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Crack healing was experimentally studied in the samples of pure copper at the tempera-
ture T =873 K (= 0.65 T,)) under conditions of uniaxial loading perpendicular to the
crack bedding plane. Analysis of experimental results using the kinetic equation of the
crack healing by the dislocation-diffusion mechanism has shown that under such condi-
tions the healing process is controlled by diffusion dissolution of generated dislocation
prismatic loops due both to their vacancy "evaporation” caused by the loop curvature and
to absorption of interstitial atoms generated in the cross-points of dislocation lines. Under
conditions of the described experiments, both possibilities have been shown to realize
equally that substantially accelerates the crack healing process. The migration of intersti-
tial atoms in crowdion configuration has been proved quite real.

Keywords: crack healing, uniaxial loading, dislocation-diffusion mechanism, interstitial
atom, crowdion.

DKCIEePUMEHTAJbHO HCCJIEeI0BAHO 3aJieUBaHNE TPEIUH B 00pasnax W3 YUCTOU MeIu IIPU
remrepatype T = 873 K (= 0,65 T,)) B ycioBUAX OZHOOCHOTO HATPYKEHWMS MEPHEHANKYJIAD-
HO ILJIOCKOCTH 3ajieraHus TpemnH. IJoKasaHo, 4TO B YKa3aHHBLIX YCJOBHAX IIPOIECC 3AJI€UM-
BaHUA TPEIUH KOHTpoaupyercs Au(G@Py3MOHHBIM PACTBOPEHMEM OOPA3YIOIIUXCH IIPU3MATH-
YECKMX AVICAOKALMOHHBIX IIETEJb KAaK 32 CUET MX IIOBAKAHCHOHHOI'O  HCIApeHHs , 06yCJI0B-
JIEHHOI0 KPUBMSHOII IIeTesb, Tak UM 34 CYEeT IIOIJIOIIeHHSA MeXY3eJbHBIX aTOMOB,
00pa’yIIINXCsa B MECTaX IlepeceveHri TUCIOKAIMOHHbIX JuHuii. [loKkasaso, 4To B yCAOBUAX
IPOBEJEHHBIX SKCIEPUMEHTOB 00€ BOSMOMKHOCTH PEaNM3YIOTCH IIPAKTHYECKU B OJUHAKOBON
Mepe, UTO CYIIECTBEHHO YCKOpAeT IIpollece 3aJjednBaHuA TpemuH. OTMeueHa peaibHOCTbL B
M3YYaeMBbIX YCJIOBUAX MEMY3eJIbHOII MUIPALMU aTOMOB B KPAyIUOHHOM KOH(PUIYpPAIIHU.

Poas MikBY3e€JBHOTO MACOMEPEHOCY Y BHCOKOTEMIIEPATYPHOMY 3aJIiKOBYBaHHI TpimmH
3a YMOB OZHOOCHOTO HaBaHTaskeHHA. M.A.Boaocwk, A.B.Borocwr, M.A. Poxmarnos.

ExcrnepuMenranbHo AOCHiIKeHO 3aIiKOBYBaHHS TPIUUMH y 3pasKax 3 yucTol Migi mpu
remnepatypi T = 873 K (= 0,65 T ) 3a yMOB OJHOOCHOTO HABAHTAMKEHHA TEPIEHIUKYJIAPHO
IO ILTOMIMHU 3ajJAraHHsa tpimue. [IokasaHo, 110 3a BKasaHMX yMOB IIPOIEC 3aJiKOBYBaHHSA
TPIIIMH KOHTPOJNIOETHCA AUQPYIINHUM POIUMHEHHSIM YTBOPEHUX IIPU3MATHUYHUX AUCIOKAIIN-
HUX IIeTeJb AK 34 PAXYHOK IXHBLOI'O NMOBaKaHCiIHOro "BumapoByBaHHA' , 00YMOBJICHOTO KPH-
BUBHOIO IIeTeJIb, TAK i 88 PaxXyHOK MOIJIMHAHHA MiKBYB€JbHHX aTOMIiB, IO YTBOPIOIOTHCA B
Micuax meperwHiB mucaokKamiinHumx Jinii. ITokasamo, 110 32 yMOB IIPOBEAEHUX EKCIEPHMEHTIB
001ABI MOXKJIMBOCTI pealli3yioTbCd MPAKTUYHO B OXHAKOBiHM Mipi, IO iCTOTHO IPUCKOPIOE MIPOIIEC
sasikoByBaHHSA TpimuH. Bigmiueno peaspHicTh 3a X YMOB MiXKBysesbHOI Mmirparmii aromis y
KpaymionHili Koudiryparrii.
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1. Introduction

