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A B S T R A C T

Plastic flow of metallic glasses proceeds intermittently in the inhomogeneous deformation regime. Mediated via 
shear bands, quasi-static straining gives rise to plastic instabilities that are measured as abrupt displacement 
bursts or pop-ins. The latter is a well-known feature in nanoindentation, where its first occurrence probes the 
critical and site-specific stress of nano-scale incipient shear deformation. Here we show that the statistical dis
tribution of the stress and magnitude of the first shear instability, as well as its successive higher-order events, 
universally follow Weibull statistics across ten different metallic glasses. This indicates a fundamentally identical 
plastic process across glass-forming alloys and progressing deformation that is governed by a weakest-link 
phenomenon. This finding stands in strong contrast to crystalline alloys, where both defect nucleation and 
defect-structure evolution control shear instabilities and depend on the deformation history.

Intermittent plasticity is a ubiquitous deformation behavior observed 
in all metallic materials, where plastic flow occurs in a series of discrete 
events rather than continuously [1]. This flow response represents a 
paradigm shift away from classical homogeneous and spatially delo
calized deformation and finds its origin in collective and often 
collective-correlated defect dynamics within the material [2]. Whilst the 
controlling (micro)structural parameters are yet to be fully uncovered, 
understanding and mitigating intermittent plasticity are key to materials 
design, controlled energy dissipation, and failure prediction.

One way of assessing plastic instabilities in solids is via automated 
nanoindentation, offering insights into the first incipient plastic dissi
pation upon contact [3], followed by a series of subsequent intermittent 
plastic events [4], all of which can reveal fundamental materials pa
rameters that characterize the underlying nanoscopic deformation. The 
resulting force-displacement curve gives thus a rich signature of inter
mittent flow as a function of straining, where strain discontinuities 
typically are referred to as pop-ins. Much attention has been given to the 
first pop-in (n = 1) [5–10], demarking a transition from ideal Hertzian 

elastic contact under spherical contact conditions to plastic flow. From 
this elastic-to-plastic transition, critical shear stresses (τ) and shear 
magnitudes (Δh) for both dislocation nucleation in crystalline metals 
[11] and shear-band initiation in metallic glasses [6,5,9,12–14] (MGs) 
can be derived. Beyond the first pop-in, analytical contact mechanics 
solutions break down, yet higher-order pop-ins (n > 1) can be analyzed 
with respect to their shear yield stress or initiation force (F) at which 
they occur, as well as and in terms of Δh, all of which offer interrogating 
collective defect interaction during the plastic evolution. Indeed, recent 
work on crystalline metals quantifying Δh demonstrated a transition 
from Weibull to lognormal statistics for n > 1, revealing how the initial 
weakest-link behavior of dislocation nucleation (n = 1) changes to 
weakly correlated dislocation interaction (n > 1) [15]. This notion of 
scale-dependent shear-instability dynamics was also captured via 
strongly truncated and order-dependent power-law-(like) signatures, 
demonstrating how finite length-scale effects arise during 
dislocation-network evolution under the indentation probe [16]. Simi
larly, such scale-dependent collective dynamics manifests itself in 
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thermally-activated screw dislocation motion in BCC-lattices [17]. For 
the here considered amorphous counterpart, that is MGs, rate- and 
stress-dependent activation volumes for shear-band initiation [5,12,13,
18] and bi-modalities in shear-band nucleation [6,9,19] have been 
revealed via statistical evaluations of plastic shear instabilities but 
remain limited to first order and second order events (n = 1 and 2).

