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ABSTRACT 

The stochastic nature of the small-scale incipient plasticity (i.e., “pop-in” behavior manifested 

as a sudden displacement excursion in the load-displacement curves) in a single grain of the 

body-centered cubic NbTiZr medium-entropy alloy is explored through a series of 

nanoindentation tests with three spherical tips having different radii (1.8, 3.4, and 8.2 μm). The 

maximum shear stress underneath the indenter shows distinct distributions depending on the 

tip radius, wherein both a narrow high-stress regime and a broad low-stress regime are observed. 

By recourse to deconvolution of the data and detailed statistical analysis, the two regimes were 

found to be dominated by homogeneous and heterogeneous yielding mechanisms, respectively. 

Upon hydrogen charging, the tip radius dependence is sustained, but the fraction of 

heterogeneous yielding is enhanced, which is due to the hydrogen’s effect in assisting defect 

formation. The suggested scenarios for how the mechanisms are affected by the stressed 

volume (or tip radius) and hydrogen-induced structural changes were confirmed by direct 

observations of the deformation behavior underneath the indenter with cross-sectional 

transmission electron microscopy made on post-pop-in samples. 
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1. Introduction 

Research conducted over the past four decades has established the nanoindentation 

testing technique to be the most robust tool for characterizing the mechanical behavior of 

materials at the small scales in both quantitative and qualitative manner [1–3]. While hardness 

and effective modulus are the most widely measured mechanical properties using it, various 

other small-scale mechanical responses have been also actively studied. One of them is the 

incipient plasticity. Page et al. [4] were the first one to correlate the “pop-in” (or discrete 

displacement burst) observed during the loading segment of the load-displacement curve 

obtained (using a spherical tipped indenter) on well-annealed crystalline ceramics with the 

dislocation loop nucleation. Since then, the small-scale yielding or elastic-to-elastoplastic 

transition has been investigated extensively not only in crystalline materials but also in metallic 

glasses and molecular crystals [3,5,6], by analyzing the pop-in behavior. 

Although the intrinsic nature of the pop-in and related phenomena has not yet been 

completely understood (and hence studies continue to be performed), the following two are the 

common features of it. First, the first pop-in is stochastic in nature, i.e., a series of 

nanoindentations performed under identical experimental conditions result in a pop-in load 

data that is often widespread. This means a thorough statistical analysis of the pop-in data is 

imperative [7–10]. Second, varying the experimental conditions (such as the indentation rate, 

temperature, and indenter radius) often affects the measured dispersions in the pop-in load [11–

13]. Among the three experimental variables, the influence of strain rate and temperature on 

the yield strength is reasonably well understood through the conventional macro- and micro-

scale uniaxial tests [14], which makes the interpretation straightforward. However, the third 

experimental variable, indenter radius (Ri), can be accessed only in the context of the 

nanoindentation tests (performed with the spherical (or rounded) tips). It enables probing the 
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size dependence of incipient plasticity, as Ri directly scales with the size of the highly stressed 

volume underneath the indenter. Although one can gain a detailed understanding of the 

predominant mechanisms of incipient plasticity by varying Ri, relatively fewer studies 

examined this aspect. To the best of our knowledge, only six metallic materials were studied, 

including face-centered cubic (fcc) single crystals (SCs) of Ni [13] and Fe-15Cr-15Ni [15]; 

body-centered cubic (bcc) SCs of Mo [7,9,10,16,17], Mo-3Nb [18], and W [17,19]; a Zr-Cu-

Ni-Al-Ti bulk metallic glass (commercially called Vit105) [20–22]. 

Keeping the above in view, we conducted a series of nanoindentation tests on a NbTiZr 

medium-entropy alloy (MEA) with three spherical indenters having different Ri in this study 

with the following three objectives. First, to explore the stochastic nature of incipient plasticity 

in the single-phase equiatomic MEA with the bcc crystal structure. Selecting NbTiZr provides 

an additional important merit: the average grain size of the examined sample is sufficiently 

large (~2 mm) such that all the indentations could be made in a single grain, i.e., single 

crystalline response could be obtained. Thus, the results are free from the influence of 

crystallographic orientation. Second, with the aid of the estimated activation volume for the 

onset of plastic deformation and cross-sectional transmission electron microscopy (TEM) 

analysis, elucidate the effect of deformed volume (through the variation of Ri) on the 

mechanisms of incipient plasticity in this SC MEA. The final objective is to examine the effect 

of hydrogen on the stochastic nature and small-scale yielding mechanisms. It is well known 

that hydrogenation of an alloy could affect the microstructural features in it through the 

interaction between hydrogen and defects, such as dislocations [23], deformation twins [24], 

and vacancies [25], which, in turn, could lead to mechanical degradation (“hydrogen 

embrittlement”). The presence of hydrogen in alloy could also affect the incipient plasticity 

significantly by altering state/mobility of various defects. Therefore, a detailed study is likely 
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to provide critical insights on the role of hydrogen on the yielding mechanism of an alloy [26]. 