The dislocation-diffusion mechanism of
transfer processes is the object of a lot of
attention due to great importance for prepa-
ration of new materials with desired struc-
ture and properties using the technologies
of sintering [1], powder metallurgy [2], dif-
fusion welding [3, 4], nano-technologies [5,
6], intense plastic deformation at higher
temperature [7], densification of materials
by healing the pores and cracks [8], etc.

The dislocation mechanism of crack heal-
ing under uniaxial compression without
heating was studied in [9]. The crack heal-
ing by the dislocation-diffusion mechanism
under high temperature (600°C = 0.65 T,)
in the pure copper samples was investigated
in [10]. In the description and analysis of
the process in [10] it was assumed that
crack generated prismatic dislocation loops
of vacancy type dissolved by diffusion due
to their curvature thus stimulating new
loop generation and the crack healing. In
the theory developed in [11], another
mechanism is considered along with the
abovementioned one: this is related with
possible supersaturation of the lattice by
point defects (in this case — by interstitial
atoms) and their absorption by dislocation
loops; the process also results in dissolving
the loops and stimulating the healing proc-
ess.

The aim of the work is studying the ki-
netics of crack high temperature healing in
copper samples preliminary annealed for
long term at high temperature for structure
stabilization; investigation of healing
mechanisms, and searching for a way to de-
termine the proportion between contribu-
tions of different mechanisms into the crack
healing process.

2. Experiment, resulls and
discussion

The experiments were carried out on the
samples of polycrystalline copper (purity
99.999 %) extensively used both as a con-
struction material in engineering and a
model material in scientific investigations.

Each sample consisted of two plates with
size (20x20x5) mm?2. The surfaces
(20x20) mm?2 of each plate were treated
thoroughly to attain flatness and parallel-
ism. One of the plate surfaces was polished.
In one of the attached plates, the flat-bot-
tom channels of about 107! em diameter
and =~ 4.107% cm depth were made using the
special instrument. The channels were posi-
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Fig. 1. The installation for annealing under
loading in vacuum: I — cover of chamber
with bellows; 2 — vacuum chamber with
water cooling and choke for pump-down; 3 —
guiding charger of compression mold; 4 —

support of compression mold; 5 — thermo-
couple; 6 — thermo-isolating laying; 7 —
sealant laying; 8 — punch; 9 — sample;

10 — furnace for heating.

tioned at the distances 0.4 ecm from each
other forming a square network of 16 chan-
nels. The plates were stacked in pairs (with
channels and without) and treated by diffusion
welding at 7 =1073 K in vacuum 1074 mm
Hg for 30 min in the installation for vac-
uum annealing under loading (shown in Fig.
1), using the loading lower Peierls’ thresh-
old. After the welding the samples were
subjected to sufficiently long-term (four
hours) normalizing annealing in vacuum
1074 mm Hg at T = 1073 K without loading
in the same installation in order to stabilize
the structure [12]. The initial sizes of
cracks in the samples were the following:
radius ay=4.5-10"2 cm and thickness
4-107% cm.

