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Gradient nanotwinned metals exhibit extra strengthening and work hardening behaviors, which have enormous potential for engineering applications. In this study, molecular dynamics method is performed for analyzing the effects of nanotwinned structure gradient on uniaxial tensile loading behaviors of gradient nanotwinned metals. Results show that the elasticity, dislocation stored ability and dislocation evolution of the nanotwinned lamellar are affected by the surrounding nanotwinned structure. Moreover, we established a quantitative phenomenological plastic flow stress model for gradient nanotwin metals based on physical connotation, and discussed the effects of nanotwinned thickness and nanotwinned structure gradient on the strength. Particularly, the back stress associated with the nanotwinned structure gradient and the contribution of geometrically necessary dislocations to statistically stored dislocations is included in our model. The tensile response the theoretical model descripted is in good agreement with the experimental results. We hold the opinion that the promotion effect of geometrically necessary dislocations to statistically stored dislocations will not be manifested until the nanotwinned structure gradient reaches a critical value. This research provides guidance for the structural design of gradient nanotwinned metals.
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INTRODUCTION
Making nanometals stronger and more malleable by adjusting their microstructures has been an enduring pursuit owing to their appealing potential in materials science and engineering (Li et al., 2020). Inspired by natural gradient structures such as human teeth and bamboo, the gradient nanomaterials are received a lot of attention (Lu and Lu, 2004). Due to the strain gradients inherent in gradient materials during deformation, gradient metals and gradient amorphous materials can be designed to exhibit a combination of high strength and high toughness (Fang et al., 2011; Tang et al., 2022). At the same time, the introduction of nanotwinned (NT) structure has been recognized as an effective strategy to obtain superior mechanical and physical properties (Lu et al., 2009). Numerous experimental, simulative and theoretical studies have shown that the spatial gradient distribution of twin boundaries (TBs) in metal materials has great potential to overcome the strength-ductility trade-off dilemma faced by conventional materials (Li et al., 2010; Chen et al., 2011; You et al., 2011). The union of gradient structures and TBs puts gradient nanotwinned (GNT) metals at the forefront of materials science.
Recently, some experimental results show that GNT metals have significant strength, superior to even the strongest compositions (Cheng et al., 2018; Zhu et al., 2019). When uniaxial loading parallel to the TBs is applied, bundles of concentrated dislocations (BCDs) form and interact to maintain the plastic deformation of the GNT metal (Cheng et al., 2018). The additional back stress generated by the NT thickness gradient are the main reason for the extra strength of GNT Cu (Cheng et al., 2022). A comprehensive understanding of the main strengthening mechanisms in GNT metals is essential to obtain the best mechanical properties of metals through microstructural design. Atomic simulation based on molecular dynamics (MD) method provides an intuitive mean of observing the kinetic behavior of metal deformation and defect evolution in GNT metals at the atomic level. Some researches based on MD simulation method have been reported. There is significant dislocation aggregation behavior in GNT metals, with the local dislocation density of BCDS being nearly 30% larger than the average dislocation density within grains (Cheng et al., 2018). The plastic deformation mechanism of GNT metals is influenced by the TB spacing, the gradient distribution of strain is induced by TB gradient distribution (Sun et al., 2019). Several theoretical models of NT and GNT Cu have also been proposed. For instance, Zhu et al. developed a theoretical model for NT structure depended on grain size and twin spacing (Zhu et al., 2011). Chen et al. descripted a constitutive model based on dislocation density of extra strengthening in GNT metals (Chen et al., 2021). Zhang et al. developed a gradient theory of plasticity by incorporating the strengthening effect of plastic strain gradients into the classical J2 flow theory (Zhang et al., 2020). Zhou et al. used gradient Eshelby force to explain the motion of twinning partial dislocations on TBs in the absence of any resolved shear stress and the detwinning behavior in GNT metals (Zhou et al., 2022). However, the results of extra back stress in the latest experiment does not be considered into the description of above GNT material models. Due to the novel extra back stress in GNT metals observed in experiment (Cheng et al., 2022), a practical constitutive model is urgent to be developed for reflecting the origin of extra strengthening in GNT metals.
