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Abstract

:

This paper presents an outline of the quest for the mechanical steady state that an unlimited unidirectional plastic strain applied at low to moderate temperature is presumed to develop in single-phase crystalline materials deforming by dislocation glide, with particular emphasis on its athermal strength limit. Fifty years ago, the study of crystalline plasticity was focused on the strain range covered by tensile tests, i.e., on true strains less than unity; the canonic stress–strain behavior was the succession of stages I, II, and III, the latter supposedly leading to a steady state defining a temperature and strain rate-dependent flow stress limit. The experimentally available strain range was increased up to Von Mises equivalent strains as high as 10 by the extensive use of torsion tests or by combinations of intermittent deformations by wire drawing or rolling with tensile tests during the 1970s. The assumed exhaustion of the strain-hardening rate was not verified; new deformation stages, IV and V, were proposed, and the predicted strength limit for deformed materials was nearly doubled. Since the advent of severe plastic deformation techniques in the 1980s, such a range was still significantly augmented. Strains of the order of several hundreds were routinely reached, but former conclusions relative to the limit of the flow stress were not substantially changed. However, very recently, the plastic strain range has allegedly been expanded to 105 true strain units by using torsion under high pressure (HPT), surprisingly for some common metals, without experimental confirmation of having reached any steady state. This overview has been motivated by the scientific and technological interest of such an open-ended story. A tentative explanation for the newly proposed ultra-severe hardening deformation stage is given.
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1. Introduction


This paper presents an overview of the quest for the mechanical steady state that an unlimited unidirectional plastic strain applied at low to moderate temperature is presumed to develop in single-phase crystalline materials which deform by dislocation glide, with particular emphasis on its athermal strength limit. An enormous research work has been undertaken on this subject during the past 50 years.



The plastic deformation of single-phase crystalline materials induces structural changes that bring about important changes of mechanical properties: strain hardening, ductility, toughness, etc. At (approximately) low to moderate homologous temperatures relative to the melting temperature (T/TM    < ˜    0.3) and at Von Mises equivalent (VME) strain rates outside the creep or the high strain rate regimes (10−5 s−1    < ˜    ϵ ¯  ˙   < ˜    102 s−1), the strain contribution of deformation mechanisms requiring long-range self-diffusion is not relevant. Deformation takes place mainly by dislocation glide on crystallographic slip systems (in some cases complemented by deformation twinning) and the VME flow stress (  σ ¯  ) versus VME plastic strain (  ϵ ¯  ) response shows several well-known “deformation stages” (see [1,2,3] for reviews).



Most often, the strain-hardening rate, SHR,    θ ¯  = ∂  σ ¯  / ∂  ϵ ¯   , steadily decreases from a transient high initial value, particularly when the starting structure is polycrystalline or in general, when the strain is resolved at the meso level by the combined activation of several non-coplanar slip systems (multiple slip). Beyond a short (in terms of strain) elastic–plastic transient, the initial stress–strain curve fits the so-called Voce equation rather well:


      σ ¯  s  −  σ ¯      σ ¯  s  −   σ ¯  0    = e x p  (  −     θ ¯  0  ·  ε ¯      σ ¯  s  −   σ ¯  0     )  .  



(1)







The three parameters of the Voce equation are an ideal elastic limit,     σ ¯  0    (the back extrapolation of the flow stress to zero strain), the SHR extrapolated to zero strain,     θ ¯  0    and an ideal saturation flow stress that would be reached after infinite strain,     σ ¯  s   . This regime of deformation is identical to the so-called Stage III observed in single crystals, as will be explained below.



In the low temperature/high strain rate range of the T −     ϵ ¯  ˙    sub-space here considered, single crystals may show another two deformation stages before Stage III. High-purity single crystals oriented for single slip show an “easy glide” Stage I of very weak SHR relative to the shear modulus G* (    θ ¯  I  /  G ∗  ≈   3 × 10−3) (shear modulus appropriate for the calculation of the dislocation line tension with account of the elastic anisotropy of the crystal). After some strain (implying crystal rotation toward multiple slip regions in orientation space), the easy-glide Stage I gives way to a new stage, Stage II, of high and constant SHR. Multicrystals, i.e., polycrystals (usually of big grain size) whose smallest physical dimension L of the deforming specimen is less than about 10 times the grain size,   L  < ˜  10 D  , show a composite Stage I+II before Stage III fully develops (their crystals deform under relaxed constraints relative to a grain within a true polycrystal). Stage II of single crystals is an athermal hardening stage that is not always present but always detectable as asymptotic behavior. It is followed by another strain stage of the steady decrease of SHR, Stage III. Both the transition from stages II to III and the evolution of the SHR in Stage III are dependent on T and     ϵ ¯  ˙    (and, of course, on the material: its chemical composition, crystallographic structure, lattice friction stress level, melting temperature TM, and stacking-fault energy, SFE, in particular).



Although it is true that such three-stage behavior is much better documented for face-centered cubic (fcc) metals of medium or high SFE than for other materials, it is typical of any crystalline materials deforming exclusively by crystallographic slip (dislocation glide) up to moderate VME strains of the order of 1. Of course, it is masked (it becomes irrelevant) in intrinsically hard materials, i.e., materials with high values of lattice friction stress, because their work hardening weakly contributes to their flow stress.



At the microscopic level, the observed three-stage flow stress curve stems mainly from quasi-athermal interactions of gliding dislocations with other gliding or stored dislocations and with grain boundaries (giving way to statistically stored dislocations, SSD) counteracted in Stage III by thermally activatable dynamic recovery mechanisms of dislocation annihilation. They are the main contributors to the SHR of stages I (from self-interactions in single glide), II of single crystals (chiefly from attractive non-coplanar interactions in multiple glide), and III of single crystals or polycrystals [4]. The interaction with grain boundaries is at the origin of strengthening by the Hall–Petch effect, mostly from the storage of geometrically necessary dislocations, GND, related with the plastic heterogeneity of neighboring grains [2,5]. Therefore, at least if one is interested in the broad picture and not (on this occasion) in the details, for understanding the flow stress–strain evolution, one must confront it with the evolution of two structural variables, the dislocation density and the grain size (setting aside the evolution of crystallographic texture, incorporated in an often weakly changing orientation factor). This will be the scheme followed in this paper; it turns out that revising the plastic behavior at increasing strains amounts to follow the story of this subject in chronological order.



Finally, a mention of the effect of deformation twinning on the stress–strain behavior at large strains should be given. When deformation twinning complements dislocation glide, the original grains are progressively fragmented by the boundaries separating the increasing number of twins from their grain matrix. As a result, a nearly constant SHR due to a dynamic Hall–Petch effect reinforces the dislocation density-related SHR during the strain range where deformation twinning is significant. Such behavior is blatant in the so-called TWIP steels, but it is evident in other easily twinning materials, too (hexagonal close-packed (hcp) and low SFE fcc metals and alloys) [6,7,8]. The TWIP regime ends when deformation twinning becomes exhausted in the highly deformed refined microstructure; then, the stress–strain returns to Stage III and other possible ensuing stages. At large strains, the effect of deformation twinning is a shift of the SHR versus the flow stress curve to the right. Figure 1 is an example of the described behavior.




