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a b s t r a c t 

This work intends to manipulate the internal flow units in Zr 55 Cu 30 Ni 5 Al 10 bulk-metallic glasses (BMGs) 

through plasma-assisted hydrogenation to generate a positive microalloying effect on plasticity. Based on 

the cooperative shear model theory, serration-flow statistics during nanoindentation loading and creep 

tests during the holding stage were used to analyze the influence of hydrogen on the behavior of flow 

units in BMGs. Experimental observations showed that the hydrogen in the Zr 55 Cu 30 Ni 5 Al 10 BMGs caused 

mechanical softening, plasticity improvement, and structural relaxation. Analysis also showed that the 

average volume, size, and activation energy of internal flow units in the BMGs all increased as a result of 

the increase in the hydrogen content. The hydrogenation in the BMGs was found to lead to a prolifera- 

tion of shear bands, which promoted plasticity. The aggregation of these internal flow units reduced the 

stress required for plastic deformation through shear bands, ultimately causing softening and structural 

relaxation. 

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals. 
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. Introduction 

The effect on hydrogen on metallic glasses (MGs) has been 

 popular topic for materials scientists and engineers for many 

ecades because such materials have potential applications for ef- 

cient hydrogen (H) storage and separation [1-3] . In addition to 

hese possibilities, scientific interest has been motivated by obser- 

ations that hydrogen additions can modify the glass-forming abil- 

ty (GFA) and result in improved ductility [4-8] . To achieve such 

eneficial effects, we recently presented a processing route for in- 

roducing H into MGs via plasma-assisted hydrogenation [9] . Such 

ydrogenation offers new strategies for the alloy design of MGs. 

oreover, it provides a potential method for resolving the problem 

hat high glass-forming ability and ductility in MGs are often mu- 

ually exclusive properties. Although some studies have addressed 

he mechanical behavior of hydrogenated MGs [10-13] , few have 

xamined the influence of hydrogen on deformation mechanisms 

n MGs, particularly in bulk-metallic glasses (BMGs) with a high Zr 
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ontent, i.e ., those with ≥ 50 atomic percent (at.%) Zr. Indeed, the 

recise deformation mechanisms in hydrogenated MGs are still un- 

lear and in many respects somewhat controversial. 

Current research has revealed close correlations between the 

nternal flow units in MGs and their deformation mechanisms [14- 

6] . In MGs, the cooperative motions of atoms and free volumes, 

hich act as internal flow units, derive from structural hetero- 

eneities or “potential flow defects” [14] . Compared with other 

toms in amorphous alloys, atoms in internal flow units have low 

lastic modulus, low strength, loose atomic arrangement, high en- 

rgy, and large atomic mobility. Accordingly, these regions are 

ften referred to as “soft zones” or “liquid-like zones” [17-19] . 

hese soft zones, embedded in rigid amorphous substrates, can- 

ot store elastic energy. Under the action of external temperatures 

nd stresses, they exhibit rheological characteristics and can dis- 

ipate energy, which in turn affect the structures and properties 

f MGs. Flow units have been described using several phenomeno- 

ogical models [20-22] , which are mainly based on three mecha- 

isms: the local atomic jump, shear-transformation zone (STZ), and 

ooperative shearing mechanisms. Internal flow units comprise an- 

ther degree of disorder in the disordered system of BMGs, which 

eed to be resolved both spatially and temporally. Their struc- 

https://doi.org/10.1016/j.jmst.2021.04.037
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Fig. 1. Representative nanoindentation load-displacement ( P - h ) curves of the 

Zr 55 Cu 30 Ni 5 Al 10 BMGs with various H contents. The inset shows different pop-in 

phenomena at the end of loading. The term UC refers to BMGs with uncharged H. 
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urally complex nature derives from their amorphous structures, 

endering them challenging to measure using existing analytical 

echniques [ 23 , 24 ]. As it is difficult to accurately track structural 

volution experimentally, much research on this topic has resorted 

o molecular dynamics simulations [25] . However, the limitations 

f the computational power make molecular dynamics only feasi- 

le for simulating very simple systems, such as binary or ternary 

lloys. Recently, on the basis of the cooperative shear model pre- 

ented by Johnson and Samwer [22] , Pan et al. [26] have pro- 

osed an experimental method for characterizing the STZ-volume, 

hich allows the calculation of the experimental variation of inter- 

al flow units below the glass-transition temperature, T g . 

For hydrogenated MGs, the influence of hydrogen on their me- 

hanical behavior has become somewhat controversial. Some stud- 

es have found that internal flow units and shear yield strengths 

 τmax ) of Ni–Nb–Zr hydrogenated MG ribbons are affected by 

he Zr content [ 27 , 28 ]. Specifically, a low Zr content induces

ydrogen-induced softening, whereas a high Zr content causes 

ydrogen-induced hardening. However, the results of other investi- 

ations have revealed that after hydrogenation, the high-Zr-content 

Gs clearly soften and exhibit improved plasticity [ 6 , 9 , 29 , 30 ].

hese contrasting effects are presumed to be closely related to the 

xisting form and content of the H in MGs. Accordingly, motivated 

y the previous research, we propose in the present study to in- 

uce positive microalloying effects by manipulating the amount of 

nternal flow units in Zr-based BMGs through plasma-assisted hy- 

rogenation. We performed nanoindentation and hardness experi- 

ents to characterize the resulting mechanical behavior of the hy- 

rogenated BMGs. Based on the cooperative shear model theory 

CSM), serration-flow statistics and creep tests based on the strain- 

ate sensitivity were used to analyze the influence of hydrogen on 

he behavior of flow units in MGs during the loading and holding 

tages of nanoindentation tests in an attempt to further bridge the 

elationship between the deformation mechanisms and flow units 

n hydrogenated MGs. 