Annealings under loading normal to the
plane of crack bedding were carried out in
vacuum of the order of 107% mm Hg in the
same installation (Fig. 1). The load was ap-
plied after wvacuuming the system and
achieving the required temperature. After
annealings, the crack sizes were studied
using optic microscope MIM-10 by com-
monly used metallographic methods by the
fractography pictures obtained in the plane
of a polished sample and from the samples
polished perpendicular to the crack bedding
plane.

The results were averaged by 16 cracks
of each sample. The measurement results
are shown in Fig. 2.

The equation for kinetic of crack healing
by dislocation-diffusion mechanism is given
by [10]:
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Fig. 2. Dependence of crack relative size
(a/ay) on the time of holding under load ¢
(6 = 5108 N/m?2 is external load stress).
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where t, t; are, respectively, the running
time and the time of a quasi-stationary dis-
location ensemble formation in the crack
vertex after loading (in our case {; = 5 min
was taken); ag, a, ay’ are radii of the crack,
respectively: initial (before loading), running,
and the radius to time t; (ag = 4.5107% m,
ag’ = 0.88a3); ¢=41006 m is the crack
thickness; v = 0.3 is Poisson coefficient;
b~=310"10 m is
1.1810729 m3 is atomic volume; £k =
1.88.10723 J/K is Boltzmann constant; T is
experiment temperature (T = 873 K); R; is
radius of a generated prismatic dislocation
loop (taken as R;=c/2 = 2106 m); G=
4.15-1019 N/m?2 is shear modulus in copper;

Burgers vector; =

0~ 510% N/m? is the stress from external
load; D is self-diffusion coefficient for atoms

in copper (at T =873 K, D = 8.1.10717 mZ2/s);
D = DyC%; Dy is vacancy diffusion coeffi-
cient; CI(} is vacancy equilibrium concentra-
tion at given temperature T; AC; = C; — C?
is supersaturation of lattice by interstitial
atoms; C,;, C? are respectively, the real and
the equilibrium concentrations of interstitials

at temperature T; G, is Peierls’ threshold.
The first term in (1) characterizes the

flux of the loop dissolution due to curva-

ture, the second — due to supersaturation
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Fig. 3. Dependence {1 — (a/a'0)2} on (t — tg).
(o = 5-10% N/m?).

of lattice by interstitial atoms. The equation
(1) can be written in more compact and con-
venient form:

2 _
1 —[ a,) = (o + ocBDVACi)(t ;O), (2)

P

9 mad’20d

o= ‘(a,o)z 03/2 ’
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The dependence {1 — (a/a’y)?} versus (t — &;)
constructed by the data obtained is found to

be linear indeed (Fig. 8), but two values oy

and AC; in (2) are unknown in principle, and
it is impossible to determine these from the
single equation. If the contribution of inter-
stitials migration is considered absent, i.e.
oBDyAC; = 0, then taking into account the
angle coefficient of the curve (Fig. 3) we
obtain the value Op = 0.4-105N/m?2 from (2).
This value o, is probable for well annealed
soft materials [11, 12], although it seems to
be somewhat understated.

During the crack high-temperature heal-
ing, there take place intense plastic defor-
mation at crack vertexes, dislocation inter-
section, and generation of new point defects
as a result of dislocation movement [17]. At
that, supersaturation of the lattice by inter-
stitial atoms may occur; this will promote
additional dissolution of vacancy loops and
advancement of crack healing. The value Ops
as it follows from (2), if found to be higher
than in the case when ofDyAC; = 0. Indeed,
if oPDyAC; > 0, the expression (oy+
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oBDyAC;) becomes higher, and o, following
from (2) and the data of Fig. 8 increases as
well.

Let us suppose for certainty, that the
contributions into dissolution of dislocation
loops due to their curvature and due lattice
supersaturation by interstitials are similar.
The value (ay + afDyAC;) in (2) becomes
twice as higher, and o, increases by the
factor V2, so becomes more real and close to
values obtained for other cases like this.
Thus, the value oy is found to be a parame-
ter allowing in principle to define the role
of each of possible mechanisms of disloca-
tion loop dissolution more exactly. If o, is
known promptly from independent sources,
from the condition ay = afDyAC; in (2) the
evaluation of supersaturation AC; can be ob-
tained.