2. Small to Moderate Plastic Strains (   ε ¯   < ˜  1  )


In the absence of intense deformation twinning or excluding nanograin materials, the strain-induced flow stress change in a single-phase material is largely governed by the strain-induced change of its statistically stored dislocation density,    ρ s   , which most often represents the main fraction of the total dislocation density,  ρ .



2.1. Statistical Dislocation Storage


Assume a mobile dislocation line that would glide in the absence of any activity of dynamic recovery through the three-dimensional structure of dislocation lines present in a cubic crystal volume    l x   l y   l z    with z being the direction normal to the slip plane and x the slip direction. Its crossing of the volume element would lead to




	(a)

	
a macroscopic finite strain increment of amount


  Δ  ε ¯  = Δ  u x  / M  l z  = b / M  l z   



(2)




where b is the modulus of the Burgers vector of the mobile dislocation (the shear displacement increment   Δ  u x   ) and   M ≈ 3   is the texture-dependent orientation factor relating tensile strain with crystallographic slip shear. As deformation texture evolves the value of the orientation factor changes. However, in general, the influence of such a change is not as important as that of the other strain-induced structural changes. Reference [9] treats in detail the evolution of the orientation factor through several strain paths.




	(b)

	
an increment of the stored dislocation length per unit volume that, from geometrical reasons, scales with    ρ    (geometrical similitude implies that the dislocation length stored per unit area swept by the dislocation,   Δ  L S   , is proportional to the forest dislocation density piercing the slip plane,   ρ / 2  , times a characteristic length of such density,   1 /  ρ   ):


  Δ  ρ +  =  l x   l y  Δ  L S  /  l x   l y   l z  = β  ρ  /  l z   



(3)













The scaling factor  β  is independent of strain as far as the dislocation structure maintains geometrical similitude independently of  ρ  [2,3].



Now, on account of the so-called “Taylor relationship”, between dislocation density and flow stress


   σ ¯  −   σ ¯  0  = M α  G ∗  b  ρ   



(4)




it is possible to derive the strain-hardening rate, SHR, in such circumstances.



In Equation (4),     σ ¯  0    is the flow stress limit of the structure at zero stored dislocation density (it includes the contributions of lattice friction stress and solution strengthening, i.e., it depends on temperature and strain rate), G* is the shear elastic modulus at the test temperature, and   α ≅ 0.3   is the quasi-athermal and quasi-universal strengthening factor of three-dimensional dislocation structures.



The macroscopic SHR for strain deprived of any dynamic recovery activity would be


    θ ¯  0  ≅    M 2  α β  2   G ∗  ≈ β  G ∗   



(5)




i.e., a constant SHR as far as the assumptions made are valid, which is in good agreement with experimental findings.



In fact, this is not quite true: the factor α in the Taylor equation slightly depends (through a logarithmic factor) on the dislocation density (it visibly decreases as the dislocation density increases by several orders of magnitude). Similarly,  α  is mildly sensitive to the spatial distribution of local dislocation density that changes from near-uniform to cellular to subgranular as plastic strain goes on, increasing in that order [2]. Thus, the two effects somewhat compensate each other, and Equation (5) is an acceptable approximation.



The storage parameter  β  also depends on the spatial distribution of the local dislocation density, as stated above, and plastic deformation does not strictly maintain structural similitude (as strain goes on, the spatial heterogeneity of the dislocation density increases). Nevertheless, the simple dislocation storage model without recovery explains well enough both the experimental observations of the athermal stage II observed in single crystals deforming by multiple slip at low flow stresses and temperatures (insignificant activation of dynamic recovery processes) and the athermal low-temperature asymptotic Stage II of polycrystals.




2.2. Dynamic Recovery


Thermomechanically activatable recovery processes are inherent to plastic strain by dislocation glide. The constant SHR given by Equation (5) is an idealization; together with the process of athermal dislocation density storage given by Equation (3), dynamic processes of dislocation density annihilation are active. Due to the composition of the two effects, the SRH steadily decreases as strain goes on: it is the deformation Stage III mentioned in the introduction.



Empirically, the SHR evolution, which is strongly dependent on temperature and weakly dependent on strain rate, is very well described by the equation:


    θ ¯     θ ¯  0    = 1 −    σ ¯  −   σ ¯  0      σ ¯  s  I I I    (  T ,     ϵ ¯  ˙   )  −   σ ¯  0     



(6)







As strain increases, the SHR decreases linearly with the flow stress from an upper athermal limit value     θ ¯  0    to zero. The flow stress grows monotonically and asymptotically tends to a saturation flow stress     σ ¯  s  I I I   =   σ ¯  s  I I I    (  T ,     ϵ ¯  ˙   )   . The integration of Equation (6) leads to the Voce stress–strain shown in Equation (1).



In terms of the underlying evolution of the dislocation density and on account of Equation (4), Equation (6) corresponds to the Kocks–Mecking equation of evolution of dislocation density in Stage III [3]:


   d ρ /  (  d  ε ¯   )  = M   ( β   √ ρ  b  − η ρ )   



(7)




where the parameter   η = η  (  T ,   ε ¯  ˙   )    depends on the temperature and strain rate in parallel with the behavior of the saturation flow stress. Kocks and Mecking [3] have discussed in detail such dependence: the process of dynamic recovery occurs via the interaction of mobile dislocations with specific sites of the stored dislocation structure under the action of the local flow stress (the effective stress, superposition of the macroscopic flow stress, and the local internal stress) and thermal activation. The activation energy, constant all along Stage III, shows a logarithmic dependence on effective stress.



The recovery processes intervening in Stage III are most probably more than one. One of them is a partial collapse of stored Orowan loops (remnants of gliding dislocations encircling regions of dislocation density higher than the mean) under the forward stress of gliding dislocations of the same sign; another obvious one is the annihilation of segments of the gliding dislocations with segments of opposite sign from the stored or mobile dislocation density.



Surely cross-slip plays a decisive role in those dynamic recovery processes, hence the observed influence of SFE. A close examination of the two terms of Equation (7) supports this idea: when a dislocation sweeps a surface S when gliding across a crystal volume, the number of storage sites per unit surface determine a stored length per unit volume scaling with the current density of dislocations, i.e., Equation (3). Simultaneously, the gliding dislocation explores a volume of   S · h ( T ,       ϵ  ¯   ˙  )   above and below the swept surface, where several activatable recovery sites per unit volume reside, each one determining the annihilation of a dislocation length. On account of Equations (2) and (7), the dislocation length eliminated per unit volume should be


  Δ  ρ −  = − η b ρ  ρ   



(8)




which is dimensionally compatible with the product of the explored volume times a number of activatable sites per unit volume related with the dislocation structure, i.e., scaling as   N ~  ρ  3 / 2   ,   times a fixed annihilated length per site, i.e., a length independent of the scale of the structure.