 

2. Experiments 

The equiatomic NbTiZr MEA examined in this study was arc melted, then cold-rolled to 

a thickness reduction of 40% and subsequently annealed at 1400 °C. The microstructure of the 

sample was characterized using electron backscatter diffraction (EBSD; Hikari, EDAX-TSL, 

USA) and X-ray diffraction (XRD; Bruker D8, Germany). For the EBSD and nanoindentation 

measurements, the samples were mechanically polished first with sandpapers (grit number up 

to 2000) and then electropolished with 20 V for 30 s at −25 °C in a mixture of 90% methanol 

and 10% perchloric acid. Hydrogen charging was conducted on the mechanically polished 

samples electrochemically at room temperature (RT, ~25 °C) with a current density of 100 

mA/cm2 for 24 h in a 1:2 (vol.) H3PO4:glycerine solution in a potentiostat/galvanostat 

equipment. 

Nanoindentation tests on uncharged and hydrogen-charged specimens were performed 

using the Nanoindenter-XP instrument (KLA, USA) with three spherical indenters of tip radii, 

Ri = 1.8, 3.4, and 8.2 μm. Various loading rates dP/dt = 0.1, 0.25, 0.5, and 1 mN/s and peak 

loads Pmax = 10, 20, and 80 mN were utilized and the tests were always performed under load 

control. The horizontal and vertical spacing between neighboring indents was maintained to be 

at least 20 μm. More than 100 indentations were performed for each experimental condition to 

obtain statistically significant data. All the nanoindentations were performed well inside pre-

identified grain(s) and away from adjacent grain boundaries, so that all the influence of grain 

boundaries on the differences observed in the pop-in behavior is ruled out. In selected cases, 

dislocation distribution underneath the indenter impression was investigated using TEM (Titan 

80-300, FEI, USA), for which the samples were prepared using the focused ion beam (FIB; 

NX5000, Hitachi, Japan) milling with Ga ions first and then Ar ions. Ar ions were used to 
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reduce the ion damage on the sample surface that would affect the subsequent TEM 

observations of dislocations [27]. For comparison with the nanoindentation data, Young’s 

modulus (E) and Poisson’s ratio (ν) of the samples were also measured with the aid of ultrasonic 

pulse-echo testing equipment (Nawoo, Korea) following the ASTM E-494 standard. 

 

3. Results 

3.1. Microstructure 

The XRD scan obtained on the NbTiZr MEA is shown in Fig. 1a, demonstrating a single bcc 

phase, which agrees well with the previous reports [20,21]. Fig. 1b shows the representative 

inverse pole figure (IPF) images obtained using EBSD. It is evident that the examined NbTiZr 

MEA consists of equiaxed grains with very large average grain size, d, of ~2 mm, which makes 

it possible to easily obtain sufficient nanoindentation data from a single grain. In the present 

paper, all the subsequent nanoindentation experiments were conducted on “Grain 1” that is (9 

1 3) oriented, and thus all the data are for the grain unless otherwise specified. Some additional 

indentation tests were also performed on “Grain 2” with (11 10 13) orientation, in order to 

confirm the stochastic nature obtained from Grain 1 is representative for the examined MEA. 

These two grains were selected because of their relatively large grain size (approximately 2 

mm). In all cases, it was ensured that the nanoindentations are sufficiently far away from the 

grain boundaries, such that the grain boundaries have no influence on the measured response. 
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Fig. 1 Microstructural characterization of the NbTiZr MEA examined in this study: (a) XRD 

pattern and (b) the grains probed identified on the EBSD inverse pole figure (IPF) maps. 

