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Abstract An overview of experimental study, com-
puter simulations and theoretical models of fracture of
nanocrystalline materials is presented. The key exper-
imentally detected facts on ductile and brittle fracture
processes are discussed. Special attention is paid to
computer simulations and theoretical models of nucle-
ation and growth of nanocracks and nanopores in
deformed nanocrystalline materials. Also, we discuss
mechanisms for fracture suppression in such materials
showing good ductility or superplasticity.

Introduction

Nanocrystalline materials—polycrystals with grain
sizes less than 100 nm—have the unique mechanical
properties highly desirable for a wide range of appli-
cations; see, e.g., [1-12]. For instance, they often
exhibit extremely high strength, superhardness and
good fatigue resistance [1-12]. At the same time, in
most cases, these materials show low tensile ductility at
room temperature, which essentially limits their
practical utility. However, recently several examples
of substantial tensile ductility and even superplasticity
of nanocrystalline materials have been reported [13-
31]. With these experimental data, of particular inter-
est are the generic structural features and phenomena
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responsible for unique combination of high strength
and good ductility of these materials. In particular, in
order to understand the fundamentals of the outstand-
ing mechanical properties of nanocrystalline materials,
it is very important to experimentally characterize and
theoretically describe fracture mechanisms operating
in these systems. The main aim of this paper is to
review experimental research, computer simulations
and theoretical models of fracture of nanocrystalline
materials. Also, special attention is paid to the origin of
fracture suppression in nanomaterials showing good
ductility or superplasticity.

Ductile and brittle fracture modes in nanocrystalline
materials: general aspects

The fracture behavior of nanocrystalline materials is
not well defined because of many factors influencing
deformation and fracture processes. Nevertheless, with
available experimental data in this area, one can
distinguish several tendencies in the fracture behavior
of such materials. First of all, both ductile and brittle
fracture processes occur in nanocrystalline materials.
There are several examples of materials having an
average grain size in the range from 20 to 100 nm and
showing ductile fracture with preceding neck forma-
tion and dimpled structures at fracture surfaces [4, 23,
28-33]. In doing so, ductile fracture is viewed to occur
through the microvoid coalescence mechanism. A
typical dimpled structure is illustrated in Fig. 1 show-
ing scanning electron microscopy image of the facture
surface of a bulk nanocrystalline Al-5%Mg alloy after
tensile testing to failure. Artifact-free Al-5%Mg alloy
bulk specimens with an average grain size of around
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Fig. 1 Dimpled structures at the fracture surface of the
nanocrystalline Al-5%Mg alloy after tensile testing to failure
[Reprinted from [32], copyright (2006), with permission from
Elsevier]

26 nm and a relatively narrow grain size distribution
were synthesized by an in situ consolidation mechan-
ical alloying technique [31]. These samples demon-
strated ultrahigh strength (for instance, ultimate tensile
strength is around 740 MPa), good tensile ductility
(8.5% elongation) and ductile fracture behavior with
the dimpled features at the fracture surface (Fig. 1).

At the same time, nanocrystalline Ni-15%Fe spec-
imens with an average grain size of around 9 nm [32,
32] and fatigued nanocrystalline Ni specimens with an
average grain size of around 30 nm [34] exhibit
intergranular brittle fracture. Also, brittle fracture
with dominant intergranular cracking occurs in su-
perhard nanoceramic coatings [3]. In these cases, the
main brittle crack is treated to be formed by the
generation of multiple intergranular nano/micro-scale
cracks and their convergence. The intergranular
brittle fracture mode is illustrated by Fig. 2 showing
scanning electron microscopy image of the facture
surface of a nanocrystalline Ni specimen cyclically
loaded to failure. Nanocrystalline Ni specimens with
an average grain size of around 30 nm were fabri-
cated by electrodeposition and subjected to low cycle
fatigue load [34]. These samples demonstrated cyclic
strain hardening and brittle behavior. In particular,
fracture surface examination revealed a load-fre-
quency-independent  brittle fracture morphology
(Fig. 2), in contrast to the more ductile dimpled
morphology found for monotonic loading conditions
in similar specimens [34]. This example is indicative
of the sensitivity of the fracture mode in nanocrys-
talline Ni to conditions of load.
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Fig. 2 Fracture surface morphology of a nanocrystalline Ni
specimen cyclically loaded to failure at a maximum stress of
850 MPa (with fatigue load ratio = 0.25) and a frequency of
0.2 Hz at room temperature in air [Reprinted from [35],
copyright (2006), with permission from Elsevier]

In general, fracture processes in nanocrystalline
materials are crucially influenced by the large amount
of grain boundaries. Such boundaries serve as prefer-
able places for nanocrack nucleation and growth,
because the atomic density is low, and interatomic
bonds are weak at grain boundaries compared to the
bulk phase. In the case of ductile fracture carried by
microvoid coalescence, grain boundaries with their
high diffusivity enhance the microvoid growth, a
process mediated by diffusion. Besides, the extra
energy of grain boundaries contributes to the driving
force for intergranular fracture with cracks propagating
along boundaries and releasing the extra energy,
compared to intragranular fracture with cracks prop-
agating through grain interiors. At the same time, grain
boundaries are short and curved at numerous triple
junctions in nanocrystalline materials. Therefore, if
cracks tend to nucleate and grow along grain bound-
aries, geometry of grain boundary ensembles causes
restrictions on intergranular fracture processes.

