PHYSICAL REVIEW B 76, 224110 (2007)

Evidence for universal intermittent crystal plasticity from acoustic emission and high-resolution
extensometry experiments
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Plasticity, a key property in the mechanical behavior and processing of crystalline solids, has been tradi-
tionally viewed as a smooth and homogeneous flow. However, using two experimental methods, acoustic
emission and high-resolution extensometry, to probe the collective dislocation dynamics in various single
crystals, we show that its intermittent critical-like character appears as a rule rather than an exception. Such
intermittent, apparently scale-free plastic activity is observed in single-slip as well as multislip conditions and
is not significantly influenced by forest hardening. Strain bursts resulting from dislocation avalanches are
limited in size by a nontrivial finite size effect resulting from the lamellar character of avalanches. This cutoff
explains why strain curves of macroscopic samples are smooth, whereas fluctuations of plastic activity are

outstanding in submillimetric structures.
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I. INTRODUCTION

As suggested by its very name and by smooth macro-
scopic stress-strain or creep curves, the classical view of
plastic “flow” in crystalline materials is that of a smooth and
homogeneous process. Exceptions are “exotic” cases such as
the Portevin—Le Chatelier effect, which involves complex
interactions between dislocations and solutes and is charac-
terized by jerky flow with large stress drops on stress-strain
curves.! Yet, intermittency of plastic activity has been known
for a long period of time. For example, it was described in
Zn single crystals as early as 1932.2 However, these obser-
vations remained marginal, as the observed fluctuations were
seen as sufficiently small and independent of one another to
add at random to a smooth overall response. A fundamentally
different picture emerged during the last few years, that of a
scale-free intermittent plastic activity characterized by power
law distributions of dislocation avalanche sizes,>* time cor-
relations and aftershock triggering,’ as well as fractal pat-
terns and complex space-time coupling.® Experimental evi-
dence came from acoustic emission (AE) experiments on
deformed ice single crystals that showed power law distribu-
tions of AE amplitude and energy.>* The maximum AE am-
plitude A, of an event is a measure of the initial surface-
sweeping rate of dislocations. Assuming an exponential
decay for AE amplitude, A, can also be considered as a
proxy of the strain increment & carried by the avalanche.’
These findings are supported by different modeling ap-
proaches including two-dimensional* and three-dimensional
(3D)® discrete dislocation dynamics and phase-field® or
continuum'® models. Independent experimental support was
obtained from compression tests on Ni micron-size single
crystals that showed staircaselike stress-strain curves with
power law distribution of step size.!!
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All of these findings argue for a renewed viewpoint on
crystalline plasticity, reminiscent of the concept of crackling
noise'? describing out-of-equilibrium physical systems with
bursts of activity (avalanches) in close vicinity to criticality.
We conjecture a rather universal character for such intermit-
tent plasticity: fluctuations would be the rule, not the excep-
tion. We note, however, that (i) the existence of an internal
length scale in polycrystals, the average grain size, limits the
amplitude of fluctuations and therefore breaks down the
scale invariance,'® and that (ii) there are still doubts on
whether this critical dynamics develops in materials with low
dislocation mobility (because of, e.g., high lattice friction),
when obstacles to dislocation motion (such as Peierls barri-
ers, microparticles) either hinder or slow down free rear-
rangements of the dislocation population.'*

In single crystals with high dislocation mobility, two fun-
damental questions remain unanswered. (1) So far, intermit-
tency and scaling in plasticity have been observed only under
single-slip conditions. Does the critical dynamics we envi-
sion extend to multislip plasticity, or does multislip break
down scale invariance by virtue of forest hardening?'®!> (2)
If a scale-free, critical dynamics is indeed existent, why are
the largest strain bursts not detectable? In other words, why
are macroscopic strain curves smooth if a statistical offset of
fluctuations cannot be called for an explanation, or why is
intermittence not seen at all length scales?

