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Abstract

:

Structured heterogeneous materials are ubiquitous in a biological system and are now adopted in structural engineering to achieve tailor-made properties in metallic materials. The present paper is an overview of the unique network type heterogeneous structure called Harmonic Structure (HS) consisting of a continuous three-dimensional network of strong ultrafine-grained (shell) skeleton filled with islands of soft coarse-grained (core) zones. The HS microstructure is realized by the strategic processing method involving severe plastic deformation (SPD) of micron-sized metallic powder particles and their subsequent sintering. The microstructure and properties of HS-designed materials can be controlled by altering a fraction of core and shell zones by controlling mechanical milling and sintering conditions depending on the inherent characteristics of a material. The HS-designed metallic materials exhibit an exceptional combination of high strength and ductility, resulting from optimized hierarchical features in the microstructure matrix. The experimental and numerical results demonstrate that the continuous network of gradient structure in addition to the large degree of microstructural heterogeneity leads to obvious mechanical incompatibility and strain partitioning, during plastic deformation. Therefore, in contrast to the conventional homogeneous (homo) structured materials, synergy effects, such as synergy strengthening, can be obtained in HS-designed materials. This review highlights recent developments in HS-structured materials as well as identifies further challenges and opportunities.
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1. Introduction


Metallic materials are significantly crucial for manufacturing industry and structural applications. Metals with an optimized balance of higher strength and ductility are in demand for many industrial applications. Unfortunately, strength and ductility are antinomies in conventional homogeneous materials. Over many years, ultrafine-grained (UFG) metallic materials proved to be attractive structural materials due to higher strength [1,2,3], especially when compared to their coarse-grained (CG) counterparts. However, the drawback of homo UFG materials is typically a poor elongation due to the lack of sustained strain hardening rate in the early stage of deformation [4,5]. A major challenge, therefore, is to engineer novel microstructures to obtain materials with high synergetic strength and ductility. Therefore, recently, new fabrication and subsequent processing approaches were introduced to achieve overall as well as nano-scale microstructural control via grain engineering. One can now create ultrafine-grained homo and heterostructures in metallic materials. The strength and ductility trade-off became a primary challenge in developing high-performance metallic materials.



There have been several successful research studies to achieve high strength while retaining reasonable ductility through solid solution strengthening, precipitation strengthening, transformation hardening, dispersion hardening, etc., by incorporating multiple phases in alloys with several elements, as well as developing composites [6,7,8,9,10]. In addition, several techniques were used to refine the microstructures and improve the mechanical properties through grain refinement by several means, for example; severe plastic deformation, thermo-mechanical treatments, friction stir processing, etc. These techniques use the interruption in the dislocations’ motion, but still make a dislocation activity possible to ensure some ductility. It was also reported that using a combination of the above-mentioned approaches, i.e., compositional change and thermomechanical treatment can be used to achieve balanced mechanical properties [11,12]. The focus of this review is, however, on single-phase metallic materials, such as; pure metals (Ti and Ni) or solid solutions (SUS316L) based on principal elements.




2. The Strength–Ductility Behavior of Homo- and Hetero-Structured Materials


For the conventional UFG homo metallic materials, the slope of the engineering stress–strain curve after the yield point, i.e., during work hardening, is remarkably lower than that of the counterpart materials with comparatively coarse grains. Figure 1 depicts a schematic drawing of a true stress–true strain diagram of conventional homo-structured metallic materials. It is well known that, during the tensile deformation, the localized reduction in the cross-sectional area of the tensile specimen, i.e., necking, occurs when the rate of strain hardening is lower than the flow stress of the material. It can be expressed as dσ/dε ≤ σ (σ is the true stress and ε is the true strain).



In general, high strength but poor ductility of the metallic materials with microstructural homogeneity and fine grains is due to the poor strain hardening capabilities (Figure 1a). However, by introducing heterogeneities in the microstructure matrix, the strain hardening rate dσ/dε of the metallic materials can be improved while preventing the inequality conditions (Figure 1b). In other words, a good combination of superior strength and ductility can be achieved when a larger strain hardening rate is achieved. In addition, at the same time, deformation localization should be suppressed to obtain further elongation.