. Experimental 

The precursor Zr 55 Cu 30 Ni 5 Al 10 alloys were produced by mixing 

igh-purity metals [ ≥ 99.9% weight percent, wt.%] in a Ti-gettered 

 2 -Ar atmosphere (three conditions, i.e., Ar/H 2 = 100, 90/10, and 

5/15, by volume) using a plasma-assisted hydrogenation method 

n a water-cooled copper crucible [9] . The heat input was consis- 

ent with chemical homogeneity ensured by remelting the ingots 

ve times. Using such a process, 3-mm-diameter BMG rods were 

roduced by in situ suction casting in a water-cooled copper mold. 

 water-cooled diamond saw was used to cut rod specimens of 

 mm in diameter and 6 mm in length from the BMG ingots. The 

pper and lower parallel faces were ground to a roughness of less 

han 10 μm, with one surface mechanically polished to a mirror 

nish. These glass structures were analyzed using X-ray diffrac- 

ions with Cu- K α radiation, scanned from 20 to 100 ° at a scan- 

ing speed of 5 °/min. Hydrogen concentrations were measured us- 

ng a LECO ROH600 oxygen-H analyzer (90/10% Ar/H 2 , 0.021 wt.% 

nd 85/15% Ar/H 2 , 0.026 wt.%), manufactured by LECO Corp. (St. 

oseph, MI, USA). Thermal properties of the samples were charac- 

erized using differential scanning calorimetry (DSC, NETZSCH STA- 

09) with a constant heating rate of 20 K/min. 

An Agilent Nano Indenter G200 (Agilent Technologies, Inc., 

anta Clara, CA, USA) with a Berkovich diamond indenter was em- 

loyed to carry out load-controlled nanoindentation measurements 

t room temperature. The displacement and load resolutions of the 

achine were, respectively, less than 0.01 nm and 50 nN, respec- 

ively. Before testing, the instrument was calibrated using the stan- 

ard fused silicon to ensure thermal stability for at least 30 min., 

ntil the thermal drift was below 0.05 nm •s − 1 . All nanoinden- 
37 
ation experiments were loaded to 150 mN at a 1 mN/s load- 

ng rate. Creep behavior was studied by holding the maximum 

oad for 250 s once reached. Finally, the loads were decreased at 

 rate of 1 mN/s. The contact stiffness was accurately measured 

y dynamic nanoindentation technique (DNT) [31-33] with a fre- 

uency of 45 Hz and displacement amplitude of 2 nm. Each test- 

ng condition was repeated at least four times to ensure repeatabil- 

ty. The material volumes used in our nanoindentation tests were 

ut out of the central region of the ingots, and the mechanical 

roperties within such confined volumes are believed to be homo- 

eneous. Therefore, an appreciable difference is not expected be- 

ween performing 4 tests and many tests at a large spatial spread. 

urthermore, our statistical analysis was performed on serrations. 

lthough we conducted 4 tests in each condition, hundreds of ser- 

ations extracted from each test can still ensure the validity and 

uality of our statistical analysis. The Vickers hardness of the sam- 

les was examined using a HVS-5 digital low-load Vickers hard- 

ess tester (SGtest Instruments, Negeri Sembilan Darul Khusus, 

alaysia) with a loading force of 10 0 0 gf and a holding duration 

f 10 s. The morphology of the indents after the hardness tests 

ere imaged, using a Hitachi S-3400 N scanning electron micro- 

cope (SEM) to identify the salient deformation mechanisms. 

. Results 

.1. Serrated flows and mechanical properties 

Nanoindentation load-displacement ( P - h ) curves on each of the 

r 55 Cu 30 Ni 5 Al 10 BMGs containing various H contents are given in 

ig. 1 . Note that the curves are displaced along the depth axis such 

hat multiple curves could be accommodated on a single graph. A 

eries of sudden displacement bursts or load drops can clearly be 

bserved in the three curves; they are often described as “pop-ins”

r serrated flows [34-39] . Furthermore, the number of pop-ins and 

heir jump widths gradually decreased after hydrogenation (inset 

o Fig. 1 ). 

These pop-in events were the initiation and expansion of one or 

ore instantaneous shear bands. This phenomenon has been ob- 

erved in many other BMG systems under nanoindentation [40] . 

oreover, the nanohardness of the alloys and their elastic modu- 

us generally decreased as the H content increased, indicating an 

-induced softening effect ( Fig. 2 ). 
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Fig. 2. Variation of the nanohardness and elastic modulus with the hydrogen con- 

tent in the Zr 55 Cu 30 Ni 5 Al 10 BMGs. 
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Further characterization of mechanical properties was per- 

ormed using Vickers hardness tests. Representative SEM images 

f the Zr 55 Cu 30 Ni 5 Al 10 BMGs with various H contents, and their 

easured Vickers hardness H V are shown in Fig. 3 . The Vickers 

ardness, H V , is given in the unit of MPa, calculated by 0 . 102 × F /A ,

here F is the loading force, and A is the indentation surface 

rea. These hardness data were basically consistent with the trend 

hown in Fig. 2 , demonstrating that the observed trends were in- 

erent to the materials rather than experimental contingencies. 

