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ABSTRACT
Single crystalline metals exhibit correlated dislocation dynamics, irrespective of lattice system. This
collective evolutionof dislocation structures is intermittent and scale-free, implyingdivergent length
scales that play a critical role in failure initiation and therefore microstructural design. Here we
report on aHfNbTaTiZr refractory high-entropy alloy, that lacks criticality in the collective dislocation
response. This unusual behaviour manifests itself in almost quenched-out microplastic stress-strain
fluctuations and sluggish dislocation avalanching, otherwise only seen in complex engineering
alloys. These findings demonstrate how the high-entropy paradigm can serve as a role model to
effectively suppress unwanted plastic fluctuations in metals deformation.
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1. Introduction

Deformation of crystallinematerials proceeds via themotion
of unit carriers of plasticity, referred to as dislocations.
Their ability to move on lattice-type-specific glide planes
allows the translation of different crystal parts relative
to each other. Being distributed throughout the crystal
volume in very large numbers, shape changes of metal-
lic objects become possible. Such shape changes appear
globally uniform and have for a long time nurtured the
picture of spatio-temporal homogeneous flow that phe-
nomenologically relies on well-defined averages. Implic-
itly, this means that an underlying Gaussian-like mech-
anism is at play, where plastic activity is uncorrelated in
the space and time domains.

Modern developments in crystal plasticity have, how-
ever, brought to light that strongly non-Gaussian dislo-
cation activity can dominate the deformation response,
as well exemplified via acoustic emission sensing [1,2] or
by direct deformation of small-scale crystals [3–6]. In the
latter case, up to 90% of the total strain may originate
from collective-correlated dislocation rearrangements.
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The statistics of such collective dynamics has a strong
power-law signature in admitted plastic length scales and
their dynamic properties. This is a direct manifestation
of long-range coupling among individual dislocations,
scale-free avalanche phenomena, and criticality [7,8].

Whilst realizing that dislocation avalanches must be
more of the norm than an exception in metals plas-
ticity, quantifying and modelling them is not only
of fundamental interest but is a central element for
understanding macroscopic properties such as strength,
ductility, or fatigue resistance [9] and has therefore
direct implications in alloy design. Indeed, extensive
collective-correlated dislocation dynamics lead to statis-
tical extremes in admitted shear localization and there-
fore drives failure localization [10]. Suppressing extreme
avalanches, i.e. collective rearrangements that deposit a
large Burgers vector content onto a free surface or an
internal interface has therefore been pursued in com-
plex microstructures, while at the same time aiming
to identify spatial [11,12] and dynamical [13,14] length
scales over which avalanches are active. In other words,
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suppressing extreme rare avalanches with large net Burg-
ers vector content is expected to translate to improved
failure resistance at the bulk scale. Alternatively, the
temperature-dependent influence of the Peierls potential
in body centered cubic (bcc) metals can be exploited to
significantly suppress long-range coupling and therefore
avalanching in microstructure-free crystal lattices [15].

The advent of complex lattice design with mul-
tiple principal elements, leveraging the high-entropy
alloy (HEA) design strategy, offers yet another pathway
where chemical and toplogical fluctuations may sup-
press extreme collective dislocation rearrangements. This
is generally referred to as sluggish dislocation dynam-
ics as part of a ‘cocktail’ effect [16]. However, it was
subsequently shown in a prototypical single-phase solid
solution face-centered cubic (fcc) HEA lattice, that at
the nanoscale, shear admitted by dislocation avalanche
relaxation was identical to a pure fcc metal, both in
terms of size and velocity [17]. Despite the experimen-
tally reported jerky dislocation motion in fcc HEAs [18],
lattice distortions and a multi-element static solute field
did thus not affect correlated-collective deformation pro-
cesses.

This finding cannot easily be generalized, and cer-
tainly not to bcc systems such as refractory high-entropy
alloys (RHEAs), where the mobility of screw and edge
dislocations strongly depend on the local lattice dis-
tortion [19,20], and where glide can be dominated by
core effects over long-range elastic interaction [21]. In
fact, instead of general cross-kinking as seen in bcc sys-
tems, RHEAs have also been shown to reveal cross-slip
jogs [22] that can further lead to local hardening. Sim-
ilarly, short-range ordering may lead to local fluctua-
tions in stacking fault energies that can locally harden
glide planes [23]. Finally, higher-order slip planes and
the reduced mobility difference between screw and edge
dislocations [24–26] statistically indicate possibilities
for slip delocalization and therefore entanglement [27],
where edge dislocations can become strength-controlling
[28]. In concert, these effects are expected to yield a sub-
stantial reduction in the collective dislocation velocity
and possibly suppressed avalanching – the ideal case for
structural alloy design.