With the large amount of grain boundaries in
nanocrystalline materials, there is a strong competition
between intergranular and intragranular fracture pro-
cesses. Either one of these processes dominates or they
occur in concurrent way in materials, depending on
their material and structure parameters as well as on
the conditions of loading. Besides, fracture processes in
nanocrystalline materials compete and interact with
plastic deformation processes that have the unique
peculiarities due to both the nanoscale and interface
effects. In particular, with nanoscale sizes of grains
and the large amount of grain boundaries, plastic
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deformation in nanocrystalline materials is character-
ized by very high values of the flow stress. Plastic
deformation in such materials effectively occurs by
lattice dislocation slip and deformation mechanisms
mediated by grain boundaries [1-12]. The lattice
dislocation slip is dominant in materials with interme-
diate grains having the size d in the range from d. to
100 nm, where the critical grain size d. (=10-30 nm)
depends on material and structure parameters. Basic
carriers of the lattice dislocation slip in intermediate
grains are perfect and partial dislocations emitted from
grain boundaries; see, e.g., [35-38]. Deformation
mechanisms mediated by grain boundaries are domi-
nant in materials with finest grains having the grain size
d < d.. These mechanisms are grain boundary sliding,
grain boundary diffusional creep (Coble creep), triple
junction diffusional creep and rotational deformation
mode; see, e.g., [1-12]. In the context discussed, one
expects that fracture processes in a nanocrystalline
material are sensitive to the grain size because of its
dramatic effect on plastic deformation mode operating
and competing with fracture in the material.

Li and Ebrahimi [32, 33] reported that reduction in
grain size causes a shift in fracture mode, from ductile
mode (for nanocrystalline Ni with mean grain size
around 44 nm) to brittle fracture (for nanocrystalline
Ni-15%Fe alloy with mean grain size around 9 nm).
However, the discussed experiments dealt with the
materials—pure Ni and Ni-15%Fe alloy—having dif-
ferent chemical compositions. Therefore, the shift in
fracture mode [32, 33] is influenced by both the grain
size and chemical composition effects. In these cir-
cumstances, the grain size effect cannot be unambi-
giously identified. Nevertheless, the grain refinement
commonly leads to increase in the flow stress. In this
case, with reduction in grain size, values of the flow
stress become closer to those needed to induce fast
fracture processes, and fracture mode tends to shift
from slow ductile mode to fast brittle fracture. It is just
a tendency (but not a rule) that needs further inves-
tigation.

The effect of an average grain size on fracture mode
can manifest itself through its effects on plastic flow
and diffusivity in nanocrystalline materials. Acceler-
ated diffusion along grain boundaries and intensive
plastic flow (by lattice dislocation slip and/or deforma-
tion mechanisms mediated by grain boundaries) pro-
vide effective relaxation of local stress inhomogeneities
and thereby suppress the brittle behavior. With the
existence of a critical grain size d, for transition from
the lattice dislocation slip to deformation mechanisms
mediated by grain boundaries, it would be interesting
to check, if the size d. plays a role in transition in

@ Springer

fracture mode in nanocrystalline materials. In this
context, of particular interest are the experiments [28—
31] which are indicative of ductile fracture in nano-
crystalline pure Cu and Al-5%Mg alloy with average
grain sizes being 23 and 26 nm, respectively. The grain
size values in these materials are very small and close
to the critical size (d. = 10-30 nm) for transition from
the lattice dislocation slip to deformation mechanisms
mediated by grain boundaries. However, the micro-
structural characterization [29] of nanocrystalline Cu
samples unambigiously shows the lattice dislocation
slip to be active. In this situation, with a very high level
of the applied stress, void growth by lattice dislocation
emission can effectively occur [39] and contribute to
ductile fracture processes.

Besides grain size, other factors strongly affect
fracture in nanocrystalline materials. In particular,
crack nucleation and propagation can be dramatically
enhanced due to fabrication-produced pores and con-
taminations. This effect of artifacts has been demon-
strated in the experiments [40] dealing with fracture of
nanocrystalline Ni films fabricated by DC magnetron
sputtering and pulsed laser deposition. Following [40],
the nanocrystalline Ni film material fabricated by DC
magnetron sputtering and characterized by a narrow
distribution in grain size (with an average grain size of
around 19 nm) contains pores and behaves in a brittle
manner, with failure occurring via rapid coalescence of
intergranular cracks. At the same time, the nanocrys-
talline Ni film material fabricated by pulsed laser
deposition and characterized by a narrow distribution
in grain size (with an average grain size of around
17 nm) is free from pores and behaves in a ductile
manner, with failure occurring via slow ductile crack
growth [40].

Nucleation of nanocracks at grain boundaries
and their triple junctions

To understand the specific fracture behavior of the
nanocrystalline matter, results of microstructural
experimental characterization of nanocrystalline mate-
rials under mechanical load are of crucial importance.
Following experimental data [23], nanovoids in ductile
nanocrystalline Ni commonly nucleate and grow at
grain boundaries and their triple junctions during
tensile deformation (Fig. 3). In these experiments,
nanocrystalline Ni specimens (with an average grain
size of around 30-40 nm and a narrow grain size
distribution) fabricated by electrodeposition were sub-
jected to tensile tests performed ‘“in situ” in the
transmission electron microscope (TEM). Damage
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Fig. 3 A sequence of “freeze-
frame” images captured
during an in situ deformation
test in the transmission
electron microscope of a
nanocrystalline Ni specimen.
Images (a—d) show the
microstructural evolution and
progression of damage with
an increase in the plastic
strain induced by applied
displacement pulses. The
presence of grain boundary
cracks and triple-junction
voids (indicated by white
arrows in a), and their growth
in (b—d) are shown. The
magnified inset in (d)
highlights the dislocation
activity [Reprinted from [23],
copyright (2003), with
permission from Elsevier]

evolution at the nanoscale level in these specimens is
presented in Fig. 3 showing a sequence of “in situ”
TEM images of the microstructure of a nanocrystalline
Ni specimen during plastic deformation. As follows
from the images (Fig. 3), grain boundaries and their
triple junctions serve as preferred places for nucleation
of nanoscale voids in vicinity of a large crack. The large
crack grows along grain boundaries and absorbs the
nanovoids (Fig. 3).

