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Abstract

:

This study investigates the degradation of mechanical properties in CuZr metallic glasses (MGs) under cyclic loading using molecular dynamics simulations. Both as-cast (AC) and cryogenically thermal-cycled (TC) samples with Cu36Zr64 and Cu64Zr36 compositions were analyzed. Results show that cyclic loading significantly degrades Young’s modulus, ultimate tensile stress, and toughness, with most pronounced reductions occurring in the initial cycles. TC samples exhibit improved ductility and stability compared to AC samples. In contrast, AC samples demonstrate greater initial strength but faster degradation. Cu-rich samples maintain higher strength but degrade similarly to Cu-poor samples. The AC Cu-rich sample experiences more localized deformation and delayed degradation, while TC and AC Cu-poor samples quickly reach a steady state. These findings highlight the influence of atomic composition and thermal treatments on the mechanical performance and degradation behavior of MGs.






Keywords:


cyclic loading; mechanical properties; metallic glasses; molecular dynamics












1. Introduction


Metallic glasses (MGs), characterized by their amorphous structure and lack of crystalline defects, exhibit exceptional mechanical properties, such as high strength, elasticity, and wear resistance [1,2,3,4]. However, under cyclic loading conditions, MGs are prone to mechanical degradation, leading to embrittlement, reduced ductility, and eventual failure [5,6,7]. Unlike crystalline alloys, where fatigue mechanisms are well understood through dislocation movements, the absence of long-range atomic order in MGs complicates the understanding of their fatigue behavior.



Extensive research has been conducted on the effects of cyclic loading on the mechanical properties of MGs, with a focus on fatigue-induced shear banding, structural relaxation, and rejuvenation. Some authors have discussed the relationship between cyclic loading, fatigue, and the initiation and evolution of shear bands, indicating that various factors play key roles in the mechanical response, such as atomic composition, temperature, and cyclic frequency, among others [6,8]. Moreover, cyclic loading can lead to partial nanocrystallization [9] or the precipitation of secondary phases [10], adding additional complexities to the problem. Cyclic loading has also been employed as a technique to achieve rejuvenation or aging. Depending on the cycling parameters, either increased or reduced free volume can be obtained, ultimately dictating the mechanical behavior [11,12,13]. Here, molecular dynamics (MD) simulations serve as a valuable tool for exploring the atomistic mechanisms in detail. In this regard, it has been revealed that the strain amplitude is critical for determining plastic deformation in CuZrMGs subjected to cyclic loading [14,15]. Furthermore, shear band (SB) initiation can be retarded when the strain amplitude is well below the ultimate tensile strength [16]. The changes in plastic behavior can be attributed to variations in the local atomic structure during cyclic loading. As reported in previous works, some Voronoi polyhedra are more prone to atomic mobility, while full icosahedra are less sensitive to mobility [17]. Interestingly, it has been reported that Voronoi polyhedra populations do not vary significantly during cyclic loading [14,18]. Thus, the study of MGs subjected to cyclic loading is a complex task, with many variables influencing the mechanical behavior.



This study aims to investigate the mechanisms underlying the degradation of mechanical properties in CuZr MGs under cyclic loading using MD simulations. Samples prepared via cryogenic thermal treatments were subjected to cyclic loading and their mechanical performance was compared to that of as-cast samples. Two different atomic compositions were considered: Cu36Zr64 and Cu64Zr36. The variation in mechanical properties, plastic deformation, and structural characterization as a function of the number of cycles was explored.




2. Materials and Methods


2.1. Modeling and Software


Interactions between atomic species were modeled using the interatomic potential developed by Mendelev et al. [19]. Various studies have demonstrated that this potential provides in-depth descriptions of both structural and mechanical properties [20,21,22,23]. MD simulations were performed using the LAMMPS software (LAMMPS 3 March 2020, https://www.lammps.org (accessed on 1 September 2024)) [24,25] with an integration timestep of 1 fs.




