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The prominent combination of ultrahigh strength and superior tensile plasticity in Cu-Zr nanoglass connected by oxide interfaces: A molecular dynamics study
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Abstract

A novel Cu-Zr nanoglass consisting of glassy nano-cells connected by oxide interfaces is proposed. Compared to conventional nanoglasses, the novel oxide-connected nanoglass presents ultrahigh tensile strength and
superior tensile plasticity at ambient temperature. Subjected to tensile loading, the oxide interfaces are found to promote the nucleation of shear transformation zones (STZs) due to the existence of excess free volume.
Meanwhile, the strong bonding between metallic and oxygen atoms in the oxide interface makes it difficult for STZs to propagate through. Thus, the STZs are effectively proliferated and confined inside the cell interior
without any mature shear band (SB) formed. The results provide new ideas for toughening metallic glasses with a decent combination of plasticity and strength, thus making it possible to overcome the longstanding strength-

ductility trade-off dilemma.
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1 Introduction

Metallic glasses (MGs) have already been widely recognized with promising application prospects as functional and engineering materials, since they possess the mechanical strength close to the theoretical strength of solids in
their glassy state as well as the superior plasticity in their supercooled liquid state [1,2]. However, due to the localization of plastic strains and the quick propagation of individual shear bands (SBs), MGs present significant brittleness
at ambient temperatures, which strictly limits their structural applications [3]. Hence, numerous approaches have been developed to toughen MGs, aiming to possess an enhanced plasticity at ambient temperatures while reserving

their high mechanical strength [4,5].

The introduction of heterogeneous interfaces into MGs has been validated to be effective in promoting the nucleation of multiple SBs and hindering the immoderate propagation of them [6-9]. Nanoglass (NG), which consists of
nanoscale glassy grains connected by glass/glass interfaces is one of the most typical applications of this concept [10-12]. Available studies have demonstrated that the soft glass/glass interfaces can act as the preferred nucleation
regions for SBs, and promote the proliferation of multiple SBs [13]. Thus, the plasticity of NGs can be significantly improved, especially, when the average grain size reduces to a critical value, the plastic deformation pattern

transforms from localized shear banding to homogenous superplastic flow [14].

However, the improvement of plasticity is usually achieved by the sacrifice of strength, which is known as the longstanding strength-ductility trade-off dilemma [15]. Admit of no exception, as reported in Ref. [14], although
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Cu;yZrs, NG with grains smaller than 5 nm can deform in a superplastic way, its peak strength is ~2.1 GPa, while that of CusyZr5, MG is ~3.3 GPa under the same condition. The softening in NGs is caused by the large volume fraction of
loosely packed interfaces, which is the intrinsic feature of NGs and prerequisite of enhanced plasticity [11]. Hence, it becomes very challenging but meaningful to find some way to increase the deformation resistance of the glass/glass

interfaces while maintaining their loose packing structures.

Oxygen interstitials can strengthen crystalline metals via pinning dislocation propagation and promoting dislocation multiplication [16-18]. Although the plastic deformation of MGs is intermediated via SBs, instead of
dislocations, if the excessive propagation of SBs can be hindered, it is also possible to increase the deformation resistance. Moreover, it has already been reported that a suitable degree of oxidation is beneficial to the improvement of
microhardness and corrosion resistance of Zr-based bulk metallic glass (BMG) [19]. Hence, we proposed a novel type of NG which consists of glassy cells connected by glassy oxide interfaces, named as ONG, aiming to improve the
deformation resistance by hindering the propagation of SBs through the oxide interfaces while promoting the multiplication of SBs. Based on molecular dynamics (MD) approaches, the global mechanical properties and atomic

structures of the proposed ONG were investigated, with the corresponding strengthening mechanisms discussed.

2 Methods

At the beginning, a model of Cug,Zr;s MG was constructed via quenching the Cug,Zr;s melt with 148812 atoms from 2000 K to 50 Kat a cooling rate of 10 K/ps under zero external pressure (NPT ensemble). To reduce the

computational costs, in the construction of Cug,Zr;3 MG model, the embedded atom model (EAM) potential was utilized [20]. Periodic boundary conditions (PBCs) were applied along all three directions.