A similar view on fracture processes at the nano-
scale level is given by molecular dynamics simulations
[42-44]. These simulations show that nanocracks tend
to be generated at triple junctions of grain boundaries
near tips of pre-existent large cracks in nanocrystalline
Ni and nanocrystalline o-Fe with grain size ranging
from 5 to 12 nm and from 6 to 12 nm, respectively. In
the context discussed, with a very high volume fraction
of triple junctions of grain boundaries in nanocrystal-
line materials, nanocracks at triple junctions can be
treated as typical elemental carriers of fracture in such
materials. This causes particular interest in under-
standing the mechanisms for nanocrack generation at
triple junctions and their correlation with plastic

deformation processes mediated by grain boundaries.
In paper [44], a theoretical model has been suggested
describing nucleation and growth of nanocracks at
triple junctions due to grain boundary sliding. Below
we will consider in detail the basic statements of the
model [44], because it is concerned with typical
nanocracks and relates the specific nanostructural

features with fracture mechanisms operating in
mechanically loaded nanocrystalline materials.

The model [44] describes fracture processes in
nanocrystalline materials in which grain boundary
sliding essentially contributes to plastic flow. Grain
boundary sliding commonly occurs by either local
shear events [45-47] or movement of grain boundary
dislocations [46—49] and leads to accumulation of
sessile dislocations at triple junctions [47, 48]. In the
case of dislocation mode of grain boundary sliding,
mobile grain boundary dislocations (with the Burgers
vectors parallel to grain boundary planes) move
causing the sliding in a mechanically loaded specimen
(Fig. 4a). They are stopped at triple junctions of grain
boundaries, where boundary planes are curved and
thereby dislocation movement is hampered (Fig. 4a).
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Fig. 4 Grain boundary sliding causes formation of triple junction
dislocation (a)-(e) whose stress field induces generation of
nanocrack either in grain interior (f) or along a grain boundary
(g)- The angle 8 between grain boundary planes and the angle oy
between the nanocrack plane and one of grain boundary planes
are shown (f) and (g)

Further movement of grain boundary dislocations
needs an increase of the applied stress. When the
applied stress increases, grain boundary dislocations
reach a triple junction and come into dislocation
reaction resulting in the formation of a sessile disloca-
tions at the junction (Fig. 4b) [47, 48]. This process is
an elementary act of (super)plastic deformation involv-
ing grain boundary sliding in nanocrystalline materials
where amount of triple junctions is large. The process
repeatedly occurs in a deformed nanocrystalline spec-
imen and gives rise to an increase of the Burgers vector
of the sessile dislocation (Fig. 4c—¢). (Also, accumula-
tion of the sessile dislocations at triple junctions occurs
in a similar way in the situation where grain boundary
sliding is carried by local shear events [47].) Following
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[44], a nanocrack at the triple junction is generated to
release the strain energy of the sessile dislocation when
its Burgers vector magnitude achieves a critical value
(Fig. 4f, g). In doing so, the nanocrack may nucleate
either in the grain interior (Fig. 4f) or along a grain
boundary adjacent to the triple junction (Fig. 4g).

In general, the energetically favorable generation of
a crack/nanocrack is characterized in the first approx-
imation by its equilibrium length L.; see, e.g., [44, 50,
51]. The equilibrium length L. of a nanocrack is
defined as the nanocrack length corresponding to the
maximum or minimum energy of the system. In the
first case, a nanocrack tends to rapidly grow (shrink), if
its length L is larger (lower, respectively) than the
equilibrium length L.. That is, the equilibrium state of
the nanocrack with the length L = L. is unstable. In
the second case (the system energy has a minimum at
L = L.), the generation and growth of a nanocrack
with the length L < L, are energetically favorable until
its length L reaches L.. That is, the equilibrium state of
the nanocrack with the length L = L. is stable. This
case includes, in particular, the generation and growth
of a triple junction nanocrack (Fig. 4f, g). These
processes are energetically favorable, if the nanocrack
length L is lower than the equilibrium length L.. The
equilibrium state of the triple junction nanocrack with
the length L = L. is stable, because the dislocation
stress field rapidly falls with increasing distance from
the dislocation line, while the external stress weakly
influences the nanocrack generation [44].

In calculation of L., Ovid’ko and Sheinerman [44]
used the configurational force method [50] that was
effectively exploited in analysis of the generation of
plane microcracks in the stress fields of superdisloca-
tions [50], dislocation pile-ups [50], disclination loops
[52] and wedge line disclinations [51]. The method [50]
was developed for a description of conditions for the
energetically favored generation/growth of cracks in
the local stress fields of internal defects—first of all,
dislocations—formed due to inhomogeneous plastic
flow in solids. This approach and the classical Griffith’
theory (describing the external-stress-induced growth
of cracks) are treated to be complementary. Indenbom
[50] considered solids with dislocations creating stress
fields whose relaxation occurs by the generation of
cracks. In the framework of the approach [50], a flat
crack in a solid is described as an ensemble of
continuously distributed virtual dislocations. In these
circumstances, the crack generation is equivalent to the
generation of the virtual dislocations, and the criterion
for the energetically favored generation/growth of a
crack is derived from the energy balance for the
generation of the virtual dislocations.
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The approach [50] operates with the configurational
force F defined as the elastic energy released when the
crack moves over a unit distance. In the situation with
the plane strain state of an elastically isotropic solid
with a dislocation, examined in the paper [44], F can be
written in its general form as follows [50]:

F=Lr(1-v)(a,+3,)/4G, (1)

where G is the shear modulus, v is the Poisson ratio,
and Gyyand Gy, are the mean weighted values of the
dislocation stress tensor components oy, and oy,
respectively. These mean weighted stress tensor
components are calculated using the following
formula [50]:

Giy =2 (Ln)™" / aiy(x,y = 0)[x/L — x)]"/*dx, 2)

where i = x, y.

