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Abstract 

Stick-slip dynamics during nanoscratching is investigated for the Ni62Nb38 metallic glass. Detrended 

fluctuation analysis is introduced to explore the influence of loading force on the temporal scaling 

and stick-slip behavior. The self-similar characteristics and complexity in the temporal scale of the 

lateral force signal are investigated. A modified Cauchy class model is used for the stochastic 

stick-slip process, which connects the fractal dimension and the Hurst exponent and features the 

positive correlation process. The confidence intervals of the differential friction coefficient at 

different loading forces elucidate the inhomogeneous (and homogeneous) shear-branching 

processes during the nanoscratching process. 

Keywords: stick-slip dynamics; metallic glass film; nanoscratching; self-similar behavior; fractal 
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1. Introduction 

Friction is of great importance in the industrial applications of metals, and occurs at different 

levels, including micro-electro-mechanical systems (MEMS) on the nanoscale, machining of 

metallic surfaces on the microscale, and rock avalanching on the macroscale [1–5]. Continuous 

miniaturization of machining processes of metallic surfaces towards the nanoscale, i.e., approaching 

nanoscratching [6], can provide insights on the investigation of friction, wear, and chip-separation 

behavior of metals on the nanoscale, leading to effective measures to reduce friction, improve the 

quality of the machined surface, and promote the service reliability of mechanical systems [7,8]. 

The friction is usually manifested in a stick-slip behavior [9–11]. Thus, probing the stick-slip 

dynamics during friction (or nanoscratching) is a key point in understanding the mechanism of 

friction behavior. Furthermore, during friction, stick-slip behavior actually reflects a surface 

damage process that is associated with an intermittent deformation process underlying lateral force. 

Therefore, the investigation of the surface damage process or the intermittent deformation process 

during the nanoscratching process may provide valuable information for understanding the damage 

process of metals underlying lateral force. 

In the present study, a Ni62Nb38 (atomic percent, at. %) metallic glass is chosen as the model 

material for nanoscratching experiments because metallic glasses are potentially structural materials 

due to their high strength, good anti-corrosion ability, high hardness, etc. [12–17]. Ni62Nb38 metallic 

glass has an advantage in forming nanosized surface roughness and an accurate shape to the 

submicron scale for its high fracture strength (≈3.1 GPa) [18]. Thus, Ni62Nb38 metallic glass is a 

potential application material for the thermo-forming moulds that can be used in the fabrication of 

functional optical components [19]. 

With the high spatial and temporal resolution from nanoscratching, stick-slip behavior during 

the nanoscratching process can be investigated [20]. The stick-slip dynamics has been widely 

investigated in compressive deformation [21,22], during which the intermittent plastic-strain burst 

was analyzed using various methods, such as chaotic-time-series analysis [23], statistical analysis 

[24,25], and the spatiotemporal dynamic model [26,27]. These previous studies confirmed the 

agreement between the high-temporal-resolution measurements of the slip dynamics and the 

predictions of a simple mean-field theory [28], and shed light on the concept that the large ratio 

between laterally and vertically growing slip steps in the slip dynamics could lead to the 

discrepancy between collective dislocation velocities and measured slip velocities [29]. However, 
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so far, the dynamic behavior of nanoscratching in metallic glasses has not been given much 

attention. In the current study, detrended fluctuation analysis is used to explore the stick-slip process 

during the nanoscratching of metallic glass. A metallic glass film was used to guarantee a smooth 

surface for nanoscratching). 

 

2. Experimental methods 

The Ni62Nb38 metallic glass films that were unrelaxed glassy states were deposited on a 

cleaned monocrystalline silicon wafer with a size of 10×10×0.5 mm, in a high-vacuum chamber (a 

base pressure of 5×10
−5

 mbar) with a load-lock system, and a probe handler by means of a direct 

current (DC) planar magnetron sputtering device (Shenyang ZKY Technology Development Co., 

JGP-450). The chamber pressure was kept constant by an adaptive pressure controller during film 

deposition. The films were deposited without external heating, the sputtering time was 4 hours, and 

the sputtering power was 60 W. The thickness of the Ni62Nb38 metallic glass film was approximately 

2 μm, measured from a cross-section view observed by high-resolution scanning electron 

microscopy (SEM) (Phenom world, Phenom Proxy). 

