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Acoustic emission experiments on creeping ice as well
as numerical simulations argue for a self-organization of
collective dislocation dynamics during plastic deformation
of single crystals into a scale-free pattern of dislocation
avalanches characterized by intermittency, power-law
distributions of avalanche sizes, complex space-time
correlations and aftershock triggering. Here, we address
the question of whether such scale-free, close-to-critical
dislocation dynamics will still apply to polycrystals. We
show that polycrystalline plasticity is also characterized
by intermittency and dislocation avalanches. However,
grain boundaries hinder the propagation of avalanches,
as revealed by a finite (grain)-size effect on avalanche
size distributions. We propose that the restraint of
large avalanches builds up internal stresses that push
temporally the dynamical system into a supercritical
state, off the scale-invariant critical regime, and trigger
secondary avalanches in neighbouring grains. This
modifies the statistical properties of the avalanche
population. The results might also bring into question the
classical ways of modelling plasticity in polycrystalline
materials, based on homogenization procedures.

n crystalline materials with high dislocation mobility1, the
collective dislocation dynamics self-organize into a scalefree pattern of dislocation avalanches characterized by
intermittency2, power-law distributions of avalanche sizes2,3,
time correlations and aftershock triggering4, as well as fractal
distributions of avalanche locations and complex space-time
coupling5. This is supported (i) by acoustic emission experiments
on ice single crystals during creep, in which the amplitude A0
of the acoustic bursts is a proxy of the strain dissipated during
the avalanche, and (ii) by either discrete dislocation dynamics
(DDD) simulations2 or phase-field models3.
These observations suggest that we should reconsider
dislocation-related plasticity within a close-to-criticality nonequilibrium framework2, reminiscent of the concept of self-organized
criticality (SOC)6. They call into question the classical ways of
modelling plasticity and plastic behaviour of materials, which use
homogenization procedures. Indeed, such a scale-free intermittent
pattern precludes the definition of an elementary representative
volume over which a density of dislocations, an average velocity or
an average strain rate can be defined.
However, the acoustic emission experiments carried out so far,
as well as the numerical simulations quoted above, refer to single
crystals in which complexity and multiscale properties solely arise
from dislocations interacting through long-range elastic stresses.
Most crystalline materials of structural and economical interest are
polycrystalline: they are made of a very large number of small grains
(from nanometres to centimetres) separated by grain boundaries.
These boundaries are known to interact with dislocations during
plastic deformation of polycrystals in many different ways. They act
as strong barriers to dislocation motion, as evidenced by dislocation
pile-ups that generate internal stresses (for instance in ice7). These
internal stresses can activate pre-existing nearby dislocation sources
in neighbouring grains8, whereas actual dislocation transmission
through a grain boundary is possible in some specific cases9. Grain
boundaries can also act as effective dislocation sources7,10. In very
fine-grained materials (that is, if the grain size is too small to allow
the operation of Frank–Read sources), grain boundaries, which
often act as dislocation sinks, can also serve as effective dislocation
sources, as suggested by both scaling arguments10,11 and molecular
dynamics simulations. Interactions between dislocations and grain
boundaries may be more complex when recrystallization processes,

I

465

nature materials | VOL 4 | JUNE 2005 | www.nature.com/naturematerials

©2005 Nature Publishing Group

nmat1393-print.indd 465

© 2005 Nature Publishing Group

10/5/05 3:16:54 pm

ARTICLES
a

a

b

1

β = 0.35

10–1
P (>A 0 )

β=1
10–2
0.26 mm, 0.67 MPa
1.05 mm, 0.57 MPa
10–3

b

1.92 mm, 0.54 MPa
Single crystal

1
β=1

c

d
β = 0.35

P (>A 0 )

10–1

10–2

10–3

4.70 mm, 0.8 MPa
5.02 mm, 0.55 MPa
Single crystal
0.01

Figure1 Microstructures of the polycrystalline ice samples. Thin sections of four
ice samples with different average grain sizes observed under cross-polarized light.
a, Average grain size 〈d〉 = 0.26 mm, b, 0.87 mm, c, 1.92 mm, d, 5.02 mm.