To address this strength–ductility trade-off issue, heterogeneous structures with large microstructural heterogeneities were introduced in metallic materials [3,13,14,15,16], such as bimodal structure [17], gradient structure [18,19,20], gradient nano-twined structure [21], nano-laminae structure [22], and heterogeneous laminae structure [13]. Such heterogeneous-designed structures were prepared via developing modern processing techniques without changing the composition, which includes surface grinding or rolling, severe plastic deformation, and electrodeposition. The resulting structured heterogeneous materials exhibit excellent mechanical properties.



Many pieces of research are being conducted on hetero-structured materials owing to their controllable and superior mechanical properties that are unattainable in the conventional homogeneous-structured materials. Therefore, structured heterogeneous materials are quickly emerging as a major materials research area, which also presents renewed concepts of materials science that challenged our traditional perceptions and impressions. In this review paper, we primarily focus on the microstructural heterogeneities in the metallic materials. Compared to conventional homo materials, hetero-structured metallic materials contain heterogeneous regions that contrast in their constitutive properties. It was reported that structured heterogeneous materials are advantageous properties owing to the synergetic effects occurring from the interactivity and pairing between structural contrasting. For example, the trade-off in strength and ductility can be alleviated or controlled [13,14,15]. This intended structural contrasting induces heterogeneous plastic deformation, and the fine-scale constituents stipulate exorbitant strain gradients. As a result, higher strain hardening and consequently uniform tensile ductility at high flow stresses can be achieved. However, the realization of heterogeneous design together with their microstructure and properties control is limited by multiple complex processing steps. Nevertheless, their properties are limited to the uni- or bidirectional (anisotropic characteristics).



Recently, Ameyama et al. proposed a novel concept of “harmonic structure” (HS) design, consisting of a specific spatial distribution of ultra-fine grains (UFG) and coarse grains (CG), that is, the CG areas (core) surrounded by three-dimensionally (3D) continuously connected network of UFG areas (shell) [23,24,25,26,27,28,29,30,31]. Owing to its unique topological 3D gradient structure, the harmonic-structured materials were reported to exhibit high work hardening that extends to higher strain regions, leading to delay in the initiation of plastic instability. Consequently, a good combination of high strength and high ductility can be achieved [29,30,31].



In the present review, an overview of the basics of harmonic structure design and highlighting recent developments in harmonic structured materials is presented, as well as identifying perspectives and future challenges and opportunities.




3. Concept of Harmonic Structure Design and Processing Considerations


From the above points, the harmonic structure (HS) design can be a candidate material design, which combines high strength with high ductility at the same time. Figure 2 demonstrates a concept of the HS design. The HS material is composed of a shell/core bimodal particle unit. A harmonic structure designed material is produced by the sintering of the particle units. In contrast to a homo-UFG material, HS material has a heterogeneous microstructure consisting of controlled and uniquely arranged fine and coarse grains with a particular topological distribution in a network. That is, the HS can be visualized as homogeneous on large scale but heterogeneous on a small scale, as shown in Figure 2.



During fabrication processing, it is crucial to control and optimize the characteristics of the shell/core regions, such as; volume fraction, grain size, morphology, and topology. These characteristics may strongly influence the properties of the HS materials. The physical properties of the HS materials can be affected by the grain size distribution and grain gradients and morphology of the shell/core regions. To control these factors in the as-fabricated HS compacts, it is necessary but challenging to invent efficient processing methods. In this regard, the unique three-dimensional network-type microstructure of the HS materials adds considerable complexity to processing. In addition to the wide range of multiple variables, the type of material, i.e., the behavior of a particular class of materials, also affects the microstructure of the as-fabricated HS compacts. However, in general, by varying these parameters, HS microstructure was developed in various metals and alloys. To achieve a tailor-made HS microstructure design, the following efficient and feasible processing method, based on powder metallurgy processing, was developed.



3.1. Mechanical Milling Process (MM Process)


The MM process involves mechanical milling (i.e., ball milling, high-pressure gas milling, etc.) of Plasma Rotating Electrode Processed (PREP) powder of metallic powder and their subsequent sintering. As shown in Figure 3a, powder with a bimodal grain size distribution, i.e., SPD powder surface with fine grains (shell), and comparatively less deformed (or undeformed) powder interior (core), can be fabricated by the MM process. The MM processed powder surface becomes the three-dimensional shell network structure after sintering. As depicted in the schematic diagram of Figure 3a, the depth of plastic deformation, at the powder surface, can be changed by changing the mechanical milling time. Consequently, it is feasible to achieve a tailor-made microstructure with predetermined shell/core fractions. However, it is to be noted that the deformation at the surface and respective microstructure evolution depends on the type of initial material.




