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Here we trace in-situ, the slip-line formation and morphological signature of 

dislocation avalanches with the aim of revealing their microstructural degree of 

localization. Correlating the intermittent microplastic events with their 

corresponding slip-line patterns allows defining two main event types, one of 

which is linked to the formation of new slip lines, whereas the other one 

involves reactivation of already existing slip lines. The formation of new slip 

lines reveals statistically larger and faster avalanches. The opposite tendency is 

seen for avalanches involving reactivation of already existing slip lines. The 

combination of both these types of events represents the highest degree of 

spatial avalanche delocalization that spans the entire sample, forming a group 

of events that determine the truncation length-scale of the truncated power-law 

scaling. These observations link the statistics of dislocation avalanches to a 

microstructural observable. 

 

I. Introduction 

 

Fluctuations in plasticity have for a long time been a topic mainly dedicated to material systems 

that exhibit directly observable stress-strain discontinuities during deformation. This includes the 

well-known cases of dynamic strain-aging (DSA) in, for example AlMg-alloys [1] and mild-steels 

[2], or inhomogeneous deformation of metallic glasses (MGs) [3]. In these classes of materials, 

the underlying physics that governs the unstable plastic response are markedly different, involving 

a dynamic interaction between solutes and dislocations in DSA, whereas a competition between 

athermally-imparted shear-disordering and thermally-activated relaxation governs the serrated 
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flow behavior of MGs [4]. These mechanistic origins are a deviation from the norm of generally 

observed smooth plastic flow in bulk materials and are not only of fundamental academic interest. 

In fact, the associated strain localization can constitute severe challenges in metal forming and 

may cause significant mechanical property degradation. In the here considered and more unusual 

case of pure crystalline metals, only a few unique experimental observations have been reported 

that indicate the existence of a more general spatiotemporal intermittent stress-strain behavior [5]. 

 

 Indeed, based on the seminal work by Orowan and others, our typical approach to describe 

crystal plasticity involves phenomenological functions that capture a continuous flow response 

and that rely on average quantities such as a mean dislocation or obstacle spacing, a mean grain 

size, or a mean obstacle strength. Such homogenization schemes are fundamentally based on some 

kind of Gaussian-like statistics with well-defined mean values and stand in stark contrast to a few 

selected bulk deformation studies that report scale-free deformation [6-8]. The signature of scale-

free and thus non-Gaussian dislocation activity has been revealed with acoustic-emission sensing 

on bulk hcp crystals [9, 10], and a plethora of recent small-scale deformation experiments across 

numerous material systems [11-20]. One of the dominant findings was that a lot of experimental 

data showed agreement with analytical statistical-physics frameworks, notably a pinning-

depinning model for avalanches near the depinning transition [21]. In such an approach, one relies 

on long-range elastic coupling, a static pinning field, and a locally varying critical stress. Once this 

stress is reached, elastic coupling allows for avalanche phenomena, which here is considered to be 

a collective dislocation event. The model’s ability to capture the probability, P, of plastic event 

sizes, S, with a power law (PL) or truncated power law (TPL), where a similar numerical value of 

the exponent 𝛼 was found for a large number of materials, motivated the idea of a scale-free and 

universal property of plasticity [22].  

 

 Since dislocation-based plasticity involves the continuous evolution of a three-dimensional 

dislocation network, where the pinning points consequently change both in terms of number, 

spacing, and strength, a jamming-unjamming transition was proposed instead of a depinning 

transition in a static pinning field [23, 24]. Based on this view, the statistical signature of 

intermittent collective dislocation activity also follows a power-law distribution, but now the size-

scaling exponent does exhibit a range of non-trivial values. The prevalence of non-trivial scaling 
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exponents has also been reported experimentally [24], and given the various parameters (lattice 

type, crystal orientation, drive rate, strain-hardening rate) that seemingly affect the numerical value 

of 𝛼, care has to be taken when confirming models via experimental results. Specifically, before 

determining 𝛼 from a given intermittent microplastic deformation curve, the critical drive rate 

below which 𝛼 becomes independent of rate needs to be determined [25]. This can be in the sub 

nm/s regime, which is much lower than typically considered. Despite the increasing complexity 

regarding the scaling behavior of plastic fluctuations, this recent development points towards non-

universal intermittent microplasticity [13, 24, 26-28], which would be in good agreement with the 

classical material physics approach that relies on microstructural-specific processes and scales. 

