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Ductile fracture of polycrystalline metals is usually preceded by a long deformation stage, during which grains of polycrystal
are gradually divided into mutually misoriented regions (fragments) separated by strain-induced grain boundaries. The size
of these regions usually does not exceed 0.2-0.4 mm. At such small sizes of fragments, classical models of crack nucleation
based on the concept of lattice dislocation pile-ups retarded by grain boundaries become incorrect. In recent years, models
have been developed to describe the nucleation of cracks under the action of elastic stress fields of rotational and shear-type
mesodefects formed at the grain junctions and grain boundaries due to inhomogeneous plastic deformation in the ensemble
of polycrystal grains. In this paper we consider the possibility of the nucleation of microcracks at the grain junction due to
athermal sliding along the grain boundary, containing a planar mesodefect of the shear-type induced by strain. It is assumed
that a planar mesodefect, represented in the initial state by uniformly distributed glissile components of orientational misfit
dislocations, loses its stability when the external stress exceeds a certain threshold value. As a result of the strain-induced grain
boundary sliding and plastic shear retarding, a stress concentrator arises near the triple junction of grains, creating conditions
for the appearance of a Zener crack. The dependences of the critical external stress for the nucleation of microcracks on the
length of the mesodefect, its strength and the threshold stress of athermal sliding are obtained. It is shown that the presence of
amesodefect at the grain boundary can lead to a significant decrease of the crack nucleation stress in comparison with the case
of pure grain boundary sliding. It is concluded that the proposed model can be considered as one of the possible mechanisms
for the nucleation of microcracks in materials with a fragmented structure.

Keywords: grain boundaries, dislocations, strain induced mesodefects, grain boundary sliding, fracture.

YIK: 548.4, 539.372

Ponb ciBUTOBOrO NiaHapHoro Me3onedekTa B 3ap0KIeHUU
TpeUMHBI Ha CTBIKE 3epeH M3-3a AaTepPMUIECKOTO
3€pPHOTPAHUYHOTO CKOTbXeHUS
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ITracTidecKoOMy —PpaspyIIeHNI0 ITOMMKPUCTA/UINIECKMX META/UIOB  OOBIYHO IIPEJIIECTBYET JUIMTENbHAST — CTaaMs
medopmaryi, BO BpeMsi KOTOPOJ 3epHA IIONMKPUCTA/UIA TTOCTEIIEHHO Pas3fe/LIIOTC Ha B3aMMHO Pa3sOpMEHTHPOBAHHBIE
obnmactn (pparmeHTsl), pasaeneHHble feOPMALIOHHBIMYU IpaHKIIaMI 3epeH. Pasmep aTux 067acTet 0OBIYHO He IpeBbIIIAeT
0.2-0.4 MkMm. ITpu cromp Mambix pasMepax (HpParMeHTOB KIacCUYECKMe MOTENN 3aPOX/EHUS TPEIMH, OCHOBAHHBIE
Ha KOHIIETIINM CKOTUTEHMIT PEIIeTOYHbIX AMUCTOKALNIA, 3a/iep>)KMBAEMbIX TPAHUIIAMY 3€PEH, CTAHOBSTCS HEKOPPEKTHBIMIL.
B mocrenHue rogsl paspaboTaHbl MOREN ISl OIVICAHNS 3aPOKAEHISI TPEINH [Of AeICTBYIEM II0JIEN YIPYIUX HAIIPSDKEHMIT
IIOBOPOTHBIX U CABUTOBBIX Me30/e(eKTOB, 00Pa3yIoInXCsl Ha CTHIKAX 3ePEH U B IPAHNUIIAX 3€PeH B Pe3y/IbTaTe HEOZHOPO-
HOIT IJIACTMYeCKOI fedpopManyy B aHCaMOle 3epeH IONMKPUCTA/IA. B maHHOI paboTe paccMaTpuBaeTCss BO3MOXXHOCTD
3apPOXK/IEHNsI MUKPOTPEIMH Ha CTBIKE 3€PeH 13-3a aTePMUYECKOrO CKOMBXEHNS IO TPAHMIEe 3€PeH, COeprKallell Iia-
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HapHbI Me3ofiedeKT CABUTOBOIO THIIA, MHAYLVPOBaHHbI fedopmanneit. Ilpenmonaraercs, 4To IUIOCKMIT Me30fiedeKT,
IIPE/ICTAB/IEHHBINI B MICXOJHOM COCTOSHUJ PAaBHOMEPHO paclpefe/leHHbIMU CKONb3AINMMY KOMIIOHEHTaMMU IVCIOKALIL
OPMEHTALIOHHOIO HECOOTBETCTBUS, TepsAeT YCTOMYMBOCTb, KOI[A BHEUIHEE HANIPSKEHME IPEBBIIIAET OIpPENEIeHHOe
TIOPOTOBOE 3HaUeHMe. B pesynpTaTe BEI3BAaHHOTO flehOpMaIivieli 3epHOTPAHITIHOTO CKOMBKEHNSA 1 3aMeJTTeHYIS ITACTUYeCKOTO
caBura BOMM3M TPOIHOTO CThIKA 3epeH BO3HMKAET KOHIIEHTPATOP HAIPSDKEHUIT, CO3fjaBast YC/IOBUS [l BOSHMKHOBEHNS
TpemHbl 3eHepa. IlomydyeHbI 3aBMCHMMOCTM KPUTMYECKOTO BHEIIHETO HAINPSDKEHUA I 3apOXKIEHNA MMUKPOTpPEHIVH
OT IIMHBI Me30ofiedeKTa, ero IPOYHOCTH U IOPOTOBOTrO HAIIPSDKEHIA aTepMIYeCKOro cKompxenys. [TokasaHo, 4To Ham4me
Me3ofiepekTa Ha TpaHUIle 3epeH MOXKET IIPUBECTV K 3HAYMTEIbHOMY CHIDKEHMIO HAIIPSDKEHMA 3apOXKIEHNS TPeIlVHBI
10 CPAaBHEHUIO CO C/TyYaeM 4YMCTOTO 3ePHOTPAHMYIHOTrO CKO/IbXeHus. CielaH BBIBOJ, O TOM, YTO IPE//IOKEeHHAsA MOJIeNIb MO-
JKEeT paccMaTpUBaThCA KaK OfVH U3 BO3MOXKHBIX MEXaHM3MOB 3apOXKIEHMA MMKPOTPENIMH B MarepManax ¢ (parmeH-

