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Portevin-Le Chatelier (PLC) effect often occurs in many alloy systems and leads to flow stress variations. When precipitation occurs, the PLC behavior changes and its resultant influence on the flow stress becomes more complicated, which has not yet been clarified. The well-known interaction mechanisms between precipitates and dislocations are shearing (shearable precipitates) and bypassing (non-shearable precipitates). This study systematically investigates the influence of the PLC effect on the flow stress in three cases, namely, without precipitates, with shearable precipitates, and with non-shearable precipitates. This study is performed on a AlMgZrSc alloy, where the precipitation does not change the concentration of solute species that is responsible for PLC. A modified constitutive relationship considering different dislocation-precipitate interactions is proposed, which can quantify the contribution of the PLC effect to the flow stress in the above three cases. The modeling results agree well with those of experiments performed on AlMg and AlMgScZr alloys exhibiting the PLC effect. It is theoretically demonstrated that PLC-induced strengthening can account for as much as 14.5% of the total flow stress in AlMg alloys. When shearable and non-shearable precipitates appear, this percentage decreases to approximately 4.5% and 9.5%, respectively, indicating that the precipitates weaken PLC-induced strengthening. Moreover, shearable precipitates can shorten the strain rate range of PLC, which is more effective in suppressing the PLC effect than non-shearable precipitates. Finally, the intrinsic mechanism responsible for the PLC-induced strengthening and roles of different precipitate-dislocation interactions are discussed.

Introduction

Solution strengthening is a major strengthening strategy used to improve the mechanical properties of a base metal by adding relevant alloying elements into the metal matrix [START_REF] Leyson | Quantitative prediction of solute strengthening in aluminium alloys[END_REF][START_REF] Tehranchi | Solute strengthening of basal slip in Mg alloys[END_REF]. The introduced alloying elements cause lattice distortion and effectively impede dislocation motion, leading to a strengthening effect. In addition to causing a lattice distortion, the introduced elements can diffuse toward dislocations temporarily arrested by obstacles and form a special atmosphere for some alloy systems, such as aluminum alloys [START_REF] Curtin | A predictive mechanism for dynamic strain ageing in aluminium-magnesium alloys[END_REF][START_REF] Antolovich | Plastic strain localization in metals: origins and consequences[END_REF][START_REF] Ren | Portevin-Le Chatelier effect triggered by complex loading paths in an Al-Cu aluminium alloy[END_REF], Ni-based alloys [START_REF] Cui | Dynamic strain aging in a new Ni-Co base superalloy[END_REF][START_REF] Gopinath | Dynamic strain ageing in Nibase superalloy 720Li[END_REF][START_REF] Rowlands | The Portevin-Le Chatelier effect in nickelbase superalloys: origins, consequences and comparison to strain ageing in other alloy systems[END_REF], steels [START_REF] Lee | On the origin of dynamic strain aging in twinning-induced plasticity steels[END_REF][START_REF] Zavattieri | Spatiotemporal characteristics of the Portevin-Le Chatelier effect in austenitic steel with twinning induced plasticity[END_REF], high-entropy alloys [START_REF] Brechtl | Towards a greater understanding of serrated flows in an Al-containing high-entropy-based alloy[END_REF][START_REF] Zhang | Microstructures and properties of high-entropy alloys[END_REF], and titanium alloys [START_REF] Choudhuri | Precipitatedislocation interaction mediated Portevin-Le Chatelier-like effect in a betastabilized Ti-Mo-Nb-Al alloy[END_REF]. This atmosphere can trigger additional strengthening effects by pinning the dislocations, which differs from the solution strengthening effect associated with lattice distortion. This phenomenon is called dynamic strain aging (DSA) [START_REF] Curtin | A predictive mechanism for dynamic strain ageing in aluminium-magnesium alloys[END_REF][START_REF] Antolovich | Plastic strain localization in metals: origins and consequences[END_REF][START_REF] Cui | Dynamic strain aging in a new Ni-Co base superalloy[END_REF][START_REF] Gopinath | Dynamic strain ageing in Nibase superalloy 720Li[END_REF][START_REF] Lee | On the origin of dynamic strain aging in twinning-induced plasticity steels[END_REF][START_REF] Chen | Constitutive modeling of flow stress and work hardening behavior while considering dynamic strain aging[END_REF][START_REF] Estrin | Collective dislocation behaviour in dilute alloys and the Portevin-Le Chatelier effect[END_REF][START_REF] Kubin | Dynamic strain ageing and the mechanical response of alloys[END_REF].

The Portevin-Le Chatelier (PLC) effect, as a special DSA phenomenon, usually manifests as a jerky flow on stress-strain curves and by sudden localizations of the plastic strain in transient deformation bands on the sample surface [START_REF] Estrin | Collective dislocation behaviour in dilute alloys and the Portevin-Le Chatelier effect[END_REF][START_REF] Kubin | Dynamic strain ageing and the mechanical response of alloys[END_REF][START_REF] Moon | Mechanical properties of solution heat treated Al-Zn-Mg-Cu (7075) alloy under different cooling conditions: analysis with full field measurement and finite element modeling[END_REF]. The PLC effect is attributed to the interaction of mobile dislocations and solute atoms. This solutedislocation interaction can result in a decrease in the flow stress related to an increase in the imposed strain rate, leading to a negative strain rate sensitivity (SRS) [START_REF] Estrin | Collective dislocation behaviour in dilute alloys and the Portevin-Le Chatelier effect[END_REF][START_REF] Kubin | Evolution of dislocation densities and the critical conditions for the Portevin-Le Chatelier effect[END_REF]. Kubin and Estrin revealed that the critical criterion for the occurrence of the PLC effect is that the SRS acquires a sufficiently large negative value [START_REF] Estrin | Spatial Coupling and Propagative Plastic instabilities[END_REF].