3.2. Bimodal Milling Process (BiM Process)


The BiM process involves milling initial powders of coarse-grained large-sized (IP-CG) and comparatively fine-grained small-sized (IP-FG) powders, wherein the powder fractions and milling time are chosen depending on the desired fractions and grain size of shell/core, respectively [32]. The hierarchical distribution of fine/coarse-grains can be achieved due to repeated coating of plastically deformed IP-FG to the IP-CG powder, during milling. A schematic diagram illustrating the BiM powder metallurgy-based processing approach is demonstrated in Figure 3b. As depicted in the schematic diagram of Figure 3b, the fraction of a tailor-made microstructure with desired shell/core fractions can be achieved either by varying the fractions of IP-FG and IP-CG powders, and/or varying milling time.



The selection of a specific fabrication process was based on many factors such as the type of material, powder particles size, the susceptibility of the material with milling media, the permitted level of contamination from the milling vial and balls, and malleability and work hardening characteristics of the materials being processed [27]. For example, the soft materials can be flattened, i.e., might form flakes, during the severe milling process. Therefore, the BiM processing approach can be utilized to achieve a high shell fraction in a short time milling. On the other hand, less ductile materials can be processed through the MM process.





4. Microstructure of BiM and MM Processed Powders


The effect of controlled milling through BiM and MM processes on the morphology and microstructure of SUS316L alloys powders is shown in Figure 4. In the BiM process, IP-FG (powder particle size ~7 μm) and IP-CG (powder particle size ~142 μm) powders were mixed in a 3:2 ratio, respectively, and BiM processed for 36 and 360 ks (Figure 4a,b). On the other hand, in the MM process, the PREP alloy powder of SUS316L IP-CG was milled for 108 and 540 ks.



It is evident that the overall morphology of the spherical shape of the powder does not change as a result of both MM and BiM processing. However, it is to be noted that a highly deformed zone (shell) is formed at the surface, whereas the inner regions (Core) of the powder remain approximately undeformed or partially deformed, depending on the milling conditions. It is interesting to note that the high fraction of shell could be achieved in a shorter time of BiM processing compared to the MM processing. In contrast to the MM powder, the outer surface of BiM powder is composed of several layers of fine powder particles.



Therefore, it can be predicted that the shell evolution mechanism in both BiM and MM process is different. It was reported that the powder particle size of BiM powders increases with BiM processing time, whereas in the case of the MM process, the MM powder particle size remains approximately similar to the starting powder. Therefore, it can be assumed that the surface irregularity of the BiM powder is primarily due to the repeated coating of SPD fine powder to the surface of coarse powder, during milling. On the other hand, the surface irregularity in MM powder is owing to the surface deformation of the starting powder particles. However, it can be ensured that both MM and BiM powders show a bimodal microstructure wherein the center of powder is coarse-grained, whereas the surface composed of SPD sub-micron-sized grains. Similar morphological changes were also reported wherein it was observed that the increase in milling time leads to the formation of the severely deformed layer, consisting of nano-crystallites, near the surface of the powders [33,34,35,36,37]. Moreover, it must be realized that a gradient of the degree of deformation exists in both BiM and MM processed powders, and the severity of the accumulated plastic strain decreases from the particle surface towards the center of the particles.



In particular, the successful application of the new BiM process to achieve controlled deformation in the variety of materials is of important technological interest, which is a feasible, energy-efficient, and cost-effective process, particularly, for industrial-scale production. The effectiveness of the BiM process to create a controlled microstructure at shell and core is owing to the fine and coarse powders, respectively. It must be pointed out that the finer powder particles make the milling process easier, and grain refinement occurs in a shorter time when compared to coarse powder particles. Therefore, in contrast to the prolonged milling in the MM process, significantly shorter milling might result in the development of a large shell fraction with nano grain formation. It naturally follows that one can build a hierarchical microstructure with controlled fractions of shell/core zones by varying amounts of IP-FG and IP-CG powders, and/or milling time. Optimizing such hierarchical grained zones and their fractions for a better synergy of superior strength and ductility, in an as-sintered bulk compact, calls for modern fabrication approaches for precise microstructure control. Hence, it would be appealing to analogize the designs of BiM- and MM-processed SUS316L compacts for a better interpretation and rationalization of the synergistic effects of various combinations of structural contrasts.