TUPOBAHHOI CTPYKTYPOIA.

KnroueBblie cntoBa: I'paHNLbl 3€PEH, ANCTOKAINN, JIC(l)OpMaLU/IOHHbIe MeSOJIC(l)eKTbI, 3€PHOIrpPaHNYHOE CKOJIb)KEHME, pa3pyLIE€HIE.

1. Introduction

As the results of experimental and theoretical investigations
show, ductile fracture of polycrystalline metals is usually
preceded by a rather long deformation stage, during which
grains of polycrystal are gradually divided into mutually
misoriented regions (fragments) separated by strain-induced
grain boundaries [1- 2]. The size of these regions usually does
not exceed 0.2-0.4 um. At such small sizes of fragments,
classical models of crack nucleation based on the concept
of lattice dislocation pile-ups retarded by grain boundaries
become incorrect. In this regard, in recent years, models
have been developed to describe the nucleation of cracks
under the action of the elastic stress fields of mesodefects.
These mesodefects are formed at grain boundaries and at
grain junctions due to inhomogeneous plastic deformation
in the ensemble of polycrystal grains. Thus, the difference
of plastic distortion in neighboring grains creates additional
misorientations at the grain boundaries. The mismatch of
misorientations at the grain junctionsleads to the appearance
of strain induced junction disclinations there [3-5].
In addition to these linear rotational-type mesodefects,
planar shear-type mesodefects appear at the boundaries
during deformation in the form of plastic shears uniformly
distributed along the boundaries. The elastic stress fields
from these mesodefects increase with deformation.

Stress relaxation can take place due to accommodative
plastic deformation, which leads to the appearance of specific
dislocation structures near mesodefects (broken dislocation
walls, accommodative slip bands, etc.) [1,5,6]. However,
if the processes of plastic accommodation are exhausted,
the only way for the relaxation of the elastic stresses of
mesodefects is the nucleation of microcracks. The currently
available theoretical investigations of the role of rotational
shear mesodefects in the nucleation of microcracks are
limited to consideration of simple configurations. Thus, the
conditions for the appearance of microcracks in the elastic
field of a single wedge disclination and a biaxial dipole of
disclinations were considered in [7 - 9]. The conditions for the
nucleation of a Zener-Griffith crack near a disclination dipole
were analyzed in [10]. The analysis of the conditions for the
existence of equilibrium stable cracks in the field of stresses
from a mesodefect, which is represented by a superposition of
a dipole of wedge disclinations and a planar shear mesodefect
is carried out in [11]. Models of crack nucleation as a result

of athermal grain boundary sliding (GBS) were considered
in [12,13].

