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Abstract

:

Titanium and titanium alloys have been widely applied in the manufacture of aircraft engines and aircraft skins, the mechanical properties of which have a crucial influence on the safety and lifespan of aircrafts. Based on nanotwinned titanium models with different twin boundary spacings, the impacts of different loadings and twin boundary spacings on the plastic deformation of titanium were studied in this paper. It was found that due to the different contained twin boundaries, the different types of nanotwinned titanium possessed different dislocation nucleation abilities on the twin boundaries, different types of dislocation–twin interactions occurred, and significant differences were observed in the mechanical properties and plastic deformation mechanisms. For the {  10   1  -  2  } twin, basal plane dislocations were likely to nucleate on the twin boundary. The plastic deformation mechanism of the material under tensile loading was dominated by partial dislocation slip on the basal plane and face-centered cubic phase transitions, and the yield strength of the titanium increased with decreasing twin boundary spacing. However, under compression loading, the plastic deformation mechanism of the material was dominated by a combination of partial dislocation slip on the basal plane and twin boundary migration. For the {  10   1  -  1  } twin under tensile loading, the plastic deformation mechanism of the material was dominated by partial dislocation slip on the basal plane and crack nucleation and propagation, while under compression loading, the plastic deformation mechanism of the material was dominated by partial dislocation slip on the basal plane and twin boundary migration. For the {1124} twin, the interaction of its twin boundary and dislocation could produce secondary twins. Under tensile loading, the plastic deformation mechanism of the material was dominated by dislocation–twin and twin–twin interactions, while under compression loading, the plastic deformation mechanism of the material was dominated by partial dislocation slip on the basal plane, and the product of the dislocation–twin interactions was basal dislocation. All these results are of guiding value for the optimal design of microstructures in titanium, which should be helpful for achieving strong and tough metallic materials for aircraft manufacturing.
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1. Introduction


Titanium and titanium alloys have low densities and high mechanical strengths, and they possess excellent high-temperature mechanical properties, corrosion resistance, fatigue properties, and creep properties. Their comprehensive performances are better than those of many metal materials, they have been widely used in industrial production, including in aerospace, military equipment, the petrochemical industry, metallurgy, and electricity, and they are novel structural and functional materials with substantial development potential and broad application prospects [1,2]. For titanium with a hexagonal close-packed structure, dislocation slip and deformation twins are the major deformation mechanisms during the grain refinement process [3,4,5,6]. The dislocation–twin interaction can dramatically affect the work-hardening behavior, thus altering the mechanical properties of the material.



Nanotwins are composed of many twinned flakes with nanoscale thickness. This special structure is relatively common in face-centered cubic materials [7,8,9,10], body-centered cubic materials [11,12,13], and hexagonal close-packed materials [14,15]. The nanotwinned structure is widely applied in structures, such as nanowires [16], blocks, and films [17,18], to enhance the plasticity and strength of the material. Nanotwinned metals have received great attention due to their high strengths and high plasticity [19,20,21]. Their excellent toughness characteristics arise from the unique interactions between dislocations and twin boundaries, and this is essentially different from the interactions between dislocations and grain boundaries in polycrystals. Additionally, nanotwinned metal materials contain dense twin boundaries themselves, and compared to common grain boundaries, twin boundaries exhibit better mechanical and thermal stabilities [19,22]. Generally, the impacts of dislocation–twin interactions on the material hardening behavior can be divided into the following three categories: the twin boundary, which acts as the barrier of dislocation slip [23], where the pre-existing dislocations in the matrix may hinder twin nucleation and growth [24]; the dynamic Hall–Petch effect, where the high-density twin boundaries can divide grains into smaller grains and reduce the mean free path of dislocations; and the dislocation transmutation mechanism in the Basinski effect. Basinski et al. [25] found that the hardness of copper twins was higher than that of the matrix, and they attributed the increase in hardness to the transformation of glissile dislocations in twins into sessile dislocations. Meanwhile, the area surrounding the twin boundary can provide ample storage space for dislocations, thus ensuring that the material has enough stable plastic deformation and work hardening capabilities. Besides the investigation of FCC metals, the reinforcement of hexagonal titanium (Ti) with nanotwinned structures has become a focal point of materials science research, given its potential to significantly enhance the mechanical properties of Ti, such as strength, ductility, and fatigue resistance [26,27,28]. Researchers employ both experimental methods [29] and molecular dynamics (MD) simulations [30,31] to explore and optimize these properties. In experimental studies, nanotwinned Ti is typically fabricated using methods such as severe plastic deformation (SPD), cryogenic deformation, and electrochemical deposition. These processes introduce high-density twin boundaries into the material’s microstructure. The twin boundaries act as barriers to dislocation motion, resulting in increased strength and hardness. Characterization techniques like transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), and nanoindentation are used to examine the structure and mechanical properties of the resulting materials. Studies have reported that nanotwinned structures can substantially enhance the yield strength and hardness of Ti while maintaining good ductility. The specific mechanisms, such as twin boundary strengthening and interaction with dislocations, are key areas of investigation. For MD simulations, By simulating the response of nanotwinned Ti to external stresses and strains, MD studies have shown that the twin boundaries can effectively hinder dislocation motion, thereby improving the material’s mechanical properties. The simulations also investigate the influence of factors such as temperature, strain rate, and twin boundary spacing on the material’s behavior [30,31].



