined by the rate of merging (dis-
appearing) of dislocation loops, which is de-
scribed in general case by the following ex-
pression [5]:

ar; _ )
dr
~ on {Gb[ln(Rl/b) + 81Dy Cyo

= - + D,AC; ¢,
bIn(8R;/ b) 4an(l — V)RET
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where Dy, D; — diffusion coefficients of
vacancies and interstices, respectively; T —

temperature; G — shear modulus; v — Pois-

son coefficient; £ — Boltzmann constant;
o — atomic volume; b — Burgers vector;
R, — dislocation loop radius; AC; — super-

saturation of crystalline lattice by intersti-
tials far from the loop; Cy; — vacancy equilib-
rium concentration far from the loop; g =2-3
coefficient takes into consideration the dis-
location nucleus energy. The first summand
in (1) takes account of the vacancy flow
away from the loop contour, which is due to
its curvature; the second one takes into ac-
count the interstitial flow directed to the
loop, which is caused by supersaturation by
interstitials. Both the flows cause reducing
the loop radius. For obtaining the expres-
sion (1), it was postulated that the outflow
power is not limited for vacancies emitted
by dislocation loops including the dislocations
with Burgers vector with edge component.

As to interstitials supersaturation and
their possible participation in the crack
healing process, it is necessary to note the
following. One of possible sources which can
provide noticeable supersaturation is the in-
terstitial generation as a result of intersec-
tion of dislocations moving under plastic
deformation [6, 7]. In the places of disloca-
tion intersections, steps appear which move-
ment is accompanied by generation of inter-
stitials or vacancies. This is related to the
fact that the steps are forced to move in a
non-conservative manner in the stress field
if they are not in the sliding planes of mov-
ing dislocations, this causes the dislocation
inhibition and, respectively, results in gen-
eration of the mentioned point defects.
Schematically, this mechanism of defect
generation is shown in Fig. 1. The type and
quantity of point defects, N, occurring as a
result of intersection of moving disloca-
tions, is defined by the relation

L,m; X L b{(1; X b 2

N=[ 1( 1 2)][ 1(1 zﬂ’ (2)
w’Ll(ml X L2))

where L;, Ly — unit vectors along the dis-
location line; w — atomic volume; m; — a
unit vector along the direction of disloca-
tion movement; l; — vector of dislocation
displacement after intersection; b;, by —
Burgers vectors of intersected dislocations

[7]. The positive sign of N indicates genera-
tion of interstitials, negative — wvacancies.
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Fig. 1. Scheme of a step formation at inter-
section of screw dislocations. a — dislocation
initial position; b — after intersection with
dislocation 2.

If both of the intersected dislocations are
right-handed ones or both are left-handed
ones, interstitials occur; if one is right-
handed, and another — left-handed, vacan-
cies occur. In the simplest case of high sym-
metry crystals, where L;ll;; m1||11, and
|b1| = |b2|, an evident result follows from
(2): N = |11|/|b1|, which shows that the quan-
tity of occurred point defects is propor-
tional to the path passed by dislocations.
Thus, participation of both types of point
defects in the process studied is equiprob-
able in our specific case of copper crystal.

Kinetic equation describing time depend-
ence of the crack size variation a(t) can be
obtained, if the "void" flow removed from
the crack volume dV,./dt to equal to the
"void” flow related with the dislocation as-
semble, surrounding the crack mouth:
dVy4./dt. Assuming the crack volume with
radius (a) and height (¢), and the void vol-
ume removed by a single prismatic disloca-
tion loop with radius R; and "height” b, —
are the volumes of respective cylinders, for
the mentioned void flows the following ex-
pressions can be written:

av,, da
- dad 3
at 2nac dr’ 3)
aVais dR
2p = 2RRBN g (4)
where N;;;, — the number of prismatic dis-

location loops with radius R; in the disloca-
tion assemble. From the condition of equal-
ity of the reverse stress acting on the crack
surface due to the dislocation assemble:

GN g;b
Ttur = 9n(1 = v)ig,

()
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to the stress caused by the external loading, c:

(&)
(%22 s

the expression for Ny, is following:

i (6)

L=c/2 ¢

s

2n(1 - v)ag’ %03 (7
Gbel/ 202

dis =

Equaling (3) with (4) and taking in ac-
count (1) and (7), and in view of the fact
that in the first summand of (1) the values
[In (R;/b )+ 2)] and In(8R,;/b) are of the same
order and can be reduced, we obtain the
following differential equation:

da na8/203(Dm 4m(1 —V)RlDiACi
a— = e pe— +
dt = ¢3/252 LkT GbIn(8R,/ b)

