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Iron is the predominant metal in the interior of the Earth and other rocky planets and has also received substantial consideration in materials science and engineering due to its technological importance. Here, a finite deformation continuum framework for combining nonlinear elasto-viscoplasticity with multivariant phase-field theory is used to investigate shock-induced polymorphic phase transitions in single-crystal iron. A large number of low-and high-pressure variants with explicit anisotropic pressure-dependent stiffnesses are included with respect to the point-symmetry groups of cubic and hexagonal crystal lattices. Using the element-free Galerkin method with high-performance computing resources, the three-dimensional nonlinear calculations accurately describe some important features reported by the experimental literature, and strongly complement our understanding of the phase-change dynamics in iron at larger time and length scales than hitherto explored by molecular dynamics simulations in the last two decades. The numerical model is able to reproduce unstable shock waves (which break up into elastic, plastic and phase-transition waves), providing new stress-informed insights into the coupling between the high strain-rate plasticity and microstructure evolution during the displacive phase transitions. The analyses of time-position diagrams indicate that the prompt plastic relaxation to a nearly hydrostatic state from uniaxial shock-compression is responsible for the peculiar multiphase microstructure with an unexpected gradient selection of high-pressure variants behind the phase-transition wave front. The existence of two-zone sequential sets of "release" and "reload" variants that results from a heterogeneous nucleation instability leads to a specific microstructural fingerprint of the nonlinear dynamics of phase transitions, thus offering novel guidelines for future experimental diagnostics of shock wave propagation in iron.

Introduction

The high-pressure and high-deformation states of iron (Fe) are of vital importance in many technological and sociological applications [START_REF] Bolm | A new iron age[END_REF] as well as in geophysics due to the role of Fe properties in the Earth and telluric exoplanet internal structure [START_REF] Stixrude | High-pressure elasticity of iron and anisotropy of Earth's inner core[END_REF]. Fundamental understanding of the physical and mechanical properties of Fe under extreme conditions, where the deformation state is caused by various irreversible processes (e.g., plasticity and polymorphic structural (diffusionless) solid-solid phase transformations), is therefore crucial in both materials science and condensed matter physics.

Under high shock compression, the experimental free-surface velocity profiles at room temperature reveal a split threewave structure, also with three distinct successive fronts in iron [START_REF] Bancroft | Polymorphism of iron at high pressure[END_REF][START_REF] Barker | Shock wave study of the α phase transition in iron[END_REF][START_REF] Jensen | Direct measurements of the αtransition stress and kinetics for shocked iron[END_REF][START_REF] Smith | High strain-rate plastic flow in Al and Fe[END_REF] that correspond to the elastically compressed body-centered cubic (bcc) α-Fe phase (elastic precursor, i.e., Ep wave), the compressed bcc phase with plasticity (plastic wave, i.e., P wave) and the structural phase transformation into hexagonal close-packed (hcp) -Fe phases (phase-transition wave, i.e., PT wave). The fastest of these waves is the elastic precursor, whose amplitude is related to the Hugoniot elastic limit of iron, followed by the passage of the plastic front inside the sample up to the onset of the phase transition. Wave profiles indicate that the α → transformation occurs approximately at 13 GPa from the ground-state α-Fe to the high-pressure -Fe of iron (Bancroft et al., 1956, Barker and[START_REF] Barker | Shock wave study of the α phase transition in iron[END_REF]. Direct in-situ observations and X-ray diffraction measurements of the α → transition in shock-compressed iron have unambiguously confirmed the structural phase transitions with nanosecond resolution [START_REF] Kalantar | Direct observation of the αtransition in shock-compressed iron via nanosecond X-ray diffraction[END_REF]. Post-mortem polycrystalline samples (also, in presence of grain boundaries) under ex-situ transmission electron microscopy have shown that the diffusionless phase-transition wave leaves microstructural fingerprints with complex crystallographic orientation relations, without retained -Fe phases [START_REF] Wang | Microstructural fingerprints of phase transitions in shock-loaded iron[END_REF]. Due to the considerable experimental difficulties of quantifying (visco-) plasticity with respect to the polymorphic phase transformations during shock wave propagation in solids, the former irreversible deformation mechanism still remains poorly investigated.

Large-scale molecular dynamics have routinely been used to analyze the evolution processes of solid-solid phase transitions [START_REF] Kadau | Microscopic view of structural phase transitions induced by shock waves[END_REF][START_REF] Kadau | Atomistic simulations of shock-induced transformations and their orientation dependence in bcc Fe single crystals[END_REF] and plastic activities (Gunkelmann et al., 2014a,b, Wang et al., 2014, 2015[START_REF] Zhakhovsky | MD simulation of steady shock-wave fronts with phase transition in single-crystal iron[END_REF][START_REF] Amadou | Coupling between plasticity and phase transition in shock-and ramp-compressed singlecrystal iron[END_REF] using different embedded atom method potentials. Since the success of these nonequilibrium simulations depends on the availability of reliable interatomic potentials to faithfully reproduce the inelastic response of iron in high strain-rate regimes of loadings, the atomic-scale investigations lead therefore to drastically different scenarios of deformation modes. For instance, six most commonly used embedded-atom-model potentials for iron, employed in the literature [START_REF] Wang | An atomic study on the shock-induced plasticity and phase transition for iron-based single crystals[END_REF][START_REF] Zhakhovsky | MD simulation of steady shock-wave fronts with phase transition in single-crystal iron[END_REF][START_REF] Gunkelmann | Polycrystalline iron under compression: plasticity and phase transitions[END_REF], exhibit important discrepancies on the onset of the structural phase transitions (e.g., the nucleation and growth mechanisms of hcp domains with dynamical instability of the compressed bcc iron) as well as on the direct evidence of plastic deformation although experimentally observed. However, the role played by the plasticity is essential to understand the nucleation and growth of the polymorphic phase transformations, which relaxes the elastic stored energy arising from the newly-formed hcp variants under high hydrostatic compression (Vattré andDenoual, 2016, Dewaele et al., 2015). Although present in molecular dynamics simulations through the nucleation of pre-existing dislocations (a.g., at grain boundaries in polycrystals), a realistic modeling of plasticity in representative experimental µm-thick samples requires a very large number of atoms that only becomes accessible by high-performance computing systems for dislocation density ranging from 10 12 m -2 to 10 16 m -2 . On the other hand, the time-scales accessible by the current atomistic calculations are too short compared to the rate-dependent viscoplastic behavior of materials during high strain-rate experiments. The discrepancies among molecular dynamic simulations with various interatomic potentials and the small atomistic sample sizes on a picosecond time scale justify the development of higher length-and time-scale framework to accompany the experimental diagnostics and analyzes dedicated to the polymorphic phase transformations with plasticity in iron. Despite of the extensive efforts made by the pioneers using atomistic simulations to understand the dynamic-loading experiments, the mechanical wave-associated stress picture of the formation of mixed-phase Fe regions with plasticity at the continuum scale is still incomplete. The local correspondence between the in-situ shock-induced microstructures and the inhomogeneous stress states, which are intimately associated with the kinetics of both dissipative (plasticity and phase transformation) deformation processes, can therefore be quantified by continuum micromechanics-based models. The aforementioned features motivate the present work.