However, no in-depth studies of the plastic deformation mechanism of nanotwinned titanium were found. Here, using the molecular dynamics simulation method, an in-depth analysis on the plastic mechanical behaviors of different types of nanotwinned titanium under tensile and compression loading was performed in this study, and the impact of the twin boundary spacing on the mechanical properties and the tension–compression asymmetry were examined. This study aims to enrich and develop a basic theory of plastic deformation of titanium and is of significance to the optimization of plastic processing technology and the development of titanium alloy materials with high formability.




2. Simulation Method


2.1. Construction of Twin Boundary Structures and Models


Figure 1 shows the atomic potential energy distributions near the {  10   1  -  2  }<    1  -  011  >, {  10   1  -  1  }<  10   1  -    2  -   >, and {  11   2  -  4  }<  22   4  -    3  -   > twin boundaries, where the inclined dashed lines represent the basal planes of the grains on both sides, which is consistent with previous MD studies [27]. With the {  10   1  -  2  }<    1  -  011  > nanotwin as an example, based on the spatial topological relationship of the grain orientations on both sides of the twin boundary, we first constructed a grain with the twin plane located in the XY plane, and the grain size was determined by the set twin boundary spacing. Subsequently, along the Z-direction, a mirror image of the original grain was generated, and then two grains were combined along the Z-direction to obtain a twin model. Subsequently, this twin model was replicated continuously, and finally, an ideal nanotwinned titanium model containing a {  10   1  -  2  }<    1  -  011  > twin boundary was obtained (Figure 2). The methods used to construct the {  10   1  -  1  }<  10   1  -    2  -   > and {  11   2  -  4  }<  22   4  -    3  -   > nanotwin models were similar and are not described.



We constructed three different models and explored the mechanical properties of the nanotwinned titanium and its plastic deformation mechanism by applying tensile and compression loading. The selected range of the twin boundary spacing was from 6.7 to 29.4 nm, and the twin boundary spacing was constant inside of each model. The dimensions of the simulation box are 76.4 nm along the x direction, 4.8 nm along the y direction, and 117.6 nm along the z direction. The x direction was set with free boundary conditions, and the y and z directions were set with periodic boundary conditions.




2.2. Simulation Process


We adopted the embedded atom method (EAM) developed by Zhou et al. [26] to describe the interaction forces between titanium atoms. This potential function has been verified to correctly describe the different kinds of dislocations, stacking fault energy, and twin boundaries in Ti crystal [32,33], and was also used to study the tension–compression asymmetry of nanocrystal α-Ti with stacking faults [33]. During the simulation process, the NVT (constant number of atoms, volume, and temperature) ensemble was employed to adjust the physical parameters of the system, and the Nosé–Hoover thermostat was used to maintain the temperature at 10 K. After the construction of the initial model, we first relaxed the model by 30,000 steps to obtain a relatively stable equilibrium configuration. Subsequently, loading was applied by evenly adjusting the z coordinate of each atom at a strain rate of 6 × 108 s−1. The time step of the entire simulation process was set to 3 fs. We recorded the stress response of the model after loading was applied as well as the atomic configuration of the microstructure, which was further analyzed. Molecular dynamics simulations were performed using the large-scale atomic/molecular massively parallel simulator (LAMMPS) program [34], and the visualization application OVITO (open visualization tool) [35] was used to analyze the microstructural evolution process inside the model.





3. Results and Analysis


3.1. Analysis of Deformation Mechanism of {  10   1  -  2  }<    1  -  011  > Nanotwinned Titanium and Effect of Twin Boundary Spacing


We performed tensile and compression loading on the models with twin thicknesses of 6.9, 11.1, 13.8, and 27.6 nm, and their stress responses were recorded. Furthermore, the evolution process of the microstructure of the material during the simulation process was observed, and the plastic deformation mechanism of {  10   1  -  2  }<    1  -  011  > nanotwinned titanium under tensile and compression loading, as well as the impact of the twin boundary spacing on the plastic deformation of the model, was revealed.



Figure 3 shows the stress–strain curves of the models with different twin boundary spacings under tensile loading. All the tensile stress–strain curves exhibited initial linear elastic deformation and reached a peak value, and then the flow stress suddenly decreased. This type of decline indicated that the model began to undergo plastic deformation. With increasing strain, the flow stress exhibited large fluctuations composed of peaks and troughs, which are typical characteristics of discrete plastic deformation in nanopillars [36]. As can be seen from the figure, the yield strengths of the models with four spacings ranged approximately from 2.4 to 2.8 GPa. Within the range of 6.0–27.6 nm, a smaller twin boundary resulted in a higher yield strength. The plastic stress of the model entered an oscillation stage after yielding. The largest magnitude of the oscillation was observed when the twin boundary spacing was 13.8 nm. At this moment, the mean flow stresses under different twin boundary spacings were not considerably different and the mean flow stresses of the four models were approximately in the range of 1.0–1.2 GPa.



