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The formation of cracks at nanoscale deformation twins stopped by grain boundaries (GBs) is theoretically described as a new
fracture mode in nanocrystalline and ultrafine-grained materials. It is noted that dipoles of partial wedge disclinations are formed at
GBs, where they stop deformation twins and create high local stresses capable of initiating crack generation. Within this scenario,
the critical parameters for crack generation at deformation twins stopped by GBs are revealed. The results of the theoretical analysis
explain the corresponding data of experiments and computer simulations and predict novel specific features of the crack formation

in deformed nanomaterials.
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Nanocrystalline and ultrafine-grained materials (here-
inafter called nanomaterials) are typically characterized
by superior strength and show deformation behaviors
controlled by specific mechanisms of plastic flow; see,
e.g. reviews [1-8] and book.[9] Therefore, in parallel
with conventional lattice slip (dominating in coarse-
grained polycrystals), specific deformation mechanisms
— nanoscale twin deformation and grain boundary (GB)
deformation modes — effectively operate in nanomateri-
als and strongly affect their mechanical properties.[1-9]
In particular, following numerous experimental data,
computer simulations, and theoretical models, twin defor-
mation highly contributes to plastic flow in various
nanomaterials at certain conditions; see, e.g. original
research papers [10-25] and review.[8]

Inmost cases, nanocrystalline materials exhibit supe-
rior strength, but disappointingly low tensile ductility
at ambient temperatures. The low ductility is the key
problem that prevents wide structural applications of
nanomaterials.[1-9] Despite the recent progress in solv-
ing this problem in several partial cases (see reviews
[26-28]), its general solution (opening an opportunity
to systematically fabricate nanomaterials with simultane-
ously high strength and good ductility) is still not found
and represents the subject of intense debates. The crucial

role in the optimization of strength and ductility
of nanomaterials is played by competition/interaction
between plastic deformation and fracture processes hav-
ing their specific features in nanomaterials due to the
nanoscale and GB effects. In particular, crack gener-
ation and growth processes often occur at GBs and
their triple junctions in nanomaterials characterized by
large amounts of GBs and deformed by GB deformation
mechanisms; for a review, see [29]. A typical example
of such processes is represented by the generation of
nanocracks in the stress field of GB disclination defects
arising due to GB sliding; see theoretical model.[30]
Besides, in nanomaterials, twin deformation and fracture
can occur cooperatively. For instance, nanoscale twins
can be generated at GBs near large preexistent cracks in
nanocrystalline materials.[31]

In general, with large contribution of nanoscale
twin deformation to plastic flow in nanomaterials, of
utmost interest is the search for the specific fracture
modes initiated by nanoscale twins in such materials.
Recently, computer simulations [32] have demonstrated
that a new fracture mode can operate in nanocrystalline
Mo deformed by nanoscale twinning. This mode repre-
sents crack generation at nanoscale deformation twins
stopped by GBs. The computer simulations [32] are well
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Figure 1.

Nanocracks at nanoscale deformation twins in deformed nanocrystalline solids. (a) General view. (b)~«(d) Magnified

insets highlighting nanoscale twins and nanocracks. (b) Magnified inset highlights nanoscale twin ABCD restricted by opposite
parallel GBs within a nanograin. Here, dipoles of partial Shockley dislocations are generated in the neighboring planes under the
action of the applied stress. This results in the formation of the deformation nanotwin ABCD with boundaries 4B and CD being
perpendicular to the GB planes restricting the twin lamella. (c) The stress field created by the two walls of edge Shockley dislocations
having opposite Burgers vectors is equivalent to that created by a quadrupole of wedge disclinations. This stress field induces the
generation of a nanocrack at a GB. (d) Magnified inset highlights nanoscale twin 4’B’C’D’ and an intragrain nanocrack generated
in its stress field. The twin boundaries A’B’ and C’D’ are not perpendicular to the GB planes restricting the twin lamella.

consistent with the experimental observations [33,34]
of cracks formed at intersection sites for deformation
twins and GBs in coarse-grained y-TiAl. The papers
[32—34] reported on computer simulations and exper-
imental observations of crack generation in nano- and
polycrystalline materials, but did not analyze the condi-
tions for the realization of this new fracture mode. At the
same time, in order to understand if the new fracture mode
is typical in nanomaterials with various crystal lattices
and other materials deformed by twinning, it is crucially
important to reveal the conditions of crack generation at
deformation twins stopped by GBs. The main aims of
this Letter are to theoretically describe the conditions of
crack generation at deformation twins and identify the
critical parameters that control this new fracture mode in
nanomaterials.

Let us discuss the geometric characteristics of
deformation twins stopped by GBs in a nanocrystalline
solid consisting of nanoscale grains divided by GBs. A
two-dimensional section of the solid is schematically
shown in Figure 1(a). The solid is under a remote one-
axis tensile load o. Within our model, during plastic flow
in the nanocrystalline solid, deformation twin lamellas,
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ABCD and A'B'C’'D, in nanoscale grains are generated
(Figure 1(a)). Each of these lamellas is restricted by oppo-
site parallel GBs (Figure 1(a) and 1(b)). Following,[30,
35-37] we assume that the twin lamellas are composed
of overlapping stacking faults that join opposite twin-
ning partial dislocations whose dipoles form in adjacent
slip planes (Figure 1(a) and 1(b)). In the case of fcc crys-
tals, the dipoles of Shockley partials form in adjacent slip
planes {111}.