A three-dimensional thermodynamically consistent framework for combining nonlinear elasto-viscoplasticity and multivariant phase-field theory at large strains is used to investigate the shock-induced polymorphic phase transformations caused by multiple wave structures in single-crystal iron (thus, without exploring the effects of grain boundaries in polycrystals) . Inelastic forces are obtained by incorporating a complex energy landscape using the concept of reaction pathways for multivariants, similarly to how chemists picture adiabatic chemical reactions. According to the point group symmetry properties of crystalline lattices, 79 variants are also included in the present simulations. The driving forces and kinetic relations for the irreversible deformation processes are formulated for the general dynamical case that accounts for large strains and rotations, with nonlinear and anisotropic pressure-dependent elastic constants. The continuum coupled framework is able to predict the shock wave structure, which breaks up into elastic, plastic and phase-transition waves, and to produce a prompt plastic relaxation to a nearly three-dimensional hydrostatic state due to the large plastic deformation.

Valuable insights and evidences to the synergistic interaction between the plastic deformation and the polymorphic phase transitions are also investigated during the propagation of the multiple waves at the mesoscale, which complement the existing investigations from atomistic simulations. The microstructure evolution is quantitatively analyzed and a novel microstructural (nucleation) mechanism subjected to high hydrostatic and deviatoric stress components is proposed to describe the dynamical fingerprints of the shock-induced polymorphic phase transitions including plasticity in iron. In particular, wave-associated stress instabilities are found to nucleate relatively large and localized phase transformational bands that consist of preferential single hcp variant in [001] bcc shock-loaded iron. Major differences between simulations with and without plasticity in the peculiar heterogeneous microstructure with a specific selection of high-pressure variants behind the phase-transition fronts are therefore discussed in details.

Brief description of the nonlinear model

Thermodynamics

Approximate location of Figure 1 In the present large deformation framework, an arbitrary material point X is defined in the homogeneous configuration Ω 0 ⊂ R 3 , for which the motion of Ω 0 is given by the mapping x = χ (X, t) : Ω 0 → Ω ⊂ R 3 at time t. As schematically illustrated in Fig. (1a), the elastic Fe, transformational Ft, and plastic Fp distortions are multiplicatively related to the total deformation gradient F as follows

F = ∂ X χ = Fe • Ft • Fp , (1) 
where ∂ X χ is the material gradient with respect to X. Similar three-term decompositions of F into elastic, transformational (e.g., martensitic transformation [START_REF] Kouznetsova | A multi-scale model of martensitic transformation plasticity[END_REF][START_REF] Levitas | Interaction between phase transformations and dislocations at the nanoscale. Part 1. General phase field approach[END_REF][START_REF] De | A phase-field model for shock-induced α -γ phase transition of RDX[END_REF] and deformation twinning (Clayton, 2009)), and plastic parts have been proposed elsewhere. Here, the reference configuration Ω 0 is therefore associated with the initial single-crystal bcc iron, and both intermediate configurations Ωp and Ωt are defined by the volume-preserving plastic flow that does not alter the crystal orientations and by the lattice-distortion transformations, respectively. The phasefield approach coupled with finite elasto-viscoplastic deformation is derived within a thermodynamic framework in which the second law of thermodynamics plays a crucial role to derive the configurational driving forces for both irreversible deformation processes [START_REF] Vattré | Polymorphism of iron at high pressure: a 3D phase-field model for displacive transitions with finite elastoplastic deformations[END_REF]. The main assumption is that the Helmholtz free energy functional ψ, per unit reference volume, is split into an elastic part ψ e and an inelastic part ψ in , which reads

ρ 0 ψ = ψ e (Cet) + ψ in (Ct) = 1 2 Ee : D(Cet) : Ee + ψ in (Ct) , (2) 
with ρ 0 the reference mass density of the bcc iron phase, Ct the right Cauchy-Green tensor of Ft, i.e., Ct = Ft t • Ft, where the superscript t denotes the transpose operation, Cet the right Cauchy-Green tensor of Fet = Fe • Ft, and Ee the Green-Lagrange strain measure of the elastic distortion tensor Fe. In eq. ( 2), the stiffness tensor D depends on the elastic and transformational distortions through Cet, including explicitly the anisotropic pressure-and orientation-dependent elastic components of iron. Thus, all low-(bcc), mid-, and high-(hcp) pressure stiffnesses are taken into account, which are directly related to the cold equation of state of iron [START_REF] Vattré | Polymorphism of iron at high pressure: a 3D phase-field model for displacive transitions with finite elastoplastic deformations[END_REF]. On the other hand, the six-dimensional inelastic energy landscape ψ in in eq. ( 2) is written as a function of the transformational distortion Ct and is represented using i) the concept of reaction pathways with respect to the point group symmetry properties of the bcc and hcp crystal lattices, along which the pre-defined energy profiles (i.e., pre-measured from experiments or first-principles simulations) are attached, and ii) an extrapolation procedure that allows for the inelastic energy to be defined in the entire Cauchy-Green strain space [START_REF] Denoual | Phase-field reaction-pathway kinetics of martensitic transformations in a model Fe 3 Ni alloy[END_REF]Vattré, 2016), as concisely described in section 2.2.

When the thermal effects are ignored, the local formulation of the Clausius-Duhem inequality is expressed in terms of dissipation per unit reference volume of mechanical energy D as follows

D = Xt : Ḟt + Σ * : Dp ≥ 0 , (3) 
where the superposed dot denotes the time derivative. Conjugated to the rates of the transformational distortion Ḟt and of the symmetric part of the plastic velocity gradient Dp in eq. ( 3), the corresponding driving forces Xt and Σ * for both irreversible phase transitions and plasticity processes are given by

Xt = Fe t •P•Fp t -ρ 0 ∂ Ft ψ e (Cet) -ρ 0 ∂ Ft ψ in (Ct) Σ * = Fet t •P•Fp t , (4) 
respectively, with P the first Piola-Kirchhoff stress tensor, while ψ e the elastic part of the the free energy is given by the first term in the right-hand side of eq. ( 2). Assuming that the transformational and plastic dissipative processes are thermodynamically uncoupled, the inequality eq. ( 3) can be split into two stronger non-negative inequalities, i.e., D . = D t + D p ≥ 0, where the transformational and plastic dissipative rates per unit reference volume are also identified by D t = Xt : Ḟt ≥ 0 and D p = Σ * : Dp ≥ 0, respectively. For both dissipative processes in hyperelastic materials with isothermal conditions, these two inequalities are to be satisfied, within which a viscous relaxation is taken into account to model the phase transformations and interface kinetics [START_REF] Vattré | Polymorphism of iron at high pressure: a 3D phase-field model for displacive transitions with finite elastoplastic deformations[END_REF]. On the other hand, plasticity can be activated for both low-and high-pressure iron phases. Since a little is known about plasticity at very high pressure in iron, the viscoplastic Bingham-Norton model is used i) as a minimal (but, realistic) plastic flow model to characterize the severe plastic deformation and ii) to prevent numerical issues drastically arising from instantaneous onset of localized plastic events under very high strain rates.

A linear kinetic equation that relates the rate of the transformational distortion Ḟt to the displacive driving forces Xt is also used to describe the kinetics for phase transitions (also, for the solid-solid interface mobilities as well), i.e., υ Ḟt = Xt, with υ > 0 a viscosity-like parameter, so that

υ Ḟt = Xt = Ce•(D(Cet) : Ee)•Ft -t -ρ 0 ∂ Ft ψ in (Ct) , (5) 
which represents the master kinetic equation to solve. Furthermore, it is shown D t = υ |Xt| 2 ≥ 0, as required by the thermodynamic arguments at finite strains. For the present calculations, the phase-transition viscosity is set to v = 100 Pa.s.