 

 The aforementioned results were based on stress-strain (or force-displacement) measurements 

of deforming crystals, where the majority of the experimental work originated from small-scale 

plasticity. This means that statistical data sets are produced from a series of deformation curves 

and there is no further microstructural information available. In response to this shortcoming, we 

have earlier proposed to consider a dislocation avalanche as a microstructural dynamical object 

[5], which entails some degree of microstructural signature that we now consider. Specifically, we 

aim here at establishing a direct connection between a given event size, its probability of occurring, 

and its degree of spatial localization. Indeed, so far the literature has only considered post-mortem 

slip line patterns, which means that it remains unknown if any given event size is related to slip 

confined to one slip plane, or if the activation of numerous separated slip planes occurred during 

the avalanche. Similarly, when examining the spatiotemporal velocity profiles of the dislocation 

avalanche size statistics [11, 26, 29], the simultaneous occurrence of spatially separated slip would 

lead to faster velocities, implying nothing else than the scaling between event size and velocity is 

solely due to avalanche delocalization. Whilst the degree of spatial localization related to a given 

event-size remains unknown, fundamental work on the emerging slip-step morphologies after 

deformation has been done [30, 31]. Here self-affine slip-step statistics has been reported for 

plastically deformed crystals over a large strain regime [32]. Using atomic-force microscopy, 

power-law scaling of surface step heights was found for both single crystals [33] and polycrystals 

[34] with no strong dependence on plastic strain. As such, scale-free signatures of plasticity and 

therefore underlying stochastic processes that have long-range spatial correlations, are revealed 
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with a variety of experimental methods (acoustic emission, stress-strain curves, and measurement 

of surface steps). 

 

 In order to deepen our understanding of the spatial localization of collective dislocation events, 

that is dislocation avalanches, we will here pursue in-situ electron microscopy experiments with 

the aim of establishing a 1:1 relationship between a given event and its slip-line morphology. This 

approach is motivated by our desire to understand if certain parts of the event-size distribution are 

statistically favoring a particular slip morphology and therefore spatial localization. In the view of 

our earlier results demonstrating non-trivial and non-universal scaling exponents [11-13, 24, 26, 

32], it furthermore became of interest what statistical scaling particular types of slip morphologies, 

if they are definable, may have. These considerations emerged out of our observation that post-

mortem visualized slip patterns across different types of single crystals can be dramatically 

different while exhibiting statistical scaling that was practically identical.  
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Figure 1: a) Exemplarily stress-strain curves obtained from the in-situ compression experiments on the HEA 

microcrystals. Each sudden displacement jump corresponds to one resolvable dislocation avalanche that may range 

between a few tenths of nm to more than a µm. b) Image capture process during the experiment. At the start of each 

experiment, an initial picture is taken; following each recorded mechanical event, the experiment is stopped and a new 

picture is taken. This picture represents the “after” image associated with that event, as well as the “before” image for 

the next, future event. Inset: detail of force-depth curve showing a few of small precursor events that could not always 

be caught during in-situ experimentation. 
 

 The present work details uniaxial microcrystal compression experiments on a single crystalline 

high-entropy alloy (HEA) that are conducted inside a scanning electron microscope (SEM). The 

particular choice of an HEA was based on the high probability of sufficiently large slip events [12] 

such that slip lines could be resolved inside the SEM. Pausing the quasi-static straining after each 

detected slip event, images were acquired that subsequently could be analyzed with respect to their 

differences. This methodology allowed identifying two main groups of slip morphology, involving 

either a reactivation of already activated slip planes, or the formation of new slip lines. Dislocation 

avalanches proceeding on already activated slip planes are more frequently observed than the 

activation of new slip planes. These two groups of avalanches contribute differently to the 

avalanche-size distribution and therefore overall scaling exponent, where events on newly 

activated slip lines lower the exponent, and events of reactivation type contribute to an increase of 

the exponent. It is further observed that a specific slip morphology involving the simultaneous 

activation of multiple slip planes exclusively contribute to the extreme-value tail of the slip-size 

distribution and therefore the truncation length-scale of the distribution. As such, a high degree of 

spatial avalanche delocalization that essentially occurs through the entire sample volume defines 

the largest events that statistically also are the fastest. 

 

II. Experimental Methods 

 

 We conducted uniaxial compression tests on a single crystalline Al0.3CoCrFeNi HEA. This 

alloy system is a solid solution single phase face-centered crystal [35] and was prepared in the 

form of 2 µm diameter microcrystals with an aspect ratio of nominally 3 and a loading axis along 

the ⟨124⟩-axis (single slip orientation with a Schmid factor of 0.486). This orientation favors glide 

on the (1(11)⟨101⟩ slip system. More than forty microcrystals were prepared via annual focused 
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ion-beam milling using a FEI Helios 600i DualBeam station. The same dual beam station was used 

for in-situ micro-compression experiments by integrating a Bruker-Hysitron Picoindenter PI85. 