Here we pursue automated nanoindentation using a spherical dia
mond tip with a tip radius of 3.2 μm to shed light onto shear-band 
nucleation and shear-band propagation for 1 ≤ n ≤ 10 for ten 
different MG-compositions. The tip radius is deliberately chosen to 
prevent bi-modalities of the statistics [9,19]. Likewise, rate effects and 
therefrom emerging bimodal statistics are avoided by using the explic
itly low loading rate of 0.1 mN s− 1. We find that Δh, τ and F universally 
follow Weibull statistics. This holds true irrespective of glass chemistry, 
processing history (e.g. annealing), or deformation history (order n) and 
is distinctly different to crystalline metals. Differentiating statistically 
the dispersion of Δh and τ across the order of n demonstrates this 
remarkable universality that uncovers how microplastic shear in glassy 
alloys is always uncorrelated and weakest-link controlled. This stands in 
contrast to microplasticity in crystals, where collective-correlated defect 
interaction, scale-free scaling, and self-organized criticality emerges.

A three-parameter Weibull distribution serves as the foundation for 

our investigations with the specific form of P(x) = e
−

(
x− x0
x− x0

)β

or P(x) = 1 

− e
−

(
x− x0
x− x0

)β

, with x being the value of interest (Δh, τ and F) and P(x) the 
probability as a cumulative distribution function. Here, x0, x and β are 
fitting parameters, standing for the lowest x of detection, the averaged x, 
and the shape parameter, respectively. As such, the subtraction between 
x and x0 represents the scale parameter. In the following, both scale and 
shape parameters are evaluated for pop-ins identifiable along a load- 
displacement (F-h) curve of a nanoindentation experiment. Fig. 1
shows such a typical curve (red-dotted data) for a Mg68Cu23Gd9 MG 
[20], where numerous discrete pop-ins can be distinguished. In the 
magnified inset, the first pop-in (n = 1) is indicated with a blue-solid 
arrow, revealing a deviation from the ideal Hertzian curve of spherical 
indentation [21] (blue-solid line). Subsequent pop-ins of order up to n =
10 will be considered. Removal of the abrupt displacement increments 
reveals a continued agreement with the Hertzian contact mechanics 
solution and agrees with earlier findings [22,23], indicating that plastic 
dissipation is exclusively linked to the shear instabilities. Potential 
anelasticity recently discussed as a structural pre-yield contribution is 
therefore ignored [24]. As outlined in more detail in the Supplementary 
Material (SM), a depth increment (dh) at a constant dF of 0.1 μN is used 

and the pop-ins with Δh greater than the sum of a Hertzian solution and 
half of the noise limit (i.e., 0.9 nm) are automatically identified by a 
custom-written script (SM Figure S1).

On each considered MG-alloy, N = 100 indentations were conduct
ed, and the first 10 pop-ins were extracted, grouped, and analyzed by 
order n. Fig. 2a presents the complementary cumulative distribution 
(CCD) of the reduced magnitudes (hʹ = Δh− Δh0

Δh− Δh0
) of the 1st-10th order pop- 

ins for the Mg68Cu23Gd9 MG. If all the pop-ins across ten orders are 
considered (equivalent to about 1000 shear instabilities), their hʹ-sta
tistics follows very well a Weibull distribution (shown as the red-solid 
curve in Fig. 2a) with a root-mean-square (R2) of 0.99, returning a 
shape-parameter βh of 1.92±0.01. Across all investigated MG-alloys and 
the entire hʹ pop-in statistics of each alloy, the shape-parameter βh 
ranges from 1.43 to 1.97 (see SM Figure S2) depending on alloy 
composition, where lower βh primarily are due to fluctuations emerging 
at the high-valued hʹ-part of the plastic-fluctuation distribution. Despite 
a mild variation in alloy response, this is a remarkable robust statistical 
signature, indicating that weakest-link and therefore uncorrelated crit
ical stress-controlled shear dissipation prevails irrespective of chemical 
composition, processing or deformation history (order n).