To bring further light into this matter, we focus here
on the intermittent microplastic deformation response
of a HfNbTaTiZr bcc RHEA, which was chosen due
to the large lattice lattice distortion [29]. Using data
collected over 25 crystal orientations at room temper-
ature and compared with a pure single-element Nb
crystal, a striking difference in plastic fluctuations is
revealed. Both dislocation avalanche magnitudes, as well
as their peak velocities remain far below the case of Nb.
The resulting avalanche size distribution demonstrates

a significant exponential contribution and therefore
dislocation-avalanche truncation. In fact, the observed
effect due to chemical and topological disorder in the
RHEA amounts to a magnitude similar to that result-
ing from the introduction of interfaces. These findings
highlight for the first time the suppression of long-range
correlated dislocation activity in an otherwise single-
crystalline single-phase solid solution. This uncovers
unexploited pathways to manage critical plastic fluctua-
tions and, therefore, local failure in the absence of tradi-
tional microstructural features.

2. Material andmethods

A HfNbTaTiZr RHEA was prepared using >99.95%
pure elements. A button weighing 10 grams was arc-
melted in a titanium-gettered argon atmosphere on a
water-cooled copper hearth. The button was flipped and
remelted over five times to ensure chemical homogeneity.
It was subsequently cut into 2mm thick slices, cold rolled
to a 70% thickness reduction, and homogenized for 12 h
at 1150◦C in a vacuum-sealed quartz ampule followed by
water-quenching.

Microstructure characterization after homogeniza-
tion was performed on a ThermoFisher Scientific (TFS)
Scios2 focussed ion beam scanning electron micro-
scope (FIB-SEM) equipped with an Edax Hikari Super
electron backscatter diffraction (EBSD) camera featur-
ing an EDAX-Ametek Octane Elite Super energy dis-
persive spectroscopy (EDS) detector. EDS and EBSD
datasets were acquired under an acceleration voltage of
20 kV. The composition determined via EDS is Hf: 20
at.%, Nb: 14 at.%, Ta: 17 at.%, Ti: 30 at.%, and Zr:
19 at.% (see Suppl. Mat. A.). From the EBSD datasets,
the average grain size is approximately 200μm based
on measurements including over 350 grains (see Suppl.
Mat. A, B, C).

From this polycrystal, microcrystals with nominal
dimensions of 2μm in diameter and 8μm in height were
produced using FIB-SEM following a standard annular
milling approach [30]. A TI-950 indenter equipped with
an 11μm flat punch was used for compression exper-
iments. All tests were controlled in displacement rate
using a constant rate of 0.6 nm s−1 and reaching a total
displacement of 300 nm in each loading cycle. Drift lev-
els were consistently maintained below 0.3 nm s−1. Data
acquisition was set to 200Hz for all experiments. A
total of 25 microcrystals with varying orientations were
deformed, as illustrated in the insert of Figure 1(a). At
least 3 microcrystals were deformed in each orienta-
tion. A similar sample preparation approach was used
to fabricate single-crystalline Nb 〈101〉 microcrystals, to
serve as a reference material to compare with the RHEA.
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Figure 1. (a) Engineering stress-strain curves of the RHEA in the
〈001〉-, 〈101〉-, and 〈111〉-orientations, as well as Nb in the 〈101〉-
orientation. All tested orientations of the RHEA are displayed
in the insert IPF map. (b),(c) Load-depth curves for the 〈101〉-
oriented Nb (b) and RHEA microcrystal (c), corresponding to the
regions highlighted with boxes in (a). Panels (b) and (c) cover the
same time window. The arrows indicate plastic fluctuation events
in the curves.

Deformedmicropillars were extracted by FIBmilling and
attached to OmniProbe copper grids for TEM exam-
ination. Observations were carried out using a Ther-
moFisher Scientific Talos F200S microscope operating
at 200 kV. Dislocations were imaged using conventional
bright-field TEM, with the foils tilted to give two-beam
diffraction conditions.

