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Abstract 

Under plastic flow, multi-element high/medium-entropy alloys (HEAs/MEAs) com-
monly exhibit complex intermittent and collective dislocation dynamics owing 
to inherent lattice distortion and atomic-level chemical complexities. Using atomistic 
simulations, we report on an avalanche study of model face-centered cubic (fcc) NiCo-
CrFeMn and NiCoCr chemically complex alloys aiming for microstructural/topological 
characterization of associated dislocation avalanches. The results of our avalanche 
simulations reveal a close correspondence between the observed serration features 
in the stress response of the deforming HEA/MEA and the incurred slip patterns 
within the bulk crystal. We show that such correlations become quite pronounced 
within the rate-independent (quasi-static) regime exhibiting scale-free statistics 
and critical scaling features as universal signatures of dislocation avalanches.

Keywords: avalanches, high entropy alloys, crystal plasticity, dislocations, strain bursts, 
serrations

Introduction
The serrated response is a commonly observed phenomenon in a broad class of driven 
systems (Fisher 1998). Examples include crackling sounds due to plasticity (Miguel et al. 
2001; Sultan et al. 2022; Karimi 2017) or brittle fracture (Vu et al. 2019; Petri et al. 1994; 
Karimi et  al. 2019), Barkhausen noise in ferromagnetism (Durin and Zapperi 2000) 
and even stick-slip dynamics of earthquakes at geological scales (Scholz 2002), just to 
name a few. Under a sufficiently slow driving rate, serrations refer to highly-intermittent 
and irrecoverable dynamics that a quiescent (but driven) system undergoes, beyond its 
threshold, as a certain form of relaxation. As for serrated plastic flow in deforming crys-
talline solids (Brechtl et  al. 2020), the relaxation process typically occurs through slip 
bursts mainly due to the spontaneous nucleation/depinning of dislocations that exhibit 
a collective motion within the bulk leading to the so-called dislocation avalanches. The 
scale-free nature of dislocation avalanches —featuring a broad range of time, length, and 
energy scales (Zaiser 2006)— may indeed suggest some form of criticality/universality 
within the context of yielding transition (Friedman et al. 2012). The notion of universal-
ity is not always strictly defined in light of close ties between avalanche statistics and 
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dislocations’ substructure as well as their complex mechanisms of nucleation, glide, and 
interactions which are believed to show certain non-universal features (Richeton et al. 
2005; Sparks et al. 2018), depending on various factors such as crystalline phase, lattice 
orientation, chemical composition, specimen size, temperature, and deformation rate 
sensitivity. Given the above considerations, how could we infer such complex dislocation 
patterns and underlying interaction mechanisms by probing statistics of dislocation ava-
lanches? The question posed here has very practical implications in the context of nano-
mechanical testing methods that, together with in-situ imaging techniques, can give us 
rich knowledge and insights about nanoscopic origins of plasticity.

The existing literature has a wealth of experimental information on serration features of 
driven crystalline metals and associated microstructural signatures across a broad range of 
laboratory settings (see Papanikolaou et al. (2017) and references therein). This includes a 
large suite of nano/micro scale mechanical tests (e.g. uniform tension, nano/micro pillars, 
nano-indentation) that are typically supplemented by acoustic emission (AE) measure-
ments of intermittent bursts and/or in(ex)-situ microscopy. A rather generic observation 
is the power-law distributed magnitude of the latter P(S) ∝ S−τ but with scaling exponent 
τ that gets typically affected by underlying mechanisms at play and shows deviations from 
the mean-filed estimate 3/2 (Fisher 1998). The experimental range mostly observed for 
pure metals (Ni, Al, Cu, Au, Mo, and Nb) is between τ = 1.5− 1.9 (Papanikolaou et al. 
2017; Rizzardi et al. 2022), bearing in mind that various metrics have been proposed as 
avalanche size based on types of experimentation and associated observables. In-situ elec-
tron-microscopy-based investigations have been mainly centered on establishing mean-
ingful links between the occurrence of plastic avalanches and coinciding microstructural 
evolution. In this context, significant size effects have been commonly identified in both 
stress serration features and dislocation morphologies, with the latter mainly arising from 
surface-induced limitations of deformation sources and augmented annhilation mecha-
nisms (Shan et al. 2008; Oh et al. 2009; Kiener and Minor 2011; Maaß et al. 2007). Rate 
effects (Zhang et al. 2013) have been consistently reported to influence dislocation glide 
mechanisms and associated relaxation processes which were shown to systematically alter 
statistics of slip avalanches (Papanikolaou et al. 2012; Ananthakrishna et al. 1999).