 

3.2. Nanoindentation 

Representative examples of the load-displacement (P–h) responses, measured with three 
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indenter tips having different Ri, are displayed in Fig. 2. Discrete displacement bursts or “pop-

ins” are evident in all the cases. While the load at which the first pop-in occurs (PI) increases 

with Ri, it also stochastic in nature. The P-h responses before and after the pop-ins are fully 

elastic and, hence, are unique for a given Ri. To ascertain this, the load P vs. depth of penetration 

h relation obtained from the Hertzian elastic contact theory [22], 𝑃 =
4

3
𝐸𝑟𝑅𝑖

1

2ℎ
3

2 (where Er is 

the reduced modulus, 
1

𝐸𝑟
=

(1−𝑣𝑠
2)

𝐸𝑠
+

(1−𝑣𝑖
2)

𝐸𝑖
, in which the subscripts i and s are indenter and 

sample, respectively), was fitted to the data before the first pop-in occurs. The Er values 

obtained are listed in Table 1. They are in good agreement with those measured using ultrasonic 

pulse-echo tests. Note also that the values Er obtained from indentations are independent of Ri, 

as expected. 
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Fig. 2 Typical load-displacement (P-h) curves for the tests with (a) Ri = 1.8, (b) 3.4, and (c) 

8.2 μm. 

 

Table 1 Summary of the ν, E, and Er results obtained from ultrasonic pulse-echo tests and 

spherical indentation tests. 

  Ri [μm] ν E [GPa] Er [GPa] 

Ultrasonic data – 0.38 84.5 ± 6.4 90.6 ± 5.3 

Indentation data 1.8 – – 90.4 ± 1.6 

  3.4 – – 83.8 ± 1.6 

  8.2 – – 93.5 ± 6.6 
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The cumulative probability distributions of PI for all the indentation experiments 

performed with three different tips under four different loading rates, dP/dt (0.1, 0.25, 0.5, and 

1 mN/s) are plotted in Fig. 3. Two features are evident. First, the rate dependency of the 

statistical distribution is insignificant and almost negligible. This is in contrast to the prior 

report on Pt [11,12], but similar to that on Mo and Ni [28], implying the rate dependency of 

pop-in behavior may be affected by elemental nature, microstructures, and slip systems. Second, 

and more importantly, the shape of the distribution varies with Ri, which will be analyzed in 

detail in subsequent sections. 
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Fig. 3 Cumulative probability distributions of the first pop-in loads for the tests performed 

with three indenter tips of Ri = (a) 1.8, (b) 3.4, and (c) 8.2 μm (with four different 

loading rates of 0.1, 0.25, 0.5, and 1 mN/s). 

 

The maximum shear stress beneath a spherical indenter at the first pop-in, y, is estimated 

using the relation [22]: 

𝜏𝑦 = 0.31 (
6𝑃𝐼𝐸𝑟

2

𝜋3𝑅𝑖
2 )

1

3
.        (1) 
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Variations in y are displayed in Fig. 4 as cumulative probability distribution plots. The 

following two key observations can be made from it. (1) The y range shifts to higher stresses 

with decreasing Ri. (2) The shape of the distribution varies significantly with Ri. For the 

smallest Ri used in this study (1.8 m), the cumulative probability F vs. y data appears bilinear, 

with most of it confined to a narrow range (~3.5–3.9 GPa). The data obtained with the largest 

Ri (8.2 m) is uniformly distributed over a wider range (~1.3–3.5 GPa). The data for Ri = 3.4 

m is also bilinear, but with equal shares of narrow and wider distributed y. 

 

 

Fig. 4 Cumulative probability distributions plotted as a function of the maximum shear 

stresses at the first pop-in (y). 

 

4. Ri-dependent stochastic nature of pop-in 

A decrease in τy with increasing Ri has been reported for single-crystal metals [9,10,12], which 

was often referred to as a different type of “indentation size effect” [13]. It is closely related to 
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the microscopic yielding mechanisms mediated by the dislocations. Different governing 

mechanisms cause PI and, consequently, τy as well as their distribution shapes to differ. Fig. 5 

schematically illustrates the deformation mechanisms that are likely to be sampled at different 

Ri. (It was drawn on the basis of already available understanding on the role of Ri on the first 

pop-in behavior [2,10].) For a sufficiently small Ri, the volume of the highly stressed region 

underneath the indenter is very small (often in nm3 range) [7,13]. The probability for the 

stressed region to contain either pre-existing dislocation(s) or other types of crystalline defects 

(vacancies, grain boundaries, etc.) is low. Therefore, pop-in in this defect-free case will only 

get triggered when dislocations get nucleated homogeneously. This is referred to as 

“homogeneous yielding’’ hereafter. Such a mechanism is fairly difficult to get activated in 

crystalline materials since it can only happen in a defect-free perfect lattice (at least locally). 