The equilibrium length L. of the nanocrack is
derived from the balance F = 2y, between the release
F of the elastic energy and the increase 2y, in the
energy due to the formation of two new nanocrack
surfaces. Each surface is characterized by the energy
density 7.. In the situation where the nanocrack
nucleates in the grain interior ((Fig. 4f), we have
ye = 7, with 7 being the energy density per unit area of
the free surface. In the situation where the nanocrack
nucleates along a grain boundary (Fig. 4g), we have
Ve = ¥ — 75/2, with ys being the energy density per unit
area of the grain boundary. The nucleation of the triple
junction nanocrack (Fig. 4f, g) is energetically favor-
able, if F > 2y., and unfavorable, if F < 2y..

In [44], dependences of configurational force F (in
units of) Gb/[167(1-v)]) on non-dimensional length L/b
of the nanocrack were calculated. Here b is the
Burgers vector magnitude of a grain boundary dislo-
cation (typical value of b is around 0.1 nm). These
dependences are presented in Fig. 5, for the shear
stress 7 = 0.01G, the Poisson ratio v = 0.3, the free
surface energy density y = 0.01Gb, different values of
the grain boundary energy density y,, different values
of the angle oy between the nanocrack plane and one of
grain boundary planes (see Fig. 4f, g). Also, these
dependences are sensitive to values of n =5 and 10,
where n is the number of passes of mobile grain
boundary dislocations through the triple junction. [In
other terms, n characterizes the Burgers vector of the
sessile grain boundary (super)dislocation.] The equi-
librium length of the nanocrack corresponds to the
point where the curve F (L/b) and the horizontal line

0 20 40 60 80 100
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Fig. 5 Dependence of configurational force F (in units of Gb/
[167(1-v)]) on non-dimensional length L/b of the nanocrack, for
/G =0.01,v = 0.3;n = 10 and oy = -n/3, n/3 and 27/3 (see curves
1, 2 and 3, respectively) as well as n = 5 and, a; = -n/3, 7/3 and
2n/3 (see curves I’, 2" and 3, respectively). Horizontal lines show
values of the effective surface energy density 2y, (in units of Gb/
[167(1-v)]) in the cases of the nanocrack nucleating in the grain
interior (solid line) and along grain boundary plane (dashed line),
for y/(Gb) = 0.1 and y/(Gb) = 0.07 (a) and y/(Gb) = 0.03 (b)

(solid line in the case of the nanocrack nucleating in
the grain interior, and dashed line in the case of the
nanocrack nucleating along a grain boundary plane)
intersect. In Fig. 5, the equilibrium length of the
nanocrack in grain interior and along a grain boundary
is denoted as LY°' and LSB, respectively.

The notion of a nanocrack (or, more generally,
crack) has its sense when the nanocrack length is larger
than some critical minimum length L. at which the
binding between the atoms of the opposite surfaces of
the nanocrack is completely broken. (L. is around
S5a = 15b, where a is the crystal lattice parameter.) In
this context, the generation of a nanocrack is treated to
occur, if its equilibrium length L. > L. In the opposite
case (L. < L.), the binding between the atoms of the
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Fig. 6 Dependencies of non-dimensional equilibrium nanocrack
length L./b on parameter n, for § =2nr/3, /G = 0.01, v =0.3; (c) 4

oy = -7/3, 0 and 27/3 (see curves 1, 2 and 3, respectively). The
dashed horizontal line corresponds to the minimum critical
length L. = 15b at which the nanocrack is generated

opposite surfaces of the nanocrack causes it to shrink
and disappear.

Ovid’ko and Sheinerman [44] calculated the depen-
dences of the equilibrium length L. of a nanocrack at a
dislocated triple junction on the parameter n, the
number of passes of mobile grain boundary disloca-
tions through the triple junction. These dependences
are shown in Fig. 6, for the shear stress © = 0.01G, the
Poisson ratio v = 0.3 and different values of the angle
o1 between the nanocrack plane and one of grain
boundary planes. As follows from Fig. 6, the equilib-
rium length L, rapidly increases with rising parameter
n in both the cases of the nanocrack growing in the
grain interior and along a grain boundary. The dashed
horizontal line in Fig. 6 corresponds to the critical
minimum length L. = 15b of a nanocrack. The points
where this horizontal line intersects the curves L. (n)
correspond to the values of n at which the nanocracks
are generated. These values are close to 5, indicating
that a stable nanocrack is nucleated at a triple junction
after just several (about five) acts of the grain bound-
ary dislocation transformation (Fig. 4) have occurred
at the triple junction. Also, L. grows when the angle f3
(shown in Fig. 4f, g) between grain boundary planes
decreases.

Following calculations [44], the equilibrium length
L. rapidly falls with increasing the free surface energy
density y.. In general, the equilibrium length LS® of a
nanocrack nucleating along a grain boundary plane can
be either larger or lower than the equilibrium length
L' of a nanocrack nucleating in grain interior. The
former case (LS® > LY is realized at large values of
the grain boundary energy density 7. In doing so, the
nucleation of the triple junction nanocrack growing
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Fig. 7 Grain boundary sliding (a) is carried by grain boundary
dislocations and (b) causes the formation of dipole of disloca-
tions with large Burgers vectors at a grain boundary step. (c)
Stress fields of dislocations at grain boundary step induce the
generation of nanovoid

nanovoid

along a grain boundary is energetically preferred
compared to the nanocrack growing in the grain
interior. The second case (LS® < LY is realized at
low values of y,. In this case, the nucleation of the triple
junction nanocrack growing in the grain interior is
preferred.

We have considered the nucleation of nanocracks at
triple junctions of grain boundaries in nanocrystalline
materials in the situation where grain boundary sliding
effectively operates. Recently a theoretical model [53]
has been suggested describing the generation of
nanovoids at grain boundaries in such nanocrystalline
materials. In the framework of the model [53], nanov-
oids are generated in the stress fields of dipoles of
dislocations characterized by large Burgers vectors and
formed at both grain boundary steps and junctions due
to intensive grain boundary sliding (Fig. 7).