The Kocks–Mecking model for Stage III is astonishingly simple, effective, and convincing, hence its widespread use in simulations of crystalline plasticity using dislocation densities as internal variables [4].



For a given material, all stress–strain curves collapse in a straight line linking two points,    θ ¯  /   θ ¯  0  = 1   on the ordinate with    (   σ ¯  −   σ ¯  0   )  /  [    σ ¯  s  I I I    (  T ,     ϵ ¯  ˙   )  −   σ ¯  0   ]  = 1   on the abscissa in a normalized SHR versus flow stress diagram, as shown in Figure 2. Of the two parameters defining Stage III, the quasi-universal value of the first one [2,3] is:


    θ ¯  0  /  G ∗    ≅   0.05 .  



(9)







The temperature and strain rate dependence of the second term,    [    σ ¯  s  I I I    (  T ,     ϵ ¯  ˙   )  −   σ ¯  0   ]   , needs to be characterized for each material, although its functional form has been given by Kocks and Mecking [3].



It is interesting to know, at least approximately, the upper (athermal) limit of the flow stress, governed by the athermal saturation value of Stage III dislocation density. For pure Cu, such a limit flow stress value is:


   [     (    σ ¯  s  I I I    )   0  −   σ ¯  0   ]  /  G ∗    ≅   0.015 .  



(10)







It corresponds to a dislocation density of the order of


     (   ρ s  I I I    )   0    ≅    10 16  ·  m  − 2   .  



(11)







These two limit values are probably valid for other crystals too, at least as order of magnitude figures, particularly for body-centered cubic (bcc) metals deformed at temperatures above their low-temperature threshold (more in general, when their flow stress is not dominated by the lattice friction stress) and for hexagonal close-packed (hcp) metals.



Fifty years ago, those limits were thought to be the intrinsic limits of strain-induced strengthening of single-phase crystalline materials, at least in many academic backgrounds.





3. “Large” Strains (  1  < ˜   ϵ ¯   < ˜  10  )


Interest in exploring and understanding the microstructural basis of the mechanical effects of large strains in crystalline materials arose in the 1960s. Useful strains in tension and compression tests that were most often used earlier for studying plastic behavior were limited by gross deviations from the near-uniform strain and strain rate: the development of localized deformation (necking in tension) or barreling (from friction) in compression.



Scientific interest in large strains was preceded by the technical need of reliable knowledge of stress–strain behavior for improving large-strain processes such as cold rolling, wire drawing, forging, or sheet-forming (reliable input for numerical simulations and knowledge of the structural state of the product). Torsion tests (no external geometry changes in the deforming specimen) or intermittent tension tests during the incremental accumulation of strain by well-designed rolling or wire drawing passes (quasi-free of strain heterogeneities and redundancies [10]) were already extensively used for such purpose since the 1950s (see [9] for a review). As a result, the domain of large plastic strains became available for study, at least for relatively ductile materials.



It soon became evident that no saturation occurs after Stage III, but that a new deformation stage appears at large plastic strains, “Stage IV”, which maintains a weak and decreasing SHR well inside the large strain range,   1  < ˜   ε ¯   < ˜  10   [2,3,9,11,12]. Stage IV was inaccessible to studies based on tensile tests because the stage III–IV transition occurs for    θ ¯  ≅ 0.3  σ ¯    [13], i.e., for strains larger than the tensile strain determining the onset of mechanical instability in tension, which is given by the Considère criterion,    θ ¯  =  σ ¯   .



Figure 3 shows a good set of stress–strain curves of commercial purity copper measured in torsion inside the temperature and strain rate range considered in this paper. The characteristics of the stages III–IV are conspicuous. By using the same scaling employed for Stage III (Figure 2), the stress–strain curves of three fcc metals of varying SFE, measured at different temperatures, collapse rather well in a single master curve encompassing both Stages III and IV (Figure 4). This means that although the athermal mechanisms of dislocation storage in Stage IV differ from those of Stage III (they are much weaker), the temperature dependence of Stage IV is nearly the same as that in Stage III.



For copper or aluminum, as shown in Figure 5, the asymptotic athermal limit at the apparent end of Stage IV is:


   [     (    σ ¯  s  I V    )   0  −   σ ¯  0   ]  /  G ∗    ≅   0.024 .  



(12)







It approximately corresponds to a dislocation density:


     (   ρ s  I V    )   0    ≅   2.6   ×    10 16     m  − 2   .  



(13)







Either structural damage (precursor of ductile failure) or the emergence of another stage endowed with a powerful dynamic recovery mechanism that soon annihilates the SHR (a possible Stage V, [12]) precludes experimentally approaching those limits in the realm of “large strains”. However, a retardation of the apparent reaching of the saturation flow stress by performing the plastic deformation under a hydrostatic pressure (at the basis of the “severe plastic deformation” processes to be described in the next two sections of this paper) was experimentally observed. Thus, it seems that “Stage V” might be a spurious plastic deformation stage, at least for single-phase metallic alloys (however, an unrelated Stage V has been observed in diamond-cubic semiconductors Ge and Si deformed at high temperature, T ≥ 0.65TM [14]).



The explanation of Stage IV is far from complete. The strain-induced processes of dislocation storage and recovery do not maintain the geometrical similitude-based storage law conducive to Equation (3) or the dynamic annihilation law, as shown in Equation (8). Consequently, a progressive deviation from the Voce stress–strain law as Stage III goes on is expected. Furthermore, the existence of processes additional to the main process responsible for Stage III but weakly contributing to hardening is very plausible; their effect would be only detectable when dynamic recovery has nearly neutralized the main hardening contribution to Stage III. Two of them are as follows.




	
Continuous accumulation of debris (e.g., dipolar debris) ancillary to the main process of statistical storage and the dynamic recovery of dislocations (the interaction of mobile dislocations with the current total dislocation density present and with other defects of any dimension) [13],



	
Accumulation of a slowly increasing density    ρ g    of geometrically necessary dislocations (GND) coupled to the mesoscopic plastic strain gradients inherent to the heterogeneity of the evolving structure [15,16].








However, other authors explain the evolution of hardening along the III–IV–V stages without resorting to any micromechanistic transition affecting the storage or annihilation of dislocation density, i.e., as the deviation from the ideal Stage III mentioned earlier. For instance, Estrin et al. assume that the apparent transition defining the stages is merely the result of a “concerted action” of the deformation of cell interiors and cell walls considered as two phases of a composite, each with their own hardening and softening mechanisms, under the condition of a continuous independent shrinking of the cell size and of the thickness of the cell walls [17]. It may be that Stage IV stems from a combination of factors. The similarity of the thermal activation of the recovery processes working in Stages III and IV deserves further analysis, particularly for explaining the recovery of    ρ g    at a microscopic level, as GND density is linked to the presence of (very real) mesoscopic strain gradients. Either the strain gradients tend to disappear as deformation goes on or the GNDs within dislocation cells walls disappear by the transformation of subgrains in grains whose highly misoriented boundaries are not anymore built with lattice dislocations but with GBD, grain boundary dislocations; perhaps, what we observe is a superposition of both phenomena.




