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Abstract: The effect of fatigue on ZrCuAl amorphous metals induced by mechanical 

cyclic loading is investigated using inelastic neutron scattering and the pair density 

function analysis of neutron diffraction data. With cooling, the local atomic structure 

undergoes reorganization under fatigue that is directly related to the number of fatigue 

cycles. Also under fatigue, suppression in the atomic dynamics is observed as well. A 

structural restructuring occurs within a 4 Å radius and intensifies with increasing the 

compression cycles, whereas the vibrational density of states is attenuated as the intensity 
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shifts towards the elastic, zero-energy transfer peak. The combined static and dynamic 

structural effects are a signature of the microscopic changes brought about by fatigue, and 

together may be the onset for subsequent behaviors following extended cyclic loading such 

as fracture. Even after the load is removed, the structural changes described here remain 

and increase with repeated cyclic loading which is an indication that the lattice deforms 

even before shear bands are formed. 

Keywords: local structure; compression fatigue; dynamics; VDOS attenuation  

 

1. Introduction 

Amorphous metals are solids devoid of periodicity, prepared by the very fast cooling of a viscous 

liquid to avoid crystallization. Trapped in this supercooled state with an atomic topology that 

resembles that of the liquid [1], amorphous alloys exhibit uniquely different metallurgy from crystals, 

and have widespread industrial implications. With strengths that can surpass those found in crystalline 

counterparts, how they mechanically respond and deform under applied stresses is central to their 

functionality. Typically, metallic glasses have undesirably low ductility, though, and most commonly 

plastically deform through shear bands [2–5]. The structure, which is usually perceived as short-ranged 

in nature, and how it deforms under stress is clearly important in controlling plastic flow [6]. However 

its role and that of its dynamics are still poorly understood. 

In spite of their high strengths [7] glassy metals are often brittle [8] like ceramics, instead of 

crystalline metals that are ductile, and permanently deform by forming shear bands under stresses. In 

the present work, we investigate the relation between the vibrational properties in the glassy state and the 

atomic properties leading to plastic flows [9] under mechanical testing such as compression fatigue. The 

system used for the purpose of addressing this question is a strong glass former, ZrCuAl [10–12]. The 

impact from fatigue on the nature of static disorder and low temperature dynamics are investigated via 

neutron scattering. 

Amorphous matter exhibits unusual low temperature characteristics [13] that are distinctly different 

from any crystalline equivalent. One anomaly is the observation of excess vibrational density of states 

manifested in the so-called boson peak, and observed by techniques such as neutron [14] and Raman 

scattering [15]. This is also manifested in an unusual low temperature behavior of the heat capacity, 

CP, as well, in which CP deviates from the T3 Debye law expected of a typical metallic solid with 

cooling. The boson peak is a universal attribute in glassy systems. Its origin has been linked to 

transverse vibrational modes associated with defective structures [16], to local vibrational modes of 

clusters [17], and to crossover dynamics of local and acoustic modes [18]. More recently it was 

proposed that the boson peak is analogous to the acoustic van Hove singularity in crystals [19–21]. The 

excess vibrational density of states, as determined both from the neutron inelastic scattering and CP 

measurements displays a maximum of a few milli-electron Volts (meV) (of the order of 10−12 s). The 

intensity of the boson peak has in turn been directly related to other concepts such as fragility [1,22] 

and to the local free volume [16], which has been well characterized in molecular glasses [23]. 

However, little is known regarding the nature of the boson peak in metallic glasses with isotropic 
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structures and even less so under the influence of mechanical deformation. With only a few of the 

alloys discovered thus far exhibiting good mechanical properties [24,25], it would be important to 

investigate the relation of static disorder and atomic dynamics to the mechanical deformation brought 

upon by fatigue.  