such as migration recrystallization, take place. This situation was
not relevant in the present case, owing to the timescales involved.
Moreover, we checked that the microstructure and the average grain
size of our samples were the same before and after testing.
In this paper, we address the following question: will the
scale-free, close-to-critical dislocation dynamics still apply to
polycrystals? Grain boundaries acting as barriers to dislocation
motion might indeed hinder large-scale propagation of dislocation
avalanches, and mechanisms specific to polycrystals, such as grainboundary-related dislocation sources, may modify the emerging
pattern. To address this question, we recorded the acoustic
emission during the plastic deformation of ice polycrystals with
different average grain sizes and different grain size distributions,
and we compared the statistical data to those obtained previously
for single crystals2. Even if collective dislocation dynamics
in single crystals has been successfully modelled by DDD2 or
phase-field3 simulations, it is doubtful that such simulations
could be performed for polycrystals without introducing some
kind of simplified description of grain boundaries. Molecular
dynamics simulations might indeed allow a correct description of
interactions between grain boundaries and dislocation avalanches,
but at a still unreachable computational cost.
We carried out compression creep (constant load)
experiments on polycrystalline ice samples with an average grain
size 〈d〉 varying from 260 μm to 5 mm (Fig. 1). These grain sizes
are large compared with usual grain sizes of structural materials
such as metals. Fine-grained (260 μm ≤ 〈d〉 ≤ 2 mm) samples
were characterized by a unimodal, log-normal distribution of
grain sizes, whereas two coarse-grained samples (〈d〉 = 4.7 and
5.0 mm) were characterized by large grains (around 10 mm)
embedded in a matrix of small grains (~1–2 mm). Most
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Figure 2 Distributions of dislocation avalanche sizes in polycrystals.
Cumulative probability distributions for acoustic emission amplitudes in
polycrystalline samples with different average grain sizes. All the tests were
done at –10 °C. a, Fine-grained samples. The key shows the average grain size
〈d〉 and applied compression stress for three samples (closed symbols). Using a
Levenberg–Marquardt algorithm, these distributions were fitted by the empirical
relation P(>A0) ≈ A0–βexp(–A0/Ac) to estimate the cut-off amplitude Ac. The fit is
shown for the sample with 〈d〉 = 1.92 mm; thin black line. The cut-off Ac decreases
with decreasing grain size, whereas the empirical exponent β is 0.35 ± 0.05
whatever the grain size. Because of relatively poor statistics (between 800 and
5,000 avalanches recorded for a test), a cumulative representation was preferred to
better explore the high amplitudes. We checked from Monte Carlo simulations that
this representation did not bias our estimation of the power-law exponent τ = β + 1.
These distributions are compared with a typical cumulative probability distribution
for a single crystal showing no cut-off and an exponent τ = β + 1 = 2 (open
circles). b, Coarse-grained samples with bimodal distributions of grain sizes (closed
symbols). The open circles represent a typical single-crystal cumulative probability
distribution, given for reference. The distributions show a broken slope between a
low-amplitude (β = 1) regime, and a high-amplitude (β = 0.35) regime. A limited
cut-off is detectable only for very large amplitudes.

experiments were done at –10 °C, and one of them at –3 °C,
much closer to the melting point. The applied stress varied
between 0.54 and 0.80 MPa, that is, at least a factor of two below
the threshold stress for microcrack nucleation in granular
ice13. The applied total deformation ranged between 6 × 10–4
and 2 × 10–3.
A piezoelectric transducer (frequency bandwidth 0.2– 1 MHz)
was fixed on the samples. The amplitude range between the
maximum and the minimum amplitude thresholds was 70 dB,
that is, 3.5 orders of magnitude. For each event detected above
the minimum threshold Amin, the acoustic emission system
determined the maximum amplitude A0, the arrival time t0 and
the duration δ.
Any acoustic emission analysis needs an acoustic source model
to interpret the characteristics of the acoustic emission wave in terms
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Figure 3 Grain-size effect on the dislocation avalanche sizes. Closed circles:
relationship between the cut-off amplitude Ac of the probability distribution of avalanche
sizes and the average grain size 〈d〉. In a log–log plot, a linear regression gives a slope
of 2.4 ± 0.3, meaning that Ac ∝ 〈d〉2.4. We checked from Monte Carlo simulations
that this scaling was not biased by the use of cumulative distributions (Fig. 2) to
estimate Ac. Open circles: relationship between the ratio Ac/α, which is a proxy of the
‘strained volume’ Sb (see text for details) and the average grain size 〈d〉. A scaling
Ac/α ∝ 〈d〉3.0±0.2 is observed. Error bars represent one standard deviation.

of a source mechanism. Following previous work14, the amplitude of
the acoustic wave for dislocation avalanches reads:
A(t) =