Although the experimental measure is not available for the shock-induced bcc-hcp transformations in iron, this value is in reasonable agreement with hydrodynamic models of martensitic phase transitions for shock propagation in iron [START_REF] Weatherwax | On a viscous critical-stress model of martensitic phase transitions[END_REF] and in aluminium [START_REF] Prieto | Steady shock profile in solids[END_REF]. On the other hand, the rate of plastic deformation Dp is formulated using the large strain perfectly Bingham-Norton model, for which the viscoplastic potential is described with respect to the von Mises yield function. The viscous deformation is also isotropic without rotation and preserves the volume, i.e., det Fp = 1. The classical dissipation inequality for plastic flow is straightforward by using positive values for the Bingham yield stress σ 0 = 2 GPa and the plastic viscosity η = v/100 = 1 Pa.s, which lead to representative magnitude of Hugoniot elastic limit of iron, as illustrated in section 3. Importantly, the Clausius-Duhem inequality in eq. ( 3) is fulfilled and the coupled formalism is therefore thermodynamically consistent.

The standard assumption that elasticity is a non-dissipative process gives rise to the hyperelasticity constitutive relation in terms of the first Piola-Kirchhoff stress P, as follows

P = ρ 0 ∂ Fe ψ e (Cet)•Ft -t •Fp -t , (6) 
which fulfills the dynamic equilibrium equations of force. In the Lagrangian description, the linear momentum balance in Ω 0 is given by: ∇ • P = ρ 0 ü, where ü = ẍ (X, t) is the acceleration of the material point X, with u = x (X, t) -X, the displacement vector. By use of the quadratic form for the strain energy density ψ e in eq. ( 2), the local form of the linear momentum balance is rewritten as follows

∇ • Fe•(D(Cet) : Ee)•Ft -t •Fp -t + ∇ • Fet•(Ee : ∂ Cet D(Cet) : Ee)•Fp -t = ρ 0 ü , (7) 
where the quantity ∂ Cet D, as the derivative of D with respect of Cet, includes the anisotropic elastic stiffness tensors of both bcc and hcp phases. The shock-wave phase transitions in iron are also simultaneously manifested by large changes of volume, free strain state, and pressure-dependent stiffnesses. For the considered range of dynamic loads in the following, this description is sufficient to capture most of the physics and shock observables. The same pressure-dependent elastic constants as in Ref. [START_REF] Vattré | Polymorphism of iron at high pressure: a 3D phase-field model for displacive transitions with finite elastoplastic deformations[END_REF] are selected for the present calculations of shock-loaded iron, for which the quasi-static pressure-volume response is fairly in good agreement with experiments using diamond anvil cells.

Both eqs. ( 5) and ( 7) are numerically solved in a 3D Lagrangian code using the element-free Galerkin method [START_REF] Belytschko | Element-free Galerkin methods[END_REF] for shock wave propagation. This method describes the solid-solid interfaces by spreading the discontinuities over several nodes with a smoothed interpolation with high order continuity. The moving least-squares construction of the element-free Galerkin shape functions is used to avoid any advanced remeshing procedures to track these interfaces. In particular, an implicit first order scheme is used to solve the viscous relaxation given by eq. ( 5), while an explicit second order single step (SS22) time averaged method is considered to solve the weak variational formulations of the linear momentum equation in eq. ( 7). Before solving eqs. ( 5) and ( 7) however, the last remaining inelastic transformational forces ∂ Ft ψ in in the right-hand side of eq. ( 5) is needed to be determined. The corresponding inelastic energy landscape ψ in and latter driving forces ∂ Ft ψ in are also defined using the concept of reaction pathways for multiple symmetry-related variants of iron.

Multiple reaction pathways

The crystallographic relations in the bcc-to-hcp martensitic phase transition are related to the displacive Mao-Bassett-Takahashi mechanism [START_REF] Mao | Effect of pressure on crystal structure and lattice parameters of iron up to 300 kbar[END_REF][START_REF] Bassett | Mechanism of the body-centered cubic-hexagonal close-packed phase transition in iron[END_REF], as follows

[001] bcc [2 11 0] hcp and, (110

) bcc (0001) hcp , (8) 
where the above structural relations are achieved by applying a shear to a (110) bcc plane, which consists of an elongation and a compression along the [1 10] bcc and the [001] bcc directions, respectively. This transformation is required to form the regular hexagonal octahedron of hcp structures and is related to a homogeneous linear mapping U, i.e.,

U =        - 3 4 √ 2 + 1 4 3 2 c /a - 3 4 √ 2 + 1 4 3 2 c /a 0 - 3 4 √ 2 + 1 4 3 2 c /a - 3 4 √ 2 + 1 4 3 2 c /a 0 0 0 √ 3 2        , (9) 
where c /a = c /a is the lattice ratio for the pure -Fe phase [START_REF] Caspersen | Importance of shear in the bcc-to-hcp transformation in iron[END_REF], while the volume change accompanying the phase transition is determined by det U = 9c /a /16. The close-packed structure of hcp is also obtained, with c /a = 1.603 from experiments [START_REF] Dewaele | Mechanism of the αphase transformation in iron[END_REF][START_REF] Mao | Effect of pressure on crystal structure and lattice parameters of iron up to 300 kbar[END_REF], reflecting a ∼ 10% volume reduction. The corresponding Green-Lagrange deformation tensor of eq. ( 9) is also given by

E = 1 2 U t • U -I =     -0.022 -0.040 0 -0.040 -0.022 0 0 0 -0.125     , (10) 
which characterizes the strain measure of the aforementioned bcc-to-hcp path in iron. However, the reconstructive signature of first-order martensitic phase transition in the intermediate configuration domain Ωt requires multiple Fe polymorphs that can be described using specific point group symmetry operations on the low-pressure bcc and high-pressure hcp crystal lattices [START_REF] Denoual | Phase-field reaction-pathway kinetics of martensitic transformations in a model Fe 3 Ni alloy[END_REF], Denoual and Vattré, 2016[START_REF] Pitteri | Continuum Models for Phase Transitions and Twinning in Crystals[END_REF][START_REF] Bhattacharya | Microstructure of Martensite[END_REF][START_REF] Gao | Self-organized multigrain patterning with special grain boundaries produced by phase transformation cycling[END_REF].

A phase-field approach by reaction pathways [START_REF] Denoual | A phase field approach with a reaction pathways-based potential to model reconstructive martensitic transformations with a large number of variants[END_REF], which accounts for the large number of stable and metastable states incorporating the initial/reversed phases (also, metastability), the corresponding inelastic energies, and the pressure-dependent elastic properties of iron, offers a complete quantitative description of the reconstructive phase transitions in iron with hierarchically multiple (here, three) levels of transformations.

The complete network of reaction pathways is illustrated in Fig. ( 1b), which is constructed by using a recursive duplication of the linear mapping U in eq. ( 9) with respect to lattice symmetries and point-group rotations of bcc and hcp iron structures. The recursive procedure in large strain formulation is given in Ref. [START_REF] Denoual | A phase field approach with a reaction pathways-based potential to model reconstructive martensitic transformations with a large number of variants[END_REF], applied here for the present reconstructive α → → α → phase transitions in iron. In particular, the rotation matrices in the point group of the cubic α-Fe lattice yield 6 energetically equivalent -Fe variants that can be generated from the initial singlecrystal bcc iron. These point group symmetry operations describe the forward α → transition, where the six first-rank hcp variants are indexed by V k , with 1 ≤ k ≤ 6, following the terminology introduced in Ref. [START_REF] Vattré | Polymorphism of iron at high pressure: a 3D phase-field model for displacive transitions with finite elastoplastic deformations[END_REF].