Straining was done in displacement control (i.e. strain-controlled for a given total length), at a 

displacement rate of 6 nm.s-1 (i.e. a strain rate of 10-3 s-1), for a total displacement of 150 nm (i.e. 

a total plastic strain of 0.025, see also Fig. 1a) per loading. Subsequently, the sample was unloaded 

and reloaded until another plastic strain increment of 0.025 was reached. It is noted that this 

displacement rate is well below the critical rate in order to not affect the slip-size statistics [32]. 

Following this load-unloading procedure, every microcrystal was deformed to a total strain of ca. 

0.25, which amounts to ca. 1500 nm in displacement. SEM imaging of the slip-line morphology 

was done before and after slip events, whenever it was possible to pause the test without the 

occurrence of another slip event. During imaging, the samples were kept under the quasi-static 

load that was applied just prior to halting the experiment. In order to properly image the slip-line 

morphology, the magnification was changed but no sample stage movement occurred. The aim 

was thus to record the slip-line morphologies of the entire sample before and after an event (Fig. 

1b). Whenever slip proceeded in a rapid succession of events, it became impossible to pause the 

experiment and to image the slip-line morphology between each individual event, because the 

data-plotting frequency of the real-time monitor during testing is limited to 60 Hz. 

 

 The recorded mechanical data (force-displacement) was analyzed in order to extract the 

magnitude of axial displacement bursts (event or “avalanche size”). Since each event is the 

manifestation of a finite number of Burgers vectors that are deposited onto the crystal surface, a 

simple geometrical factor based on Schmid’s law determines the shear slip-size magnitude, 𝑑!, 

from the axial event size. For a measured axial displacement 𝑑" and an angle 𝜃 between the normal 

of the slip plane and the axially applied stress, the shear displacement 𝑑! = 𝑑" cot 𝜃. Here, 𝜃 ≈

51° and so 𝑑! = 0.81 × 𝑑". However, for the purpose of our statistical analysis this geometrical 

factor is irrelevant, and we will adhere to the axial displacement values as event sizes. We use the 

same semi-automated routine as in Refs. [11, 26] to detect displacement jumps. FIR filtering was 

used to reduce the noise of the data. The obtained event sizes are subsequently analyzed 

statistically using the maximum likelihood estimation (MLE) approach [36] and the powerlaw 

Python package [37], with the goal to determine the distribution function that best describes the 

experimental data.  
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III. Results & Discussion 

 

 Figure 1a displays a set of stress-strain curves recorded during in-situ SEM testing. Each of 

these curves corresponds to one loading sequence, and together they show the variability in both 

microplastic yielding and plastic strain increments. Each increment in plastic strain can be 

associated with a collective dislocation event, which via dislocation dynamics simulations have 

been ascribed to active spiral arm sources as the dominant underlying mechanism [38-40]. One 

avalanche is thus the rapid activity of one or several sources of which the net displacement is 

recorded as an axial displacement magnitude.  

 

Figure 1b displays a force-displacement curve resulting from one loading experiment, 

highlighting the moments at which SEM-images were captured during loading. Between image 1 

and 2, we detect the formation of a new slip line, and a second new slip line forms between image 

2 and 3. Although each slip line can trivially be associated with the corresponding large events 

recorded during compression, a series of smaller events happening in rapid succession may also 

be detected and must be accounted for. These events may precede or succeed larger events and 

their classification is addressed at a later stage in this article. 

 

Derived from all available deformation data, 817 events were extracted with magnitudes ranging 

between the experimental displacement resolution limit of ca. 0.2 nm and 2551 nm as the largest 

detected event magnitude. Out of the 817 events, a total of 516 (~63%) could unambiguously be 

linked to a pair of pre- and post-event images. Subsequently, all recorded image pairs were 

evaluated with respect of the degree of event localization. This means, the events were categorized 

according to if new slip lines were formed, if slip on an already existing slip trace was reactivated, 

or mixtures of these possibilities. Based on our experimental observation, the data was divided 

into six different categories:  

 

• #0: no image pair was captured 

• #1: no resolvable change of the slip morphology could be resolved based on the image pair 

• #2: exactly one new slip line was identified 

• #3: more than one new slip line was identified 
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• #4: one existing slip line was found to be reactivated 

• #5: more than one existing slip line was found to be reactivated 

• #6: a combination of at least two traces as per the categories 2-5 

• #7: poor image quality or other experimental limitations prevented clear conclusion on the 

event category, but a mechanical event was captured nonetheless 

 

