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Abstract

A special mechanism of dislocation nucleation in deformed nanocrystalline metals and ceramics is theoretically described. The mech-
anism represents non-local homogeneous nucleation of a nanoscale loop of ‘‘non-crystallographic” partial dislocation whose Burgers
vector magnitude continuously grows during the nucleation process. The dislocation loop nucleation is accompanied by nucleation
and evolution of a generalized stacking fault bounded by the loop. It is shown that the special mechanism can effectively produce nano-
scale loops of lattice dislocations in nanocrystalline metals (Al, Ni) and ceramics (3C–SiC) deformed at high mechanical stresses achieved
in shock-wave and indentation load regimes.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nanocrystalline metals and ceramics show outstanding
mechanical properties and are the subject of rapidly grow-
ing research efforts; see, for example, Refs. [1–34]. Superior
strength and other unusual mechanical characteristics of
nanocrystalline materials (NCMs) are associated with the
specific action of lattice dislocation slip and interface-con-
ducted deformation mechanisms in these materials [1–
6,33,34]. In particular, standard dislocation sources, such
as Frank–Read ones, are not effective in the generation
of lattice dislocations in NCMs with the finest grains due
to both nanoscale and interface effects [3,13]. This has led
to interest in the identification and description of alterna-
tive sources of lattice dislocations in deformed NCMs. Fol-
lowing experimental data [17–22], computer simulations
[23–29] and theoretical models [30,31], grain boundaries
can effectively emit partial and perfect lattice dislocations
during plastic deformation of NCMs. In doing so, lattice
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dislocations are seen to be generated by a heterogeneous
nucleation mechanism at either pre-existing or intergrain-
sliding-produced grain boundary dislocations. Recently, a
special mechanism for homogeneous dislocation nucleation
in grain interiors and boundaries of deformed NCMs has
been suggested [35]. This mechanism represents the non-
local homogeneous nucleation of a nanoscale loop of
‘‘non-crystallographic” partial dislocation whose Burgers
vector magnitude, s, continuously grows during the nucle-
ation process. In a first approximation examination under
several simplifying assumptions [35], it was found that the
non-local homogeneous nucleation can effectively produce
perfect and partial dislocation loops in nanocrystalline Ni.
The main aim of this paper is to theoretically describe in
detail (without several simplifications assumed in Ref.
[35]) the special mechanism for homogeneous dislocation
nucleation in grain interiors of deformed NCMs. We will
reveal analytical formulas for energy characteristics of the
special mechanism of homogeneous dislocation nucleation.
With these formulas, we will estimate the ranges of param-
eters (external stress level, dislocation loop size) within
which the homogeneous nucleation of perfect and partial
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dislocation loops in nanoscale grain interiors is energeti-
cally favorable and occurs in a barrier-less way in typical
nanocrystalline metals (Al, Ni) and ceramics (3C–SiC).

2. Basic features of the special mechanism for homogeneous

nucleation of lattice dislocation loops in nanocrystalline
metals and ceramics

Let us discuss the differences between the standard (see
Figs. 1a–d and 2a–d) and the special mechanisms (see Figs.
1a, e–h and 2a, e–g) for homogeneous nucleation of lattice
dislocations in NCMs. The standard mechanism for homo-
geneous nucleation of lattice dislocations in perfect crystals
is realized through the local nucleation of a loop of either
perfect or partial dislocation with a Burgers vector of
constant magnitude, and its further expansion. Fig. 1a–d
presents a three-dimensional (3D) illustration of the nucle-
ation process in the case of a perfect dislocation loop with
the Burgers vector, B. Fig. 2a–d shows a two-dimensional
(2D) view of the corresponding transformations of a model
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Fig. 1. Schematic three-dimensional representation of (a–d) standard
homogeneous generation and extension of a gliding square loop of perfect
lattice dislocation with Burgers vector B and (e)–(h) non-local homoge-
neous generation of a gliding square loop of ‘‘non-crystallographic”