To reveal the evolution process of the microstructure corresponding to the stress response of this type of nanotwinned titanium model, we selected three models with the twin boundary spacings of 13.8, 11.1, and 6.9 nm. The evolution processes of their atomic configurations with increasing tensile strain were carefully observed, and their plastic deformation mechanisms were analyzed in detail. As shown in Figure 4, in the elastic stage of the model, partial dislocation nucleation on the (  0001  )[  10   1  -  0  ] basal plane was observed at the twin boundaries of the three models (strains of 2.88–3.6% in Figure 4a–c). When the strain was increased to the yield point of the material (strains of 6.48–7.2% in Figure 4a–c), a partial dislocation nucleated on the twin boundary slipped to the adjacent twin boundary, and the path after slip became a basal stacking fault. The detailed atomic graph is shown in Figure 5a. It should be noted that when basal dislocations finally reached the adjacent twin boundary, dislocations were hindered by the twin boundary and reacted with it to form a base/cylinder interface (Figure 5b) so that the original smooth twin boundary became a broken line. As shown in Figure 4a–c, the strain was 14%. With increasing strain, the number of stacking faults caused by the basal faults continuously increased, and finally, the stacking faults merged with each other to complete a face-centered cubic phase transition. Subsequently, the broken-line-shaped twin boundary migrated, finally leading to the disappearance of part of the twin boundary, and the material underwent a face-centered cubic phase transition.



The deformations of the three models were largely the same in the elastic and plastic stages, so the differences in the stress–strain curves of all the nanotwinned titanium models in Figure 3 were not significant. From the in-depth analysis, it can be seen that the slip movement of a large number of nucleated basal partial dislocations on the twin boundary led the model to yield. This type of plastic deformation mechanism resulted in a decline in the stress, i.e., strain softening. When the adjacent twin boundary hindered dislocations, the stress increased to some extent, i.e., strain hardening. Therefore, it was an alternating process of the emission of a large number of partial dislocations on the basal plane and blocking by twin boundaries that caused the flow stress oscillations of the model in the plastic stage.



Figure 6 displays the stress–strain curves of the models with different twin boundary spacings under compression loading. The yield strengths of the models with four spacings ranged approximately from 2.6 to 3.6 GPa. The yield strength of a model with the same spacing was larger under compressive loading than under tensile loading, and the stress after yielding decreased to around 0.7 GPa. The model with a spacing of 13.8 nm exhibited the highest yield strength. That is, there was a critical twin spacing in the range of 6.9–27.6 nm, and it maximized the model yield strength. When the strain increased to 8%, the model slowly entered the strengthening stage, and the stress of the model with a twin boundary spacing of 11.1 nm could even reach 6.4 GPa. In addition, in the range of 6.9–27.6 nm, the variation trends of the stresses of the four models with increasing strain were generally consistent.



Similarly, to investigate the evolution process of the microstructure corresponding to the stress response of the {  10   1  -  2  }<    1  -  011  > nanotwinned titanium model under compression loading, we selected three models with twin boundary spacings of 27.6, 11.1, and 6.9 nm. The evolution processes of their atomic configurations with increasing compression strain were carefully observed, and their plastic deformation mechanisms were analyzed in detail. As shown in Figure 7, in the elastic stage, a large number of nucleated basal partial dislocations appeared on the twin boundaries of the three models. When the strain increased to 2.16–2.88%, the model yielded when the partial dislocations on the twin boundary were emitted, and the model entered the plastic deformation stage. When the strain further increased to 4.32–5.04%, it could be clearly seen that other than the emission of the partial dislocations on the twin boundary, there were numerous partial dislocations on the grain boundary. The path after they slipped became a basal stacking fault. Additionally, the twin boundary showed a blocking effect on the basal partial dislocations. This phenomenon was approximately the same as that of {  10   1  -  2  }<    1  -  011  > nanotwinned titanium under tensile loading. However, the difference was that, in addition to this deformation mechanism, apparent {  10   1  -  2  } twin boundary migration could be observed in the compression model. In particular, this was most evident in the model with a small spacing (Figure 7c), and there was also a detwinning phenomenon caused by twin boundary migration (Figure 8). When the strain increased to 7.92%, the dislocation slip and twin boundary migration continued to intensify. Finally, part of the twin boundary disappeared, and the material underwent a face-centered cubic phase transition.



The deformations of the three models in the elastic and plastic stages were approximately the same, so the differences in the stress–strain curves of the models within the twin boundary range of 6.9–27.6 nm were small. Under the compression loading, similarly, the emission of the nucleated basal partial dislocations on the twin boundary caused the model to yield. The deformation mechanism of the model in the initial plastic stage was dominated by dislocation slip. At this moment, the stress of the model was reduced to some extent. With increasing strain, the deformation mechanism of the model was dominated by the emission of basal impartial dislocations and the migration of twin boundaries. Because the twin boundary migration caused an increase in the flow stress, the model entered the strain hardening stage.