2.2. Preparation of the Metallic Glasses


CuZrMG samples were prepared from a B2-CuZr structure composed of 72,000 atoms. Two different atomic compositions were obtained by randomly replacing Cu atoms: Cu36Zr64 and Cu64Zr36 MGs. Relaxation was then conducted at 2500 K and zero pressure for 10 ns using periodic boundary conditions and the NPT ensemble. Both samples were subsequently cooled to 400 K at a cooling rate of   10 13   K/s in the intervals of 2500–900 K and 650–400 K, while a cooling rate of   10 10   K/s was employed in the interval of 900–650 K. As noted in previous works, the most significant physics related to glass transition phenomena occur near the glass transition temperature   T g  , which is in the range of 700–800 K for CuZr systems. Therefore, the cooling rates outside this range are less relevant [26,27]. After quenching the samples, relaxation was carried out for 1 ns at zero pressure. The final dimensions of the samples were   33.0 × 19.7 × 1.9   nm3 for the Cu36Zr64 MG and   32.0 × 19.2 × 1.9   nm3 for Cu64Zr36 MG. These samples are referred to as Cu36 AC and Cu64 AC, respectively, where AC stands for as-cast.




2.3. Cryogenic Treatments


Cryogenic thermal treatments were performed to obtain samples in a higher energy state. Following the work of Shang et al. [28], thermal cycling treatments were adopted. Each cycle comprised four stages: reduction of temperature from 400 K to 1 K at   2.5 ×  10 14    K/s, relaxation for 0.1 ns, increase of temperature up to 400 K at   2.5 ×  10 14    K/s, and relaxation for 0.01 ns. Each cycle was repeated 60 times at zero pressure. Additional details can be found in the work of Amigo [29]. This procedure was conducted for both Cu36Zr64 and Cu64Zr36 MGs, followed by relaxation at 300 K for 1 ns. These samples are referred to as Cu36 TC and Cu64 TC, respectively, where TC stands for thermal-cycling.




2.4. Cyclic Loading


Cyclic tensile loading was conducted to assess the mechanical performance of the as-cast and thermal-cycling samples. For this purpose, mechanical deformation was applied by rescaling the atomic positions at   10 8   s−1 up to a strain of 0.12 in the x-direction, while keeping the y and z-directions at zero pressure and the sample at 300 K. Unloading was then performed by reducing the pressure in the x-direction to zero. This procedure was repeated five times, resulting in five load–unloading cycles.




2.5. Diagnostic Tools


Structural characterization was performed using Voronoi polyhedra analysis. A Voronoi polyhedron is described by five indices:   〈  n 3  ,  n 4  ,  n 5  ,  n 6  〉  , where   n i   represents the number of i-edged faces. The five-fold local symmetry (LFFS) was calculated to analyze the fraction of pentagons and the nearest-neighbor atoms. It was determined as    d 5  =  n 5  / ∑  n i    [30,31].



Quantification of plasticity was performed using the atomic strain [32] available in OVITO [33]. The degree of shear localization was calculated as [34]


  ψ =     1 N    ∑  i = 1  N    (  η i  −  η  a v e   )  2    ,  



(1)




where N is the total number of atoms,   η i   is the von Mises strain of atom i, and   η  a v e    is the average von Mises strain. The deformation participation ratio ( ϕ ) was determined as [35,36]


  ϕ =    N  η > 0.2    N t    ,  



(2)




where   N  η > 0.2    is the number of atoms with von Mises strain greater than 0.2 and   N t   is the total number of atoms.





3. Results and Discussion


3.1. Atomic Structure Inspection


Cryogenic thermal cyclic treatments have been shown to induce rejuvenation in CuZrMGs [28,29]. To further explore this, Voronoi analysis was performed on both AC and TC samples, with the resulting populations shown in Figure 1. As observed, cryogenic treatments lead to lower populations of densely-packed polyhedra, particularly in the Cu-rich samples, where the   〈 0 , 0 , 12 , 0 〉   full icosahedra exhibit the most significant reduction. This indicates that cryogenic treatments are an effective mechanism for reducing the fraction of icosahedra-like polyhedra. The populations of these polyhedra are crucial, as they form the backbone of the MG matrix, governing its response to mechanical deformation and establishing structure–property relationships, as reported in the literature [37,38,39,40].