Figure 2 displays an example for categories #1-#6, omitting #7 since it collects image data with 

insufficient quality for an unambiguous analysis. We underline that this classification is entirely 

based on the obtained data set for the particular alloy and the experimental resolution. However, 

to ensure that the classification of slip-morphology images is not biased by the individual who 

conducts the analysis, we have randomly selected subsets of images that were classified according 

to categories #1-#6 by a different person. No relevant difference in the category assignment of 

images could be identified. The overall data shows further that no resolvable changes in the slip-

line morphology occurred during other stress-strain segments than the events themselves. 
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Figure 2: Categories #1-#6 of slip morphology observed during in-situ experimentation. For each category, subpanel 

a) refers to an image taken before the event was recorded, and subpanel b) show the image taken immediately after 

the event. 
 

Prior to addressing the here pursued statistical analysis of the slip-line morphology, it is 

worthwhile to note that the recorded image data does not reveal any indication for a slip-

morphology that differs from what is seen in the case of pure fcc single crystals. That means, even 

though HEAs may exhibit enhanced cross-slip and therefore can show signatures of wavy slip in 
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transmission electron microscopy and simulations [41, 42], the SEM based observations do not 

provide hints of this. This agrees with our earlier work, where the time-resolved velocity profiles 

of the avalanches were discussed in detail [12]. Indeed, it was found that slip proceeds statistically 

with the same peak velocity in both pure Au and the same HEA as studied here, irrespective of 

slip magnitude. At the coarse-grained level of our experiment, any potential pronounced cross-slip 

activity and therefore way slip in the HEA relative to a pure fcc crystal does thus not manifest 

itself in the studied avalanche dynamics or the slip-line morphology. Given the rather short-range 

phenomenon of cross-slip, its absence in the here recorded data of a long-range coupling effect 

appears reasonable. 

 

Following the above defined classification scheme, a statistical analysis of the data set was done. 

Instead of using a probability density function (PDF, 𝑃(𝑆)), we focus on the complementary 

cumulative distribution function (CCDF, 𝐶(𝑆)): 

 

𝐶(𝑆) = 𝑃(𝑆 ≥ 𝑠) = 𝐷 ∫ 𝑃(𝑆)𝑑𝑆#
! ,   (1) 

 

which denotes the probability for a recorded event size 𝑆 to be of a magnitude larger than or 

equal to a given size, and where 𝐷 is some prefactor. The CCDF has the advantage of being defined 

for any event size and does not require any data binning, unlike the construction of the PDF. We 

consider that 𝑃(𝑆) ∝ 𝑆$%𝑒$&', where 𝛼 is the scaling exponent, and 𝑒$&' denotes some cut-off 

function that is dictated by a non-universal numerical value 𝛿. This value may represent a finite-

size truncation of the power-law or is originating from microstructural length scales that impose 

correlation-length limitations for the underlying collective dislocation event. Consequently,  

 

𝐶(𝑆) ∝ 𝑆$(𝑒$)',     (2) 

 

where 𝜏 = 𝛼 − 1, and 𝜆 is yet another non-universal parameter determining the cut-off of the 

truncated power law.  

 

Using the MLE method [36] and the powerlaw Python package [37], we evaluate first the 

complete data set shown in Figure 3 with respect to the statistically most suitable distribution via 
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fitting 𝑃(𝑆). When considering a Weibull distribution, an exponential distribution, and a truncated 

power law, the latter is found to be the best functional form to capture the full data set, which is 

expected for this kind of data where long-range correlated dislocation activity in a finite-sized and 

plastically flowing crystal is probed. Table 1 lists the parameters 𝛼 and 𝛿 for the full data set, and 

the MLE parameters indicating the suitability of this functional form. These are 𝑅 (the log 

likelihood ratio) and p (significance value). In agreement with Refs. [36, 43], we consider fitting 

results with 𝑝 < 0.05 as statistically significant. In a comparison between two distributions 𝐴 and 

𝐵, the first is preferred if 𝑅 is positive. Table 1 shows that these criteria for both 𝑅 and 𝑝 are 

fulfilled for a TPL in all cases. The scaling exponent 𝛼 of the TPL for the entire stress-integrated 

avalanche-size distribution (Figure 3), is found to be 1.51, which is smaller than predicted by 

mean-field approaches, but agrees reasonably very well with the findings in Ref. [12] (𝛼 = 1.27) 

that were based on a total of 162 data points and that also had a slightly higher x_min value, which 

sets the lower fitting bound of 𝑆. While the concept of “margin of error” doesn’t apply to estimated 

values obtained through MLE, we can use the Cramér-Rao bound which gives the lower bound of 

the variance of an unbiased estimator (in our case 𝛼). This lower bound is defined by the 

relationship 𝑒*(𝛼) = +
,(%)