By comparing the above results, it can be seen that {  10   1  -  2  }<    1  -  011  > nanotwinned titanium exhibited tension–compression asymmetry, and this type of stress response under different loadings was caused by the different plastic deformation mechanisms. Under tensile loading, the plastic deformation mechanism of {  10   1  -  2  }<    1  -  011  > nanotwinned titanium was dominated by the slip of basal partial dislocations. Under compression loading, the plastic deformation mechanism of {  10   1  -  2  }<    1  -  011  > nanotwinned titanium changed and was dominated by the slip of basal impartial dislocations and twin boundary migration. This result was similar to the related research result of the plastic deformation mechanism of {  10   1  -  2  }<    1  -  011  > nanotwinned magnesium [37]. Apparently, twin boundary migration is more favorable for the enhancement of material plasticity and can allow the model to exhibit a strain hardening stage after yielding.




3.2. Analysis of Deformation Mechanism of {  10   1  -  1  }<    1  -  012  > Nanotwinned Titanium and Effect of Twin Boundary Spacing


Similar to the tests described in the previous section, we performed tensile and compression loading on models with twin thicknesses of 6.7, 10.8, 13.5, and 26.9 nm, and their stress responses were recorded. Furthermore, the evolution process of the microstructure of the material during the simulation process was observed, and the plastic deformation mechanism of {  10   1  -  1  }<    1  -  012  > nanotwinned titanium under tensile and compression loading, as well as the impact of the twin boundary spacing on the plastic deformation of the model, was revealed.



Figure 9 shows the stress–strain curves of the models with different twin boundaries under tensile loading. The yield strengths of the models with four spacings were approximately in the range of 8.5–9.5 GPa. The model with a twin boundary spacing of 13.5 nm exhibited the highest yield strength. When the strain was 6.48–6.84%, the model reached the yield point and the stress rapidly dropped afterward. Subsequently, with increasing strain, the stress entered a stage in which the overall state decreased but the local flow stress still oscillated. The model with a twin boundary spacing of 10.8 nm exhibited the largest drop in stress. According to the previous results [38], the (  10   1  -  1  ) twin boundary had the lowest grain boundary energy of the three twin boundaries, (  10   1  -  1  ), (  10   1  -  2  ), and (  10   1  -  3  ). This ensured that the (  10   1  -  1  ) twin boundary had relatively high stability. Therefore, it can be speculated that it was difficult to have a large number of defect nucleation events on the twin boundary during the elastic stage, thus causing insufficient defects inside the model and highly concentrated stress. Compared to the {  10   1  -  2  }<    1  -  011  > nanotwin, the {  10   1  -  1  }<  10   1  -    2  -   > nanotwin entered the plastic stage even later (strains of 2.88–3.6% in Figure 4a–c). Subsequently, the deformation was fast, and the plastic ability was even poorer.



To reveal the stress response of this type of nanotwinned titanium model, we selected two models with twin boundary spacings of 13.5 and 10.8 nm. The evolution processes of their atomic configurations with increasing tensile strain were carefully observed, and their plastic deformation mechanisms were analyzed in detail. In the elastic stage, a small number of partial dislocation nucleations on the (  0001  )[  10   1  -  0  ] basal plane were observed at the twin boundaries of the two models (strain of 6.48% in Figure 10a,b). When the strain increased to 7.56%, various defects in the model, including a substantial number of basal partial dislocations, a small number of conical and cylindrical dislocations (Figure 11), and cracks at the lower left of the model (strain of 7.56% in Figure 10a) and the upper left of the model (strain of 7.56% in Figure 10b), appeared. As the strain further increased, the stacking faults caused by the basal dislocations gradually increased and finally merged with each other to form a face-centered cubic structure area, and the degree of the face-centered cubic phase transition under the same strain was lower than that of the {  10   1  -  2  }<    1  -  011  > nanotwin. Furthermore, the cracks that initially formed could further propagate along the twin boundary (strain of 14% in Figure 10a,b). The propagation rate of the cracks of the model with a twin boundary spacing of 10.8 nm was relatively fast, and the stress concentration was released rapidly, resulting in a fast decline in stress.



The deformations of the two models were approximately the same in the elastic and plastic stages, so the differences in the stress–strain curves of the models within the twin boundary range of 6.7–26.9 nm were small. Under tensile loading, the deformation mechanism of the model in the initial plastic stage was dominated by a small number of basal dislocation slips. With increasing strain, the basal, conical, and cylindrical partial dislocations were constantly emitted as crack nucleation and growth occurred. Meanwhile, the appearance of many defects allowed the model to release the stress concentration in the elastic stage and coordinate plastic deformation, which also led to a dramatic stress decline in the model after yielding. According to the above analysis, {  10   1  -  1  }<  10   1  -    2  -   > nanotwinned titanium possessed a high yield strength, but it had insufficient plastic toughness. This was because of the low grain boundary energy in its twin boundaries. The twin boundary structure was very stable and could not act as an effective source of defect nucleation. Therefore, in the {  10   1  -  1  }<  10   1  -    2  -   > nanotwinned titanium model, it was difficult for dislocation slip or twin-coordinating strain to occur at low strain levels. Once the strain increased to 7.56%, a large number of defects appeared simultaneously. This special property severely weakened its plasticity.