Importantly, it requires a very high applied stress that typically approaches the athermal 

theoretical shear strength of the material (~G/30–G/5, where G is shear modulus [13]). In 

general, the τy distribution for homogeneous yielding is narrow, as illustrated by the red curve 

in Fig. 5, since the scatter may be purely due to the thermal fluctuation, i.e., in the high applied 

stress regime slightly below the athermal theoretical strength, the energy barrier can be 

overcome by thermal fluctuations [7,8]. While a broader range of G/30–G/5 for τy under 

homogeneous yielding conditions is estimated [13,28], many prior studies suggest that it to be 

narrower, ranging between G/2π and G/10 [29]. In the present context, some of the τy values 

for non-homogeneous yielding (at the higher end) can be higher than the lower bound (G/30), 

as shown later, which is reflected in the schematic illustration provided in Fig. 5. 

For sufficiently large Ri, the size of the highly stressed region would also be large. This 

results in a high likelihood of pre-existing dislocations and/or other defects (such as vacancies, 

vacancy clusters, immobile dislocations, and impurities) being present in the volume being 
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probed. Under such circumstances, the pop-ins are more likely to result from the following two 

types of dislocation activities: (1) heterogeneous dislocation nucleation aided by the pre-

existing defects (followed by dislocation avalanches) and (2) activation of the glide of pre-

existing mobile dislocations [2,4,10,13]. These two mechanisms are collectively referred to as 

“heterogeneous yielding” hereafter. The stress required for the elastic-to-elastoplastic transition 

(viz. pop-in stress) in this scenario would be much lower than that required for homogeneous 

yielding and is predominated by spatial statistics of the pre-existing defects rather than thermal 

fluctuation-induced ones [2,7,8]. This, consequently, results in a widespread of τy, as illustrated 

by the blue curve in Fig. 5. 

 

  

Fig. 5 Schematic illustration of effect of probed volume (via the variation of the tip radius) 

on the maximum shear stress underneath the indenter at the first pop-in. 
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Fig. 6 shows the cumulative probability distributions of τy obtained at 0.25 mN/s at various 

Ri. For Ri = 1.8 μm, most of the data are narrowly distributed in the high τy region. Only a few 

data points are located in the low τy regime and occur with relatively higher dispersion. This 

suggests that when a small-tipped indenter is used, the incipient plasticity mainly occurs due 

to homogeneous yielding, with a rather marginal probability of heterogeneous yielding. The 

average τy value in the homogeneous yielding regime is ~3.84±0.05 GPa, which corresponds 

to ~G/8 (G = ~30.6 GPa based on the results from ultrasonic pulse-echo tests in Table 1) and 

hence, falls within the range of theoretical shear strength [13]. This observation further 

confirms that the narrowly distributed and high τy values correspond to homogeneous yielding. 

The nearly-deterministic nature of τy in this regime is possibly because plastic event in this case 

is always triggered at (or very near) the location of the maximum shear stress underneath the 

spherical indenter tip (about 0.48a away from the point of contact [9]).  

For the τy data obtained with Ri = 8.2 μm, the cumulative probability distribution has a 

gentle slope overall, indicating that yielding mainly occurs due to heterogeneous rather than 

homogeneous yielding. For the intermediate case with Ri = 3.4 μm, the τy data are almost evenly 

distributed in both regions, indicating that both homogeneous and heterogeneous yielding 

mechanisms substantially contribute to the yielding behavior, i.e., if the highly stressed region 

underneath the indenter contains any pre-existing defects, they would get activated at relatively 

low indentation loads, resulting in heterogeneous yielding. As the indentation load increases, 

the size of the highly stressed region increases. If the enlarged region does not encounter any 

pre-existing defects until the stress approaches the theoretical strength, yielding can occur by 

homogenous dislocation nucleation. Similar results to those in Fig. 6 were also observed for 

indentations made on Grain 2, as shown in Fig. S1, indicating the trend in Fig. 6 is 

representative of MEA examined in the present study. 
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Fig. 6 Cumulative probability distribution curves at 0.25 mN/s of Ri = (a) 1.8, (b) 3.4, and (c) 

8.2 μm. (Het.: heterogeneous yielding, Hom.: homogeneous yielding) 

 

The F vs. τy data is often utilized to estimate the activation volume, V*, of the 

microstructural source causing the incipient plasticity, using the relation [9,30–33]: 