, where 𝐼(𝛼) is the Fisher information of the PDF with the value of 𝛼 =

1.51 found above. The Fisher information for a (truncated) power-law is simply given by 𝐼(𝛼) =
+

(%$+)!
. This gives us a variance 𝑒%* = 0.2601, which shows that the previously found 𝛼 of 1.27 

falls within the variance/uncertainty of the here obtained scaling exponent.  
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Figure 3: CCDF of all measured intermittent events and its truncated-power-law fit. In addition a much smaller data 

set from Ref. [12] is shown for comparison. Despite the different experimental setup and conditions, the exponent and 

general form obtained when fitting both datasets is very much comparable. 
 

 This work Ref. [12] 

𝛼 for TPL fit 1.510	 1.268	

𝛿 for TPL fit 2.68 × 10!" 0.0019 

𝐷#$ for TPL fit 0.0290 0.0455 

𝛼 for PL fit 1.551 1.479 

𝑅, 𝑝 for TPL vs PL 3.12; 0.0042 3.21; 1.89 × 10!% 

𝑅, 𝑝 for TPL vs Exp. 11.51; 1.12 × 10!&' - 

𝑅, 𝑝 for TPL vs Weib. 2.64; 8.26 × 10!& - 

Table 1: Fit parameters for the two data sets shown in Figure 3. 
 

Before discussing the occurrence of events of specific categories, it is important to realize that 

the real-time monitoring during testing is displayed in a window with a reduced data-sampling rate 

at ~60 Hz in comparison to the 8000 Hz used to sample and store the data. Because of this 

discrepancy, it is possible that no event could be seen in the real-time monitoring of the 

displacement-time data, but that the stored and subsequently analyzed data actually reveals that an 

avalanche has taken place. Furthermore, events can be very closely spaced in time, such that it is 

experimentally impossible to respond with halting the deformation experiment before a new event 

has occurred. These experimental complications lead to the choice of classifying each of these 

closely spaced events under the same category. An example of closely spaced events is seen in 

Figure 1b, where some small events are highlighted prior to the first large displacement jump 

between image 1 and image 2. All the events recorded between both images, such as the large 

event and the smaller precursor events, are classified as #2, based on the change in morphology 

observed between both images. Consequently, the magnitude of the large slip event between image 

1 and image 2 does include the smaller events’ displacement contribution. A similar situation may 

arise with small additional avalanches occurring immediately after a larger event. In the case of 

categories #2 and #4, the choice made to bundle these events in the same category is appropriate, 

since the corresponding image data indeed determined the classification as #2 or #4. The choice is 

less certain when considering categories #3, #5 or #6, where several contributions to the slip line 

morphology are observed, but experimental limitations do not allow us in such cases to correlate 

one particular event with a single contribution. In other words, what is categorized as a series of 

#3 events could in reality be closely spaced #2 events that could not be resolved individually. 
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However, since most #3, #5 and #6 type events are clearly linked to one force-displacement 

increment, following the same categorization logic used for #2 and #4 is deemed a sensible 

approach. We note that the fraction of such uncertain events amounts to ca. 8% for #3, 22% for 

#5, and 18% for #6. Despite these experimental uncertainties, we will now consider the spread and 

statistical distribution of each of the empirically defined slip categories #0-#6.  

 

Figure 4 highlights the individual data point contribution to the total CCDF, where the largest 

10% of the data for each category is highlighted in green. Events not being classified, #0, are 

clearly favoring smaller avalanches sizes, of which 90% fall below 3.2 nm (Figure 4a). Events 

smaller than ca. 0.2 nm can be disregarded as they are at the limit of the practical displacement 

resolution. All #0 events are defined as the isolated events that were not immediately resolvable 

during in-situ testing but were later detected during data processing after the actual experiment. 

 

A somewhat similar range of event sizes is covered by category #1 shown in Figure 4b, but the 

total number of image pairs that do not reveal any resolvable change in slip morphology is much 

smaller (ca. 50 slip events) than the number of events in #0. This category of events simply 

includes slip events detected during in-situ testing, but for which the recorded image pair did not 

reveal any resolvable difference. This can, for example, occur if the slip event localized outsize of 

the SEM image bounds, which includes the base of the sample the view upon which is partly 

blocked by the surrounding bulk material under the tilted imaging conditions. It is also possible 

that very small increments of already existing slip lines occurred, but in cases of an already 

complex slip line morphology, these may not be resolvable unambiguously. 