Figure 12 displays the stress–strain curves of the models with different twin boundary spacings under compression loading. The yield strengths of the models with four spacings were in the approximate range of 3.7–5 GPa. The highest yield strength was found in the model with a twin boundary spacing of 6.7 nm, which was far smaller than that of the model with the same spacing under tensile loading. The plastic stress of the model after yielding entered a stage in which the overall state was stable but the local flow stress still oscillated. The model with a small spacing showed small oscillations, while large oscillations were observed in the model with a large spacing. The flow stress finally tended to stabilize, and the plasticity was even stronger than that under tensile loading.



Similarly, to investigate the stress response of this type of nanotwinned titanium model, we selected two models with twin boundary spacings of 13.5 and 6.7 nm. The evolution processes of their atomic configurations with increasing compression strain were carefully observed, and their plastic deformation mechanisms were analyzed in detail. As shown in Figure 13, similar to the elastic stage, partial dislocation nucleations on the (  0001  )[  10   1  -  0  ] basal plane were observed at the twin boundaries and grain boundaries of the three models (strain of 4.32% in Figure 13a,b). As the strain increased (strain of 6.84% in Figure 13a,b), when the yield point of the material was reached, the basal partial dislocation could be emitted to the adjacent twin boundary. When the basal dislocation finally reached the adjacent twin boundary, it interacted with the (  10   1  -  1  ) twin boundary to trigger conical slip in the adjacent grain (Figure 14a) and left twin dislocation. With increasing strain (strain of 8.64% in Figure 13a,b), there was an increasing number of basal dislocation emissions. The basal dislocation slip led to a constant increase in the number of stacking faults, which finally merged into a face-centered cubic structure area. Twin dislocation movement drove the twin boundaries to migrate continuously (Figure 14b).



The deformations of the two models were approximately the same in the elastic and plastic stages, so the differences in the stress–strain curves of all nanotwinned titanium models in Figure 12 were small. Under compression loading, similarly, the emission of the nucleated basal partial dislocations on the twin plane triggered the model to yield. The deformation mechanism of the model in the initial plastic stage was dominated by dislocation slip, and at this moment, the stress of the model decreased to some extent. With increasing strain, the interactions between basal partial dislocations and twin boundaries generated conical stacking faults, and the synergistic effect of the slip of basal partial dislocations and twin boundary migration dominated the plastic deformation of the model.



By comparing the above results, it can be seen that {  10   1  -  1  }<  10   1  -    2  -   > nanotwinned titanium similarly exhibited tension–compression asymmetry, and this type of stress response under different loadings was caused by different deformation mechanisms. Under tensile loading, the plastic deformation mechanism of {  10   1  -  1  }<  10   1  -    2  -   > nanotwinned titanium was dominated by the slip of basal partial dislocations. With increasing strain, the nucleation and propagation of cracks occurred on the twin boundary. However, under compression loading, the plastic deformation mechanism of the {  10   1  -  1  }<  10   1  -    2  -   > nanotwinned titanium was dominated by a combination of the slip of basal partial dislocations and twin boundary migration.




3.3. Analysis of Deformation Mechanism of {  11   2  -  4  }<  22   4  -    3  -   > Nanotwinned Titanium and Effect of Twin Boundary Spacing


Similar to the previous two sections, we performed tensile and compression loading on models with twin thicknesses of 7.3, 11.7, 17, and 29.4 nm, and their stress responses were recorded. Furthermore, the evolution process of the microstructure of the material during the simulation process was observed in detail, and the plastic deformation mechanism of {  11   2  -  4  }<  22   4  -    3  -   > nanotwinned titanium under tensile and compression loading, as well as the impact of the twin boundary spacing on the plastic deformation of the model, was revealed.



Figure 15 displays the stress–strain curves of the models with different twin boundary spacings under tensile loading. The yield strengths of the models with spacings of 11.7–29.4 nm were approximately in the range of 1–2 GPa. The yield strength of the model with a twin boundary spacing of 7.3 nm was relatively small, reaching 3.6 GPa. Within a range of 7.3–29.4 nm, a smaller twin boundary led to a smaller yield strength of the model. The plastic stress of the model after yielding entered a stage in which the overall state was stable, but the local flow stress still oscillated. The model with small spacing showed small oscillations, while large oscillations were observed in the model with large spacing. At this moment, the mean flow stresses of different twin boundary spacings showed large differences. The mean flow stresses of the models with twin boundary spacings of 7.3 and 11.7 nm were about 0.75 GPa, and those of the models with twin boundary spacings of 17 and 29.4 nm were about 0.4–0.5 GPa.