3.2. Stress–Strain Curves


All samples were subjected to cyclic loading to assess their mechanical performance. The resulting stress–strain curves are shown in Figure 2. When comparing both atomic compositions, the Cu-rich samples exhibit enhanced strength, which is in good agreement with previous studies. It has been reported that Cu species induce the formation of denser structures, leading to increased stiffness [41,42,43,44]. Regarding the effect of cryogenic thermal treatments, the TC samples display reduced strength compared to their as-cast counterparts. In the works of Shang et al. [28] and Amigo [29], it was shown that cryogenic treatments under certain conditions can promote rejuvenation in MGs by increasing free volume and driving the samples to higher energy states. Both phenomena contribute to more homogeneous deformation, thereby improving ductility. When analyzing the cyclic loading behavior, the AC samples exhibit higher stress peaks during the first cycle, followed by a pronounced drop in stress, suggesting the formation of SBs. In subsequent cycles, the stress converges to a steady-state value, which is more prominent in the Cu-poor samples. For the TC samples, all cycles are very similar, indicating that a steady state is rapidly achieved during cyclic loading. Finally, it is interesting to note that the effect of thermal treatments leads to tensile behavior similar to that of samples rejuvenated by elastic cyclic loading [11,12].




3.3. Mechanical Properties


To quantify the mechanical response of the samples, the Young’s modulus (E), ultimate tensile stress (  σ  u t s   ), and toughness (  u t  ) were calculated for each cycle. The Young’s modulus was determined as the slope of the linear regime, the ultimate tensile stress as the maximum stress within the 0.00–0.06 strain interval in each cycle, and the toughness as the area under the curve within the 0.00–0.12 strain interval. All values are shown in Figure 3 as a function of the number of cycles. In all cases, a negative trend is observed with the increasing number of cycles, indicating a degradation of the mechanical properties. The Young’s modulus exhibits a consistent decrease, while both   σ  u t s    and   u t   show a steep drop during the first three cycles, followed by a more gradual decline in the fourth and fifth cycles. This reflects the steady-state behavior observed in the stress–strain curves. Additionally, the decreasing toughness values indicate that the materials have a reduced capacity to store deformation energy, making them more prone to failure. When comparing the AC and TC samples for a given atomic composition, the AC MGs show higher values for E,   σ  u t s   , and   u t   than their TC counterparts, as reported in previous studies on rejuvenation through cryogenic thermal cycling treatments [29]. However, from the third cycle onward, the mechanical properties of both AC and TC samples begin to converge, a trend that is more pronounced in the Cu-poor samples. Therefore, cyclic loading drives the TC samples to structural states similar to those of the AC samples.



The degree of degradation of the mechanical properties was quantified by calculating the percentage difference of each property as   Δ y =  (  y  5 t h   −  y  1 s t   )  /  y  1 s t   × 100 %  , where   y  5 t h    and   y  1 s t    correspond to a given property calculated in the fifth and first cycles, respectively. The resulting values are shown in Figure 4. The Young’s modulus exhibits the largest degradation when considering all four samples together. However, when inspecting the samples separately, large degradation is observed for   σ  u t s    and   u t   in the AC MGs. In contrast, both properties show smaller degrees of degradation (5–10%) in the TC MGs. Thus, while all cases exhibit statistically significant degradation (above 5%), the AC samples display the most pronounced variations, and the Young’s modulus is strongly affected in all cases.