To understand the extraordinary mechanical behaviors of GNT metals, the present work aims to develop a theoretical framework to quantify the extra strengthening inspired by the experimental observations (Cheng et al., 2022). Firstly, MD simulations of the tensile behavior parallel to the TBs of GNT copper materials were performed. The GNT structure has a significant effect on dislocation evolution in twin lamellar, based on MD results a phenomenological back stress model related to NT structure gradient is established. Furthermore, the evolution of dislocation density in the Kocks–Mecking (KM) model (Kocks and Mecking, 2003) is modified to consider the promotion effect of geometrically necessary dislocations (GNDs) generation on statistically stored dislocations (SSDs). Finally, a quantitative phenomenological model of GNT material tensile behavior is established, which is in good agreement with the experimental work (Cheng et al., 2018; Cheng et al., 2022). The important factors in GNT materials such as NT lamellar thickness and NT structure gradient are considered in the model. This study has guiding significance for the structural design of GNT high-performance metals.
MATERIALS AND METHODS
In order to explore the possible mechanism of extra strengthening of GNT copper, MD simulations of three-dimensional GNT copper sample stretching were performed to compare with homogeneous nanotwinned (HNT) copper. Atomsk (Hirel, 2015) modeling software was used to establish one HNT copper sample as control group and three GNT copper samples as experimental group. In this investigation, MD simulations were carried out on GNT copper uniaxial tensile behavior using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) (Plimpton, 1995) and the interaction force was calculated by the embedded-atom-method (EAM) potentials function for Cu (Mishin et al., 2001). The total potential energy of crystal is expressed as:
[image: image]
where [image: image] is the energy to embed the atom in the area of electron density [image: image]; [image: image] is the pairwise potential between two atoms; [image: image] is the distance between atoms [image: image] an [image: image]. The stresses in different direction are calculated by the virial scheme, which is the average of all atomic stresses.
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where [image: image] is the [image: image] component of the atomic stress tensor of atom [image: image], [image: image] is the average volume of atom [image: image], [image: image] and [image: image] are the velocity components in the [image: image] and [image: image] direction of atom [image: image] respectively, [image: image] and [image: image] are the displacement components in the [image: image] and [image: image] directions of [image: image] respectively.
The atomic strain calculation in OVITO (Stukowski and Albe, 2010) visualization software is based on finite strain theory. Therefore, the Green-Lagrange strain tensor is used to measure strain as:
[image: image]
where [image: image] is the deformation gradient. Based on the symmetric strain tensor, the von Mises local shear invariant is calculated and this scalar quantities as particle properties named shear strain ([image: image]):
[image: image]
Figure 1 shows one of the GNT samples studied in this paper. The microstructural characteristic and dislocation information were visualized with common neighbor analysis (CNA) method (Faken and Jónsson, 1994). Face-centered cubic (FCC) atoms are colored green, hexagonal close-packed (HCP) atoms at the TBs are marked in red, while disordered atoms of initial dislocation nucleation and the others on the surface are colored blue, as shown in Figure 1. The atoms in matrix arranged in perfect FCC crystal structures were with [[image: image]] direction along the X-direction, [[image: image]] direction along the Y-direction and [[image: image]] direction along the Z-direction, respectively. The atoms in twin were arranged in extension twin orientation with the matrix. All the samples have a total of about 1.2 million atoms and three dimensions of 15.3 × 15.5 × 14.8 nm3. The 4.93 nm thick twin lamellas at the center of all samples are called inner cores, and the rest parts are called outer layers. The HNT copper sample is named NT-Cu0, the GNT copper sample with four 2.47 nm thick twin lamellas in outer layers is named NT-Cu1, the GNT copper sample with two 2.47 nm thick and four 1.23 nm thick twin lamellas in outer layers is named NT-Cu2, and the GNT copper sample with eight 1.23 nm thick twin lamellas in outer layers is named NT-Cu3.
[image: Figure 1]FIGURE 1 | Illustration of the simulation sample. (HCP atoms are colored red. FCC atoms are colored green. The other atoms are colored blue).
The same relaxation and tension methods were adopted for the simulated samples. To be specific, the system was initially equilibrated for 100ps at 1K, followed by uniaxial tensile loading along the X axis to a total engineering strain of 20% at a constant strain rate of 2 × 108 s−1. It is worth to note that 20% engineering strain is equivalent to 18.2% true strain, and the term true strain will be used uniformly in this paper. Throughout the simulation, periodic boundary conditions were applied in X-direction and Y-direction, while non-periodic boundary condition was applied in Z-direction. Constant temperature was controlled by Nose-Hoover thermostat (Hoover, 1986) algorithm with a typical MD time step of 1 fs.