he SEM images indicated that the morphology around the inden- 

ation of the uncharged H alloy (UC) was relatively even, without 

bvious localized deformation. As the H content increased, the arc- 

haped “ripple” lines around the indentation gradually densified, 

hich corresponded to shear bands around the indented zone. Ac- 

ordingly, it was reasoned that the addition of the trace H content 

erves to soften the Zr 55 Cu 30 Ni 5 Al 10 BMGs, by increasing shear 

ands during deformation to enhance local plasticity. This finding 

s similar to what had been reported for some Zr-based BMGs [ 30 ,

1 ], but is contrary to the H-induced hardening phenomenon re- 

orted in other studies [ 42 , 43 ]. Therefore, it was deemed to be ap-

ropriate to embark on an in-depth investigation of the interaction 

etween hydrogen and the amorphous structures of the metallic 

lasses. 

.2. Nanoscale creep 

Typical curves of creep depth versus holding time at selected 

enetration depths during nanoindentation showed that all curves 

xhibited two distinct phases, i.e ., Stage I and II ( Fig. 4 a). Stage

 was instantaneous creep, which occurred approximately within 

he first 25 s of the load holding stage . Creep displacements in- 

reased rapidly during this stage, particularly at the beginning. 

tage II occurred at 25–250 s of the load holding stage, and fea- 

ured steady-state creep (i.e., the creep displacement gradually sta- 

ilized). Moreover, as the H content increased, the creep displace- 

ents increased. This feature was attributed to the H additions 

aving a specific influence on the generation and movement of 

hear bands during creep of the MGs, which promoted local plastic 

eformation. 

To further describe the creep behavior of MGs, the Kelvin 

odel, which simulates deformation behavior in terms of a series 

f dashpots and linear springs, is commonly used [44–47] . Under 

he nanoindentation conditions, Yang et al. [48] have derived an 

lastic-viscoelastic-viscous (EVEV) model based on the generalized 
38 
elvin model in order to describe indentation creep deformation. 

n this model, the stress-strain relationship is transformed into the 

elationship between load and displacement. As such, the total dis- 

lacement, h, during the indentation creep is expressed as 

 = h e + 

n ∑ 

i =1 

h i 

(
1 − e −t / τi 

)
+ t/ μ0 (1) 

here h e is the indentation depth at the first spring, h i the inden- 

ation depth of the i th Kelvin component, μ0 the constant associ- 

ted with the viscosity coefficient of the last dashpot, and τ i the 

ysteresis time of the i th component. In view of the much sim- 

ler relaxation process in BMGs [47] , only two exponential terms 

n Eq. (1) need to be adopted for these materials. Accordingly, the 

ypical displacement versus holding time curves can be success- 

ully fitted with Eq. (1) with a correlation coefficient R 2 > 0.99 for 

ll tests ( Fig. 4 b). The resulting fitting parameters are summarized 

n Table 1 . 

It is noted that as the H contents increases, h 1 ascends gradu- 

lly while τ 1 and τ 2 show an increasing trend first followed by de- 

rease. h 2 , however, seems to unremarkably depend on the H con- 

ents. What is more, μ0 increases as the H contents increases, im- 

lying a much more relaxed atomic packing for the hydrogenated 

Gs. This implication is in accordance with the lower hardness of 

he hydrogenated alloy, as indicated above. 

The significance of the generalized Kelvin creep equation lies in 

ts close relationship with other mechanical properties. The creep 

ompliance, J ( t ), is an important parameter that reflects mechanical 

roperties, which can generally be obtained from the Kelvin creep 

quation [ 48 , 49 ]: 

(t) = 

A 0 

P 0 h in 
h (t) = 

A 0 

P 0 h in 

[
h e + h 1 

(
1 − e −t / τ1 

)
+ h 2 

(
1 − e −t / τ2 

)
+ t/ μ0 

]
(2) 

here P 0 is the maximum load, A 0 is the contact area at the max- 

mum load, and h in is the maximum indentation depth. Based on 

he creep data and introduction of the related fitting parameters, 

q. (2) provides a means to calculate the creep compliance. The 

ependence of the creep compliance on the holding time for the 

r 55 Cu 30 Ni 5 Al 10 BMGs with various hydrogen contents revealed a 

imilar trend, i.e ., the initial creep compliance was constant but 

radually increased with the holding time ( Fig. 5 a). This trend 

as essentially consistent with the variation of the creep compli- 

nce reported for La- [46] , Ce- [47] , Mg- [45] and Cu- [50] based

MGs. Wang et al. [51] have shown that under a constant load, 

he increased creep compliance is caused by the structural relax- 

tion in BMGs. Additionally, Zhang et al. [52] have pointed out 

hat the increased creep compliance in BMGs corresponds to a re- 

uction in the elastic modulus ( E ~ 1/ J ( t )). In this sense, Fig. 5 a

emonstrates that as the H content increased, the structure of the 

r 55 Cu 30 Ni 5 Al 10 BMGs became relaxed, and the Young’s modulus 

ecreased. The finding is consistent with the E values shown in 

ig. 2 . 