3.4. Plastic Behavior


The plastic response of the samples was explored using atomic shear strain. The resulting fields are displayed in Figure 5, showing the final state of each sample during the first, third, and fifth cycles. As expected from the rejuvenation treatments, the TC MGs exhibit more homogeneous deformation due to the nucleation of shear transformation zones (STZs) throughout the glass matrix, whereas the AC MGs show plasticity dominated by SB nucleation [45,46,47]. However, as cyclic loading progresses, most of the glass matrix experiences severe deformation, except in the AC Cu-rich sample, where plasticity remains dominated by heavily localized SBs. As reported in previous studies, plastic deformation induced by tensile loading promotes increased free volume [48,49]. Consequently, as the MGs gradually accumulate free volume with each cycle, the Young’s modulus undergoes continuous degradation during cyclic loading. Moreover, the presence of pre-existing STZs/SBs at the beginning of each cycle facilitates the nucleation of additional plastic events, leading to reductions in the ultimate tensile stress and toughness of the samples until a steady state is reached. It is important to note that in this work, complete plastic deformation occurs earlier than in other studies, due to the higher strain applied here in each cycle (up 0.12 strain) compared to other works (up to 0.06–0.10 strain) [14,16].



Quantification of the plastic response was carried out using the degree of strain localization ( ψ ) and the participation ratio ( ϕ ), as shown in Figure 6. The sawtooth behavior in the curves corresponds to the unloading stage in each cycle. All curves converge to similar values, except for the AC Cu-rich MG, which shows localized deformation in the form of SBs [40,50,51,52]. In terms of the participation ratio, the other three samples quickly converge to 1.0, indicating that all atoms have undergone significant plastic activity, with shear strain exceeding 0.2. This suggests that further cyclic loading will not induce additional plastic events. Additionally, this also explains the reduction in toughness, making the material more prone to failure. This phenomenon is delayed in the AC Cu-rich sample, where plasticity is still dominated by SBs.




3.5. Variation of Structural Properties


Structural characterization was performed to gain further insights into the degradation of mechanical properties. The populations of solid-like polyhedra (  F s  ) and liquid-like polyhedra (  F l  ) [53,54], as well as the average fivefold local symmetry (  W ¯  ) [31,55], were calculated, with the results shown in Figure 7. Both TC and AC Cu-poor samples exhibit decreasing/increasing populations of solid-like/liquid-like polyhedra during the first and second cycles, followed by convergence to steady-state values, but with small variations, consistent with previous findings [14,18]. Interestingly, similar trends are observed in the AC Cu-rich sample, but to a greater extent, persisting up to the fifth cycle. A similar pattern is observed for   W ¯  , which is closely associated with solid-like polyhedra. These trends align with the participation ratio: while most atoms in the TC and AC Cu-poor samples undergo significant plastic activity after the second cycle, a large fraction of atoms in the AC Cu-rich sample still exhibit low atomic shear strain. Therefore, the AC Cu-rich sample can still undergo further structural transformations, unlike the other samples, which explains the more pronounced trends in polyhedra variations. A relevant question arises: Is there a threshold atomic composition at which the delayed behavior of the AC Cu-rich ceases to exist? Further studies are needed to clarify this.



Additionally, the variation in per-atom potential energy U was calculated, as shown in Figure 8. In both TC samples, the initial potential energy is higher than in their AC counterparts, as expected from typical rejuvenation treatments [28,29,56,57]. In the case of the AC Cu-poor sample, cyclic loading rapidly increases U, converging to the curve of the TC Cu-poor case. A similar phenomenon is observed for the Cu-rich samples, though at a slower rate. This can be attributed to the large population of densely-packed Voronoi polyhedra in the AC Cu-rich sample, which provides more resistance to atomic rearrangement and, thus, to mechanical deformation [58,59,60]. Furthermore, it is worth noting that cyclic loading drives the samples to higher energy states, similar to reports where rejuvenation was induced by mechanical deformation [11,15,61,62,63,64]. However, additional studies are required to further investigate this matter.