II. ACOUSTIC EMISSION IN hcp AND fee SINGLE
CRYSTALS

The AE source model, which allows to interpret the AE
wave characteristics in terms of a source mechanism, has
been detailed elsewhere.” This model was initially inspired
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by the work of Rouby et al.'® We recall here the points
needed for an interpretation of our results. Making a low
frequency assumption (<10° Hz) and considering the case of
an acoustic transducer responding to surface velocity, one
can relate the amplitude of the acoustic wave A resulting
from a dislocation avalanche to the total dislocation length L
involved in the avalanche and the dislocation velocity v (av-
eraged over L),

A(t) ~ bLv, (1)

where b is the magnitude of the Burgers vector. The term Lv
accounts for the surface S swept by time unit by dislocations
during the avalanche,

Lv=—. (2)

When multiplied by b and normalized by a volume, this term
represents a strain rate de/dr. Combining relations (1) and
(2) gives therefore

de

Alt) ~V—,
0~V

3)
where V is the volume considered (e.g., the sample volume).
Only the maximum amplitude of the acoustic burst, which
roughly corresponds to the initial amplitude A, is generally
recorded and analyzed. It corresponds to the initial sweeping
rate (dS/dt),. To estimate the “strained volume” S X b, and
consequently, the strain increment e carried by the ava-
lanche, after normalization by V, one has to know how this
initial sweeping rate decays with time. The shape of the
acoustic bursts argues for an exponential decay,’ that is, for
the equivalent strain rate,

de _

e (ﬁ)o exp[— alr—1)], (4)

dt

where the decay coefficient o might be interpreted as a drag
coefficient. Note that this decay corresponds to the source of
the AE signal, i.e., to the sweeping rate dS/dt, and not to the
acoustic wave itself, whose damping is negligible. Such an
exponential decay implies a Az~ (1/a)log(A) relationship,’
where the duration At of the acoustic burst is defined as the
time interval over which the envelope of the signal remains
above the detection threshold. In our experiments, such rela-
tionship is observed up to A;=0.2 V, i.e., for more than
98% of the events. Then, by integrating relation (4) over time
and using relation (3), we obtain a model of AE source
which relates directly the value of the maximum amplitude
of the acoustic wave A to the “strained volume” S X b or the
strain increment &,

g=" ~ 20 (5)

The exponential decay [Eq. (4)] and the associated relation-
ship Ar~ (1/a)log(A,) may seem to be rather unusual in the
context of criticality. Indeed, they can be seen as inconsistent
with the power law scaling At~A{‘) generally reported for
avalanche processes in models of critical phenomena, such
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as sandpile models of self-organized criticality.!” As a matter
of fact, such a power law scaling reasonably fits our AE data
for large amplitudes (A,>0.2 V), with k= 0.6. In the present
case, we interpret this change of regime by the fact that for
large events, the acoustic signal remains above the threshold
for the period of time between the mainshock and several
subsequent aftershocks. Hence, the latter are counted with
the mainshock. In other words, the sequence of aftershocks
obeys a power law, Omori-like decay,'® 1/(¢+c)?, where c is
a (small) time constant, and the duration scales as At~A(1)/p s
i.e., p=1/k=5/3. This might suggest to consider such a cas-
cade of triggered aftershocks to belong to one single “ava-
lanche.” An analysis of this problem is left for future work.
Another expression of this Omori-like decay of aftershock
triggering is given by the average number of aftershocks trig-
gered by a “mainshock” of amplitude A, N,, that scales as

NA~Ak’, again with k'=0.6.> We can finally note that a
power law, Omori-like decay for the sweeping rate with p
>1 would also lead to A, being proportional to the strain
increment €.

