
1 
 

Microstructure evolution during near-Tg annealing 

and its effect on shear banding in model alloys 

 

 

Meng-Hao Yang1, Bei Cai2, Yang Sun1, Feng Zhang1*,Yi-Fan Wang3,  

Cai-Zhuang Wang1, Kai-Ming Ho1 

 

 

 

 

1. Ames Laboratory, US Department of Energy and Department of Physics, Iowa 

State University, Ames, Iowa 50011, USA; 

2. Key Laboratory of Advanced Materials (MOE), School of Materials science and 

Engineering, Tsinghua University, Beijing 100084, China; 

3. Systems engineering research institute of China State Shipbuilding Corporation 

Limited 

 

 

 

 

 

 

Graphical abstract 

 
* Corresponding author: fzhang@ameslab.gov. 



2 
 

 

 

Keywords: Metallic glass; Molecular Dynamics; Nanocrystallization; Shear Banding  



3 
 

ABSTRACT     

By performing extensive molecular dynamics simulations, we investigate the 

deformation behavior in Al90Sm10 and Cu64.5Zr35.5 alloys after elongated isothermal 

annealing in the vicinity of the glass-transition temperature (Tg). Different 

microstructural response to the annealing process was observed: Al90Sm10 maintains 

the glassy structure with improved energetic stability, enhanced short-range order 

(SRO), and a more pronounced spatial network that extends beyond the first atomic 

shell; while Cu64.5Zr35.5 forms nanocrystalline Laves Cu2Zr phases. Shear banding 

occurs in both annealed systems under shear loading. For Al90Sm10, the spatial network 

formed by the local clusters characterizing the SRO of the system is significantly 

weakened but remains appreciable in the shear band. In contrast, the crystalline 

ordering in the Cu64.5Zr35.5 is completely destroyed during shear banding. Consequently, 

while displaying higher yield strength, the annealed Cu64.5Zr35.5 sample appears to be 

less ductile. By carefully examining the effect of microstructures on the structural 

ordering in the shear band and the consequent mechanical response, our work 

contributes to a better understanding of the deformation mechanism of amorphous 

alloys as compared with that in crystalline materials.   
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1. Introduction  

   Metallic glasses (MGs) are a class of alloys with noncrystalline atomic structures 

and have attracted wide attention during the past decades. They are technologically 

important because of their excellent mechanical properties as promising engineering 

structural materials (1-4). However, the deformation mechanism of MGs under 

mechanical loading is not fully understood yet. This is in contrast with their crystalline 

counterparts. Owing to the underlying periodic lattice, mechanical response in 

crystalline materials can be well explained on the basis of fundamental lattice defects, 

such as dislocations, twinning, and domain boundaries (5-7). For MGs, while it is 

generally accepted that shear banding is the dominant mode for plastic deformation (8), 

details on how the shear band forms and propagates remain unclear.  

These questions are hard to address partially because it is challenging to probe the 

shear-band structure at the atomic scale in experiments. For this reason, molecular 

dynamics (MD) has become the main theoretical method complementary to 

experimental tools (9-11). On the other hand, MD also faces a significant limitation, 

that is, it can only access relatively short timescales compared with experiments(12). 

Recently, it has been proposed that annealing near the glass transition temperature (Tg) 

can accelerate the dynamics and effectively reduce the gap between experimental and 

computational timescales (13-16). For example, when applied on Cu64.5Zr35.5 and 

Al90Sm10 alloys, near-Tg annealing can produce effective cooling rates on the order of 

10଻K/s (17, 18), which is approaching the experimental limit of ~10଺K/s.   
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In the present work, we re-examined near-Tg annealing in much larger samples 

(containing more than 3ൈ 10ହ atoms) of typical glass-forming systems Al90Sm10 and 

Cu64.5Zr35.5, for the purpose of studying subsequent deformation behaviors under shear 

loading . During the elongated annealing, Al90Sm10 maintains the glassy structure, while 

the Cu64.5Zr35.5 alloy develops nanocrystalline Laves phases, which is consistent with 

several previous studies (19, 20). Meanwhile, Cu64.5Zr35.5 displays higher shear strength 

but lower ductility than Al90Sm10. We demonstrated that these differences in 

mechanical properties can be well tied to the different structural ordering in shear bands. 