When βh is considered separately by the order (n), Fig. 2b reveals 
how βh reduces mildly for Mg68Cu23Gd9 with increasing n. This reduc
tion of the shape parameter from 2 (n = 1) to 1.5 (n = 10) indicates how 
the respective shear-magnitude distributions broaden with progressing 
deformation and is a consistent signature in all examined MGs (see SM 
Figure S2 for all βh(n)-data). Upon examination of the order-dependent 
average pop-in magnitudes Δh (Fig. 2c for Mg68Cu23Gd9, see SM 
Figure S2 for additional alloys), it becomes clear that this increasing 
shear-magnitude dispersion is due to fluctuations of the shear magni
tude during deformation (n > 1), while only very small order-dependent 
variations are discernible for the smallest admitted pop-ins Δh0.

Corresponding to each displacement increment, the shear yield 
stress, τ, at shear initiation can be assessed. τ of the 1st pop-in [5,25,18] 
is approximated by 0.45 P

2πrhc
, where r denotes the tip radius (i.e., 3.2 μm 

in this instance) and hc the contact depth. hc is defined as hc = h − he
2 , 

with he being the elastic indentation depth [26]. Obtaining accurate he 
for high-order pop-ins remains analytically untraceable because of the 
depth-dependent triaxial stress state. However, assuming that he of 
high-order pop-ins is effectively he = h −

∑n− 1
1 Δhi, motivates removing 

the magnitudes of all former pop-ins (Δhi) from the indentation depth 
(h). This means, all loading segments can be considered as being local 
realizations matching the idealized Hertzian elastic-loading. Relying on 
the above approach, a three-parameter Weibull distribution is again 
considered, where the term in the exponential is expressed as τʹ = (τ −

τ0)/(τ − τ0). Fig. 2d presents the cumulative distribution of the pop-in 
yield stress across ten orders for the Mg68Cu23Gd9 MG. With larger 
variations amongst distributions for different orders in the low-valued 
tail, the Weibull fit of τʹ for all orders (red-solid curve) is less good 
than that of hʹ (Fig. 2a). Across all investigated MG-alloys and their 
respective τʹ pop-in statistics, the shape-parameter βτ falls between 4 
(n = 1) and 2 (n = 10) and decreases with order (Fig. 2e), which is a 
clear indication for a broadening of the shear yield-stress distribution 
(decreasing βτ) with progressing deformation (increasing n) and shows 
how for this specific alloy deformation disperses the critical stresses for 
shear-band initiation. This effect is less pronounced in the evolution of 
the shear magnitude βh (Fig. 2b), representing a quantity that is linked to 
shear-band propagation and arrest [27]. Unlike the universally broad
ening βh for all alloys (Figure S2), different trends are, however, re
flected in the alloy- and order-dependent βτ-data in SM Figure S3. This is 
compatible with Saini et al. [19], who reported (using a 3-parameter 
Weibull distribution) that the stochasticity of the 1st- and 2nd-order 
pop-in yield stress changes little for the studied MG. In contrast to the 
yield-stress dispersion, Fig. 2f shows how τ and τ0 constantly grow with 
n, which is the case amongst all examined MGs (SM Figure S3). We note 

Fig. 1. Nanoindentation of Mg68Cu23Gd9 metallic glass. A typical load- 
displacement curve of one indent. Inset: A magnified view of the loading 
curve for which the full noise magnitude of 1.8 nm is indicated prior to the 1st 

(n = 1) detectable pop-in (indicated by an arrow).
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that the uncertainty envelope of τ and τ0 originates from the fact that τ 
(and τ0) have an upper estimate for hc =

he
2 and a lower estimate 

assuming hc = h.
We finally consider the statistical signature of the corresponding 

shear initiation force f = (F − F0)/(F − F0) as an assumption-less alter
native to the foregoing stress evaluation. Here, F is the initiation load, F0 

the minimum and F the average load. Following the same approach as 
for the shear magnitude and the shear stress, panels Fig. 2g-i, reveal an 
expected geometry-dependent increase of F and F0, only small variations 
of the shape-parameter, but a robust Weibull fit across orders and alloys 
(SM Figure S4). In fact, since f is decoupled from h, this representation 
underlines how displacement contributes to the larger dispersion of the 
critical stress statistics. Despite some parameter-specific details, Fig. 2
reveals thus the remarkable result of universal Weibull statistics for both 
critical shear-initiation stresses, shear magnitudes and forces, irre
spective of alloy composition or deformation history (order n).