AE was recorded during constant crosshead speed tensile
tests on Cd, Zn-0.08%Al, and Cu single crystals at room
temperature. The initial strain rates ranged from 1.1
X103 t02X 102 s™" for Zn and Cd and from 2.9
X 107 to 3.8 X 1072 s~! for Cu. A miniaturized piezoelectric
transducer (frequency band of 100-600 kHz) was fastened
to the surface of each specimen. Whereas ice single crystals
exhibit no strain-hardening during deformation, specimens of
hexagonal metals (Cd, Zn) with orientations favorable to
basal glide exhibit a typical easy basal glide stage I, charac-
terized by a low stress plateau, followed by stage II harden-
ing with a sharp increase in the hardening rate, due to the
activation of nonbasal slip systems. At larger strains, stage
IIT is observed with serrations characteristic of twinning.
Twinning, another significant source of AE, is an important
deformation mechanism in hcp metals. It is assumed to pro-
ceed through motion of partial dislocations.!” As a conse-
quence, the proportionality between A, and ¢ differs from
that of avalanches of perfect dislocations.? Slip avalanches
and twinning events can also be discriminated from their AE
wave forms.?’2! Despite these differences and the strong in-
crease in the proportion of twinning events vs slip ava-
lanches from stage I to stage III, plastic deformation of hcp
metals was characterized by intermittent AE activity showing
power law distribution of AE amplitudes, P(A,) ~A," with a
single exponent 7=2.0+0.1, regardless of the material and of
the stage of deformation, and identical to the one obtained in
ice testing. This distribution did not change as the hardening
coefficient 6 jumped in the transition from stage I to stage II
(Fig. 1). A time clustering of AE events was systematically
revealed by an aftershock analysis. Furthermore, it was veri-
fied that slip avalanches can trigger twinning, and vice
versa,?? illustrating the mutual interactions between these
two deformation mechanisms and their participation in the
same global dynamics.

These observations on hcp crystals make a compelling
argument in favor of a generic scale-free critical framework
for crystal plasticity, irrespective of the material, the loading
mode (creep vs displacement controlled), the nature of dis-
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FIG. 1. (Color online) (a) AE amplitude probability density
functions and (b) rank ordering statistics obtained during the plastic
deformation of ice and Cd single crystals. This reveals truncated
power law distributions of dislocation avalanche sizes, P(Ag)
~Ayf(Ag/A,), where the exponent 7=2.0+0.1 is independent of
the material and/or the sample size and f(x) is a cutoff function.
Truncation of the distributions is not apparent on the pdf’s, but
clearly detectable on rank ordering statistics. For the Cd sample, the
cutoff A, is not sensitive to the jump of the strain-hardening coef-
ficient 6 from stage I to stage II. Stars: compression creep loading
of an ice single crystal (sample length of 68.2 mm, sample diameter
of 37.4 mm, T=-10 °C, applied stress of 0.76 MPa, Schmid’s fac-
tor m=0.25, and negligible strain hardening). Open circles: tensile
test under constant crosshead velocity of a Cd single crystal, stage I
(initial sample length of 25 mm, initial sample diameter of 3.6 mm,
T=20 °C, initial strain rate of 1.3X 1073 s~!, Schmid’s factor m
=0.46, and 0=0.8 MPa= E/62 500, where E is the elastic modu-
lus). Open triangles: same test, stage II (strain hardening coefficient
0~=4.7 MPa=E/10600). The three different distributions have
been plotted for the same number of events (3539). For the records
containing more than 3539 events, we checked that the normalized
rank ordering statistics were not affected by this undersampling.
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locations (i.e., those related to slip or to twinning), and the
forest-hardening level. However, plasticity in hcp metals re-
mains anisotropic, with only a small contribution of nonbasal
planes to overall plastic strain, even during stage II. In con-
trast, Cu represents the true emblematic multislip situation
where different slip systems can contribute significantly to
macroscopic strain, whereas twinning is absent. For the tests
on Cu single crystals, strong strain hardening occurred im-
mediately, without detectable stage I, indicating that multi-
slip was activated from the early stages of deformation. In-
termittent AE activity was detected during each test, in
agreement with previous work,?? although the number of
events per unit strain was strongly reduced as compared to
hcp metals (few tens to few hundreds per test compared to
several thousand). Again, AE amplitudes were distributed ac-
cording to a power law with exponent 7=2.0 [Fig. 2(a)],
which supports further the ubiquitous character of the under-
lying critical dynamics. Time clustering of avalanches and
aftershock triggering was evidenced by means of a correla-
tion integral analysis, as the number of events was too lim-
ited for a detailed aftershock analysis [Fig. 2(b)].