The retardation spectra ( L ( τ )) of the Zr 55 Cu 30 Ni 5 Al 10 BMGs was

stimated from the following approximate expression [53] : 

 ( τ ) = 

[(
1 + 

t 

τ1 

)
h 1 

τ1 

e −t / τ1 + 

(
1 + 

t 

τ2 

)
h 2 

τ2 

e −t / τ2 

]
A 0 

P 0 h in 

t | t=2 τ (3) 

The results as a function of the H content in the BMGs estab- 

ished that the retardation spectra of the samples with different 

ydrogen contents were composed of two relatively-independent 

etardation peaks - one narrow and the other wide ( Fig. 5 b). The

wo peaks were similar to the fast β and slow α relaxations in 

MGs, indicating that the two relaxation states were present in 

he current BMGs. Ocelik et al. [54] have also reported this phe- 

omenon in the study of amorphous ribbons, suggesting that it is 
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Fig. 3. Representative SEM images of the Vickers hardness impressions of the Zr 55 Cu 30 Ni 5 Al 10 BMGs with various H contents. 

Fig. 4. Typical displacement versus holding time curves for the Zr 55 Cu 30 Ni 5 Al 10 BMGs with various H contents, showing (a) the division of the two-stage creep, and (b) the 

fitting of the curves using the elastic-viscoelastic-viscous (EVEV) model. 

Table 1 

Fitting parameters of the nanoindentation-creep curves of the Zr 55 Cu 30 Al 10 Ni 5 BMGs with various H contents using 

Eq. (1) . 

Alloy H content C H (wt.%) h e (nm) h 1 (nm) τ 1 (s) h 2 (nm) τ 2 (s) μ0 (s/nm) R 2 

Zr 55 Cu 30 Al 10 Ni 5 0 1086.7 2.34 3.08 4.37 28.12 18.27 0.99737 

0.021 1089.3 3.77 4.74 4.18 50.57 19.97 0.99621 

0.026 1089.9 5.79 2.15 4.61 37.69 20.56 0.99705 
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elated to chemical and topological short range ordering in the re- 

axation process. Castellero et al. [45] have pointed out that the 

idth and intensity of the peak are related to the size of the defect 

soft region), respectively. Small defects exist in open volume areas, 

imilar to a Bernal gap, while large holes are thermally instable. 

his trend means that each peak represents a different material- 

ransport mechanism or distinct type of flow defects in amorphous 

tructures. Notably, as the hydrogen content increases, the first 

eak exhibits the increased intensity, and the relaxation time ini- 

ially increases and then decreases ( Fig. 5 b). In simple terms, these 

esults indicate that the effect of hydrogen additions is to make 

he structure of the BMGs more relaxed. As a result, the aggregate 

f the corresponding defects increased, and the activation of the 
i

39 
emaining defects became easier. However, the influence of hydro- 

en content on the second peak’s intensity and position is far less 

lear. 

. Discussion 

The experimental results described in this study clearly indicate 

hat the deformation behavior and mechanical properties of the 

r 55 Cu 30 Ni 5 Al 10 BMGs are closely related to their H contents. This 

rend was caused by the presence of H, which resulted in material 

oftening and relaxation of the internal structure. To provide clar- 

ty as to why such mechanical and structural responses occurred 
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Fig. 5. (a) Creep compliance spectra and (b) retardation spectra of the Zr 55 Cu 30 Ni 5 Al 10 BMGs with various H contents. 
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s the H content was raised, we investigate now how H can affect 

he internal flow units of these glassy materials. 

.1. Evolution of internal flow units during the loading stage 

The lack of linear and planar defects in amorphous structures, 

uch as dislocations and grain boundaries, makes BMGs only plas- 

ically deform by the motion of internal flow units [55-57] . When 

MGs are influenced by external forces, internal flow units are 

ormed by relative sliding between unstable atomic clusters and 

esidual free volumes. With the accumulation of STZs, a blocking 

tate can form and, as the shear action strengthens with increas- 

ng stress, this blocking state can lose stability such that an in- 

ipient shear zone can form and expand. This process causes in- 

ermittent shear collapse, corresponding to the serration-flow phe- 

omenon on nanoindentation curves [ 58 , 59 ]. Therefore, each ser- 

ation flow phenomenon represents the formation and expansion 

f one or more shear bands [40] . This feature also implies that if

he serration flow is associated with internal flow units, then it is 

lausible that the deformation behavior of MGs can be explained. 

Recent serration-flow studies have shown that the serration 

rocess comprises repeated cycles of sudden stress drops prior 

o being generally followed by an elastic-loading portion [58] . 

 serration flow is interpreted to represent a full cycle of the 

hear-band movement, including nucleation, propagation, and ar- 

est. Shear-band propagation, seen as stress drops, corresponds to 

 stage of extended, uniform flows within the band under a tran- 

ient stress. This trend results in discontinuous serration steps on 

anoindentation curves, of a magnitude depending on the stress 

elaxation and system characteristics [60] . Therefore, it is reason- 

ble to regard the intersection of the two serration-flow stages on 

he nanoindentation-loading curve as a transition from the instan- 

aneous elastic strain to plastic deformation. This feature is similar 

o the first pop-in observed during the loading stage of the spher- 

cal indentations [61] . The difference here is that the first pop-in 

orresponds to a sparse shear band (perhaps only one main shear 

and) being suppressed under a high shear stress, while other ser- 

ation flows in the nanoindentation-loading curve correspond to 

ultiple shear bands being activated under a relatively-low shear 

tress. This trend implies that statistical analysis of the shear stress 

t the onset of this serration flow during the loading stage can per- 

it a connection to the CSM model. Moreover, it may elucidate the 

alient structural changes in the material at this point. 