The subsequent rotation matrices in the point group of hexagonal lattice consist in generating 12 bcc variants from the 6 hcp variants to characterize the reverse → α transition, while 60 -Fe variants can be nucleated from the α -Fe variants, i.e., 5 -Fe variants from each α -Fe variant. To make a clear distinction in phase orientation between all newly-formed variants, α and designate the rotated α and phases with a specific rotation that belongs to the holohedry point groups of cubic and hexagonal lattices, respectively. Overall, the complete reconstructive phase transformation is also represented by a three-rank network including 79 different reaction pathways.

The inelastic energy potential ψ in in eq. ( 5) that corresponds to the three-rank network of reaction pathways defines the minimal energy contribution along all bcc-to-hcp paths between the low-and high-pressure phases, and then by extending the latter to any deformation state (Vattré andDenoual, 2016, Denoual andVattré, 2016). This extension is based on an interpolation technique using the Euclidean distance measure in the Cauchy-Green strain space. The resulting inelastic energy landscape can be viewed as an extension of the standard Landau free energy in the time-dependent Ginzburg-Landau phase-field theory [START_REF] Wang | Three-dimensional field model and computer modeling of martensitic transformations[END_REF][START_REF] Artemev | Three-dimensional phase field model and simulation of martensitic transformation in multilayer systems under applied stresses[END_REF][START_REF] Lookman | On dynamics of ferroelastic transitions[END_REF][START_REF] Levitas | Displacive phase transitions at large strains: phase-field theory and simulations[END_REF] that connects multiple variants (also, with multiple high-dimensional wells) applied here to the polymorphic phase transformation in shock-compressed iron. The material parameters that characterize the inelastic potential ψ in and thus determine the corresponding driving forces ∂ Ft ψ in are the same as selected for the high hydrostatic compression applications in Ref. [START_REF] Vattré | Polymorphism of iron at high pressure: a 3D phase-field model for displacive transitions with finite elastoplastic deformations[END_REF].

Results and discussion

The internal structure of shock waves

In the following dynamical analyses, the three-dimensional iron samples are oriented along the 1a). The unshocked material is at rest at t = t 0 = 0, while the final simulation time t f is related to the physical time t c for acoustic waves to travel through the sample. The dynamical loading conditions are controlled by assuming that t f = 2.5 t c , such that the acoustic waves run over 2.5 times the samples during the entire simulations. Thus,

t c = L z /c L ,
where L z is the initial box length in the [001] bcc shock direction, with L z = 16 L x = 16 L y = 1.28 mm, and c L is the longitudinal wave celerity in iron, defined by c L = b α 11 /ρ 0 , with b α 11 = 271 GPa the corresponding low-pressure elastic component of the pure bcc iron [START_REF] Lew | Quantum mechanics based multiscale modeling of stress-induced phase transformations in iron[END_REF]. It therefore follows that: c L = 5850 m.s -1 , so that t f ≈ 0.55 µs, which corresponds to the duration of all calculations. For convenience, a dimensionless time t * is defined as t * = t/t f , while the dimensionless length L * along z is given by L * = z/L z , so that both quantities t * and L * are ranged between 0 and 1. Moreover, the classical sign convention in continuum mechanics is used, so that compressive (extensive) volumetric stresses have negative (positive) signs.

The capability of the continuum element-free Galerkin model to reproduce the experimental multiple split-wave structure is illustrated in Approximate location of Figure 2 The shocked-induced microstructure during the martensitic phase transitions (also, the PT front) is analyzed in the sixdimensional Cauchy-Green strain space, for which the corresponding network of reaction pathways is projected using three specific matrices, as defined in Ref. [START_REF] Vattré | Polymorphism of iron at high pressure: a 3D phase-field model for displacive transitions with finite elastoplastic deformations[END_REF] and illustrated in Fig.

(2). Thus, the deformation states that are mapped and visualized by colored points correspond to the local transformational distortions experienced by the iron samples. Each color is associated with the index of the nearest first-rank variant V k . Figures (2a) and (2b) depict the corresponding states that are captured when the elastic fronts reach the free surfaces for calculations without plasticity and with plasticity, respectively. The former shows that two hcp variants are nucleated without plasticity, denoted by V 1 and V 2 , according to the nomenclature of all symmetry-related variants (see Tab. 1 in Ref. [START_REF] Vattré | Polymorphism of iron at high pressure: a 3D phase-field model for displacive transitions with finite elastoplastic deformations[END_REF]), which are both obtained by applying the shear deformation from the Mao-Bassett-Takahashi mechanism, i.e., a compression along the shock-wave [001] bcc direction as well as an elongation along the perpendicular directions of the (110) bcc and (1 10) bcc bcc planes, respectively. These two preferential -Fe variants are formed with different volume fractions, i.e., 62% for V 1 and 35% for V 2 , and are thoroughly promoted by the [001] bcc direction of the shock. On the other hand, although the calculations with plasticity initiate the early formation of the same two variants, the four companion hcp variants are rapidly nucleated behind the PT wave front with comparable volume fractions. This microstructural fingerprint exhibits a crucial role played by the plastic deformation in nucleating and selecting all six energetically equivalent hcp variants in Fig. (2b). According to recent simulations under high-pressure hydrostatic compression [START_REF] Vattré | Polymorphism of iron at high pressure: a 3D phase-field model for displacive transitions with finite elastoplastic deformations[END_REF], the single-crystal iron has been transformed at high pressure into a polycrystalline microstructure that consists of the same six hcp variants, without any retained initial bcc phase, as experimentally observed [START_REF] Dewaele | Mechanism of the αphase transformation in iron[END_REF]. It is therefore suggested that the present high strain-rate plastic deformation can locally achieve a similar nearly relaxed three-dimensional hydrostatic state from the uniaxial strain state produced by the shock-wave compression. The nucleation of all (also, six) high-pressure hcp variants have never been described by atomistic calculations of shock-loaded iron, certainly because of the small dimensions that hinder plastic relaxation needed to nucleate these four companion hcp variants. For instance, two twinned hcp variants, separated by noncoherent grain boundaries, are observed in Refs. [START_REF] Kadau | Microscopic view of structural phase transitions induced by shock waves[END_REF][START_REF] Kadau | Atomistic simulations of shock-induced transformations and their orientation dependence in bcc Fe single crystals[END_REF].

Effect of plasticity in shock-loaded iron

Approximate location of Figure 3 Because the deformation processes act as distinctive signatures in shock-compressed samples, reflecting the history the solid experienced (in terms of velocity, shock pressure, etc.), three averaged quantities over the computational samples are the simulation with plasticity shows a much more complex velocity profile, where the multiple-wave structure consists inter alia of the elastic precursor Ep with the same velocity as the case without plasticity, the plastic (P wave) front, and the elastic wave reverberation with the on-going PT wave, i.e., the rEp wave. This wave profile is comparable to those reported in experimental works with distinct three-wave structures [START_REF] Barker | Shock wave study of the α phase transition in iron[END_REF]Hollenbach, 1974, Jensen et al., 2009). The instants when both P and rEp waves reach the free surface are displayed by the double-headed arrows in Fig. (3a), corresponding to v z = 880 m.s -1 and v z = 1170 m.s -1 , respectively. It is worth noting that both reflected Ep and P waves that propagate back in the elastically compressed and plastically deformed bcc iron (thus, along the [00 1] bcc direction) produce a residual stress state that does not favor the mandatory forward α → phase transitions. The interaction in releasing the stresses between the reflected Ep and P waves with the PT wave encourages therefore the reverse → α phase transitions, without retaining any -Fe hcp phase nor without forming any α -Fe bcc variants. Interestingly, this feature differs from the pure hydrostatic compression loading, for which a significant residual volume fraction (∼ 12%) of α bcc inclusions has been obtained in the microstructure after the reverse phase transformations [START_REF] Vattré | Polymorphism of iron at high pressure: a 3D phase-field model for displacive transitions with finite elastoplastic deformations[END_REF]. Consequently here, the incident PT wave cannot reach the free surface for calculations with plasticity, in contrast to the simulation case without plasticity. Additionally, it is worth mentioning that the amplitude of the steady-state free-surface velocity with plasticity is close to the one without plasticity, i.e., v z = 1707 m.s -1 , which is roughly twice the particle velocity of 850 m.s -1 imposed on the rear face behind the incident shock as a loading condition, consistently with the traction-free conditions at free surfaces.

