Modelling the Plastic Anisotropy of Aluminium Alloy 3103 Sheets by Polycrystal Plasticity Models
Abstract
The Plastic plastic anisotropies anisotropy of the AA3103 sheets in the cold rolled condition (H18 temper) and in the fully annealed condition (O temper) are was studied experimentally and numerically in this work. The microstructure and texture of the two materials were characterized and the anisotropic plastic anisotropic behaviours were was measured by in-plane uniaxial tension tests along every 15° from the rolling direction (RD) to the transverse direction (TD) of the sheet. Five polycrystal plasticity models, namely the full-constraint Taylor model, the Alamel model, the Alamel Type III model, the visco-plastic self-consistent crystal plasticity model (VPSC) and the crystal plasticity finite element method (CPFEM), were employed to predict the directional plastic anisotropies anisotropy in the plane of the sheet. Experimentally observed grain shapes have been taken into consideration. In addition, a multi-level modelling method was employed where the advanced yield function Yld2004-18p is fitted to stress points provided by CPFEM simulations along 89 strain-paths, and the plastic anisotropy is then produced by the yield function. Based on comparisons between the experimental and the predicated results, the multi-level fitting method is considered as the most accurate way of describing the plastic anisotropy. The Alamel Type III and Alamel models are also recommended as the accurate and time-efficient models for predicting the plastic anisotropy of the AA3103 sheets in H18 and O the tempersH18 temper and in the O temper, respectively.   
1. Introduction
Due to the thermo-mechanical history, sheet metals commonly feature certain a preferred crystallographic orientation distribution which is termed crystallographic texture – or texture for short. The significance of texture lies in the plastic anisotropy, i.e. direction-dependent strengths and flow patterns, which is are mainly attributed to the texture. For In a forming process, the plastic anisotropy of the material greatly influences the final shapes and dimensions of the products. Hence, proper descriptions of the plastic anisotropy are is of importance for the design and optimization of the forming processes. Crystal plasticity (CP) models and anisotropic yield functions are two principal approaches to describe the plasticity and its anisotropy of engineering metallic alloys [1]. Due to higher computational efficiency than the CP models, anisotropic yield functions are widely applied in the finite element method (FEM) simulations of forming processes.   
In the last decade, many advanced yield functions have been proposed which that are capable of accurately describing the plastic anisotropy of Aluminium aluminium alloys [2-5]. These yield functions are generally calibrated by mechanical tests, e.g. uniaxial tensile tests and biaxial tension/compression tests. However, most of the stress space is left unexplored when fitting the parameters of the yield function due to severe experimental limitations, and biaxial tension/compression testing is not universally accessible. To overcome these limitations, many researchers have employed the CP models to facilitate the fitting of anisotropic yield functions, i.e. a hierarchy hierarchical multi-level modelling. This can be done through by conducting all of or part of the required experimental tests virtually by using CP models [2, 6, 7]. Alternatively, the yield functions can also be calibrated against the stress points at yielding provided by CP models in the stress space [1, 8-11]. As pointed out by Zhang et al. [12], the success of the hierarchy hierarchical multi-level modelling critically depends on the accuracy of the lower-scale CP models in representing the materials’ plastic anisotropy. Hence, quantitative evaluations of the performance of CP models for predicting plastic anisotropy are of great values for the research on and applications of the hierarchy multihierarchical multi-level modelling.
Over the past few decades, materials scientists have become more aware of the important role played by the distribution and connectivity of different grain boundary types in governing various mechanical and functional properties of materials [13]. It has been shown that the grain boundary can be of importance to texture and microstructure evolutions during deformation [14, 15]. The plastic anisotropy predicted by CP models is also influenced by the grain morphology [15]. Hence, the grain morphology should been taken into considerations when conducting CP calculations, which canand thus make the predictions more physically reasonable. 