Owing to the occurrence of the PLC effect, the surface quality of metals can deteriorate during plastic processing [START_REF] Kang | On the sequence of inhomogeneous deformation processes occurring during tensile deformation of strip cast AA5754[END_REF][START_REF] Halim | The Portevin-Le Chatelier (PLC) effect and shear band formation in an AA5754 alloy[END_REF]. Moreover, the deformation bands generated by the PLC effect can lead to the premature onset of necking [START_REF] Keralavarma | Quantum-to-continuum prediction of ductility loss in aluminium-magnesium alloys due to dynamic strain aging[END_REF][START_REF] Zhang | The influence of serrated flow on necking in tensile specimens[END_REF]. Thus, the PLC effect detrimentally affects the performance of materials, and should be minimized or restrained. In recent decades, numerous researchers have investigated the influence of different factors on PLC behavior, such as precipitates [START_REF] Duan | The influence of nanosized precipitates on Portevin-Le Chatelier bands and surface roughness in AlMgScZr alloy[END_REF][START_REF] Zhemchuzhnikova | Unusual behavior of the Portevin-Le Chatelier effect in an AlMg alloy containing precipitates[END_REF], deformation modes [START_REF] Manach | Kinematics of Portevin-Le Chatelier bands in simple shear[END_REF][START_REF] Chaboche | Viscoplastic constitutive equations of combustion chamber materials including cyclic hardening and dynamic strain aging[END_REF], alloying elements [START_REF] Cui | Dynamic strain aging in a new Ni-Co base superalloy[END_REF][START_REF] Geng | Zn/Cu regulated critical strain and serrated flow behavior in Al-Mg alloys[END_REF], grain size [START_REF] Yuzbekova | Effect of microstructure on continuous propagation of the Portevin-Le Chatelier deformation bands[END_REF][START_REF] Zhao | Influence of severe plastic deformation on dynamic strain aging of ultrafine grained Al-Mg alloys[END_REF], stacking faults [START_REF] Xu | Stacking fault effects on dynamic strain aging in a Ni-Co-based superalloy[END_REF], texture [START_REF] Shen | The effect of texture on the Portevin-Le Chatelier effect in 2090 Al-Li alloy[END_REF] and electron-heat field [START_REF] Zhang | Suppressing or promoting: the effect of coupled electron-heat field on serration behavior[END_REF]. They explored the influencing mechanisms of these factors on the PLC effect, and restrained or even eliminated the PLC effect by controlling them. Among these factors, nanosized precipitates are beneficial for restraining or eliminating the PLC effect, and have already been extensively reported [START_REF] Chmelík | Mechanisms of serrated flow in aluminium alloys with precipitates investigated by acoustic emission[END_REF][START_REF] Wang | The dependence of Portevin-Le Châtelier effect on the γ ′ precipitates in a wrought Ni-base superalloy[END_REF][START_REF] Pink | The effect of precipitates on characteristics of serrated flow in AlZn5Mg1[END_REF][START_REF] Thevenet | The effect of precipitation on the Portevin-Le Chatelier effect in an Al-Zn-Mg-Cu alloy[END_REF][START_REF] Nalawade | The influence of aging on the serrated yielding phenomena in a nickel-base superalloy[END_REF][START_REF] Kumar | Serrated yielding in Ai-Li alloys[END_REF][START_REF] Bakare | The impact of L12 dispersoids and strain rate on the Portevin-Le-Chatelier effect and mechanical properties of Al-Mg alloys[END_REF]. However, the question of the reason why the introduction of precipitates influences the PLC effect is still a matter of discussion [START_REF] Choudhuri | Precipitatedislocation interaction mediated Portevin-Le Chatelier-like effect in a betastabilized Ti-Mo-Nb-Al alloy[END_REF][START_REF] Kumar | Effect of δ' precipitates on serrated flow[END_REF][START_REF] Pink | Serrated flow of aluminium alloys influenced by precipitates[END_REF][START_REF] Brechet | On a pseudo-portevin-le chatelier effect[END_REF][START_REF] Kumar | Inverse behaviour of the onset strain of serrated flow[END_REF][START_REF] Chen | On the mechanism of serrated deformation in aged Inconel 718[END_REF]. One of the reasons for the debate is that the solute concentration decreases owing to the appearance of precipitates in common alloy systems, such as AlLi [START_REF] Chmelík | Mechanisms of serrated flow in aluminium alloys with precipitates investigated by acoustic emission[END_REF][START_REF] Pink | Serrated flow of aluminium alloys influenced by precipitates[END_REF], AlZnMg/AlZnMgCu [START_REF] Pink | The effect of precipitates on characteristics of serrated flow in AlZn5Mg1[END_REF][START_REF] Thevenet | The effect of precipitation on the Portevin-Le Chatelier effect in an Al-Zn-Mg-Cu alloy[END_REF], AlCuMgMn [START_REF] Nie | On the role of Zr content into Portevin-Le Chatelier (PLC) effect of selective laser melted high strength Al-Cu-Mg-Mn alloy[END_REF], Ni-based alloys [START_REF] Wang | The dependence of Portevin-Le Châtelier effect on the γ ′ precipitates in a wrought Ni-base superalloy[END_REF][START_REF] Chen | On the mechanism of serrated deformation in aged Inconel 718[END_REF], and Ti-based alloys [START_REF] Choudhuri | Precipitatedislocation interaction mediated Portevin-Le Chatelier-like effect in a betastabilized Ti-Mo-Nb-Al alloy[END_REF]. It is difficult to clarify the influence of precipitates on the PLC effect when the solute concentration itself varies during precipitation. Considering this dispute, AlMg and AlMgScZr were used as model alloys to elucidate the influence of precipitates on the PLC behavior without considering the variation in the solute concentration [START_REF] Chen | Effects of nanosized precipitates on the Portevin-Le Chatelier behavior: model prediction and experimental verification[END_REF][START_REF] Chen | The influence of shearable and nonshearable precipitates on the Portevin-Le Chatelier behavior in precipitation hardening AlMgScZr alloys[END_REF]. It was concluded that the precipitates could restrain or even diminish the PLC effect depending on the imposed strain rate.

However, most of current research mainly focused on the PLC effect itself, and seldom concentrated on the influence of this effect on mechanical behaviors, such as flow stress. Flow stress as a fundamental mechanical behavior is a bridge connecting the macroscopic mechanical properties and microstructure, which is very important. Thus, it is necessary to understand the impact of PLC effect on flow stress. Although some studies have shown that the strengthening resulting from the PLC effect should be considered when studying the flow stress [START_REF] Kreyca | State parameter-based constitutive modelling of stress strain curves in Al-Mg solid solutions[END_REF][START_REF] Brechet | on the influence of precipitation on the Portevin-Le Châtelier effect[END_REF][START_REF] Kim | Constitutive modeling of the tensile behavior of Al-TWIP steel[END_REF], no systematic research has quantified the relationship between PLC-induced strengthening and flow stress, with the exception of our previous study [START_REF] Chen | Constitutive modeling of flow stress and work hardening behavior while considering dynamic strain aging[END_REF]. However, our previous study was based on a simple single-phase solid-solution alloy system (i.e. AlMg), and did not consider the influence of different precipitates (shearable and non-shearable) on PLC-induced strengthening [START_REF] Chen | Constitutive modeling of flow stress and work hardening behavior while considering dynamic strain aging[END_REF]. Since the introduction of different precipitates changes the dislocation behavior, it influences the solute-dislocation interaction and leads to different PLC effects. Consequently, the precipitates can influence PLC-induced strengthening. Unfortunately, the relationship between the PLC-induced strengthening and flow stress in precipitation hardening alloys has not been clarified up to now.

On the other hand, various constitutive models have been proposed to predict the flow stress during deformation, including phenomenological and physical-based models [START_REF] Roters | Overview of constitutive laws, kinematics, homogenization and multiscale methods in crystal plasticity finite-element modeling: theory, experiments, applications[END_REF][START_REF] Soare | Solute strengthening of both mobile and forest dislocations: the origin of dynamic strain aging in fcc metals[END_REF][START_REF] Kabirian | Negative to positive strain rate sensitivity in 5xxx series aluminum alloys: experiment and constitutive modeling[END_REF][START_REF] Kocks | Laws for work-hardening and low-temperature creep[END_REF][START_REF] Mecking | Kinetics of flow and strain-hardening[END_REF][START_REF] Estrin | A unified phenomenological description of work hardening and creep based on one-parameter models[END_REF][START_REF] Nes | Modelling of work hardening and stress saturation in FCC metals[END_REF][START_REF] Barlat | A simple model for dislocation behavior, strain and strain rate hardening evolution in deforming aluminum alloys[END_REF][START_REF] Rivera-Diaz-Del-Castillo | Dislocation annihilation in plastic deformation: I. Multiscale irreversible thermodynamics[END_REF][START_REF] Wang | New insight for mechanical properties of metals processed by severe plastic deformation[END_REF]. Among them, the Kocks-Mecking (KM) and Kocks-Mecking-Estrin (KME) models have often been proposed to model the flow stress in many alloys using the total dislocation density as the internal variable [START_REF] Kocks | Laws for work-hardening and low-temperature creep[END_REF][START_REF] Mecking | Kinetics of flow and strain-hardening[END_REF][START_REF] Estrin | A unified phenomenological description of work hardening and creep based on one-parameter models[END_REF]. The KM and KME models have recently been used to predict the flow stress considering DSA by coupling the Kubin-Estrin (KE) model with two internal variables, that is, mobile and forest dislocations [START_REF] Chen | Constitutive modeling of flow stress and work hardening behavior while considering dynamic strain aging[END_REF][START_REF] Kim | Constitutive modeling of the tensile behavior of Al-TWIP steel[END_REF]. A combined model can be constructed to replicate the flow stress considering PLC-induced strengthening by using three internal variables: the total dislocation density, and mobile and forest dislocations, based on the KM (or KME) and KE models. This study demonstrates that this combined model can predict the flow stress by considering the PLC effect. Moreover, based on this combined model, different precipitate-dislocation interactions are considered to contribute toward a modified model that can be applied to precipitation hardening alloys.

AlMg and AlMgScZr alloys with Al3(Sc, Zr) precipitates are used to assess the influence of PLC-induced strengthening on the flow stress.

Fine shearable and large non-shearable Al3(Sc, Zr) precipitates can be easily introduced by controlling the heat treatment according to our recent work [START_REF] Chen | Experimental and modelling assessment of ductility in a precipitation hardening AlMgScZr alloy[END_REF]. These types of precipitates, with good uniform dispersion and spherical shape, can be easily characterized using transmission electron microscopy (TEM) and small-angle neutron scattering (SANS) techniques, which can provide quantitative information for modeling. In summary, the influence of the PLC effect on the flow stress in precipitation hardening AlMgScZr alloys is investigated based on experiments and modeling. This study aims to quantitatively establish the relationship between the PLC-induced strengthening and flow stress by assessing the PLC-induced strengthening. Moreover, further exploration of the role of shearable and non-shearable precipitates in the above relationship is discussed. This study hopes to provide insights to derivation of new precipitation tuning strategy for better control of PLC effect and design of potential high-performance metallic materials.