Overall, the aforementioned studies suggest certain indirect (but insightful) links 
between serrated flow features and dislocation slip patterns in pure crystalline met-
als. Such correlations become even more challenging within the framework of high/
medium-entropy alloys (HEAs/MEAs), bearing in mind inherent atomic-level complexi-
ties, due to underlying lattice distortions, which are known to be the dominant source of 
HEAs/MEAs’ exceptional properties (Li et al. 2019; Shang et al. 2021). Unlike conven-
tional alloys, these complex concentrated alloys possess a rugged energy landscape giv-
ing rise to intrinsic randomness in local Peierls stresses and, therefore, unusual pinning 
patterns and jerky glide dynamics of roughened dislocations (Li et al. 2019; Zhang et al. 
2019). A relevant study by Hu et al. (2018) demonstrated the accumulation of disloca-
tion bands and pile-ups in a compressed HEA nanopillar, owing to the complex interplay 
with random obstacles, that significantly differs from the surface-induced annhilation 
mechanism observed in pure fcc metals. Another complication arises from composi-
tional/microstructural heterogeneities (local chemical ordering (Zhang et al. 2020; Wu 
et  al. 2021), nano-precipitation (Ardell 1985), deformation-induced phase transition 
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(Basu and De Hosson 2020)) that interplay with dynamics of dislocations in often unpre-
dictable and inextricable ways (Naghdi et al. 2023) in chemically complex alloys. Prior 
applications of AE tests, as the gold standard in the field, mainly reported certain critical 
features of jerky plastic flow and associated strain bursts in HEAs (Chen et al. 2022b, 
a; Brechtl et  al. 2023) but did not fully succeed in directly associating their temporal 
dynamics to bulk substructural features (Ahmed et al. 2021). In-situ characterization of 
nanoscale deformation patterns in combination with AE experiments has been practi-
cally challenging due to complex microstructural origins of acoustic signals, highly-spe-
cialized instrumentation, and sample preparation difficulties.

Here in this study, our aim is to explore such microstructure-property correlations in 
the single-phase face-centered cubic (fcc) NiCoCrFeMn and NiCoCr as two exemplary 
HEA and MEA. We seek for potential microstructural footprints in avalanche statistics 
to gain further understanding into underlying atomic-level deformation mechanisms. To 
this end, we perform atomistic simulations of model Cantor and NiCoCr alloys under 
uniaxial tension and analyze serration features of the stress response together with 
the incurred slip patterns within the bulk sample. As a comparative study, we further 
investigate avalanche properties in pure Ni which lacks the chemical/microstructural 
heterogeneity element (owing to lattice distortion) as in Cantor and NiCoCr alloys but 
still features nontrivial avalanche properties. We, in particular, probe deformation rate 
effects on spatial-temporal evolution of slip events and their statistics at room tem-
perature. We find that dislocation avalanches in the driven HEA and MEA exhibit a 
scale-free process characterized by asymptotic power-law regimes and critical scaling 
exponents that govern serrated plastic flow but show minimal variations with respect to 
the chemical composition. Our findings indicate that the morphology of microstructural 
changes is strongly rate-dependent and exhibits meaningful correlations with avalanche 
size statistics within a rate-independent regime.

The paper’s layout is as follows. In Methods & protocols  section, we describe the 
numerical setup, sample preparation, loading protocols, and relevant simulation details 
including interatomic forces and shear test description. Results  section presents our 
simulation results relevant to investigations of dislocation avalanches followed by a 
phase analysis of the microstructure as well as their potential correlations under dif-
ferent deformation rates. In this context, Avalanche analysis: size & duration  section 
examines avalanche statistics (size and duration) to characterize their rate-dependence. 
Microstructural signatures of dislocation avalanches will be discussed in Microstruc-
tural analysis: crystal phase, cluster statistics, and slip planes and Correlation analysis: 
dislocation avalanches & microstructure  sections. Conclusions & discussions  section 
presents relevant discussions and conclusions.