Nanoscratching experiments were conducted in a Triboindentor TI-900 machine (Hysitron, 

Inc.). The nanoscratch indentor was a conic diamond with a tip radius of 1 m and a half-angle of 

π/6. The initial tip-shape calibration was tested by a pure aluminum single crystal. Load force and 

displacement resolution were 50 nN and 2×10
−2

 nm, respectively. The scratch length was 20 μm, 

and the moving speed of the nanoindentor was 2 μm/s. Nanoscratch testing was conducted at 

different loading forces of 500, 1000, 1500, and 2000 μN in order to study the effect of loading 

force on the nanoscratching process of the metallic glass. At each loading force, at least four 

scratches were repeatedly performed. To obtain the background noise, an air-scratch test was also 

performed. After nanoscratch testing, the amorphous nature of the Ni62Nb38 film was confirmed by 

the glancing-incidence X-ray-diffraction technique (GIXRD) [30,31] with Cu Kα radiation at a 1.5° 

angle of incidence to the specimen surface in a D/max-2200 X-ray diffractometer (Fig. 1). The 

scratching morphology was observed by SEM and an atomic force microscope (AFM) (Bruker 

Scientific Instruments, Multimode 8). 

 

3. Results 

Before the experiments, it was necessary to determine the background noise from the machine 
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vibration. Scratching in air was carried out. The lateral force, FL, i.e., the force pushing the indentor 

slipping in the air, as a function of scratch length, is shown in Fig. 2(a). Enlarging the lateral 

force–scratch-length curve that is enclosed in the rectangle in Fig. 2(a), we see that the amplitudes 

of the lateral force fluctuation are approximately 3.84 μN, which corresponds to the background 

noise, as shown in Fig. 2(b). Therefore, the lateral force fluctuations within 3.84 μN are excluded in 

the following analysis to eliminate the influences from the background noise. 

    To clearly describe the nanoscratching process, Fig. 3 representatively plots the loading force, 

FN, lateral displacement, SL, and normal displacement, SN, as functions of time, t, at a loading force 

of 1000 N. According to the FN-t curve, seven stages are distinguished. The first stage is from 0 to 

4 s, in which the nanoindentor moves to the surface of the metallic glass film, and the FN value is 

zero. From 4 to 9 s, i.e., the second stage, the nanoindentor tip touches the surface of the film, and 

penetrates into the metallic glass, in which, with increasing FN value, the SN value increases, but the 

SL value does not significantly change. In the third stage (from 9 to 12 s), the FN and SL values are 

almost kept constant, and the SN value slightly moves into the film. In this stage, the nanoscratching 

has not really started. After that, the nanoscratching process that is the subject of investigation 

occurs in the time duration from 12 to 22 s (fourth stage), which is enlarged and shown in the inset 

of Fig. 3. From 22 to 30 s (fifth stage), the scratching process is finished. In the following analysis, 

the nanoscratching process in the fourth stage will be investigated. The loading force leads to the 

creep behavior that is unstable at the initial time window of 0–3 s in the fourth stage, i.e., 12–15 s in 

the entire loading window, will be excluded, which is shown in Fig. 4. 

The lateral force pushing the indentor slipping on the Ni62Nb38 metallic glass film as a function 

of the scratch length at four loading forces, FN, of 500, 1000, 1500, and 2000 μN, are plotted in Fig. 

4. The scratch depth as a function of the scratch length is also matched in Fig. 4 to reflect the profile 

of the scratching process. The unstable stage in the time range from 0 to 3 s is excluded. After the 

unstable stage, the lateral force eventually increases with the scratch length, which is attributed to 

the slightly increasing loading force programmed by the nanoindentation machine system parameter. 

It can also be seen that both the lateral force and the scratch depth randomly fluctuate with the 

scratch length, which is a so-called stick-slip behavior. The maximum undulation amplitudes of the 

lateral force at loading forces of 500, 1000, 1500, and 2000 μN are 11.49, 14.60, 17.90, and 18.75 

μN, respectively. The maximum undulation amplitudes of the scratch depth at the above four 

loading forces are 7.13, 7.33, 7.99, and 8.02 nm, respectively. The morphologies of the 
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nanoscratches at different load forces have been inserted in Fig. 4. It can be seen that all the 

nanoscratches at different loading forces demonstrate a similar feature, namely a groove with some 

pileup of materials. 

AFM observation is carried out to characterize the scratch-trace morphologies at different 

loading forces. The three-dimensional (3D) morphologies of the scratch traces at four loading forces 

are shown in Fig. 5(a). To quantitatively characterize the pileup of the materials around the groove, 

the profile of the section of the groove is plotted in Fig. 5(b). The profile of the section is along the 

yellow lines in Fig. 5(a), which is perpendicular to the scratching direction. The total depth between 

the groove and the pileup of the material around the groove are marked in Fig. 5(b). At a loading 

force of 500 N, although the groove can be observed by SEM [Fig. 4(a)], the profile of the section 

does not show the significant groove and the pileup of the material around the groove [Fig. 5(b)]. 