The MG model was divided into four (equivalent based on PBCs) hexagonal glassy cells by a gap network with a width of 8.5A. Cu and Zr atoms inside the gap network were deleted or replaced by O atoms, resulting in a
Cug,Zr;s NG with 134876 atoms and a CugeZr;;0Og ONG with 148812 atoms, respectively. The charge-optimized many-body (COMB3) potential was employed to describe the interatomic interactions among Cu, Zr, and O atoms [21]. To
avoid possible crystallization, the NG and ONG models were consolidated by isothermal equilibration under a hydrostatic pressure of 1 bar and at 400, 500, 600, and 700K for 500 ps, respectively [22]. After consolidation, the system
was cooled down to 300 K within 500 ps and equilibrated at 300 K for another 500 ps. Thus, the empty gap network in the NG was eliminated while interdiffusion took place between the oxygen gap network and cell interior in the
ONG, as shown in Fig. 1. The grain sizes of those hexagonal glassy cells are about 115-120 A, and the oxide interfaces are found to be much rough with a thickness of 16.2-22.5 A, depending on the consolidation temperature. To
quickly dissipate the heat generated by oxidation during consolidation, the Berendsen thermostat and barostat were utilized to control the temperature and pressure, with the positions and velocities of atoms updated by the

microcanonical ensemble (NVE) [23] (see Fig. 2).
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Fig. 1 (a) CugyZrzg NG and (b) Cus9Zr;304 ONG structures consolidated at 600 K.
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Fig. 2 (a) Engineering strain-stress curves of ONGs and NGs consolidated at different temperatures, (b) influence of consolidation temperature on the ultimate tensile strengths of ONGs.

alt-text: Fig. 2

Uniaxial tension was applied on the x-direction, with a constant stretching velocity of 0.01 A/ps (corresponding to an initial strain rate of 4.35 x 10~ ps~!). During tension, the temperature was kept at 300 K by using the

Berendsen thermostat, with the velocities and positions of atoms updated by the NVE ensemble. PBCs were also applied on all three directions.

MD simulations were all performed by using Large-scale Atomic/Molecular Massive Parallel Simulator (LAMMPS) [24]. The simulation timestep was all set as 1 fs. Simulation results were processed and visualized by using self-

developed Python codes and the OVITO software package [25].

3 Results and discussions

Fig. 1/(should be Fig. 2a)a shows the engineering strain-stress curves (flow curves) of ONGs and NGs subjected to uniaxial tension. After a linear elastic stage, the curves rise nonlinearly and reach their ultimate tensile strength
(UTS). For the NGs, their curves experience notable drop after UTS, indicating the massive formation, propagation and localization of SBs [26]. The deformation behavior of Cug,Zr;s NGs is akin to those of CusaZrs, NGs with grain
sizes greater than 10 nm reported in Ref. [14]. The strain-stress curves of NGs consolidated at 400 K and 600 K show little difference, indicating that the consolidation temperature has limited influence on the mechanical properties of

NGs.

On the contrary, for all ONGs, their curves show no notable reduction even after reaching an engineering strain of 0.5 (the maximum engineering strain simulated here), which demonstrates superior plasticity. The UTSs of
ONGs are much higher than those of NGs prepared under the same condition. For example, the UTS of NG consolidated at 600 K is about 2.44 GPa, while that of ONG consolidated at 600K is 3.14 GPa, with an increase magnitude of
28.7%. According to available experimental data, the tensile strengths of Cu-Zr-based bulk MGs are mostly around 2.0 GPa, and approach to 3.0 GPa after the specimen size reducing to submicron scale [27]. Meanwhile, the UTS of the
ONG consolidated at 700 K reaches 3.3 GPa. Hence, it is implied that the ONG proposed here can obtain superior plasticity without sacrificing its strength, instead, the strength can even be further enhanced. Moreover, the elastic limit
lies around 5%, which is notably high comparing to bulk MGs [28]. The UTSs of ONGs show strong temperature-dependence, that is, they increase notably with the increase of consolidation temperature (Fig. 1bl(should be Fig. 2b)).

Undoubtedly, the obvious temperature-dependence of ONG mechanical properties stems from the strong temperature-dependence of metallic glass oxidation behaviors [29,30].