Experimental materials and method

The AlMg and AlMgScZr alloys used in this study were obtained by casting, and their actual chemical compositions were Al-5.7% Mg (wt. %) and Al-5.7%Mg-0.2%Sc-0.15% Zr (wt.%), respectively [START_REF] Chen | Experimental and modelling assessment of ductility in a precipitation hardening AlMgScZr alloy[END_REF]. The cast AlMg alloy was first extruded at 623 K, followed by water cooling. To obtain the shearable and non-shearable precipitates, the cast AlMgScZr alloys were aged at 623 K and 773 K for 3 h, respectively, followed by water cooling. These two AlMgScZr alloys are referred to as "Alloy-S" and "Alloy-NS" hereafter. The precipitates were characterized by TEM and SANS techniques. The TEM analyses were conducted using a JEM-2100F instrument (JEOL Ltd., Tokyo, Japan) operating at 200 kV and a high-resolution Cs-corrected FEI Titan3 Themis apparatus (FEI Company, Oregon, United States) at 300 kV. TEM samples with a diameter of 3 mm were first polished to approximately 80 μm, followed by electrochemical polishing using a twin-jet polishing unit in a mixed solution of 70 mL methanol and 210 mL nitric acid at a voltage of 22 V and temperature of 233-243 K.

All SANS experiments were performed on the SANS spectrometer "Suanni" of the China Mianyang Research Reactor (Mianyang, China). The generated neutrons were focused and monochromated to a nominal wavelength resolution (Δλ/λ) of 18% at a wavelength of 5.3 Å. The scattering data were processed using Igor software from the National Institute of Standards and Technology (Maryland, United States). The data reduction algorithm included subtracting air scattering from the raw measured data, and corrections for the transmission, sample thickness, and detector efficiency. The fitting was performed using the SANS fitting software VSAS [START_REF] Chen | Effects of nanosized precipitates on the Portevin-Le Chatelier behavior: model prediction and experimental verification[END_REF].

Tensile tests were performed on a ZwickRoell machine (Zwick Roell Group, Ulm, Germany) at room temperature with strain rates ranging from 10 -6 to 10 -1 s -1 . To ensure the reliability of the tensile data, measurements were repeated at least three times for each condition. The gage section dimensions of the tensile sample were 15 × 3 × 2 mm 3 .

Experimental results

Al3(Sc, Zr) precipitate characterization

Fig. 1(a) and 1(b) show a homogeneous distribution of Al3(Sc, Zr) precipitates in Alloy-S and Alloy-NS. To obtain statistical information on the precipitates, SANS was used for characterization (Fig. 1(c) and 1(d)). The average radius, volume fraction, and precipitate spacing can be obtained by fitting the scattering intensity-scattering vector (I-q) curves using the software VSAS, as shown in Table 1. Detailed information on the SANS data processing can be found in our previous study [START_REF] Chen | Effects of nanosized precipitates on the Portevin-Le Chatelier behavior: model prediction and experimental verification[END_REF]. Table 1 shows that the average radii of the Al3(Sc, Zr) precipitates in Alloy-S and Alloy-NS are 2.4 and 10.3 nm, respectively, and their corresponding volume fractions are 0.40% and 0.42%, which are similar. The determined average radius size, volume fraction, and precipitate spacing are similar to previously reported results on Al-Sc-Zr alloys [63, Fig. 2 shows the high-resolution TEM (HRTEM) images and the corresponding inverse fast Fourier transform (IFFT) maps of the Al3(Sc, Zr) precipitates in Alloy-S and Alloy-NS. The HRTEM images reveal the Al/Al3(Sc, Zr) interface structure between the precipitate and matrix. No dislocations are observed at the Al/Al3(Sc, Zr) interface for both alloys, indicating that the interfaces are completely coherent for both samples [START_REF] Iwamura | Loss in coherency and coarsening behavior of Al3Sc precipitates[END_REF].

A critical precipitate radius size delineates the shearing and bypassing mechanisms. Precipitates can be defined as shearable precipitates when their average radius is smaller than the critical radius [START_REF] Knipling | Precipitation evolution in Al-0.1Sc, Al-0.1Zr and Al-0.1Sc-0.1Zr (at.%) alloys during isochronal aging[END_REF][START_REF] Ardell | Precipitation hardening[END_REF]. For Al-Sc-Zr-based alloys, the critical radius of Al3(Sc, Zr) precipitates for delineating the shearing and bypassing mechanisms is approximately 3.2 nm [START_REF] Knipling | Precipitation evolution in Al-0.1Sc, Al-0.1Zr and Al-0.1Sc-0.1Zr (at.%) alloys during isochronal aging[END_REF]. Thus, the Al3(Sc, Zr) precipitates in Alloy-S are shearable, as the average size of the precipitate is 2.4 nm (Table 1). In contrast, the Al3(Sc, Zr) precipitates in Alloy-NS are non-shearable, as their average radius (10.3 nm) is significantly larger than the critical radius (Table 1). In Appendix C, we further demonstrate that the precipitates in Alloy-S and Alloy-NS are shearable and non-shearable by comparing the precipitation strengthening increment based on experiments and modeling. In summary, the main difference between the precipitates in both samples is that they exhibit different interaction mechanisms with dislocations during deformation. The precipitates in Alloy-S are shearable precipitates, which are sheared by dislocations during deformation. Whereas the precipitates in Alloy-NS are non-shearable precipitates, which are bypassed by dislocations during deformation. Quantitative characterization of the precipitates could provide key parameters for modeling and evidence for discussing the influence of precipitates on the dislocation behavior.

× + × × × × × ×

Stress-strain curves and the PLC effect

Fig. 3 shows the true stress-strain curves of AlMg, Alloy-S, and Alloy-NS at different strain rates. The PLC effect appears at a relatively higher strain rate range for all three samples. The flow stress increases at all given strain rates when shearable precipitates appear (AlMg and Alloy-S), mainly due to the precipitation hardening effect. When shearable precipitates become non-shearable, the flow stress of Alloy-NS decreases, but is still higher than that of the AlMg alloy. This is because the precipitation strengthening effect decreases when the precipitates coarsen. From the given stress-strain curves, the PLC effect occurs in the upward stress steps, followed by a stress plateau at high strain rates (> 1.0 10 -2 s -1 ), as illustrated in Fig. 3 (a-e). This behavior usually belongs to type A PLC. When the strain rate is lower than 10 -2 s -1 , PLC effects appear as saw-like serrations. Mixed type A + B, type B, and type C PLC bands are observed in these saw-like serrations, as shown in Fig. 3 (e-g), 3(h-k), and 3(i-p). Type A changes to type A B, type B, and type C with a decrease in the strain rate for these three samples.

It is clearly shown in Fig. 3 that PLC effect appears at all given strain rate for AlMg alloy without precipitates, i.e., 1.0 10 -5 -1.0 10 -1 s - 1 . However, for Alloy-S with shearable precipitates, the occurrence of PLC only appears for strain rate range from 2.5 10 -4 to 1.0 10 -1 s - 1 . Hence, PLC effect is suppressed in low strain rate regime with the presence of shearable precipitates, leading to shortening of viable strain rate range for PLC (Fig. 4(a)). Meanwhile, for alloys with non-shearable precipitates, the strain rate range for the appearance of PLC is identical with that of AlMg alloy, i.e., 1.0 10 -5 -1.0 10 -1 s -1 . Therefore, it can be inferred that only shearable precipitates can restrict the appearance of PLC at low strain rate, while the non-shearable precipitates cannot.

The upward step height (Fig. 4(b)) or serration amplitude (Fig. 4(c)) reflects the pinning strength of solute atoms on the arrested mobile dislocations, Thus, the magnitude of Δσ is proposed to denote the pinning strength. The maximum value of Δσ for a given stress-strain curve is defined as the maximum pinning strength. Fig. 4(d) shows the variations in the maximum pinning strengths of AlMg, Alloy-S, and Alloy-NS during tensile deformation at different strain rates. The maximum values of AlMg, Alloy-S, and Alloy-NS, considering the entire strain rate range, are 21.8, 21.0, and 20.9 MPa, respectively, which are very similar. 0 Fig. 3. (a-p) True stress-strain curves of AlMg, Alloy-S, and Alloy-NS at different strain rates. When the strain rate is higher than 1.0 × 10 -1 s -1 , the stress-strain curves does not exhibit the PLC effect, which are shown in this figure.