With increasing loading force, the groove and the pileup of the material around the groove become 

more significant. The total height, which is the depth of the groove plus the pileup height, as a 

function of the loading force is plotted in Fig. 5(d). The total height at each loading force is 

averaged from five measurements. It can be seen that the total height changes linearly with loading 

force. The formation of pileup resulting from the plastic deformation underneath the nanoindentor 

tip also contributes to the stick-slip behavior. To further observe the shear separation of the glassy 

phase under the tip of the nanoindentor, the cross-section profile of the bottom of the grooves at 

different loading forces are plotted in Fig. 5(c). It can be seen that the profile undulation is also 

observed on the bottom of grooves. The undulation amplitudes of the bottom profiles at different 

loading forces were measured and are shown in Fig. 5(d). The undulation amplitude is 

approximately 15 nm at 500 μN. With increasing loading force, the amplitude slightly increases to 

approximately 22 nm at 2000 μN, although the value change is within the range of errors. The 

influence of the monocrystalline silicon substrate would be ruled out in the research, as the 

thickness of the Ni62Nb38 metallic glass film (2 μm) is almost 200 times thicker than the scratch 

depth (no more than 10 nm) [32]. 

The friction coefficient, μ, as a function of scratching time, t, is shown in Fig. 6. The enlarged 

curve of the friction coefficient versus scratching time is presented in the inset of Fig. 6, which 

presents μ and t in a serration event. The friction coefficient is a ratio of the lateral force and the 

loading force, which suggests that the fluctuation of the lateral force also corresponds to the change 

in the friction coefficient. 
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The SEM and AFM observations do not provide enough results to describe the fluctuation 

mechanism of the lateral force (or the scratch depth). Therefore, further exploration of the hidden 

information in the curves of the wavy lateral force (or the scratch depth) as a function of time (Fig. 

7) is required. Enlarged curves of the lateral force versus time are shown in the inset of Fig. 7. It can 

be seen that the curve of the lateral force versus time is composed of numerous serration events, i.e., 

the stick-slip movements. Each serration event includes a force-increasing process and a 

force-decreasing process. During the force-increasing process, the structural strengthening in the 

atomic scale occurs, which facilitates accommodation of the plastic shear-strain. Once the force 

approaches the maximum value, i.e., the peak value, these clusters are activated to initiate the 

cooperative shearing that delivers the shear strain in the force-decreasing process. The force 

decrease corresponds to a force relaxation and usually causes a shear separation of the surface of 

metallic glasses, which results in some materials piling up around the grooves (Fig. 5) [33]. The 

average lateral force-increasing time, tI, and the average relaxation time, tR, are marked in the inset 

of Fig. 7. Table 1 shows that the ratio, R (=tI/tR), at loading forces of 500 and 2000 μN are 2.43 and 

2.13, respectively, which are larger than those at 1000 μN (R=1.79) and 1500 μN (R=1.86). 

To further characterize the stick-slip behavior in the lateral force, dynamic analysis is carried 

out. The differential lateral force, |dFL/dt|, is plotted in the right-hand column of Fig. 7, which 

reflects the bursts of the shear-separation activity. The time interval between two neighboring 

serration events, tn, is marked in the |dFL/dt|-vs-t curves. It should be noted that the larger |dFL/dt| 

means a larger fluctuating amplitude of the lateral force rate, which reflects a more significant 

shear-separation activity in the stick-slip behavior. Thus, tn is the time interval between two 

neighboring relatively larger serration events (see the Supplementary Material). At loading forces of 

500 and 2000 μN, the bursts of the shear separation exhibit roughly the same periodicity between 

any two relatively larger neighboring serration events, which suggests that the tn values are 

homogeneous (i.e., tn−1≈tn≈tn+1). The tn values are 1.09×10
−1

 and 3.58×10
−3

 s, respectively, at 

loading forces of 500 and 2000 μN. This homogeneous distribution of the time interval indicates a 

characteristic of chaotic behavior [34]. At loading forces of 1000 and 1500 μN, the time intervals (tn) 

are inhomogeneous (i.e., tn−1≠tn≠tn+1), which suggests that the serration events lack any typical 
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timescale. The phenomenon may reflect a characteristic of a critical state. 