Fatigue is critical in applications such as springs, in some sensors, actuators, and microelectrochemical 

systems that require lifetimes of 1012 cycles if not more [26]. However, fatigue damage can occur in 

metallic glasses at very low stresses, sometimes as low as 10% of the yield stress [27], limiting their 

use in structural applications [26,27]. Understanding the relation of the atomic structure to the 

mechanical deformation behavior brought upon by a static load is a challenging issue. That is because 

bulk metallic glasses can deform both homogeneously and inhomogeneously. At low temperatures, the 

deformation is inhomogeneous where plastic flow concentrates on shear bands, accompanied by a 

decrease of the viscosity and an increase of the free volume leading to strain softening [28]. Shear 

bands are observed under fatigue conditions due to fatigue softening [29]. It has been suggested that 

the formation of shear bands and fatigue softening are linked to the fracture of bulk metallic glasses 

during the fatigue process [30].  

In this paper, we show that under high-cycle fatigue, the ternary ZrCuAl glass changes in part due 

to an atomic restructuring that suppresses fluctuations. A local reorganization of the atom packing is 

observed, where the changes intensify as the number of compression cycles increases. This is best 

observed by cooling the system down to low enough temperatures that reduces the smearing induced 

by thermal vibrations. Associated with these changes in the static structure is a softening of the lattice 

dynamics. The attenuation implies an increase in the sound velocity, suggesting that the glass becomes 

stiffer and more likely brittle under fatigue.  

2. Results and Discussion 

2.1. Specific Heat 

The Zr based ternary glass is a model system with exceptional glass forming ability. The  

low-temperature CP anomaly associated with the presence of an excess vibrational low frequency 

contribution is shown in Figure 1a for Zr60Cu30Al10 and Zr50Cu40Al10. Plotted in the figure is CP with 

the electronic contribution, γT, subtracted and then normalized by T3 [27]. Such normalization should 

have rendered a temperature independent curve for a solid that follows the Debye model of CP, but 

instead a bump is observed that reaches a peak around 10 K. This behavior has been previously 

observed in metallic and other types of glassy systems and is associated with strong glasses [27,31]. 

While the bump is present in both compositions, it is distinctly more intense in Zr60Cu30Al10 that in 

turn may indicate that the amplitude of excess vibrational density of states is higher in this alloy. To 

reproduce the bump, the CP is typically fit by two terms, one originating from the Debye model of the 

CP and an Einstein term of a single oscillator with an Einstein temperature, θE~56 K for Zr60Cu30Al10 

(θE~63 K for Zr50Cu40Al10). By combining both terms, the resulting curve reasonably reproduces the 

bump at low temperatures as seen in Figure 1a. An Einstein oscillator represents a localized vibrational 

mode, and although rare in closed-packed structures, is ubiquitous in compounds with large voids or 

cage structures [32,33]. It has been suggested that atoms occupying these voids in metallic glasses are 
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loosely bound and are thus free to rattle almost independently, giving rise to single oscillator modes. 

Also shown in Figure 1b is the CP for the same sample after fatigue. Very small differences can be 

discerned between the dashed (post-fatigue) and solid (pre-fatigue) lines. The CP temperature 

dependence of the Zr50Cu40Al10 alloy shows a very small enhancement but no visible differences can 

be seen in Zr60Cu30Al10. 

Figure 1. (a) The heat capacity at constant pressure, CP, with γT subtracted and normalized 

by T3 is plotted as a function of temperature for the two compositions. γ is the Sommerfeld 

constant; (b) The Debye, CD and Einstein, CE, terms are estimated. They are compared to 

the experimental CP. 

 

2.2. Inelastic Neutron Scattering 

Shown in Figure 2a is the S(Q) from data collected at 300 K for Zr60Cu30Al10 and obtained from a 

diffraction experiment (solid line). The broad peaks are a signature of the static disorder present in the 

glass. This S(Q) is used in the PDF analysis that will be discussed further below. Also shown in the 

same figure is the structure function obtained from the inelastic experiment but with the data  

integrated over the elastic peak from −2 meV to 2 meV (red symbols). The structure function obtained 

from the diffraction experiment extends to very high momentum transfer, Q, while the one obtained 

from the inelastic experiment is limited in Q, but the main features are reproduced as in the  

diffraction measurement. 