Both calculations without and with plasticity in Fig. (3b) exhibit a similar elastic state where compression remains uniaxial in the [001] bcc direction, characterized by a pressure p E = 3.9 GPa in the elastically compressed bcc phase. By considering this threshold pressure as the Hugoniot elastic limit for the plasticity-free case, the value of 3.9 GPa is defined between two reference experimental data in polycrystalline iron samples, i.e., ∼ 2.1 GPa [START_REF] Zaretsky | Yield stress, polymorphic transformation, and spall fracture of shock-loaded iron in various structural states and at various temperatures[END_REF] and ∼ 5.5 GPa [START_REF] Smith | High strain-rate plastic flow in Al and Fe[END_REF]. It is worth mentioning that the similar computed values for both uniaxial elastic limits without and with plasticity are fortuitous since the former corresponds to the transformational front (accompanied by both hydrostatic and deviatoric stresses), while the latter is related to the plastic front (mainly controlled by deviatoric stresses). In practice, once the phase transformation operated by one specific variant is initiated, the excess free energy between both bcc and hcp iron phase promotes a partially-to-complete shock-induced transition that behaves differently than pure pressure, as quantified by eq. ( 9). The corresponding released stress state after this phase transformation is much more complex than the stress state behind the deviatoric stress-driven plastic front. The changes from the uniaxial shock compression to a complex stress state after phase transitions in the plastically deformed iron cannot therefore be captured by a usual pressure-shock velocity (e.g., represented by a Rayleigh line), yielding an important distinction between the shock physics described at the macroscopic scale and ones described at the grain scale. Behind the traveling Ep wave front, the pressure profile depicts the presence of one (two) plateaus for calculations without (with) plasticity. The former exhibits the presence of the PT wave front as the pressure dramatically increases up to p PT = 37.7 GPa. The latter profile shows an intermediate pressure plateau that characterizes the plastically deformed bcc region, within which the forward α → phase transitions start roughly at the onset pressure p PT = 18.2 GPa, as indicated by the dotted line in Fig. (3b). This value is on the range of experimental values for single-crystal iron under hydrostatic pressure [START_REF] Dewaele | Mechanism of the αphase transformation in iron[END_REF], and in excellent agreement with large-scale molecular dynamics simulations in single-crystal iron as well, i.e., 18 GPa along the same

[001] bcc shock direction [START_REF] Wang | An atomic study on the shock-induced plasticity and phase transition for iron-based single crystals[END_REF]. Here, the value deviates from the conventional macroscopic threshold from experiments on polycrystalline Fe samples (occurring at 13 GPa (Bancroft et al., 1956, Barker and[START_REF] Barker | Shock wave study of the α phase transition in iron[END_REF]),

for which the grain boundaries with pre-existing intrinsic defects reduce the amplitude of the forward transition pressure (Gunkelmann et al., 2014a[START_REF] Wang | Coupling between plasticity and phase transition of polycrystalline iron under shock compressions[END_REF], Zhang et al., 2018). Achieved after the complete phase transformation of the bcc into hcp variants, the upper plateau is governed by the load intensity and is reached at p = 44.1 GPa, slightly higher than the pressure without plasticity. This value is in very good agreement with recent results from molecular dynamics simulations in shocked iron [START_REF] Amadou | Coupling between plasticity and phase transition in shock-and ramp-compressed singlecrystal iron[END_REF], where a maximum mean pressure of ∼ 40 GPa has been measured by applying a comparable piston velocity of 800 m.s -1 .

Figure (3c)

shows the corresponding values for the von Mises stress, with σ vM = 2.7 GPa for both simulations in the elastically compressed bcc iron. Then, the large von Mises stress profile increases inhomogeneously in the sample without plasticity, which is due to a heterogeneous distribution of both hcp variants V 1 and V 2 in the microstructure with lamellar arrangements along the shock direction (not shown here). The maximum value is σ vM = 18.1 GPa. With plasticity, however, the volume-preserving plastic deformation relaxes significantly the internal von Mises stress to reach an averaged von Mises stress of σ vM = 1.1 GPa (< 3.9 GPa, at the peak Hugoniot elastic state) in the shocked-induced hcp multivariant region. This difference asserts the role played by plasticity to release the shear stress state produced by the uniaxial strain compression to obtain a roughly hydrostatic state with 6 high-pressure hcp variants (instead of 2 variants without plasticity) in the transformed heterogeneous microstructure.

Approximate location of Figure 4 Figures (4a) and (4b) capture the evolution of the longitudinal stress component in the shock direction σ zz in the Lagrangian adimensional position-time (L * , t * ) diagrams, without and with plasticity, respectively. The non-steady-state regimes of the present elastic precursor (Ep, solid lines), plastic (P, dashed), and phase-transition (PT, dotted) waves -moving with different average speed so that net distances between the respective fronts increase with time-exhibit a more complicated picture for the three-wave structure with the high strain-rate plasticity than the corresponding diagram without plasticity. The reflection of the incident fronts from the free surfaces are depicted as well.

The leading E wave front, traveling at 5412 m.s -1 (5541 m.s -1 ) for calculation with (without) plasticity, leaves the iron system in an elastically compressed state with high-pressure properties. The former value is in excellent agreement with the computed shock velocity of 5409 m.s -1 using molecular dynamics simulations in single-crystal iron without pre-existing defects [START_REF] Kadau | Microscopic view of structural phase transitions induced by shock waves[END_REF], which is consistent with the present calculations. Without plasticity, the trailing PT front travels homogeneously in the sample at 4655 m.s -1 . For the three-wave structure, the nearly over-driven P front (but not over-run, i.e., characterized by a finite separation between the E and P waves) propagates at 5059 m.s -1 , while the slower heterogeneous PT front travels with intermittent regimes at 3002 ± 99 m.s -1 , which is much lower than the homogeneous PT front without plasticity. In contrast to the case without plasticity, the intermittent propagation of the PT front with plasticity reveals the presence of i) sudden nucleation events of hcp variants (as depicted by the arrows in Fig. (4b)), and consequently of ii) a so-called traveling release-stress envelope. This envelope propagates by reflection between the rear surface on the left-hand side of the sample and the PT wave before interacting the (unloading) reflected Ep wave with the free surface, as displayed by the asterisk * in Fig. (4b). It precedes always the slower wave, i.e., the PT wave, but travels faster than the elastic wave at 8312 m.s -1 in the transformed high-pressure regions of iron (i.e., with high pressureinduced stiffness and density). These distinct nucleation sites of hcp variants are not experienced for calculations without plasticity, exhibiting again the specific role played by the plastic deformation in governing such microstructural features.

Analogous distinct nucleation events in position-time diagrams have been observed in shocked crystalline 1,3,5-triamino-2,4,6-trinitrobenzene using large values for the input parameter σ in molecular dynamics simulations [START_REF] Kroonblawd | Characteristics of energy exchange between inter-and intramolecular degrees of freedom in crystalline 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) with implications for coarse-grained simulations of shock waves in polyatomic molecular crystals[END_REF]. 