 

4. Dynamic analysis 

To characterize the dynamic behavior during the nanoscratching process, the phase-space 

concept is introduced to accurately determine the dynamical system model [35]. The curves of 

lateral force versus time at four loading forces provide effective force-time sequences, {FL(ti), 

(i=1,2,…,N)}, for the dynamic analysis. In these experimental lateral force-time sequences of 

metallic glasses, the mathematical description of the stick-slip dynamical system is unknown. 

Because the mathematical description of the unknown dynamical system has the equivalent 

geometrical characteristics of the reconstructed m-dimensional phase space (where m is an 

embedding dimension), the dynamics can be studied through the reconstruction of the phase space. 

In this case, a proxy of the observed state in the lateral force-time sequences will be found for the 

phase-space reconstruction [35]. 

In the present analysis, Cao’s method is chosen to calculate the embedding dimension, m, that 

can avoid the influence of the noise on the lateral force [36] (see the Supplementary Material). 

Wolf’s method, based on the evolution of the phase trajectory, is used to calculate the largest 

Lyapunov exponent [37,38] (see the Supplementary Material). The time delay, τ, which contributes 

to the least phase-space correlation, is determined by the mutual information method [39]. This 

process produces a reconstructed phase space spanned by a m-dimensional vector. The initial 

reference space point is determined to be {A(ti): FL(ti), FL(ti+τ),…,FL(ti+(m−1)τ, i=1,2,…,[N−(m−1)τ]}. 

The trajectory of the space point evolution is shown in Fig. 8. According to the Euclidean distance 

formula between two points, the distance between the initial phase point, A(t1), and the nearest 

adjacent point, B(t1), is marked as                                (Fig. 8). Increasing the time to t2 

(        ), A(t1) and B(t1) evolve to A(t2) and B(t2), respectively. Then, the distance between 

A(t2) and B(t2) is                               . In the time duration, kt1, the exponential growth rate of a 

segment, 1, can be expressed as 

   
 

     
  

     

     
                               (1) 

The nearest adjacent point, C(t2), is shown in Fig. 8. The distance between A(t2) and C(t2) is 

                              . When the time evolves to t3 (        ), A(t2) and C(t2) change to A(t3) and 

C(t3), respectively. The distance between A(t3) and C(t3) is                               . Then, 1 becomes 
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2, and the above procedure is repeated to the end of the point set. The total iteration steps and time 

are denoted M and tM, respectively. The average exponential growth rate of M is calculated to be the 

largest Lyapunov exponent, 1, 

   
 

     
   

     

       

 
   .                        (2) 

According to Eq. (2), the largest Lyapunov exponent can be evaluated, which quantitatively 

describes the converging or diverging of the phase-space adjacent track [40,41]. The largest 

Lyapunov exponent as a function of loading force is presented in Fig. 9. When the loading force is 

500 μN, the largest Lyapunov exponent is 5.99×10
−4

, which is a positive value. When the loading 

force increases from 1000 to 1500 μN, the largest Lyapunov exponent decreases from −3.44×10
−4

 to 

−8.80×10
−4

, both of which are negative values. Increasing the loading force to 2000 μN results in 

the largest Lyapunov exponent being a positive value, 1.71×10
−4

. 

Detrended fluctuation analysis (DFA), based on the lateral force rate signal,  
       

  
   

1 2 …   , is applied to explore the temporal-scaling behavior of nanoscratching. 

No-stationarities-like trends should be distinguished from the intrinsic fluctuations of the 

experimental data to find the correct scaling behavior of the fluctuations. DFA is a well-established 

method, specific to the analysis of time-series long-range correlation, for determining the scaling 

behavior of noisy data [42–44]. The time series of x(i)=dFL(ti)/dt, i=1,2,…,N is divided into Nq 

(where Nq=N/q) zones, and the kth zone is defined as xk(j), j=1,2,…,q. The local trend function, 

      , which is a linear function, is used to fit the q element of xk(j). A detrended time series is 

defined as                1 2      Its mean-square error is       
 

 
                 

   . 

The root mean square of the total Nq zones, F
2
(k), is expressed as     

 

  
     

  

     
 

 . By 

altering the interval size, q, and repeating the above process, it can be deduced that Fq is a power 

function of the scale, q,      , where H is the Hurst exponent reflecting the long-range memory 

dependence of the signal. The H value as a function of loading force is plotted in Fig. 10. The H 

value at a loading force of 500 μN is 0.68, which is the minimum value among the four loading 

forces. When the loading force increases, the H value reaches a turning point of 0.75 at a loading 

force of 1000 μN. 

