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The incipient plastic deformation behaviour of as-cast and annealed 18 

samples of Zr50Cu40Al10 (atom %) bulk metallic glass was investigated by 19 

nanoindentation. A validated load-over-displacement versus displacement 20 

plot showed the existence of a precursor event to incipient plasticity in 21 

both samples. The activation stress remained consistent in both samples, 22 

indicating that the event corresponds to local behaviour in regions with the 23 

same energy state, and it is not influenced by the overall microstructure. 24 

Conversely, the first serration detected in the as-relaxed sample exhibited a 25 

greater magnitude, potentially arising from a distinct energy-dissipation 26 

rate related to larger-scale microstructural characteristics. 27 
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1. Introduction 31 

Instrumented nanoindentation testing is extensively used in the nanomechanical 32 

characterization of bulk metallic glasses (BMG) because of its ability to probe small 33 

volumes, enabling the study of local responses to applied loads, and the investigation of 34 

the underlying deformation processes [1,2]. Upon testing BMG, a close examination of 35 

the loading segment on the load–displacement (P–h) curve initially reveals the presence 36 

of an elastic deformation, in accordance with the Hertzian equation [3]. Subsequently, a 37 

distinctive serrated flow is observed [4–8]. Schuh and Nieh [9] demonstrated that these 38 

serrations correspond to the formation of shear bands. This finding was further 39 

supported by Mukhopadhyay et al. [10] and was confirmed by atomic-force microscopy. 40 

Indeed, deformation through shearing is a widely accepted concept in BMG and is 41 

regarded as a stress-activated process occurring among atoms susceptible to structural 42 

relaxation [11,12]. In the analysis of the loading segment, the P/h–h plot [13] is a state-43 

of-the-art tool for the nanomechanical characterization of metallic materials [14] and it 44 

has proved essential in detecting the occurrence of precursor events to incipient 45 

plasticity in BMG [15]. 46 

Owing to the limitations of experimental research, numerical protocols have been 47 

proposed for quantitatively assessing the features of the underlying deformation 48 

mechanisms in BMG. From a theoretical perspective, serrated flow observed in BMG, 49 

considered a signature of the activation and propagation of a shear band[16], has been 50 
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connected to the overcoming of a specific potential energy barrier [17,18]. By 51 

considering the potential energy landscape theory [17], a universal criterion for plastic 52 

yielding at room temperature was formulated by Johnson and Samwer [18] as the 53 

cooperative shear model (CSM). On the basis of this model and nanoindentation data, 54 

Schuh and Lund [19] formulated a mathematical method to estimate the activation 55 

volume for the stress-assisted nucleation of defects, characterizing the incipient plastic 56 

flow in a crystalline material. The method was successfully applied by Choi et al. [20] 57 

to estimate the volume of the shear-transformation zone (STZ) in a BMG, by 58 

performing a statistical analysis of the maximum shear stress associated with the onset 59 

of the first serration. In our earlier investigation of a Zr-based BMG [15], which 60 

involved the use of nanoindentation P/h–h plots and a statistical analysis, we 61 

successfully detected a pre-serration deformation, corresponding to a deviation of the 62 

data from the Hertz curve for elastic contact. This phenomenon was identified as a 63 

thermally activated process, followed by a similarly thermally activated serration. 64 

In the present study, we explored the influence of the bulk microstructure on the early 65 

stages of deformation by probing pre-serration processes and the first serration in a Zr-66 

based metallic glass in various structural states, through nanoindentation.  67 

By employing experimental, theoretical, and statistical analyses, this work unveils the 68 

potential physical mechanisms governing early-stage deformation and elucidates the 69 

influence of the bulk configuration on the incipient deformation dynamics.  70 



4 

 

2. Experimental 71 

Two samples, as-cast and as-relaxed, of Zr50Cu40Al10 (atom %) BMG were investigated. 72 

