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Small-scale plasticity: Insights into dislocation avalanche velocities
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We report direct measurements of displacement jump velocities in deforming nano- and microcrystals. These velocities exhibit
large scatter and no correlation with plastic strain, crystal size or applied stress. Statistical analysis for the displacement jump veloc-
ities shows a cubic power-law decay, with a shoulder at low velocities. Our results indicate that the collective motion of dislocations
in the deforming crystals is dominated by statistical fluctuations within the internal stresses, rather than by a mobility law that

depends on the externally applied stress.
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Micro- and nanosized single crystals exhibit
marked differences in plastic flow behaviour as compared
to equivalent bulk crystals. For example, small-scale crys-
tals follow a power-law strengthening of type o ~ d™ ",
where d is the characteristic length scale of the sample
(i.e. diameter) and n a power-law exponent on the order
of ~0.6 for face-centred cubic (fcc) metals [1,2]. This trend
has been observed consistently for the dislocation-con-
taining fce [3-7] and body-centred cubic (bec) [8,9] nano-
and microsized single crystalline metals fabricated by a
variety of techniques. Another characteristic feature of
plastic deformation of metals at the nano- and micron-
scales is the discontinuous progression of flow, where
the stress—strain data contains multiple displacement
bursts when loaded in compression or tension. The first
indications of such phenomena were observed decades
ago in Zn single crystals [10]. This burst-ridden plasticity
was explained through the movement of dislocations,
which were triggered sporadically within the evolving
and unstable existing dislocation network on the crystal-
lographic plane oriented most favourably for slip.

Today, measurements on deforming micro- or nanocrys-
tals possess high enough resolution to precisely determine
the magnitude of most displacement jumps with a sub-nano-
meter resolution. This has allowed the exploitation of the
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statistical signature of discrete plastic flow in both fcc
and bcc crystals [11-13]. It has been shown, for example,
that the probability of a certain displacement magnitude
to occur follows a power-law distribution over at least
two orders of magnitude, which is a typical signature of
a scale-free process, similar to the crackling noise of mag-
netic domain switching or plate techtonics [14]. The anal-
ysis of displacement burst statistics usually involves
setting a threshold on the minimum displacement burst
to filter out the real displacement burst from the back-
ground noise of the recorded data. This is commonly
done by differentiating the displacement data with respect
to time and to define a rate threshold, above which the
data is considered a detectable event. Despite the low data
acquisition rates (DAR) of between 5 and 25 Hz in many
measurements [5,11,13], such a rate thresholding is able to
define those events that later are investigated on the basis
of the high-resolution displacement signal, but it is not
capable of capturing the true displacement rate of the
individual glide events, commonly referred to as disloca-
tion avalanches.

In this work, we combined the high displacement res-
olution of a Hysitron Triboscope with a DAR of 7 kHz
to investigate the displacement jump velocities of
deforming [001] -oriented cylindrical Au micro- and
nanocrystals with diameters of 300 nm, 500 nm, 2 pm
and 5 pm. The crystals were prepared via focused ion-
beam milling from a gold single crystal following an
established methodology [3,4,15]. The vertical sample
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Figure 1. (a) Compressive stress—strain data of a 2 pm diameter
sample, with the inset displaying two zoomed-in displacement jumps;
(b) displacement and force signal as a function of time during a
displacement jump.

tapering, which is commonly associated with this tech-
nique, was measured to be ~1.16°, and the average as-
pect ratio was ~3. Microcompression testing in
displacement rate control was performed with a steering
unit that allows to record more than 200,000 data points
per test. Two conical diamond tips, with flattened ends of
9 and 15 um diameter, were used for compression at a
nominally constant applied strain rate of 5 x 1073 s~ !,

The stress—strain data of a typical compression exper-
iment for a 2 pm crystal is shown in Figure la. At a
stress between 90 and 100 MPa, excessive plastic elonga-
tion sets in, which is the typical strength range for such
crystals. Multiple stress drops are discernible during
post-elastic flow. The inset highlights a zoomed-in data
segment of two successive displacement jumps and re-
veals that a portion of the stress drop occurred during
the forward surge, which is partly a result of the elastic
stress release in the load—frame—sample assembly. At the
end of a displacement jump, the stress rapidly drops by
more than several tens of megapascals. This drop in the
applied stress is a result of the displacement controlling
steering system of the nanoindenter. Subsequent reload-
ing is linear elastic.