3c T2
4πc L

3c T2
ϕb
Lv =
2
4πc L
D

ϕb
D2

( (
dS
dt

where cT and cL are respectively the transverse and longitudinal
wave velocities, φ is the material density, b the Burgers’ vector,
D the source–transducer distance, L the total dislocation length
involved in the avalanche, and v the dislocation velocity (averaged
over L). The quantity dS/dt = Lv is therefore the area swept per
unit time by dislocations. When multiplied by b and normalized
by a volume, this term represents a strain rate, dε/dt. An additional
hypothesis is needed to estimate the strain increment dissipated
by the avalanche. We assumed an exponential decay for the
avalanche velocity, and therefore for the equivalent strain rate,
dε/dt ≈ (dε/dt)0 exp(–α(t – t0)). Then an integration of equation
(1) over time gives
A0 =

3c T2
4πc L

ϕα
Sb
D2

Normalized by a volume, the term Sb represents a strain increment,
whereas α is a damping coefficient. This decay hypothesis is
supported (i) by the observed decay of A(t) when the complete
acoustic emission waves were recorded (during a single test), (ii)
by the output of the DDD model detailed elsewhere2, (iii) by good
agreement between global acoustic emission activity and global
deformation15, and (iv) by a scaling of δ ∝ ln(A0) that allows us to
estimate the damping coefficient α (see Methods).
In single crystals of ice, collective dislocation dynamics selforganize into a scale-free pattern of dislocation avalanches characterized
by intermittency with power-law distributions of avalanche sizes,
P(A0) ∝ A0–τ, the exponent τ = 2.0 ± 0.05 being independent of the
driving stress2. Recent experiments revealed that τ is also independent

Figure 4 Avalanche durations in polycrystals. Ratio between the average
duration of an event of amplitude A0 in polycrystals and in a single crystal, as a
function of A0. Closed symbols: 〈d〉 = 5.02 mm; applied stress 0.54 MPa. Open
symbols: 〈d〉 = 1.92 mm; applied stress 0.55 MPa. The average duration of an
event decreases with decreasing average grain size, and the ratio decreases with
increasing amplitude A0. Error bars represent one standard deviation.

of temperature16. This confirms the high degree of universality of the
observed scaling, reminiscent of a critical behaviour.
Plasticity in polycrystalline samples is also characterized by
intermittency and dislocation avalanches, despite a signature that
significantly differs from the single-crystal scaling in two ways
(Fig. 2a): (i) the observed power-law exponent, still independent of
driving stress and temperature, is significantly smaller and independent
of the average grain size; and (ii) a cut-off of this power-law scaling
is observed towards large amplitudes. Note that for the finest-grained
sample (〈d〉 = 260 μm), the power-law regime is not really observed,
as the cut-off is noticeable down to small amplitudes, near the
amplitude threshold. The cumulative distributions of avalanche size
can be fitted by the empirical relation P(>A0) ≈ A0–β exp(–A0/Ac), with
β = τ – 1 = 0.35 ± 0.05. The cut-off function introduces a characteristic
scale Ac that can be linked to the microstructural characteristic scale,
that is, the average grain size, 〈d〉. The smaller the grain size, the smaller
the cut-off amplitude. As deduced from a fitting procedure, Ac scales
as 〈d〉2.4±0.3 (Fig. 3). In the case of coarse-grained samples with bimodal
distributions of grain sizes, we observed a broken slope in the powerlaw regime: an exponent β = 1 (that is, τ = 2, the signature of single
crystals) is recovered at small amplitudes whereas β = 0.35 is observed
at larger scales (Fig. 2b).
The grain-size effect documented on Figs 2 and 3 illustrates the
role of grain boundaries as barriers to the dynamical propagation of
dislocation avalanches, and arises from the total dislocation length
L that can be involved in the avalanche (equation (1)). On average,
L cannot be larger than the dislocation length that can be mobilized
for dislocation motion within a grain. We found that this quantity
scaled as 〈d〉2.4. Grain boundaries are also more directly a barrier
to dislocation propagation, as evidenced by a comparison between
avalanche durations in single crystals and polycrystals (Fig. 4). For
a given amplitude A0, which is from equation (1) a proxy of the
initial avalanche spreading rate (dS/dt)0, δ is, on average, smaller in
polycrystals than in single crystals, and decreases with decreasing
grain size. In other words, the smaller the grain size, the quicker the
avalanches are damped. Moreover, this difference between single and
polycrystals increases with increasing amplitude A0: that is, the effect
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Figure 5 Distributions of avalanche sizes in Monte Carlo simulations. a,
Unimodal grain-size distributions (corresponding to fine-grained samples of Fig. 2a).
Results of Monte Carlo simulations A, B and C (closed symbols) expressed in terms
of cumulative amplitude distributions. This cumulative representation has been
chosen for a direct comparison with Fig. 2, but a probability density representation
leads to the same conclusions. These simulations are compared to a perfect scaleinvariant P(>A0) ∝ A0–1 distribution (open circles). b, Bimodal grain-size distribution
(corresponding to coarse-grained samples of Fig. 2b). The broken slope observed on
Fig. 2b is recovered.