To understand the origin of the superior plasticity and ultrahigh strength of ONGs, the local shear strain 7° distribution during uniaxial tension was characterized, as shown in Fig. 3. It is obvious that shear transformation

zones (STZs) preferentially nucleate in the vicinity of oxide interfaces in the early stage (Fig. 3a, d, g and j), indicating that the oxide interface can promote the initiation of STZs [31].
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Fig. 3 Distribution of local shear strain in ONGs during tension. Cu and Zr atoms are colored according to their local shear strain magnitudes, while O atoms are colored in dark red to indicate the oxide interface position during tension. (For interpretation ¢
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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With tensile strain rising, the STZs near the interfaces interconnect with each other and distribute parallelly to the interfaces. At the meantime, STZs also nucleate in the interior of cells (Fig. 3b, e, h and k). STZs in the interior
of cells further develop and result in a highly dense and nearly homogenous distribution of STZs there, while the STZ distribution inside the oxide interfaces is rare (Fig. 3c, f, i and 1). This strong deviation implies that in the late stage,
the deformation is mainly accommodated by the STZ formation in the cell interior while the propagation of STZs through the oxide interfaces is strongly suppressed. Since the propagation of STZs is effectively confined inside the cell,
it becomes difficult for STZs to develop into SBs, although the size of cells approaches to the critical thickness of SBs, which has been reported to be 50-112 A [32]. It also should be noted that with the increase of consolidated

temperature, the density of STZs inside the oxide interfaces reduces, i.e., the confinement effect of oxide interface on STZ propagation becomes stronger.

The deviation of local shear strain 77 distribution between the cell interior and oxide interface can be quantitively characterized by the shear strain localization factor defined by Cheng et al. [33], that is,

v = \/ lNZfi | (q?’“ses — ng/{}s%)z , where ;7?/“5"5 is the local shear strain of the ith atom, 712’&535 is the average shear strain of all atoms in the system, and N is the total number of atoms. A higher value of y indicates a more significant

localization of deformation. The y values of ONGs subjected to uniaxial tension are plotted in Fig. 4a, while Fig. 4b shows the normalized shear strain localization factor v, .., i.€., Woma = w/ng’ff“s . For all ONGs, y increases with
the increase of global engineering strain. Meanwhile, the evolution of y,,,,,., shows some difference, that is, for ONGs consolidated at 600 K and 700K, y,,,.,.; Fises monotonously with global strain increasing, indicating that the
confinement effect of the oxide interface becomes stronger and STZs are mainly formed in the cell interior under this condition. On the contrary, v,,,.,.; of the ONG consolidated at 500K first decreases and then increases, while that
for the ONG consolidated at 400 K presents a monotonous reduction trend during tension. It also should be noted that, at global tensile strains lower than 0.168, increasing the consolidation temperature will reduce the localization

degree, while for global tensile strain higher than 0.168, the influence of consolidation temperature becomes opposite. These changes will be discussed in the following sections.
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Fig. 4 (a) Shear strain localization factors and (b) the corresponding normalized values of ONGs subjected to tensile strain.
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The fractions of shear transformed atoms are calculated to reveal the roles of each atom type during shear transformation as well as the influencing mechanism of consolidation temperature. Fig. 5a and d compare the fraction
of each atom type in STZs formed in ONGs consolidated at 500 K and 700 K, respectively. It is demonstrated that the fraction of O atoms in STZs is the highest at the beginning of tension and continuously reduces with global strain
rising. Meanwhile, the fractions of Cu and Zr atoms in STZs rise gradually. Hence, it is implied that STZs preferentially initiate in O-rich regions, i.e., the oxide interfaces and surrounding regions, while the shear transformation in the
cell interior becomes the dominant after global tensile strain reaches ~0.1. Increasing the consolidation temperature results in a higher fraction of O atoms in SZTs at the beginning, but this influence becomes negligible after the

global strain exceeds 0.1 and the atomic composition in STZs is close to the global atomic composition.
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Fig. 5 (a, d) The per-type fraction of atoms in STZs formed in ONGs consolidated at 500 K and 700K; (b, e) the fraction of shear transformed atoms (7Mi$¢$>0.2 in each atom type in ONGs consolidated at 500 K and 700 K; (c) the fraction of shear transformed