Figure 1b displays the displacement and the force sig-
nal as a function of time during a typical displacement
jump. The simultaneous occurrence of a displacement
jump and a rapid force drop in the time interval At is fol-
lowed by a more gradual decrease in the force, ~AF/At.
This gradual force reduction is caused by the nanoind-
enter retracting the compression tip to its prescribed po-
sition. Such a correction of the faster-than-prescribed
displacement represents one of the earmarks of conduct-
ing nanomechanical experiments on small-scale crystals
under a nominally constant displacement rate. The sub-
sequent response is primarily elastic, as evidenced by the
virtually full overlap of the stress decrease and the sub-
sequent reloading segment (Fig. 1a). The high DAR is
critical in such experiments to record and identify the
proper shape and duration of each displacement jump.
We focused on the measureable time interval, Az, and
the extent of displacement, Ah, selected on the basis of
a displacement jump threshold of 0.8 nm. This value is
significantly higher than the nominal displacement noise
floor (0.2 nm) of the Hysitron Triboscope.

Analysis of at least 90 individual events per set of
equivalent-sized samples revealed a range of spatio-tem-
poral bursts, displayed in Figure 2a. Larger displace-
ment jumps correlate with longer durations. The data

[
2

b 14000
o 3000m
o 5000m %y 12000
A 2um E
© Sum > 10000

8 o
6000
4000
2000

° ¢

1000
Crystal Diameter [nm]

O fastbranch
O slow branch

ity [nm:

Axial Displacement ah [nm]
Axial Displacement Veloci

-2000

Temporal Duration At [s]

Figure 2. (a) Axial displacement jump magnitudes, Ak, and their
corresponding temporal durations, Az, for all investigated sample sizes.
Two distinct data clusters are schematically indicated as fast and slow.
(b) Axial displacement jump velocity for the fast (square symbols) and
slow (circular symbols) branches vs. crystal diameter.

appears to be naturally binned into two different regimes
of clustered axial displacements and durations. These
clusters do not correlate with sample size.

The two branches become indistinguishable at the
lower end of both axes, i.e. for shorter time durations
and displacements. Hence, the data points below the
function Ah = kAt (k =~ 2500) were grouped as “slow”
and those above were marked as “fast”. We derived a
corresponding averaged axial displacement velocity,
Ah/At, for each sample size and each branch. The results
are summarized in Figure 2b, which reveals a lack of any
correlation between the axial displacement velocity and
the sample size for both the “fast” and the “slow”
branches. Figure 2b also contains a two orders of mag-
nitude range in the axial displacement velocities. The
velocity invariance with respect to sample size was found
to pervade over a wide range of “slow” and “fast” bin
separation criteria. The data displayed in Figure 2b indi-
cates that the averaged axial displacement velocity, and
thus the dislocation avalanche velocity, during bursts
was independent of the applied stress between 28 and
450 MPa for all sample sizes. Figure 3 summarizes the
axial displacement jump velocity as a function of applied
plastic strain, e. Similarly to the trend depicted in Fig-
ure 2b, no apparent correlation between plastic strain
and the recorded axial displacement velocity exists. This
finding is valid for both speed bins (Fig. 2a), and is com-
patible with the notion of little change occurring within
the dislocation structure during plastic flow [16,17].

The validity of these results hinges upon addressing
several critical questions. Firstly, are there potential
instrumental concerns that may affect the measured
invariances with respect to sample size, applied stress
and plastic strain? Secondly, if this is not the case, what
link can be made to the motion of the group of disloca-
tions that is fundamentally giving rise to the measured
displacement jump?