of grain boundaries is stronger for large avalanches, as they interact
more systematically with the boundaries than small avalanches. The
combination of these two effects, on the length of dislocation that
can be mobilized and on dislocation propagation, suggests that an
avalanche cannot spread, on average, over more than the grain volume.
Indeed, we observed that the ratio Ac/α, which scales as a ‘strained
volume’ Sb (equation (2)), scales as 〈d〉3.0±0.2 (Fig. 3). The introduction
of a microstructural scale, the average grain size, leaves its fingerprint
on the dynamics of plastic deformation by hindering the emergence
of the scale-free critical pattern.
Although the polycrystalline microstructure consistently
explains the cut-offs in the avalanche size distributions, the change
of the power-law exponent has no trivial explanation. In critical
dynamical systems, critical exponents depend only on a few
fundamental parameters such as the effective dimensionality and
the basic symmetries of the system, and not on microscopic details
related to the individual behaviour of the interacting entities17.
In our case, this would imply that the acoustic emission waves
recorded in polycrystals are related to a different deformation
mechanism from that in single crystals. We recall that twinning
does not occur in ice and that we applied stresses well below the
microcrack nucleation threshold, thus eliminating these potential
acoustic emission sources. Subcritical cracking might be another
possible source of acoustic emission, as observed in rocks18.
However, in such a case, acoustic emission activity should increase