The in general very weak order-dependence of pop-in magnitudes of 
the probed glassy alloys stands in contrast to crystal plasticity where, 
exemplified with Cu〈001〉, a significant reduction in Δh from n = 1 to n 
= 2–10 prevails (Fig. 3). This difference arises due to the initial nucle
ation of incipient shear flow in crystalline metals (n = 1), which despite 
the nanometer-sized displacement generates a dense dislocation struc
ture with a micron-sized spatial extent [28]. Subsequent plastic events 
arise from intermittent dislocation network evolution with small 

Fig. 2. Statistical size, stress, and load analyses on plastic shear fluctuations of a Mg68Cu23Gd9 metallic glass. (a) CCD of the reduced pop-in magnitude (hʹ) 
fitted by a Weibull distribution function (red-solid curve). Here, hʹ = (Δh − Δh0)/(Δh − Δh0), where Δh, Δh0 and Δh are the pop-in magnitude, the lowest magnitude 
among 100 indents, and the average of magnitude, respectively. (b) Fitted separately, the shape parameter for size βh of pop-ins decreases with increasing order (n). 
(c) Δh and Δh0 increase with the increasing n. (d) Cumulative distributions of the reduced pop-in yield stress (τ́ ) fitted by a Weibull distribution function (red-solid 
curve). Here, τ́ = (τ − τ0)/(τ − τ0), where τ, τ0 and τ are the pop-in yield stress, the lowest yield-stress among 100 indents, and the mean value of yield stress, 
respectively. (e) Fitted separately, the shape parameter for yield stress βτ decreases with the increasing n. τ was estimated by assuming the elastic part is the 
indentation depth minus the magnitudes of all former pop-ins. (f) τ and τ0 increase with the increasing n. Possible stress ranges are shaded in colors (see text for 
details). (g) Cumulative distributions of the reduced pop-in load (f) fitted by a Weibull distribution function (red-solid curve). Here, f = (F − F0) /(F − F0), where F, 
F0 and F stand for pop-in load, the lowest load among 100 indents, and the mean value of load, respectively. (h) Fitted separately, the shape parameter for the load βF 

remains nearly independent of n. (i) F and F0 continuously increase with n.

Fig. 3. Comparisons between Mg68Cu23Gd9 metallic glass and single- 
crystalline Cu 〈001〉 [15] in pop-in magnitude, and pop-in yield stress. Δh 
and βh are averaged pop-in magnitude and shape parameter for size, respec
tively; τ and βτ are averaged pop-in yield stress and shape parameter for stress, 
respectively.
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magnitudes. These become eventually vanishingly small at large 
indentation depths [28], as manifested in the n-dependent drop of Δh. 
Along with this h-evolution, the distribution for Cu〈001〉 exhibits a 
transition from originally being Gaussian at n = 1, to a non-Gaussian 
distribution of larger shape parameter βh. During network evolution, 
dislocation slip becomes increasingly spatially constrained that reduces 
Δh and its statistical spread. Statistical universality is thus not expected 
as long-range elastic coupling that underlies the collective dislocation 
events gets increasingly truncated with confined-volume hardening.

The opposite is seen for the MGs, where shear magnitudes Δh remain 
equal or increase mildly with order (Fig. 3 and SM Figure S2), which 
demonstrates a lack of shear-defect interaction. Indeed, initially βh = 2 
that characterizes a Rayleigh distribution. If two uncorrelated co
ordinates of a vector have the same Gaussian distributions with the same 
shape parameters, the module of a vector follows a Rayleigh distribu
tion. This translates to a scenario where the beginning and ending of the 
1st shear event are both random and uncorrelated. Supplementary Ma
terials Figure S5 supports this argument by showing that both the depth 
at the beginning and end for n = 1 exhibit nearly identical Gaussian 
distributions. Therefore, the mild change of βh for MGs indicates that the 
restrictions provided by a shear-band network to new shear instabilities 
are, if at all, weak.