It is plausible that the data points in Figure 2b repre-
sent a forward velocity limit inherently imposed by the
nanoindenter — a scenario where the sample may slip
faster than the movement of the indenter. Estimating
the possible acceleration and maximum velocity of the
tip—spring assembly yields values of the order found
here, not allowing the exclusion of a device limit. How-
ever, several arguments also suggest that this is not the
case: (i) a purely device-limited result would be expected
to yield a tight distribution of data because it represents
a machine characteristic. The spread in the data
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Figure 3. The axial displacement jump velocities for all investigated
sample sizes and both the slow and fast branches as a function of
applied plastic strain.

measured here is greater than two orders of magnitude.
(i1) Given a device limit and the observed large scatter,
some events must naturally occur at faster velocities
than the machine is capable of. Such a loss followed
by the re-establishment of contact would be discernible
in the data shown in Figure 1b. This is not observed.
Further, it is not clear how a dislocation avalanche
would move without any applied force, given that dislo-
cation motion is over-damped where inertia plays no
role. (iii) The clustering of the data into two distinct cor-
relations between A/ and At indicates that it cannot be
ascribed to a velocity cap of the forward surging inden-
ter tip. (iv) If the data generated in our experiments were
a reflection of the device properties only, it would be
reasonable to expect a sample size dependence. This is
because the forces that trigger the avalanches are signif-
icantly sample size dependent, and thus the elastic en-
ergy released during an avalanche — and therefore the
tip velocity — would be strongly dependent on size. This
is also not observed. Whilst more instrumental investi-
gations are required to better understand the device—
sample interplay, our line of reasoning suggests that
the data measured in the course of this work is represen-
tative of the underlying dislocation activities and crys-
tallographic slip. While the absolute magnitude of
each displacement burst may be affected by the ma-
chine-sample assembly, we believe that the relative
trends described here are related to the mean velocity
of the collectively moving dislocations during the inter-
mittent plastic flow in the crystals.

It is reasonable to assume that the internal micro-
structure within these crystals is based on a dislocation
network, and that the intermittent plasticity is mediated
by the irreversible rearrangements within this network.
With this assumption, any localized internal slip should
scale roughly with the volume of the sample. Such an
approach was developed by Eshelby [18,19], where a
strain increment, Ae, was proportional to the slipped
area, A4, within the sample:

AA x b
d* xh
where b is the magnitude of the Burgers vector, d is the
sample diameter and / is the sample height. The propor-

tionality constant would be a function of the nature of
the loading geometry and the orientation of the slipped

Ae x

area. The average axial displacement velocity for an
event is then v,y = hAe/At, which implies that, on aver-
age, the axial displacement velocity is proportional to
the rate of the internally slipped area. The overall A4
may be represented by a number of characteristic micro-
scopic irreversible rearrangements, A4,, whose number
is set by a volumetric dislocation density, p. These rear-
rangements occur within a plastic volume, d°Ad, where
Ad is the thickness of a typical slip band, such that
AA = pd*AdAA,. The average axial displacement veloc-
ity can then be calculated as:

ady
At

The scaling of the plastically deformed volume with the
diameter squared is motivated by the lack of the scatter
dependence on the pillar diameter (Fig. 3) and the obser-
vation that dislocations exit the pillar leaving slip-steps
in their wake. If the microscopically slipped area corre-
sponds to a characteristic length of a mobile dislocation
segment, /, then Ady/At = lv,;, where v, corresponds to
an average dislocation avalanche velocity. Thus the
mean velocity v,; can be expressed as:

Vaq X pAdb X

Vag X pAdIb X vg

This equation represents a simple proportionality rela-
tion between the average velocities of the axial displace-
ment and of the dislocation avalanches. Such an
approach is in the spirit of that of Hoffmann et al. [20],
who expressed the growth rate of a slip-step height,
which is equivalent to the resolved value of v,,, as being
proportional to vyb/x,, where x, (here equal to (pAdl)™")
is the average distance travelled by a group of edge dislo-
cations. An analogous approach was used in slip-line cin-
ematography for investigations of the slip-step growth
normal to the surface [21]. In the same studies, the group
dislocation velocity was determined along the slip-line
growth direction, where it could be derived directly from
the propagating front. The use of v,y  pAdlb X v, in the
present context is limiting because of the significant scat-
ter of the axial velocity data, which likely arose from the
variations in the dislocation avalanche velocity v, and/or
the internal length scale x; (or /).