Shown in Figure 2b is the energy, E–Q map collected at T = 300 K for Zr60Cu30Al10 at the DCS. 

The red bar corresponds to the elastic scattering that has the brightest intensity. The intensity 

integrated in energy from −2 to 2 meV, the breadth of the elastic peak, yields the elastic S(Q) shown in 

Figure 2a. Beyond the elastic peak, an inelastic continuum is observed below 2 Å−1 in addition to two 

strong localized modes. The experimental setup is such that most of the information we obtain will be 

in the neutron energy gain side (−meV) and this is what is shown in the figure. The neutron energy loss 

side (+meV) extends up about 10 meV. However, the elastic line is asymmetric, with the asymmetry 

appearing on the right side of the peak and most like due to the sample alignment. Because of this, the 

analysis was focused on the neutron gain side. Of the two modes, the rather narrow one is centered at 

Q~2.5 Å−1and E1~5 meV and appears at the same median Q-position as the strongest peak in the static 

S(Q). Thus clearly the correlations associated with the tallest peak in the S(Q) have the corresponding 

fluctuations in energy. Similarly, the broader excitation extends beyond Q~4 Å−1 with an E2~15 meV 
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and appears in the same Q-region as for the second broad peak in the S(Q) of Figure 2a. By integrating 

the data over all accessible momentum transfers, the dynamic structure function, S(ħω), shown in 

Figure 2c is obtained. The S(ħω) is normalized by the Bose factor appropriate for the neutron energy 

gain side, [n(ω) + 1]. The integration overall all Q incorporates all excitations seen in Figure 2b and 

shown in this figure is their temperature dependence. It has been previously suggested that such 

collective excitations result from acoustic, phonon-like modes arising from a pseudo-Brillouin zone 

due to some dynamic periodicity [34,35]. Below 50 K, the peaks are not discernible because of the low 

population occupancy, while their intensity increases following Bose-Einstein statistics. At 50 K, the 

E1 peak at ~5 K is quite pronounced while E2~15 meV is suppressed. Above 50 K, E1 gains in intensity 

and by 300 K, it appears to be almost as intense as E1. Shown in Figure 2d is the integration of the data 

in three different Q-slices corresponding to the three different regions in the E–Q contour map: from 0 

to 2 Å−1 (low-Q), from 2 to 4 Å−1 (intermediate-Q) and from 4 to 7 Å−1 (high-Q) for the two 

compositions studied. In all the curves, the intensity for Zr50Cu40Al10 is slightly lower than that for 

Zr60Cu30Al10. Typically the phonon energy spectrum is normalized by the √M (the total mass) and 

hence as expected, the spectrum for the Zr60Cu30Al10 is shifted closer to the elastic line. With 

temperature, E1 remains essentially constant for both compositions, while E2 shifts to lower energies 

by cooling from 150 K, indicating some kind of softening associated with these fluctuations. 

Figure 2. (a) The static S(Q) determined from diffraction compares well to the elastic S(Q) 

determined from the inelastic measurement. The small peaks observed in the elastic S(Q) 

are from Al; (b) The energy versus momentum transfer map shows the presence of the two 

excitations. A broad continuum is also observed at very low Q; (c) The total S(ћω) as a 

function of temperature for Zr60Cu30Al10; (d)The S(Q,ω) determined at three regions of 

momentum space, low-Q, intermediate-Q and high-Q and compared between the two 

compositions studied.  
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2.3. Vibrational Density of States under Fatigue 

What happens to the vibrational density of states (VDOS) intensity under fatigue? Shown in  