The theoretical models [44, 53] account for exper-
imental observation [23] of nanocracks nucleated at
grain boundaries and their triple junctions in deformed
nanocrystalline Ni specimens exhibiting a substantial
ductility. These specimens were fabricated by elecro-
deposition methods, taking care about absence of
nanocracks and nanovoids in the as-prepared state.
Therefore, nanocracks observed by Kumar et al. [23] in
“in situ” experiments during plastic deformation in
nanocrystalline Ni are induced by deformation pro-
cesses. Notice that the models [44, 53] predict a certain
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stability of nanocracks generated at grain boundaries
and their triple junctions in deformed nanocrystalline
materials. This prediction is in agreement with exper-
iments [23] in which a good ductility of nanocrystalline
Ni and a non-catastrophic character of failure pro-
cesses have been detected.

Suppression of nanocrack nucleation in nanocrystalline
materials

In this section, we consider mechanisms for suppres-
sion of the nanocrack generation in nanocrystalline
materials showing ductility or superplasticity. First, let
us discuss the effects of diffusion on the generation of
triple junction nanocracks treated as typical elemental
carriers of fracture in these materials. Generally
speaking, diffusivity of nanocrystalline materials is
highly accelerated, because of accelerated diffusivity
along grain boundaries (compared to the bulk diffu-
sivity) whose amount is large in such materials.
Besides, grain boundary diffusion can be highly
enhanced in deformed materials due to the action of
lattice dislocation slip which ‘supplies’ dislocations to
grain boundaries where these trapped dislocations
climb, split into grain boundary dislocations and
annihilate. These transformations of dislocations cause
the intensive generation of excess grain boundary point
defects that carry diffusion in grain boundaries; see,
e.g., [54-56]. The accelerated grain boundary diffusion
gives rise to the three following effects responsible for
suppression of nucleation of triple junction nanocracks:
(i) The enhanced diffusion provides both intensive flow
of vacancies from the local regions where high tensile
stresses of the sessile triple junction dislocations exist
and intensive flow of interstitial atoms in the opposite
direction (Fig. 8). In these circumstances, the tensile
stresses, in part, are relaxed, and the nucleation of

Fig. 8 Diffusional flow of interstitial atoms causes a partial
relaxation of tensile stresses created by triple junction dislocation

nanocracks is hampered [57]. The discussed effect of
diffusion gives rise to an increase of the critical plastic
strain value at which triple junction nanocracks
(Fig. 4f, g) are generated. In certain ranges of param-
eters of a nanocrystalline solid, diffusion is able of even
suppressing the nanocrack generation near triple junc-
tions during the extensive stage of plastic deformation
[57]. (ii) Sessile dislocations formed at triple junctions
due to grain boundary sliding come into reactions with
dislocations that intensively climb along grain bound-
aries. These dislocation reactions diminish the Burgers
vector magnitudes of the sessile dislocations and
thereby decrease the stress concentration at triple
junctions. Consequently, the grain boundary disloca-
tion climb, whose rate is controlled by grain boundary
diffusion, hampers the nanocrack generation at triple
junctions of grain boundaries [58]. (iii) The enhanced
grain boundary diffusion provides the effective action
of Coble creep [59-61] and triple junction diffusional
creep [62] which thereby effectively compete with
grain boundary sliding. Consequently, the contribution
of grain boundary sliding to plastic flow decreases, in
which case growth of Burgers vectors of the sessile
dislocations—nuclei of triple junction nanocracks
(Fig. 4f, g)—slows down or stops.

It is natural to think that the three effects (i)—(iii) of
grain boundary diffusion (enhanced owing to the
action of conventional lattice dislocation slip) give rise
to enhanced ductility exhibited by nanocrystalline
materials and materials with bimodal (nano- plus
micro-grained) structures, as well as to high-strain-rate
superplasticity exhibited by nanocrystalline materials.
In doing so, the combined action of lattice dislocation
slip and grain boundary sliding as dominant deforma-
tion modes is crucial. These deformation modes cause
mutually consistent plastic flow of both grain interiors
and grain boundaries. In addition, the lattice disloca-
tion slip provides ‘““bombardment’ of grain boundaries
by lattice dislocations which lead to enhancement of
boundary diffusion. The enhanced diffusion suppresses
nucleation of grain-boundary-sliding-induced nano-
cracks in nanocrystalline materials which thereby
exhibit a good ductility or even superplasticity (for
details, see [53]). In particular, the discussed theoret-
ical representations about the diffusion effects on
ductility/superplasticity of nanocrystalline materials
are indirectly supported by the experimental data
[16] showing degradation of superplastic properties of
nanocrystalline materials after a short thermal treat-
ment. More precisely, Islamgaliev et al. [16] reported
that nanocrystalline materials fabricated by severe
plastic deformation method and then subjected to a
short heat treatment do not show superplastic behavior,
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in contrast to as-fabricated materials. In the experi-
ment [16], heat treatment is not intensive enough to
cause grain growth but is sufficient to induce annihi-
lation of the non-equilibrium grain boundary vacancies
generated in nanocrystalline materials during their
fabrication by severe plastic deformation. In terms of
the model [53], after heat treatment, the density of
grain boundary vacancies abruptly decreases and
thereby the grain boundary diffusion (occurring mostly
by vacancy transport) becomes a low-intensity process
which is not able to suppress the nanocrack nucleation.
As a result, though a nanocrystalline specimen in its as-
fabricated state shows superplasticity, heat treatment
leads to its dramatic degradation.