3. Results and discussion

The engineering stress-strain curves of the RHEAmicro-
crystals with 〈100〉, 〈101〉 and 〈111〉 orientations along
the loading axis are shown in Figure 1(a), along with
a Nb microcrystal with a 〈101〉 orientation taken from
Ref. [31]. The inverse pole figure (IPF)map in Figure 1(a)
presents all the orientations deformed in the RHEA. The
yield strength and the Young’s modulus of each orienta-
tion are presented in Suppl. Mat. B in the IPF triangle.
Niobium yields at a stress of approximately 200MPa,
which represents a mildly size-affected stress level,
whereas the RHEA yields at relatively higher stresses
of 900MPa (〈100〉), 800MPa (〈101〉) and 1350MPa
(〈111〉). The values of the testedmicrocrystals are expect-
edly lower than those reported for polycrystalline bulk
RHEAs of similar composition, which typically show
yield strengths ranging from 1000 to 1500MPa [32,33].
We note that the RHEA exhibits few to no stress-strain
fluctuations along the covered plastic strain, which con-
trasts drastically with the Nbmicrocrystal. This is partic-
ularly remarkable, as single crystals of all studied metals
in the tested size-domain so far, show excessive displace-
ment jumps. In addition to the strength, this is the second
size effect [34] that emerges due to collective-correlated
dislocation motion.

A more detailed picture emerges when considering
a section of a stress-strain curve from each material
of the same crystallographic orientation. Figure 1(b,c)
show zoomed-in regions of the depth-time trace for
both 〈101〉-oriented Nb and the RHEA, respectively.
Both panels cover an identical testing time window of
60 s. Detectable deviations from the nominal displace-
ment rate, shown with a black dashed line, are high-
lighted with arrows. Over the covered displacement (i.e.
strain) window, Nb exhibits 8 individual displacement
jumps of noticeable depth, while the RHEA only shows
3 detectable plastic fluctuations with distinctly smaller
depth deviations from the quasi-static trace over longer
durations. This not only demonstrates a reduced number
of plastic fluctuations per unit displacement (or strain),
but also indicates a damped dynamic signature [35]. In
other words, Figure 1(c) suggests that the underlying
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collective dislocation rearrangements in the RHEA are
significantly slower than in the Nb crystal.

To quantify the inferred differences in collective dis-
location dynamics, that is glide, for the two bcc met-
als, displacement-time traces of each material are ana-
lyzed using a custom post-processing code. As a first
step, the local moving slope of each micro-compression
curve is determined, where 10 consecutive data points
are used for Nb (approximately 0.1 s) and 250 for the
RHEA (approximately 2.5 s). Different time windows for
a local slope and velocity calculation are needed due
to the broadly different event durations in each mate-
rial. Subsequently, a threshold is applied to the obtained
velocity-time data, amounting to 2 nm s−1 for Nb and
0.6 nm s−1 for the RHEA. The magnitude of the thresh-
old is determined from the different averaging windows
used to calculate the velocity data. Although differences
in the approach can give rise to different absolute val-
ues in both local deformation velocity and also suitable

threshold values, all relative results among the two mate-
rials remain unaltered.

Figure 2(a,b) display the full displacement-time
(upper panels) trace for one compression experiment,
while the lower panels show the corresponding velocity-
time traces derived from the approach described above.
Figure 2 clearly reveals distinct intermittency in the two
alloys. Whilst covering different absolute times due to
omitting of the elastic regime, the total time covered
in both data panels is identical. Each vertical line in
the upper panels in Figure 2(a,b) indicates the occur-
rence of a dislocation avalanche that exceeds the set
detection threshold. It becomes clear now that Nb 〈101〉
admits significantly more collective-correlated disloca-
tion events, amounting to 70 events over 200 s compared
to 34 events over 200 s for the RHEA. Figure 2(c,d) are
zoomed-in regions of the velocity-time data presented in
Figure 2(a,b) and reveal an order of magnitude differ-
ence in the collective peak velocity. Identified events are

Figure 2. Depth versus time and velocity versus time profiles of 〈101〉-oriented (a) Nb and (b) RHEA microcrystals. All detected events
are highlighted with pink dashed lines and triangles mark the identified events, defined by a velocity exceeding 2 nm s−1. (c) and (d)
correspond to the same areas shown in Figure 1(b,c). The pink triangles indicate the identified events, and the blue windows represent
the event sizes.