Methods & protocols
We performed molecular dynamics simulations in LAMMPS (Thompson et al. 2022) by 
implementing atomistic samples of size N = 10, 000 within a three-dimensional periodic 
cell. We prepared cubic samples with dimension L = 40 Å along the x[100], y[010], and 
z[001] directions. The NPT ensembles were implemented via a Nose-Hoover thermostat 
and barostat with relaxation time scales τ thermd = 10 fs and τ bard = 100 fs ( 1 fs = 10−15 
s). We also set the discretization time to �t = 1.0 fs. Samples were initially prepared via 
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an energy minimization at T = 0 K (at a fixed pressure) and subsequently thermalized 
at room temperature ( T = 300 K) and constant pressure P = 0 bar for the duration of 
100 ps prior to loading. The interatomic forces were derived from the modified embed-
ded-atom method potential developed recently by Choi et al. (2018). Tensile tests were 
carried out by deforming the z dimension of the simulation box at constant strain rates 
ǫ̇zz = 108 − 1010 s−1 with Pxx = Pyy = 0 . We remark the limitation of atomistic simu-
lations in accessing realistic experimental timescales. Although the deformation rates 
in our numerical study exceed those found in experiments by orders of magnitude, our 
simulations effectively capture crucial rate effects, including the dynamical transition 
from stick-slip-like behavior to homogeneous flow once a specific rate threshold is sur-
passed. We performed additional simulations at deformation rates 0.5× 108 , 0.25× 108 
s −1 and conducted avalanche analyses, ensuring that the statistical size distributions and 
estimated size exponents τ remain consistent and robust within the quasi-static limit.

Results
We performed a series of tensile tests on model Cantor, NiCoCr, and Ni alloys at differ-
ent deformation rates and room temperature. The evolution of the (normal) stress σzz 
with the tensile strain ǫzz and the associated rate ∂tσzz are plotted in Fig. 1a at T = 300 K 
and ǫ̇zz = 108 s−1 corresponding to NiCoCrFeMn. Due to the defect-free crystalline lat-
tice used in the simulation, the initial plastic deformation occurs at a significantly high 
stress level ( ≃ 8 GPa), likely corresponding to the critical resolved shear stress of Ni on 
(111) planes (5 GPa) (Shimanek et al. 2022).

Upon yielding, the mechanical response is characterized by a stick-slip-type behav-
ior with abrupt force drops preceded by longer stress build-up periods as in Fig.  1b. 
Similarly, the stress rate exhibits an intermittent dynamics with quiescent periods (i.e., 
∂tσzz ≃ 0 ) that are frequently interrupted by fairly short-lived bursts of events. The latter 
are typically accompanied by slips across close-packed {111} atomic planes in a fcc struc-
ture to form hcp layers within stacking fault regions as in Fig. 1e and f. Figure 1c and 
d displays the fraction of atoms with hcp(bcc) structure ρhcp(bcc) and its evolution with 
time t. In what follows, we identify individual stress avalanches and probe their statistics 
(i.e., size and duration) showing non-trivial correlations with the structure of slip planes 
at low strain rates.

Avalanche analysis: size & duration

We define the avalanche size as the magnitude of the stress drop S = −
ti+Ti

ti
∂tσzz dt 

corresponding to event i initiated at ti with duration Ti as illustrated in Fig. 1b. Dur-
ing the avalanche period, the stress rate exceeds a threshold value set by the median 
rate, −∂tσzz ≥ σ̇th with σ̇th = median(−∂tσzz) . We also checked the robustness of our 
results against variations in σ̇th (data not shown). To remove the thermal noise from 
the stress signal, we use the optimal (Wiener) filtering (see the Supplementary Mate-
rials for further details) and ensure that our avalanche analysis is performed on suf-
ficiently smooth timeseries. We systematically gather statistics of avalanches incurred 
at the strain interval ǫzz = 0.2− 1.0 within the steady-state flow regime. This is to 
ensure that we probe dynamics within the steady-state flow regime discarding tran-
sient effects due to initial yielding. We also checked that smaller strain intervals have 
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very insignificant effects on statistics of dislocation avalanches and the latter is fairly 
robust across these variations. To improve the collected statistics, we consider fairly 
large statistical ensembles with order 10− 100 realizations per deformation rate. The 
avalanche analysis is performed on an extensive dataset, typically including around 
103 − 104 avalanches in each case, to ensure the robustness and accuracy of the esti-
mated scaling exponents.