Similar effects of diffusion can enhance ductility of
materials with bimodal structure; see, e.g., [63]. In
general, a material with bimodal structure consists of
either ultrafine-grained or nanocrystalline matrix and
large (micron-sized) grains embedded into the matrix
[21, 27, 63-66]. Such materials are often characterized
by both high strength and good ductility [21, 27, 63-66].
Recently, Han et al. [63] have experimentally revealed
that a decrease of plastic strain rate in mechanical tests
enhances ductility of bimodal 5083 Al alloys processed
by cryomilling. Also, they found that the higher
ductility at lower strain rate is caused by effective
diffusion-mediated stress relaxation, which hamper
microcrack nucleation and growth.

When the nucleation of brittle nanocracks is effec-
tively suppressed by diffusion, a material tends to
exhibit the ductile fracture behavior. With decreasing
temperature, diffusion intensity dramatically de-
creases. Therefore, one may expect nanocrystalline
materials to be brittle at low temperatures. However,
following experimental data [67, 68], several nanocrys-
talline metals (Ni, Co, Cu, Ti, Fe) at liquid-nitrogen
temperature (77 K) show a good tensile ductility and a
remarkable increase in strength compared to that at
room temperature. Enhanced tensile ductility of nano-
crystalline materials at cryogenic temperatures is
attributed to the effect of temperature on the strain
hardening in these materials during plastic deforma-
tion. The fact is that the suppression of the nucleation
of brittle nanocracks is just one factor necessary for
good tensile ductility. Another key factor is the
resistance of a material to plastic strain instability
leading to the neck formation followed by relatively
fast ductile fracture process in the neck section. The
resistance is provided by strain hardening and/or
pronounced strain rate sensitivity of a material during
tensile deformation [27, 67, 68]. Following [27, 67, 68],
the strain hardening is enhanced by the dislocation
accumulation and depressed by the dislocation annihi-
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lation at grain boundaries in deformed nanocrystalline
materials. The dislocation annihilation is not intensive
at low temperatures, in which case grain boundaries
gradually accumulate dislocations providing the mod-
erate strain hardening and thereby the resistance of a
material to plastic strain instability [27, 67, 68].

Thus, one can distinguish the two competing effects
of temperature on ductility of nanocrystalline materi-
als. With decreasing temperature, both diffusion and
dislocation annihilation at grain boundaries are
depressed. Low-intensity diffusion is not effective in
suppression of the nucleation/growth of brittle cracks.
It means that a decrease in temperature causes the
suppressing effect on ductility. On the other hand, low-
intensity annihilation of dislocations at grain bound-
aries gives rise to the pronounced strain hardening in
nanocrystalline materials deformed at cryogenic tem-
peratures. It means that a decrease in temperature
causes the enhancing effect on ductility. In the context
discussed, some critical temperature may exist at which
the competing effects of temperature are effectively
optimized providing a good ductility. Further experi-
mental and theoretical research in this area is needed
to reveal critical temperature and other parameters
that control and optimize tensile ductility of nanocrys-
talline materials.

Ductile and brittle fracture modes in nanocrystalline
materials: crack growth

Though diffusion effectively suppresses the nanocrack
nucleation in several nanocrystalline materials showing
superplasticity, the effects of diffusion are not sufficient
to suppress fracture in most materials in which nano-
cracks are intensively generated under mechanical
load. Besides, nanocrystalline materials often contain
nanocracks formed during their fabrication; see, e.g.,
[1]. The behavior of nanocracks and plastic flow
processes under mechanical load are responsible for
the fracture mode operating in a nanocrystalline
specimen. At the first stage of loading, flat nanocracks
are generated along grain boundaries in the specimen
(Fig. 9a, b). If plastic flow is not intensive, these flat
nanocracks serve as dangerous stress concentrators
inducing new flat nanocracks to be generated in their
vicinities (Fig. 9c—e). Then nanocracks located in one
specimen section fastly converge resulting in brittle
intergranular fracture through the formation of a
catastrophic crack (Fig. 9f). If plastic flow and diffusion
are intensive, as-generated flat nanocracks (Fig. 10a, b)
are gradually transformed into nanovoids (Fig. 10c).
Nanovoids grow and are transformed into microvoids
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Fig. 9 Intergranular brittle
fracture in nanocrystalline

material with finest grains
occurs through formation and
convergence of nanocracks at
grain boundaries
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(Fig. 10d, e). Plastic flow is localized and gives rise to
the neck formation (Fig. 10d, e). Then ductile fracture
occurs though coalescence of microvoids located in one
specimen section of a nanocrystalline specimen
(Fig. 10f).

As noted in section Ductile and brittle fracture
modes in nanocrystalline materials: general aspects,
both intergranular brittle fracture morphology [32, 33,
69] and ductile dimples at fracture surfaces [4, 23,
28-33, 70] were experimentally observed in nanocrys-
talline materials. A theoretical investigation of nucle-
ation and growth of nanopores—carriers of ductile
fracture—in nanocrystalline materials is in its infancy
[71]. In contrast, much attention has been paid to
computer and theoretical models of brittle fracture
processes. Below we will discuss these models focusing
on nucleation and growth of brittle nanocracks.

d 0 !

Computer simulations [41, 42] of crack growth in
nanocrystalline Ni with grain size ranging from 5 to
12 nm show the intergranular fracture to be dominant.
Intergranular nanocracks at grain boundaries and their
triple junctions are found to be generated near the tip
of a pre-existent crack (a semi-infinite crack artificially
formed in a nanocrystalline simulation block in its
initial state) due to stress concentration at the tip. The
crack grows by joining the nanocracks at grain bound-
aries and their triple junctions in its front. In the
situation where the pre-existent crack ends at a triple
junction in a nanocrystalline Ni sample with the grain
size d = 5 nm, at the first stage of loading, the crack tip
remains at the triple junction, and blunting is observed
[41]. With increase of the applied mechanical stress,
two new nanocracks are formed at a grain boundary
located in vicinity of the crack tip. With further
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Fig. 10 Ductile fracture in
nanocrystalline material

occurs through formation of
nanocracks, their
transformation into pores,
growth of pores and
formation of local necks
between large pores

(a)

(b)
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increase of the applied mechanical stress, the crack
grows (by joining the nanocracks) along a path entirely
constituted by grain boundaries. In the situation where
the pre-existent crack ends in the grain interior in a
nanocrystalline Ni sample with the grain size
d =10 nm, the crack emits several partial lattice
dislocations that blunt the crack tip region. With
increase of an applied load, the stress concentration
in vicinity of the crack tip causes the formation of
nanocracks ahead of the crack front at neighboring
grain boundaries. At later stages of loading, these
cracks join the main crack [41].