MATER. RES. LETT. 5

marked with pink triangles and their duration is high-
lighted with blue shaded areas. Choosing the same total
time for Figure 2(c,d), the slower avalanche dynamics in
the RHEA becomes evident.

Theoretical models for avalanche dynamics reveal
power-law scaling between the avalanche peak veloc-
ity and its event size, vpeak ∝ Sn [36–38]. This trend is
presented for both materials in Figure 3(a), where we
limit the representation for the RHEA to the 〈101〉-
orientation because this overlaps with the the other stud-
ied 〈001〉- and 〈111〉-orientations. Velocity-size scaling
data for additional orientations of the comparative Nb-
crystal can be found in Ref. [39]. Remarkably, the covered
size range is essentially similar for Nb and the RHEA,
whereas avalanche dynamics that are an order of magni-
tude slower prevails in the RHEA. The lower horizontal
cut-off of the data is set by the used analysis threshold.
For comparison, data sets for pure fcc lattices, including
the power-law fit (vpeak = 954 × S0.85) are added. Due to
the limited data range and broad scatter band, power-
law fitting was only done for Nb (vpeak = 4.52 × S0.94)
in the case of the bcc metals. This comparison across
prototypical single element fcc and bcc metals and their
HEA counterparts highlights how the introduction of
topological and chemical disorder does not necessarily
lead to reduced collective dislocation velocities, as seen
in fcc materials. However, this is indeed the case for the
studied bcc systems. We interpret this observation as a
manifestation of the generally much stronger local lattice
distortions effects in RHEAs [29] which, irrespective of
a sign relative to the mean lattice parameter, effectively
screen long-range correlations of dislocation processes.
We note that the dislocation-avalanche velocity has been
shown to decrease with decreasing temperature in bcc

metals [15]. However, the melting point of the studied
RHEA is about 600K lower than for pure Nb, and is
hence tested at a much higher homologous temperature.
This means temperature-driven avalanche suppression
would in fact be stronger inNb than in theRHEA [40,41].

Constructing the stress-integrated complementary
cumulative distribution function (CCDF) of the avalanche
sizes (Figure 3(b) reveals a purely exponential statistical
distribution for all RHEA-orientations near the corners
of the standard triangle, whereas Nb follows the expected
truncated power-law distribution with a non-trivial scal-
ing exponent of the order of 1.8. Whilst we do not pay
attention to the explicit numerical value of the scaling
exponent and its possible interpretations [39,42], it is
important to realize that the functional power-law form
indicates collective-correlated dislocation dynamics with
a finite-size truncation [43]. In contrast, the absence of
a scaling regime for the RHEA is normally only seen
in microstructures with strong and non-shearable obsta-
cles that quench-out long-range dislocation coupling,
such as precipitates [11,44], phase boundaries [12], or
grain boundaries [45]. The exponential avalanche size-
statistics therefore entails a dislocation network evo-
lution linked to a mathematically well-defined mean
value and would justify the classical approach. At the
same time, the length-scales covered in Figure 3(b)
largely exceed any distances associated with potential
short-range ordering phenomena [46–48]. This shows
how sufficient topological disorder can completely elimi-
nate the scaling regime in single-crystalline metals, and
promote length-scale statistics typically only observed
when strong static pinning fields or obstacles are present
[49,50].Wenote however, that the absence of scale invari-
ance for the RHEA does not necessarily imply fully

Figure 3. (a) Peak velocity as a function of event size for an inter-fcc comparison (Au vs. AlCoCrFeNi HEA [17]), pure Nb, and the RHEA.
Typical power-law scaling is observed for all materials. For the fcc alloys and the Nb a fit is included, whereas the data-structure of the
RHEA did not allow reliable power-law fitting. (b) CCDF for avalanche sizes of both Nb and the RHEA. A truncated power-law fit describes
the Nb-data best, whereas pure exponential behaviour is seen for the RHEA. The IPF-inset shows all individual orientations that yielded
the corresponding data of the CCDF.
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uncorrelated dislocation, forwhichGaussian statistics are
expected.