Figure 3a is the VDOS/E² for the two Zr50Cu40Al10 alloys, one as-cast and the after fatigue. The VDOS 

function is given by Z(ω) = ((S(Q,ω)ω)/(Q²[n(ω) + 1])). An applied maximum stress of 1600 MPa was 

used at 105 compression cycles. Data were collected at two temperatures, 300 and 150 K. The amount 

of sample used for each experiment was different (50 g of the as-cast sample versus 10 g of the fatigue 

sample). Hence the data for each set of samples were normalized by the integrated intensity of the 

elastic peak and the high energy spectrum end was used to normalize the background. At constant 

temperature, the inelastic intensity is suppressed after fatigue while the intensity shifts towards the 

elastic line. The as-cast alloy consistently shows a higher intensity at both temperatures than the alloy 

after mechanical testing. Fatigue decreases the number of vibrational modes contributing to these 

excitations, in an analogous way to freezing of these modes as they become static. Shown in Figure 3b 

is the VDOS/E² at 300 K only and selectively integrated in the three Q regions defined earlier. In the 

low-Q and intermediate-Q regions, the intensity is clearly reduced after fatigue, and shifts to the elastic 

peak. However, in the high-Q region from 2 to 4 Å−1, the intensity appears to change little with fatigue. 

This trend may indicate that the fluctuations mostly affected by fatigue involve long wavelength 

cluster correlations pertaining to shear bands. 

Figure 3. (a) The VDOS/E² for Zr50Cu40Al10 is shown for the data collected for an as-cast 

alloy and one that has undergone 105 compression cycles. The inelastic intensity is 

suppressed at both temperatures shown. (b) The S(Q,ω) is determined at three regions of 

momentum space, low-Q, intermediate-Q and high-Q and the comparison is for data 

collected before and after fatigue. 

 

2.4. Local Structure under Fatigue 

The suppression of these excitations, similarly to the suppression of the boson peak [36] by external 

stimuli, may be linked to the structural re-organization that we observed in the local structure. 

Following a well established procedure of Fourier transforming the static S(Q) from the reciprocal 

space into a real space representation, the pair density function (PDF) [37] is obtained and the results 

are shown in Figure 4. The PDF involves the integration over a finite energy window (~10 meV) and 
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represents a time-averaged local structure, in the absence of an underlying periodicity. The neutron 

diffraction experiments were performed from 300 down to 10 K on as-cast alloys and under varying 

compression-compression fatigue cycles on the two compositions. The PDF up to 6 Å as a function of 

fatigue cycles is shown in Figure 4a for Zr60Cu30Al10 at a constant temperature of 10 K. With 

increasing the number of cycles, the height of the first peak rises while its width becomes narrow and 

its shape changes. A similar observation is made by cooling the structure from 300 to 10 K of the alloy 

subjected to 105 cycles (Figure 4b). Given that the area under the PDF peaks is conserved, it is not 

unusual for the peaks to become narrower and taller with cooling because cooling reduces the atomic 

thermal vibrations that contribute to the peak broadening. However, it is unusual for the peaks to 

change shape, as seen in both Figure 4a,b. It is even more unusual for the intensity to change at a 

constant temperature as seen in the PDF’s of Figure 4a as a function of fatigue. Also shown in this 

figure are three partial functions, corresponding to the Zr-Zr, Zr-Cu and Cu-Cu atom correlations that 

contribute the most to the total PDF, and calculated from an embedded atom potential model [38,39]. 

The increase in the peak sharpness corresponds to the structure becoming more compact as the peak 

width narrows, and signals the reduction of free volume that may in turn be linked to brittleness. 