II1. HIGH-RESOLUTION EXTENSOMETRY

Independent experimental support for the intermittent,
self-organized character of collective dislocation dynamics in
multislip was obtained from high resolution extensometry.
As to the present purpose, significant differences with AE
measurements must be mentioned. They reside in the much
lower recording frequency, the direct measurement of plastic
displacements, and the point wise character of these mea-
surements. Flat samples extracted from a copper single crys-
tal were oriented for multislip and loaded in tension with
constant crosshead velocity. Several tests were made with
overall strain rate ranging from 5X 107> to 5X 1073 s7.
Each time, the sample was clamped and no rotation of cross
sections was observed before the onset of necking. On one
side of the sample, the surface was painted in black, and
strips of white paint normal to the longitudinal axis were
superimposed, resulting in a network of black and white
strips approximately 1 mm wide. The strips are neatly tied
with the material underneath, and their displacement reflects
perfectly the material displacement. A high resolution charge
coupled device camera with recording frequency of 10° Hz
and pixel size of 1.3 wm with the lens in use was mounted to
capture the longitudinal displacement of points set at the
intersection of the symmetry axis (to avoid any cross-section
rotation effect) with the transitions between black and white
strips. We used 15-20 such points, defining as many elemen-
tary extensometers with gauge length about 1 mm. From the
onset of necking onward, strain localization occurs in a sec-
tion of the sample, and the data are discarded as to the
present purpose.

These local displacement records (Fig. 3) were derived to
obtain Lagrangian velocities v(#), which exhibit a jerky char-
acter (Figs. 4 and 5). The self-similar character of this veloc-
ity signal is the subject of the investigation. It is intuitively
shown by the successive close-ups of the velocity signal in
Fig. 4. The probability density function for bursts in the ve-
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FIG. 2. (Color online) AE recorded during the tensile plastic
deformation of Cu single crystals (initial sample length of
20-60 mm, initial sample diameter of 4 mm, and Schmid’s factor
m=0.3). (a) AE amplitude probability density function obtained by
collecting data recorded during six different tests under constant
crosshead speed (7=20 °C, initial strain rates varying from 2.9
X107 t0 3.8 X 1072 57!, and maximum hardening coefficient
varying from E£/1000 to E/3300). (b) Correlation integral analysis
calculated for one of these tests (initial strain rate of 5.1
% 1073 s71). The correlation integral C(¢) is the probability for two
events to be separated by less than a time ¢ and is defined as C(z)
=[2/N(N-1)]n(Ar<t), where N is the number of considered events
and n(Ar<t) the number of pairs of events separated by less than z.
The AE dataset (closed circles) is compared to a similar analysis
performed on the same number of events (N=61) randomly distrib-
uted in time (Poisson process, open circles). The random dataset
follows the expected scaling C(r) ~¢, whereas a time clustering of
the AE events is observed below 5 s.

locity of a sample cross section may be drawn in several
different ways, depending on how the bursts are defined.
However, all the plots thus obtained show a trend similar to
that displayed in Fig. 5 for the peak velocity values: they are
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FIG. 3. Cu single crystal oriented for multislip loaded under
uniaxial tension (thickness of 2 mm, width of 10 mm, length of
35 mm, Schmid’s factor m=0.3, and 7=20 °C. The applied strain
rate is 5 X 107 s~!. Macroscopic force vs time curve (main graph)
and displacement vs time in five different locations along the
sample (inset). The initial stage II hardening rate is 6~ 7E/1000.
The displacements were recorded at intervals of 1 mm in 20 sec-
tions of the samples.

consistent with power law scaling, again with scaling expo-
nent 7=2.0, although the available scale range is limited by
the resolution. The robustness of this behavior is in itself an
indication of self-similarity.