Let us consider the nanoscale deformation twin
ABCD. The twin lamella is perpendicular to the GBs
that stop its growth, as it is schematically shown in
Figure 1(b). We denote the twin lamella thickness (equal
to the length of the GB segments AB and CD) as /4, the
twin lamella length (Figure 1(b)) as d, and the distance
between the neighboring dislocations in the dislocation
walls at the GB segments AB and CD as p. In doing
so, the distance p between identical Shockley disloca-
tions producing the deformation twin lamella equals to
the distance between the {111} crystallographic planes
and is related to the crystal lattice parameter a as p =
a/~/3. Within our model, the Shockley partials are of
edge character, and their Burgers vectors &b are of the
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(a/6) < 112 > type. The magnitude b of such Burgers
vectors is equal to a/+/6.

The nanoscale twin ABCD (Figure 1(a) and 1(b))
stopped by GBs creates internal stresses in the speci-
men. Following,[36] the two walls, AC and BD, of edge
Shockley partials can be represented as a quadrupole of
wedge disclinations with the strengths +w (Figure 1(c)).
Within this representation, according to the theory of
disclinations,[36] the disclination strength magnitude w
is in the following relationship with the Burgers vec-
tor magnitude » of the Shockley partials and the dis-
tance p between neighboring dislocation dipoles: w =
2 arctan(b/(2p)).

The stress fields of the disclination quadrupole and
the applied load o are capable of inducing the gener-
ation of a nanocrack. For definiteness, let us consider
the generation of a GB nanocrack located as shown in
Figure 1(a)—(c). In order to estimate the conditions for
the nanocrack generation and growth, in the following
we assume that the twin length d is large compared with
both the twin thickness 4 and the nanocrack length /.
Then, we can neglect the effects of disclinations located
at points A and C on the nanocrack generation and growth.
In other words, we consider the generation and growth of
the nanocrack in superposition of the stress field created
by the disclination dipole BD and the applied load.

In order to analyze the conditions for the nanocrack
generation and growth, we employ the energetic criterion
of nanocrack growth [38]

F>2y —, ()

where F is the energy release rate, y is the specific surface
energy, and 4, is the specific (per unit area) GB energy.
The expression on the left-hand side of formula (1) desig-
nates the strain energy released due to nanocrack advance
by unit length, while the expression on the right-hand side
of formula (1) describes the energy associated with the
formation of two new free surfaces and elimination of a
GB fragment in the course of nanocrack propagation. The
energy release rate is calculated in the standard way [31]
using the expressions for the stress field of a disclination
dipole in an isotropic infinite solid with the shear modu-
lus G and the Poisson’s ratio v. As a result, we obtain the
following condition for nanocrack growth: ¢ > ¢., where
q and g, are the parameters defined as follows:
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 is the disclination strength (for details, see our previous
discussion), and / is the argument of the function g (/).

Let us plot the dependences ¢(/) in the case of
nanocrystalline Ni characterized by the following values
of parameters: G = 79 GPa, v = 0.31, y = 1.725 J/m?,
% = 0.69]/m?, a = 0.352nm. The above values of y
and y, are the characteristic mean values of specific sur-
face energy and specific tilt GB energy, respectively.[39]
We also put 0 = 1GPa and o = /4. (The value of
o = 1 GPais typical for the flow stress in nanocrystalline
Ni,[40] while & = 7 /4 corresponds to the direction of the
maximum shear stress (induced by the external tensile
load) at which the nanotwin generation is most favorable.)
The dependences ¢(/) are presented in Figure 2(a), for
various values of the twin width /. The horizontal line in
Figure 2(a) shows the value of g.. The nanocrack growth
is energetically favored, if the curve ¢ (/) lies higher than
the horizontal line ¢.. As it follows from Figure 2(a),
two situations can take place. In particular, if the twin
width % is small (see the lowest curve in Figure 2(a)),
the nanocrack generation is not favored. If the twin width
h exceeds a critical value, the nanocrack generation is
favored. In this case, nanocrack growth is energetically
favorable until the nanocrack length reaches its equilib-
rium value /.. The equilibrium length /. is determined
by the intersection of the curve g(/) with the horizon-
tal line g.. It is seen in Figure 2(a) that the equilibrium
nanocrack length /. increases with 4. In particular, for
h = 3nm, we have /. ~ 4.3 nm, whereas for 7 = 4 nm,
we have /. ~ 13.3nm. The analysis demonstrates that
the critical value of 4 (the minimum value at which the
nanocrack generation is favored) is approximately equal
to 2.6 nm.