partial dislocation with a finite size L and small Burgers vector s

(0 < s 6 B) under an external shear stress, s. When s increases and achieves
the magnitude b, the latter loop is transformed into a ‘‘normal” loop of
partial lattice dislocation with Burgers vector b; with further increase of s,
it transforms into a ‘‘normal” loop of perfect lattice dislocation with
Burgers vector B � 2b.
simple cubic crystalline lattice in a section (a plane that
intersects the dislocation loop plane and is perpendicular
to it) of the dislocation loop nucleated by the standard
mechanism. The specific features of the standard mecha-
nism for homogeneous nucleation of lattice dislocation
loops are locality of its initial stage (the loop size starts
to grow from 0) and constancy of magnitude of the Burgers
vector during the loop generation process. This mechanism
is characterized by a high energy barrier [36,37] and there-
by hardly operates in real solids.

Following Ref. [35], we think that there exists an alter-
native mechanism for dislocation loop nucleation that
can operate in NCMs deformed at high mechanical stres-
ses. This mechanism is the non-local homogeneous nucle-
ation of a ‘‘non-crystallographic” partial dislocation loop
characterized by the Burgers vector magnitude, s, growing
from zero to the Burgers vector magnitude of a partial lat-
tice dislocation (b) and further to that of a perfect lattice
dislocation (B � 2b). Let us discuss details of the special
mechanism for dislocation loop nucleation in a mechani-
cally loaded NCM; see a general 3D view in Fig. 1a and
e–g and a 2D view in Fig. 2a and e–h, that illustrate the
corresponding transformations of crystal lattice in a sec-
tion (a plane that intersects the dislocation loop plane
and is perpendicular to it) of the dislocation loop nucleated
by the special mechanism. At the initial stage of the dislo-
cation loop nucleation process, an applied shear stress
causes a ‘‘momentary” ideal (rigid-body) shear to occur
along the nanoscale rectangular plane fragment of crystal
lattice in a grain (Figs. 1e and f and 2e). Such a shear is
characterized by a small shear magnitude, s, and produces
a generalized stacking fault that has sizes in the range from
several to tens of nanometers (Figs. 1f and 2e). (In the the-
ory of crystals, a generalized stacking fault is defined as a
planar defect resulting from a cut of a perfect crystal across
a single plane into two parts which are then subjected to a
relative displacement through an arbitrary vector, s (lying
in the cut plane) and rejoined; see, for example, Refs.
[38–43].) The generalized stacking fault is bounded by the
loop of a ‘‘non-crystallographic” partial dislocation
characterized by a non-quantized (‘‘non-crystallographic”)
Burgers vector, s, with quite a small magnitude s� b (Figs.
1f and 2e). At the following stage, the magnitude s of the
dislocation Burgers vector continuously increases until it
reaches the magnitude b of the Burgers vector of a partial
lattice dislocation (Figs. 1g and 2f). Then s continuously
grows further and finally reaches the magnitude B of the
Burgers vector of a perfect lattice dislocation (Figs. 1h
and 2g). The dislocation loop size, L, may increase during
the nucleation process. The final state (Figs. 1h and 2g)
resulting from the new mechanism is identical to that for
the perfect lattice dislocation loop nucleated by the stan-
dard mechanism (Figs. 1d and 2d). The difference between
the mechanisms can not be identified by conventional
‘‘post-mortem” experiments.