In order to gain insights into correlations in time, these
records were also analyzed by means of a multifractal analy-
sis, in the spirit of previous work on jerky flow.?> We defined
the measure u; of jerk intensity during the ith time interval,
of duration &¢, as the sum of the absolute values of the mea-
sured velocities over this interval, normalized by a similar
sum over the entire record. In a standard way,?* the strength
of the jerk singularity, i.e., the relation between its measure
m; and duration &f, was sought through the gth moment
Z,(0)=2_  pi. Calculated over all n intervals, the latter was
observed to scale as Z,~ &1“"VP@, where D(q) is the gen-
eralized fractal dimension. The spectrum D(g) characterizes
the scaling properties of the dataset as ¢ varies (Fig. 6). A
more detailed description of the application of multifractal
analysis to deformation curves, fully applicable to the
present data, can be found elsewhere.?’

For purely random fluctuations, as those expected from
smooth and homogeneous plastic flow, D(g) would be uni-
formly independent of g and equal to 1. Instead, the wide
range of the multifractal spectrum in Fig. 6 is the fingerprint
of long-range time correlations involving an extended set of
scaling indices. The scaling range extends over two orders of
magnitude and testifies to correlations between avalanches
(e.g., from 0.1 to 20 s for the data in Fig. 6), in agreement
with aftershock triggering revealed by AE.> This spectrum
was found to be very robust and fairly insensitive to the
location along the sample axis. It is also weakly dependent
on the applied strain rate, another possible hint at the univer-
sality of the underlying dynamics.
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FIG. 4. Velocity signals from high-resolution extensometry derived from the displacement vs time record shown on Fig. 3. The long-term
trend of the displacement-time curve on the time scale of the experiment was subtracted from the measured signal before derivation.
Sequence of close-ups of the velocity signal shown in Fig. 5, suggesting scale invariance.

IV. DISCUSSION AND CONCLUSION

The above results, based on different experimental meth-
ods and gathered from various materials in single-slip or
multislip, with distinct crystallographic structures, hardening
coefficients and loading conditions, support the notion of the
universality of time-correlated intermittency and power law
scaling in avalanche statistics. They are consistent with the
notion of an ubiquitous close-to-criticality character of crys-
tal plasticity.

A natural conjecture in tracking the physical factors pro-
moting correlated behavior in intermittent plasticity is to at-
tribute its driving force to the long-range elastic stress and
lattice curvature fields associated with “polar” (or “excess”
or “geometrically necessary”) dislocations. Polar disloca-
tions accommodate incompatible strain gradients, and their
long-range stress field induces anisotropic directional hard-
ening. In contrast, randomly distributed dislocations (“statis-
tical” dislocations) do not induce lattice curvature and pro-
duce a net internal stress field close to zero because their
individual contributions statistically offset each other. In
such a case, long-range interactions are screened by short-
range interactions, and isotropic statistical forest hardening is
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FIG. 5. Probability density function for peak values of the dis-

placement velocity shown on Fig. 4. Peak values are normalized
with respect to the averaged value over the time series. The dashed
line indicates a power law trend with slope 7=2.
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FIG. 6. Multifractal behavior of the velocity signals from high-
resolution extensometry in Cu single crystals. Examples of the gen-
eralized dimension spectrum D(g) for the local displacement veloc-
ity signal. Dark symbols: initial strain rate of 5X 1073 s~!; light
symbols: initial strain rate of 5X 10~ s~! (signal shown in Fig. 4).
The existence of a multifractal spectrum reveals a self-similar tem-
poral structure of the signal, with an extended set of scaling expo-
nents. The error bars were determined as least-squares estimates of
the standard deviation of the slopes of the scaling dependences. For
comparison, the dashed line corresponds to uniform (constant, pe-
riodic, or random) behavior [Vg, D(g)=1]. A single fractal with
fractal dimension Dy would correspond to a horizontal line with V¢,
D(q)=D . The spectra for other sections are very similar to those on
display, an evidence of the robustness of temporal correlations.