𝐹 = 1 − exp [−exp (
𝑉∗

𝑘𝑇
𝜏𝑦 + 𝛽)]      (2) 

where k is the Boltzmann constant, T is the absolute temperature, and β is a weak function of 

PI [12,32]. Typically, the experimental data tends to be linear when plotted as ln[−ln(1−F)] 

versus y, the slope of which is utilized to obtain V* [12,31–34]. While reasonably good linear 

fits could be obtained for the data measured with Ri = 1.8 and 8.2 μm (since homogeneous and 
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heterogeneous yielding, respectively, dominate them), the results with Ri = 3.4 μm do not 

follow a single linear trend when plotted on a ln[−ln(1−F)] scale. This observation further 

supports our hypothesis that the yielding behavior in this case is not governed by a single type 

of deformation mechanism. Therefore, separate fittings were carried out for homogeneous and 

heterogeneous yielding regimes for the data at Ri = 3.4 μm, as shown in the inset of Fig. 7. V* 

were obtained from the slopes according to Eq. (2) and their normalized values (with the atomic 

volume, Ω = 0.5a3 for bcc structure, where a = ~0.34 nm for NbTiZr [35]) are displayed in Fig. 

7 alongside the corresponding curves shown in the inset. For the initiation of plasticity due to 

homogeneous yielding with Ri = 1.8 and 3.4 μm, the V* values are both ~4.4Ω. Those for 

heterogeneous yielding at Ri = 3.4 and 8.2 μm are ~0.5Ω and ~0.7Ω, respectively. Similar 

results were also obtained for Grain 2, as shown in Fig. S2, again implying the trend observed 

in Fig. 7 is representative for this MEA. As expected, V* is only dependent on the deformation 

mechanism, and not on Ri. V* for homogeneous yielding is much larger than that for 

heterogeneous yielding. The V* value for homogeneous yielding here (~4.4Ω) agrees well with 

that obtained in bcc HfNbTiZr HEA (~3–5Ω) in a prior study [33] where homogeneous yielding 

should prevail since a spherical tip with Ri = 0.27 μm was used and the y data is narrowly 

distributed. 
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Fig. 7 Estimated activation volumes, V*, normalized with the atomic volume Ω, obtained with 

different Ri. The insets show the linear fitting of ln[−ln(1−F)] vs. 𝜏y utilized for 

estimating V*. (Het.: heterogeneous yielding, Hom.: homogeneous yielding) 

 

5. Change in stochastic nature upon hydrogenation 

To better understand the stochastic nature of the yielding, it is crucial to examine how it 

can be affected by either external environmental or internal metallurgical conditions of an alloy. 

For this purpose, hydrogenation can be one of the most effective ways, since it may conceivably 

change even the microstructure of the material. For this purpose, the statistical characters of 

the pop-in behavior before and after hydrogen charging are directly compared. 

Nanoindentation tests with Ri = 1.8 and 3.4 μm at 0.25 mN/s were conducted on the 

hydrogen-charged samples under the same conditions as those utilized for the uncharged 

samples, and the results are shown in Figs. 8 and 9, respectively. They clearly show that after 

hydrogenation, the fraction of the data that corresponds to heterogeneous yielding becomes 

larger, as marked in Fig. 8c, at the cost of homogeneous yielding. For Ri = 1.8 μm (Fig. 8), 
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while a similar spread in PI is also observed in the charged sample (Fig. 8b) compared to that 

obtained on the uncharged one (Fig. 8a), the cumulative distribution in y shows some 

difference. In the uncharged sample, the narrow distribution regime at relatively high stress for 

homogeneous yielding is predominant (~82.4% of the total data) and merely ~17.6% of the 

data corresponds to heterogeneous yielding (as illustrated by the blue lines in Fig. 8c). In the 

hydrogen-charged sample, however, the fraction of heterogeneous yielding regime becomes 

larger (~30.4% of the total data, as illustrated by the red lines in Fig. 8c). For Ri = 3.4 μm in 

Fig. 9, similar (and more obvious) trend is observed: while both heterogeneous and 

homogeneous yielding portions are observed in uncharged sample, only wide-spread 

heterogeneous yielding data at relatively lower stresses (below ~3.4 GPa, which is also 

approximately the lower threshold for the stress for homogeneous yielding in unchanged 

sample), could be seen (Fig. 9c). In all, irrespective Ri, the change in the statistical nature of 

the pop-in data demonstrates a shift in the governing yielding mechanism from homogeneous 

to heterogeneous yielding upon hydrogenation. 
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Fig. 8 P-h curves of (a) uncharged and (b) hydrogen-charged specimens, and (c) cumulative 

probability distribution of y for Ri = 1.8 μm tested with a loading rate of 0.25 mN/s. 