THEORETICAL MODEL
In this research, the evolution of dislocation density in KM model is modified, and the promotion effect of GND generation on SSD is considered. Meanwhile, the saturated back stress model of GNT metals is modified to consider the influence of NT structure gradient on back stress. The relationship between flow stress and dislocation density is expressed as follows:
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image] are Taylor factor, Taylor constant, shear modulus, magnitude of Burgers vector and dislocation density respectively; [image: image] is the resistance stress without constraint by TBs, which mainly derive from the lattice friction stress, The second term on the right side of Eq. 5 describes the Taylor relationship between the flow stress and dislocation density; the last term [image: image] denotes the back stress that induces kinematic hardening which will be discussed later.
The dislocations generated during the plastic deformation of GNT metals are divided into two parts: [image: image]. Part of dislocations is GNDs stored to accommodate the deformation gradients and allow compatible deformation, the other part is SSDs accumulated in pure crystals during the plastic deformation process (Ashby, 1970). The GND density is expressed as follows:
[image: image]
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where [image: image], [image: image], [image: image], [image: image] are plastic deform gradient, yield strength difference, elasticity modulus and material height.
When HNT metal is applied uniaxial tensile loading parallel to the TBs, it is assumed that the TBs are evenly distributed in NT metal, so each NT lamella is regarded as an ideal elastic-plastic material and yields simultaneously. On the basis of the confined layer slip (CLS) model the yield strength can be presented as follows (Misra et al., 2005; You et al., 2011):
[image: image]
where [image: image] and [image: image] are material constants. Using the parameters [image: image] MPa, [image: image] and [image: image].
Based on KM model (Kocks and Mecking, 2003), the relationship p between SSD storage rate and strain is expressed as follows:
[image: image]
where [image: image]; [image: image]; [image: image], [image: image] is proportionality factor,
[image: image] is a material parameter, [image: image] is the reference strain rate, n is inversely, [image: image] is inversely proportional to temperature, and [image: image] is the local plastic strain. The first and second terms on the right side of the equation are associated with the athermal storage of dislocations, the third term is related to the annihilation of dislocations during dynamic recovery, and the fourth term is connected with the promotion effect of GNDs on SSDs. The new parameter [image: image] indicate that dislocation promotion effect has been added to the KM model. Experimental results (Cheng et al., 2018) show that BCDs existed in GNT copper during stretching, resulting in the local dislocation density much higher than average dislocation density. Previous studies (Ashby, 1970; Mughrabi, 2001a; Mughrabi, 2001b) have shown that the flow stress produced by dislocations with non-uniform distribution is lower than homogeneous distribution. Therefore, the calculated flow stress of Taylor relation in this study is slightly higher than the actual situation.
In this research, the back stress in NT metals is attributed to the interaction between dislocations and TBs. At small strains, the GNT metals firstly deform in the region with low strength, and the TBs act as barriers to dislocations in adjacent NT lamellas. Storage of dislocations at TBs results in hardening of the material causing back stress. Here, some hypotheses about the form of back stress are proposed based on the experimental phenomena. 1) There is a saturation value of dislocation number in NT lamellas during yield process. 2) The number of saturated dislocations is influenced by the thickness of adjacent lamellas and the local plastic strain gradient. 3) The back stress caused by dislocation accumulation at TBs exists for a long time. The back stress [image: image] and number of saturated dislocations [image: image] are expressed as follows:
[image: image]
[image: image]
where [image: image], [image: image], [image: image], [image: image] are NT lamellas thickness, the number of saturated dislocations per unit thickness in HNT metals, dimensionless constants and strain gradient coefficient. The number of dislocations stored at the TBs depends on the plastic strain which can be described as follows (Sinclair et al., 2006; Zhu et al., 2011):
[image: image]
where [image: image] is the average distance between slip bands and is thought to be proportional with the grain size [image: image].
Since a GNT material is subjected to uniaxial uniform strain through its thickness in experiments (Cheng et al., 2018), the rule of mixture (ROM) of Voigt model can be employed to accurately determine the overall stress-strain response in the material (Clyne and Withers, 1993; Lu et al., 2022). Therefore, the tensile stress [image: image] in GNT material can be expressed as:
[image: image]
where [image: image] denote the various components of GNT metals; [image: image], [image: image] are the stress applied on component [image: image] and thickness of the corresponding component, respectively.
RESULTS AND DISCUSSION
In this paper, MD simulations tensile behavior were performed HNT and GNT copper samples. By comparing the dislocation state of the samples at 10.14% true strain, as shown in Figure 2, the shear strain distribution in NT-Cu0 is uniform, while the shear strain in the other GNT samples mainly occurs in the inner cores. During the tensile preliminary stage, the inner cores of the samples yields first, and the outer layers of the GNT samples can withstand larger elastic strain than inner cores. In order to satisfy the deformation coordination between the NT lamellas, the GNDs is generated at inner cores of samples to provide plastic strain difference.