The alloy was produced by arc-melting and tilt-casting in the form of rods with a 73 

diameter of 10 mm [21,22]. The as-relaxed state was obtained from the as-cast rod by 74 

annealing for three hours at 659 K, which is 40° below the glass-transition temperature 75 

(Tg = 693 K). Each sample was sectioned into 2-mm-thick discs from the rod. Then, the 76 

disc samples were polished using sandpaper with a grit size of up to #4000 and diamond 77 

suspension with particle sizes up to 1 µm. A sol–gel Al2O3 suspension with a particle 78 

size of 0.05 µm was used to remove the damaged surface layer produced by the 79 

mechanical polishing. The final surface roughness (RMS) was 1 nm. 80 

A Hysitron Triboindenter TI950 (Bruker Co., Minneapolis, MN, USA), equipped with a 81 

Berkovich indenter, was employed to perform nanoindentation testing in the load-82 

control mode with a peak load of 300 µN, a loading rate of 10 µN/s, and an acquisition 83 

rate of 300 points/s. To prevent any interaction between induced strain fields, a spatial 84 

separation of 3 µm was maintained between the test locations. To ensure statistical 85 

significance, 130 tests were performed on each sample [23]. Nanoindentation tests were 86 

analyzed on a P/h–h plot, as described previously [15], and were complemented by 87 

statistical and numerical analyses [18–20]. 88 

 89 
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3. Results and Discussion 90 

Figure 1(a) shows typical P–h plots for the two samples: the curve corresponding to the 91 

as-relaxed sample has been shifted horizontally to facilitate visualization. The data 92 

obtained from the as-cast and as-relaxed samples are shown in yellow and blue, 93 

respectively; this colour coding is used consistently throughout this report. A typical 94 

image of an indentation mark, obtained by using an atomic-force microscope embedded 95 

in the nanoindentation machine, is shown in the inset of Figure 1(a). As estimated by 96 

using the Oliver–Pharr method [24], the as-cast and as-relaxed samples exhibited an 97 

average hardness H of 4.21 ± 0.36 GPa and 4.39 ± 0.30 GPa, respectively, and reduced 98 

moduli Er of 86.5 ± 5.6 GPa and 92.8 ± 5.3 GPa, respectively. Serrations were slightly 99 

observable in both loading segments; hence, to detect them more clearly, the loading 100 

segments were replotted in the form of a P/h–h graph in Figure 1(b). Notably, the as-101 

relaxed curve has been shifted vertically for easier visualization. 102 

As in our previous study [15], the characteristic deformation parameters are defined as 103 

follows: point HZ represents the deviation of the experimental data from the Hertz curve 104 

corresponding to an initiation of inelastic behaviour, whereas point A and point B 105 

indicate the onset and completion of a serration event, respectively, and the AB event 106 

size is the horizontal distance in displacement between point A and point B.  107 

The main plots in Figure 2(a) show the load (PHZ) and displacement values 108 

corresponding to point HZ, whereas the side histograms show the probability 109 

distribution of each variable on the axis. The Hertz curves for the two samples are 110 

indicated by red lines and were calculated by using the following equation 111 
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𝑃 =
4

3
𝐸𝑟√𝑅ℎ3, ( 1 112 

fitting parameter Er with a fixed indenter tip radius R equal to 700 nm. Because every 113 

point lies on the curve, this confirms that point HZ represents the initial point of 114 

plasticity as a pre-serration deformation [20]. The fitted Er values for the as-cast and as-115 

relaxed samples were 83.6 GPa and 89.7 GPa, respectively, which were almost identical 116 

to the values obtained independently by the unloading analysis. The side histograms 117 

show a Gaussian-like distribution and an almost identical average and deviation in both 118 

samples.  119 

Figure 2(b) is a plot for point A, akin to Figure 2(a). The primary plot reveals a positive 120 

correlation between higher P values and a greater h, echoing the pattern observed in the 121 

point HZ distribution of Figure 2(a). However, compared with Figure 2(a), the data 122 

exhibit an increased dispersion. This variance might stem from the stochastic nature of 123 

plasticity following point HZ. The side histograms in Figure 2(b) display a distribution 124 

of P that is reminiscent of a Gaussian-like curve, similar to that featured in Figure 2(a). 125 