4. The Case of Large Strains by Axisymmetric Elongation of BCC and HCP Polycrystals


Stage IV and the limits of strength and dislocation density expressed by Equations (12) and (13) are not the whole story of stress–strain behavior at large strains: the behavior is strain-path dependent. For instance, axisymmetrically elongated (by wire drawing) bcc and hcp metals display a constant SHR beyond the usual Stage III, which is concomitant with the development of a unique structure of elongated cells, subgrains, and grains with ribbon-shaped cross-sections that require a characteristic curling for maintaining the compatibility of the polycrystalline aggregate (“Van Gogh sky” structure [18,19]). Such curling amounts to the axial bending of these ribbons that, combined with their structural refining, amounts to a continuous increase of the mesoscopic gradients, i.e., a continuous increase of GND density contributing to sustaining the SHR up to the largest technologically possible deformations accessible to wire drawing (   ε ¯  ≈   10). Such peculiar behavior is due to the development of a crystallographic texture that promotes the deformation of the crystal units by plane-strain elongation, despite the axially symmetric deformation imposed to the wires. The same metals (e.g., iron [20]) behave differently when deformed through other strain paths. The phenomenon of a combined continuous injection of GND density and enhanced structural refining makes it possible to reach and often surpass the above-stated Stage III athermal limits of flow stress and dislocation density in wire-drawn bcc and hcp metals of high melting point.



The extension of the constant SHR stage of bcc and hcp metals beyond its current wire drawing limit is an interesting question that is not exempt of practical implications, because the sustained SHR would allow for reaching flow stresses and dislocation densities in fine wires well beyond the maximum values available today [21,22].




5. SPD, “Severe Plastic Deformations” (   ϵ ¯   > ˜  10  )


5.1. ECAP


Largely strained bulk specimens are both desirable for the macroscopic testing of properties and attractive for many possible technical applications. The accumulation of a big number of passes leading to   ϵ ¯      < ˜    10 by wire drawing or rolling only furnish thin filaments or foils less than 100 μm thick; technological constrains preclude the processing of thicker sections of very hard materials. Moreover, often the processing is limited by ductile or brittle fracture nucleated from strain-induced structural damage, because deformation in rolling or wire drawing is imparted under hydrostatic pressure levels below the current VME flow stress value. Similarly, although the torsion of cylindrical bulk specimens does not introduce important shape or size changes of the test specimens, the hydrostatic pressure in free torsion is zero; VME strains of 5 are rarely reached before fracture in free torsion.



Before the 1980s, Segal and co-workers developed in the Soviet Union a process allowing for, ideally, indefinite accumulation of extrusion passes imparting about 1 VME strain per pass to bulk bar-shaped specimens under high pressure without significantly changing their external shape. The process, which was dubbed ECAE or ECAP, acronyms of equal-channel angular extrusion or pressing, is extrusion through a channel of uniform section with a sharp kink of about 90° [23,24]. When the material goes through the kink of the channel, it endures a simple shear under a hydrostatic compression of the order of the flow stress of the material. Deformation per pass is about unity for a 90° kink, and in practice, the extrusion can be repeated up to near 20 passes, i.e.,    ϵ ¯   < ˜    20 (most materials become so strong after those strains that fail by ductile or brittle fracture further in the process). The process and its potential for modifying the material structure by “severe plastic deformation”, SPD, was soon intensively exploited by Valiev and co-workers [25,26]. The possibilities offered by the ECAP process and its variants for exploring the response of materials to very large plastic strains made a big impact, stimulated the invention of other new SPD processes, and triggered the production of a tremendous amount of related bibliography in the last 40 years. Many comprehensive reviews on the subject have been published, e.g., [27,28,29].



The extension of the stress–strain analysis provided by ECAP does not change the most important conclusions reached from studies in the “large strain” range: Stage IV carries on toward its asymptotic limit without signs of any Stage V. Figure 6 shows results for commercially pure Cu, Ni, Fe, and Ti deformed by ECAP at room temperature (data from refs. [30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46]). Although there is much scatter in the results (inherent to the ECAP process and its analysis: the plastic heterogeneity of the deformed samples, different variants of the strain path used by different authors, testing by tension or by hardness), it seems clear that an apparent saturation of the flow stress occurs near a VME strain of 7. Averaging the available flow stresses beyond    ε ¯  >   7 for each metal, the values compare well with the saturation flow stress of Stage IV,      (    σ ¯  s  I V    )    300   K    , obtained by extrapolation to zero SHR, the results from conventional torsion tests, or from rolling at 300 K, e.g., [2,3,9,11,12] and Figure 4 and Figure 5.



The obvious question now was to go beyond the maximum feasible ECAP strains in order to verify whether the saturation of Stage IV is the true dynamic steady state in low/medium temperature plasticity. Surprisingly, an elegant deformation process was available since the early 1930s to settle this question: HPT, torsion under (very) high pressure.




5.2. HPT


Percy Bridgman’s main research subject was the physical behavior of materials under high hydrostatic pressure (Nobel prize, 1946). Among many other topics, he was interested in the high-pressure effects on plastic deformation and fracture ([47] is the synthesis of his work on this subject). He developed many devices for high-pressure studies and specially the “Bridgman anvils”, where a coin-shaped sample is squeezed in a shallow cavity between two otherwise flat anvils acted by an axial compressive force. The sample diameter matches that of the cavity, and its thickness lightly exceeds the height of the cavity when the two anvils are in contact. Under enough compressive force, material flows plastically and is extruded through the thin spacing between the anvils, which is a situation that creates a hydrostatic stress state in the material that grows exponentially as the spacing decreases, so that hydrostatic pressures of several GPa are easily reached. Applying now a rotation to one of the anvils, you have a torsion test of the disk (dragged by friction) into which in contrast with most other SPD processes, the hydrostatic compression is decoupled from the torque performing the torsion, i.e., it can be controlled by the axial compressive force applied to the anvils independently of the flow stress of the material being tested.



With enough pressure, the structural damage and crack propagation in the sample can in principle be suppressed, and indefinite simple shear strains can be applied. Moreover, recording the torque versus rotation angle offers the possibility of directly deriving the shear stress–strain curve. On the other hand, shear strain increases linearly from zero at the center of the disk to a maximum at its periphery. By measuring the hardness along the radius of a single deformed sample, many discrete points of the stress–strain curve from zero to the maximum deformation at the outer surface of the sample can easily be obtained.



Bridgman studied the HPT behavior of many materials. However, its device and results were practically overlooked by materials scientists (with the noteworthy exception of the rediscovery of the method made by Erbel, which was virtually overlooked for a long time, too [48,49]), until the publications of Valiev and co-workers, who had started using the HPT device in the 1980s [25,50].