(Het.: heterogeneous yielding, Hom.: homogeneous yielding) 
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Fig. 9 P-h curves of (a) uncharged and (b) hydrogen-charged specimens, and (c) cumulative probability 

distribution of y for Ri = 3.4 μm tested at a loading rate of 0.25 mN/s. (Het.: heterogeneous 

yielding, Hom.: homogeneous yielding) 

 

The fact that hydrogen makes the MEA under investigation more favorable for 

heterogeneous yielding suggests the positive role of hydrogen in assisting (heterogeneous) 

dislocation nucleation and/or activation of their glide. This is in line with the thermodynamic 

framework of so-called “defactants” (originated from “DEFect ACTing AgeNTS” [36,37]), 

wherein hydrogen atoms preferentially segregate to the defect sites (such as dislocations, 

vacancies, grain boundaries, and voids) and, in turn, lower the activation energies for the 

formation of new defects (including dislocation loops and vacancies) in a manner similar to 

that by which solute molecules reduce surface energies in liquid [36,37]. For instance, it was 

reported that the dislocation density in an advanced high-strength steel increased significantly 

only upon hydrogen charging without any external stress [38]. Therefore, when a hydrogen-

charged sample is deformed, more dislocations and vacancies are likely to be generated at the 

same stress level as compared to the case in an uncharged sample. In such a case, the 
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heterogeneous yielding aided by these defects would thus become easier. 

To gain further experimental support for the above scenario, TEM was used to characterize 

the dislocation behavior underneath the indent performed with Ri = 3.4 μm, i.e., the case where 

both homogeneous and heterogeneous yielding can occur, with the probability of each 

depending on the size of the highly stressed region relative to the spacing of the defects. It 

should be noted here that there are two difficulties associated with a “proper” TEM observation 

of the behavior right after pop-in. First, the dislocation multiplication during the continued 

loading after the pop-in event can alter the deformation features underneath the indenter. Thus, 

the cross-sectional TEM images must be taken from the indents where unloading is made right 

after the first pop-in. Second, during cross-sectioning of indents by FIB milling for preparing 

the TEM specimens, the Ga ions that are typically used for the milling can damage the surface, 

which would affect the subsequent TEM observations of dislocations. 

To overcome the above-mentioned difficulties, nanoindentation tests were first conducted 

at Pmax = 5 and 11 mN, respectively, for over 100 trials per condition on uncharged and 

hydrogen-charged samples. These two Pmax values were selected because their corresponding 

y values are 2.7 and 3.6 GPa, respectively, corresponding to heterogeneous and homogeneous 

yielding respectively in the uncharged sample. However, they both correspond to the 

heterogeneous yielding condition in the hydrogen-charged sample, as evidenced in Fig. 9c. 

Then, the nanoindentation tests where the first pop-in occurs right at or near Pmax were selected 

for the TEM analysis (see the P-h curves in Figs. 11 and 12). Successive FIB sampling was 

conducted at two stages, i.e., first, rough milling with Ga ion and then finalizing with Ar ion. 

The milling with Ar ion was adopted to reduce the ion damage on the sample surface [27]. 
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Fig. 10 P-h curves and corresponding STEM images of the region underneath the indenter for 

uncharged sample at (a) Pmax = 5 and (b) 11 mN. Zone axis = [110]. 
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Fig. 11 P-h curves and corresponding STEM images of the region underneath the indenter for 

hydrogen-charged sample at (a) Pmax = 5 and (b) 11 mN. Zone axis = [110]. 

 

Fig. 10 shows the cross-sectional scanning TEM (STEM) images for the specimens before 

hydrogen charging. In the indentation performed with Pmax = 5 mN, which corresponds to 

heterogeneous yielding (Fig. 10a), clear slip lines beneath the indenter are seen. They indicate 

a micron-scale plasticity event due to planar slip of pre-existing dislocations. Similar behavior 

can also be noted in Figs. 11a and 11b, where hydrogen-charged samples also show dislocation 

planar slip traces clearly. In sharp contrast, in the indent made with Pmax = 11 mN, which 

corresponds to homogenous yielding (Fig. 10b), more homogenized and disperse dislocations 

were found, without any clear traces of planar slip. Such a larger dislocation volume formed 

suggests homogeneous yielding from an initially defect-free region, followed by more 

homogeneously distributed dislocation field development. 