3J 2 = σ 2 vM = 3 2 dev σ : dev σ = 1 2 s n + 6s s , (11) 
where dev σ is the deviatoric part of σ, so that s n and s s are defined by At t * = 0.27, the presence of a dynamical instability in the compressed and plastically deformed microstructure is shown. This occurs under a complex stress state that is responsible to an extremely rapid nucleation of a large singlecrystal hcp variant V 1 (in orange, as depicted by * in M 2 in Fig. (5a)) with columnar growth in the direction of the shock loading. This spontaneous nucleation is characterized by a notable change in sign of the shear stress τ from negative (green) to positive (red) values. The ideal volume-reducing transition path of the strain-free mono-variant V 1 requires a compression of ∼ 12.5% along the z [001] bcc direction (see the zz component in eq. ( 10) in section 2.2). This sudden nucleation event gives rise to the aforementioned traveling release-stress envelop in Fig. (4b), which is also characterized by a finite domain with positive shear stress values, as depicted by white double-sided arrows in M 2 and M 3 . Surrounded by the initial bcc phase, the variant V 1 is able to grow in the shock direction, whereas the confined region between the PT front and V 1 in M 2 becomes an unstable zone for nucleation of high-pressure variants. Similar shock-driven regions of instabilities, within which local nucleation of hcp embryos occur, have been observed by Wang et co-workers using atomistic simulations [START_REF] Wang | Phase transition of iron-based single crystals under ramp compressions with extreme strain rates[END_REF].

s n = (σ xx -σ yy ) 2 + (σ yy -σ zz ) 2 + (σ xx -σ zz ) 2 s s = σ 2 xy + σ 2 yz + σ 2 xz , (12) 
Although V 1 is still visible at instant t * = 0.44, the phase-transition wave front continues to propagate in the shock direction, exhibiting the coalescence of the hcp variants and also a specific morphological fingerprint of shock-induced hcp variants with large transformed bands (due to the periodic boundary conditions) at high pressure. A thickness of ∼ 77 µm for V 1 is found in the z [001] bcc direction, which also depends on the shock velocity (results not shown here). Overall, s n exhibits large values in the elastically compressed zones, which significantly decrease as soon as the nucleation of growth of hcp variants take place during the polymorphic phase transitions. In turn, because both quantities s n and s s quantities play a complementary role in the present J 2 plasticity theory, s s gives rise to large values in the phase-transformed hcp regions.

The aforementioned transformed bands are therefore considered here as an important mechanism of stress relaxation under shock compression at high strain rate, thus providing novel guidelines for future experimental diagnostics of shock wave propagation in iron.

Dynamical instability in structural phase transitions

Approximate location of Figure 6 6), so-called here the "primary transformational zone" (i.e., "1st PT zone" in Fig. ( 6)) in relation to the occurrence of the heterogeneous nucleation of the release variants. The associated velocity that accompanies these discontinuous nucleation events is also slightly lower than the velocity for the plastic front. Between these three zone-A regions, the domains in red (and denoted by zone B in Fig. (7a)) illustrate the formation of the reload hcp variants of G 2 , within which the net volume fraction of G 1 decreases i) with increasing the amount of G 2 , which leads to a complex mixture of 6 variants with comparable phase fractions of each individual variants from G 2 , and also ii) with increasing the magnitude of the plastic Green-Lagrange deformation |Ep|, as shown by the gray curve. The combination of these three red-dominated domains B is designated as the "secondary transformational zone" (i.e., "2nd PT zone" in with respect to t * , defined between 0.15 and 0.40, for clarity. Figure (8a) shows that Ep zz in zone A increases in magnitude from zero to -0.051, a value that keeps the corresponding second deviatoric stress invariant below the critical yield stress.

After a delay of ∼ 0.012 µs, the phase transformation occurs abruptly up to the constant value Et zz = -0.13, as depicted by the double-sided arrow in Fig. (8a), which is associated with the complete polymorphic transition of the initial bcc phase into the release hcp variants. Then, the structural transformation is followed by a subsequent decrease down of Ep zz to almost zero. This drop can be understood by first noticing that the plastic and transformational Green-Lagrange strains have both compressive (i.e., with negative values) longitudinal components, and by recognizing that the amount of plastic deformation evolves to limit only the deviatoric stress to the yield stress, while the transformational lattice-distortion is likely to reach both high pressure-induced variants of G 1 . Secondly, the appropriate evaluation of the transformational distortion measure can be estimated by computing the averaged Green-Lagrange tensors over both variants V 1 and V 2 , which yields to

Et G 1 ={V 1 +V 2 } =     0.022 0 0 0 0.022 0 0 0 -0.125     , (13) 
with different signs for the diagonal components. Here, the corresponding plastic strain measure is equivalently defined in terms of orientational and directional characteristics (i.e., similar diagonal matrix with similar signs as in eq. ( 13)), but with slightly more than twice the amplitude for the longitudinal component, i.e., -0.125 in eq. ( 13) compared to -0.051 the maximum value of Ep zz in Fig. (8a). This also induces a plastic deformation in the opposite direction (which, in turn, decreases |Fp|) to limit the deviatoric stress state to the given yield stress, so that |Ep| is significantly reduced by the growing two-mixture phase transformation of G 1 .

On the other hand, 

Et G 2 ={V 3 +V 4 +V 5 +V 6 } =     -0.051 0 0 0 -0.051 0 0 0 0.022     , (14) 
which is obtained by accounting for the averaged contribution of the four hcp variants in G 2 , only. In contrast to the zone A, for which the signs of the diagonal Green-Lagrange strain components in eq. ( 14) are inverted to the ones in eq. ( 13), the zone B is therefore deformed in the direction opposite to the plastic deformation, which is inevitably balanced by a prominent increase of the plastic Green-Lagrange strain amplitude, as depicted in Fig. (8b).

The existence of two-zone sequential sets of release (zone A) and reload (zone B) variants in plastically deformed microstructure induced by shock wave can be summarized as follows: behind the plastic wave front, the hydrostatic pressure state reaches first the threshold value for phase transformation with heterogeneous nucleation and growth of variants.

Although all hcp variants are energetically equivalent in terms of isothermal enthalpy, the uniaxial shock compression favors the selection of two (from amongst six energetically equivalent variants) preferential hcp variants, namely the only ones that are capable of releasing the compressive stress state induced by the amplitude and the [001] bcc direction of the shock loading. This transformational distortion occurs in large zone (designated zone A in Fig. (7a)) and evolves until the polymorphic transition into the selected and preferred hcp variants of G 1 is completed. In particular, the transformation leads to a three-dimensional diagonal strain tensor with Et zz < 0, Et xx > 0 and Et yy > 0, which is consistent with the high-pressure compression in the shock direction. In the present dynamic deformation scenario, which differs from the hydrostatic compression in Ref. [START_REF] Vattré | Polymorphism of iron at high pressure: a 3D phase-field model for displacive transitions with finite elastoplastic deformations[END_REF], the two-mixture transformation induces strong unloading events that prevent further martensitic phase transitions into these two release hcp variants. Thus, the complementary reload variants become energetically favorable due to local changes of the pressure-state response by expansion wave structures, where the phase transition into high-pressure hcp polymorphs still continues with increasing (decreasing) the volume fraction of reload (release) variants of G 2 (G 1 ) in the sample. The onset of reload variants progressively restores the dynamical conditions of the first instability (under a uniaxial loading condition), which allows for a new cycle of instability in the shock-induced phase transitions in single-crystal iron.