observed. Driven, in particular, by their long-range stress
field, polar dislocations rearrange by transport (collective
motion) through the lattice. An example is the double cross
slip of screw dislocations, which spreads dislocation activity
from one glide plane to the next one.”?” The sub-
sequent development of “slip bands,” a well-studied
phenomenon,'*?® suggests a strongly anisotropic character
for dislocations avalanches, which should spread over lamel-
lar structures with a fractal dimension D significantly smaller
than 3. This lamellar character of dislocation activity is also
recovered in 3D discrete dislocation dynamics simulations.®
It is also worth noting that fractal geometry of strain ava-
lanches with D~1.6 was obtained in recent 3D molecular
dynamics simulations of the plasticity of amorphous solids.?
In this case, the anisotropy of avalanche spreading’® cannot
arise from the planar motion of dislocations over slip planes,
but results only from internal stress interactions from local-
ized events. On the other hand, dislocation avalanches are
brief dynamic events,” but they interact over larger time
scales through long-range elastic stress redistribution (al-
though a possible role of anelastic relaxation of dislocations
cannot be excluded). Hence, the observed scale-free pattern
of global plastic activity® is likely to reflect the collective
motion of these lamellar dislocation ensembles, more than
the anisotropy of individual avalanche spreading.

In such a scale-free context, the smoothness of macro-
scopic strain curves seems paradoxical. Indeed, if the mac-
roscopic strain g, is assumed to result from the cumulative
effect of N strain increments e distributed according to a
Levy distribution of parameter S<1 [i.e., P(e)~e& %P,
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FIG. 7. (Color online) Compression creep experiment per-
formed on an ice single crystals (7=—10 °C; and applied stress of
0.87 MPa). AE amplitudes cumulated from the onset of loading,
2A, as a function of creep time. 2A is a proxy of the total strain
and its time evolution appears smooth at the scale of the entire test
(main graph), although a staircaselike curve is observed when one
focuses over a small time window (inset). This smoothing of the
curve towards large time scales is the result of truncated distribu-
tions of dislocation avalanche sizes. This figure is very similar to
the electromagnetic emission accompanying plastic deformation of
ionic crystals that appears smooth at large time scale and staircase-
like at small time scale (Ref. 33).

with & — +], the rare (and extreme) events should dominate
the global behavior (gy,=2ye~ &) (Ref. 31) and be de-
tectable on macroscopic deformation curves whatever the
strain gauge resolution. With B=7—1=1 [distributions of
strain increments from micron-size samples give 7 values
slightly lower than 2, i.e., 8<1 (Ref. 11)], we are here in
this situation. However, if we stack AE amplitudes (i.e., €)
over a test (Fig. 7) or plot the overall displacement vs time
(Fig. 3), we still obtain smooth curves at large scales. Thus,
limiting factors to long-range correlations induced by inter-
nal stresses and dislocation transport must exist, and the dis-
tributions of avalanches must be truncated at large scales.
This truncation is seen in the amplitude of velocity bursts in
Cu single crystals (Fig. 5). Analytically, it is expressed as
P(e)~¢& "f(e/e,), where g, is an avalanche characteristic
size and f(x) a cutoff function rapidly decaying toward large
x. For AE amplitude distributions obtained in ice or metallic
single crystals, it is too weak to be noticed on probability
density distributions but is detectable on rank ordering sta-
tistics that emphasize the distribution tail [Fig. 1(b)].

Three limiting effects may be called for to explain such a
cutoff: (i) a forest-hardening effect,'®!> (ii) an elastic unload-
ing effect, and (iii) a finite size effect due to the sample
dimensions. (i) In the multislip conditions of stage II hard-
ening, dislocations on various slip systems produce a more
or less isotropic forest hardening. However, the absence of
evolution in the avalanche distribution in hcp metals as the
hardening rate @ jumps to higher values from stage I to stage
IT (Fig. 1) renders the forest-hardening hypothesis unlikely.

224110-6



EVIDENCE FOR UNIVERSAL INTERMITTENT CRYSTAL...