The fractal dimension, D, is a sign of a local property. The box-counting method is used to 

calculate the D value [45]. Based on the lateral force-rate signal, 
       

  
   1 2     the square 
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boxes, N(l), with a length, l, cover the total dataset. A series of N(l) are obtained by changing the 

box size of l. Fitting [l,N(l)] in a double-logarithmic plot, the slope of the fitting curve is expressed 

as          
      

   
. The D value as a function of loading force is plotted in Fig. 10. When the 

loading force is 500 μN, the D value of 1.32 is the maximum one among the values of the four 

loading forces. Upon increasing the loading force to 2000 μN, the D value slightly decreases to 

1.26. 

 

5. Discussion 

5.1 Shear-branching process in nanoscratching 

Owing to the unrelaxed state in the current metallic glass film, some heterogeneous structures, 

such as free volumes [46,47], shear transformation zones (STZs) [48,49], etc., exist. The local 

properties of the heterogeneous structure, and the specifically local atomic arrangements give rise to 

clusters with a lower shear modulus [13,14]. These are expected to mediate plastic flow at the scale 

of the shear deformation, or can merge into shear bands. The increase of loading force leads to the 

augmentation of the contact area between the nanoindentor and the metallic glass film, resulting in 

an increase of the friction force that improves the lateral force during scratching. In this case, the 

quantity of the locally heterogeneous structures in metallic glasses is improved [50]. These 

heterogeneous structures possess lower strength and high atomic liquidity, i.e., lower shear modulus, 

and are at a higher-energy state [51,52]. Once the tip of the nanoindentor contacts the surface of 

metallic glasses, a large quantity of clusters with low shear modulus causes the nanoscratching 

process to be unstable, resulting in large fluctuations in lateral force and depth at a high loading 

force, as shown in Fig. 4. 

Based on Figs. 4 and 5, it is clear that the undulation amplitude measured from the 

nanoindentation instrument is always smaller than the value measured from the AFM images. The 

profile of the cross-section of the bottom of the groove actually reflects the morphology of the 

elastic recovered glassy phase after the tip of the nanoindentor has cut through the surface. The 

nanoscratching process is illustrated in Fig. 11. It can be seen that the nanoindentor scratching on 

the surface of the film can generate a depth, dp. After that, the elastic recovery induced by the 

indentation action of the scratching process can cause a recovery depth, der. In this case, the 

recovery depth can contribute to the depth undulation, which is the possible reason that the depth 
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undulation measured from the AFM image is larger than that from the nanoindentation instrument. 

The recovered depth is only several nanometers in the current study. The fluctuation of the scratch 

depth ranged from 15 to 22 nm based on the AFM images, which is comparable to the typical size 

of a shear band. Numerous shear-branching processes are conjectured to have been activated. In this 

case, the depth undulation should be linked to the relaxation behavior, static aging, and the 

stick-slip behavior [20]. Recent research also found that the nanosized surface layer (with a size of 

approximately 20 nm) of metallic glasses undergoes characteristically structural evolutions, 

including stochastically structural rearrangement, local relaxation, and rejuvenation [53]. As such, 

shear branching occurs underneath the tip of the nanoindentor. 

During the nanoscratching process, the tip of the nanoindentor cutting through the surface of 

sample causes the formation of sideways-flowing materials that pile up around two sides of the 

nanoscratch (Fig. 5). In front of the tip, the materials accumulate but are not removed, playing an 

important role in the stick-slip movement of the nanoindentor [54,55]. During the sideways-flowing 

process, parallel shear bands at the edge of the scratching tracks after nanoscratching should usually 

be formed [56]. Thus, shear branching is the main mechanism dominating the scratching process of 

the nanoindentor, which forms a shear-band-structure-like state. 

As demonstrated by Eq. (2), when the largest Lyapunov exponent is positive, the phase-space 

adjacent track is diverging, and the motion is chaotic. When the largest Lyapunov exponent is 

negative, the phase-space adjacent track is convergent, i.e., a stable motion [57,58]. At loading 

forces of 500 and 2000 μN, the time intervals marked in Figs. 7(b) and 7(h) are homogeneous, 

showing typically periodic timescales. This phenomenon suggests a characteristic of chaotic 

behavior, which is verified by the positive largest Lyapunov exponent. The R (=tI/tR) values are 

higher than 2 at loading forces of 500 and 2000 μN, which means that the force accumulation time, 

tI, is much larger than the force relaxation time, tR. In this case, the accumulated force is quickly 

relaxed in each serration event, and there is almost no interference between neighboring serration 

events in the temporal space. This contributes to form the characteristic of chaotic behavior. The 

time intervals marked in Figs. 7(d) and 7(f) are inhomogeneous, suggesting that the serration events 

lack any typical timescale when the loading force is in the range 1000–1500 μN. In this 

loading-force range, smaller R values, as compared to the values at loading forces of 500 and 2000 

μN, suggest that the force relaxation time is relatively longer in a serration event. Thus, the 

accumulated force in serration events cannot be fully relaxed during a limited time, which enhances 
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the temporal correlation between neighboring serration events, and leads to the inhomogeneous 

time interval. This is a characteristic of convergent adjacent serrations, which indicates a stable 

motion. 