A wealth of studies on the stress–strain, structure, and properties of materials severely strained by HPT has since then inundated the bibliography, VME strains larger than 100 being easily attainable even in materials of poor ductility [29,50,51,52,53,54,55].



Although ideally indefinite shear strain can be applied by HPT, several experimental problems arise after the application of a few rotations to the mobile anvil (mainly, the maintenance of the geometry of the disk without damage starting from its periphery); the consequence is that most HPT studies are restricted to VME strains smaller than 50. In that strain range and for the materials and test conditions considered in this paper, the stress–strain behavior does not qualitatively differ from that seen with the ECAP process (e.g., see in the reviews cited above [29,49,51,52,53,54,55]). However, quantitatively, the saturation stresses estimated from ECAP are only apparent, the very weak SHR of the terminal Stage IV continues its decline much longer than expected, and the saturation stresses estimated from HPT tests are up to 20% larger (no wonder if one accepts for Stage IV the validity of the Kocks–Mecking model or one of its variants, leading to a Voce-type equation that only asymptotically approaches a steady state).





6. Ultra-SPD, “Ultra-Severe Plastic Deformations” (   ϵ ¯   > ˜  500  )


Quite recently, Edalati [56] has published the microhardness versus strain results of pure fcc (Ni), bcc (Fe), and HCP (Ti) deformed by HPT well beyond 1000 units of shear strain at room temperature (0.155 ≤ T/Tm ≤ 0.174 for these metals), which is a realm that he has dubbed “ultra-SPD strains”. Edalati and co-workers have found that around    ϵ ¯   > ˜    500, the stress–strain curves of the three metals present an inflection point giving access to what looks to be a new deformation stage that significantly strengthens the material over the Stage IV saturation flow stress if the strain is continued far enough (Figure 7 and Figure 8). The strengthening is not due to any pressure-induced phase change (the pressure employed for HPT straining αTi, 2 GPa, is well below that required for its transformation to ωTi). The pattern of behavior is similar for the three metals. The stronger the metal (because of its homologous deformation temperature and SFE), the earlier appears the SHR after the Stage IV saturation plateau.



Confirmation that we are dealing with a genuine deformation stage demands further research. However, let us speculate about possible microstructural sources that could explain the observed behavior.



We should first point out that the ultra-SPD SHR is awfully weak: less than 10−5 G* for Ni, Fe or Ti at 300 K, i.e., two orders of magnitude smaller than the weak SHR observed in Stage I of easy-glide single crystals.



Secondly, as this new stage appears only after the saturation of Stage IV, the origin of it cannot anymore be related with the new statistical storage of gliding dislocation lengths, which were fully annihilated by concurrent Stage III dynamic recovery.



Possible origins of such weak SHR are:




	
An artefact of the HPT process: as told before, the simple shear of disks by HPT develops a macroscopic gradient of shear strain. The accommodation of such a gradient requires a continuous storage of a density of redundant GND. The gradient is enormous after   ϵ ¯   > 500. The gradient can be avoided by using rings of appropriate geometry (as used by Erbel [48]).



	
Hardening from accumulation of an increasing density of point defects or their clusters arising by the interaction of gliding dislocations with other dislocation lines or from the processes of dynamic recovery of dislocation lengths. Such point-like defects, i.e., vacancy clusters, represent weak obstacles for gliding dislocations.



	
A sudden transition from a laminar shear plastic flow to a turbulent one at the mesoscopic microstructural level; it would trigger the accumulation of a density of GND until reaching some new steady state.



	
A transition from the control of the flow stress by the average dislocation density to its control by the current grain size (refined by fragmentation and by the imposed deformation, counteracted by specific recovery mechanisms). The transition would take place at some critical size of the grains.








The first of these four tentative contributions to ultra-SPD behavior cannot be discarded. After a macroscopic shear strain  γ  at the periphery of the disk, the shear strain gradient in the HPT sample amounts to


  χ = γ / R  



(14)




where R is the sample radius. The accommodation of a plastic gradient by redundant dislocations requires the storage of a GND density of about


    ρ g  =  M g  · (  χ / b )  



(15)




with    M g  ≥   1 is an orientation-dependent factor accounting for resolving a simple shear by a combination of dislocations from different slip systems. In the HPT case,


      (   ρ g   )    H P T   =  M g  · (   χ / b )   =    M g   (  γ / b R  )  ≅  M g   (   M  s h e a r    ε ¯  / b R  )  .   



(16)







The orientation factor for macroscopic shear strain is    M  s h e a r   ≅   1.5. We can roughly estimate the VME flow stress for ultra-SPD at room temperature for a material such as Fe (i.e.,      (    σ ¯  s  I V    )    R T   /  G ∗  =   0.017), ignoring any possible dynamic recovery of the GND density as the effect of the addition of the two dislocation densities:


     (    σ ¯   u S P D    )    R T   /  G ∗  =     0.017  2  +    [   M  t e n s i o n   α b      (   ρ g   )    H P T      ]   2    .  



(17)







Assuming    M g  ≅   1.5 (the orientation factor for simple shear),    M  t e n s i o n     ≅   3,   α   ≅   0.3, R = 5 mm, and b = 0.25 × 10−9 m, the result is shown in Figure 9 together with the experimental Fe curve from Edalati [56]. The hardening in excess of the Stage IV saturation flow stress is of the right order of magnitude, but the pattern of behavior does not match the experimental one; the gradient contribution to the flow stress follows a continuous power law right from the approach of the flow stress to its saturation value at strains smaller than 100.



The ultra-SPD burst of hardening is only manifest after a long stress plateau indicative of a transition of the process controlling the strain hardening. This points to the third and fourth origins of the ultra-SPD hardening as plausible explanations, because the second one also represents, as the first, a continuous increase of hardening obstacles as far as dislocation interactions occur.



A hypothetical transition from a laminar to a turbulent shear flow needs experimental confirmation; besides microstructural evidences (in the form, perhaps, of shear bands), probably it would be accompanied by a transition of crystallographic texture, too.



Finally, the fourth explanation looks most interesting: one of the main scientific and technical fascinations of SPD processes is their capability of nanostructuring initially single-crystalline or coarse-polycrystalline materials. It is well known since the seminal work of Langford and Cohen [58], which has been many times confirmed thereafter, that the structure of dislocation cells developed in Stage III shrinks in size and develops an increasing misorientation between neighboring cells; the cells progressively sharpen its walls until becoming low-angle boundaries (subgrain walls) and finally, with the progression of Stage IV, the majority of them become high-angle boundaries of new grains of near-nanometric size that SPD continues refining [9,29,51]. The grain size evolution shows an exponential decline until an apparent temperature-dependent saturation grain size sets in after shear strains of the order of 50 [59,60,61,62]. Such an alleged terminal grain size is in the nanometric range (≈100 nm). Only by ultra-SPD processing has the absence of flow stress saturation been detected; it may be that the grain size is still decreasing at a very slow pace and becomes only conspicuous when the colossal ultra-SPD strain range is explored. Quantitative microstructural studies are needed in order to confirm a decrease of grain size concomitant with the ultra-SPD hardening stage. Anyway, if we assume that it is the case, we can advance an explanation.