Fig. 1 a The evolution of the normal stress σzz and spontaneous stress rate ∂tσzz with time t at T = 300 K and 
ǫ̇zz = 108 s−1 corresponding to the Cantor alloy. b A magnified view of (a) with the i-th avalanche starting 
at ti and having the duration of Ti  . c) Fraction of atoms ρhcp and ρbcc with hcp and bcc arrangement versus 
time. d A magnified view of (c). e Illustration of the uniaxial setup with the formation of the hcp clusters of 
atoms within {111} slip planes during an avalanche. f Crystallographic orientation of a hcp cluster of size shcp 
described by the azimuthal angle θ and polar angle φ
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Figure 2a-f displays the scatter plot of the avalanche size S and event duration T  , scaled 
by ǫ̇−1

zz  , as well as size distributions P(S) at T = 300 K and various rates ǫ̇zz corresponding 
to Cantor alloy, NiCoCr, and pure Ni. The scatter plots in Fig. 2a, c, and e demonstrate 
that, statistically speaking, larger avalanches tend to have longer duration with a scaling 
behavior that may be described on average as �S� ∝ T γ with γ ≃ 1.0 . The observed scal-
ing regime appears to be fairly limited at the slowest rate ǫ̇zz = 108 s−1 with the dura-
tion that tends to saturate at large avalanche sizes, possibly due to size effects. In Fig. 2b, 
the size distribution associated with the slowest rate in Cantor alloy decays as a power-
law P(S) ∝ S−τ (above a certain cut-off size Sc ≃ 10−1 GPa) which spans at least two 

Fig. 2 Avalanche statistics at T = 300 K and multiple strain rates ǫ̇zz corresponding to NiCoCrFeMn, NiCoCr, 
and Ni. a, c, d Scatter plot of avalanche size S and scaled duration ǫ̇zzT  b, d, f avalanche size distributions 
P(S). The dashdotted lines denote power laws a, c, e S ∝ T

γ with γ = 1.0 b, d, f) P(S) ∝ S−τ with τ = 3/2 . 
The error bars indicate standard errors. The data are shifted vertically for the sake of clarity. , maintaining the 
underlying scaling behavior on the log-log scale
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decades in S and seems to be well-predicted by the mean-field estimate τ = 3/2 (Fisher 
1998). As ǫ̇zz is increased toward 1010 s−1 , the size distributions tend to exhibit a steeper 
fall-off with a nearly exponential-like drop at the fastest deformation rate. We observe 
very similar trends for avalanche statistics in NiCoCr as in Fig. 2c and d in terms of the 
rate dependence, except for a comparatively limited power-law scaling regime associ-
ated with P(S) at ǫ̇zz = 108 s−1 . The scaling between the size and duration in the case of 
pure Ni closely resembles that of the two alloys as in Fig. 2e. However, the avalanche size 
exponent in Fig. 2f is notably shallower than the mean-field prediction τ < 3/2 at the 
slowest rate but tends to become more mean-field like at the intermediate strain rate. 
We note that the observed power-law behavior in Ni appears to be quite sensitive to the 
filtering process and slight variations in the relevant parameters lead to a better agree-
ment with theoretical predictions (refer to Fig. S3c).

Microstructural analysis: crystal phase, cluster statistics, and slip planes

We aim to probe the relevance of the classical percolation theory including investiga-
tions of cluster statistics and their dynamical evolution. Additionally, we seek for poten-
tial microstructural footprints in avalanche statistics including investigations of crystal 
phases and their correlations with plastic avalanches. As a structural metric associated 
with dislocation avalanches, we identified atomic structure types via the common neigh-
bor analysis implemented in OVITO (Stukowski 2009), seeking for atoms in hexagonal 
close-packed (hcp) and body-centered cubic (bcc) arrangements. The hcp atoms are 
associated with stacking faults which are bounded by partial dislocations in a face-cen-
tered cubic (fcc) structure.

We investigated statistics of hcp clusters (including size and orientation) and sought 
for their correlations with stress avalanches. Here a cluster is defined as a set of adjacent 
atoms with the same structural type —hcp in this study. As a basic statistical property, 
P(shcp) denotes the probability distribution function associated with the number of clus-
ters containing shcp atoms. The radius of gyration associated with a cluster of size shcp 
may be also defined as rg =

∑shcp
i=1 |ri − r0|

2/shcp with the center of mass r0 =
∑shcp

i=1 ri/shcp . 
Figure 3a, c, and e illustrates that shcp ∝ r

df
g  with fractal dimension df ≃ 2.0 . This almost 

agrees with Fig. 1e and f in the sense that, on average, hcp-type clusters tend to form 
fairly planar structures. At the slowest rate ǫ̇zz = 108 s−1 , the proposed scaling seems to 
be quite consistent with observations for NiCoCr and Ni in Fig. 3c and e whereas Can-
tor alloy in Fig. 3a exhibits a slightly larger scatter in measurements likely due to micro-
structural heterogeneities.