with increasing deformation (that is, increasing crack length),
whereas we observed a decrease of acoustic emission activity as the
material hardened (that is, the viscoplastic strain rate decreased).
We propose here an alternative explanation for the change of
the exponent, which may result from a complex combination of
the development of internal stresses, aftershock triggering and
grain-size statistics. We carried out three types of simple Monte
Carlo simulations in which primary avalanches are randomly
selected within a power-law distribution of avalanche amplitudes,
P(A0) ∝ A0-τ, with τ = 2, that is, the single-crystal scaling.
Simulation A: each avalanche is ascribed randomly to a grain
of size d selected within a log-normal distribution of grain sizes.
Following our observations, a cut-off amplitude Ac scaling as d2.4 is
associated with this grain. If A0 < Ac, the avalanche is ‘accepted’ into
a new distribution of avalanche sizes, meaning that the avalanche
mobilized an acceptable total dislocation length L. If A0 ≥ Ac, the
avalanche is simply discarded. This first simulation is limited to this
very crude finite-size effect, meaning that each grain is assumed to
be an isolated system, independent of the neighbouring grains. Not
surprisingly, this simulation reproduces a cut-off but not a decrease
of the power-law exponent (Fig. 5a).
Simulation B: it is certainly incorrect to assume that each grain
is an isolated system. Instead, it is fair to assume that when an
avalanche is restrained by grain boundaries, the dislocations that
have piled up against the boundaries generate an internal stress σint
within the neighbouring grains. This adds to the applied external
stress σext to drive plastic deformation in such grains, in agreement
with X-ray topography observations7,8. In our simulations, we
further assume that (i) σint is proportional to A0 – Ath, where the
threshold Ath is itself defined as a (small) fraction of Ac and therefore
scales as d2.4 (the larger the avalanche amplitude compared with the
grain volume, the larger the internal stress); and (ii) this increased
driving triggers an excess of dislocation avalanches within other
grains (to which are also ascribed different grain sizes selected
among the log-normal distribution). It is implicitly assumed that
those grains are neighbours, although topology is ignored in these
Monte Carlo simulations. For the sake of simplicity, the amplitude
(or strain, see relation (2)) cumulated over these triggered avalanches
(‘aftershocks’) is assumed to be proportional to σint. If large enough
compared with the volume of the grain where they have been
triggered, these aftershocks can in turn generate internal stresses
and so secondary aftershocks. This cascade stops after a few steps,
as the cumulated triggered amplitude is smaller than the amplitude
of the mother avalanche. In simulation B (Fig. 5a), the amplitudes
of these aftershocks are selected among the power-law distribution
(τ = 2): as for single crystals4, the aftershock population is supposed
to belong to the global avalanche population characterizing the
critical dynamics. With this distribution of aftershock amplitudes,
it is implicitly assumed that the conditions for the emergence of a
scale-free critical dynamics still prevail within each grain. However,
simulation B does not show a decrease of the exponent (Fig. 5a).
Simulation C: here, we propose that the sudden and local
development of internal stresses resulting from the restraint of a
large avalanche breaks down one of the main necessary conditions
for SOC, that is, an external driving rate much slower than the
internal relaxation processes19. The additional driving rate dσint/dt
is by nature of the same order of magnitude than the relaxation
processes (avalanches), therefore pushing temporally the local
system (the neighbouring grain) out of the marginally stable state.
In this transient supercritical state, the system is forced to relax
strain through a single large avalanche (see previous work20 for the
connection between large driving rates and a supercritical state). In
simulation C, this is described by a single aftershock of amplitude
A0 – Ath which is ascribed to a grain selected within the log-normal
distribution. Once again, if large enough compared with the grain
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volume, this aftershock might itself generate internal stresses and
trigger secondary aftershocks, and so on. Simulation C reproduces a
cut-off at large scales that depends on the average grain size, as well
as a decrease of the power-law exponent (Fig. 5a). In this model, in
spite of having an apparent power-law scaling over a limited scale
range, the observed exponent does not characterize a critical state,
but instead results from a complex combination of (i) a closeto-critical state (with τ = 2) occurring within each grain, (ii) the
development of internal stresses that drive neighbouring grains into
a transient supercritical regime and (iii) a distribution of grain sizes.
In simulation C, the observed exponent decreases with decreasing
the ratio Ath/Ac, that is, with an increasing amount of triggered
aftershocks (consequently, the agreement between the value of β in
Fig. 5a and the experimental value should not be given too much
weight, as the ratio Ath/Ac cannot be estimated from experiments).
This model is further supported by simulations introducing a
bimodal grain-size distribution. In agreement with experiments,
a broken slope is obtained in the power-law regime, from τ = 2 at
small scales to τ < 2 at larger scales (Fig. 5b). A time clustering of
avalanches—that is, some aftershock activity—was observed during
our experiments on polycrystals. The population of clustered events
seemed to show a slight deficit of large avalanches compared with
the total population, but the limited statistics did not allow us to
pursue the analysis further.
The results of simulation C are also supported by the result of an
additional creep test on a polycrystal with 〈d〉 = 2.6 mm, for which
the use of six transducers allowed us to locate the avalanches spatially
in three dimensions. We observed that the avalanches were spatially
correlated over distances at least one order of magnitude larger than
the average grain size, therefore invalidating a simple cut-off effect such
as the one of simulation A (unpublished work). Details of localization
methods and correlation analysis have been published previously5.
This work shows that polycrystalline plasticity can display
intermittency and avalanche phenomena, although the scale-free
pattern observed in single crystals is disturbed by the introduction of
a microstructural scale, the average grain size. This grain-size effect
is not a simple, trivial finite-size effect, as grain boundaries act as
barriers to the dynamic propagation of avalanches but also transmit
internal stresses. If the scheme proposed in simulation C is correct,
it calls into question the modelling of polycrystalline plasticity by
classical micro–macro approaches such as homogenization. A trivial
finite-size effect, such as the one in simulation A, could validate
homogenization procedures in polycrystals if the representative
volume is significantly larger than 〈d〉. However, the aftershock
triggering detailed in simulation C would mean that the intermittent
and localized character of plastic deformation extends towards scales
much larger than the average grain size, in agreement with the longrange spatial correlations reported above.

METHODS
AVALANCHE DURATION AND DAMPING:
For each event, the acoustic emission recording system defines the duration as δ = te – t0, where t0 is the
arrival time, that is, the time at which the signal goes beyond the amplitude detection threshold Amin
(3 × 10–3 V, or 30 dB, in our case), and te is the time after which the signal remains below Amin during
more than a fixed duration (100 μs in our case). Assuming an exponential decay for the avalanche
spreading rate dS/dt in equation (1), we have
Ae = Amin = A0 exp[–α(te – t0)]
which leads to
δ = te –t0 = (ln A0 – ln Amin)/α
This allows us to estimate the damping coefficient α from the scaling δ ∝ ln A0.
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