Let us discuss the reality of the situation
of equality oy = afDyAC; in (2) and evaluate
the necessary supersaturation AC; by inter-
stitials. Taking into account that diffusion
activation energy of vacancies is of the order
of activation energy for their generation [12],
i.e. ~1 eV, we obtain Dy =1.7-1076 m?/s,
then AC; = 6.2:10713, In order to affirm that
the role of atomic interstitial migration in
dislocation-diffusion mechanism of crack
healing is real, it is necessary to show the
reality of the evaluation obtained
AC; = 6.2:10713 under conditions of our ex-
periments.

Thermodynamic equilibrium concentra-
tion of interstitial atoms in metals with
FCC lattice is very low. This is connected
with high energy of interstitial atom gen-
eration Uy;, that is caused by high packing
density of atoms in FCC lattices resulting in
high mechanical stress during embedding
the atom into interstitial. In literature, sub-
stantially different data on Uy value from
3 eV to 6 eV are given [12-14]. Such uncer-
tainty is characteristic just for metals of
transition group, namely, copper, silver and
gold. During reciprocal movement of atoms
of these metals, complex interactions occur
between electrons of unoccupied external f,
d, etc. atomic shells [14]. As the result of
the interactions depends on a lot of local
parameters in the metal, the value Uy is
unstable and difficult to predict.

The equilibrium concentration of inter-
stitial atoms at temperature T is deter-
mined by the relation [12]:

U ..
CY = Aexp(— k—;f) (3)
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For the case of defect small concentra-
tion: A =1 [12]. Let us take the energy of
an interstitial atom in copper as Uy =5 eV
the value is practically coincides with crow-
dion generation energy in copper according to
calculations [15, 16]. Substituting the incom-
ing values in (3) at T = 873 K and Up=5¢eV
we obtain C(i) =1.510"29 (at Uy =38 eV:
C? = 510718), As AC,=C; - C?, and C? <<AC;,
in order to obtain the expected contribution
of interstitial atomic migration into dissolu-
tion of dislocation loops, the condition
AC, = C; = 6.2:10713 should be fulfilled, that
exceeds the possible concentration by sev-
eral orders of value in the framework of the
model of interstitial thermo-fluctuation
generation.

However, it should be taken into account
that in our case the situation is substan-
tially different: local plastic deformation
takes place, and interstitial atoms are gen-
erated not only spontaneously due to ther-
mal fluctuations, but also under micro-plas-
tic deformation where the steps lying out of
the moving dislocation slip planes are
formed at intersecting dislocations [17].
Being locks for moving dislocations these
steps can only climb by diffusion, generate
interstitials or wvacancies, and release the
dislocation segment to take part in follow-
ing deformation. At that the transition of
the hanged dislocation segment into the
next Peierls valley takes place — an elemen-
tal act of plastic deformation for which ex-
ternal force work is spent. Such approach to
analyzing the movement of dislocation with
steps indicates the necessary to take into
account the specific mechanism of their
generation when determining the point de-
fect concentration during plastic deforma-
tion. In this case during generation of an
interstitial atom, external forces accomplish
work A = obla [17] on transference of a dis-
location segment with ! length under exter-
nal stress ¢ by a distance between adjacent
Peierls valleys. Thus, for concentration of
interstitial atoms under plastic deformation
we obtain an estimation expression [17]:

U,. — obla
= _ 4
C; Bexp( BT J

In this equation, all the values are de-
fined except for the length of a dislocation
segment [. Therefore, using (4) we estimate
the value [ and its reality under conditions of

our experiments. Taking into account B =1

Functional materials, 22, 1, 2015
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[17], C;=6.2:10713, 6=5106 N/m? and
other incoming values mentioned above we
obtain:

U + ETInC;
1= (46+4.8) . 10Tm. O
ocba

The obtained ! correlates with data from
[17], therefore, the assumption on the possi-
ble participation of interstitial mass-trans-
fer in wvacancy type prismatic dislocation
loops dissolution promoting the new loops
generation and subsequent healing the crack
is justified.