Figure 3b, d, and f plots P(shcp) at different strain rates. We note that the cluster size 
distributions develop fairly long tails with decreasing ǫ̇zz , due to system-spanning slip 
planes, with a decay that can be best described by a power-law P(shcp) ∝ s

−τc
hcp over at 

least two decades in shcp . Here the distributions show a meaningful rate-dependence 
with the trend already observed for avalanche size distributions in Fig. 2b and d. Never-
theless, we see a slower-than-predicted decay of P(shcp) at the slowest rate 
— τc < τpred = 2 as inferred from percolation theory (Stauffer and Aharony 2018)— for 
the three metals which crossovers to the predicted (mean-field) behavior at faster defor-
mation rates.
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Having analyzed the size distributions of hcp clusters, we now turn to their crystal-
lographic orientation relationship. The latter is described based on the azimuthal angle 
θ and polar angle φ measured from the lattice coordinate frame as in Fig. 1f. The density 
plots presented in Fig. 4 correspond to orientation maps (θ ,φ) at three different strain 
rates. Within these maps, the black (solid) circles denote the {111} and {100} orientations 
corresponding to the undeformed crystals as in Fig. 1e.

Our data in Fig.  4a confirm that, statistically speaking, hcp glide planes tend to 
align with four different sets of {111} closed-packed planes in Cantor alloy. The den-
sity maps also suggest a fair amount of activation in the vicinity of the {100} family 

Fig. 3 Cluster size statistics at different strain rates ǫ̇zz associated with NiCoCrFeMn, NiCoCr, and Ni. a, c, e 
Scatter plot of cluster size shcp and associated radius of gyration rg b, d, f Cluster size distribution P(shcp) . The 
dashdotted lines denote power laws a, c, e shcp ∝ r

df
g  with df = 2 b, d, f P(shcp) ∝ s

−τc
hcp with τc = 2 . The error 

bars indicate standard errors. The data are shifted vertically for the sake of clarity
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which are mostly due to the loading-induced reorientation of the slip planes. We 
note that uniaxial tension is performed normal to the (001) plane with φ = 0◦, 180◦ . 
Our assumption is that reorientation within plastic flow will not affect statistics of 
avalanches since plasticity initiates and continues on predicted (111) slip planes. 
Due to shear-induced reorientation, however, not all the four slip planes remain 
active during uniaxial tension.

There exists a certain amount of data scatter possibly attributed to clusters being 
of very small size shcp ≪ 10 and/or numerical artifacts because of non-planar topol-
ogy of hcp clusters. An increase of the deformation rate in Fig.  4b and c tends to 
reorient hcp planes to a larger extent as illustrated by the broader and/or denser 
distributions around {100} . As for NiCoCr in Fig. 4d, a relatively insignificant reori-
entation of slip planes appears to be relevant at the slowest rate but intensifies with 
increasing rates in Fig. 4e and f. Another observation is the preferential reorienta-
tion around {110} family planes (i.e. φ = 90◦ and θ = ±45◦,±135◦ ). In the case of 
pure Ni in Fig. 4g, h, and i, the metal appears to indicate fairly consistent features 
with Cantor alloy but with a slightly weaker reorientation of slip planes.

Fig. 4 Orientation density maps (θ ,φ) associated with hcp glide planes at various deformation rates 
ǫ̇zz corresponding to a-c Cantor alloy, d-f NiCoCr, and g-i pure Ni. The (black) symbols denote different 
crystallographic planes as in Fig. 1. The red and blue colors denote high and low densities, respectively
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Correlation analysis: dislocation avalanches & microstructure

We carried out a correlation analysis between avalanche sizes S and associated changes 
in the fraction of hcp atoms ρhcp incurred over the duration of individual avalanches 
(refer to Fig. 1c and d). The latter is defined as �ρhcp =

∫ ti+Ti

ti
|∂tρhcp| dt corresponding 

to the ith avalanche at ti with duration Ti . We also obtained the (linear) correlation coef-
ficient cXY = �X̂Ŷ � between the two observables X = log10S and Y = log10ρhcp . Here X̂ 
indicates the deviation from the mean 〈X〉 , normalized by the standard deviation std(X) 
associated with each variable. The above analysis was repeated for the bcc arrangement 
with the results shown as the scatter plots of Fig. 5 at multiple ǫ̇zz.