Figure 5 shows TEM micrographs near the shell region of the mechanically milled pure titanium powder with enlarged areas of selected rectangular areas indicated as A, B, and C. It could be observed that near to the surface, equiaxed grains (<20 nm) were observed whereas a layer of elongated grains was seen in the inner zones of the milled powder. The grain subdivision and rotation of those elongated grains led to the formation of equiaxed nano-grain structure in milled powder [30,33,37,38,39,40,41].




5. Microstructure of Harmonic Structure Designed Compacts


The milled powders via the BiM and MM process were sintered at 1173 and 1223 K temperatures, respectively, to prepare bulk compacts. Recently, spark plasma sintering (SPS) was utilized extensively for the consolidation of powders due to fast sintering together with avoidance of significant grain growth even at high-temperature operations. The microstructures of the H-structured compacts (MM and BiM) SUS316L compacts are shown in Figure 6.



As shown in Figure 6a,b, the BiM compacts exhibited a network-type arrangement of bimodal grains wherein the coarse grains (d > 5.0 μm) were surrounded by comparatively finer grains (d ≤ 5.0 μm). Particularly, it is to be noted that the well-defined and dense shell network could be achieved even after a short time (36 ks) of BiM processing (Figure 6c). The grain size contrast of the shell and core could be observed in the enlarged Elecrtron Backscatter Diffraction (EBSD) grain size images. It should be noted that the core grains are not remarkably deformed even after a long milling time (180 ks). Therefore, it can be envisaged that the shell area of BiM compacts mainly developed due to the coating and frequent plastic deformation of fine particles to the surface of coarse particles, during milling. However, the spherical shape of the core gradually deformed with milling time, suggesting that the prolonged milling leads to the partial deformation of the outer core area. Therefore, it can be envisaged that increasing milling time leads to effective plastic deformation of fine powder, which in turn increases the fraction of fine shell grains (<3 μm), which was obvious in the shell grain size distribution through the color-coded grain size distribution map of BiM compacts. Also, in the case of MM compacts (Figure 6c,d), a harmonic structure was achieved. However, substantial damage apparent to the core area was noticed after a long period of milling (540 ks). In addition, most notable was that even after prolonged milling up to 540 ks, the large fractions of shell grains were in the range of 3–5 μm, which is significantly larger than that of the BiM-processed specimens. Finally, it would be worth emphasizing that, in comparison to the MM process, the BiM approach is highly efficient in achieving ultra-fine shell grains in a shorter period.




6. Mechanical Properties of Harmonic Structure-Designed Compacts


Figure 7 shows the representative engineering stress–strain curves of harmonic structured compacts of SUS316L developed by BiM and MM approaches. All of the HS materials that were examined indicated high strength, high ductility, and high tensile toughness at the same time. That is to say, regardless of the fabrication process, the HS compacts of SUS316L had a good combination of strength and elongation compared to the conventional counterparts developed and/or processed by different methods, such as; casting, powder metallurgy, selective laser melting, and thermomechanically treated compacts of SUS316L alloy (Figure 8) [42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61]. In general, it was reported that the conventional homo-structured compacts of SUS316L exhibited significant strength-ductility trade-off owing to the grain size strengthening effect [42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61]. However, in contrast, as shown in Figure 7, the improvement in the strength of harmonic structured SUS316L compacts were accompanied by a nominal ductility loss. The improvement in strength and nominal ductility loss can be attributed to grain boundary strengthening caused by grain refinement in the shell and higher shell fraction. Particularly, the reduction in ductility is associated with a higher shell fraction, as shown in Figure 6. Plastic deformation in most metallic materials was commonly mediated by the dislocation slip [26,27]. The increased fractions of fine-grained shell from a certain level suppressed the dislocation initiation and slip phenomena, and increased the prospect of dislocation annihilation at boundaries by thermally activated cross slip and climb, which in turn leads to ductility loss [28,29]. The most noticeable was the synergy of high strength and ductility of harmonic-structured BiM compacts, which was achieved in an efficient time compared to that achieved by MM processing. As can be seen, the improvement in mechanical properties by efficient BiM processing was encouraging, which may lead to the synergetic strength–ductility combination by introducing an optimized fraction of the shell network. In the present case, the optimized grain size and shell fractions were approximately 2 μm and 30%, respectively [32].