To investigate the stress response of this type of nanotwinned titanium model, we selected two models with twin boundary spacings of 17 and 7.3 nm. The evolution processes of their atomic configurations with increasing tensile strain were carefully observed, and their plastic deformation mechanisms were analyzed in detail. As shown in Figure 16, the nucleation of a (  0001  )[  10   1  -  0  ] basal partial dislocation was observed on the twin boundary of the model in the elastic stage (strain of 3.96% in Figure 16), and meanwhile, there was (  11   2  -  1  ) twin nucleation on the other side of the dislocation nucleation position on the twin boundary. With increasing strain (strain of 4.32% in Figure 16), when the yield point of the material was reached, the nucleated basal partial dislocation on the twin boundary could slip to the adjacent twin boundary. When the basal dislocation finally reached the adjacent twin boundary, it interacted with a (  11   2  -  4  ) twin to form a (  11   2  -  1  ) twin, which was consistent with the interaction between basal plane <a> full dislocation and the (  11   2  -  4  ) twin boundary. It should be noted that the emitted basal partial dislocation was located on the adjacent slip plane, and the region after the slip returned to a close-packed hexagonal structure, forming a stacking fault boundary. However, in the {  10   1  -  2  }<    1  -  011  > and {  10   1  -  1  }<  10   1  -    2  -   > twins, the slip planes of the emitted basal impartial dislocation were separated by two layers, which triggered an increase in the number of stacking faults and formed a face-centered cubic phase transition. With increasing strain (strains of 4.68–5.04% in Figure 16), the initially nucleated (  11   2  -  1  ) twins moved across stacking fault boundaries toward adjacent twin boundaries (Figure 17a,b) and finally interacted with (  11   2  -  4  ) twins to form basal-plane-led partial dislocation. In addition, an increasing number of basal impartial dislocations interacted with (  11   2  -  4  ) twins, leading to the further expansion and thickening of (  11   2  -  1  ) twins. This group of (  11   2  -  1  ) twins reached the grain boundary to form steps, and the (  11   2  -  4  ) twin boundary was replaced by the (  11   2  -  2  ) twin boundary after this occurred. In Figure 16, the strains were 5.67–14.04%, (  11   2  -  1  ) twin boundary migration continuously intensified, and the detwinning phenomenon occurred inside the model, reducing stress. Finally, a certain degree of necking occurred in the model, and the basal stacking fault boundary and (  11   2  -  1  ) twin boundary cross-divided the model. The evolution processes of the atomic configurations of the 17 and 29.4 nm models were similar and are not described.



As shown in Figure 18, the nucleation of the (  0001  )[  10   1  -  0  ] basal partial dislocation was observed on the twin boundary of the model in the elastic stage (strain of 3.24% in Figure 18), and meanwhile, there was (  11   2  -  1  ) twin nucleation on the other side of the dislocation nucleation position on the twin boundary. With increasing strain (strain of 3.96% in Figure 18), when the yield point of the material was reached, the basal partial dislocation could slip to the adjacent twin boundary and finally reach the adjacent twin boundary. It interacted with a (  11   2  -  4  ) twin to form a (  11   2  -  1  ) twin. The (  11   2  -  1  ) twin further expanded and finally interacted with the (  11   2  -  4  ) twin to generate a basal-plane-led impartial dislocation, and the emitted basal-plane-led impartial dislocation interacted with the (  11   2  -  4  ) twin to form a (  11   2  -  1  ) twin. The region after dislocation slip returned to a close-packed hexagonal structure, forming a stacking fault boundary, and similarly, the (  11   2  -  4  ) twin boundary after this process was replaced by the (  11   2  -  2  ) twin boundary. With further increasing strain (strain of 4.32–18% in Figure 18), an increasing number of basal impartial dislocations were emitted and interacted with the (  11   2  -  4  ) twin, and the spacing between the (  11   2  -  1  ) secondary twin and stacking fault increased. Finally, the stacking fault boundary was connected to the (  11   2  -  1  ) twin boundary, parallelly dividing the model into a parallelogram region. The evolution processes of the atomic configurations of the 11.7 and 7.3 nm models were similar and are not described.



The results of the two models in the elastic stage were generally consistent, and there was a slight difference in the plastic stage, leading to a difference in the stress–strain curves of nanotwinned titanium in Figure 15 in the plastic stage. Via in-depth analysis, it was found that the emission of numerous nucleated basal dislocations on the twin boundary, the emission of twin dislocations, twin boundary migration, and the detwinning caused by the twin boundary migration all resulted in a decline in the stress. However, the twin boundary blocking the basal dislocation slip and the twin boundary and stacking fault boundary blocking twin dislocations resulted in an increase in stress. Therefore, the oscillations of the flow stress in the plastic stage were primarily caused by the alternation of the emissions of basal dislocations and twin dislocations and the blockage of these emissions by twin boundaries. For the model with a spacing of 17 nm, the movement distance of dislocations and twin dislocations was even longer, and it was more difficult for dislocation–twin and twin–twin interactions to occur. Meanwhile, the nucleation directions of basal dislocations crossed each other, leading to the crossing of the stacking fault boundary and the (  11   2  -  1  ) twin boundary. Additionally, the detwinning caused by the (  11   2  -  1  ) twin crossing, the stacking dislocation boundary, and the migration of the (  11   2  -  1  ) twin boundary was unique for the model with a spacing of 17 nm, causing large oscillations in the curve. For the model with a spacing of 7.3 nm, due to the small spacing of the twin boundary, the movement distance of dislocations and secondary twins was even smaller, and it was easier for dislocation–twin and twin–twin interactions to occur. Meanwhile, the directions of basal dislocation nucleation were parallel to each other.