Fig. 5 Correlations between avalanche size and associated change in crystal structures corresponding to 
NiCoCrFeMn, NiCoCr, and pure Ni. Scatter plot of avalanche size S and the creation/annihilation ratio of a, 
c, e hcp structure �ρhcp b, d, f bcc structure �ρbcc at various rates ǫ̇zz . Here cXY denotes the corresponding 
correlation coefficient between �ρhcp and �ρbcc with S. The data are shifted vertically for the sake of clarity
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Our data in Fig. 5a and b exhibit a large scatter in Cantor alloy but the observed trend 
indicates meaningful variations between the two sets of observables at the slowest driv-
ing rate ǫ̇zz = 108 s−1 . Here, (positive) correlations between S and �ρhcp (or �ρbcc ) 
imply that avalanches of large size typically correspond to considerable microstructural 
changes, most likely associated with fcc-to-hcp and fcc-to-bcc phase transformations. 
�ρhcp features a relatively stronger association with S, as demonstrated by larger correla-
tion coefficients cXY  , suggesting that plastic avalanches are presumably rooted in partial 
slips and formation of layers of hcp stacking in fcc NiCoCrFeMn. With increasing ǫ̇zz 
toward ǫ̇zz = 1010 s−1 , such correlations become less pronounced, in particular, between 
avalanche sizes S and �ρbcc . Our correlation analysis associated with NiCoCr and Ni 
as in Fig. 5c-f reveal similar correlation patterns compared with Cantor alloy. We note 
that fcc-to-hcp and fcc-to-bcc phase transformations appear to have no distinguishable 
signatures in avalanche statistics (i.e. bimodality and/or variations in power-law expo-
nents), or at least our methodology failed to distinguish between the two phenomena.

Conclusions & discussions
Our atomistic simulations have clearly indicated the close relevance of the scale-free 
nature of dislocation avalanches in HEAs. This scale-invariance has been evidenced by 
robust scaling features (under “quasi-static” drive) described by asymptotic power-law 
distributions and associated critical exponents that, in general, match empirical evalu-
ations as well as mean-field predictions. More specifically, the avalanche size exponents 
we measure are fairly compatible with mean-field estimates ( τ = 3

2 (Fisher 1998; Fried-
man et al. 2012; Antonaglia et al. 2014)) and within the experimentally reported range 
1.3− 2.0 (Chen et al. 2022b; Antonaglia et al. 2014; Rizzardi et al. 2021) in chemically 
complex alloys. Notably, NiCoCr exhibits a fairly restricted scaling regime associated 
with avalanche size distributions that is possibly attributed to strong heterogeneities and 
large atomic misfits (Esfandiarpour et al. 2022), driving this alloy away from criticality. 
One should also take the above estimates with grain of salt as various metrics have been 
utilized as avalanche size in the literature including (but not limited to) slip magnitude, 
stress drop, and emitted (acoustic) energies. The observed rate effects on statistics of 
dislocation avalanches are in line with experimentation on HEAs/MEAs that indicate 
dynamical cross-overs between different serration types at a certain range of deforma-
tion rates (see Brechtl et al. (2020) and references therein). Beyond a certain rate thresh-
old, the three deforming metals undergo a dynamical transition into a subcritical state 
characterized by non-critical exponential-like statistics of avalanches. We further spec-
ulate that the elevation/reduction of testing temperature, while maintaining the same 
quasi-static driving rate, may also lead to a transition of serration modes as reported by 
Wei et al. (2023).