7. Mechanism of the Outstanding Mechanical Properties


7.1. Stress Concentration Effects


Figure 9 shows the microstructure of conventional homogeneous-structured (homo) and harmonic-structured pure Ti compacts after 10% cold rolling. EBSD Kernel Average Misorientation (KAM) images show that, in contrast to the homo Ti with significant KAM values in the matrix, slight KAM value increased especially in the shell region. Since the increase in the KAM value strongly related to the dislocation storage, it suggests that deformation took place in the shell and shell/core interface regions.



As reported by Ameyama et al. [35] using ECCI (Electron Channeling Contrast Image) of Figure 10a: shell area and Figure 10b core area, it can be seen that dislocations were mainly in the shell grains, whereas the core dislocations were cell-like, and comparatively not highly dense (Figure 10). These results were quite consistent with the KAM distribution observed for pure Ti (Figure 9). The higher dislocation density in the shell region was evidence of stress concentration in the shell. Therefore, it was confirmed that during the early stage of deformation, the shell and its network can be an effective dislocation source. It is to be noted that such a “dislocation-source network” structure is a unique characteristic of the HS materials. Consequently, a large strain hardening rate and higher uniform elongation can be achieved in the HS materials. Interestingly, despite the soft core regions, the hard shell deforms before the core in the early stage of deformation. Such a stress concentration effect was also predicted by a multi-scale-FEM simulation (Figure 11) [62]. From the numerical simulation, the UFG shell regions are the high-stress concentration areas, while the CG core region did not show evidence of accumulation of any significant stress concentration.




7.2. Strain Dispersion Effects


It was also reported that the mutual constraints of the unstable UFG area and the comparatively stable CG area made the deformation processing captive and lead to a different stress level [63]. The geometrically necessary dislocations (GNDs) emerged due to the geometrical constraints of soft (core) and hard (shell) areas in the HS specimens’ need to accommodate the strain gradient areas; if not, the voids and overlaps may occur between the grain boundaries [64]. As a consequence of the interaction and amassing of dislocations, extraordinary work hardening occurs.



As shown in the numerical simulation results of strain distribution (Figure 11), higher strain concentration was seen in the shell zones aligned parallel to the tensile axis. In contrast, no evidence of accumulated strain concentration was seen in the shell zones aligned perpendicular to the tensile deformation axis [62]. However, interestingly, accumulated strain concentration successively increased from the shell to core. Consecutively, the highest accumulated strain was observed at the center of the core.



In general, the early necking of fine-grained materials is due to high-stress concentration. The crack propagation is hard to block with fine grains owing to suppressed dislocation initiation and slip phenomenon [1,65]. However, when the well-bonded, tri-directional network of hierarchical microstructure was stressed, the fast strain localization tendency of the fine-grained shell can be effectively constrained by the stable coarse-grained core through the interfaces [66]. In addition, the strain partitioning between incompatible shell and core areas may also play a crucial role in alleviating the strain localization [62,67,68]. Such behavior may suggest that the complete shell network structure plays a crucial role in the uniform strain dispersion, and thus, deformation localization is prevented.





8. Fracture Behavior of HS Materials


The superior strength–ductility combination of pure HS materials can be attributed to the three-dimensional topological distribution of connected-type hard shell regions. In particular, the higher toughness can be associated with topology-driven diversion of crack propagation paths as well as an obstacle in their growth and propagation due to the soft core regions [69]. To analyze the fatigue crack propagation and growth mechanism, Kikuchi et al. [70] and Osaki et al. [71] investigated the effect of grain size on fatigue crack propagation in HS pure Ti. It was reported that the fatigue crack propagation and growth resistance of HS Ti were significantly reduced for a high-stress ratio as compared to the counterpart with homogeneous coarse-grained microstructure. Nukui et al. [72] found that the fatigue strength is increased because the resistance of the material to the initiation of fatigue cracks was improved by the grain refinement at the shell. The beginning of fatigue cracks was also observed in the coarse grains core in harmonic-structured designed materials, including CP titanium [72], Ti–6Al–4V alloys [73,74], and austenitic stainless steel [75,76]. However, in alloys, it can be attributed to both the network topology and strain-induced phase transformations, for example; α-fcc to ε-hcp in CCM [28]. However, further exhaustive studies should be carried out to confirm the fracture behavior of different metallic materials.