Modeling

Constitutive modeling for alloys without precipitates

Phenomenological and physical-based models use a common expression for the flow stress. The flow stress of a material (σ) can be expressed as considering the influence of strain rate [START_REF] Kocks | Laws for work-hardening and low-temperature creep[END_REF][START_REF] Taylor | The mechanism of plastic deformation of crystals. Part I. Theoretical[END_REF]:

σ = σ0 + σdis = σ0 + αGMb √ ρ (ε ˙/ε ˙o) 1/m (1)
where k1 represents the dislocation multiplication due to the interaction of dislocations, and k2 refers to the dislocation annihilation due to dislocation cross-slip or and dislocation climb, which is determined using Eq. ( 3) [START_REF] Estrin | Dislocation-density-related constitutive modeling[END_REF]:

k2 = k20 ( ε ˙/ε ˙ * ) -1/n ( 3 
)
where k20 is a constant; ε ˙ * 0 is the referenced strain rate; -1/n is the stress exponent. Combining Eqs. ( 2) and (3), the equation obtained is:

where σ0 is the initial yield stress and σdis is dislocation strengthening,

[ k 1 ( ε ˙ ) 1/n k 1 ( ε ˙ ) 1/n ( Mk20ε ( ε ˙ ) 1/n )] 2
which is given by the Taylor equation [START_REF] Taylor | The mechanism of plastic deformation of crystals. Part I. Theoretical[END_REF]. Here α, G, M, b and ρ in Taylor equation are the material constant, shear modulus, Taylor factor,

ρ = k20 ε ˙ * 0 - k20 ε ˙ * 0 exp -2 ε ˙ * 0 . (4) 
Burgers vector, and total dislocation density. (ε ˙/ε ˙o) 1/m describes the influence of strain rate on flow stress [START_REF] Kocks | Laws for work-hardening and low-temperature creep[END_REF]. ε ˙ is strain rate; ε ˙o is the referenced strain rate; 1/m is the SRS associated with the thermally activated mechanism of dislocation [START_REF] Kocks | Laws for work-hardening and low-temperature creep[END_REF]. For an alloy without precipitates, the evolution of the dislocation density can be expressed by KM model [START_REF] Kocks | Laws for work-hardening and low-temperature creep[END_REF][START_REF] Mecking | Kinetics of flow and strain-hardening[END_REF]:

The variation trend of the dislocation density versus strain at different strain rates is shown in Fig. 5(a), where the strain rate and dislocation density are directly proportional at relatively high strains.

The relationship between σdis, strain and strain rate can be obtained by combining Eqs. ( 1)-(4) (For simplicity, one does not distinguish between the scaling quantities ε ˙o and ε ˙ * 0 at low temperatures; therefore, ε ˙o dρ

/ dε p = M ( k1 √ ρ -k2ρ ) (2) 
≈ ε ˙ * 0 ): 

= = = dis = k20 ε ˙o -
σ αGMbk 1 ( ε ˙ ) 1/n+1/m ( ( Mk20ε ( ε ˙ ) -1/n )) (5a)
where σdsa is the additional strengthening caused by PLC effect, is given On the other hand, the well-known Voce equation is proposed to describe the flow stress, especially the stress in the saturation state. The strain-hardening rate at the saturation stress is approximately zero. The Voce equation is shown in Eq. ( 6) [START_REF] Voce | The relationship between stress and strain for homogeneous deformation[END_REF]:

σsat -σdis = σsat⋅exp(-ε / εtr) = σsat⋅exp( -εθ0 / σsat) (6)
where εtr is the characteristic transient strain, which indicates the rate at which the stress approaches its saturation value. Here, εtr θ 0 /σsat where θ0 is the initial work hardening rate (Appendix B) and σsat is the saturation stress. Combining Eq. (5a) and ( 6), it obtains σsat = (αGMbk1 /k20)(ε ˙/ε ˙o) 1/n+1/m . Thus, Eq. 5(a) can also be expressed as:

σdsa = βCm { 1 -exp [ -(tw/τ) 2/3 ]} = f0 { 1 -exp [ -(Ω/(τε ˙)) 2/3 ]} (8) 
where βCm f0; β refers to the pinning strength of the solute atoms, which is related to the binding energy between the dislocations and solute atoms; Cm is the saturated solute concentration at the dislocation lines. Thus, f0 is the pinning stress at the saturated solute concentration, which is directly proportional to the solute concentration of the element (i.e. Mg atoms) responsible for PLC. Ω is the elementary strain increment. τ is the characteristic time, which is given as [START_REF] Brechet | on the influence of precipitation on the Portevin-Le Châtelier effect[END_REF]:

τ = ( kTb 3 / 3AD ) exp(3W / 2kT) (9) 1 )) σ ( ( Mk20ε ( ε ˙ ) -
where k is the Boltzmann constant; A is a parameter describing the interaction between the solute atoms and dislocations, which is related

dis = σsat 1 -exp -2 ε ˙o . ( 5b 
)
to the binding energy between solute atoms and dislocations; D is the Eqs. (5a) and (5b) describe the relationship between σdis, strain, and strain rate. σdis exhibits a noticeable dependence on the strain rate at a relatively high strain. The higher the strain rate, the higher the value of σdis (Fig. 5(b)).

Note that Eqs. (5a) or (5b) are proposed based on the KM model using the total dislocation density as the internal parameter. This equation can predict the variation in the flow stress with the change in strain for many alloy systems [START_REF] Wang | New insight for mechanical properties of metals processed by severe plastic deformation[END_REF][START_REF] Jiang | Nonadditive strengthening functions for cold-worked cubic metals: experiments and constitutive modeling[END_REF][START_REF] Vinogradov | Analytical and numerical approaches to modelling severe plastic deformation[END_REF]. However, this equation cannot predict the variation in the flow stress for alloys with evident PLC effect because the additional flow stress caused by the pinning effect of the solute atmosphere on mobile dislocations is not considered in the KM model [START_REF] Chen | Constitutive modeling of flow stress and work hardening behavior while considering dynamic strain aging[END_REF]. In this study, the additional strengthening from the PLC effect based on the KM model is considered. Thus, when considering the PLC, the flow stress can be denoted as:

σ = σ0 + σdis + σdsa (7a)
diffusion coefficient, and the solute diffusion effect is reflected in the parameter D. For different solute atoms, D has different values [START_REF] Xi | Mechanism of local lattice distortion effects on vacancy migration barriers in fcc alloys[END_REF]. W is the binding energy between the solute atoms and dislocations [START_REF] Brechet | on the influence of precipitation on the Portevin-Le Châtelier effect[END_REF], and it has different values for different solutes. The parameter ε˙ reflects the imposed strain rate effect. Combining Eqs. ( 8) and ( 9), it is clear that important aspects of PLC including solute diffusion (D), solute chemistry (D, β, Cm and W) and strain rate (ε ˙) have been included in this model. tw in Eq. ( 8) is the waiting time for the solute atoms to diffuse into the arrested mobile dislocations, and is expressed by Eq. ( 10) [START_REF] Brechet | on the influence of precipitation on the Portevin-Le Châtelier effect[END_REF]:

tw = Ω / ε ˙ = ρ m bL / ε ˙ = ρ m b /( √ ρ f ε ˙) (10) 
where Ω ρmbL, and L is the average distance between obstacles that pin mobile dislocations. For alloys without precipitates, the obstacles are mainly forest dislocations; thus, L = √ ρf. Fig. 5(c) shows the variation in twversus strain at different strain rates, which indicates that tw ε ˙o

2 n 1 -exp .
as [START_REF] Brechet | on the influence of precipitation on the Portevin-Le Châtelier effect[END_REF][START_REF] Van Den | Theory of the effect of dynamic strain aging on mechanical properties[END_REF]: first increases and then saturates with increasing strain. Additionally, a higher strain rate yields a lower tw. Here, ρm and ρf in Eq. ( 10) refer to the mobile dislocation and forest dislocation densities, respectively, and these two densities can be expressed using the KE model [START_REF] Kubin | Evolution of dislocation densities and the critical conditions for the Portevin-Le Chatelier effect[END_REF] as:

dρ f ( C 3 ) 1/2
where 

C1
dε = C2ρ m + b ρ f -C4ρ m (11b)
which can be given similarly to Eq. ( 3) [START_REF] Chibane | On the strain rate dependence of the critical strain for plastic instabilities in Al-Mg alloys[END_REF]: 

C2 = C20 (ε ˙/ε ˙0 ) -1/n C4 = C40 (ε ˙/ε ˙0 ) -1/n (12) 
f f w m m f f dε 2 2 m 1 b f 2 4 m 1 f sh 1 f sh - 2 2 ) ( 1 2
where C20 and C40 are constants when the effect of the strain rate is not

( ( Mf sh k20ε ( ε ˙ ) -1 ))
considered.

σ sh = σ sh 1 -exp -2 2 ε˙
The variation in σ dsa versus the strain and strain rate is generally

dis sat o m f αGMbf sh k1 ( ε ˙ )1 + 1 ( ( Mf sh k20ε ( ε ˙ ) -1 ))
are proposed. Thus, Eq. (7a) describes the relationship between the flow stress, σdis, and σdsa by coupling the KM and KE models, which use ρ, ρ ,

= f sh k20 ε ˙o 1 -exp - 2 ε ˙o . ( 16 
)
and ρf as the three internal parameters and ρ ρm more precisely expressed as: m + ρf. Eq. (7a) can be sh dis

Similar to the AlMg alloy (Fig. 5(b)), the dislocation strengthening depends on the strain rate, where the higher the strain rate, the

σ = σ ( ρ, ρ m , ρ ) = σ0 + σdis(ρ) + σdsa ( ρ m , ρ ) . ( 7b 
)
higher the dislocation strengthening (Fig. 5(f)).