4. Conclusions


This study explored the degradation of mechanical properties in CuZr metallic glasses (MGs) under cyclic loading using molecular dynamics simulations. Both Cu36Zr64 and Cu64Zr36 compositions were analyzed, considering as-cast (AC) and cryogenically thermal-cycled (TC) samples. The results reveal that cyclic loading leads to significant degradation in Young’s modulus, ultimate tensile stress, and toughness in all samples, with the most pronounced decline occurring in the first few cycles. While AC samples exhibit higher initial mechanical performance, they experience a more severe reduction in properties, particularly in terms of ultimate tensile stress and toughness. In contrast, TC samples, which initially display lower strength due to rejuvenation effects, show more stable behavior during the later cycles, indicating that the structural changes induced by thermal cycling make them more resistant to fatigue-related degradation. Conducting additional deformation cycles could reveal whether the degradation of mechanical properties is a continuous process or converges to a steady state.



When comparing the two compositions, Cu-rich samples exhibit higher strength but similar degrees of degradation to Cu-poor samples. However, the AC Cu-rich sample demonstrates more localized plastic deformation in the form of shear bands, leading to delayed degradation compared to the more homogeneous deformation observed in the TC samples. Both TC and AC Cu-poor samples tend to reach a steady state more quickly, resulting in a faster degree of degradation compared to the AC Cu-rich MG. These findings suggest that while TC can enhance the ductility and stability of MGs under cyclic loading, the atomic composition plays a crucial role in determining both the extent and nature of degradation.
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Figure 1. The ten largest populations of voronoi polyhedra for the AC and TC samples. 






Figure 1. The ten largest populations of voronoi polyhedra for the AC and TC samples.



[image: Cmd 05 00020 g001]







[image: Cmd 05 00020 g002] 





Figure 2. Stress–strain curves for the cyclic loading. AC and TC correspond to as-cast and thermal-cycling samples, respectively. 
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Figure 3. (a) Young’s modulus, (b) ultimate tensile stress, (c) and toughness calculated in each cycle for each sample. 
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Figure 4. Percentage difference of each mechanical property between the first and last cycle. 
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Figure 5. Atomic shear strain fields for the samples at the end of the 1st, 3rd, and 5th cycle. 
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Figure 6. (a) Degree of strain localization and (b) participation ratio for each sample. 
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Figure 7. Variation of (a) solid-like polyhedra, (b) liquid-like polyhedra, and (c) average fivefold local symmetry during cyclic loading. 
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Figure 8. Variation of per-atom potential energy during cyclic loading. 






Figure 8. Variation of per-atom potential energy during cyclic loading.



[image: Cmd 05 00020 g008]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
=

0.20

0.15 4

0.10 1

0.05

(a) — Cuss AC — Cuge AC
— Cuge TC — Cuigs TC

0.85 1(b)

0.80 {08 -

0.75 1

0.70 1

0.65

0.60 -

0.64

0.62 1
0.60 -

(c)

0.58 1\,

0.56 1
0.54 1
0.52 1

0.50

0.0 0.1 0.2 0.3 0.4 0.5






media/file4.png
w
o

1(a) CuzeZres

Oxx (GPa)
= = N N
o wu o

o
(8, ]
1

o
o

— AC
— TC

(b) CuesZrss

o©
o

0.1 0.2

0.3

0.4

0.5

06 00 01 0.2

0.3

0.4

0.5

0.6





nav.xhtml


  cmd-05-00020


  
    		
      cmd-05-00020
    


  




  





media/file16.png
(b) CuesZrse

(a) CU3GZ|'64
—5.275 - —4.420 -
g —4.425 -
S -5.280 -
O
g —4.430 -
@ _5.285 -
S —4.435 -
— AC
—5.290 4 — TC | _4.440
' 03 04 05 0.6 0

00 01 0.2

0 01 0.2

0.3

0.4

0.5

0.6





media/file2.png
Fp (%)

12 A

10 -

D

(a) CussZrs,

bﬂ bﬂ bﬂ ’1’ o\7 67 ’1'7

“J ”)
‘b ‘b o ‘b‘ 0, %,
’1" ’\"Q ’1" P

Poud o
) LQ‘ LQ‘ LQ‘ LQ‘ LQ‘ LQ‘ (\}

Polyhedra

I AC
I TC

oY

{(b) CugsZrsg

7 A7 7 T T
A %'3’ YA o