To further elucidate the underlying mechanisms for the observed evolution in pop-in 

behavior, additional statistical analysis is conducted. With Ri = 3.4 μm, where an obvious 

change in y distribution was noticed (Fig. 9c), the probability distribution of the data before 

and after H charging were obtained using the kernel density estimates (KDEs) [22,39], as 

shown in Fig. 12. The shapes of the uncharged and hydrogen charged plots show three and two 
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peaks, respectively. Therefore, the data were deconvoluted assuming that it is Gaussian in its 

nature, as also shown in Fig. 12. The peak number 3 in the uncharged sample (green dashed 

curve in Fig. 12a) corresponds to the homogeneous yielding (as shown in Figs. 6b and 7). The 

heterogeneous yielding requiring relatively lower stress can be deconvoluted into two peaks 

(peaks 1 and 2) in both the samples. Following the methodology described in reference [39], 

by computing the F values for each of the deconvoluted Gaussian distribution and then plotting 

ln[−ln(1−F)] versus τy for that particular distribution, the activation volume V∗ associated with 

each of the deconvoluted peak is obtained using Eq. (2). Values of the V∗ normalized by the 

atomic volume, Ω, are displayed alongside the corresponding peak in Fig. 12. Two distinct 

levels of V∗ occurring at ~0.6–0.7Ω and ~1.0–1.2Ω could be noted. 
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Fig. 12 The KDE curves and the deconvoluted Gaussian distributions for the results obtained with Ri = 

3.4 μm on the (a) uncharged and (b) hydrogen charged samples, with the V∗ of each peak given 

in terms of Ω for the heterogeneous yielding peaks. 

 

Most of the published work on the pop-in behavior in crystalline alloys [10,12,17,33,34] 

indicates that the presence of pre-existing defects such as vacancies, vacancy clusters, 

immobile dislocations, and impurities could aid in heterogeneous dislocation nucleation that 

leads to the pop-in. It is possible that such a mechanism is responsible for the low strength peak 

(peak 1) observed in Fig. 12. To understand the type of defect that is responsible for the pop-

in, a mathematical estimate of the defect density can be made. First, we assume that a certain 

type of defect is responsible for the peak observed at lower strength (peak 1), and that pop-in 

will only occur if and only if at least one such defect exists within the highly stressed volume 

underneath the spherical indenter, Vs, (= 𝜋𝑎𝑐
3  [12,39], where 𝑎𝑐 = √3𝑃𝐼𝑅𝑖/(4𝐸𝑟)

3
  is the 

contact radius). This then allows the use of the exponential (or Poisson) distribution statistics 

to estimate the probability for the existence of such a defect, Plow, within Vs [9,38] as 

𝑃𝑙𝑜𝑤 = 1 − exp(−𝜌𝑙𝑜𝑤𝑉𝑠)        (4) 
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where ρlow is the number density of the specific defect per unit volume. Based on the data in 

this study, as listed in Table 2, the average spacing between the defects, 𝑙𝑙𝑜𝑤 = 1/√𝜌𝑙𝑜𝑤
3

, is 

estimated as ~0.94 and ~0.54 nm, respectively, for Ri = 3.4 μm tests before and after H charging. 

Similarly, llow is estimated as ~1.25 μm for nanoindentation tests with Ri = 8.2 μm on the 

uncharged sample, as also listed in Table 2. Taking dislocation density, ρdisl, in each sample of 

the order of ~1012 m−2 that is typical in annealed metals [39], the mean spacing between the 

dislocations, 𝑙𝑑𝑖𝑠𝑙 = 1/√𝜌𝑑𝑖𝑠𝑙  would be ~1 μm. The similarity in llow and ldisl values supports 

the possibility of a heterogeneous yielding mechanism originated from a pre-existing 

dislocation being responsible for the peak 1 in Fig. 12. For peak 2 in Fig. 12, it is important to 

recognize here that the above estimation and its assumptions will hold true only for the defect 

that would get activated at the lowest-stress (for peak 1) as it would be the first one to get 

triggered even if there are higher-stress defects (for peak 2) present in Vs. Although it lacks a 

more direct experimental proof, the fact that the V∗ values are close to 1Ω may suggest a 

monovacancy-mediated heterogeneous yielding mechanism for peak 2 [34]. 

 

Table 2. Summary of the peak 1 fraction, Vs, ρlow, and llow values estimated for uncharged and 

H-charged samples. 