Figure 19 shows the stress–strain curves of the models with different twin boundary spacings under compression loading. The yield strengths of the models with four twin boundary spacings were approximately the same, generally in the range of 5.3–5.4 GPa. The impact of twin boundary spacing on the yield strength was not evident. The plastic stress of the model after yielding entered an overall state in which the oscillations in the early stage were relatively large and the oscillations in the late stage were relatively small. However, the local flow stress was still in the oscillating stage. The model with a small spacing showed small oscillations, and the model with a large spacing showed large oscillations. At this moment, the difference in the mean flow stress under different twin boundary spacings was relatively large. The mean flow stresses of the models with twin boundary spacings of 7.3, 11.7, and 29.4 nm were approximately in the range of 2–2.3 GPa, while the mean flow stress of the model with a twin boundary spacing of 17 nm was around 1.5 GPa. The yield strength and plastic flow stress of the model with the same spacing were higher than those under tensile loading.



To reveal the stress response of this type of nanotwinned titanium model, we selected two models with twin boundary spacings of 17 and 7.3 nm. The evolution processes of their atomic configurations with increasing compression strain were carefully observed, and their plastic deformation mechanisms were analyzed in detail. As can be seen in Figure 20, in the elastic stage, similarly, the nucleation of a (  0001  )[  10   1  -  0  ] basal impartial dislocation on the twin boundary and grain boundary, as well as twin nucleation on the other side of the nucleation position of the twin boundary dislocation, was observed. When the strain increased to the yield point of the material (strain of 4.68% in Figure 20a,b), the basal impartial dislocation slipped to the adjacent twin boundary. When the basal dislocation finally reached the adjacent twin boundary, it reacted with a (  11   2  -  4  ) twin to leave steps, and a basal impartial dislocation was emitted on the other side of the twin boundary. As the strain increased further (strain of 7.56–11.52% in Figure 20a; strain of 5.76–10.8% in Figure 20b), an increasing number of basal impartial dislocations were emitted and interacted with the (  11   2  -  4  ) twin to form basal impartial dislocations, and only a small number of basal dislocations interacted with the (  11   2  -  4  ) twin to generate a (  11   2  -  1  ) secondary twin.



By comparing the above results, it can be seen that {  11   2  -  4  }<  22   4  -    3  -   > nanotwinned titanium similarly exhibited tension–compression asymmetry, and this type of stress response under different loadings was caused by different deformation mechanisms. Under tensile loading, the plastic deformation mechanism of {  11   2  -  4  }<  22   4  -    3  -   > nanotwinned titanium was dominated by dislocation–twin and twin–twin interactions, and there was also a detwinning phenomenon caused by twin boundary migration in the model with a large spacing. However, under compression loading, the plastic deformation mechanism of {  11   2  -  4  }<  22   4  -    3  -   > nanotwinned titanium was dominated by the slip of basal impartial dislocations, the main product of dislocation–twin interactions was basal dislocation, and the number of secondary twins was small.





4. Conclusions


Based on the molecular dynamics simulation method, {  10   1  -  2  }<    1  -  011  >, {  10   1  -  1  }<  10   1  -    2  -   >, and {  11   2  -  4  }<  22   4  -    3  -   > nanotwinned titanium twins were studied, and their deformation processes under tensile and compression loading were simulated. The evolution process of their microstructures was observed in detail, and the impact of the twin boundary spacing on the model’s plastic deformation was investigated at the same time. The following conclusions were drawn:



	(1)

	
For {  10   1  -  2  }<    1  -  011  > nanotwinned titanium, the yield strength of the model with the same spacing under tensile loading was even smaller than that under compression loading. Under tensile loading, the plastic deformation of the material was dominated by basal plane dislocation slip, basal plane stacking faults, and face-centered cubic phase transitions. At this moment, the yield strength of the model increased with decreasing twin boundary spacing. However, under compression loading, the plastic deformation mechanism of the material changed from the slip of basal impartial dislocations to a combination of the slip of basal impartial dislocations and twin boundary migration with increasing strain.




	(2)

	
For {  10   1  -  1  }<  10   1  -    2  -   > nanotwinned titanium, the yield strength of the model with the same spacing under tensile loading was approximately twice as high as that under compression loading. Under tensile loading, the plastic deformation mechanism of the material was dominated by the slip of basal impartial dislocations. With increasing strain, the nucleation and expansion of the cracks occurred on the twin boundaries. Under compression loading, the plastic deformation of the material was dominated by the slip of basal impartial dislocations and twin boundary migration.




	(3)

	
For {  11   2  -  4  }<  22   4  -    3  -   > nanotwinned titanium, the yield strength and the plastic flow stress of the model with the same spacing under tensile loading were smaller than those under compression loading. Under tensile loading, the plastic deformation mechanism of the material was dominated by dislocation–twin and twin–twin interactions. There was also a detwinning phenomenon caused by twin boundary migration in the model with a large spacing. Under compression loading, the plastic deformation of the material was dominated by the slip of basal impartial dislocations, and the main products of the dislocation–twin interactions were basal dislocations.