The fact that, for a given amplitude A, the average duration
of events does not decrease when hardening increases further
supports this view. Indeed, the coefficient a of relation (4)
can be estimated from the Ar~ (1/a)log(A,) relationship
(averaging over many events of the same amplitude). In a
previous work, « was found to increase (i.e., durations de-
crease) with increasing temperature, as the result of phonon
drag, and with kinematic hardening in ice polycrystals.” In
the experiments performed on metallic single crystals for the
present work, we never observed any significant increase of
a with increasing isorropic (or forest) hardening. The inter-
pretation might be that, indeed isotropic hardening opposes
locally the spreading of large avalanches, but that doing so,
it favors displacement (transport) of dislocation activity to
adjacent locations, not an overall cutoff. In addition, the trun-
cation of slip step rank-ordering statistics observed in com-
pression tests on ice single crystals (Fig. 1) and Ni microc-
rystals during stage I cannot originate in forest hardening, as
the latter is negligible in single-slip conditions.!' In multislip
conditions, one might also conjecture that the formation of
dislocation walls or cell boundaries would hinder the propa-
gation of dislocation avalanches, as grain boundaries do.13
This is again inconsistent with our results (absence of
changes in the avalanche distribution or damping). The un-
stable, transient character of these features® might explain
why they do not curb intermittency.

Under controlled displacement conditions, elastic unload-
ing (ii) lowers the effective stress acting on all dislocations in
the sample in proportion to the strain carried by the ava-
lanche, and therefore, it has a cutoff effect. However, no such
effect occurs in stress controlled experiments (e.g., creep
tests) or in the mixed boundary conditions imposed on Ni
microcrystals.11 In such cases, the finite size of the sample
(iii) should therefore play a role.

As for any dynamical system close to criticality, finite size
must have effects on the development of the largest events
(here, dislocation avalanches). Indeed, any critical behavior
implies the divergence of the correlation length and is there-
fore necessarily affected by the finite dimensions of the sys-
tem. In the present case, finite size can impinge on the ava-
lanche initiation: the total dislocation length involved at the
onset of the avalanche cannot be larger than the dislocation
length that can be mobilized within the system. The propa-
gation of avalanches can be affected as well, with free sur-
faces playing the role of dislocation sinks. The combination
of these two effects sets limitations on the volume strained
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by the avalanche, S X b (where S is the area swept by all the
dislocations involved in the avalanche and b the Burgers
vector), and consequently, on the strain increment e.

If the spreading of dislocation avalanches was dense and
isotropic, a finite size effect would be felt for an avalanche
size corresponding to a strained volume S X b scaling as the
sample volume. More precisely, the strained volume would
scale as d®, where d is the characteristic dimension of the
sample, and the cutoff strain increment &, would be indepen-
dent of the sample size. However, dense and isotropic
spreading of dislocation avalanches is incompatible with the
development of slip bands, which supports instead the notion
of dislocation avalanches spreading over lamellar structures
characterized by a fractal dimension D significantly smaller
than 3 (see above). Hence, the cutoff strained volume should
scale as d” instead of d* and the cutoff strain increment &,
should scale as @”~3. Therefore, it decreases with increasing
sample size, which explains the smoothness of macroscopic
deformation curves. In contrast, fluctuations of plastic activ-
ity are inescapable in submillimetric structures, with possible
consequences in terms of formability.®

According to this scenario, the critical dynamics of inter-
mittent plasticity is limited at large scales by the smallest
sample dimension, as long as “extrinsic” obstacles to dislo-
cation motion such as grain boundaries or precipitates do
not confine avalanche propagation to small volumes of
material,!>'% or as long as an elastic unloading effect does
not strengthen the truncation. This finite size effect is en-
hanced by the lamellar character of dislocation avalanches,
which prohibits very large, macroscopically detectable strain
bursts. This interpretation could explain why intermittency
and scaling, although ubiquitous, are not perceived at mac-
roscopic length scales and were essentially ignored so far in
the modeling of plastic deformation.
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