Whilst the shear-stress statistics is linked to the nucleation stress for a 
shear band, the size statistics is intimately connected to nano-scale 
shear-band propagation. Bulk testing has revealed that shear is domi
nated by two temperature-dependent shear-banding stages: i) shear- 
driven disordering [29], and ii) shear-band relaxation that leads to ar
rest [30]. It is the interplay that determines the actual displacement 
magnitude of a shear event [27]. The measured axial pop-in displace
ment is therefore a quantity that depends on how much shear a newly 
formed nano shear-band can admit before thermally-activated relaxa
tion processes inside the shear defect dominate over the shear-induced 
disordering. Since the average pop-in stress normalized by yield stress 
τy (where τy ranges from 0.4 to 1.8 GPa for the studied alloys) of the 
different glasses remains the same for each glass, the shear-driven dis
ordering rate of the formed defect must also be comparable when using 
the same applied rate and probe dimensions. Therefore, the shear 
magnitude will primarily depend on the shear-band relaxation rate, 
which defines how quickly shear arrest can occur [30], which expo
nentially depends on temperature, and which is sensitive to alloy 
chemistry [31]. We therefore argue that the inter-alloy differences of 
about a factor of two of Δh (SM Figure S2) are reflecting the 
chemistry-dependent barrier energies, typically in the range of 0.2–0.5 
eV [31] and that control shear-band arrest. Despite these compositional 
effects, the shear-band material responds statistically universal, with 
clear indications for a statistical broadening in Fig. 3.

Figs. 2f, 3 and S2 also reveal that τ increases steadily with n, 
accompanied by a pop-in order-dependent shape parameter that evolves 
weakly or not at all. This probed shear stress has been linked to the 
underlying shear trajectory, along which a critical value needs to be 
passed to initiate shear flow [25]. Whilst its statistical dispersion as a 
function of indentation depth and therefore τ is difficult to generalize for 
all probed MGs, the consistently increasing stress scale originates from a 
shear-path sampling of the materials underlying critical stress distribu
tion [7]. At sufficiently large indentation depth or n-values, convergence 
in both average stress and its distribution is expected.

Annealing selected MG-alloys (Pd40Ni40P20, vacuum-annealed at 86 
% of its glass-transition temperature for 1 h) shows that the universally 
observed statistical signature of both shear stress and shear- 
displacement magnitude persists for all n. However, systematic 
changes emerge in the shape parameters, where in general Δβh > 0 and 
Δβτ < 0 as a function of n (Fig. 4). Here Δβ is the difference between the 
as-cast and the annealed glass states. Also, annealing leads to larger 
displacements during shear (SM Figure S6a) that are due to increased 
shear velocities, consistent with bulk behavior (SM Figure S6b). Much 

more pronounced is the smaller statistical dispersion of the pop-in or 
shear-initiation stress that directly reflects the underlying structural 
evolution during annealing [32,33], during which the correlation length 
of frustrated domains decreases and the interconnected system-spanning 
elastic backbone coarsens.

In summary, the statistical assessment of plastic fluctuation during 
nanoindentation of ten different metallic glasses reveals that both crit
ical shear stresses and shear-displacement magnitudes are universally 
following Weibull statistics. This reveals uncorrelated microplasticity 
and a weakest-link phenomenon independent of alloy chemistry, 
structural state, and accumulated plastic deformation. Statistically, all 
plastic fluctuations are thus identical and independent of each other, 
indicating the absence of shear-defect interaction. This is distinctly 
different to crystalline microplasticity. Indeed, the latter exhibits a 
mechanistic separation from defect nucleation to defect network evo
lution with microstructure-dependent statistical properties of correlated 
and scale-free intermittency. In contrast, inhomogeneous shear defor
mation of metallic glasses is independent of microstructure and a suc
cession of repeated and independent yielding events.
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