In calculation of the dependences ¢(/) presented in
Figure 2(a), we have chosen a value of 0.69 J/m? for the
specific GB energy. In general, however, real values of
tilt GB energies in nanocrystalline Ni can vary in a wide
range from 0.3 to 1.5 J/m?; see, e.g. [41,42].

Therefore, in Figure 2(b), we plot the dependence
q(l) at h = 3 nm and three different values of ,, (0.4, 0.8
and 1.2J/m?). It is seen in Figure 2(b) that an increase
in the specific GB energy j;, leads to an increase in the
equilibrium nanocrack length /.. For example, for y, =
0.4 J/m?, we have [, ~ 3.9 nm, while at , = 1.2 J/m?, we
have /. ~ 9.4 nm.

Now let us consider a nanoscale deformation twin
A'B’'C’'D’ whose boundaries, ‘4’ and C’D’, make an arbi-
trary angle ¢ with the GBs (Figure 1(a) and 1(d)). In this
case, the Burgers vectors of Shockley partial dislocations
are not normal to the GBs, and the dislocation ensem-
ble cannot be represented as a pure quadrupole of wedge
disclinations. As a corollary, the stress field of the disloca-
tion ensemble at segments 4'B’ and C'D’ is different from
that created in the case shown in Figure 1(b). In doing so,
inthe case illustrated in Figure 1(d), the nanocrack formed
in the stress field of the Shockley partial dislocations can
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Figure 2. Dependences of the parameter ¢ (a, b) and g (c) on the nanocrack length /. The horizontal lines show the value of the

parameter gc.

either grow along a GB or inside the grain, making an
angle B with the GB. The latter case is illustrated in
Figure 1(d).

Let us calculate the conditions for the nanocrack gen-
eration and growth in the stress field of the Shockley
partials producing the nanotwin (Figure 1(d)). To do so,
as with our previous consideration, we assume that the
twin length d is large compared with both the twin thick-
ness 4 and the nanocrack length /. In these circumstances,
we can neglect the effects of Shockley partials located at
the twin boundary AC on the nanocrack generation and
growth. In other words, we consider the generation and
growth of the nanocrack in superposition of the applied
load o and the stress field created by an array of Shockley
partials located only at the twin boundary BD.

In order to calculate the conditions for nanocrack
growth, we use the energetic criterion.[38] The calcula-
tion is very similar to that given in the first part of this
Letter. Here we omit the details of the calculation and
present only its final results. Therefore, the condition for
energetically favorable nanocrack growth is as follows:
q() > g.,where g(/) is a function of the nanocrack length
I, depending on the angles «, § and g, elastic constants
of the solid, applied load o, the nanotwin width 4, the
Burgers vector magnitudes b of the Shockley partials,
their interspacing p, and the specific surface energy y (as
well as the specific GB energy y, if the nanocrack grows
along the GB).

The dependences g(/) in the exemplary situation
with nanocrystalline Ni are presented in Figure 2(c), for
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h=3nm,0 =1GPa,a = /4, y, = 0.69 J/m? and dif-
ferent values of the angles 8 and ¢. The horizontal line
in Figure 2(c) shows the value of g.. The three curves
in Figure 2(c) correspond to three different cases. The
upper curve illustrates the case where the twin bound-
aries AB and CD are normal to GBs and the nanocrack
grows along the GB. The intermediate curve corresponds
to the case where the twin boundaries 4B and CD make
the angle ¢ = 70° with the GBs, and the nanocrack also
grows along the GB. The lower curve illustrates the case
where the twin boundaries 4B and CD make the angle
¢ = 70° with the GBs, and the nanocrack grows inside a
grain. As it follows from Figure 2(c), for the parameter
values used, the nanocrack generation and growth inside
the grain are not energetically favored (in this situation,
q < q., for any nanocrack length /; see the lowest curve in
Figure 2(c)). In the case of the GB nanocrack, its growth
is the easiest when the twin boundaries 4B and CD are
normal to GBs. In doing so, the interval of nanocrack
lengths where nanocrack growth is energetically favor-
able (that is, the curve g(/) lies higher than the horizontal
line g.) is wider than that in the case of ¢ = 70°; see the
two upper curves in Figure 2(c)). Thus, the case where
the twin lamella is normal to GBs is most favorable for
the generation and growth of nanocracks.

To summarize, crack generation at nanoscale defor-
mation twins stopped by GBs serves as a special fracture
mode (alternative to crack generation driven by GB
deformation and/or conventional activities of lattice dis-
locations) effectively operating in nanocrystalline and
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ultrafine-grained materials. This theoretically revealed
statement is well consistent with the corresponding
experimental data [33,34] and computer simulations.[32]
Within our theoretical approach, the key critical param-
eters influencing the crack generation process at defor-
mation twins stopped by GBs are revealed to be the twin
width, the angle of intersection of deformation twin and
GB plane, and the external stress. Also, GB misorienta-
tion (which specifies geometric opportunity for a twin
to penetrate through a GB to a neighboring grain) is
expected to play a prominent role in crack generation
at deformation twins in nanomaterials.
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