Thus, the specific features of the special mechanism for
homogeneous nucleation of lattice dislocation loops are
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Fig. 2. Two-dimensional representation of crystal lattice transformations corresponding to (a–d) standard homogeneous generation and extension of a
gliding square loop of perfect lattice dislocation with Burgers vector B and (e)–(g) non-local homogeneous generation of a gliding square loop of ‘‘non-
crystallographic” partial dislocation with a finite size L and small Burgers vector s (0 < s 6 B) under an external shear stress, s. When s increases and
achieves the magnitude b, the latter loop is transformed into a ‘‘normal” loop of partial lattice dislocation with Burgers vector b; with further increase of s,
it transforms into a ‘‘normal” loop of perfect lattice dislocation with Burgers vector B � 2b.
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non-locality of its initial stage (the loop size starts to grow
from a finite value being in the range from several to tens of
nanometers) and variability of Burgers vector magnitude
during the loop generation process. (A similar process is
also possible for the non-local homogeneous generation
of a grain boundary dislocation loop [35]. Its detailed anal-
ysis is beyond the scope of this paper focused on disloca-
tion loops in nanoscale grain interiors in NCMs.)

3. Energy characteristics of the special mechanism for

homogeneous nucleation of lattice dislocation loops in

nanocrystalline metals and ceramics

Let us consider energy characteristics for the homoge-
neous nucleation of a glide loop of ‘‘non-crystallographic”

partial dislocation (Fig. 1a and e–h) in an infinite elastically
isotropic solid under the action of an external shear stress,
s. Let the loop have the shape of a planar square of size L

and be characterized by the Burgers vector s, whose magni-
tude lies within the interval 0 < s 6 B. When such a model
dislocation loop is generated under the external shear stress
s, the total energy of the system is changed by the value
DW:

DW ¼ W e þ W c � A ð1Þ
where We denotes the strain energy of the dislocation loop,
Wc the energy of the generalized stacking fault bounded by
the loop and A the work spent by the shear stress s to gen-
erate the loop.

In Ref. [35], the following simplifying assumptions were
used in calculating the energy change, DW: the dislocation
loop size, L, was assumed to be constant and the energy, c,
of the generalized stacking fault was assumed to be propor-
tional to sin (ps/B), a simplest periodic function of s in the
range from 0 to B. With these assumptions, the energy
change, DW, was calculated and estimated in the case of
nanocrystalline Ni [35]. In this paper, we suppose that
the dislocation loop size, L, may change during the loop
generation process and a more realistic ‘‘two-humped”

dependence c(s) is used which is based on the correspond-
ing computer simulations [39–43] of the energy of the gen-
eralized stacking faults in various solids. In the framework
of this approach (avoiding the simplifications assumed in
Ref. [35]), we will calculate and estimate the energy change,
DW, characterizing the special mechanism for the genera-
tion of nanoscale loops of lattice dislocations in nanocrys-
talline metals (Al, Ni) and ceramics (3C–SiC).

Let us calculate the terms on the right-hand side of Eq.
(1). In the case of a square loop of size L, We can be
adapted from Ref. [44] as follows:

W e � Ds3ð2� mÞ L
s

ln
L
s
� 0:78

� �
ð2Þ

where D = G/[2p(1 � m)], G is the shear modulus and m is
the Poisson ratio.

Let us consider the term Wc that characterizes the
energy of the generalized stacking fault. In general,
with the definition of generalized stacking faults [38–43],
Wc varies with increasing Burgers vector magnitude, s.
Recently, several research groups have reported on com-
puter simulations of dependences of the specific (per unit
area) energy c on the shear, s, characterizing generalized
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stacking faults in various solids; see, for example, [39–43]
and references therein. These dependences typically
represent ‘‘two-humped” curves. Each ‘‘two-humped”

dependence has its minimum corresponding to the specific
energy, c0, of a conventional stable stacking fault and two
maxima corresponding to the energy, cm, of two unstable
stacking faults. In our model, we use a ‘‘two-humped”

dependence, c(s), approximated as follows:

cðsÞ ¼
cm sin 2ps

B ; if s < B
4

cmþc0

2
� cm�c0

2
cos 4ps

B ; if B
4
6 s < 3B

4

�cm sin 2ps
B ; if 3B

4
6 s 6 B

8><
>: ð3Þ

In the situation under discussion, the generalized stacking
fault energy, Wc, is supposed to consist of two terms.
The first term corresponds to the energy of the generalized
stacking fault within the area (L � 2s)2, while the second
term describes the energy of the fault just around the loop
line. When the ‘‘non-crystallographic” dislocation loop is
transformed into a loop of conventional partial dislocation
(s = b), the first term achieves a value of c0, while the sec-
ond term transforms into the energy of the core of the par-
tial dislocation loop. As a result, Wc reads:

W c ¼ cðsÞðL� 2sÞ2 þ Ds22Lð2� mÞ ð4Þ
The work A spent by the shear stress s to generate the dis-
location loop is given by the following standard expression:

A ¼ L2ss ð5Þ
With formulas (1)–(5), after some algebra, the energy
change, DW, can be written as:

DW ¼ Db3 x2yð2� mÞ ln
y
x
þ 1:22

� ��

þðy � 2xÞ2 cðxÞ
Db
� xy2 s

D

�
ð6Þ

where x = s/b and y = L/b are the dimensionless parame-
ters and c(x) is given by Eq. (3).

We calculated function DW(x,y) in the three exemplary
cases of materials with face-centered cubic crystal lattices:
aluminium (Al), nickel (Ni) and the cubic phase of silicon
carbide (3C–SiC). In our calculations, the following values
of the model parameters were used. With data from Ref.
[36], for Al, we used G = 27 GPa, m = 0.31 and b � 0.143
nm. The minimum and maximum values of the specific
energy of a generalized stacking fault, for Al, were approx-
imated by the corresponding values resulted from tight-
binding calculations [41]: c0 = 99 mJ m�2 and cm =
164 mJ m�2, respectively. The values of parameters for Ni
were chosen as [36,42]: G = 73 GPa, m = 0.34, b � 0.125
nm, c0 � 120 mJ m�2 and cm � 170 mJ m�2. In the case
of 3C–SiC, we used the following values of parameters
[45,46]: G = 217 GPa, m = 0.23 and b � 0.154 nm. Also,
for 3C–SiC, we took the value of the specific energy, c0,
to be c0 � 0.1 mJ m�2, as measured in Ref. [47]. At the
same time, we failed to find any experimental value or esti-
mate of cm. In these circumstances, for 3C–SiC, we approx-
imated cm by kc0 with values of k = 2, 10 and 25. (Values of
the ratio k = cm/c0 for covalent solids, such as 3C–SiC, are
expected to be larger than those characterizing metals. This
statement is supported by computer simulations [39] of the
generalized stacking fault energy of silicon, a typical cova-
lent solid, showing k to be around 10 or more.) Our calcu-
lations revealed that numerical estimates of the energy
change, DW, for 3C–SiC, weakly depend on k, because c0

and cm are rather small in all the cases under examination.
With Eq. (1), we calculated the maps for the energy

change function, DW(x,y). These maps are shown in Figs.
3–5, for Al, Ni and 3C–SiC (with k = 25), respectively, at
various magnitudes of the applied shear stress, s.

For Al and Ni, the energy maps are similar in their gen-
eral features. In both the cases, when s is relatively small,
there are two characteristic energy barriers along the axes
x = s/b and y = L/b (Figs. 3a and b and 4a and b). These
barriers must be overcome in order to nucleate a disloca-
tion loop. For Al, the saddle points DWs (s = 2 GPa) �
4.55 eV and DWs (s = 3 GPa) � 1.11 eV have approximate
coordinates (0.83, 22) and (0.62, 12), respectively, in the
(s/b, L/b) space. For Ni, the saddle points DWs (s = 3
GPa) � 19.05 eV and DWs (s = 4 GPa) � 6.35 eV are
located approximately at (0.72, 48) and (0.49, 36), respec-
tively, in the (s/b, L/b) space. These values of DWs are high
and the loop hardly can nucleate.