Furthermore, they show a remarkable difference in the average value that is higher for 126 

the as-relaxed sample. 127 

Figure 2(c) illustrates the distribution plot of P at point A (PA) relative to the magnitude 128 

of the AB event. In this representation, the data points exhibit a scattered pattern devoid 129 

of any discernible trend. This observation implies that the size of the AB event size is 130 

independent of PA. The accompanying histograms for the AB event size do not exhibit a 131 

distinct Gaussian profile. These outcomes collectively suggest a distinct physical basis 132 

for points HZ and A in comparison to the AB event in both samples. 133 
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To identify the underlying nature of these phenomena, complementary cumulative 134 

distribution functions (CCDF) for PHZ and PA are presented in Figs. 3(a) and 3(b), 135 

respectively. Figure 3(c) shows the CCDF for the AB event size: due to the limited data 136 

range (0.6–2.5 nm), a further analysis of the distribution would not have been 137 

significant and was, therefore, not performed. Across Figures 3(a) and 3(b), all the data 138 

points show a Gaussian-like distribution. This alignment reinforces the findings 139 

described in Figures 2(a) and 2(b), supporting the notion that these events potentially 140 

stem from thermally activated processes. This observation concurs with the work of 141 

Tönnies et al. [25], who reported that the triggering dynamics of the first serration are 142 

influenced by thermal fluctuations. 143 

We therefore evaluated the activation volumes involved in the deformation processes at 144 

point HZ and point A by applying the stress-biased thermal activation model for 145 

indentation-induced deformation [19,20]. The maximum shear stress (τ) underneath the 146 

indenter was estimated by means of the Hertz contact theory [3] as follows: 147 

𝜏 = 0.18 (
𝐸𝑟

𝑅
)

2

3
P𝑐

2

3     ( 2 148 

where 𝑃𝑐 denotes PHZ or PA. The cumulative distribution of events f with respect to the 149 

maximum shear stress values is given as follows [19]: 150 

𝑓 = 1 − exp [−
𝑘𝑇𝛾̇0

𝑣∗(𝑑𝜏 𝑑𝑡⁄ )
exp (−

∆𝐹∗

𝑘𝑇
) exp (

𝜏𝑣∗

𝑘𝑇
)],   ( 3 151 

where 𝑣∗ is the activation volume, 𝑘𝑇 is the thermal energy, 𝛾̇0 is the attempt frequency 152 

and ∆𝐹∗ is the Helmholtz activation energy. The Helmholtz activation energy is the 153 

energy barrier for nucleation in the absence of external stimuli. In our experimental 154 
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setting, the stress rate is almost constant because the loading rate is constant. The plot is 155 

displayed in Figure 4(a), in which the results for point HZ and point A are plotted as 156 

triangular and circular markers, respectively.  157 

To estimate the activation volume, Eq. (2) is rewritten as, 158 

ln[ln(1 − 𝑓)−1] = {
∆𝐹∗

𝑘𝑇
+ ln [

𝑘𝑇

𝑣∗(𝑑𝜏 𝑑𝑡⁄ )
]} +

𝑣∗

𝑘𝑇
𝜏.  ( 4 159 

By excluding the tails of distributions, the data in Figure 4(a) are replotted in Figure 160 

4(b) according to Eq. (4). The activation volumes for the events at points HZ and A are 161 

determined from the slopes of the plots by linear regression fitting. The slope values are 162 

displayed in Figure 4(b) and the calculated values of 𝑣∗ are listed in Table 1.  163 