Different types of nanotwinned titanium models contained different twin boundaries, leading to different types of dislocation–twin interactions and significant differences in the mechanical properties and plastic deformation mechanisms. For the {  10   1  -  2  }<    1  -  011  > twin, a basal dislocation inside the twin was more likely to nucleate on the twin boundary and induce a large number of dislocation activities, so its plasticity was enhanced to some extent. The {  10   1  -  1  }<  10   1  -    2  -   > twin boundaries were highly stable and did not have a large number of dislocations for nucleation. This property improved the yield strength of the material. However, the lack of dislocations inside the material also led to the low plasticity of the material. The {  11   2  -  4  }<  22   4  -    3  -   > twin boundary could interact with dislocations to generate secondary twins, and the secondary twins expanded and interacted with the {  11   2  -  4  }<  22   4  -    3  -   > twin boundaries to generate dislocations, forming a dislocation–twin cycle and providing high ductility without sacrificing strength. The mechanical properties could be further optimized by selecting the appropriate twin type and adjusting the twin layer thickness.
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Figure 1. Potential energy per atom for {  10   1  -  2  }<    1  -  011  >, {  10   1  -  1  }<  10   1  -    2  -   >, and {  11   2  -  4  }<  22   4  -    3  -   > twin boundaries. 
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Figure 2. Atomistic configurations of {  10   1  -  2  }<    1  -  011  > nanotwinned titanium with different twin boundary spacings: (a) 13.8 nm; (b) 11.1 nm; (c) 6.9 nm. 
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Figure 3. Stress–strain curves of {  10   1  -  2  }<    1  -  011  > nanotwinned titanium with different twin boundary spacings under tensile loadings. 
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Figure 4. Atomistic configurations of {  10   1  -  2  }<    1  -  011  > nanotwinned titanium with different twin boundary spacings under tensile loadings: (a) 13.8 nm; (b) 11.1 nm; (c) 6.9 nm. 
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Figure 5. (a) Basal partial dislocation emitted from (  10   1  -  2  ) TB; (b) creation of numerous basal/prismatic interfaces. 
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Figure 6. Stress–strain curves of {  10   1  -  2  }<    1  -  011  > nanotwinned titanium with different twin boundary spacings under compressive loadings. 
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Figure 7. Atomistic configurations of {  10   1  -  2  }<    1  -  011  > nanotwinned titanium with different twin boundary spacings under compressive loadings: (a) 27.6 nm; (b) 11.1 nm; (c) 6.9 nm. 
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Figure 8. The phenomenon of detwinning due to (  10   1  -  2  ) TB migration: (a) 11.1 nm; (b) 6.9 nm. 
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Figure 9. Stress–strain curves of {  10   1  -  1  }<  10   1  -    2  -   > nanotwinned titanium with different twin boundary spacings under tensile loadings. 
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Figure 10. Atomistic configurations of {  10   1  -  1  }<  10   1  -    2  -   > nanotwinned titanium with different twin boundary spacings under tensile loadings: (a) 13.5 nm; (b) 10.8 nm. 
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Figure 11. (a) A (  10   1  -  1  ) pyramidal partial dislocation; (b) a prismatic partial dislocation. 
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Figure 12. Stress–strain curves of {  10   1  -  1  }<  10   1  -    2  -   > nanotwinned titanium with different twin boundary spacings under compressive loadings. 
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Figure 13. Atomistic configurations of {  10   1  -  1  }<  10   1  -    2  -   > nanotwinned titanium with different twin boundary spacings under compressive loadings: (a) 13.5 nm; (b) 6.7 nm. 
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Figure 14. (a) A (  10   1  -  1  ) pyramidal slip; (b) the migration of (  10   1  -  1  ) TB due to twinning dislocation slip. 
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Figure 15. Stress–strain curves of {  11   2  -  4  }<  22   4  -    3  -   > nanotwinned titanium with different twin boundary spacings under tensile loadings. 
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Figure 16. Atomistic configurations of {  11   2  -  4  }<  22   4  -    3  -   > nanotwinned titanium with twin boundary spacings of 17 nm under tensile loading. 
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Figure 17. (a,b) The (  11   2  -  1  ) twin cutting through basal SF boundaries, and (c,d) (  11   2  -  1  ) TB migration leading to detwinning. 
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Figure 18. Atomistic configurations of {  11   2  -  4  }<  22   4  -    3  -   > nanotwinned titanium with twin boundary spacings of 7.3 nm under tensile loading. 
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Figure 19. Stress–strain curves of {  11   2  -  4  }<  22   4  -    3  -   > nanotwinned titanium with different twin boundary spacings under compressive loadings. 
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Figure 20. Atomistic configurations of the {  11   2  -  4  }<  22   4  -    3  -   > nanotwinned titanium with different twin boundary spacings under compressive loadings, (a) 17 nm; (b) 7.3 nm. 
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