Fig. 5(d) shows the variation in σdsa with the strain at different strain rates. σdsa increases rapidly and then saturates with an increase in strain.

whereas Ω and tw change owing to the influence of the shearable precipitates. For simplicity, Ω and tw are replaced by Ω sh and t sh when

The lower the strain rate, the higher the σdsa. considering shearable precipitates. Here, t sh is denoted as:

Constitutive modeling for alloys with shearable precipitates

When the shearable precipitates are introduced, the existing to the dislocation-precipitate interaction, thus, σ0, σdis, and σdsa will change. Therefore, Eq. (7a) becomes:

t sh = Ω sh / ε ˙ = ρ sh bL sh = ρ sh b / √ ρ s h + n s h = ρ sh b /√ ρ s h + 3 ϕ s h / [ 2 π ( R s h ) 2 ] (17 
σ sh = σ sh + σ sh + σ sh (13a)
where L sh is the average distance between obstacles that pin mobile dislocations. For alloys with shearable precipitates, the obstacles are 0 dis dsa mainly forest dislocations and shearable precipitates; thus, L sh = where σ sh is the initial yield stress containing the contribution of pre-(ρ sh +n sh ) 1/2 . Here, n sh reflects the density of shearable precipitates [START_REF] Brechet | On a pseudo-portevin-le chatelier effect[END_REF], 0 cipitation strengthening. When the shearable precipitates, the yield f and n sh = 3ϕ sh /[2π(R sh ) 2 ], where ϕ sh and R sh are the volume fraction and stress of alloy increases evidently, thus σ sh > σ0.

average radius of the shearable precipitates, respectively. Fig. 5(g) 0 σ sh in Eq. (13a) can be denoted using Eq. ( 1), with ρ replaced by ρ sh shows that t sh for Alloy-S first increases and then saturates with dis due to the introduction of shearable precipitates. The evolution of increasing strain at different strain rates, which is similar to that of the AlMg alloy (Fig. 5(c)). Here, ρ sh and ρ sh in Eq. ( 17) represent the mobile ρ sh versus strain can be denoted using the KM model (Eq. ( 2)) because m f the introduction of shearable precipitates does not change the dislocation free path [START_REF] Estrin | Dislocation-density-related constitutive modeling[END_REF]. However, Eq. ( 2) should be modified by considering the influence of shearable precipitates on the dislocation motion and and forest dislocations, respectively, considering the influence of shearable precipitates, which are expressed as:

dρ sh = f sh C 1 -f sh C ρ sh - f sh C 3 ( ρ sh ) 1/2 (18a) 
proliferation behaviors. Although shearable precipitates cannot trap the dislocations like non-shearable precipitates, the generated local high strain and high strain rate can increase the dislocation density, as

dρ sh = f sh C ρ sh + f sh C3 ( ρ sh ) 1/2 -f s C ρ sh . ( 18b 
)
that shearable precipitates can induce the formation of slip bands, and large quantities of dislocations can be stored inside the slip bands [START_REF] Chen | Experimental and modelling assessment of ductility in a precipitation hardening AlMgScZr alloy[END_REF][START_REF] Poole | The shearable-non-shearable transition in Al-Mg-Si-Cu precipitation hardening alloys: implications on the distribution of slip, work hardening and fracture[END_REF][START_REF] Jaladurgam | Microstructure-dependent deformation behaviour of a low γ ′ volume fraction Nibase superalloy studied by in-situ neutron diffraction[END_REF][START_REF] Xiao | Shearing of γ ′′ precipitates and formation of planar slip bands in Inconel 718 during cyclic deformation[END_REF]; thus, shearable precipitates influence dislocation multiplication.

For simplicity, the introduction of shearable precipitates on the proliferation and annihilation of mobile and forest dislocations is considered to be similar to the total dislocation density. Therefore, f sh In contrast, shearable precipitates also influence dislocation annihilash 1 tion, as previously reported [START_REF] Chen | Experimental and modelling assessment of ductility in a precipitation hardening AlMgScZr alloy[END_REF][START_REF] Cheng | The influence of precipitation on the work-hardening behavior of the aluminum alloys AA6111 and AA7030[END_REF]. Inspired by the studies of Poole et al. [START_REF] Cheng | The influence of precipitation on the work-hardening behavior of the aluminum alloys AA6111 and AA7030[END_REF], the parameters f sh and f sh are introduced herein to represent and f2 parameters are introduced to represent the influence of shearable precipitates on dislocation multiplication and annihilation for mobile 1 2 and forest dislocations. the influence of shearable precipitates on dislocation multiplication and annihilation, respectively. Thus, Eq. ( 2) becomes:

The variation in σ sh versus strain at different strain rates can be described by combining Eqs. ( 8), ( 9), ( 12), ( 17) and ( 18 

dρ dε = M f 1 k ρ -f 2 k ρ . ( 14 
)
dsa increasing strain at different strain rates. The relationship between the total flow stress, σ sh , and σ sh for alloy wtih shearable precipitates can be From Eq. ( 14), it obtains: 8), ( 9) and [START_REF] Zhang | Microstructures and properties of high-entropy alloys[END_REF][START_REF] Choudhuri | Precipitatedislocation interaction mediated Portevin-Le Chatelier-like effect in a betastabilized Ti-Mo-Nb-Al alloy[END_REF][START_REF] Chen | Constitutive modeling of flow stress and work hardening behavior while considering dynamic strain aging[END_REF][START_REF] Estrin | Collective dislocation behaviour in dilute alloys and the Portevin-Le Chatelier effect[END_REF][START_REF] Kubin | Dynamic strain ageing and the mechanical response of alloys[END_REF][START_REF] Moon | Mechanical properties of solution heat treated Al-Zn-Mg-Cu (7075) alloy under different cooling conditions: analysis with full field measurement and finite element modeling[END_REF][START_REF] Kubin | Evolution of dislocation densities and the critical conditions for the Portevin-Le Chatelier effect[END_REF]. Similar to Eq. (7b), Eq. (13a) can be expressed as:

dis dsa [ k1 f sh ( ε ˙ ) 1/n k1 f sh ( ε ˙ ) 1/n ( Mk20f sh ε ( ε ˙ ) 1/n )] 2 established using Eqs. (
20 2 o 20 2 o o σ sh = σ sh ρ sh , ρ sh , ρ sh = σ sh + σ sh ( ρ sh ) + σ sh ρ sh , ρ sh (13b) 
The variation in the dislocation density versus strain for Alloy-S is shown in Fig. 5(e). Similar to AlMg alloy (Fig. 5(a)), the dislocation

m f 0 dis dsa m f
density depends on the strain rate at a relatively high strain and dislocation density is higher at a higher strain rate. It should be noted that the flow stress due to the dislocation-dislocation interaction (σ sh ) still conforms to Eq. ( 6) during the process of tending to saturation for an alloy with shearable precipitates. However, the saturated stress (σsat), characteristic strain (εtr), and initial work hardening (θ0) change owing to the introduction of shearable precipitates, and become σ sh , ε sh , and θ sh ,

Constitutive modeling for alloys with non-shearable precipitates

When shearable precipitates become non-shearable precipitates, the existing dislocation-dislocation and solute-dislocation interactions change due to the change in the dislocation-precipitate interaction; thus, σ0, σdis, and σdsa change, and Eq. (7a) becomes: respectively. According to Appendix B, ε sat tr θ σ 0 σ ns = σ ns + σ ns + σ ns (19a) sh = sh / sh = f sh εtr. Similar 0 dis dsa to Eq. (5b), the expressions for flow stresses (σ sh ) considering the ns shearable precipitates can be written as: dis where σ0 is the initial yield stress containing the precipitation strengthening contribution. When the non-shearable precipitates appear, the yield stress of alloy increases, thus σ ns > σ0. 

d m = b 2 -2 2 m b f
which is in agreement with the experimental results (Fig. 7(a-d)). With m dsa dsa

,

Similarly, σ ns replaced by ρ ns in Eq. (19a) can be denoted by Eq. ( 1), where ρ is shearable precipitates on dislocation proliferation is reflected in the newly introduced term ρ ns in Eq. (25b), because they increase the owing to the introduction of non-shearable precipitates.