A final insight into the collective dislocation response
of both bcc metals is given by the stress-integrated
avalanche peak-velocity distribution, presented asCCDFs
in Figure 4 for all considered orientations. In both data
sets, the vertical lines indicate the velocity thresholds
(0.6 nm s−1 and 2.0 nm s−1 for the RHEA and the Nb,
respectively) used in the data analysis discussed in the
context of Figure 2. Figure 4 shows that only the low-
probability tail of the RHEA 〈111〉-orientation overlaps
with the low peak-velocity tail of the reference Nb-metal.
The orientation-dependent separation for the RHEA
is expected, as slip multiplicity is known to affect the
underlying dislocation dynamics [51]. The separation
of orientation-dependent peak-velocity distributions in
Figure 4 is more complex, and only the 〈101〉-orientation
can be reliably fitted. In this case, the data conveys a
truncated power-law behaviour with significantly higher
scaling exponents.

Whilst it is impossible to trace the underlying disloca-
tion dynamics during intermittent flow, TEMwas used to
investigate the dislocation structure obtained from cross-
sectional cuts of the microcrystals. These reveal domains
withmostly short dislocation segments that are separated
by {112}-type kinks, as indicated in the inset in Figure 4,
and which suggest more dominant short-range inter-
actions. The still seen indication of scale-free dynamic
for the 〈101〉-orientation stands in contrast to the static
avalanche statistics. The size distribution (Figure 3(b))
clearly follows a distribution with a well-defined mean
and is not scale-free. Such a difference in the static and

Figure 4. CCDF of the avalanche peak-velocity for the RHEA and
pure Nb. The latter exhibits power-law scaling, whereas the RHEA
data-sets reveal a more complex and varying behaviour. Corre-
sponding fits are indicated in the legend. The inset displays a TEM
micrograph where arrows indicate short dislocation segments in
the RHEA microcrystal that are separated by {112}-type kinks.

dynamic scaling can possibly arise if fast events have
exclusively short durations, which could give rise to an
exponentially distributed event size. This is unlikely, as
our data reveals long-duration fast events (Figure 2).
Alternatively, complex slip dynamics with strongly vary-
ing time-resolved velocity profiles could theoretically
generate velocity statistics that is unaffected by the trun-
cation tail in the size statistics.Whilst this is currently not
resolvable by either experiments or simulations, the data
uncovers that despite the significant reduction in collec-
tive velocity, the underlying dislocation relaxation still
carries dynamic signatures of scale-invariance and there-
fore criticality. Putting this into the perspective of the
earlier mentioned HEA fcc-case, it becomes now appar-
ent that different magnitudes of lattice distortions, �d,
may give rise to very different plastic fluctuations. Indeed,
of the investigated HEA-metals, the fcc case represents a
group of metals with approximately a four-times lower
lattice distortions that the HfNbTaTiZr RHEA (<0.05
vs 0.2) [29]. Whether or not this is systematically bound
the to the lattice distortion of the system cannot be deter-
mined, as the present study only covers two extremes in
terms of �d.

4. Conclusion

In summary, we investigated the intermittent microplas-
tic response of a prototypical bcc metal (Nb) and a
HfNbTaTiZr RHEA at room temperature. Microcrys-
tals of both materials exhibit a rich signature of spatio-
temporal plastic fluctuations that signify abrupt collec-
tive dislocation rearrangements. The statistical avalanche
signatures of Nb and the RHEA indicate vastly differ-
ent dislocation behaviour, where Nb exhibits truncated
power-law scaling of both dislocation-avalanche sizes
and peak velocities. In contrast, the avalanche-size distri-
bution in the RHEA is exponential, evidencing a break-
down of scale-invariant collective dislocation rearrange-
ments during microplastic flow. This is remarkable, as
such a loss of critical behaviour only emerges in engi-
neering alloys with a complex microstructure, in which
strong pinning obstacles (solute fields, precipitates, grain-
boundaries) suppress long-range coupling. Whilst not
explicitly investigated here, the suppression of extreme
avalanche events is expected to result in the delocaliza-
tion of mesoscopic slip, such as slip bands, and there-
fore improved failure resistance. At the same time, the
dislocation-avalanche dynamics in the RHEA is reduced
by an order of magnitude relative to Nb, and barely
detectable. In concert, these findings indicate how suffi-
ciently large fluctuations around a mean lattice parame-
ter, enabled by complex alloying strategies, can be a very
effective way to suppress long-range plastic fluctuations
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and associated ‘wild’ [52] dislocation network evolution
that deteriorate macroscopic mechanical properties of
metals.
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