 

86 slip avalanches could be ascribed to the formation of exactly one new slip line (#2, Figure 

4c). These events shift markedly to larger sizes, but also overlap in the 1-10 nm regime with #0 

and #1. This confirms that the inability of not being able to associate a change in the slip-line 

morphology with an image pair in category #1 is not due to a limit in experimental slip-line 

morphology (image) resolution. Indeed, Fig. 4i shows a newly formed slip line that caused an axial 

displacement jump of ~3 nm. As can be seen in the image, such small surface steps and their 

changes can thus be reliably captured and traced along the entire deformation curve. 
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Instead of one new slip line forming during a displacement jump, multiple new slip lines could 

emerge. These events are classified in category #3 and shown in Figure 4d. They represent the 

smallest fraction of all categories (4.9%). The 40 slip events cover the same size range as category 

#2, spanning from approximately 1-1000 nm. Category #4 (reactivation of an already existing slip 

line, 191 events) is the largest category (most common type of events) and spans up to approx. 100 

nm, with 90% of the data falling below 10 nm. Thus, the activation of one new slip plane is 

approximately half as probable as the reactivation of one slip plane, and reactivation yields smaller 

event sizes if considering the largest 90% of the data. This suggests that newly created slip lines 

with so far inactive dislocation sources (#2) seem to be able to produce a larger number of Burgers 

vectors that are deposited onto the surface. Based on earlier DD results showing a dominance of 

single armed dislocation sources [38-40], this translates into a large number of revolutions prior to 

arrest when the local stress has reduced below the required level. The high probability of 

reactivating exactly one new slip plane (#4) also indicates that there is no depletion of available 

sources on already active slip planes. 
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Figure 4: a-h) Distributions of size range for each event category, with the percentage of the total data set (n = 817) 

indicated. Data points highlighted in green are the largest 10% of the event sizes recorded in each category. i) Example 

of an SEM image with a single new slip line (indicated by white arrow) linked to a 3 nm large displacement jump. 

The other visible slip lines in i) were linked to previous events. 

 

Category #5 (reactivation of several slip lines, 73 events) populates a similar size range of up to 

100 nm as #4. The reactivation of already active slip planes or sources does therefore not seem to 

affect the number of deposited Burgers vectors. Comparing #2 and #3, as well as #4 and #5 shows 

that localization of dislocation activity onto one slip plane instead of multiple is about twice as 

probable in both cases. This can be understood on the basis of an internal critical stress distribution 

for the activation of present dislocation sources, meaning that it is less likely that two closely 

valued critical stresses populate the low-end tail of this distribution. This does of course not 

consider the possibility of slip activation on another plane while slip already proceeds, which is 

beyond the experimental resolution.  
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Type of event 𝜏	 𝜆 K-S dist. R p-value 𝑥min 

#0 – No image 0.610 0.181 0.056 2.31 0.021	 0.554	

#1 – No visible change 0.593 0.0224 0.087 1.39	 0.165	 0.498	

#2 – One slip line 0.312 2.56 × 10!& 0.061 1.52	 0.128	 0.843	

#3 – Several slip lines 0.320 1.27 × 10!& 0.091 1.03	 0.303	 5.26	

#4 – One reactivation 0.539 5.12 × 10!& 0.053 2.31	 0.021	 0.845	

#5 – Several reactivations 0.756 9.83 × 10!& 0.078 1.18	 0.239	 5.15	

#6 – Combination 0.091 3.51 × 10!" 0.102 3.76	 1.7 × 10!"	 0.276	

All Events 0.510 2.70 × 10!" 0.029 2.64	 8.3 × 10!&	 0.588	

Table 2: Truncated-power-law parameters for each subcategory, as well as the original distribution. The R and p values 

are the result of the comparison between the MLE TPL and Weibull fits. The generally high values of p indicate a 

statistical ambiguity between both considered functional forms. 

 

Category #6 (complex traces) is overrepresented in the larger size range; indeed, most events 

ranging between 100 and 2551 nm in size belong to this category, as shown in Figure 4g. A detailed 

comparison of the values in Table 2 and the data in Figure 4g show us that the tail of the overall 

distribution is almost exclusively comprised of #6 events. This is particularly interesting given the 

limited insight we have about the underlying causes for the truncation of the power-law behavior. 