The evolution of ρ ns versus strain cannot be expressed by the KM model because the introduction of non-shearable precipitates changes the dislocation free path. A new term, k0, is introduced to represent the influence of the introduction of non-shearable precipitates on disloca-p dislocation density mainly by generating Orowan loops surrounding them, which are mainly forest dislocations. Inspired by the studies of Proudhon et al., ρ ns can be expressed as [START_REF] Fribourg | Microstructure-based modelling of isotropic and kinematic strain hardening in a precipitation-hardened aluminium alloy[END_REF]: tion proliferation. Eq. ( 2) becomes [START_REF] Estrin | Dislocation-density-related constitutive modeling[END_REF]:

ρ ns Nφ 3ϕ ns N * ( 1 exp ( 2R ns Mε )) R ns -Rtra 3ϕ ns (26) dρ ns / dε p = M ( k0 + k1 √ ρ -f ns k2ρ ) (20) p = 2(R ns ) 2 = - -bN * Rcl -Rtra 2(R ns ) 2 2
where f ns represents the influence of non-shearable precipitates on dislocation annihilation; k0accounts for the dislocation storage resulting from non-shearable precipitates, and k0 = kD/bL ns where kD is constant [START_REF] Cheng | The influence of precipitation on the work-hardening behavior of the aluminum alloys AA6111 and AA7030[END_REF]. For simplicity, we assume a case in which the dislocation free path caused by non-shearable precipitates is smaller than that of the dislocations, i.e. the inter-distance between the precipitates L ns is smaller

where N is the number of loops stored around a non-shearable precipitate, which increases with increasing strain, and N N * . According to Estrin (which was verified by our SANS results) dislocations can be stored around non-shearable precipitates with larger sizes. [START_REF] Estrin | Dislocation-density-related constitutive modeling[END_REF], Eq. ( 20) becomes:

dρ ns / dε p = M ( k0 -f ns k2ρ ns ) . ( 21 
) From Eq. ( 21), the equation obtained is: Combining Eqs. ( 8), ( 9), ( 12), ( 17), [START_REF] Zhemchuzhnikova | Unusual behavior of the Portevin-Le Chatelier effect in an AlMg alloy containing precipitates[END_REF], and ( 26), the variation in σ ns versus strain is illustrated in Fig. 5(l). σ ns first increases and then saturates with increasing strain. Additionally, the lower the strain rate, the higher the σ ns . In conclusion, the relationship between the total flow stress, σ ns , and dsa for an alloy with non-shearable precipitates can be

√ k ( ε ˙ ) 1 / n [ ( ) ]
dis dsa

2 20 ˙o σ ns σ ns ( ρ ns ρ ns ρ ns ) σ ns σ ns ρ ns σ ns ( ρ ns ρ ns ) (19b)
Fig. 5(i). A lower strain rate, and a higher dislocation density. The Voce equation (Eq. ( 6)) must be modified to adapt to the new formation of dislocation density versus strain (Eq. ( 23)). According to Estrin, this Voce equation becomes [START_REF] Estrin | Dislocation-density-related constitutive modeling[END_REF]:

In summary, the flow stress considering the influence of the PLC effect for alloys as well as for alloys with shearable and non-shearable precipitates are described using the total dislocation density (ρ, ρ sh , ρ ns ), mobile dislocation density (ρ m , ρ sh , ρ ns ), and forest dislocation

m m [ ( σ )2 ( σ )2 ]/ ( σ )2 exp ( ε / ε ) (23) 
density (ρ f , ρ sh , ρ ns ) as three internal parameters by coupling the KM/ where σ ns and ε ns are the saturated stress and characteristic strain fluence of shearable and non-shearable precipitates on σdis and σdsa, as sat tr ns well as the proportion of σdsa in the total flow stress, can be estimated considering non-shearable precipitates. Here, εtr =εtr/2. The expresusing Eqs. (7b), (13b), and (19b). sions for flow stress σ ns written as: considering the non-shearable precipitates is

Comparison between modeling and experiments

σ ns σ ns √ √ √ ( n s ( ε ˙ ) -1 / n ε )
Fig. 6 compares the flow stress between the experiments and pre-√ k

( ε ˙ ) 1 + 1 √ √ ( ( ε ˙ ) -1 / n )
for the AlMg alloy without precipitates. Table A1 (Appendix A) presents

= aGbM ns 0 f ns k20 ε ˙o 2n m √ √ 1 exp -Mf ns k20 ε ˙o ε . (24) 
the values of all the parameters used for the calculation. The detailed processing of some parameters and the reasons why it uses the values in the literature for some parameters are included in Appendices A and B.

σ dis depends on the strain rate in the higher strain range, where the lower the strain rate, the higher the σ ns (Fig. 5(j)).

Similar to shearable precipitates, the contribution to the flow stress caused by the PLC effect can still be expressed by Eqs. ( 8) and ( 17), with Ω sh , t sh , ρ sh , ρ sh , and n sh being replaced by Ω ns , t ns , ρ ns , ρ ns , and n ns , At high strain rates (> 5.0 10 -3 s -1 ), both the KM and proposed models can predict the flow stress well, and their difference is very small (Fig. 6(a-d)). When the strain rate is low (< 1.0 10 -3 s -1 ), the difference between the KM and proposed models is large, and their difference increases with increasing strain (Fig. 6(e-i)). The proposed

w m f w m f
respectively, when shearable precipitates become non-shearable. The variation in t ns versus strain is shown in Fig. 5(k), where it first increases and then saturates with increasing strain. Additionally, the lower the strain rate, the higher the value of t sh . This variation trend is similar to model can predict the experimental results, whereas the predicted values of the KM model are significantly lower than the experimental values (Fig. 6(e-i)). Fig. 7 compares the flow stress between experiments and predictions w that of the AlMg and Alloy-S. Here, shearable precipitates are given as:

ns and ρ ns considering non-from the modified KM model (Eq. ( 14)) and the proposed model (Eq. (13a) and (13b)) for Alloy-S with shearable precipitates. Similar to the AlMg alloy, the predicted values from the modified KM and proposed

dρ ns C1 C f ns ρ ns - C3 ( ρ ns ) 1/2
(25a) models are very close when the strain rate is higher (> 2.5 × 10 -3 s -1 ),

dρ ns ns ns C 3 ( ns ) 1/2
ns ns ns an decreased strain rate (< 5.0 × 10 -3 s -1 ), the predicted value of the

d f = C2f 2 ρ m + b ρ f -C4f 2 ρ f + ρ p (25b)
proposed model is much higher than that of the modified KM model, in agreement with the experimental results (Fig. 7(e-i)). where f ns present the influence of the introduction of non-shearable precipitates on dislocation annihilation. The introduction of non-Fig. 8 compares the flow stress between experiments and predictions from the modified KME model (Eq. ( 21)) and the proposed model (Eq. (19a) and (19b)) for Alloy-NS with non-shearable precipitates. Similar to ε ε dictions from the KM (Eq. ( 2)) and proposed models (Eqs. (7a) and (7b))

2 ε f p ρ = ρ ns sat 0 ns k 1 -exp . ( 22 
)
The variation in the dislocation density versus strain is shown in AlMg and Alloy-S, the value predicted by the proposed model is higher than that by the modified KME model at a high strain rate (> 1.0 10 -3 s -1 ). The proposed model shows better agreement with the experimental results compared to the modified KME model. At a low strain rate (< 7.5 10 -4 s -1 ), both models can adequately predict the experimental results, indicating that the modified KME model is reasonable.

= m , f = ) + = sat p × ×
In general, the KM, modified KM, and modified KME models cannot predict the flow stress at a low strain rate, as they do not consider the additional strengthening related to the PLC effect. The proposed models, considering the additional strengthening caused by the PLC effect, can accurately predict the experimental flow stress. It is suggested that the additional strengthening due to solute-dislocation interactions cannot be neglected for alloys exhibiting the PLC effect. Moreover, the good agreement between experiments and modeling suggests that the modifications to the KM (KME) and KE models are reasonable when considering shearable and non-shearable precipitates. We will discuss the physical basic for considering PLC and the influence of different precipitates on PLC and its resultant flow stress.

Discussion

Physical basis for considering PLC in constitutive models

The PLC effect is due to the interaction of solute atoms and mobile dislocations. When mobile dislocation is arrested by obstacles such as forest dislocations, solute atoms can continuously migrate into the arrested dislocations to form an solute atmosphere, which impose additional pinning on the arrested dislocations. During this process, the solute-dislocation binding energy provides a strong thermodynamic driving force [START_REF] Curtin | A predictive mechanism for dynamic strain ageing in aluminium-magnesium alloys[END_REF]. In order to break away from pinning and again move continuously, the arrested dislocations now require an additional component in the flow stress to overcome the additional pinning from this solute atmosphere, which is depicted as σdsa in this work. Therefore, in order to accurately describe the flow stress of alloys with pronounced PLC, σdsaneeds to be considered, which is clearly shown by improved accuracy of KM/KME model after modified with σdsa (Figs. 6, 7 and 8).