Prior to statistical analysis of the shear stress, effective ser- 

ations first need to be isolated and identified, because back- 

round noise in the experimental equipment could also be the 

ause of several higher frequency and lower amplitude serrations 

n the nanoindentation curve. The accuracy of statistical analysis 

an be affected by the large amount of noise serrations. Therefore 
40 
oise-reduction procedures must be used to avoid statistical errors 

62] . In previous studies, the noise was removed, using a polyno- 

ial function based on the serration size of the nanoindentation- 

olding stage [63-66] . However, this method suffers from a ser- 

ation size error, �h err [67] , in each serration, and the accumu- 

ated experimental error could be fairly large. Hence, an exponen- 

ial function was used to describe the variation of the displacement 

ate with time (d h /d t - t ), where d h /d t was regarded as the serration

ize. The exponential function [67] was given as: 

dh 

dt 
= C ·

[
exp 

(
A · t B 

)
− 1 

]
+ D (4) 

here A, B, C , and D are the fitting parameters. Eq. (4) was fit-

ed to the d h /d t - t data in the loading stage to obtain a baseline

 Fig. 6 a; correlation coefficient, R 2 > 0.99, for all tests). After the 

aseline subtraction, the processed data were linearly fitted again 

sing [67] : 

dh 

dt 
= K · t + M (5) 

here M is the fitting parameters. The above step were repeated 

ntil the slope of Eq. (5) , K , was close to 0, which effectively elim-

nated the influence of external noise and increased indentation 

epth such that the processed serration events were clearly visi- 

le as a function of the load time, t ( Fig. 6 b). As the first pop-in

henomenon for these Zr 55 Cu 30 Ni 5 Al 10 BMGs generally occurred 

t ~330 nm (~20 s), it is reasonable to infer that the majority of 

he irregular serrations occurred after ~20 s. Thus, the abscissa in 

ig. 6 b was started at t = 20 s. Moreover, it was observed that the

errations were more intense at the beginning of the indentation 

nd then become relatively stable. This trend was noted because at 

he initial stages of plastic deformation, i.e ., at the bending portion 

f the d h /d t - t curve, serrations mainly arose from the formation of

ighly-discrete, localized shear bands [58] , with the serration sizes 

rogressively decreased due to the formation and expansion of a 

arger number of shear bands. 

Subsequently, the shear stress of an MG was obtained from 

hese effective serrations, and can be expressed by [9] 

= 

H 

3 × √ 

3 

(6) 

here H is the hardness, calculated by mean pressure [68-70] : 

 = 

P 

A ( h c ) 
(7) 

here A is the contact area at an applied indentation load of P , the

rea function, A ( h c ), for a perfect Berkovich indenter can be written 

s [68-70] : 

 ( h c ) = 24 . 56 h 

2 
c , (8) 
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Fig. 6. (a) Raw data and fitting curve (cyan solid line) for the change in penetration depth with time as a function of time throughout the loading process, dh / dt vs. t, in 

uncharged and charged alloys. (b) Corresponding extracted serration bursts versus time after 20 s of loading in uncharged and charged alloys. (c) Taking uncharged samples 

as an example, indentation-size effect can be observed on curves of shear stress, τ , vs . penetration depth, h , (brown line) and indentation strain rate, ˙ ε , vs . penetration depth, 

h , (dark green line). The inset is the partial enlarged view. (d) Variation in the maximum shear stress identified by the intersection of the two stages in each serration event 

in uncharged and charged alloys. 
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here h c = h − ε × P /S is the contact depth at an indentation 

oad of P, S is the contact stiffness quantified using the DNT 

ethod of nanoindentation, and ε = 0.75 is a constant. Substitut- 

ng Eqs. (7) and (8) into Eq. (6) can obtain: 

= 

P 

24 . 56 × 3 × √ 

3 · ( h − ε · P /S ) 
2 

(9) 

The shear stress ( τ ) and the indentation strain rate 

 ̇ ε = 

1 
h 

× dh 
dt 

) as a function of the displacement into the surface is 

hown in Fig. 6 c. The indentation-size effect (ISE) is manifested 

s an increase in hardness (or shear stress, τ = 3 
√ 

3 × H) with 

ecreasing the impression size [71] , and this phenomenon can be 

learly observed at the initial stage for indentation depths up to 

330 nm (we refer to this feature as a “strong size effect” stage). 

owever, once the penetration depth exceeds this value, the shear 

tress oscillates over a narrow range (which we term as the “weak 

ize effect” stage). In other words, as the indentation deepens, 

he indentation-size effect gradually weakens. This phenomenon 

uggests that the ISE is minimal in the weak size effect stage. 

oreover, the maximum shear stress, τmax , is the shear stress 

t the transition from elasticity to plasticity and thus, could be 

eadily identified by the beginning of each serration event. The 

max values vary in a narrow range with increasing indentation 

epth for each Zr 55 Cu 30 Ni 5 Al 10 BMG (inset in Figs. 6 c and 6 d). In

ddition, the effect of hydrogen here is clearly apparent by the 

ecrease in τmax with increasing the hydrogen concentration C H 
 Fig. 6 d). 