The classical static Hall–Petch relationship (   σ ¯  ~  D  − 1 / 2    ), which is mainly justifiable by the strengthening from a grain-size-dependent intragranular dislocation density level, deviates toward a    σ ¯  ~  D  − 1     relationship upon further grain size refining. Something akin to it could be at the base of the ultra-SPD transition.



As the strain progresses in Stage IV, most microstructural boundaries have converted into true grain boundaries (misorientation larger than ≈ 12°), and grain size has become sub-micrometric. The flow stress is controlled by the stress for long-range dislocation glide through the intragranular dislocation forest, as shown in Equation (4), which is equivalent to a critical dislocation line curvature. If the grain size is big enough relative to the effective inter-dislocation distance, the mobile dislocation line ends by reaching the grain boundary where it is either integrated as an extrinsic defect there or totally or partially penetrates the neighboring grains. The maximum curvature required for the intragranular travel of mobile dislocation lines is imposed by the Stage IV dislocation density at saturation. If the grain size was being continuously refined upon straining through a monotonic strain path, a critical grain size would be reached for which the fitting of the curvature of its cross-section would be more flow stress demanding for the dislocation than its gliding through the intragranular dislocation density. From that point on, the flow stress would be controlled by the dynamically evolving grain size through an approximate    σ ¯  ~  D  − 1     relationship [22,63,64]. This possible behavior is sketched in Figure 9, too.



Once the Stage IV saturation is approached, the grain fragmentation processes related with new net dislocation storage are not anymore operative. The further evolution of grain size merely comes from its size and shape change resulting from the strain path-dependent mesoscopic strain (very effective in a wire drawing of bcc or hcp metals but very inefficient in the simple shear deformation), which is counteracted by processes of dynamic annihilation of the GB surface. For instance, the process of shear-coupled boundary migration, SCBM, both significantly contributes to the plastic deformation and to the GB surface annihilation at low temperature when grain size is in the nanometric range, particularly in macroscopic shear [59]. It happens likewise with grain boundary sliding, GBS, which is particularly favored in simple shear because of the progressive orientation of the GB toward the macroscopic shear plane (contributes to strain and weakens the shape change relative to the macroscopic one), but very ineffective in wire drawing, which orients the microstructure in the axial direction. For our explanation to be valid, these dynamic GB recovery processes should not be able to completely suppress grain refining coming from the effect of the macroscopic strain.



Figure 10 compares the stress–strain evolution of “pure” iron and “pure” titanium either deformed by wire drawing [58,65] or by HPT [56,60,66]. The trend of curves qualitatively agrees with the above given description [22,58,63,64,67]. In large-strain simple shear (HPT) of bcc iron, the minimum average dimension of deforming grains would evolve, in the absence of dynamic recovery processes, as


   D   D c    ≅  1   3   (  ϵ −  ϵ c   )    .  



(18)







In wire drawing, instead,


   e  −  (  ε −  ε c   )  / 2   ≥  D   D c    ≥  e  −  (  ε −  ε c   )    .  



(19)







The suffix c indicates the transition of control of the flow stress by glide of the mobile dislocations through the dislocation forest to dislocation bowing-controlled glide. In fact, both Equations (15) and (16) must incorporate a lag factor that is much smaller than 1 for shear and about 1 for axisymmetric drawing, on account of the GB-related processes contributing to strain and dynamic recovery. It is easy to see that the shear lag factor must be very small in order to match the SHR observed in ultra-SPD (    θ ¯   u S P D     < 10−5 G*). It is interesting to remark that Hosokawa et al. [68] who, as noted by Edalati [56], first observed SHR after a large plateau of the HPT stress–strain curve of Fe, also related such SHR revival with the hardening of iron by large-strain wire drawing and its relationship with the grain size evolution enforced by the macroscopic shape change.



The case of fcc nickel is remarkable. No conclusive information can be obtained from available wire drawing stress–strain curves (a maximum VME strain of about 2 [69]). However, two independent flow stress versus rolling strain curves (plane strain elongation) do show an awakening of strain hardening after a Stage IV plateau reminiscent of the transition observed in HPT deformation at very much larger strains [70,71]. Figure 11 displays one of these rolling deformation stress–strain results together with a wire-drawing curve and the HPT results previously shown. The similarity with the behavior exhibited by iron or titanium (Figure 10) is evident. In rolling, in the absence of dynamic recovery, the evolution of the minimum average dimension of deforming grains would be:


   D   D c    =  e  −  (  ε −  ε c   )    .  



(20)







According to our tentative explanation, the critical grain size for the ultra-SPD transition would be obtained from equating the critical bowing stress in the grain [22] with the saturation flow stress due to the terminal dislocation density of Stage IV given by Equation (12):


    M  τ c     G ∗    =   φ M   2 π  (  1 − ν  )     b   D c     (  l n    D c    φ b   + 0.7  )  = 0.024 .  



(21)







A shape-factor   φ  > ˜    1 relating the required local critical bowing dislocation diameter with the average grain size has been introduced in Equation (21). With a Poisson ratio of ν = 0.3, b = 0.25 nm, and M = 3, the predicted average critical grain size would be Dc = 40   φ   nm  .




7. Beyond Current Ultra-SPD?


One may now wonder what would happen with the strength and structure of materials if strains by wire drawing or by HPT were continued still much further, to 100,000 or more in the latter case (Edalati [56] has imparted HPT shear strains up to 105 to several materials). Difficulties for guaranteeing experimental results free from artifacts after such enormous strain levels surely are considerable. However, theoretical and numerical simulations can shed some light on this question [21,22,72]:




	(a)

	
About the strengthening by statistically stored dislocations in the absence of macroscopic (externally imposed) plastic strain gradients, we have the athermal limits of dislocation density and flow stress given by Equations (12) and (13). Those values are extrapolations of experimental results. Experimental values of dislocation densities obtained after plastic deformation in conditions close to athermal are in the same range: 1016 m−2 after shock experiments or 1017 m−2 after deformation at 4.2 K. Similarly, atomistic simulations of shock deformation of pure Cu or Ni show peak non-equilibrium dislocation densities up to 1018 m−2 that decrease to 1016 m−2 after relaxation (for references, see [21]). Thus, the figures given by Equations (12) and (13) are reasonably confirmed.




	(b)

	
Non-redundant geometrically necessary dislocation density is immune to most of the recovery mechanisms to which statistically stored dislocation density is vulnerable (mechanisms involving the annihilation of dislocation segments of opposite sign). However, the GND density can also be absorbed and digested in high-angle grain boundaries to the price of a change in their defect structure and associated intergranular misorientation. Disregarding such possible recovery, an absolute “natural” limit to dislocation density of any kind, redundant or not, is inherent to the discrete, atomistic constitution of the crystals. Surprisingly, a variety of different criteria for establishing such limits (geometric, mechanical, thermodynamic) yield a very narrow interval for its value [21]:


  0.2   ≤    ρ  m a x   ·  b 2    ≤   0.3  



(22)




i.e., about 4 × 1018 m−2 for the metals considered in this paper. From Equation (3) with the α value adequate to the high figure of the dislocation density, the maximum athermal flow stress associated to such dislocation density would be


     [     (   σ ¯  −   σ ¯  0   )    m a x   /  G ∗   ]    T = 0     ≅   0.3 .  