From a kinetic perspective, the magnitude of σdsa depends on the competition between the waiting time tw and characteristic time (or aging time) τ as shown in Eqs. ( 8) and [START_REF] Lee | On the origin of dynamic strain aging in twinning-induced plasticity steels[END_REF]. tw describes the time during which the mobile dislocations are arrested. τ describes the time during which the solute atoms migrate to the arrested mobile dislocations.

Since τ is a constant at room temperature for a certain alloy system (e.g., AlMg or AlMgScZr), σdsa mainly depends on tw. A higher tw means that the solute atoms have more time to diffuse into the arrested mobile dislocations, thus creating a stronger solute atmosphere around the arrested mobile dislocations, which leads to a higher pinning effect and thus larger σdsa value.

Eq. [START_REF] Zavattieri | Spatiotemporal characteristics of the Portevin-Le Chatelier effect in austenitic steel with twinning induced plasticity[END_REF] clearly indicates that the value of twdepends on the density of both mobile dislocations ρm and forest dislocations ρf . When the precipitates occur, tw changes since the precipitates can influence dislocation behaviors. Therefore, the influence of precipitates on σdsais actually embedded in their influence on the evolution of ρm and ρf. The detailed explanation on the influence of shearable and non-shearable precipitates on dislocation motion, distribution and multiplication is provided in Appendix C. For non-shearable precipitates, they can directly store dislocations around them, e.g., via formation of Orowan loops. Hence, it is comprehensible that these precipitates would affect ρm and ρf, hence tw and σdsa. For shearable precipitates, on the other hand, although they cannot directly storage dislocations, they are indeed found to change the modes of dislocation storage. In contrast to uniformly-distributed tangled dislocations found in AlMg alloy, Alloy-S are found to formulate slip bands with high dislocation density. Therefore, although the final dislocation densities before plastic instability (approximately 0.15 tensile strain) are very similar for the AlMg and Alloy-S, such transition of dislocation distribution and structure is very likely to impact the relative proportion of mobile and forest dislocations.

This will result in greatly differed ρm and ρf evolution in Alloy-S from AlMg, eventually affecting tw and hence σdsa.

From the above analysis, it is easy to reach the conclusion that due to differed underlying mechanism for shearable and non-shearable precipitates to influence dislocation behavior, their impact on twhence σdsaare quantitatively different. However, it is shown in Fig. 5(d),(h) and (l) that the introduction of precipitates generally results in a decrease of tw and hence a weakening of σdsa, as is clearly shown in Fig. 9 (c).

Influence of PLC -induced strengthening on the total flow stress

Fig. 10 shows the proportions of PLC-induced strengthening in the total flow stress (σdsa/σtotal) for AlMg, Alloy-S, and Alloy-NS. It is shown that σdsa/σtotal gradually increases with the decrease of strain rate. For AlMg alloy, σdsa/σtotal ratio reaches approximately 14.5% at the strain rate of 1.0 10 -5 s -1 (Fig. 10(a)). This indicates that PLC-induced strengthening should be considered when modeling the flow stress of AlMg alloy at low strain rate. In the presence of shearable precipitates, the value of σdsa/σtotal notably decreases, as compared to the AlMg alloy without precipitates (Fig. 10(b)), with a maximum value of 4.5% at a strain rate of 2.5 10 -4 s -1 (Fig. 10(d)). This indicates that it can neglect the influence of PLC effect on flow stress when studying flow stress for alloy with shearable precipitates. For alloys with nonshearable precipitates, the value of σdsa/σtotal also decreases as compared to AlMg (Fig. 10(c)), with a maximum value of approximately 9.5% at a strain rate of 1.0 × 10 -5 s -1 (Fig. 10(d)). The maximum value of σdsa/σtotal is about 9.5%, suggesting that it may not ignore the influence of PLC effect on flow stress when studying flow stress for alloy with non-shearable precipitates.

In summary, both the shearable and non-shearable precipitates can weaken the influence of PLC effect on flow stress. However, although both shearable and non-shearable precipitates can decrease σdsa/σtotal by decreasing σdsa and increasing σtotal, they affect σtotal with different Another interesting phenomenon is that shearable precipitates affect directly affect dislocation density (Fig. 9(b) and Appendix C). In contrast, non-shearable precipitates can elevate σtotalvia both precipitation strengthening and dislocation strengthening, since they not only lead to additional precipitation strengthening, but also directly promote dislocation multiplication during deformation (Fig. 9(b) and Appendix the evolution pattern of σdsa/σtotalduring deformation (Fig. 10). For alloys with no precipitates or non-shearable precipitates, two patterns of σdsa/σtotal evolution are observed, depending on applied strain rate: when deformed at low strain rate regime (e.g., 1.0 × 10 -4 s -1 ) the value of σdsa/σtotal attains its maximum at low strain regime, while in high strain rate regime (e.g., 1.0 10 -2 s -1 ) the value of σdsa /σtotal increases monotonically and saturates at large strain. However, for alloys with shearable precipitates, σdsa/σtotal always monotonically increases to saturation, regardless of the strain rate. Therefore, the tensile strain corresponding to the maximum value of σdsa/σtotal in AlMg and Alloy-NS is much smaller than the Alloy-S.

Strain rate range for the occurrence of PLC effect

From Fig. 4(a), the introduction of shearable precipitates shortens the strain rate range for the occurrence of PLC, while non-shearable precipitates show no such effect compared with AlMg alloy. At low strain rate, the mobile dislocations usually have a relative lower movement velocity. The mobile dislocations are usually captured by solute atoms and other obstacles due to its relative low velocity before the occurrence of PLC. Only when the mobile dislocations escape from the solute atoms, does the PLC phenomenon occur [START_REF] Geng | Zn/Cu regulated critical strain and serrated flow behavior in Al-Mg alloys[END_REF][START_REF] Mccormick | The inverse Portevin-Le Chatelier effect in an Al-Mg-Si alloy[END_REF][START_REF] Fu | Two mechanisms for the normal and inverse behaviors of the critical strain for the Portevin-Le Chatelier effect[END_REF].

For AlMg alloy, the mobile dislocations need to overcome the energy barrier with the aid of thermal activation if they expect to overcome the pinning from forest dislocations. When shearable precipitates occur, the energy barrier increases. The applied stress need to be increased if the mobile dislocations are to overcome the energy barrier imposed by both forest dislocations and precipitates. Therefore, a higher strain rate is now required for the breakaway of dislocations, leading to the absence of PLC in low strain rate regime. However, for non-shearable precipitates, the inhibition effect and the resultant energy barrier on mobile dislocations provided by precipitates are weaker than shearable precipitates, as non-shearable precipitates tend to have a weaker precipitate-dislocation interaction, which is also reflected in their weaker precipitation strengthening increment (Table C1). Thus, a relative lower strain rate is sufficient to meet the condition for the appearance of PLC. Thus, shearable precipitates can short the strain rate range for the appearance of PLC.

In summary, both the shearable and non-shearable precipitates can weaken the influence of PLC effect on flow stress, since they both decrease the value of σdsa/σtotal. However, the shearable precipitates can shorten the strain rate range for the appearance of PLC, while the nonshearable precipitates cannot (Fig. 4(a)). From this point of view, shearable precipitates are more effective in suppressing the PLC effect.

It should be noticed that the PLC effect can be observed in other precipitation hardening alloys besides AlMg based alloy, such as AlZnMg/AlZnMgCu and AlLi alloys. Our proposal models can be used to predict the influence of PLC effect on flow stress in other aluminum alloy systems, since they are developed by considering the classical precipitate-dislocation mechanisms. However, for many practical alloys such as the AlZnMg/AlZnMgCu [START_REF] Pink | The effect of precipitates on characteristics of serrated flow in AlZn5Mg1[END_REF][START_REF] Thevenet | The effect of precipitation on the Portevin-Le Chatelier effect in an Al-Zn-Mg-Cu alloy[END_REF], AlLi [START_REF] Chmelík | Mechanisms of serrated flow in aluminium alloys with precipitates investigated by acoustic emission[END_REF][START_REF] Pink | Serrated flow of aluminium alloys influenced by precipitates[END_REF] and AlCu/Al-CuMgMn alloys [START_REF] Ren | Portevin-Le Chatelier effect triggered by complex loading paths in an Al-Cu aluminium alloy[END_REF][START_REF] Nie | On the role of Zr content into Portevin-Le Chatelier (PLC) effect of selective laser melted high strength Al-Cu-Mg-Mn alloy[END_REF], the solute concentration in the matrix decreases when precipitation occurs. Therefore, it would be necessary to consider the variation of solute concentration, i.e. the variation of Cm value in Eq. ( 8) during precipitation. Moreover, the precipitation process can be complicated for some alloys, such as precipitates in AlZnMg alloy [START_REF] Chatterjee | In situ transmission electron microscopy investigation of nucleation of GP zones under natural aging in Al-Zn-Mg alloy[END_REF]. We will discuss the general aspects of the proposal model to other aluminum alloys in the future study.