Accordingly, the cumulative distributions of τmax in these BMGs 

ere plotted ( Fig. 7 a). Based on Schuh’s work [72] , both the

hermally-assisted and stress-biased processes can affect the yield 
41 
trength and cause it to fluctuate within a certain range. This is 

ecause the thermal noise sometimes favors yielding but works 

gainst it at other times. Hence, the cumulative distribution func- 

ion, f , of serration events can be described as a function of τmax 

eneath the indenter in terms of: 

f = 1 − exp 

[
− kT γ

V 

∗( d τ/d t ) 
exp 

(
−�F ∗

kT 

)
exp 

(
τV 

∗

kT 

)]
, (10) 

here k is the Boltzmann constant, T is the experimental temper- 

ture, γ is the attempt frequency, �F ∗ is the Helmholtz activation 

nergy, and V 

∗ is the activation volume of the serrations. In gen- 

ral, V 

∗ can be calculated from the slope of the linear relationship 

etween ln[ln(1- f ) −1 ] vs. τmax by converting Eq. (10) into: 

n 

[
ln ( 1 − f ) 

−1 
]

= 

{
�F ∗

kT 
+ ln 

[
kT 

V 

∗( dτ/ dt ) 

]}
+ 

τV 

∗

kT 
(11) 

The correlations between ln[ln(1- f ) −1 ] and τmax for the three 

MGs show that a linear relationship clearly did not exist in the 

ull range of experiments, which is similar to results reported 

n previous studies ( Fig. 7 b) [73] . Considering that the elastic- 

lastic transition deformation process of the tested BMGs was a 

hermally-activated process, the activation volume should be re- 

ated to the local shear stress, which might be responsible for this 

onlinear relationship. To account for the observed nonlinearity, 

q. (11) was modified by introducing a quadratic polynomial [73] : 

 

∗( τ ) = V 0 + V 1 τ + V 2 τ
2 (12) 

here V 0 , V 1 , and V 2 are fitting parameters. The modified equation 

est describes the experimental data with a fitting correlation co- 
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Fig. 7. (a) Cumulative probability distributions of τ max at serrations in uncharged and charged alloys; inset shows the probability distributions of corresponding, τ max . (b) 

The correlation between ln[ln(1- f ) −1 ] and τ max for these uncharged and charged alloys; introducing Eq. (12) produced a good agreement with the data (solid black lines), 

and the inset shows the range of V ∗ values for the uncharged and charged alloys. 

Table 2 

Correlation parameters for the internal flow units in the loading stage using the serration-flow statistic method. 

Alloy H content C H (wt.%) Activation Volume V ∗ (nm 

3 ) STZ volume � (nm 

3 ) STZ size (atom) STZ activation energy W (kJ/mol) 

Zr 55 Cu 30 Al 10 Ni 5 UC 0.02824 ±0.0007 0.6162 ±0.021 41 ±2 36.8 ± 1.4 

0.021 0.03183 ±0.0011 0.6949 ±0.024 46 ±2 40.8 ± 1.6 

0.026 0.04304 ±0.0016 0.9400 ±0.036 62 ±3 61.4 ± 2.4 
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fficient as high as 0.99 ( Fig. 7 b). Using the fitting parameters, V 0 ,

 1 , and V 2 , the activation volume ranges of the BMGs with vari-

us hydrogen contents were obtained and plotted. This feature in- 

icated that the activation volume, V 

∗, was significantly improved 

fter hydrogenation, with V 

∗ values in the range of 0.02 - 0.05 nm 

3 

Inset of Fig. 7 ). 

From the activation volumes determined above, the most fun- 

amental internal flow unit size for plastic flows in the BMGs was 

stimated using the CSM of Johnson and Samwer [22] , given as: 

= 

τ0 

6 R 0 Gγ 2 
c ξ ( 1 − τ/ τ0 ) 

1 / 2 
V 

∗, (13) 

here � is the STZ volume, G is the shear modulus, R 0 is a con-

tant ≈ ¼, and ξ is the correction coefficient for matrix binding 

round internal flow units, which is equal to 3, γ c is the critical 

hear strain ( γ c = τ / G ), and τ and τ 0 are, respectively, the critical 

hear strengths at the experimental temperature and 0 K. 

For the activation of a flow unit, these stresses have to exceed a 

otential energy barrier, W , which can be expressed by the equa- 

ion [74] 

 = 

(
8 / π2 

)
γ 2 

c ξG � (14) 

According to the densely-packed hard-spheres model for BMGs 

75] , the number of atoms contained in the flow unit can be calcu- 

ated approximately using the average atomic radius, r ≈ ( 
n ∑ 

i 

A i r 
3 
i 
) 

1 
3 , 

here A i and r i are, respectively, the atomic fraction and radius 

f each element, respectively. Based on the glass-transition tem- 

erature T g , the shear modulus, G , and other parameters for these 

MGs, the computed results demonstrated that when the H con- 

ent increased to 0.026 wt.%, the internal flow unit volume, size, 

ctivation energy, and other results from these BMGs significantly 

ncreased (by ~52.4%, Table 2 ). Intuitively, a change in the internal 

ow units can explain the weakness of the pop-in phenomenon, 

hich means that the number of pop-ins and their jump widths 

radually decreased after hydrogenation (inset to Fig. 1 ) and the 

ncreased number of shear bands around the Vickers hardness in- 

entations (inset to Fig. 2 ). The addition of hydrogen enables the 

MGs to generate internal flow units with a larger volume and 

ize for the process of plastic deformation. The large-sized inter- 
42 
al flow units induced significant local strain fields and excessive 

ree volumes, which in turn facilitate the activation of secondary as 

ell as tertiary flow units in the region of the first flow unit [ 21 ,

6 ]. The high-density of potential flow units activated can reach 

he percolation limit, thereby promoting the gestation and prolif- 

ration of denser shear bands [14] . In contrast, an increased flow 

nit size implies an increased number of loose atomic clusters and 

ree volumes in the material [61] , which also make the mechani- 

al properties, especially strength and plasticity, vary significantly. 

ence, the macroscopic plastic behavior of the Zr-based BMGs can 

e closely tied to the internal flow units. 