5.2 Fractal dimension in nanoscratching 

The fractal dimension, D, describes the complexity of a system, which is a sign of the local 

properties of the lateral force fluctuation and of the shear-branching process. A larger D value 

means that the system is more complex. Nanoscratching is actually an interaction process between 

the nanoindentor and the atoms on the surface of the metallic glass film. Regarding the occurrence 

of the shear-branching process [59–65], this interaction includes two kinds of processes, i.e., the 

adsorption of the atoms on the nanoindentor tip, and the flow units activated [66]. When the loading 

force is small, e.g., 500 N, a few atoms on the surface can adsorb onto the nanoindentor tip due to 

the interactions of the van der Waals attractive force between the surface and the nanoindentor tip 

[66]. Since the loading force is small, the depth of the nanoscratch is not significant, which is 

confirmed by the AFM results (Fig. 5). A slight extent of deformation then occurs on the surface 

caused by the interactions of repulsive forces. The removed atoms do not significantly pile up 

around the groove. Increasing the loading force causes the amount of deformation on the surface 

underneath the nanoindentor tip to gradually increase with increasing indentation depth. The 

removed atoms are pushed and moved along the edges of the nanoindentor tip, with a few 

underneath the nanoindentor tip being moved downward. Thus, a great number of clusters with low 

shear modulus independently develop in the contact area between the nanoindentor tip and the 

surface, which are the fundamental units of shear deformation in metallic glasses. As such, at a 

higher loading force, the motion of lateral force corresponds to the operation of shear branching 

during the nanoscratching process, which is a relatively simple mechanism. At a smaller loading 

force, the adsorption of the surface atoms on the nanoindentor tip brings out some forces that 

influence the lateral force. Therefore, the local properties of the lateral force at a smaller loading 

force are more complex than those at a higher loading force, which is manifested by a larger D 

value. 

5.3 Detrended fluctuation analysis 

The Hurst exponent, H, is a sign of the global property of the shear-branching structure. The 

local property reflected in the global one is revealed by a self-affine model [67], i.e., 

           D+H=n+1,                              (3) 
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where n is the spatial dimension. The modified Cauchy class combines the Hurst exponent and the 

fractal dimension, with a correlation function of a Gaussian random processes, and an isotropic 

random field in R
n
, as shown in [68], 

      1        
 

 
   1   1                                 (4) 

where α∈(0,2], β＞0, and we have 

H=1–β/2.                                  (5) 

When H∈(0.5,1), a restriction of β∈(0,1) is obtained from Eq. (5). Then, a positive 

correlation of the signal is obtained from Eq. (4). In this case, the evolution of shear branching is 

consistent with the past state for the long-memory dependency. It suggests that the shear-branching 

process is a persistent process when the loading force ranges from 500 to 2000 μN. With increasing 

loading force, the Hurst exponent increases to the maximum value of 0.75 at 1000 μN, and then 

decreases. The loading force of 1000 μN can be viewed as a critical point. For β=1, Eq. (4) shows 

that the time series evolves in the manner of a memoryless random walk, which results in a 

homogeneous process to some extent. At the same time, H=0.5 is obtained from Eq. (5). When the 

H value is far from 0.5, the shear-branching process evolves inhomogeneously. Thus, the maximum 

H value at the critical point of 1000 μN suggests that shear branching is the most inhomogeneous 

process. The inhomogeneous shear-branching process leads to an inhomogeneous stick-slip event, 

contributing to the inhomogeneous lateral force rate signals. The conclusion is consistent with the 

analysis that the R ratio is the smallest (1.79) at 1000 μN in Table 1, meaning a relatively long 

relaxation time for stick-slip events. This suggests that a temporal correlation between neighboring 

stick-slip events is the strongest at a loading force of 1000 μN. On the other hand, the smaller H 

value, at loading forces of 500 and 2000 μN, suggests a more homogeneous shear-branching 

process compared to those at the loading forces of 1000 and 1500 μN, i.e., the larger H value. The 

decreased interaction between the neighboring stick-slip events causes a high degree of 

homogeneous stick-slip events. This is in agreement with the positive largest Lyapunov exponent, 

which is characterized by the chaotic behavior. In addition, an inner correlation between H and D is 

described by Eq. (3). In our experiment, the nanoscratching is regarded as a line that is one 

dimensional in space. Thus, the n value in Eq. (3) is taken as 1. Thus, D+H=2, which suggests a 

self-similar random process. The sum of D and H, calculated from the experiment, is close to 2 at 

different loading forces. This shows that the lateral force rate signal is close to a self-similar random 
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process, when the loading force ranges from 500 to 2000 μN. 