Sample  Ri [μm] 
Peak 1 

fraction 
Vs [μm3] ρlow [μm−3] llow [μm] 

Uncharged 3.4 0.24 0.23 1.20 0.94 

 8.2 0.70 2.37 0.51 1.25 

H-charged 3.4 0.74 0.20 6.51 0.54 

 

All the above results clearly point towards the fact that the elastic-to-elastoplastic 

transition behavior of materials at small length scales should be statistically analyzed; 

otherwise, incorrect conclusions are likely to be drawn. In such an analysis, the distributions 

of defects play a vital role and the change in the size of the stressed volume can provide some 
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solid evidence, which also holds valid in this first investigation on single crystal bcc MEA. In 

this line, before closing, it is constructive to briefly discuss and compare this stochastic nature 

of incipient plasticity behavior between bcc and fcc H/MEAs. While for both bcc and fcc 

H/MEAs, there can be multiple mechanisms responsible for small-scale incipient plasticity 

(corresponding to multimodal distributions in y values) depending on Ri as well as 

microstructural states (e.g. defect densities) [39]. A distinct feature of the bcc NbTiZr MEA 

investigated here, however, is the very narrow range of PI and y values for the homogeneous 

dislocation nucleation. This is different from the case in fcc CoCrFeNi and CoCrFeMnNi HEAs 

[36] where homogeneous yielding manifests with a rather broad y distribution. This 

corresponds well with the prior experimental results on bcc Mo and fcc Ni single crystals [26]. 

In this sense, it is not so different between HEAs/MEAs and conventional metals and alloys, 

and the most likely reason is that partial dislocations, instead of full dislocations (as in bcc 

metals and alloys), are responsible for the dislocation nucleation behavior in fcc metals and 

alloys, which can be manifest as successive pop-ins in them [28,39]. Such distinct characteristic 

with bcc actually makes it more proper for comparative study on the homogeneous versus 

heterogeneous yielding behavior. A potential difference between HEAs/MEAs and 

conventional metals and alloys may be that the lattice distortion and hence, more vacancies in 

the former may make them more prone to vacancy-mediated dislocation nucleation mechanism 

[26,33,34]. Such a mechanism, nevertheless, should only affect the relative portion for the 

vacancy-related peak in the bi- or multi-modal distributions (like those displayed in Fig. 12). 

Thus, it will not alter the main conclusions we reached in the present study. It is also noteworthy 

that short-range ordering, that has been frequently observed in HEAs/MEAs [39–41], could 

also influence the pop-in behavior and its statistics. However, the effect of SRO is not 

specifically explored in the present work, since we did not observe any strong or direct evidence 
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to prove or disprove it. Moreover, the critical role of hydrogen in altering the incipient plasticity 

mechanisms is also highlighted here based on the current results. The fact that heterogeneous 

yielding, being either the activation of pre-existing dislocations or the dislocation nucleation 

aided by pre-existing defects, is enhanced by hydrogen charging demonstrated the effect of 

hydrogen on promoting the defect formation, as previously theoretically sketched in “defactant” 

thermodynamic framework.  

 

6. Conclusions 

In this study, nanoindentation tests using spherical indenters with different radii (1.8, 3.4, 

and 8.2 μm) were conducted within a single grain NbTiZr medium-entropy alloy to analyze the 

microscopic yield behavior. Changes in the indenter radius led to variations in the shape of the 

cumulative probability distributions of the first pop-in load and the corresponding maximum 

shear stress τy. Such a change in τy distribution is dominated by the micromechanisms 

responsible for the incipient plasticity, which, in turn, depends on the volume of the material 

underneath the indenter that is being probed. Based on a detailed statistical analysis and data 

deconvolution, homogeneous and heterogeneous yielding mechanisms, where the latter 

includes both the nucleation from and the glide of pre-existing dislocations, respectively were 

found to be responsible for the narrow high-stress regime and the broad low-stress regime 

obtained by deconvoluting the peaks in τy distribution. 

Upon subsequent hydrogen charging, while τy shows an overall reduction, the portion of 

heterogeneous yielding becomes more significant and dominant, indicating hydrogen-

enhanced defect formation, which is in line with the “defactants” thermodynamic framework. 

The suggested scenario for how the mechanisms are affected by the stressed volume and 

hydrogen-induced structural change was confirmed by direct observation of the deformation 
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behavior underneath the indenter with transmission electron microscopy. 
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