If s is large enough (s P 3.7 GPa for Al and s P 4.4
GPa for Ni), the situation drastically changes (see Figs.
3c and d and 4c and d). The ‘‘left” energy barriers disap-
pear and a dislocation loop can nucleate through increase
of its strength, s, and size, L, without any barrier. The thick
arrowed curves approximately show the barrier-less evolu-
tion of a dislocation loop in the (s/b, L/b) space or, in other
terms, the (x,y) space. Let us consider in detail the stages of
barrier-less evolution shown in Figs. 3c and d and 4c and d.
When s is comparatively small, as illustrated in Figs. 3c
and 4c, the dislocation loop first grows mainly in size.
The dislocation strength, s, is rather low (s 6 b/20) at this
stage. When the dislocation loop parameters, s and L,
achieve the first critical region (x � xc1, y � yc1) in the
map of DW(x,y), the loop stops extending and starts to
grow in strength. The point (xc1,yc1) corresponds to disap-
pearance of ‘‘left” minima at the contours y(x). As a result,
the loop of fixed size increases in strength and finally trans-
forms into a loop of perfect lattice dislocation. When s is
comparatively large, as illustrated in Figs. 3d and 4d, the
loop first grows in both size and strength (here s 6 b/10)
and also attains the first critical region. After this event,
the dislocation loop increases in strength until x � 1, corre-
sponding to the Burgers vector of a partial lattice disloca-
tion. This area of the map may be considered as the second
critical region (x � xc2, y � yc2), where the ‘‘right” minima
at the contours y(x) appear. Let us consider evolution of
the dislocation loop parameters in the map area between
the second critical region and the third critical region
(x � xc3, y � yc3), where the ‘‘right” minima at the con-
tours y(x) disappear. Evolution of the dislocation loop
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Fig. 3. Maps of the energy change DW(x,y), where x = s/b and y = L/b, for pure Al under the external shear stress (a) s = 2 GPa, (b) 3 GPa, (c) 3.7 GPa
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s and L.
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parameters in this map area occurs through growth of both
the size and strength of the loop. When the loop parame-
ters, s and L, cross the third critical region, the dislocation
loop again practically stops extending and only increases in
strength until it reaches the Burgers vector of perfect lattice
dislocation.

Our calculations show that homogeneous nucleation of
dislocation loops in Al and Ni is only possible under
rather high stress levels. It is interesting to note that
using both computer simulation and analytical analysis,
de Koning et al. [48] discovered and described an inter-
mediate (not purely homogeneous) mechanism of nucle-
ation of partial dislocation loops. In their simulation of
the Frank–Read source in pure Al, under some special
orientations of the external shear stress with respect to
the Burgers vector of the incipient dislocation segment,
first, a loop of Shockley partial dislocation was generated
at the incipient segment and, secondly, another loop of
Shockley partial dislocation with different Burgers vector
was nucleated quasi-homogeneously within the area of
the intrinsic stacking fault inside the first dislocation
loop. As a result, the combination of the first and second
partial loops produced a loop of perfect dislocation with
the Burgers vector different from that of the incipient dis-
location segment (see Ref. [48] for more details). Of
course, such a two-step generation process needs a signif-
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icantly lower level of external shear stress (�1.2–1.7 GPa
[48]), because the first step is purely heterogeneous nucle-
ation of a partial loop at the Frank–Read source, while
the second step is quasi-homogeneous nucleation of a
partial loop within the pre-existing intrinsic stacking
fault.

In the case of 3C–SiC, the characteristic maps of
DW(x,y) are rather simple. The region of negative values
of DW(x,y) becomes wider with rising s. If s is small
(Fig. 5a), this region is rather narrow and a nucleating dis-
location loop can grow in size without any significant
increase in its strength. When s becomes much higher
(Fig. 5b and c), the loop grows in both size and strength.
It is interesting to note that the curve, which images the
barrier-less loop evolution, remains practically linear for
all taken values of s. We can conclude that, due to the very
low values of stacking fault energies c0 and cm of 3C–SiC,
dislocation loop nucleation by the special mechanism is
energetically favorable even at rather low (for 3C–SiC) val-
ues of s. In this context, the special mechanism is expected
to play an important role in 3C–SiC ceramics with either
nanocrystalline or coarse-grained structures, where the Pei-
erls barrier is rather high and conventional dislocation slip
is suppressed.