atoms averaged over each atom type in ONGs consolidated at different temperatures; and (f) the fraction of shear transformed O atoms among all O atoms in ONGs consolidated at different temperatures.
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Fig. 5b and e shows the fractions of shear transformed atoms in each atom type, i.e., N,.ST/N,- , where N, is the total number of the ith atom type, and NfT is number of shear transformed i-type atoms. The average fraction
refers to the ratio of the number of all shear transformed atoms to the total number of atoms in the whole system. It is demonstrated that most of the Zr and Cu atoms (higher than 90%) are shear transformed when the global strain
reaches 0.5, meanwhile, the fraction of O atoms experienced shear transformation is far lower than those of Zr and O atoms, which is 80.3% at 500 K and 75.1% at 700 K at a global strain of 0.5. Fig. 5¢ and f compare the influence of
consolidation temperature on the fractions of shear transformed atoms. It is implied that with the increase of consolidation temperature, the averaged fraction of shear transformed atoms decreases gradually, but the magnitude is

small. Meanwhile, that of shear transformed O atoms experiences notable decrease, indicating strong temperature-sensitivity, especially at low global strain ranges. In combination with Figs. 3 and 5, we can also find that STZs



preferentially initiate mainly in the vicinity of oxide interface, instead of inside it.

In Cu-Zr MG systems, the full icosahedral (FI) clusters (Voronoi polyhedra with index of <0 0 12 0>) has been recognized as the prominent structural features [33]. Since FIs, especially Cu-centered FIs, have high packing
density and strong shear resistance, they are crucial for the elasticity and plasticity of MGs. The reduction of FI amounts inevitably leads to a stronger propensity of STZ induced plasticity [14]. Voronoi polyhedra analyses were
conducted by using the OVITO software, which can generate the Voronoi indices of each atom. The results were further processed for statistical analysis through self-developed Python codes. Fig. 6 compares the evolution of FI
amounts during uniaxial tension of ONGs consolidated at 500 K and 700K, respectively. It is obvious that the FIs are mainly Cu-centered, while no O-centered FI exists, implying that FIs mainly distribute in the cell interior. Before
tension, the ONG consolidated at 700 K has more FIs than that consolidated at 500 K, which will contribute to the higher UTS. With global strain rising, the amount of FIs drops and reaches a relatively stable value after the global

strain exceeding 0.25. The reduction of FIs allows the initiation of more STZs in the cell interior, which bear more plastic strain in the later deformation stage.
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Fig. 6 The number of full icosahedra (Voronoi index of <0 0 12 0>) in ONGs consolidated at (a) 500K and (b) 700 K.
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As stated above, the oxide interface plays a significant role in the deformation of ONGs. Hence, this section focuses on the oxide interface structure and its evolution during tension. Fig. 7a shows an enlarged view of the oxide
interface. We can find that the interface is rough, and its thickness is fluctuant. For the simplity and consistency of analysis, the horizontal distance between the leftmost and rightmost O atoms is set as the oxide interface thickness, as

illustrated in the figure. Fig. 7b shows the sampling region used in this section, which is a slab region locates in the middle of the y-direction with a thickness of 20% of the y~direction length. Thus, the sampling region is subjected to

purely uniaxial tensile strain during the whole process.

(a) glass | oxide| glass

Fig. 7 Schematic of (a) the oxide interface and (b) the sampling region in ONGs.

alt-text: Fig. 7

Fig. 8a shows the oxide interface thickness ¢, of ONGs, which all increase with the increase of global tensile strain, but their variation tendency deviates. To better elucidate the response of oxide interface to global strain, we

define the local strain of oxide interface as: ¢l = M , where % is the thickness of oxide interface at a global strain of , and ¢, is the initial oxide interface thickness. Fig. 8b shows the deviation between the local strain &%
0x tD 0X e, ox ox

and global strain ¢, , which is defined as (sl,‘jf"‘l - ee) /€. . It is interesting to find that the ONG consolidated at 400 K differs greatly from the rest ONGs, that is, the local-global deviation of the former one mostly lies above zero, while

those of the latter ones are all below zero. A negative local-global deviation value means that the oxide interface bears less plastic strain, i.e., plastic strain is mainly achieved by the interior of cells. Meanwhile, the positive local-global

deviation value of the ONG consolidated at 400 K implies that the oxide interface bears more tensile strain than the glass interior under this condition.
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As aforementioned, the role of oxide interface playing during the ONG plastic deformation can be categorized into two aspects: promoting the initiation of STZs in the vicinity of oxide interface and confining the propagation of
STZs through the interface.