An analysis of the conditions for crack nucleation near
triple junctions of grains in polycrystalline silicon due to pure
GBS was carried out in [12]. A model of crack nucleation in
the elastic field of a disclination dipole formed at the grain
junction during GBS was considered in [13]. Experimental
evidence of the possibility of GBS at relatively low
temperatures, at which the influence of diffusion processes
can be neglected, was obtained in [14-19]. Thus, GBS was
observed at a temperature of =0.15T in nanostructured pure
titanium VT1-0 containing a high fraction of nonequilibrium
strain induced grain boundaries using the methods based on
the detection of mutual displacement of preliminarily applied
scratch marks [14]. The sliding of grain boundaries was
observed at room temperature in zinc [15], magnesium [16],
alloys based on them [16-18] and titanium [19]. Electron
microscopic studies of GBS in the Ti-6Al-4V alloy deformed
by uniaxial tension at room temperature [20] revealed its
close relationship with intragranular slip. It was found that
sliding is initiated in parts of the boundary accumulating
lattice dislocations incoming in the boundary from the body
of grains. As a rule, sliding is observed in the places where
slip bands come into the boundary. Note that this type of
GBS is most likely in highly deformed metals and alloys
with a large fraction of nonequilibrium strain induced grain
boundaries, characterized by a high density of orientational
misfit dislocations. In this paper, we consider the role of a
strain-induced planar shear mesodefect in the nucleation
of microcracks at the junction of grain boundaries due to
athermal GBS.

2. Description of the model

The analysis of strain induced rotational shear mesodefects in
the general case was carried out in [3]. Within the framework
of the 2D model, it is sufficient to consider the boundary
with triple grain junctions on both sides (Fig. 1a), containing
uniformly distributed sessile and glissile components of
orientational misfit dislocations induced into the boundary
during homogeneous plastic deformation of grains adjacent
to the boundary.

Sessile dislocations with the density of the Burgers
vector w,, form the rotational type mesodefect and its elastic
stress fields are equivalent to the fields of the dipole of
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wedge disclinations. The Frank vector of each disclination is
determined by the formulas:

VVNX(H-—Q)

Wy ><(1'2 _1'1)
w,y(r)= | _—
1

|r2 —r1|

> VVd(Q):: >
—r, |
where w(r,) and w(r,) are the Frank vectors of disclinations
located at points with radius vectors r, and r, correspondingly.
The glissile components of dislocations with the density of
the Burgers vector w_represent a planar shear mesodefect.
The vectors w, and w_are the strengths of the corresponding
mesodefects. Let us consider the conditions of the
microcrack nucleation in the triple junction during athermal
GBS. Depending on the initial parameters of the model, GBS
may be carried out by pure GBS (at w_=0), by the motion of
dislocations of the mesodefect (strain induced GBS), or both
strain-induced GBS and pure GBS. Pure GBS is provided by
the nucleation of pares of unlike virtual glissile dislocations
in the grain boundary. A schematic representation of the
dislocations providing strain induced GBS and pure GBS is
shown in Fig. 2. We assume that the mutual displacement of
grains at any point of the considered boundary is possible
onlyif the shear stress at this point exceeds a certain threshold
stress 7. The value 7, is close to the theoretical shear strength
for the equilibrium grain boundary. However, the threshold
stress of GBS can be significantly lower for nonequilibrium
strain-induced high angle grain boundaries, containing a
large number of deformation defects, or in the presence of
segregations of impurity atoms, which cause weakening of
interatomic bonds across the boundary.

Therefore, in further consideration, we will consider it
as a variable parameter. The shear stress > at an arbitrary
point of the boundary is a sum of the external stress 1 and
the internal stress t™ from dislocations of the mesodefect
providing strain-induced GBS and from virtual dislocations
providing pure GBS when it takes place. As a result of sliding
and retardation of plastic shear near the triple junctions, a
distribution of the density of the Burgers vector of virtual
glissile dislocations comes to an equilibrium, at which the
total shear stress at each point of the grain boundary is
less or equal to T,. Note that a disclination dipole does not
create shear stresses at the boundary within the considered
configuration of the mesodefect (Fig. 1b). According to the
idea of Zener [21], we will consider the criterion for the
nucleation of microcracks as a condition necessary for the
appearance of a superdislocation with the Burgers vector
B>2b in the head of the pile-up of virtual glissile dislocations
located in the region of length 2r, (b is the Burgers vector and
r, is the radius of the lattice dislocation core).