Here D = D, C, — atomic self-diffusion
coefficient. This equation is solved simply

under the starting condition: a = a; at ¢t =

tg, where aol and t; — are, respectively,
crack length and time spend for the disloca-
tion assemble formation. In fact, the ¢; time
determines the beginning of the crack heal-
ing process in the regime of dislocation- dif-
fusion mechanism. The required solution is
as follows:

2 (8)
a
1-[—| =
)
9 mad’?c%py 4n(l -v)R,D;AC; .
- (ab)z 63/2612, kT Gbln(SRl/b) ( 0).

This kinetic equation can be directly ap-
plied for analysis of experimental results. If
the developed notions about the dislocation-
diffusion mechanism of crack healing are
right, then, firstly, the dependence

{1 — (a/agp)?} — (t — t;) should be described by
a linear function. Secondly, the dependence
{1 - (a/ag)?} — o3 should have the similar

character at the fixed exposures of the sam-
ple under loading.

3. Experiment results and
discussion

Experimental investigations were carried
out on the samples of coarse-grained copper,
in which structure thin disc-like voids simu-
lating cracks were created artificially.
These samples were prepared by diffusion
welding of two polished one-half parts, in
one of which cavities were made. After
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Fig. 2. Dependence of (a/ag) versus ¢.

welding and normalization annealing for
40 min at the temperature 800°C, voids
(cracks) of ~ 81072 em radius and ~ 4.1074
height positioned at distances excluding
their influence on one another were formed
in the sample.

Experiments on the crack healing were
carried out at the temperature 600°C. The
loading value was chosen so that in the
whole sample, stress does not exceed the
yield point. At the chosen temperature, the
total deformation of the samples did not
exceed 3 % . The crack radiuses were meas-
ured by metallography on the fractograms
in the planes of the crack location, and on
the metallographic sections, prepared in the
perpendicular plane. The experimental de-
pendence a(t) is given in Fig. 2. It is seen
that the dependence is non-monotonic in the
beginning stage. This is explained simply by
the fact that in the healing process begin-
ning (after the sample loading) at any tem-
perature there is the first stage when the
crack size reduces from an initial (ay) to

(a’o) value during a short time period, ¢;.

This portion corresponds to the dislocation
mechanism of healing, when a quasi-station-
ary dislocation assemble forms near the
crack mouth. Further the healing can take
place only under condition of a combined
mechanism of substance transfer. In Fig. 3,
{1 - (a/ap)?} —
versus (¢ — {y) dependence at ¢ > {; are pre-
sented. According to (8) this dependence is
described well by a linear function. How-
ever, application of (8) does not allow sepa-
rating the contributions into the dislocation
loops disappearing both under influence of
the pressure due to their curvature and of
the pressure caused by supersaturating the
crystalline lattice by interstitial atoms. The

the experimental data as
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Fig. 3. Dependence of {1 — (a/a'o)z} versus (f — t).

energy of interstitial atom formation is
high (-4 eV), consequently, their concentra-
tion in the crystalline lattice can be sup-
posed to be low. Therefore, the estimations
given below were done without taking their
role into account. In this case, from (8) it
follows:

2

a B (9)
1-|=| =—={-ty),
ag (ap)?
2nad’ 203 pq,

b= c3/262 kT’

Substituting the D = 3.45.10717 m2/s as
the self-diffusion coefficient in copper at
T =600°C [8, 9], the constants values
o=1.1810"29 m3, kT =1.20510"20 7,
and taking into o3 = 120-1018 (N/m?2)3, ag
=310% m, ¢=410% m, a; = 0.88a,, the
value of Peierls barrier 6, = 0.84.105 N/m?
was estimated from the slope angle of the
curves shown in Fig. 3. For comparison, we
have got another independent estimation of

o, at higher temperature, but under condi-

tions when only the dislocation mechanism of
healing acts. For this purpose the experi-
ments were carried out at T = 600°C, in

which the wvalue (ab/ao) was measured as
well under various loadings o, however, the
exposure ({; ) under loading was fixed short
enough only to form a quasi-stationary dislo-
cation assemble near the crack vertex. Com-
paring the crack volume variation as its ra-

dius changing from ag to a'o, with the volume
of the "void" removed by all the dislocation

Functional materials, 19, 2, 2012
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Fig. 4. Dependence of {1 — (a/ao)z} versus 6°

at (¢ — 1) =0.