Conclusion

Using the element-free Gakerkin method with high-performance computing resources, a finite deformation continuum framework for combining nonlinear elasto-viscoplasticity with multivariant phase-field theory is used to investigate the polymorphic phase transformations caused by shock waves in single-crystal iron. As an extension of the Laudau free energy in standard phase-field techniques, the inelastic energy potential is constructed by recursively duplicating an elementary reaction pathway, derived from the Mao-Bassett-Takahashi mechanism, with respect to the point-symmetry groups of (low-pressure) cubic and (high-pressure) hexagonal crystal structures. In the present thermodynamically consistent formalism with a particular three-term decomposition of the total deformation gradient, the anisotropic elastic constants are explicitly accounted for all bcc and hcp variants of iron. It is shown that the three-dimensional dynamics simulations with plasticity accurately reproduce important observable characteristics reported by the experimental literature. For instance, the free-surface velocity exhibits that the shock wave is unstable, which breaks up into elastic, plastic and phase-transition waves for which the bcc-to-hcp phase transformation pressure is in agreement with experiments. The present split threewave structure is characterized by the dynamical evolution of the strain from one-to three-dimensional compression with a local stress state that also relaxes to a nearly hydrostatic state. Similar plastic relaxations, however without structural phase transformation, have already been revealed in shock-compressed copper by diffraction experiments (Loveridge- [START_REF] Loveridge-Smith | Anomalous elastic response of silicon to uniaxial shock compression on nanosecond time scales[END_REF][START_REF] Milathianaki | Femtosecond visualization of lattice dynamics in shock-compressed matter[END_REF] and large-scale molecular dynamics simulations [START_REF] Milathianaki | Femtosecond visualization of lattice dynamics in shock-compressed matter[END_REF][START_REF] Bringa | Shock deformation of face-centered-cubic metals on subnanosecond timescales[END_REF]. The present simulated threshold as the elastic limit of 3.9 GPa as well as the forward phase transitions at 18.2 GPa are both comparable to that inferred from various standard experimental results available in the literature, while the longitudinal wave velocity of the leading elastic front at 5412 m.s -1 are is in excellent agreement with atomistics [START_REF] Kadau | Microscopic view of structural phase transitions induced by shock waves[END_REF]. Furthermore, the microstructural stress-informed analyzes complement the extensive studies hitherto examined by molecular dynamics simulations in the last two decades. The heterogeneous plastic deformation is quantitatively found to play a significant role in nucleating and selecting the shock-induced variants at high pressure, which significantly differs from samples loaded under hydrostatic external compression. The Lagrangian time-position diagrams reveal that the prompt plastic relaxation to a nearly hydrostatic local state from uniaxial shock-compression is responsible for the peculiar multiphase microstructure with an unexpected gradient selection of high-pressure variants behind the phase-transition wave front. The existence of two sets of variants, so-called "release" and "reload" variants appearing in separated zones, results from a nucleation instability that leads to a specific fingerprint of the nonlinear dynamics of unstable shock waves induced by structural phase transformations. These distinctive microstructural signatures offer novel guidelines for future experimental diagnostics of solid-solid phase transitions in materials during shock wave propagation. (a) sn (in 10 9 GPa 2 ) 0. 30.

(b) V 1 V 2 V 3 V 4 V 5 V 6 V 1 V 2 V 3 V 4 V 5
ss (in 10 9 GPa 2 ) 0. 6.

τ (in GPa) 

  [100] directions, and the shock waves are generated along the z [001] bcc direction, using 80 × 80 × 1280 element-free Galerkin nodes (∼ 8.2 millions), with periodic boundary conditions transverse to the direction of shock front propagation, i.e., to x [100] bcc and y [010] bcc . The initial shock compression is induced by imposing a velocity of 850 m.s -1 on the rear face along z [001] bcc , while the free surface is located at the extremity of the rectangular parallelepiped-shaped samples, as depicted in Fig. (

  Fig. (1) by displaying the spatial heterogeneous distribution of the pressure behind the incident compressive wave. Figures (1c) and (1d) show the corresponding two-and three-wave structures for representative simulations without and with plasticity at t * = 0.35, respectively. Different regions, namely, the initial unshocked, the elastically compressed bcc iron, and the transformed regions with high-pressure hcp Fe multivariants are also depicted. Furthermore, the plastically deformed bcc iron can be displayed for the calculation with plasticity in Fig.(1d). A sharp PT wave front is exhibited without plasticity, while a more complex rough PT front (see inset in Fig.(1d)) is shown to generate multiple planar pulses (as depicted by the vertical double-headed arrows) that propagate toward the leading plastic front. These localized traveling-wave fronts are suddenly produced by the dynamical phase transitions with high velocity in the compressed bcc region with high-pressure elastic properties. The consequences of the complex three-wave structure and competing wave interactions in the evolving deformation microstructure are elucidated in the following sections.

  plotted in Fig. (3). Slice-averaged quantities within spatial planar bins (of one element width) are also used to quantify the role of plasticity in tailoring the complex microstructure from the uniaxial strain deformation, namely the free-surface velocity v z in Fig. (3a), the pressure p = -(σ xx + σ yy + σ zz )/3 in (3b), and the von Mises stress σ vM in (3c) with respect to t * , obtained without (gray curves) and with (black curves) plasticity. Both averaged quantities p and σ vM are displayed with respect to L * along the z [001] bcc loading direction of the samples.

Figure

  Figure (3a) shows the presence of two distinct plateaus for the free-surface velocity profile without plasticity (gray curve), supporting by the split two-wave structure into the noticeable fastest elastic and the phase-transition (denoted by PT, see arrow) waves. The elastic wave is characterized by the elastic precursor Ep with v z = 255 m.s -1 , while the phasetransition front produces a considerable increase of the velocity at free surface, up to v z = 1660 m.s -1 . On the other hand,

3. 3 .

 3 Figures (5a) display three shock-induced microstructures denoted by M 1 , M 2 , and M 3 in Fig.(4b) that are associated with t * = 0.21, t * = 0.27, and t * = 0.44, respectively, for the calculation with plasticity only. The time-dependent movie is given in the supplemental material. For these microstructures, various stress-related quantities, i.e., the longitudinal Cauchy stress tensor component in the shock direction σ zz , the shear stress τ = (σ zz -(σ xx + σ yy ) /2) /2, s n , and s s , as well as the corresponding hcp variant selection, are displayed. Both stress quantities s n and s s are related to the second invariant of the stress deviator J 2 and the von Mises stress σ vM by

  with σ xy , σ xz , and σ yz being the orthogonal shear stresses. As a signed quantity, the shear stress τ , which equals to the von Mises stress if the off-diagonal terms are neglected, can also have positive (in red) or negative (green) values depending on the magnitude of σ zz with respect to (σ xx + σ yy ) /2. All individual color legends for the stress-related quantities are displayed in Fig.(5b).At instant t * = 0.21, the split three-wave structure into the Ep, P, and PT wave fronts is clearly distinguishable by the change in magnitude of σ zz in Fig.(5a). Close to the phase-transition front, the transformed region with 6 high-pressure hcp variants is characterized by positive values of the shear stress τ (values in red). Between the PT and P wave fronts, the shear stress τ is negative (green), the stress field s s is zero, while the quantity s n exhibits the presence planar surfaces as pulses generated by the PT front that dynamically nucleates the hcp variants. These six variants are pictured with the same colors as in Fig.(2b). Behind the complex rough PT front, some hcp grains grow preferentially into flaky morphology with (110) bcc and (1 10) bcc habit planes of the bcc iron, which are transformed into the (0001) hcp close-packed planes after the phase transition.