Modern dislocation dynamics simulations have pro-
vided important insights into small-Such methods are
at the forefront of understanding the underlying
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Figure 4. Displacement jump velocity distribution of all measured
data. The dashed line indicates a cubic decay (A = 3), whereas fitting
the higher-end data yields a power-law exponent of 2.9 + 0.2.
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three-dimensional dislocation mechanisms and plasticity
at small scales [22], and can also be used in a simplified
way to study intermittent dislocation activity [23].
Important to the present work is the recent dislocation
dynamics investigation of the dislocation velocity distri-
bution, P(v), associated with the avalanches of the dis-
crete plastic events [24]. These authors reported a
dislocation velocity distribution that scales as a power
law P(v) ~v™* with A~ 3, which saturated at low
velocities.

Under the assumption that the present scatter seen in
the axial displacement velocities is predominantly due to
variations in the average dislocation velocity v, the data
of Figure 3 is binned logarithmically over all strains and
pillar sizes (applied stresses) to obtain an experimentally
derived dislocation avalanche velocity distribution.
Figure 4 displays the obtained distribution and reveals
a remarkable similarity to the simulation derived distri-
bution of Ispanovity et al. (see fig. 4 of Ref. [24]), as well
as with theoretical predictions [25]. Indeed, Figure 4 re-
veals both the saturation at low velocities and an
approximate power law at higher velocities that has a
cubic decay, as indicated by the dashed line. Fitting
the high velocity data in this work yields an exponent
of 2~2940.2 (Fig. 4).

With such good agreement between the experiments
and simulations, the lack of correlation between the
scatter in the axial displacement velocity and pillar size
implies a similar lack of dependence on the applied
stress, and may now be easily understood. In computer
simulations the glide velocity of dislocations is typically
assumed to be over-damped and proportional to an act-
ing Peach—Koehler force. Ispanovity et al. [24] demon-
strated that the lower v part of the dislocation velocity
distribution was weakly dependent on the applied stress
(see Fig. 5 in Ref. [24]). This indicates that it is not the
applied stress but, rather, the internal stress landscape
and its dynamics upon changes of the dislocation net-
work that dominates the underlying mobility law. Our
experiments convey the absence of dependence of dislo-
cation avalanche velocity on the externally applied
stress, extending even to the higher v part of the distribu-
tion, well within the cubic decay regime. Following the
results in Ref. [24], the slow branch in Figure 2a seems
likely to correspond to the quiescent dislocation ava-
lanche state, whereas the fast branch can be linked to
the avalanche state.

In summary, we investigated the displacement jump
velocity during intermittent flow of nano- and micro-
crystals. The data can be binned into two distinct clus-
ters of displacement jump velocities, which may be
linked to a quiescent and an avalanche state of disloca-
tion motion. Experiments revealed significant scatter
within the data, with the concurrent lack of correlation
between the displacement burst velocity and plastic
strain or crystal size. Such a size independence of the
displacement jump velocity translates into its

independence on the applied stress over a range of ca.
400 MPa. Since it is believed that a displacement jump
corresponds directly to a dislocation avalanche (moving
group of dislocations), such a stress independence was
unexpected in the light of the original work on disloca-
tion velocities [26]. The resulting velocity distribution is
found to agree with recent dislocation dynamics simula-
tions [24] and theory [25], supporting the physical valid-
ity of our experimental results. Our findings suggest
that, in the size regime of the studied crystal sizes, the
underlying dislocation mobility is primarily determined
by the internal stress field landscape and its dynamics,
originated by the evolving dislocation network, rather
than by an externally applied stress-driven mobility
law. Even though the data is well in line with a modern
viewpoint on plasticity, we acknowledge that further
efforts need to be dedicated to the understanding of
potential instrumental issues.
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