It has been suggested that the truncation length-scale is a result of limiting internal (length scales 

of dislocation structures or other microstructural features) and external length scales (finite sample 

size) [17]. However, previous experiments have shown that the introduction of dense dislocation 

patterns and cell structures within the sample had little to no effect on the observed cut-off 

magnitude, suggesting that avalanche truncation length-scale was not necessarily bound by the 

intrinsic length scales of the sample [5, 24]. Here, we observe that the truncation is linked to 

avalanches that extend throughout the entire sample, which drives the idea that the truncation is 

not primarily set by the smallest physical sample dimension either. Instead, this points towards a 

dominant role of the internal distribution of critical stresses to simultaneously activate the network 

or dislocation sources (multiple slip) rather than a length scale.  

 

Based on Figure 4, the majority of the smallest events (#0 and #1, maximum 10 nm large) can 

either not be captured or are not resolvable. The formation of new slip lines and reactivation of 

existing slip lines are of similar size and correspond to ca. 80% of the events between 10 and 100 

nm, whereas only category #6 noticeably contributes to the exponential tail of the distribution. 

These largest events are all of such complex slip morphology that they cannot be further 
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distinguished and many simultaneously acting and spatially distributed dislocation sources are 

required in order to slip more than approximately 100 nm. The largest event magnitudes are 

exclusively obtained by the largest degree of avalanche delocalization. Finally, the #7 category, 

corresponding to erroneous image data, ranges roughly up to 100 nm, and will not be considered 

further in the remainder of this article. 
 

 
Figure 5: CCDFs of subcategories #2-#6, using the fitting results listed in Table 2. Each fit is only defined for the 

relevant size range of its category. Categories #2, #3 and #6 involving newly activated slip planes distribute shallower 

than the subsets that only involve reactivation of existing slip lines. 
 

As a next step, we consider the distributions for each category separately, in an attempt to better 

understand the contribution of each category to the overall event-size distribution. To this end, we 

isolate the categories defined on the basis of the image data and treat each set separately by again 

considering MLE fitting. A TPL and the Weibull distribution, defined as follows: 

 

𝑃(𝑆) = 𝜂𝜆/𝑆/$+𝑒($0')"𝑓𝑜𝑟	𝑆 ≥ 0,  (3) 

 

which gives us the corresponding CCDF as 

 

𝐶(𝑆) = 𝑒($0')" 	𝑓𝑜𝑟	𝑆 ≥ 0.    (4) 
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describe the data best, where the Weibull distribution is described by its shape parameter 𝑘 and 

its scale parameter 𝜂. The parameters resulting from the MLE analysis for each category, as well 

as the original distribution, are summarized in Table 2. The table also includes the Kolmogorov-

Smirnov (K-S) distance, which is the preferred goodness-of-fit test in the context of MLE fitting: 

it compares the empirically measured distribution function with the reference distribution 

determined by MLE, and outputs the maximum distance between both distributions. An 

expectation is that the subcategories cannot be of TPL type, since a sum of PLs does not yield a 

PL and given the high p-values in Table 2, it was not possible to conclude which of the two 

distribution functions best describes the data. 

 

However, this approach reinforces the conclusions that can be made from Figure 4, namely that 

a subset of the overall distribution has its specific size range. When graphing the data of Table 2 

in Figure 5, it can be seen that two overall sets emerge. Indeed, all slip categories involving 

dislocation avalanches that contain reactivation of already active slip planes decay faster and 

strongly contribute to the smaller avalanche magnitudes, whereas avalanches that also proceed on 

newly formed slip plane have a shallower decay and larger magnitudes.  

 

 
Figure 6: Histogram of log value of recorded peak velocities, summarized in two datasets for events corresponding to 

new slip lines or the reactivation of an existing slip line, respectively. While both datasets show a peak in the range 

log$𝑣#$%&& ≈ 1.8 − 2.6	 → 𝑣#$%& ≈ 60 − 400	𝑛𝑚. 𝑠'(, the peak velocities involving the formation of new slip lines 

clearly populated higher velocities. 
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In addition to focusing on the even sizes (statics), it is further possible to resolve the time-

dependent velocity profile of the occurring dislocation avalanches. This has been demonstrated in 

a series of earlier efforts that either reveal good agreement with mean-field models [21], or reveal 

clear microstructural dependencies of both peak velocity, velocity relaxation, and scaling behavior 

[11, 26, 44]. Since the velocity-size scaling of the here acquired data has a numerically identical 

scaling exponent, as reported in Ref. [12], we will limit ourselves to the comparison between the 

categories that involve new slip line formation (#2, #3 and #6) and those that only involve 

reactivation (#4 and #5). In a simple histogram representation shown in Figure 6, it can be seen 

that the peak velocity of avalanches involving new slip-line formation is distinctly populating the 

higher velocity tail of the distribution. Indeed, events that involve the formation of new slip lines 

are able to reach peak velocities that are up to one order of magnitude higher than when 

reactivation of already activated slip planes occurs.  