loop s (in assumption of R; =c¢/2), and using
the (5)—(7) relationships, we obtain an expres-
sion describing the dependence {1 — (ab/a0)2}

versus o in the following form:

L, 9 o3 _ 27n(1 - v)el/2(10)
1—(ag/ay)*= Bc®, where B a(l,/zGcs}% .
The results of the experimental data
treatment according to this relationship are
shown in Fig. 4. The dependence obtained,
as it was expected in accordance with (10),
was found to be close to linear function,
and op value obtained from the straight line

slope angle 1is characterized by 0, =

0.75-10° N/m?. This value o, is more reli-
able than csp=0.34~105 N/m?2 obtained
under conditions of simultaneous acting the
both mechanisms of mass transfer — the
dislocation, and the dislocation-diffusion
ones. For the purpose to obtain information
about Peierls threshold, o,, on the stage
when only the dislocation-giffusion mecha-
nism acts, an addition series of experiments
was carried out. In these experiments the
dependence characterizing the crack relative
size variation on loading only at 30-th min-
ute of healing (agy) after forming the quasi-
stationary dislocation assemble was meas-
ured. Like earlier, in assumption of deter-
mining role of only linear tension in the
dislocation loops disappearing, for o, esti-
mation we used the equation (9). In Fig. 5
the results of treating the experimental

data in coordinates {1 — (agg/ay)?} versus o3

at t — ¢ty = 80 min are shown. As it is seen
from the figure this dependence is also well
described by the near-to-linear function.
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Fig. 5. Dependence of {1 — (a/a'0)2} versus 0%

at (¢ — ¢5) =30 min.

The values of Peierls threshold obtained
both from the straight line slope angle in
Fig. 5 and from equation (9) were found to
be equal to 6, = 0.2:105 N/m?2.

Thus, all three estimations of Peierls
threshold obtained at the temperature
600°C for different stages of the crack heal-
ing process in independent experiments
were found to be rather similar. These
threshold stress values agree with data
available for copper crystals [10]. Hence,
the fulfilled experimental investigations
support the rightness of the developed theo-
retical concept concerning the mechanisms
of substance transfer in different stages of
the crack healing process in crystals.

4. Conclusions

Thus, in present work the regularities
describing the process of disc-like voids
(cracks) healing in polycrystalline copper
samples at higher temperature under
uniaxial compressive loading were studied.

Assuming the determinative contribution
of the dislocation-diffusion mechanism of
substance transfer for crack healing under
these conditions, theoretical concept of the
process was developed.

Comparison of the experimental data with
the theoretical dependences has shown their
complete correspondence. This is supported
also by coincidence of the experimental value
of Peierls threshold stress with literature data.
This fact indicates rightness of the proposed
physical description of the process studied.

The work is an important step for resolv-
ing the general problem on the mechanisms
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of stress relaxation near various defects as
stress concentrators in crystals.
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Hucaokaninno-gugys3iiauit MexaHizm
BHCOKOTEMIIEPATYPHOTO 3aJJiKOBYBAHHA TPIillMH
B KpHMCTAaJax Il HaBaHTaKeHHIM

I0.U.Boiiko, M.A.Bonocwk, B.I'.Kononenkxo

ExcnepuMeHTaIbHO BUBUEHO 3aKOHOMIPHOCTI mpollecy 3aIiKOBYBAHHS AUCKOIIOMIOHUX IIO-
pokHMH (TpimuH) y mogikpuctami migi mpwm Temmepartypi 600°C B ymoBax omHOBicHOTO
ctucHeHHA. I[lobymoBaHo Teopito amcaokariiino-gudysiiHoro mMexaHisMy B3aliKOBYBaHHA.
3icTaBNeHHA €KCIEPUMEHTANLHUX MAAHUX 3 TEOPETHUUYHMMM B3aJeKHOCTAMH IOKasajlo ix
TMOBHY BB3aEMHY BiATOBiAHICTL, 1I0 TiATBEPAKYETHCA TAKOK 30iroM B3HaUYeHHS BeJAWYUHU
noporoBoi Hanpyru Ilafiepsca, 110 oTpuMaHa B eKCHepPUMeHTi, 3 JiTepaTypHUMHN AaHUMHU.
Pobora € BasRIMBUM KPOKOM y pimenHi sarannHoi 3a7aui mpo MexaHisMU pejakcarlii Hampy-
JKeHb B KpHCTAJaxX Tmodam3y pisHOTO POy KOHIEHTPATOPIB HATPYTH.
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