(23)







However, remember that as explained above, such a limit cannot be reached by the plastic deformation of single-phase crystalline materials developing Stage IV because of the emergence of a nanograin structure after large strains and its control of the flow stress (Figure 9).



What should we expect to happen in an alloy where the saturation of Stage IV does not occur? The obvious answer is amorphization. It does not seem casual that the absolute limit value given above for the flow stress coincides with the ideal strength for the irreversible deformation of metallic glasses [21].




	(c)

	
However, increasing the dislocation density does not seem to be the actual microstructural path for amorphization by deformation. Amorphization by deformation is experimentally observed in many alloys with a high glass-forming ability as a transition from a nanograined to a disordered glassy structure.









Increasing the strains by ultra-SPD HPT or by wire drawing, etc., beyond their current top highs (Figure 7 and Figure 10) is certainly leading to a strength limit, but which one?



Many materials seem to reach a steady state too before amorphization—for instance, pure metals or its dilute alloys. For instance, iron powders deformed by high-energy ball milling at room temperature (high strain rate, non-monotonic strain path) saturate at about 3.5 GPa (0.05 G*), well above the apparent saturation value for Stage IV. Its structure is constituted of equiaxed nanograins.



The structure of iron wires drawn to   ε ¯   = 10 after the accumulation of a big number of passes is constituted of axisymmetrically oriented elongated nanograins of an equiaxed section randomly rotated about the 〈110〉 crystallographic direction. If such a structure were geometrically perfect (ideal crystallographic domains of infinite axial length and separated by perfect, flat intergranular axially oriented walls), it would be unable to develop elongation-coupled grain boundary migration or grain rotation, i.e., it would be resistant to dynamic recovery in the ultra-SPD stage; continued elongation would lead to further strengthening until reaching some critical structural refinement for attaining the disordered state. However, the real structure is far from ideal, and given its extraordinarily fine grain size, it offers opportunity for recovery mechanisms to significantly contribute to arrive at a steady state of a limited GB surface per unit volume. Numerical MD simulations intended to emulate the observed imperfect fibrous structure of drawn Fe wires up to grain sizes in their cross-section as fine as 3 nm (Figure 12) suggest that the VME flow stress of pure iron wires would saturate at about 5 GPa (0.08 G*) [22]. This is an estimation of the athermal VME flow stress limit of iron following this unique strain path (the MD result is 6.75 GPa for the saturation stress, of which 1.75 GPa corresponds to a dynamic friction stress because of the very high strain rate employed in the MD simulations (108 s−1), as stated in the caption of Figure 12).




8. Conclusions







	
SPD processes have extended the experimental study of deformation of materials to levels of VME strains unimaginable half a century ago: from 1 to 105 VME strain.



	
The effect of plastic deformation on the flow stress and internal structure of materials is path-dependent. One must be aware that both ECAP and HPT, the most performant SPD processes for attaining very large strains in bulk samples, impart simple shear deformation (similar to conventional torsion tests). It is convenient to compare the ECAP or HPT results with results from other more traditional processes imparting large strains, such as rolling (plane-strain elongation, equivalent to pure shear) and wire drawing (axisymmetrical elongation).



	
For bcc or hcp materials, wire drawing is much more effective at strengthening or structural refining than SPD processes, because of the unique internal mesoscopic strain pattern associated to a texture that strongly favors internal plane strain elongation, requiring grain interfolding. Ultra-SPD strained Fe or Ti by HPT to a VME of 4000 do not achieve the strength levels obtained by drawing to a VME strain of 10.



	
The results of SPD processes applied to metals refute the existence of a true deformation Stage V, prematurely putting an end to the slow progression of Stage IV toward its alleged steady state. Under the high hydrostatic pressures of SPD processes, such progression continues its path much further than expected from the behavior observed in conventional tension or torsion tests.



	
Recently published results of ultra-SPD stress–strain behavior of several pure metals show that a hardening transition occurs after a very large plateau of constant flow stress. The SHR of the new deformation stage is very weak, but after enormous shear strains of the order of 103, the flow stress significantly increases above the plateau stress of Stage IV. If the authenticity and generality of the new stage is confirmed, it will offer the possibility of strengthening bulk materials by HPT to unforeseen levels.



	
One plausible explanation (among others) for the ultra-SPD transition has been proposed in this paper: In Stage IV, the previous cellular and subgrain structure evolves to a near-exclusively grain structure of shrinking average size as deformation goes on. Inside the grains, the dislocation density is limited to the maximum value allowed in Stage IV as far as its crossing requires a curvature of the gliding dislocations larger than the average curvature of the encircling grain cross-section. Beyond that point, fully crossing the whole grain section requires a flow stress that exceeds the critical stress for cutting through the intragranular dislocation density unable to increase its value, i.e., the grain size takes control of the flow stress. In wire drawing, the reduction of the grain cross-section is very rapid and the SHR is very high; in HPT, the decline is very weak, and the SHR is very small.








Table 1 summarizes the approximate maximum (athermal) values of the saturation VME flow stress of single-phase polycrystals according to this paper.




9. Suggestions for Further Research Work


Despite the big amount of research published on the topic of this paper, many open questions remain. Some very obvious among others are:




	(a)

	
The detailed mechanistic explanation of the recovery processes of Stage III responsible for the validity of the Voce stress–strain equation;




	(b)

	
The systematic study and characterization of the structural basis of Stage IV and its dependence of on temperature, strain rate, and SFE;




	(c)

	
Confirmation of the authenticity of the recently proposed ultra-SPD stage and study of its micromechanistic origin is, of course, crucial.