Based on the CSM, the explicit formulation of the volume of the STZ (Ω) with respect 164 

to the activation volume is given as [20]: 165 

Ω =
𝜏0

6𝐶𝜉𝐺0𝛾𝑐
2(1−

𝜏

𝜏0
)

1
2

𝑣∗, ( 5 166 

where 𝐶 and 𝜉 are constants equal to 1/4 and 3, respectively; 𝐺0 = 𝐸𝑟 2(1 + 𝜈)⁄  is the 167 

shear modulus at 𝑇 = 0 𝐾; 𝜏 and 𝜏0 are the threshold shear strengths at temperatures T 168 

and 0 K, respectively; and 𝛾𝑐 = 𝜏/𝐺 is the critical shear strain at yielding. Previous 169 

studies have demonstrated that the shear modulus does not affect the estimation of the 170 

STZ volume to any major extent, and that it exhibits a weak temperature dependence 171 

[20,26]. By integrating Poisson’s ratio (ν) as 0.36 for both samples [27], the G0 values 172 

obtained for the as-cast and as-relaxed samples are 32 and 34.2 GPa, respectively. 173 
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Parameters 𝛾𝑐, 𝜏, and 𝜏0 are calculated using the scaling law proposed by Johnson and 174 

Samwer [18]. The values obtained for Ω are listed in Table 1.  175 

An approximation of the number of atoms (N) involved in the STZ is obtained by 176 

considering the microstructure of the sample as a random arrangement of densely 177 

packed hard spheres with an average atomic radius (ravg) given by 178 

𝑟𝑎𝑣𝑔 ≈  (∑ 𝐴𝑖𝑟𝑖
3𝑛

𝑖 )
1

3, ( 6 179 

where 𝐴𝑖 and 𝑟𝑖 are the atomic fraction and atomic radius, respectively, of each alloying 180 

element. The calculated average atomic radius is 0.137 nm, considering the values for 181 

the covalent atomic radius reported in the literature [28]. The values of N are listed in 182 

Table 1. The calculated values of 𝑣∗, Ω and N are consistent, in terms of their order of 183 

magnitude, with results reported in previous studies on Zr-based BMG [20,22,26,27,29].  184 

 185 

Table 1. Estimated values of the activation volume 𝑣∗, the STZ volume Ω, and the 186 

number of atoms in STZ N at the points HZ and A in as-cast and as-relaxed samples 187 

 As-cast As-relaxed 

 HZ A HZ A 

𝑣∗ [𝑛𝑚3] 0.023 0.030 0.022 0.039 
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Ω [𝑛𝑚3] 0.517 0.662 0.486 0.859 

N [atom] 48 61 45 79 

 188 

The as-cast and as-relaxed samples showed different behaviours. The average value of 189 

PA is higher for the as-relaxed sample than for the as-cast sample, as shown in Figures 190 

2(b) and 3(b). In addition, the size of the AB event shifts to a higher range in the 191 

distribution, as shown in Figure 3(c). This behaviour is presumably due to the 192 

differences in the atomic configuration. 193 

Prior to deformation, the as-relaxed sample is presumed to display a denser 194 

microstructure, characterized by a reduced volume fraction of unstable regions, owing 195 

to the energy input during the annealing treatment, resulting in the formation of stronger 196 

bonds. Experimental evidence for the increase in the atomic-packing density after sub-197 

Tg annealing has been provided by Pan et al. [30] and confirmed by X-ray diffraction 198 

analyses of Zr50Cu40Al10 (atom %) BMG as-cast and annealed samples [31]. 199 

At point HZ, the same values are found for both the critical load PHZ and the activation 200 

volume in the as-cast and as-relaxed samples. This suggests that the atomic 201 

rearrangement at point HZ of pre-serration deformation might correspond to a highly 202 

localized process occurring in the unstable region. Furthermore, given that both samples 203 

are composed of the same alloying elements, the enthalpy of formation associated with 204 