[image: Figure 2]FIGURE 2 | Shear strain cloud maps of samples with 10.14% tensile true strain.
As shown in Figure 3. Further observation of the dislocation state in samples shows that the NT structure gradient has a limited effect on the dislocation movement, and the inner cores of GNT sample yields later than that of the HNT samples. In other words, the GNT structure in the outer layers provides additional elastic strain for inner cores.
[image: Figure 3]FIGURE 3 | At 10.14% tensile true strain, pictures of dislocations for HNT and GNT samples (FCC atoms are hidden for a clear representation of dislocations).
Take NT-Cu1 for example, the tensile process of HNT and GNT was compared. As shown in Figure 4, NT-Cu0 yields at about 9.98% tensile strain, while NT-Cu1 yields at about 10.12% tensile strain. Primarily, dislocations in NT-Cu0 is emitted inwards from the material surface, and almost the same time dislocations begin to appear in inner cores. In general, the dislocation distribution in NT-Cu0 is relatively uniform, while part dislocations near outer surface, resulting in the dislocation density in outer layers is lower than that in inner cores. Dislocations in NT-Cu1, NT-Cu2 and NT-Cu3 start at the inner cores of samples and slip along the {111} plane inclined to the TBs. Taking NT-Cu1 for example, the GNT structure design can make the material yield in the inner cores but not in the outer layers. The dislocations generated in the inner cores provide work hardening capability for the material, which may be one of the reasons why the GNT material has higher yield strength than the uniform NT material. We hold the opinion that the hard phase in GNT metals provides additional elastic deformation capacity for the soft phase, and the soft phase provides additional work hardening for the hard phase.
[image: Figure 4]FIGURE 4 | The yield process of NT-Cu0 (A–D) and NT-Cu1 (E–H).
In the back stress model of Eqs 10, 11, based on the GNDs generated by NT structure of MD simulations result, we assume that the dislocation storage capacity of inner cores is related to the NT gradient and plastic strain gradient. However, due to the size and time scale of MD simulation, we were not able to obtain a quantitative description of this effect of NT structure, but obtained by fitting experimental data.
As shown in the Figure 5, the phenomenon of dislocations aggregation at the TBs occurred in all samples, which has been discussed in the existing studies (Dao et al., 2006). To further discuss the effect of outer layers GNT structure on dislocation evolution of inner cores, the dislocation density variation at the inner cores of samples. As shown in the Figure 6. The dislocation density in the inner cores of the samples quickly reaches a high level after yield. As the tensile continues, the dislocation density decreases about 20% and then fluctuates in a limited range. The dislocation density in the inner core of NT-Cu0 is about twice as much as that of NT-Cu1, NT-Cu2 and NT-Cu3. Since there are only two TBs in NT-Cu0, most dislocations are clustered near the inner core, causing the dislocation density in the inner core is higher than other samples, and the dislocation distribution is more heterogeneous. In our opinion, the GNT structure changes the dislocation distribution in NT metals, and more homogeneous dislocation distribution provides higher flow stress, which may be a source of additional plastic flow stress for GNT metals.
[image: Figure 5]FIGURE 5 | Images of the dislocations in samples with 18.2% tensile true strain (a/6<112> Shockley partial dislocations are colored in green, a/2<110> Perfect dislocations are marked in blue, a/6<110> Stair-rod dislocations are marked in pink and other dislocations are set in red).
[image: Figure 6]FIGURE 6 | Variation of dislocation density with tensile true strain in the inner cores of samples (There is no dislocation in the inner cores, until tensile true strain researches about 10%).
The coherence of the TBs is reduced by the pile up of dislocations at TBs. As shown in Figure 7, the TBs in NT-Cu0 has damaged to some extent. Compared with NT-Cu1 and NT-Cu2, there is no GNT structure in the outer layers of NT-Cu0 to limit the inner dislocations escape to the samples surface. A large amount of dislocations slips outwards, leading to more adequate work hardening behavior did not occur in NT-Cu0. However, larger structure gradients are not always better. The NT lamellas with same 1.24 nm thickness were remained intact in NT-Cu2, but that were detwinned in NT-Cu3. In short, the NT structure gradient within a certain range is helpful to improve the strength and ductility of NT materials.
[image: Figure 7]FIGURE 7 | Images of the deformation structure in samples with 18.2% tensile true strain (The black boxes are typical areas of detwinning).