Following computer simulations [41, 42], intergran-
ular fracture processes occurring through growth of a
pre-existent crack along grain boundaries is character-
ized by the energy release rate being approximately

@ Springer
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three times the expected Griffith value for brittle
intergranular fracture. It is indicative of a significant
role of plastic flow (realized via emission of partial
lattice dislocations and structural transformations in
grain boundaries) processes in the intergranular frac-
ture observed in computer simulations [41, 42] of
nanocrystalline metals under mechanical load.
Molecular dynamics simulations [41, 42], in fact, dealt
with toughness of nanocrystalline Ni. Also, toughness of
nanocrystalline materials has been theoretically exam-
ined in papers [72, 73] describing brittle crack growth in
such materials. Focuses were placed on the competition
between intergranular and intragranular fracture
modes. In terms of the surface energy density y. and
grain boundary energy density ys, intragranular and
intergranular fracture modes (Fig. 10a, b, respectively)
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in a coarse-grained polycrystal release the specific
energies (per unit area of fracture surface) 2y and
ve = N(2y — 7s), respectively, where 7 is the factor
characterizing fracture surface curvature in the case of
intergranular fracture. Nanocrystalline materials with
the finest grains are specified by very large volume
fractions occupied by grain boundaries and their triple
junctions. In these circumstances, “‘pure” intragranular
fracture mode cannot be realized. When a flat crack
grows in such a material (Fig. 11a), it propagates
through regions occupied by grain interiors, grain
boundaries and triple junctions. In doing so, a crack
releases the energy density:

Vttat & fode + fon¥s + fivys 3)

where fy, fo» and f;; are the volume fractions occupied
by the bulk, grain boundaries and triple junctions,
respectively, and yy; is the specific energy density of
triple junctions. In the context discussed, the toughness
of a nanocrystalline sample with a flat crack is
characterized by parameter [73]:

G = Gpfy + Gaoofop + Giifyjs (4)

where Gy, Gy, and Gy are the critical energy release
rates for the bulk, grain boundary and triple junction
phases, respectively.

In the case of intergranular brittle fracture, the
generation of mode I nanocracks is enhanced along
grain boundaries whose planes have a favored orien-
tation, that is, planes at which the action of the external
stress is maximum. (A mode I crack is defined as a
crack whose generation is accompanied by displace-
ments of its two surfaces in opposite directions normal
to the surfaces, parallel to the applied force. Mode 1
cracks are most conventional in solids.) For any other
grain boundary, the external stress action is reduced by
a factor (<1) depending on misorientation between the
grain boundary plane and the plane having the favored
orientation (for details, see [72-74] and a discussion
below).

Nanocracks—carriers of brittle intergranular frac-
ture—nucleate and grow along grain boundaries. Grain
boundary planes change their orientations at triple
junctions whose amount is very large in nanocrystalline
materials. In these circumstances, change of nanocrack
growth direction at triple junctions represents a critical
elemental process of the brittle intergranular fracture,
because the crack growth conditions are highly sensi-
tive to crack orientation. To theoretically characterize
change of nanocrack growth direction at triple junc-
tions, a theoretical model [75] has been proposed

(a)

= -

(b) ﬂ

Fig. 11 Crack growth modes in nanocrystalline materials. (a)
Flat cracks, (b) curved cracks growing along grain boundaries

describing the generation and evolution of curved
nano-scale cracks (nanocracks) in single-phase nano-
crystalline materials and nanocomposites, respectively.
In the framework of the model, the nanocracks are
nucleated and grow along grain boundaries, changing
the direction of their growth at triple junctions.
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Intergranular brittle fracture as a percolation process
in nanocrystalline materials

We have considered theoretical models and computer
simulations of the generation of sole flat and curved
nanocracks in the external stress and stress fields of
internal stress sources like grain boundary defects and
a pre-existent large crack. In general, besides the
generation of individual nanocracks, their convergence
crucially influences the fracture behavior of brittle
nanocrystalline materials. In a paper [74], a theoretical
model was suggested focusing on intergranular brittle
fracture associated with evolution of nanocrack ensem-
bles in mechanically loaded nanocrystalline materials.
In the framework of this model, events of the nano-
crack convergence in a nanocrystalline solid are
described as elemental events of a percolation process
resulting in the formation of catastrophic macroscale
crack.

Following the model [74], let us consider a nano-
crystalline solid under tensile stress oy (Fig. 9a). At
some critical values of the external stress, nano-
cracks—elemental carriers of intergranular brittle
fracture—are formed in the mechanically loaded
nanocrystalline solid (Fig. 9b). Following [3], it is
assumed that stable nanocracks are formed along
grain boundaries and do not penetrate into grain
interiors. In doing so, with nanoscopic scales of
nanocracks at grain boundaries and large angles made
by adjacent grain boundary planes at triple junctions,
the formation of a flat nanocrack at a grain boundary
is assumed to be independent of the events of the
formation of a nanocrack at any other grain bound-
aries. Consequently, when the external stress in-
creases, new stable flat nanocracks at grain
boundaries are formed (Fig. 9c—¢). Then the forma-
tion of a macroscopic crack—a carrier of the cata-
strophic failure—occurs (Fig. 9f) which results from
elementary independent events of the formation of
flat nanocracks at grain boundaries of a quasi-
statically loaded nanocrystalline solid.