Conclusion

This study systematically investigates the influence of PLC-induced strengthening on the flow stress in three cases based on experiments and modeling. It is found that shearable and non-shearable precipitates influence the PLC-induced strengthening and flow stress differently. The underlying physical mechanisms and the roles of the shearable and nonshearable precipitates are revealed. The following quantitative and qualitative conclusions are obtained:

(1) PLC-induced strengthening accounts for as much as 14.5% of the total flow stress of the AlMg alloy, indicating that PLC-induced strengthening should be considered when modeling the flow stress of AlMg alloy. By introducing shearable and non-shearable precipitates, the proportions of PLC-induced strengthening in the total flow stress decreases and the maximum value decrease from 14.5% to approximately 4.5% and 9.5%, respectively. It is concluded that both the shearable and non-shearable precipitates can effectively weaken the influence of PLC effect on the flow stress.

(2) Shearable precipitates can restrict the appearance of PLC effect at low strain rate, thus effectively shortening the strain rate range for the occurrence of PLC effect. This is because shearable precipitates increase the energy barrier which arrested mobile dislocations need to overcome. However, such effect is not observed for non-shearable precipitates at low strain rate. Therefore, introduction of shearable precipitates may be an effective strategy for suppressing the occurrence of PLC and eliminating its influence on the flow stress. (3) We propose models to predict the influence of the PLC effect on the flow stress using three internal variables, namely, the total dislocation, mobile dislocation, and forest dislocation densities.

The proposed models are developed by coupling the classical KME and KE models, and considering different precipitatedislocation interactions. The proposed models can predict the flow stress well in the case of the AlMg and AlMgScZr alloys exhibiting the PLC effect, indicating the effectiveness of the combined models. (4) Both the shearable and non-shearable precipitates can decrease σdsa/σtotal by increasing σtotal, but through different physical mechanisms. The shearable precipitates elevates σtotal solely by precipitation strengthening, since they can't directly increase the dislocation density. In contrast, non-shearable precipitates elevates σtotal by both introduction of precipitation strengthening and enhancement of dislocation strengthening, as they can promote dislocation multiplication during deformation.

To summarize, this study is an in-depth attempt to understand the role of shearable and non-shearable precipitates in PLC-induced strengthening of the flow stress, thus may provide new insights into strategy of controlling PLC effect in precipitation hardening alloys and preparation of high-performance metallic materials.

Fig. 1 .

 1 Fig. 1. Characterization of the Al3(Sc, Zr) precipitates in Alloy-S and Alloy-NS. (a-b) Dark-field TEM images of Alloy-S and Alloy-NS. The insets in (a) and (b) are the corresponding selected area electron diffraction (SAED) patterns, and the diffraction spots indicated by dashed red circles are the supperlattices of the Al3(Sc, Zr) precipitates; (c) I-q curves of Alloy-S and Alloy-NS obtained using SANS; and (d-e) two-dimensional scattering images of Alloy-S and Alloy-NS in (c).

Fig. 2 .

 2 Fig. 2. The Al3(Sc, Zr) precipitates in (a-c) Alloy-S and (d-f) Alloy-NS. (a) and (d) are HRTEM images, and (b-c) and (e-f) are the corresponding IFFT maps of (a) and (d). The dashed red circles represent the boundary between the precipitates and matrix. [001] Al and [001] P are the [001] zone axes of the aluminum matrix and precipitates. (200)Al, (020)Al, (100)P, and (010)P are the (200) and (020) crystallographic planes of the aluminum matrix and the (100) and (010) crystallographic planes of the precipitates, respectively.

Fig. 4 .

 4 Fig. 4. (a) Strain rate range for the occurrence of PLC for AlMg, Alloy-S and Alloy-NS; (b) and (c) magnified stress-strain curves with serrations or steps at different strain rates for the three samples; (d) variation in the maximum pinning strength versus strain rates for the three samples.

Fig. 5 .

 5 Fig.5. Variation in ρ versus strain at different strain rates for (a) AlMg, (e) Alloy-S, and (i) Alloy-NS; variation in σdis versus strain at different strain rates for (b) AlMg, (f) Alloy-S, and (j) Alloy-NS; variation in tw versus strain at different strain rates for (c) AlMg, (g) Alloy-S, (k) and Alloy-NS; variation σdsa versus strain at different strain rates for (d) AlMg, (h) Alloy-S, and (l) Alloy-NS.

  reflects the dislocation proliferation between mobile dislocations; C2 reflects the mutual annihilation and trapping of mobile dislocations; C3 reflects the immobilization between mobile and forest dislocations; C4 reflects the dislocation annihilation related to dynamic dρ m C1 ( C 3 ) 1/2 recovery. Parameters C1 and C3 are two material constants, whereas dε = b 2 -C2ρ mb ρ f (11a) parameters C2 and C4 account for thermally activated mechanisms (such as cross-slip or climb) and depend on the strain rate and temperature,

  ) dislocation-dislocation and solute-dislocation interactions change owing m f
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 5 Fig. 5(h). σ sh for Alloy-S first increases and then saturates with
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 221 without precipitates. Previous studies have shownThe PLC contribution to the flow stress can be expressed by Eq. (8), estimated using Eqs.[START_REF] Rowlands | The Portevin-Le Chatelier effect in nickelbase superalloys: origins, consequences and comparison to strain ageing in other alloy systems[END_REF][START_REF] Lee | On the origin of dynamic strain aging in twinning-induced plasticity steels[END_REF][START_REF] Zavattieri | Spatiotemporal characteristics of the Portevin-Le Chatelier effect in austenitic steel with twinning induced plasticity[END_REF][START_REF] Brechtl | Towards a greater understanding of serrated flows in an Al-containing high-entropy-based alloy[END_REF][START_REF] Zhang | Microstructures and properties of high-entropy alloys[END_REF], where two internal parameters, Mf ns k20 (ε ˙/ε ˙o ) -1/n ε established as follows:0 + dis ( models, as shown in Eqs. (7b), (13b), and (19b). The indis = exp -Mf 2 k20 ε ˙o

Fig. 6 .

 6 Fig. 6. (a-i) Comparison of the experimental flow stress and flow stress predicted using the KM and proposed models at different strain rates for the AlMg alloy.

Fig. 7 .

 7 Fig. 7. (a-i) Comparison of the flow stress between experiments and predictions from the modified KM model and the proposed model at different strain rates for Alloy-S.

Fig. 8 .

 8 Fig. 8. (a-i) Comparison of the flow stress between experiments and predictions from the modified KME model and the proposed model at different strain rates for Alloy-NS.

Fig. 9 .

 9 Fig. 9. Variation in the (a) dislocation density, (b) dislocation strengthening (σdis), and (c) PLC-induced strengthening σdsa versus strain for AlMg, Alloy-S, and Alloy-NS at a strain rate of 1.0 × 10 -3 s -1 . physical mechanisms. The shearable precipitates mainly elevate the total flow stress σtotal by precipitation strengthening, since they can't C).Another interesting phenomenon is that shearable precipitates affect directly affect dislocation density (Fig.9(b) and Appendix C). In
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Fig. 10 .

 10 Fig. 10. The proportions of PLC-induced strengthening in the total flow stress for (a) AlMg, (b) Alloy-S, and (c) Alloy-NS; (d) the maximum value of σdsa /σtotal for above three alloys at different strain rates.

  

Table 1

 1 Average radius, volume fraction and precipitate spacing of the Al3(Sc, Zr) precipitates in Alloy-S and Alloy-NS.

	Samples	Average	Volume	Precipitate	Precipitate
		radius	fraction	spacing	attribute
	Alloy-S	2.4	0.40%	51.1 nm	Shearable
	Alloy-	10.3	0.42%	382.1 nm	Non-shearable
	NS				
	64].				

  1 exp 2R ns Mε / bN * ) where N * is the maximum number of stored dislocation loops. Here, φ is an efficiency factor accounting for the stored Orowan loops and φ = (R ns -Rtra)/(Rcl -Rtra), where Rtra is the critical precipitate size between shearing and bypassing, and Rcl is the critical precipitate size between coherent and non-coherent. When Rtra< R ns < than that of obstacles caused by dislocations √

		ρ n s	's	Rcl, φ increases with increasing precipitate size, indicating that more
	theory, when L ns <	10/ √ ρ n s	
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