 

 
Figure 7: Dept-time and velocity-time trace for a) an avalanche leading to a new slip line, and b) and avalanche 

involving the reactivation of an already existing slip line. Events leading to a new slip show sharp velocity profiles, 

whereas events involving the reactivation of slip lines have an in-time extended fluctuating velocity trace. 
 

This difference in avalanche velocities can be reconciled through a detailed examination of the 

displacement-time traces. Overall, it becomes clear that the events belonging to the new slip line 
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type exhibit sharp and distinct velocity profiles that are composed of one short acceleration-

deceleration cycle, whereas the events of reactivation type often display more irregular and in-

time dragged out velocity profiles with several acceleration-deceleration cycles. Figure 7 displays 

two such cases, where in Figure 7a the fast and sharp events of two newly formed slip lines is 

shown, and Figure 7b depicts the reactivation type that proceeds slowly and reaches a lower peak 

velocity. This suggests that the reactivation event type is composed of a sequence of sub-events 

that are not individually resolvable in the experiments but are sufficiently separated in time such 

that the displacement accumulation occurs over a longer time and at slower velocity. This 

observation sheds some light onto the earlier made but not understood finding of different event 

types [45]. We finally note that this feature of more irregular and in-time extended velocity profiles 

of the reaction type is not a sharp discriminator, but a clear tendency is seen in the data. As such, 

the higher peak velocity range in Figure 6 can be understood, but it should be clear that these 

findings are related to statistical trends. In numbers, this means that ca. 50% of all events forming 

new slip lines are composed of one (~35%) or two (~15%) resolvable sub-peaks, whereas 50% of 

the events of reactivation type are distributed over 1-5 sub-events, with only 10% featuring one 

isolated velocity profile.  

 

IV. Conclusion 

 

In summary, we have traced the morphological signature of microplastic slip in a prototypical 

high-entropy alloy during deformation, where the overall data set of slip-size increments follows 

truncated power-law scaling with a non-trivial scaling exponent. Scale-free scaling itself is 

remarkable, as it together with previously reported scale-free behavior for pure fcc and bcc crystals 

demonstrates that the presumably spatially-complex dislocation mobility law of the high-entorpy 

alloy does not seem to alter the universally observed scale-free scaling that emerges due to long-

range physics. Our results allow us linking a given event size of a dislocation avalanche with the 

resulting slip-line pattern, that is the degree of spatial avalanche localization on the surface of the 

deforming sample. Based on the morphological observations, categories of slip-line patterns were 

defined, of which the analyzable categories either represent dislocation avalanches that occur on 

already activated slip planes, or new slip lines are formed. Both reactivation and the formation of 

new slip lines onto exactly one slip line is approximately twice as likely as mechanisms occurring 
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in a more delocalized manner on several slip lines. A high degree of delocalized avalanching 

involving numerous slip lines is always a mixture of reactivation and the formation of new slip 

lines. These delocalized events stand out as they essentially represent the exponential tail of the 

truncated power-law scaling and therefore set the truncation length-scale of the distribution. A 

more detailed analysis of the experimentally defined sub-categories of slip-line morphology shows 

that avalanches involving new slip-line formation are statistically larger in size and therefore tend 

to contribute to a reduction in the scaling exponent. The opposite is seen for avalanches involving 

only reactivation of slip lines. Furthermore, a statistical tendency of faster avalanches is seen when 

involving new slip line formation in comparison to pure reactivation. The corresponding time-

resolved velocity profiles show that faster events of newly activated slip planes tend to be singular 

and sharp, whereas the slow events of pure reactivation type are found to be extended in time and 

with resolvable time-dependent velocity oscillations. 

 

These observations shed light onto how different morphological and spatial signatures of 

dislocation avalanches contribute to the overall scaling behavior of the event sizes in intermittent 

microplasticity. A spectrum of classifiable microstructural signatures is observed that underlie the 

observed scale-free behavior. Whilst the physics perspective often focuses on the overall scaling 

exponent and the possible universality class (or classes), the here established link between the 

statistics and slip morphologies motivates the more materials science approach of focusing on the 

underlying microstructural changes, giving insight into the geometry and dimensionality of the 

avalanches, all of which ultimately will give insight into the origin of the non-trivial exponents. 
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