5.4 Confidential interval analysis 

The characteristics of the shear-branching process, such as complexity and homogeneity, must 

be manifested in the changes in the friction coefficients. The inhomogeneous shear-branching 

process leads to an inhomogeneous stick-slip event, which could contribute to the inhomogeneous 

lateral force rate signals. In this case, the differential friction coefficient, i.e., dμ/dt, can be used to 

reflect the stability of the stick-slip process. The values of dμ/dt at different loading forces as a 

function of time at various loading forces are plotted in Figs. 12(a), 12 (c), 12(e), and 12(g). It can 

be seen that most of values of dμ/dt at each loading force fluctuate around zero value, and are 

distributed within a wide zone. To quantitatively describe the distribution of these values of dμ/dt, a 

statistical analysis is carried out. The histogram of dμ/dt versus relative frequency is presented in 

Figs. 12(b), 12(d), 12(f), and 12(h). Gaussian fitting is used to profile the histogram, which provides 

the average value,   , and the standard deviation, , of the values of dμ/dt. A confidence interval is 

introduced to characterize the distribution zone of the values of dμ/dt. In the present study, a 99% 

confidence interval, which means that 99% of the values of dμ/dt are included in this zone, is 

chosen as the distribution zone in the dμ/dt-versus-time curve. The calculation of the boundaries of 

the distribution zone is [69] 

                                C1=  –2.576σ,                           (6) 

                            C2=  +2.576σ,                           (7) 

where C1 is the 99% confidence lower limit and C2 the 99% confidence upper limit. According to 

the values of    and σ listed in Fig. 12, the confidence intervals [C1,C2] at loading forces of 500, 

1000, 1500, and 2000 μN are calculated to be [−0.48,0.61], [−0.21,0.26], [−0.14,0.17], and 

[−0.12,0.14], respectively, which are indicated by the dashed lines in Figs. 12(a), 12(c), 12(e), and 

12(g). It is obvious that the confidential interval at 500 and 1000 N is large in the cases of the four 

loading forces. With increasing loading force, the size of the confidence interval decreases. A larger 

confidence interval indicates a larger fluctuation range of the value of dμ/dt, which means that the 

shear-branching process trends to be more complex. The complexity of the shear-branching process 

decreases with increasing loading force, which is verified by the decreasing fractal dimension as 

well. 

Although above statistical analysis determines the confidential intervals at the four loading 

forces, the experimental results show that in addition to the values of dμ/dt covered in the 
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confidence interval, some values of dμ/dt are scattered outside the confidence interval, which 

reflects the inhomogeneous shear-branching process. Therefore, the percentages of the values 

located outside the confidence interval are calculated as 3.80% (500 N), 6.50% (1000 N), 6.41% 

(1500 N), and 6.19% (2000 N). It is clear that the nanoscratching process at a loading force of 

500 N has the lowest value, which suggests that the case at 500 N is the most homogeneous for 

the four loading forces. On the other hand, the nanoscratching process at a loading force of 1000 N 

has the highest value, which suggests that the case at 1000 N is the most inhomogeneous for the 

four loading forces. The inhomogeneous shear-branching process in the nanoscratching process at a 

loading force of 1000 N is consistent with the maximum Lyapunov exponent and the Hurst 

exponent. The above statistical analysis illuminates that at a constant scratching speed the loading 

force should be an optimal value, which can influence the roughness of the machined surface, 

especially the on the nanoscale or during ultraprecise machining. 

The above-described analysis method originates from nonlinear dynamic theory, which is a 

universal mathematical theory. It has been widely applied in such cross-disciplinary fields as 

financial mathematics and biomathematics. It can be applied in different materials, for example, a 

polycrystalline metal. The results depend on the structure and some intrinsic properties of the 

polycrystalline metal. Our study links the deformation characteristics of the metallic glass to the 

dynamics of the stick-slip behavior. It provides a new dynamic viewpoint for researching the 

nanoscratching process and is helpful for understanding the chaotic and the critical state of 

nanoscratching from the perspective of force relaxation. However, for a polycrystalline metal, when 

the nanoindentor tip cuts through the surface, the deformation of the grains underneath the tip is 

dominated by the operation of the crystallographic defects, such as the activation of dislocations. In 

this case, the dynamics of the stick-slip behavior during the nanoscratching process may be 

different than in metallic glasses. 