To summarize, a special mechanism for dislocation
nucleation is energetically favorable and occurs in a bar-
rier-less way in nanocrystalline metals (Al, Ni) and ceram-
ics (3C–SiC) deformed at high mechanical stresses. This
level of external stress is achievable, at least in shock-wave
and indentation load regimes.
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4. Concluding remarks

Thus, in this paper a special mechanism for dislocation
nucleation in deformed NCMs – non-local homogeneous
nucleation of ‘‘non-crystallographic” dislocation loops
with continuously growing Burgers vector magnitude
(Figs. 1e–h and 2e–h) – has been theoretically described.
According to our analysis of the energy characteristics of
the special mechanism, it can effectively operate in a bar-
rier-less way and produce loops of partial and perfect lat-
tice dislocations in nanocrystalline metals (Al, Ni) and
ceramics (3C–SiC) deformed at high mechanical stresses.
This level of external stress can be achieved in shock-wave
and indentation load regimes. Besides, with the existence of
numerous stress sources (such as dislocations and disclina-
tions) and concentrators (such as pores and cracks) in
NCMs [1–6, 33,34], local stresses can reach very high val-
ues and thereby cause homogeneous nucleation of disloca-
tion loops in these materials even under quasistatic load
regimes.

Recently, ultrahigh strain rates (>107 s�1) and pressures
(20–70 GPa) have been achieved in experiments [49] on
laser-driven compression of nanocrystalline Ni with grain
sizes of 30–100 nm. Post-mortem transmission electron
microscopy characterization revealed that the nanocrystal-
line structures survived the shock load and that dislocation
slip mechanism is essential or even dominant. In particular,
the dislocation density was estimated to be around 1016m�2
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in a nanocrystalline Ni sample after compression at 40 GPa
pressure on nanosecond timescales. The origin of this
remarkably high dislocation density has been not identi-
fied. In the context of the theoretical results presented in
this paper, the non-local homogeneous nucleation of dislo-
cation loops appears to be a strong candidate to be respon-
sible for generation of high-density dislocation ensembles
in nanocrystalline Ni (and, probably, other NCMs) under
shock-wave deformation.

In general, the representations of the new dislocation
nucleation mechanism (Figs. 1e–h and 2e–g) should be
taken into account in future experimental and theoretical
examinations of the dislocation activity in NCMs. Of
special importance would be experimental ‘‘in situ” obser-
vation of the dislocation loop nucleation events in
deformed NCMs with various compositions and geometric
parameters. This has the potential to allow identification of
the conditions under which the special dislocation nucle-
ation mechanism is dominant. Finally, the special mecha-
nism for dislocation nucleation is of great fundamental
interest, because it can effectively contribute to relaxation
processes in diverse solids such as conventional polycrys-
tals, Gum Metal [50], nanocomposites [51] and nanoscale
films [52]. In particular, the theoretical analysis given in
this paper is directly applicable to a description of the
special mechanism for dislocation nucleation in conven-
tional polycrystals. With results of our theoretical analysis,
the non-local homogeneous nucleation of nanoscale dislo-
cation loops is energetically favorable in conventional
polycrystals under shock-wave and indentation load
regimes. However, standard dislocation sources, such as
Frank–Read ones, are also effective in generation of lattice
dislocations in conventional polycrystals even at low exter-
nal stresses, in contrast to NCMs. Therefore, the role of the
special mechanism in dislocation nucleation in conven-
tional polycrystals is hardly essential.
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