This comparative study of shear banding in two seemingly disordered systems with 

distinctive nanoscale structures provides detailed insights in understanding the 

deformation mechanism in MGs, as compared with crystalline structures. 

2. Methods and Models 

We chose two prototypical MG forming systems Al90Sm10 and Cu64.5Zr35.5 in the 

present work. Classical potentials in the Finnis-Sinclair form (21) were used for energy 

and force calculations for these two alloys (22, 23). MD simulations under NPT 

(constant numbers of atoms, pressure and temperature) ensemble were performed using 

the GPU-accelerated LAMMPS code (24, 25), with a timestep of 2.5 fs. The initial 

Al90Sm10 and Cu64.5Zr35.5 glass samples, containing 345,600 atoms with box sizes 254 

Å× 51 Å× 507 Å and 240 Å× 48 Å× 479 Å, respectively, were prepared by quenching 

a liquid from 2000 K to 300 K at a rate of 10ଵ଴ K/s, and will be called “as-quenched” 

samples hereafter. In addition, two other samples were prepared for each system by 

quenching the liquid to an intermediate temperature Ta first, followed by isothermal 
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annealing at Ta for 100 ns and 300ns, and finally quenching to 300 K. All quenching 

rates were kept the same, i.e., 10ଵ଴ K/s. Ta was set to 655 K and 780 K, which are 

close to the corresponding glass-transition temperatures 693 K (23, 26, 27) and 750 K 

(22), for Al90Sm10 and Cu64.5Zr35.5, respectively.  

All samples were then relaxed to the inherent structures at zero pressure by 

minimizing the potential energy with a damped dynamics method (28). Afterwards, the 

model MGs were heated to a cryogenic temperature of 50 K and were compressed along 

Z- direction with a constant deformation rate of 2.5 × 10଻s-1 until the strain reaches 

10%. Period boundary conditions were only applied in Y- and Z- directions, and free 

surfaces were adopted in X- direction to adapt the shear offset. To quantify the atomic-

scale deformation, the non-affine displacements 2
minD (29), which has been widely used 

as an excellent indicator of local irreversible deformation. After obtaining the atomic 

positions and subsequent displacements, the local strain tensor of the neighborhood of 

any specific atom can be calculated as, 

2
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The minimum of 2 ( )D t during the time t is the local deviation from affine deformation, 

which is marked as 2
minD and used to divide the shear band (SB) and matrix regions. 

To characterize the evolution of structural order during the annealing and loading 

process, we applied the cluster alignment method (30, 31) to quantitatively determine 

the similarity between local clusters in the samples and various templates. After 

alignment, an alignment score is defined as:  

  

1/22
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where N is the number of atoms within the first shell, icr


 and itr


refer to the atomic 

positions in the cluster and the template, respectively. The coefficient α in the range 

from 0.8 to 1.2 is used to adapt the template’s bond length to reach a maximal overlap 

between the cluster and the template. A smaller alignment score means a higher 

structure similarity for the given cluster.  

    To describe the dominant short-range order in the simulated samples, the aligned 

clusters against the same template were superposed by overlapping their center atoms 

(32). A continuous atomic density of the superposed clusters in 3D view can be 

determined by a Gaussian-smearing scheme: 
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where ir

  is the atomic coordinate for each particle i, is a constant scaling factor, m 

and n are the number of superposed clusters and the number of atoms per cluster, 

respectively.  

3. Results and discussions 
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3.1 Deformation behavior and Shear transformation zone 

 

 

Figure 1. Stress-strain curve for as-quenched and annealed (a) Al90Sm10 and (b) Cu64.5Zr35.5 

model alloys, respectively. The inset shows the potential energy curve of the simulated samples 

as a function of shear strain. It can be seen that the shear band and matrix regions of the typical 

samples were characterized by the minimum non-affine displacement D2
min.  