.2. Evolution of internal flow units during creep 

From the standpoint of the microscopic mechanism of plas- 

ic deformation in BMGs, creep behavior during the load-bearing 

hase is also achieved by the activation of internal flow units and 

ooperative shearing. Pan et al. [26] have characterized flow units 

n BMGs by measuring the strain-rate sensitivity of hardness us- 

ng a rate-jump method based on the Johnson-Sawmer CSM model. 

ere, the volume of the STZ � was expressed as: 

= 

kT 

C ′ mH 

(15) 

here k is the Boltzmann constant, T the experimental (absolute) 

emperature, H the indentation hardness, C ′ = 

2 R 0 ξ√ 

3 
· Gγ 2 

C 
τ0 

( 1 − τ
τ0 

) 1 / 2 

 constant related to T g and computed according to the Johnson 

nd Samwer’s theory [22] , and m the strain-rate sensitivity during 

he period of creep deformation. The most critical aspect of the 

bove parameters was the determination of the strain-rate sensi- 

ivity, which was estimated from the slope of the double-log plot 

f the hardness, H , vs. strain rate, ˙ ε [ 77 , 78 ], i.e ., 

 creep = 

∂ ln H 

∂ ln ̇ ε 
(16) 

For the nanoindentation-creep process, the strain rate, ˙ ε , was 

xpressed as [26] : 

˙  = 

1 · dh 

(17) 

h dt 
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Fig. 8. (a) Change in the stress and strain rate vs. creep time for the uncharged and charged BMGs. (b) Log-log correlation between the indentation stress and strain rate 

during creep for these uncharged and charged alloys. (c) The strain-rate sensitivity, m , estimated by linear fitting of the steady-state portion of the creep curves. 

Table 3 

Correlation parameters of internal flow units in the holding stage determined by the creep method. 

Alloy H content C H (wt.%) Strain rate sensitivity m STZ volume � (nm 

3 ) STZ size (atom) STZ activation energy W (kJ/mol) 

Zr 55 Cu 30 Al 10 Ni 5 UC 0.0322 ±0.003 2.278 ±0.026 165 ±2 135.6 ± 1.6 

0.021 0.0308 ±0.002 2.473 ±0.012 180 ±1 145.2 ± 0.7 

0.026 0.0265 ±0.004 3.362 ±0.023 245 ±1 183.7 ± 1,3 
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here h is the instantaneous indentation depth during nanoinden- 

ation creep, t the corresponding time, and dh / dt the creep dis- 

lacement rate, which was fitted and differentiated using the em- 

irical formula, h ( t ) = h 0 + a ( t - t 0 ) 
b + kt , where h 0 and t 0 are the

isplacement and time at the beginning of creep, respectively, and 

, b , and k fitting parameters. 

For a Berkovich indenter, the hardness, H , during indentation 

reep also can be obtained by Eqs. (7) and (8) [79] : 

 = 

P 

24 . 56 × ( h − ε × P /S ) 
2 
. (18) 

Using such relationships, the hardness and strain rate vs. creep 

ime of the BMGs with various H contents was evaluated. Results 

re shown in Fig. 8 a and indicate that the strain-rate curves of 

he three BMGs almost coincide, but with the indentation stress 

ignificantly reduced after the alloys were charged with hydrogen. 

he correlation between the hardness and strain rate during creep 

as used to deduce the strain-rate sensitivity ( Fig. 8 b), using the 

lope of the linear-regression lines for the steady-state creep region 

 Fig. 8 c). 

The results of creep tests showed that the influence of hydro- 

en was also evident during the holding stage ( Table 3 ). Indeed, 
43 
n increase in the volume, size, and activation energy of the in- 

ernal flow units with increasing the H content was clearly ob- 

erved, which is in a qualitative agreement with the results of the 

erration-flow statistics method. Therefore, the calculated changes 

n the internal flow units are consistent with the more pronounced 

reep deformation in BMGs, where the easy activation of a larger- 

ized flow unit promotes the formation, proliferation, and move- 

ent of shear bands, together with the enhanced creep flow and 

tructural relaxation. Furthermore, it was also found that the size, 

olume, and related parameters of the internal flow units esti- 

ated by the creep method were slightly higher than those eval- 

ated by the serration-flow statistics method. The appearance of 

his phenomenon was possibly due to the following two reasons: 

i) although both methods represent quasi-static deformation, the 

quivalent strain rate during the loading stage of nanoindentation 

as at least two orders of magnitude larger than the creep strain 

ate; (ii) the testing conditions and deformation kinetics were quite 

ifferent. In the serration flow statistic method, with increasing the 

ndentation depth, a larger deformed volume is involved, and thus, 

 larger number of STZs would be active cooperatively, leading 

o a decrease in the strength or hardness. However, in the creep 
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ethod, a constant load was applied during the holding stage, 

hich made the creep flows of the material more homogeneous 

nd slower [80] . 