 

6. Conclusions 

The stick-slip dynamics of nanoscratching on Ni62Nb38 metallic glass film was investigated. 

Based on the lateral-force–versus–time curves and on the friction coefficient, the complexity in 

temporal-spatial space of the shear-branching process during nanoscratching experiments was 

studied at different loading forces. The shear-branching process during the nanoscratching process 

was found to be stochastic. With increasing loading force, a transition between chaotic and stable 
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states of the stick-slip dynamics was observed. The adsorption of the surface atoms on the 

nanoindentor tip and the flow units’ activation was found to have a significant influence on the 

fractal dimension of the lateral force. Detrended fluctuation analysis found a positive correlation 

process during the shear-branching process. At a critical loading force of 1000 μN, the Hurst 

exponent reached the maximum value, implying that there is inhomogeneity in the shear-branching 

process. The value of D+H was closest to 2, suggesting that the shear-branching process is close to 

a self-similar random process when loading force ranges from 500 to 2000 μN. 
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Table 1 Average lateral force-increasing time, tI, average lateral force-decreasing time, tR, R=tI/tR, 

time delay, τ, of the stick-slip sequence, embedding dimension, m, the largest Lyapunov exponent, 

λ1, fractal dimension, D, Hurst index, H, and D+H, all at different loading forces. 

 

Normal force (μN) 500 1000 1500 2000 

tI (s) 0.068±0.003 0.050±0.004 0.078±0.002 0.211±0.013 

tR (s) 0.028±0.003 0.028±0.003 0.042±0.003 0.099±0.004 

R 2.43 1.79 1.86 2.13 

  49 49 48 48 

m 7 8 8 7 

λ 5.99×10
−4

 −3.44×10
−4

 −8.80×10
−4

 1.71×10
−4

 

D 1.317±0.006 1.282±0.007 1.273±0.0039 1.262±0.054 

H 0.684±0.062 0.750±0.057 0.747±0.047 0.714±0.047 

D + H 2.001±0.055 2.032±0.063 2.020±0.038 1.977±0.026 
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Figure captions 

 

Fig. 1 GIXRD pattern of Ni62Nb38 metallic glass film. 

 

Fig. 2 Determination of background noise. (a) Lateral force fluctuation during the air-scratching 

process. (b) Amplitude fluctuation of lateral force. 

 

Fig. 3 Representative profile of nanoscratching process. Inset shows the enlarged curves 

corresponding to the region covered by dashed line. 

 

Fig. 4 Lateral force and scratch depth as a function of scratch length. Insets show the corresponding 

nanoscratch morphology. (a), (b), (c), and (d) correspond to loading forces of 500, 1000, 1500, and 

2000 μN, respectively. 

 

Fig. 5 Morphology of the scratch traces observed by AFM. (a) 3D morphologies of the scratch 

traces at four loading forces. (b) Profile of the cross-section along the yellow lines in (a). (c) Profile 

of the cross-section along the blue dashed line in (a). (d) Height and amplitude as functions of 

loading force. 

 

Fig. 6 Friction coefficient as a function of time. Inset shows the enlarged 

friction-coefficient–vs–time curve. 

 

Fig. 7 Lateral force as a function of time. (a), (c), (e), and (g) show plots of lateral forces vs time at 

loading forces of 500, 1000, 1500, and 2000 μN, respectively. Insets show the enlarged 

lateral-force–vs–time curves. (b), (d), (f), and (h) present partial curves of  
   

  
  vs time at loading 

forces of 500, 1000, 1500, and 2000 μN. 

 

Fig. 8 Evolution of the phase-space trajectory. 

 

Fig. 9 Largest Lyapunov exponent as a function of loading force. 
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Fig. 10 Hurst exponent, H, fractal dimension, D, and D+H of Ni62Nb38 metallic glass film at 

loading forces of 500, 1000, 1500, and 2000 μN. 

 

Fig. 11 Nanoscratching process. ds is the scratch depth, der the elastic recover depth, α the angle of 

conic indentor [α=(π/3)], △l the unit scratch length, and dp the penetration depth. 

 

Fig. 12 Left-hand column, curves of differential friction coefficient vs time at different loading 

forces; right-hand column, curves of probability histogram of differential friction coefficient at 

different loading forces. 
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