the weakest interatomic bond is identical in both samples, as is the potential energy 205 
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barrier associated with their configuration [17]. The absence of differences in point HZ 206 

events, both in their physical nature and scale, suggests that the different degrees of 207 

microstructural heterogeneity of the bulk samples do not affect the incipient 208 

deformation mechanics.  209 

At point A, the critical load PA of the as-cast sample is lower than that of the as-relaxed 210 

sample. Choi et al. [29] and Tao et al. [31] reported that as-cast Zr-based BMG samples, 211 

as well as the sub-Tg annealed samples, exhibited a similar occurrence of smaller critical 212 

loads and STZ sizes at the first pop-in. Tao et al. recently confirmed their findings by 213 

using nanoindentation creep and strain-rate sensitivity methods [32,33]. In this work, 214 

and in line with previous studies, the aforementioned occurrence is explained in terms 215 

of the different structural configurations of the samples. In the as-cast sample, the 216 

volume fraction of easily movable atoms is higher; consequently, these atoms are nearer 217 

to one another, and a smaller applied stress is required to trigger the cooperative 218 

shearing phenomenon. From an energetic standpoint, the as-cast microstructure is more 219 

unstable overall; consequently, the energy quota required to reach the serration energy 220 

barrier is smaller.  221 

Regarding the size of the AB event, longer serrations detected in the as-relaxed sample 222 

might be due to the larger distance to which the strain is accommodated in the more-223 

uniform microstructure and to the slower energy-dissipation rate over smoother 224 

potential-energy landscape transition states.  225 

 226 
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4. Conclusion 227 

In brief, we have conducted a comparative analysis of the early stages of deformation in 228 

as-cast and as-relaxed Zr50Cu40Al10 (atom %) BMG by nanoindentation testing. Any 229 

unstable deformation mode during loading was clearly visualized using a P/h–h plot. 230 

The work yielded the following findings. 231 

(1) The critical stress value at point HZ, corresponding to the pre-serration event, 232 

was consistent between the two samples, indicating that the event represents a 233 

local behaviour occurring in regions characterized by the same energy state and 234 

that it is not subject to the influence of the overall microstructure.  235 

(2) The critical load at point A of the as-cast sample is lower than that of the as-236 

relaxed sample. This difference could be attributed to the higher volume fraction 237 

of unstable regions in the as-cast sample, so that a smaller applied stress is 238 

required to trigger the serration. 239 

(3) The magnitude of the AB event detected in the as-relaxed sample was greater 240 

than that in the as-cast sample, potentially due to a distinct energy-dissipation 241 

rate related to microstructural characteristics on a larger scale.  242 
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 362 

Figure 1 (a) Representative load–displacement P–h curve for the Zr50Cu40Al10 bulk 363 

metallic glass as-cast (yellow) and as-relaxed (blue) samples. Serration is indicated by 364 

black arrows. A resulting indentation mark is shown in the inset. (b) P/h–h curves 365 

obtained from Figure 1(a): serrations exhibit a negative slope.366 
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 367 

Figure 2 Distribution plots for as-cast (yellow) and as-relaxed (blue) samples. (a) 368 

Distribution of depth versus load at point HZ. Side histogram plots show probability 369 

distributions. Hertz curves are displayed in red. (b) Distribution of depth versus load at 370 

point A. (c) Distribution of the size at event AB versus the load at point A: the serration 371 

size is not related to the activation load. 372 
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 373 

Figure 3 Log–log plots of complementary cumulative distribution functions for as-cast 374 

(yellow) and as-relaxed (blue) samples at (a) point HZ, (b) point A and (c) AB event 375 

size.376 
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 377 

Figure 4 (a) Cumulative distribution of maximum shear stress underneath the indenter 378 

at point HZ (triangular marker) and point A (circular marker) for as-cast (AC; yellow) 379 

and as-relaxed (AR; blue) samples. (b) Activation volume estimation at points HZ and 380 

A.  381 