 

The stress-strain curves for as-quenched and annealed Al90Sm10 and Cu64.5Zr35.5 

alloys are illustrated in Fig.1. During the initial elastic stage, the stress increases linearly 

with the strain; after that, plastic deformation emerges as the stress deviates from the 

linear dependence on the strain. There exist two characteristic stresses, y and s, 

employed to distinguish two different structural states of model alloys (33-35). The 

strength y can be used to motivate the subsequent apparent plastic flow. After the stress 

reaches the maximum value (y), the stress of the model alloy experiences an abrupt 

decrease in strength. The speed at which the stress decreases can be used to characterize 

the ductility (or brittleness) of the sample. As the shear strain increases, the structural 

disordered regions become obvious, and the alloy is softened and become easier to be 
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cut and shaped. When the strain approaches around 0.06, the shear band can propagate, 

and the stress would enter a steady-state (s) flow. The strength difference between y 

and s, i.e. =y-s, reflects the degree of softening upon rejuvenation deviated from 

the original structures (36-38). For the Al90Sm10 alloy, the stress drop  gradually 

increases with the annealing time. Such a trend is more noticeable for the Cu64.5Zr35.5 

alloy. More interestingly, the Cu64.5Zr35.5 sample annealed for 300 ns undergoes the 

sharpest drop in stress after reaching y, indicating that this sample has lower ductility 

than other Cu64.5Zr35.5 or Al90Sm10 samples. These facts suggest that possibly different 

response in microstructure to the annealing process occurred in these two systems. 

The configurational potential energy (PE) (39, 40) has been reported to 

successfully characterize the relationship between strain localization and the 

microstructure. The average potential energy of two model alloys as a function of strain 

is illustrated in the insets of Fig. 1. Initially, the potential energy increases gradually 

with straining as the deformation energy is stored in the alloy; then, a sudden drop 

occurs that coincides with the similar drop in the stress-strain curve. With the annealing 

time increasing, the average potential energy of the two model alloys decreases, 

indicating the stabilization effect of the annealing process. Obviously, the potential 

energy drop of the Cu64.5Zr35.5 alloy is much more significant than that of the Al90Sm10 

alloy, again indicating different microstructures of these two samples after annealing. 

Also included in Fig. 1 is the atomic structures at different deformation stages with the 

atoms colored according to the non-affine displacements 2
minD . One can see how the 

shear band (SB) of samples was initiated and developed, and the SB direction was 
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parallel to a principle axis of the shear stress (29). This means that the final fracture of 

alloys results from the localization and propagation of shear transformation zones, and 

the plasticity of model alloys was relatively low. The stored PE can be released into the 

narrow shear band after the model alloys reach a steady-state flow.  

3.2 Structure evolution under annealing 

 

 

Figure 2. Total pair correlation function of as-quenched and annealed (a) Al90Sm10 and (b) 

Cu64.5Zr35.5 model alloys, respectively. The insets zoom in on certain sections to highlight the 

difference.  

 

In order to understand the different stress-strain response in the two systems, we 

first examine the structural evolution of load-free model alloys with different annealing 

times. As shown in Fig. 2(a), while the pair-correlation function g(r) for the as-

quenched and annealed Al90Sm10 alloys largely overlaps, a slight enhancement on the 

second peak with increasing annealing time is still observable. On the other hand, there 

exists a more pronounced difference in the g(r) curves for the as-quenched and annealed 

Cu64.5Zr35.5 alloys: as the annealing time increases, the first peak significantly drops, a 
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side shoulder before the second major peak in the range from 4.0 Å to 5.0 Å is 

developing into a full peak, and the valley between 5.0 Å and 5.5 Å also significantly 

decreases. These results suggest that during annealing, Cu64.5Zr35.5 undergoes a more 

notable structural change than Al90Sm10 in both short-range order (SRO) and medium-

range order (MRO). 