3. Calculation of the distribution
function of glissile dislocations

In the initial state, virtual dislocations of the planar shear
mesodefect are uniformly distributed with the density of the
Burgers vector w_along the boundary, where w_is the value
of w_ projection on the axis Ox (Fig. 1b). The mesodefect
becomes unstable if the total shear stress t* acting on
any dislocation, exceeds the threshold stress t,. The new
equilibrium distribution of the density of virtual dislocations
of the Burgers vector p(x), arising due to the dislocations
motion and retarding of GBS by triple junctions, must satisfy
the following conditions:

a) the total Burgers vector of virtual dislocations should
be equal to the total Burgers vector of dislocations of the
initial shear mesodefect:

j p(x)dx =2aw_,
b) for each point of the boundary (points x = +a excepted),
7" should not exceed the threshold stress T :
G a > b
| J- p(x)dx N
| 2n(1—v)
The initial shear mesodefect is approximated by n
equidistantly distributed virtual glissile dislocations with

the Burgers vector b, where n_=2aw /b,. The density of the
Burgers vector of dislocations p (x,) we define as:

(®a)i

- <1, Vxe(—a a).
xX—x

—a

p,(x,)= i=ln-1,

i+l i
where x, are the coordinate of i dislocation known from the
numerical calculation with the Burgers vector (b,).=+b,, n

is the total number of virtual dislocations of the mesodefect

|
induced GBS

zone

pure GBS zone

Fig. 2. Schematic representation of dislocations providing strain
induced GBS (dislocations colored in black) and pure GBS
(dislocations colored in gray).

Fig. 1. Schematic plot of sessile and glissile components of dislocations accumulating at the boundary during intragranular plastic
deformation (a) and their equivalent mesodefects (b) (the rectangle denotes a shear planar mesodefect, light and dark triangles are positive
and negative disclination of the dipole, correspondingly), T is the external shear stress.
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n_ and virtual unlike dislocations providing pure GBS. It is
obvious that, the function p_(x,) will converge to p(x) with a
decrease of b ;:

Mﬂﬂ%gm)

The numerical simulation procedure is as follows:

Stage 1. The equilibrium distribution of virtual dislocations
is calculated using the method of successive approximations.
The iteration procedure includes the following steps:

1.1. Determination of movable virtual dislocations of
the mesodefect, (i.e. the acting force on these dislocations
is greater than the threshold force: |b,t*|>|b |t ). If there
are no movable dislocations, equilibrium positions for all
dislocations of the mesodefect are found.

1.2. Determination of the equilibrium state of a system
of virtual dislocations by sorting in descending order of
the force acting on them, and searching for the equilibrium
position of each of these dislocations while the rest are fixed.

Stage 2. If the dislocations of the mesodefect in the
equilibrium state are not distributed over the whole length
of the boundary, pure GBS can occur on the remaining part
of it.

Pure GBS was simulated by the following iteration
procedure:

2.1. Sequential generation of pairs of unlike virtual
dislocations with the same Burgers vector b, as dislocations
of the shear mesodefect according to the scheme shown in
Fig. 2, and determination of the coordinates of dislocations
at which the forces acting on them b, 7> are equal to the value
b,t, (Fig. 2). If no such coordinates are found, the iterative
procedure is completed.

2.2. Search for the equilibrium of a system of dislocations,
including both dislocations of a shear mesodefect and
dislocations providing pure GBS according to the procedure
described above.

The equilibrium distributions p(x) were obtained for fixed
parameters T, w, 2a at different increasing values of 1. This
procedure is repeated until the value of the external stress T
reaches the value t_, at which the sum of the Burgers vectors
of virtual dislocations located in the interval x.€ [a—2r,a]
becomes equal to 2b. At ™'>7_ a dislocation microcrack
with the Burgers vector B>2b nucleates. The dislocation
distribution calculated using the abovementioned iteration
procedure may depend on the sequence of dislocation
replacements specified by the equations of motion. In this
regard, an additional study was carried out to estimate the
effect of changing the sequence of selection of dislocations
on the form of their final equilibrium distribution. The
following metric was used to evaluate the proximity n of
the distributions p,* and p,* obtained for two different
arbitrarily chosen ways of dislocations motion:

1 n
10 )y _ (1) (2)
mm,m)—ZEPi—%L
i=1

where xV, x® are the coordinates of discrete dislocations
of distributions p ¥ and p ® correspondingly. The results of
the analysis show that with a random choice of removable
dislocations for a given discretization of the Burgers vector of
dislocations, the value of n(p (", p?) changes insignificantly
in comparison with the average distance between virtual

discrete dislocations for different input parameters of
the model. Thus, a change in the sequence of selection of
movable dislocations has practically no effect on the form of
their final equilibrium distribution p(x).