	(d)

	
If the authenticity of the new stage is confirmed, its full characterization will be an excellent research opportunity. The influence of chemical composition on this hardening transition should be indeed addressed; the influence of both purity and alloying also call for study. Similarly, the influence of the homologous deformation temperature, strain rate, and SFE on the emergence as well as the stability of the strength after the strains imparted would merit a the research effort.
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Figure 1. Fe-22%Mn-0.6%C twinning-induced plasticity (TWIP) steel. Strain-hardening rate (SHR) in shear vs. macroscopic shear flow stress from torsion tests at several temperatures and 1.4 × 10−3 s−1 shear strain rate. At room temperature (RT), the TWIP activity starts after a short Stage III activity and produces a transient SHR increase. Deformation twinning at this strain rate is irrelevant for T > 150 °C. See ref. [6] for more results on this steel. 
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Figure 2. Sketch of Stage III of plastic deformation according to the model of Kocks and Mecking [3]. 
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Figure 3. Shear strain-hardening rate vs. shear flow stress in torsion of 99.98% Cu (77, 198, 293, 373, and 473 K) deformed at a Von Mises equivalent (VME) strain rate     ε ¯  ˙    = 8 × 10−3 s−1. The inset shows the shear strain vs. shear flow stress curves. Replotted from Alberdi [11]. 
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Figure 4. Torsional work-hardening rate vs. flow stress data of 99.98% Cu (77, 198, 293, 373, and 473 K), 1050 Al (77, 198, 293, and 373 K), both deformed at     ε ¯  ˙    = 8 × 10−3 s−1 and austenitic SS321 stainless steel (20 °C and 200 °C) deformed at     ε ¯  ˙    = 2.3 × 10−3 s−1. The numerical data inserted in the figure correspond to crystallographic slip strain vs. CRSS (critical resolved shear stress) behavior; a Taylor orientation factor M = 3 should be employed to transform them into VME values (i.e., factors M and M2 for respectively the flow stress and the SHR). Replotted results from Alberdi [11]. 
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Figure 5. Normalized crystallographic slip shear flow stress (from torsion tests, VME strain rate     ε ¯  ˙    = 8 × 10−3 s−1) at the (apparent) saturation of Stage IV of commercial purity copper and aluminum as a function of homologous test temperature. The athermal limit is about 0.008 G*. Using an orientation factor M = 3, the VME athermal saturation flow stress for these two face-centered cubic (fcc) metals would be 0.024 G*. Data from Alberdi [11]. 






Figure 5. Normalized crystallographic slip shear flow stress (from torsion tests, VME strain rate     ε ¯  ˙    = 8 × 10−3 s−1) at the (apparent) saturation of Stage IV of commercial purity copper and aluminum as a function of homologous test temperature. The athermal limit is about 0.008 G*. Using an orientation factor M = 3, the VME athermal saturation flow stress for these two face-centered cubic (fcc) metals would be 0.024 G*. Data from Alberdi [11].



[image: Metals 10 00066 g005]







[image: Metals 10 00066 g006 550] 





Figure 6. VME flow stress data (ultimate tensile strength, UTS or a third of the Vickers hardness, HV/3) of fcc 99.95% Cu [30,31,32,33,34,35] and 99.98% Ni [36,37,38,39], body-centered cubic (bcc) 99.95% Fe [40,41,42,43,44] and hcp 99.5% (grade 1) Ti [45,46] as a function of the number of equal-channel angular pressing (ECAP) passes performed at 300 K (one pass imparts about one unit of VME strain). Dotted lines are the average of values of flow stress between 8 and 16 passes for each metal; an apparent saturation stress is reached at 300 K beyond 7 ECAP passes for at least Cu, Ni, and Fe. 
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Figure 7. The stress–strain behavior of pure fcc Ni, bcc Fe, and hcp Ti ultra-deformed by torsion under (very) high pressure (HPT) (respectively 2, 6, and 2 GPa applied pressure) at room temperature beyond VME strains of 1000. The VME flow stress has been measured as HV/3, which is one-third of the Vickers microhardness. Replotted from Edalati [56]. The HPT curve of fcc Cu (6 GPa axial pressure) is from Edalati et al. [57]. Dotted lines are the average Stage IV apparent saturation flow stress of metals of similar composition deformed by ECAP in the range 8   ≤  ε ¯  ≤   16 (Figure 6). Homologous deformation temperatures are indicated in the figure. The SFE of the four materials at RT increase in the inverse order of their homologous deformation temperature from approx. 45 mJ/m−2 of Cu to approx. 180 mJ/m−2 of Ti. 
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Figure 8. Normalized VME strain hardening rate, SHR/G* vs. normalized VME flow stress,    σ ¯  /  G ∗    for pure Ni, Fe, and Ti ultra-SPD deformed by HPT at room temperature. Derived from the stress–strain curves measured by Edalati [56], as shown in Figure 7. Saturation of Stage IV and emergence of a new hardening stage. 
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Figure 9. Expected behavior at ultra-severe plastic deformation (SPD) by assuming flow stress control from either (a) saturated statistically stored dislocation density plus geometrically necessary dislocations (GND) density from the HPT shear gradient, Equation (17) or (b) from the 3D dislocation density (cells or subgrains) during Stage IV and from the grain size beyond Stage IV (ultra-SPD range). 
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Figure 10. Stress–strain of (a) Fe and (b) Ti deformed by axisymmetric drawing (Fe-0.007%C, Langford and Cohen [58], 99.15% and 99.6% Ti, Biswas [65], UTS from tensile tests) and by simple shear (HPT, 99.96% Fe and 99.5% Ti, Edalati [56,66], HV/3). Notice the logarithmic scale of the abscissa. The difference in the flow stresses at small/moderate strains may be due to differences in the friction-like flow stress fraction (chemical composition, interstitial content in particular) and initial grain size of the materials, the different testing method for flow stress determination, and the unaccounted compressive deformation of the HPT disk at the beginning of the HPT shear test. 
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Figure 11. Stress–strain of commercial purity nickel (Ni 200, 99.4% Ni) deformed by (a) wire drawing (replotted from [69] and rolling (replotted from) [71]) compared with (b) the behavior of 99.996% Ni deformed by HPT (ultra-severe SPD) (replotted from [56]). In figure (b) arrows point to the seeming ultra-SPD transition. 
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Figure 12. Experimental VME flow stress vs. grain size in the cross-section of <110> textured axisymmetrically drawn iron wires (Fe-0.007%C, from Langford and Cohen [58]) and MD results (molecular dynamics simulations) of similar (but finer) structures of pure iron from ref. [22]. Superposed: the critical stress for bowing a dislocation to the curvature of the grains (the Orowan equation) plus a 100 MPa additive term representing the friction stress from the lattice (appropriate for Fe-0.007%C) or a 1.75 GPa dynamic friction stress (appropriate for the MD simulations because of the very high strain rate employed in the calculations, 108 m−1 [22]). 
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Table 1. Approximate athermal values of the saturation VME flow stress and their associated determinant microstructural features of plastically deformed single-phase polycrystals.
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Stage

	
       [   (   σ s  −  σ 0   )  /  G ∗   ]    T = 0      

	
     ρ s  ,    m  − 2      

	
Comments






	
III

	
0.015

	
1016

	
Limited by max. disloc. density




	
IV

	
0.024

	
2.6 × 1016




	
ultra-SPD

	
Probably ≤ 0.08

	
2.6 × 1016

	
Limited by sat. grain size,    D s  ≈   3 nm




	
bcc and hcp wire-drawing

	
0.08

	
2.6 × 1016




	
absolute ideal limit

	
0.3

	
4 × 1018

	
Limited by amorphization








The room-temperature shear moduli used for normalizing the flow stresses in this figure and throughout this paper are 42.1, 78.9, 64, and 43.6 GPa for, respectively, Cu, Ni, Fe, and αTi [73].
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