The former effect has already been well explained by some available studies, which attribute it to the high excess free volume in the interfacial regions [34,35]. Fig. 9 shows the distribution of excess free volume across the
oxide interface, while Fig. 10 presents the corresponding elemental distribution. The ONGs proposed in this study also have a high excess free volume in the interfacial regions. For the ONG consolidated at 400 K, there is a sharp peak
value of excess free volume around Zr atoms in the middle of the interface (Fig. 9a and b). This is possibly caused by the insufficient delocalization of excess free volume at the relatively low consolidation temperature [10]. The higher
content of free volume can enhance the formation of more STZs therein, which can explain the positive local-global strain deviation presented in Fig. 8b as well as the abundant occurrence of STZs in Fig. 3a [36,37]. With the increase

of consolidation temperature, the delocalization of excess free volume during consolidation enhances, with the peak content reducing while the region with significant free volume content expanding. Moreover, the delocalization

degree further enhances during plastic deformation.
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As for the confinement effect of the oxide interface on the propagation of STZs, we can explain it in the view of atomic bond dissociation. Table 1 lists the bond dissociation energies of the four major bonds in the ONG system
discussed here. Comparing to the M-M (M stands for metal) bonds, the bond dissociation energies of M — O bonds are significantly improved, that is to say, it requires more energy to break these bonds to realize the shear

transformation process [38,39]. Thus, after introducing the oxide interface, the propagation of STZs through the interface becomes more difficult, resulting in strong confinement effect. Moreover, the initiation of STZs in regions with

150 100

110

120 130 140 150
x-axis (A)

high content of O atoms also becomes hard. Therefore, STZs preferentially initiate in the vicinity of the oxide interface, where the free volume content is relatively high, and the content of O atoms is relatively low.

Table 1 Bond dissociation energies for the Cu-Zr-0O system [40].

alt-text: Table 1

Dissociation energy (kJ/mol)

Bond type

201

Cu-Cu

287.4%£11.6

Cu-0

298.2%0.1

Zr-Zr

766.1 £10.6

Zr-0



According to Fig. 10a, c, and e, the atomic compositions in the middle of oxide interface are Cu,z3Zrgs ;0700 CUygZTg¢O0g9g, and Cuyg 713570609 for ONGs consolidated at 400K, 500K and 700 K, respectively. That is, the O
content gradually reduces with the increase of consolidation temperature, due to the enhanced diffusivity at elevated temperatures [41]. For the interfacial region with a higher fraction of O, the corresponding fractions of Zr and Cu
are lower. Thus, the number of effective M — O bonds is reduced, and the confinement effective of the oxide interface on STZs is weakened. With the consolidation temperature improved, O atoms diffuse farer and more M — O bonds
are formed inside, thus, the oxide interface becomes wider and stronger. After subjected to uniaxial tension, the central atomic compositions in the oxide interfaces become Cu,g5ZrggOg; 6, CuyyoZry; 4Ogg 7, and Cus,,Zry; gOs54

respectively, resulting from the further diffusion of atoms enhanced by external tensile loading [42].

4 Conclusions

This work proposes a novel Cu-Zr nanoglass consisting of glassy nano-cells connected by oxide interfaces, named as ONG, based on molecular dynamics simulations. It is found that the ONG exhibits a superior combination of
ultrahigh mechanical strength and ductility, that is, the ONG presents superior plasticity even after the tensile strain exceeds 0.5, while its tensile strength is far greater than those of conventional bulk MGs. Due to the high contents of
excess free volume in the interfacial regions, massive STZs are found to form in the vicinity of the oxide interface. Meanwhile, attributing to the strong bonding between metallic and oxygen atoms, it is difficult for STZs to propagate
through the oxide interface, as well as initiate inside the interface. Thus, shear transformation is strictly confined in the interior of glassy cells, without any mature SB formed. This novel material is promising to overcome the

longstanding strength-ductility trade-off dilemma.
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Appendix A. Supplementary data

The following is the Supplementary data to this article:
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Highlights

* A novel NG consisting of glassy nano-cells connected by glassy oxide interfaces is proposed.
¢ The novel NG exhibits a superior combination of ultrahigh strength and ductility.
¢ Massive STZs are promoted to form in the vicinity of the oxide interface.

¢ Shear transformation is strictly confined in the interior of glassy cells.