To discern the role of local lattice distortions associated with the Cantor and NiCoCr 
alloys, we have additionally probed statistics of avalanches in pure Ni showing fairly con-
sistent features with the former metals in terms of the overall rate dependency. Never-
theless, we have found a relatively shallow decay of avalanche size distributions within 
the quasi-static regime exhibiting a non-mean-field behavior τ < 3

2 which was also 
reported in two-dimensional dislocation dynamics simulations (Ispánovity et al. 2014). 
This might be indicative of the relative abundance of big avalanches over small ones in 
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the pure metal possibly due to the absence of chemical/structural disorder. In certain 
alloys, this heterogeneity element may act as effective obstacles against propagating ava-
lanches and, therefore, strongly influence their statistical properties, often resulting in 
the dominance of smaller-size avalanches. We conjecture that the disorder strength and 
associated length might be relevant parameters that govern the critical exponent τ and 
its deviation from the mean-field prediction.

On the origin of the different statistical behavior observed in HEA/MEA compared to 
Ni, one might hypothesize that the former alloys would relatively favor the shear of {111} 
planes, given the known negative stacking fault energy γsf of NiCoCr and NiCoCrFeMn 
at 0 K (Zhao et al. 2017; Baruffi et al. 2023). We argue that, theoretically speaking, γsf 
should not control the decay behavior associated with avalanche size statistics (i.e. τ ) 
which, instead, only depends on the two independent exponents df  and τc . The observed 
discrepancy in size distributions cannot be solely ascribed to variations in the fault ener-
gies but appears to originate from lattice distortions and solute hardening effects as rel-
evant mechanisms that tend to curtail slip events. This hypothesis could be potentially 
tested in future numerical and/or experimental studies.

Our microstructural analyses have demonstrated nontrivial scaling features associ-
ated with the dynamics and topology of slip planes that could be better understood in 
the context of percolation transition. In this framework, we find robust power-law dis-
tributed cluster sizes with scaling exponent τc ≃ 1.0 at a rate-independent regime that 
is shallower than the mean-field prediction τmf

c = 2 (Stauffer and Aharony 2018) in 
the studied metals but cross-overs to the latter exponent at intermediate rates beyond 
which the cluster size distribution enters a subcritical regime, analogous to avalanche 
size distributions. We note that Ni features a non-mean-field scaling for both avalanche 
size S and cluster size shcp distributions in the rate-independent regime. As for Cantor 
alloy (and to some degree NiCoCr alloy), the former distribution indicates an asymp-
totic mean-field behavior. This is rather counter-intuitive as one would naively expect 
the two observables to intercorrelate strongly. Our speculation is that, due to underlying 
disorder in the HEA (and/or MEA), plastic avalanches may primarily occur as a result 
of the accumulation of broadly-distributed yet randomly-triggered individual slips. By 
contrast, the observed trends associated with pure Ni might be indicative of spatial and/
or temporal correlations between the latter. Our correlation analysis may establish a 
direct mapping between avalanches of certain size and incurred slip patterns within a 
rate-independent regime. Such a close correspondence between the two variables is not 
maintained at finite deformation rates which could be taken as another indication that 
high strain rates and/or stresses tend to drive these systems away from criticality.

On a separate note, our simulations do not capture surface effects as well as pre-
existing defect structures as realistic phenomena in experimental scenarios. This latter 
feature can be understood within the broader framework of processing-microstructure-
property relationships in complex alloys. In a recent micro-compression study con-
ducted by Ugi et al. (2023), the emergence of dislocation loops in irradiated Zn resulted 
in an initial hardening response, accompanied by the suppression of plastic bursts. 
Notable surface effects, predominant in small-scale experiments, were systematically 
observed, primarily attributed to limitations on deformation sources and heightened 
annihilation mechanisms (see Introduction section and associated references). With that 
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said, our simple numerical setup is still able to capture certain (if not all) empirical fea-
tures of serrated plastic flow (i.e. scale-free statistics) but within limits. In fact, a one-to-
one comparison between the simulated stress release mechanisms and laboratory-based 
observations requires implementing further details (i.e. free surface and pre-existing 
defects) to ensure the accuracy and validity of the conclusions drawn.

Our findings on the strong coupling between temporal and spatial evolution of dis-
location avalanches may contribute to ongoing efforts within the material science and 
physics communities that aim to infer underlying morphology and microstructural 
changes by solely probing the mechanical signals. Recently, the state-of-the-art machine 
learning models have emerged as robust computational tools to classify/reconstruct 
the bulk micro-structure based on feature extraction of surface measurements (e.g. fre-
quency content, magnitudes, signal duration, and energy scales). Combined with in-situ 
imaging techniques, such surrogate models and their predictions can provide a valuable 
insight into the microstructural origins of plasticity in a timely, efficient, and accurate 
manner.
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