Figure 4. (a) The PDF corresponding to the local atomic structure of Zr60Cu30Al10 under 

different fatigue cycles at 10 K. Also shown are partial PDF’s for select pairs obtained 

from molecular dynamics. (b) The local atomic structure as a function of temperature for 

the alloy at 105 cycles. (c) The HWHM of the first PDF peak as a function of temperature 

for 4 different fatigue cycles. The inset shows the HWHM at two temperatures. (d) The 

change of the first PDF peak height with temperature at four fatigue cycles. The inset 

shows the change of the peak height at two temperatures. 
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The reduction of the half-width-half-max (HWHM) of the first peak, shown in Figure 4c, indicates 

that the first coordination sphere contracts upon fatigue loading. The changes are most noticeable at 

low temperatures than at room temperature (see inset of this figure) because of the reduction of 

thermal vibration, while a clear correlation is observed between the reduction of HWHM and fatigue 

cycles. A hysteresis is observed on warming where the system returns to its original state around  

100 K (not shown). If we consider the temperature dependence of the as-cast sample as the baseline 

(black symbols), it is clear that the effects from fatigue are above this baseline. The change in the peak 

height of the first PDF peak at this maximum 1600 MPa stress level is most dramatic as the load cycles 

increase as shown in Figure 4d. In the inset of this figure, the data points at 10 K can be fit by an 

exponential function although there are only 4 points. But in comparison to the constant behavior 

observed at 300 K, the rapid peak height change at 10 K is clear. Thus permanent changes are 

observed in the local atomic structure in response to the presence of residual stresses even after the 

load is removed. On the other hand, at 300 K, the response remains almost constant where the effects 

are masked by the thermal vibration of atoms. 

3. Experimental Section  

The alloys of Zr50Cu40Al10 and Zr60Cu30Al10 (in atomic percent) were prepared using a ladle-hearth 

type arc-melt tilt-casting technique. The ingots were cut into 6.0 mm × 6.0 mm cylindrical specimens 

for compression-compression fatigue measurements. The two end sides of each alloy were polished 

using a 1200 SiC grit-surface finish perpendicular to the longitudinal axis of the specimens using a 

polishing fixture to ensure that the sides were parallel to one another. A computer-controlled Material 

Test System (MTS) servohydraulic-testing machine was employed for fatigue studies. The sample was 

tested with a load ratio, R, of 10 where R = σmin/σmax (where σmin and σmax are the applied minimum 

and maximum stresses, respectively) under a load-control mode, using a sinusoidal waveform at a 

frequency of 10 Hz. The neutron powder diffraction measurements were carried out at the Los Alamos 

National Laboratory using the high intensity powder diffractometer (HIPD). Data were collected in a 

closed-cycle refrigeration system as a function of temperature. The structure function, S(Q), obtained 

from the neutron powder diffraction data was Fourier transformed to obtain the pair density function 

(PDF) analysis. The inelastic data were collected using the Disk Chopper Spectrometer (DCS) at the 

NIST Center for Neutron Research (NCNR) as a function of temperature. Two incident energies were 

used, λi = 2.2 and 3.6 Å while data before and after fatigue were collected for the Zr50Cu40Al10 

composition only. 

4. Conclusions 

From the above results, the following conclusion can be drawn regarding the effects of mechanical 

fatigue on the atomic properties. A connection is present between the changes observed in the local 

structure and the dynamics in the solid state. The consequence of the increase of the first PDF peak 

height with cooling above the expected increase from thermal contraction is twofold: it signals a local 

restructuring due to microscopic changes as well as reduction of the VDOS. The local restructuring 

occurs because the lattice changes irreversibly, even after the load is removed. With repeated loading 

and unloading the glass eventually breaks, thus such lattice irreversibility is a precursory effect to 
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failure. The decrease in the intensity of the vibrational spectrum and its shift towards the elastic 

channel follow the local restructuring. The local structure reorganization that we observe with 

modifications in the pair correlations amplitudes will have a direct effect on the normal modes and can 

explain the reduction of the amplitude of fluctuations with fatigue. It is the case that the system 

becomes brittle after fatigue and thus, brittleness is correlated to the suppression of the  

vibrational spectrum.  
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