  

 

Figure 3. The alignment score distribution for (a) Al-centered and (b) Sm-centered clusters of 

the simulated Al90Sm10 model alloys, and the corresponding score distribution of (c) Cu-

centered and (d) Zr-centered clusters of Cu64.5Zr35.5 model alloys. A cutoff alignment score of 

0.16 was used to calculate the fractions of clusters.   
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Cluster alignment analysis was also performed to quantitatively characterize the 

dominant local order motifs in the simulated alloys. Clusters extracted from the 

Al90Sm10 sample were aligned against Al-centered icosahedron and Sm-centered “3661” 

polyhedron, which have been established as typical motifs in this system (17). For 

Cu64.5Zr35.5, Cu-centered icosahedron and Zr-centered Frank-Kasper Z16 were chosen 

as templates (41). As shown in Fig. 3, while there is some increase of population in the 

low-score (high-similarity) region, the overall distributions of the alignment score for 

the as-quenched and annealed Al90Sm10 alloys remain largely overlapping. In contract, 

one can clearly observe a strong enhancement of the first peak for the alignment 

distributions of both Cu-centered and Zr-centered clusters with increasing annealing 

time. 

3.3 Nanocrystalline phase formation in Cu64.5Zr35.5  

 

Figure 4. (a)-(c) Snapshots of TC Zr atoms in as-quenched and annealed Cu64.5Zr35.5 model 

alloys. (d) Zoom-in of a portion of (c) to show the typical tetrahedral network for the Laves 

Cu2Zr phase.  
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As can been seen in the above sections, the changes in the potential energy (see 

inset of Fig. 1), g(r) (see Fig. 2), and the SRO (see Fig. 3) in the Cu64.5Zr35.5 sample all 

exceed the range that can be explained by glass aging under near-Tg annealing (17, 18, 

42). This suggests that nano-crystallization might have occurred, similar to what has 

been reported for this system under relatively slow cooling (43). The possible crystal 

structure involved in crystallization is a Laves phase Cu2Zr with the prototype 

MgCu2(44). The Cu2Zr compound was firstly suggested in a study of the phase diagram 

of Cu-Zr system(45). Afterwards, the formation of Cu2Zr compound was identified and 

analyzed in terms of thermodynamic properties using Knudsen method of mass-

spectrometry(46, 47). Later, ab initio total-energy (48, 49) as well as MD (50) 

calculations confirmed that Cu2Zr is a metastable phase at low temperature.  

 

 

Figure 5. (a) The number of TC Zr atoms as a function of shear strain in the Cu64.5Zr35.5 alloy 

annealed for 300 ns. (b) Snapshots of TC Zr atoms at several shear strains in the Cu64.5Zr35.5 

alloy annealed for 300 ns. 
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In the Laves Cu2Zr phase, Zr atoms form a diamond-like tetrahedral network. In 

Fig. 4, we show the tetrahedrally-coordinated (TC) Zr atoms identified by the cluster-

alignment method in samples with different annealing time. The increasing density of 

TC Zr atoms clearly show that amount of crystalline Cu2Zr phase during annealing.  

Fig. 5 (a) shows the change of TC Zr atoms with the shear strain. For the as-

quenched sample, no crystallization occurred, and the TC Zr atoms are randomly 

distributed in the sample, possibly serving as precursors for nucleation [see Fig. 4 (a)]. 

The total number is also weakly dependent on the strain. On the other hand, for the two 

annealed samples, the number of TC Zr atoms significantly drops as the shear strain 

increases, since more and more tetrahedral clusters with increasing deformations will 

align negatively against an ideal tetrahedron template. As shown in Fig. 5 (b), 

essentially no TC Zr atoms can be found in the SB, indicating the crystalline order is 

completely destroyed in the SB, which is also the reason that the amount of TC Zr atoms 

levels off in the steady-state zone for the annealed samples [see Fig. 6(a)]. This also 

indicates that the relatively larger strain scales will disturb the formation of TC clusters 

(51).   