The macroscopic crack formation under consider-
ation is a partial case of percolation described by the
standard mathematical methods of the theory [76-78]
of percolation in physical systems. Using these meth-
ods, Morozov et al. [74] theoretically described evolu-
tion of the nanocrack ensemble in a deformed
nanocrystalline solid. In doing so, according to the
general representations of the percolation theory [76—
78], the macroscopic crack is supposed to be formed
when the concentration p of stable nanocracks reaches
some critical value p.. (In the situation under consid-
eration, the nanocrack concentration p is defined as the

@ Springer

ratio of the number of grain boundaries at which
nanocracks are formed to the total number of grain
boundaries.)

A nanocrack of length 2a at a grain boundary with
length 2a and normal # to the grain boundary plane is
stable, if o,,> o.(d). Here oy, is the stress tensor
component at the boundary, and o.(a) is the critical
normal stress characterizing the formation of a stable
nanocrack. The critical stress o. (a) in the first
approximation is given by Griffith’s formula [3]:

oc(d) = k(y Eld)'?, (5)

where y denotes the specific surface energy of the solid,
E the Young modulus, and k the factor taking into
account the nanocrack geometry. Here, for simplicity,
one considers the only normal failure mode I, neglect-
ing the shear fracture mode II. [Failure mode I is
carried by I mode cracks briefly discussed in the
previous section. Failure mode II is carried by II mode
cracks each being defined as a crack whose generation
is accompanied by relative shear of its two surfaces in
the same plane (coinciding with the planes of the
surfaces). |

For a grain boundary (and, therefore, a nanocrack
formed at this boundary) whose plane has the normal
n making the angle o with axis x, we have
Onn = 0o(cosa)®. In this situation, the condition
omn > 0c(d) is sensitive to both grain size and grain
boundary orientation characterized by a and o«
respectively. With both log-normal distribution in
grain size and random distribution in grain boundary
orientation in a nanocrystalline specimen, Morozov
et al. [74] used the percolation theory methods to
calculate the stress ocagasirophic at Which a catastrophic
crack results from independent events of the nucle-
ation of stable nanocracks. The main result of these
calculations is that the distributions in grain size and
grain boundary orientation, inherent to nanocrystal-
line solids, do not essentially influence the macro-
scopic crack formation in the solid. Values of the
SLress Gcatastrophic WeTe found to be close to the critical
normal stress o, (<d>) characterizing the stable state
of a nanocrack at a grain boundary with the length
equal to the mean grain size <d>. That is, the crucial
effect on the macroscopic crack formation is due to
the mean grain size which causes the stress ocatastrophic
at which a catastrophic crack is formed [74]. The
percolation theory approach to a theoretical descrip-
tion of fracture processes in nanocrystalline materials
is worth being developed in the future to take into
account both the interaction between nanocracks and
plastic flow effects.
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Concluding remarks

Thus, intergranular brittle fracture and ductile fracture
are experimentally observed in nanocrystalline mate-
rials. Plastic flow in such materials occurs at very high
stresses close to those needed to induce fracture.
Therefore, nanocracks and nanovoids are easily nucle-
ated in nanocrystalline materials, as with brittle coarse-
grained polycrystals [79, 80]. Typical elemental nano-
cracks in deformed nanocrystalline materials are flat
nanocracks nucleated at grain boundaries and their
triple junctions due to grain boundary sliding (Fig. 3).
Besides such nanocracks, fabrication-produced nano-
cracks and pores often exist in these materials and
decrease their ductility. Evolution of typical nano-
cracks and nanovoids in a mechanically loaded nano-
crystalline specimen causes fracture mode operating in
the specimen and depends on its structural character-
istics (first of all, grain size), diffusivity and material
parameters.

In nanocrystalline materials with finest grains, plas-
tic flow is conducted by mostly grain boundary
processes. Deformation mechanisms mediated by
curved and short grain boundaries in such materials
do not provide effective relaxation of stress buildup at
grain boundary steps, triple junctions and elemental
flat nanocracks. In these circumstances, new flat
nanocracks are easily generated at triple junctions
due to grain boundary sliding and stress concentration
at neighboring flat nanocracks (Fig. 9). Consequently,
intergranular brittle fracture tends to occur in materi-
als with finest grains (Fig. 9).

In nanocrystalline materials with intermediate
grains, plastic flow is often conducted by both lattice
dislocation slip and grain boundary processes. If plastic
flow and diffusion are intensive in these materials, they
can provide effective relaxation of stress buildup at
triple junctions and elemental flat nanocracks. These
flat nanocracks gradually transform into ball-like and
elliptic pores (Fig. 10). Due to their shape geometry,
stress concentration at ball-like and elliptic nanopores
is not so dramatic compared to flat nanocracks.
Consequently, such pores slowly grow (by vacancy
coagulation at pores and lattice dislocation emission
from pores) and cause ductile fracture (Fig. 10).
However, if plastic flow and diffusion are not intensive
in nanocrystalline materials with intermediate grains
and/or these materials contain pre-existent nanocracks
and pores, brittle fracture tends to occur.

To summarize, with available results of experimen-
tal research, computer simulations and theoretical
models of fracture of nanocrystalline materials, one
can distinguish the three factors crucially affecting

ductility of these materials: the presence of fabrication-
induced nanocracks and pores, grain size and diffusiv-
ity of grain boundaries. Fabrication-induced nano-
cracks and pores evidently decrease ductility. Grain
size strongly influences fracture mode. Nanocrystalline
materials with intermediate grains can show ductile
fracture behavior, if plastic flow and diffusion are
intensive. Intergranular brittle fracture mode often is
dominant in materials with finest grains. High diffu-
sivity (in particular, high diffusivity of non-equilibium
grain boundaries) enhances ductility. These three
factors and their effects on fracture processes in
nanocrystalline materials are of particular interest for
future research efforts in this area.
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