Based on the results and discussion of MD simulations above, a quantitative phenomenological model for GNT metals was established. In order to verify the correctness of the theoretical model, the back stress-true strain curve and tensile stress-true strain curve of the theoretical model and experimental (Cheng et al., 2018; Cheng et al., 2022) are compared. During the calculation of the theoretical model, the twin thickness and grain size are considered to vary continuously with sample thickness in GNT metals, whereas in HNT metals are considered to be constant, as shown in Figure 8. Relevant material parameters used for studying GNT copper tensile deformation are listed in Table 1. Material parameters were either fitted from experimental data or obtained from other literature (You et al., 2011; Zhu et al., 2011; Zhu et al., 2019; Chen et al., 2021).
[image: Figure 8]FIGURE 8 | Material structure parameters used in theoretical model calculation. (A) The twin thickness used in theoretical model. (B) The grain size used in theoretical model.
TABLE 1 | Descriptions, symbols and magnitudes of different material parameters of the model.
[image: Table 1]Experimental data come from Ref. (Cheng et al., 2018; Cheng et al., 2022). As shown in Figure 9. Previous studies (Cheng et al., 2022) have shown that the extra strength of GNT metals is related to its higher back stress, the dependency between back stress and NT lamellas thickness can be demonstrated in our model. In order to show the effect of GNT structure on the back stress of NT metals, the parameters related to plastic strain gradient is introduced into our back stress model. It can be seen from Eqs 10, 11 that the decrease of NT lamellas thickness and the increase of NT structure gradient will promote the back stress of GNT material during tensile process. The MD simulations result shows that the dislocation evolution in NT lamellas is influenced by GNT structure. In this study, a phenomenological form of back stress model related to strain gradient is proposed. The rapid increase of back stress in the initial stage of deformation can be reflected in our back stress model. In other words, the main influencing factors of additional strength in GNT metals is included in the model. As characterized by the true stress-true strain curves, we can observe that the plastic stress becomes strain insensitive gradually. The direct cause to the insensitivity is that the back stress in the model gradually tends to saturation with the true strain. At this time, the hardening of the model is mainly derived from the dislocation evolution in the modified KM model.
[image: Figure 9]FIGURE 9 | Mechanical properties of samples from modeling results and previous experiment. (A) Back stress-true strain curves of NT metals. (B) Back stress-true strain curves of GNT metals. (C) Tensile true stress-true strain curves of NT metals. (D) Tensile true stress-true strain curves of GNT metals.
The extra strengthening in GNT material is obvious, and some strength can even exceed the optimal component in the structure. This phenomenon is consistent with the previous experimental results (Cheng et al., 2018). The contribution of GND is very small compared with that of SSD in Taylor’s hardening law. The promotion of GND to SSD forms a unique BCD structure, and its influence on material hardening cannot be ignored. The GNDs density is much lower than SSDs density in GNT metals, and the contribution of GNDs to work hardening is mainly due to its promoting effect on SSDs rather than its effect on flow stress.
It is worth noting that the true stress of GNT-1 in Figure 9D obtained by the theoretical model is significantly higher than experimental value. We hold the opinion that the GNT structure plays a positive role in the improvement of GNT-1 back stress, but the promoting effect of GNDs on SSDs seems to be not obvious. We speculate that GNDs promoting effect on SSD seems to work only when the NT structure gradient reaches a certain value. The NT structure gradient of GNT-1 is too low to bring GNDs play the original hardening effect, which may be the reason why the GNT-1 strength calculated by our theoretical model is higher than the experimental value.
CONCLUSION
In this study, MD simulations are performed for analyzing the effects of NT structure gradient on uniaxial tensile loading behaviors of GNT metals. Results show that the elasticity, dislocation storage capacity and dislocation evolution of NT lamellas are affected by the GNT structure. On this basis, a back stress model related to the NT lamellas thickness and the plastic strain gradient is established. Moreover, a physically based theoretical framework is developed to describe the mechanical behaviors of GNT metals under uniaxial tensile. The back stress strengthening caused by GNT structure and the promotion effect of GNDs on SSDs that is the unique hardening effect of BCDs in GNT metals is considered in this model. This model can well describe the tensile stress response of HNT and GNT metals. Our study imply that NT lamellas thickness and NT structure gradient have a significant effect on the back stress of GNT metals. There will not be obvious promotion effect of GNDs on SSDs until the NT structure reaches a certain gradient. This work may provide necessary guides for the design and optimization of GNT metals.
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