4. Results and discussion

Numerical calculations were performed for a model material
with the following values of the parameters: G=45000 MPa,
v=0.3, b=3-10"* um, 2a=0.2+1 pm w_=0.02+0.04. The
discretization value of the Burgers vector was chosen equal to
b,=3-10"° um. For comparison, the case of pure GBS in the
absence of the shear mesodefect (w_=0) was also considered.
The dependences of the critical external stress t_ on the
mesodefect length 24, calculated for different mesodefect
strengths w_at the threshold stress t,=0.8-107G, are shown
in Fig. 3. It can be seen that the presence of the mesodefect,
providing strain-induced GBS, leads to a significant decrease
in the critical stress T_ in comparison with the case of pure
sliding.

0.05 T

0.04}

0.02

0.01

0.2 04 0.6 0.8 1
2a, pm

Fig. 3. Dependence of the critical stress of microcrack nucleation T,
on the mesodefect length 2a at different values of the mesodefect
strength (1,=0.8-107G).

Note that the distribution p(x) depends on the
parameters of the considered system (see Fig. 4a,b,c,d).
Thus, Fig. 4a shows the distribution at t*=71_=3.1-107G
for the parameters 2a=0.3 pym, w_=0.02 and 7,=8-10°G.
In this case both strain-induced and pure GBS take place.
In contrast to the case in Fig. 4a, the distribution shown in
Fig. 4b, calculated at a higher mesodefect strength, does not
contain a negative part. This is explained by the fact that in
this case, no pure GBS occurs. A small local increase in p(x)
is observed near the point x=-0.15 pm. Fig. 4c shows p(x)
for the mesodefect parameters 2a=0.8 um, w_=0.04 and the
threshold stress T,=0.8-10G. In general, its form resembles
the distribution shown in Fig. 4b, with the difference that
there is a “shelf” on some part of the boundary (see Fig. 4c).
It is due to the total shear stress at any point of this part at
each stage of the calculation was lower than the threshold
stress and, therefore, the original uniform distribution of the
Burgers vector density remains unchanged. Finally, Fig. 4d
shows the distribution in the case of pure GBS (w_=0). Note
that this distribution differs from the well-known solution for
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Fig. 4. The distribution p(x) obtained for the following values of the system parameters: T=1_=3.1-10"G, 2a=0.3 um, w _=0.02 (a),
™=1,=2.1107G, 2a=0.3 um, w_=0.04 (b), =1 =8.5-10"G, 2a=0.8 um, w =0.04 (c), T=7,=3.9-10°G, 2a=0.3 um, w =0 (d) (the

value T, for all cases is the same and equal 1,=0.8-107G).

the bilateral dislocations pile-up [22] due to the presence of
the threshold stress.

The dependence of the critical stress of crack nucleation
T_ on the mesodefect length 2a at different values of the
threshold stress and a fixed value w_=0.04 is shown in Fig. 5.
It can be seen that an increase in the threshold stress of GBS
T, suppresses crack nucleation.

5. Conclusion

The investigation shows that the strain-induced athermal
grain boundary sliding, carried out by the motion of glissile
components of dislocations, accumulating at the grain
boundaries during intragranular plastic deformation, can
be considered as one of the possible mechanisms for the
nucleation of microcracks in materials with a fragmented
structure. These types of structures containing a large
fraction of nonequilibrium strain-induced high angle grain
boundaries are formed at large plastic deformations.
The planar shear mesodefect play the main role in crack
nucleation. Crack nucleation is possible when a certain
critical value of the external stress is reached, which depends
on the parameters of the system under consideration. A
dipole of wedge disclinations does not create shear stresses
at the boundary and, therefore, within the framework of

—— 1,=08-10"°G
—=— 1,=1.0-10°G

—e— 1, =12-10°G

0.03

/G

0.02

T

0.01

0.2 0.4 0.6 0.8
2a, pm

Fig. 5. Dependence of the critical stress T on the mesodefect length
2a at different values of the threshold stress and at w_=0.04.

the considered model, does not affect the motion of glissile
dislocations. However, it must be taken into account when
analyzing the characteristics of a crack arising at a grain
junction. Consideration of more realistic grain boundary
configurations and detailed analysis of microcrack
characteristics will be carried out in future publications.
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