3.4 Fractal cluster network in Al90Sm10  

Unlike Cu64.5Zr35.5, the effects of annealing on Al90Sm10 samples can be well 

explained by aging effect in glassy structures, which is consistent with our previous 

study (52). Here, we examine how the structural order responds to the external shear 

loading. Fig. 6 (a) shows that in all three Al90Sm10 sample, the fraction of Al-centered 

icosahedron and Sm-centered “3661” clusters decreases with the shear strain in the 
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elastic region. In the steady-state zone ( ≈ s), on the other hand, the dependence of 

fraction of these clusters on the strain is notably weakened.   

 

 

Figure 6. Population of (a) Al-centered icasahedra and (b) Sm-centered “3661” clusters of the 

Al90Sm10 model alloys as a function of the shear strain.  

 

To show how the shear band and the surrounding matrix respond differently to the 

shear strain, we first separate the shear band and the matrix in the sample based on a 

cut-off value of 2
minD : the regions with 2

minD  greater than 10 are called metallic glass 

matrix, while the remaining are the strained regions. Fig. 7(b) and (c) show the 

distribution of alignment score for Al and Sm centered clusters, respectively. For both 

Al-centered icosahedron and Sm-centered “3661” motif in Fig. 7(b) and (c), the 

alignment score of the matrix region is smaller than that of the shear band region as the 

alignment distribution of the shear band moves to the right, suggesting that the matrix 

is more ordered. On the other hand, the SRO surrounding both Al and Sm atoms in the 

shear band is still appreciable.    
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Figure 7. (a) Local strain and (b-c) alignment score distribution for the matrix and shear band 

regions for the simulated Al90Sm10 model alloys. A cutoff alignment score of 0.16 was used to 

calculate the fractions of clusters. 

 

 

    Next, we extend beyond the first atomic shell by examining the spatial network of 

the dominant atomic clusters in Al90Sm10 model alloy. In particular, we analyze how 

the Al-centered icosahedral clusters develope into the spatial network in glassy samples. 

The pair correlation functions of the centers of the icosahedral clusters are shown in 

Fig. 8(a), along with the inset of the first peak positions under different shear strains. 

One can see from the inset of Fig. 8(a) that the strong peaks are almost located at ~ 2.75 

Å, which is contributed by the center atoms forming neareast-neighboring pairs. This 

clearly indicates that the icosahedral clusters form an extensive interpenetrating 

network, and such network does extend to the shear band region. 
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Figure 8. (a) The pair-correlation function of the Al atoms that form centers of icosahedra 

clusters in the Al90Sm10 sample annealed for 300ns under different shear strains. (b) The average 

coordination number <N> for the Al-centered icosahedral network in this sample.  

 

One parameter to describe the degree of connectivity of the network is the average 

coordination number 〈ܰ〉, defined as the number of nearest-neighboring pairs that each 

icosahedral center forms with other icosahedral centers (53, 54). Based on a cut off 

distance of 3.2 Å, at which the first peak of g(r) vanishes [see Fig. 8(a)] , we calculated 

〈ܰ〉 and plotted it as a function of the shear strain in Fig. 8(b). At zero strain, 〈ܰ〉 

increases with the annealing time, indicating enhanced connectivity of the icosahedral 

network by near-Tg annealing. When the shear strain is applied, the change in <N> 

echoes the icosahedral population (see Fig. 6) and the stress-strain curves [see Fig. 1(a)].  

When it is near the sudden stress drop, the spatial network begins to collapse, and finally 

dumps into the narrow band, indicating that the spatial network keeps evolving at 

different deformation stages. Interestingly, there exists an obvious 〈ܰ〉 difference for 

the shear band and matrix regions of the simulated model alloys. For the as-quenched 
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alloys near the sudden stress drop, 〈ܰ〉 of the shear band and matrix regions are 1.81 

and 3.40, respectively, indicating a noticeable difference for the atomic packing density.  