9. Perspectives of HS Materials and Future Challenges


Harmonic structure-designed materials are emerging structural materials that are becoming an attractive research field. The area of hetero-structured materials was extensively studied. However, in particular, harmonic structure-designed materials are in their infancy, requiring intense studies both in terms of characterization methods, scientific modeling tools, and fabrication approaches.



A complete clarification of the underlying mechanism and availability of any consolidated model regarding the excellent strengthening of HS materials is still a matter of pursuit. Some efforts were made to annotate this direction through experimental documentation as well as theoretical techniques [77,78,79,80]. In particular, owing to the unique 3D connected type microstructural design of harmonic-structured materials, rigorous efforts are required to decipher the mechanism of strengthening completely.



In addition, it should be mentioned that development and microstructure controlling of all the customized microstructures, including harmonic structure, are relatively laborious to produce and are not comprehensive. The microstructure control at micro- as well as macro-scale and repeatability in performances are another great challenge. To this aspect, further efforts are required to develop a consolidated design concept and mechanistic approach for harmonic structure-designed materials.



The technological and engineering affairs need to be addressed by both theoretical models and experiments to quantify the correlation between structural heterogeneity and mechanical performance, which is crucial for the development of harmonic structure materials with efficient design and optimized mechanical performance.




10. Conclusions


In this review, a relatively new concept of harmonic structure materials has been introduced, and its basic concept, mechanical performance, and advantages along with present development status and perspectives are discussed. The harmonic structure (HS)-designed metallic materials can be successfully produced by efficient powder metallurgy approaches, such as mechanical milling and bimodal milling (BiM). In contrast to the significant strength–ductility trade-off issues of conventional homogeneous-structured materials, harmonic-structured materials exhibit a superior combination of high synergetic strength and ductility. The superior tensile strength of the HS materials is owing to its unique network-type arrangement of the UFG grains (shell), which provides higher strain hardening due to the stress concentration effect, whereas the superior ductility of the HS materials is attributed to the soft core regions. The results suggested that the higher ductility of the HS materials was due to strain dispersion effects. In other words, microstructural singularity in harmonic structure design plays a crucial role in achieving an outstanding combination of strength and ductility.
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Figure 1. Schematic illustrations of true stress–true strain curves in; (a) materials with conventional homogeneous microstructure, and (b) advanced materials with a combination of higher strength and ductility. 
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Figure 2. Concept of the harmonic structure (HS) design. 
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Figure 3. Fabrication processes of the harmonic structure materials; (a) Mechanical Milling (MM) and (b) Bimodal Milling (BiM) process. 
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Figure 4. SEM images of SUS316L powders cross-section after BiM and MM processing. (a) BiM 36 ks, (b) BiM 360 ks, (c) MM 108 ks, and (d) MM 540 ks. 
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Figure 5. TEM micrographs of the shell area of milled pure Ti powder. Enlargement of rectangular areas of (A), (B) and (C) are separately presented. 
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Figure 6. EBSD image quality maps of BiM (a,b), and MM compacts (c,d) of SUS316L. (a) BiM 36 ks, (b) BiM 180 ks, (c) MM 216 ks, and (d) MM 540 ks. The corresponding enlarged grain size images of the shell–core interface are separately shown (the grain size legend is presented at the bottom). 






Figure 6. EBSD image quality maps of BiM (a,b), and MM compacts (c,d) of SUS316L. (a) BiM 36 ks, (b) BiM 180 ks, (c) MM 216 ks, and (d) MM 540 ks. The corresponding enlarged grain size images of the shell–core interface are separately shown (the grain size legend is presented at the bottom).



[image: Metals 10 01615 g006]







[image: Metals 10 01615 g007 550] 





Figure 7. Tensile engineering stress-strain curves of harmonic structured SUS316L compacts developed through BiM and MM processes. 
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Figure 8. Ultimate tensile strength versus total elongation chart for HS SUS316L compacts, and their comparison with SUS316L counterparts produced by various methods [42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61]. 
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Figure 9. KAM image of; (a) homo and (b) HS structured pure Ti compacts. 
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Figure 10. ECCI of pure Ni HS after 5% tensile deformation. (a): shell and (b): core. 
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Figure 11. Numerical simulation (FEM) results of HS pure Ti illustrating the stress and strain distribution after ~12% tensile deformation [62]. 
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