.3. Influence of hydrogen on the deformation behavior and 

echanical properties of BMGs 

Hydrogen is an active gas. However, H atoms are the small- 

st of all elements and hence, are similar to the free volume size. 

t is therefore reasonable to expect that H 

–H and H-free volume 

nteractions in BMGs play a vital role in determining the defor- 

ation behavior and mechanical properties of H-charged BMGs. 

ydrogen in BMGs can be partitioned into the mobile (weakly- 

ound) and immobile (strongly-bound or trapped) parts. While the 

obile H naturally and readily diffuses, immobile H belongs to 

 trapped state [28] . At present, three possible mechanisms for 

obile H-assisted softening have been proposed, based on the 

spacer” concept [27] . Specifically, after H enters a BMG, mobile 

 acts mostly as a simple “spacer” at interstitial sites, expanding 

he interatomic spacing without interactions (or strong binding) 

ith the surrounding metallic atoms. The mobile “spacers” always 

round the liquid-like regions act as the catalyst for the forma- 

ion of STZ in the H-charged BGMs[81]. Under stress, it is easy to 

roduce such “superabundant vacancies,” making movement more 

ntense between atoms. Conversely, the immobile H may have a 

ominant role in hindering plastic deformation, i.e ., these hydrogen 

toms induce hardening in highly-immobile H alloys. The strong 

ombination of immobile H with surrounding metallic atoms re- 

ults in the formation of a densely-arranged structure with a spe- 

ific chemical and geometric configuration, which is similar to the 

hort-range ordering of hydrides. In this case, the dense packing 

estricts local atomic movement. Hence, it becomes difficult to in- 

uce deformation by restricting atoms to participate in the activa- 

ion of internal flow units [ 27 , 28 ]. 

From an electronic perspective, trace doping with H has been 

een to cause a downward shift in the binding energy for each el- 

ment [ 6 , 9 , 81 , 82 ]. The core-level binding energy is closely re-

ated to the characteristics of the local chemistry and the configu- 

ational environment of the constituent atoms [83] . The observed 

ecrease in binding energy indicates that the local metallic bond- 

ng around H atoms has become “softened,” from which it can be 

oncluded that H additions results in the valence electron trans- 

er from the Zr-3 d band to the Zr-H bonding state, which then 

erves to weaken the neighboring metallic bonds. Using Troiano’s 

ydrogen-enhanced decohesion theory as a basis [ 84 , 85 ], it is 

lausible that H-1 s electrons transfer to the Zr-3 d conduction 

and and thus, act to enhance repulsive forces between the metal- 

ic ions, which would also weaken the Zr-Cu and Zr-Al pair bind- 

ng energies near these H atoms. Therefore, H additions can be ex- 

ected to induce more easily-activated “soft spots” in glassy sys- 

ems, thus promoting the formation and aggregation of STZs. These 

bservations also explain why H additions can significantly reduce 

he elastic modulus and hardness of BMGs, again based on the 

etal decohesion theory [86] . Moreover, the weakening of metal- 

etal bonds in the easily deformable zones means that it becomes 

asier to eliminate the fixed position and move to a nearby site. 

With regards to the internal flow units, after the hydrogena- 

ion of the Zr 55 Cu 30 Ni 5 Al 10 BMGs, flow unit dimensions (STZ vol- 

me) increase in response to the external stimulus (stress). When 

he applied stress exceeds the yield stress, flow units are able to 

vercome the energy barrier and hence, become irreversible [14] . 

n addition, the yield stress can be significantly reduced after hy- 

rogenation, rendering more flow units irreversible. Once a flow 

nit is activated, its environment can be considered as prior acti- 

ation sites for secondary and subsequent flow units, thereby eas- 

ly aggregating such flow units and inducing cooperative flows to 
44 
enerate shear bands. The formation, proliferation, crossing, and 

indrance of shear bands can promote the dilatation of the BMG 

tructure to improve local plasticity, such that mechanical soften- 

ng and local deformation are more likely to occur. 

. Conclusions 

Based upon the above experimental observations and theoret- 

cal analysis of the role of hydrogenation in altering the internal 

ow units in Zr-based bulk-metallic glasses during nanoindenta- 

ion, the following conclusions can be made: 

1 The serrated flow, hardness, elastic modulus, and local plastic- 

ity were all found to strongly depend on the hydrogen con- 

tent in Zr 55 Cu 30 Ni 5 Al 10 BMGs. With increasing the H content, 

the pop-in phenomenon during nanoindentation gradually de- 

creased. The hardness and elastic modulus were significantly 

reduced as the local plasticity effectively im proved, indicating 

an H-induced softening effect. 

2 The creep properties of the Zr 55 Cu 30 Ni 5 Al 10 BMGs during the 

nanoindentation-holding stage exhibited a very strong correla- 

tion with the H content. As the H content increased, the creep 

became increasingly severe. The compliance index and retarda- 

tion spectrum also increased, revealing H-induced structural re- 

laxation. 

3 Based on the cooperative shear model theory, the serration- 

flow statistics and creep method were used to determine the 

influence of hydrogen on the volume, size, and activation en- 

ergy of the internal flow units during nanoindentation loading 

and holding stages. Results suggested that the increased H con- 

tent made the internal flow units expand, such that the interior 

of the materials became relaxed, yielding shear-band prolifera- 

tion, and thus enhanced plasticity. In turn, the aggregation of 

these internal flow units reduced the critical stress required for 

shear-band-mediated plastic deformation, thereby causingstruc- 

tural relaxation and mechanical softening. 
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