 

 

Figure 9. (a) Schematic of the tree-like icosahedral network derived from one root atom. Only 

the center atoms of the icosahedra are shown and colored according to the alignment score. (b) 

Double-logarithmic plot of N(R) as a function of R to determine the fractal 

dimentionality of the icosahedral network in the matrix and the shear band. 

 

Furthermore, we examined the “tree-like” linkage of the icosahedral network (55).  

Fig. 9(a), in which only the central atoms of the icosahedra are shown for clarity, helps 

illustrate how an icosahedra tree derived form a root atom is established. First, a root 

atom is randomly selected and surrounded by a red sphere with a radius of the cutoff 

separation R0 = 3.5 Å to enclose all its nearest neighbors. Afterwards, each nearest 

neighboring atom is surrounded by a blue sphere of the same size, so that the next level 

neighbor atoms to the root can be included. This process is repeated and the tree 

structure is stretched to cover the whole sample. In principle, a different tree can be 
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derived from any seed atom. These convoluted trees serve as the backbone of the glassy 

structure which is expected to dominate the structural response under external stress.  

A direct fractal analysis was applied to describe the fractal patterns of the tree 

structure. We define N(R) as the number of atoms on the tree within a radius of R from 

the root atom. A power-law relation for the fractal analysis can be defined as,  

( ) DN R R ,                                                                (7) 

where the exponent D is regarded as the fractal dimenstion. A value of D closer to 3 

indicates a more compact packing of icosahedral clusters in space. Fig. 9 (b) shows N(R) 

as a function of R for a typical tree established in the matrix and the shear band. At a 

given R, N(R) is smaller for the shear band, consitent with the lower density of 

icosahedral clusters in the shear band [see the inset of Fig. 8(a)]. By employing the 

double-logarithmic scales for N(R) and R/R0, a best fitting line calculated from the least 

square solution gives the fractal dimension D for the shear band and matrix regions to 

be 2.65 and 1.78, repectively, which are similar to the previous fractal analysis of high 

pressure or neutron and X-ray diffraction (XRD) experiments (56-58). The lower value 

of D again suggests a weakened icosahedral network in the shear band. On the other 

hand, it is evidenced from Figs. 7-9 that the icosahedral network, albeit weakened, does 

extend into the shear band. This is in sharp contrast with the Cu-Zr sample, in which 

the nanocrystalline phase is vanishing in the shear band [see Fig. 5(b)]. This fact 

explains that while the annealed Cu64.5Zr35.5 sample show higher yield strength than 

Al90Sm10 due to nanocrystallization, the latter appears to have better ductility due to the 

remnant structural ordering in the shear band.  
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4. Conclusion 

A comparative structure-property study of Al90Sm10 and Cu64.5Zr35.5 alloys in the 

original and annealed states was performed. For Al90Sm10, isothermal annealing at a 

sub-Tg temperature leads to more stable glass structures with lower potential energy 

and enhanced strength, along with a better-developed network of short-range order 

clusters. Under sufficiently large shear stress, the shear strain is largely localized in the 

shear band, in which the network is weakened but remains clearly discernible. For 

Cu64.5Zr35.5 alloys, we observe the primary crystallization of nanoscale Cu2Zr Laves 

phase. Strain localization also occurs under large shear stress, but the crystalline order 

is almost completely destroyed in the propagating shear band. As a result, the 

Cu64.5Zr35.5 alloys display higher yield strength but poorer ductility. It should be noted 

that it is likely that the phenomena described by these potentials are different from 

experimental observations. Indeed, as a strong binary glass-forming system, Cu64.5Zr35.5 

is not expected to crystalline at 800 K within a few hundred nanoseconds. Therefore, 

these two systems are best viewed as two model systems that undergo different 

microstructural evolution in computer simulations, making possible comparative study 

of subsequent structural response to external shear stress.  
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