Figure

  Figure (6a) illustrates the shock-induced instability in the structural phase transitions by means of the magnitude of the plastic Green-Lagrange deformation Ep, defined by |Ep| = |Fp t • Fp -I|/2. This quantity is plotted in the Lagrangian adimensional position-time (L * , t * ) diagram, where t * is restricted between 0 and 0.5 for clarity, so that the multiple reflections of incident waves from the free surface are conveniently omitted in the following discussion. It is shown that the propagation of the PT front gives rise to a spatially (not temporally) heterogeneous distribution of |Ep| with local values up to 0.25. This localization of plastic deformation is therefore strongly correlated with the specific selection of shock-induced hcp variants, which can be separated into two pertinent groups, so-calledG 1 = {V 1 + V 2 } and G 2 = {V 3 + V 4 + V 5 + V 6 },each set involving different features of the microstructural fingerprints in shock-loaded iron. Thus, Fig.(6b) displays the variant selection during the shock wave propagation using a linear interpolation of color to distinguish the presence of both groups G 1 (blue) and G 2 (red) in the microstructure. As already mentioned, both V 1 and V 2 variants (from amongst six available variants) of G 1 are promoted by the shock direction in the first instants of the shock wave propagation. Since the two-phase mixture induces a large contraction along the loading z [001] bcc direction, the corresponding group G 1 is composed of variants designated by "release variants". However, the second group G 2 , which consists of a mixture of the complementary four variants with identical volume fractions, experiences an expansive reaction in the shock direction. In contrast to G 1 , these newly-formed variants of G 2 are also expected to generate an expansion (or reloading) wave, which are therefore not promoted by the initial compressive (or loading) wave. In the following, the four variants of G 2 are denoted by "reload variants", for which the nucleation is accompanied by severe plastic deformation with large values of |Ep|, as indicated by Fig. (6a).

Fig

  Fig. (6)).

Figure

  Figure (7b) shows the transformational Green-Lagrange component Et zz across the computational sample, obtained by averaging the Green-Lagrange strain measure (every finite element slice) as function of L * . On the top, the blue-to-red legend for the heterogeneous variant selection is displayed as a qualitative guide to analyze the evolution of Et zz with respect to both sequential sets G 1 and G 2 . Interestingly, it is shown that Et zz is highly correlated with the internal plastic strain state, therefore with the specific selection of hcp variants, which can reach positive values in the sample. This local change-of-sign of Et zz is also related to a reloading state in the transformed iron, predominantly governed by the four complementary hcp variants of G 2 in red. Overall, the microstructural formation of these high-pressure transformed regions appears as an alternating and recurring selection of release/reload variants, as depicted by the horizontal arrows in Fig. (7a), where competitive (cooperative) interaction between the plastic deformation and G 1 (G 2 ) occurs. To analyze the heterogeneous nucleation and growth mechanisms in this specific two-zone sequential selection in shock-induced phase transitions, the slices s A and s B in Fig. (7a), which correspond to two representative microstructures belonging to zones A (characterized by the release variants, in blue) and B (by the reload variants, in red), are discussed.

  Fig. (8b) shows that the deformation state in s B in zone B is mainly governed by plasticity, for which the plastic strain amplitude suddenly increases twice (as indicated by the presence of two plateaus) due to an increasing volume fraction up to a critical value of the martensitic phases in iron, as depicted by the double-sided arrow where Et zz is maximum. Then, both plastic and transformational phase deformation states reach balanced steady-state regimes in s B . In particular, the strain partitioning into the transformational Green-Lagrange tensor due to the domination of G 2 in the fully transformed zone B (as indicated in Fig.(8b)) is formally estimated as follows

Figure 1 :

 1 Figure 1: (a) Schematics of the finite deformation framework that combines nonlinear elasto-viscoplasticity and multivariant phase-field theory to model the shock-induced response of single-crystal iron along the [001] bcc direction. (b) The inelastic energy landscape in Ωt is introduced using the concept of reaction pathways for multivariants, i.e., a three-rank graph with 79 multiple symmetry-related variants for the reconstructive α → → α → phase transitions in iron. In particular, the first-rank operation consists of 6 high-pressure hcp -Fe variants, denoted by V k , which are energetically equivalent in a stress-free state. (c) Distribution of the pressure resulting from three-dimensional simulation without plasticity. The unstable shock wave breaks up into the elastic precursor and the phase-transition wave, which leads to different internal deformation states at material points. (d) Similar calculation with plasticity, within which an intermediate plastic wave front propagates between the elastic and phase-transition wave fronts. The inset shows a rough phase-transition front, leaving behind a complex high-pressure microstructure with preferred selection and evolution of hcp variants.

Figure 2 :Figure 3 :

 23 Figure 2: (a) The three-rank network of reaction pathways is projected in a {C 1 , C 2 , C 3 } strain space, within which the local transformational Cauchy-Green Ct strain states at all material points are displayed with different colors (each color is associated with a specific hcp variant from the first-rank group symmetry operation). The results are related to the simulation without plasticity, captured at the instant when the elastic front reaches the free surface, revealing the nucleation of two (from amongst six possible variants) preferred hcp variants. (b) Similar simulation with plasticity at the same time instant as in (a), where the other four energetically equivalent hcp variants are activated in the transformed polymorphic microstructure. Such structural features indicate that the high strain-rate plastic deformation is locally capable of producing a nearly relaxed hydrostatic state from the uniaxial strain state produced by the shock-wave compression.

Figure 4 :

 4 Figure 4: (a) Slice-averaged maps of the longitudinal stress component σ zz in the Lagrangian adimensional position-time (L * , t * ) diagram from simulation without plasticity. The two-wave (composed of the elastic Ep and phase-transition PT waves) structure with the reflection of both waves at the free surface are shown using different line types. (b) The three-wave structure with the presence of the intermediate plastic wave (P wave) front illustrates aconsiderably more complicated scenario of nonlinear wave interaction. As depicted by the arrows, this calculation with plasticity reveals two nucleation events at t * = 0.10 and t * = 0.27, which result in the inhomogeneous propagation of the the trailing PT wave and in the presence of a stress-release envelope. The latter travels faster than the leading shock and is characterized by a lower longitudinal stress in magnitude.

Figure 5 :

 5 Figure 5: (a) Three-dimensional time snapshots of shock-induced microstructures, designated M 1 at t * = 0.21, (b) M 2 at t * = 0.27, and (c) M 3 at t * = 0.44, from the position-time diagram in Fig. (4b) for simulation with plasticity. From top to the bottom, each panel captures the heterogeneous distribution of various stress quantities, namely, the longitudinal Cauchy stress σ zz , the shear stress τ , the stress-related quantities s n and s s to the second invariant J 2 using eq. (11), as well as the polycrystalline high-pressure domains composed of six hcp variants. These variants are colored using the same code as in Fig. (2b), while the transparent zones are associated with the initial unshocked bcc iron. As displayed by * , a dynamic instability in the polymorphic phase transitions is observed in M 2 , leading to the nucleation of a large monovariant with columnar growth in the microstructure that is still visible ( * * ) after the propagation of the incident phase-transition wave front. For illustration, the complete time-dependent movie is given in the supplemental material. (b) The color legends associated with the stress-related quantities.
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 678 Figure 6: (a) Slice-averaged magnitude of the plastic Green-Lagrange strain tensor Ep in the Lagrangian adimensional position-time (L * , t * ) diagram from simulation with plasticity. The elastic and plastic wave fronts with constant velocities are shown using different line types as well as two (primary and secondary) phase-transition zones that are associated with specific nucleation of release and reload variants (see text for details). (b) The corresponding selection of hcp variants, categorized into two groups, so-called G 1 = {V 1 + V 2 } (in blue) and G 2 = {V 3 + V 4 + V 5 + V 6 } (red).