As well it is necessary to note the follow-
ing. As the mobility of interstitials is sig-
nificantly higher than vacancy mobility, it
appears that in the beginning stage of de-
formation (until the dislocation density does
not exceed p > (1010+1011) cm~2), the num-
ber of steps generating interstitials is
higher by a factor 1.5 than the number of
steps generating vacancies [17] — the fact
resulting in supersaturation of the lattice
by interstitial atoms.

Possible mechanisms of interstitial mi-
gration in the crystalline lattice (except for
vacancy one) were considered in [12]. An
interstitial atom can jump into neighboring
interstitial through valley between atoms.
This is connected with significant shifting
the pulling out atoms, high elastic stress,
and hence, with high energy barrier for
such jump. Another mechanism is possible:
being among other atoms forming a close-
packed row, an interstitial atom push out a
neighboring atom into an interstitial, thus
occupying its position; such "token passing”
of the interstitial atom (sometimes called
"token migration™ [13]) in the form of so-
called crowdion configuration [12, 15] goes
on further. The energy U, need for such
movement is low in the case when the inter-
mediate position of a pair of atoms in the
midpoint (in the lattice site) forms a stable
"semi-interstitial” position [12]. Such con-
figuration is called also an interstitial pair.
The possibility of such mechanism for plas-
tic deformation due to formation of a local
atomic densification in the close-packed row
and its movement was mentioned long ago
in works by T.Kantorova and J.Frenkel
(1938). Theoretic evaluations and experi-
mental data [12, 13] on the value of activa-
tion energy for interstitial migration Uy in
crowdion configuration indicate it is in the
range Uy = 0.05+0.2 eV for copper, that
signifies high mobility of interstitial atoms
(crowdions).
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A great role of the crowdion transfer is
often discussed under conditions of local,
strongly inhomogeneous deformations (pulse
or shock loading, ete. [18—-20]). In a number
of works, for example [21-28], the impor-
tant role of crowdions moving in dynamic
regime with supersonic speeds was shown by
the method of molecular dynamies. This
matter is principally important for our
case, because it is the high mobility of in-
terstitial atoms that determines their pref-
erential generation at the dislocation cross-
points and supersaturation [17], so, active
participation in the crack healing.

Consequently, during the crack healing,
the supersaturation of the lattice by inter-
stitial atoms takes place and these are very
mobile (Uy; is small), so, the contribution of
the interstitial atom flux into loops dissolu-
tion is inevitable. As our experiments and
estimations show, this contribution is prac-
tically of the same order that the flux of
the loops dissolution caused by their curva-
ture. Hence, it would be quite logically to
assume the mechanism of their migration be
crowdion on account of crowdions high mo-
bility.

3. Conclusions

The experiments have been carried out
on studying the kinetics of crack healing at
high temperature T =873 K (=0.65T,)
under conditions of uniaxial loading the
copper samples having cracks. It was shown
that under conditions of developing local
plasticity, at vertexes of cracks being
healed, the vacancy prismatic loops form;
these are dissolved by diffusion not only as
a result of their curvature, but also due to
absorption of interstitial atoms generated at
the points of dislocation line intersections.
The attention has been paid to the possibil-
ity of crowdion participation as the factor
promoting accelerated interstitial transfer.
Analysis of experimental results and evalu-
ations has shown that the contribution of
interstitial (crowdion) mass-transfer is of
the same order that the contribution of dif-
fusion mechanism caused by curvature of
dislocation loops.

Authors thanks Prof.V.Kononenko for an
idea, advices, and discussion of results in
details.
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