In this work, the plastic anisotropy of AA3103 sheets, in a cold-rolling state (H18 temper, denoted AA3103-H18 in the following) and in a fully annealed state (denoted AA3103-O in the following), were investigated by experiments and by various CP models. Uniaxial tensile tests at every 15° from the rolling direction (RD) and to the transverse direction (TD) were carried out to get the directional normalized yield stresses and Lankford coefficients (r-values). Five different crystal plasticity models, namely the full-constraint (FC) Taylor model [16-18], the Alamel model [19] and its one invariant with the so-calledthe variant with Type III relaxation (Alamel Type III) [20], the visco-plastic self-consistent (VPSC) model [21] model and the crystal plasticity finite element method (CPFEM) [22], were employed to simulate the uniaxial tension tests. Besides the texture, the grain shapes of the material have has also been taken into considerations in the CP models that allows relaxed constraints except the simplest FC-Taylor model. Due to the non-equiaxed grain structures of the AA3103 sheets (especially the AA3103-H18 one), the in-plane uniaxial tensile tests along directions other than the RD and TD are difficult to perform by the CPFEM while keeping the a realistic grain structure in the representative volume element (RVE). Instead, a hierarchy multi-level modelling method is used, i.e. fitting the advanced yield function Yld2004-18p [2] by CPFEM stress points for different in-plane loadings. The numerical results are compared with the experiments to evaluate the performance of different CP models. 
[bookmark: _GoBack]In Section 22 of this paper, the procedures for microstructure characterizations and uniaxial tensile test proceduresing are described along with , whereas the experimental results are also shown there. The five CP models and thethe virtual uniaxial tensile tests by CP modelss are described in Section 33. The methodologies methods adopted for considering the grain morphology by in the different CP models are illustrated described in the same section. Section 44 deals with the hierarchy hierarchical multi-level modelling of plastic anisotropic anisotropy, which includesing the Yld2004-18 yield function and CPFEM calculations. All the numerical results are shown presented and discussed in Section 55, while the main conclusions of the current study are provided in Section 66.     
2. [bookmark: _Ref379119894]Experimental methods and results
The AA3103-H18 and AA3103-O sheets are were provided by the R&D Center of Hydro Aluminium in Bonn, Germany. Starting from a hot rolled strip of a 4.1mm thickness, the AA3103-H18 sheets were produced by cold rolling to a final thickness of 1.2 mm, i.e. with a 71% thickness reduction. The AA3103-O was then prepared through a simulated batch anneal of the AA3103-H18 sheets with a holding time of 2 hours at a peak metal temperature of 350 ºC. The chemical composition is shown in table Table 1. 


The microstructure at both ‘RD- normal direction (ND)’ and ‘TD-ND’ sections (ND being the normal direction) of the two variants of the AA3103 sheets were measured by electron back scatter diffraction (EBSD) in a Zeiss Ultra/Supra 55 field emission scanning electron microscope (FESEM) equipped with TSL software. For the AA3103-O material, the scanned area for ‘RD-ND’ and ‘TD-ND’ sections were 1.0×1.6 mm2 and 0.8×1.2 mm2, respectively, with a step size of 2 µm. For the AA3103-H18 material, the scanned area for both sections was 0.3×0.3 mm2 with a step size of 0.5 µm. The orientation distribution functions (ODF) were then generated using all scanning points by the series expansion method with  and . In order to get EBSD diffraction patterns with a higher quality, the EBSD samples of the AA3103-H18 material were soft-annealed at 250 ºC for 10 minutes in a furnace before the measurement. Textures of the AA3103-H18 samples before and after the quickrapid soft-anneal at 250 ºC were also measured by X-ray diffractions, which and confirms confirmed that there was little influence introduced by that soft-annealed treatment on the texture. The constitutive particles were characterized by back-scattered electrons (BSE) in the FESEM while the area fraction and size of constitutive particles were analyzed by quantitative metallography.



Uniaxial tensile tests at every 15°o from the RD to the TD (7 a total of seven directions) were conducted to obtain the mechanical and anisotropicy in strength and plastic flow  properties of the two AA3103 materials in each temper. The tensile direction with respect to RD is represented with the angle , i.e.,  for the RD and  for the TD. The uniaxial tensile samples have had a uniform section with a gauge length of 50 mm and a width of 12.5 mm. The experiments were carried out with a load speed of 2 mm per minute until fracture. At least two samples were tested in one single direction. Extensometers were attached in the longitudinal and in the transverse direction to record the respective deformations. The r-value was then determined from the recorded deformations employing the plastic incompressibility condition. Elastic deformations were calculated with longitudinal true stress, Young’s modulus and Poisson’s ratio and were deducted from the total deformations when calculating the r-value [23]. The r-values of the AA3103-H18 material were calculated in the uniform plastic deformation region with logarithmic strain between, between ~0.5%-% and 2.0% true strains. For the AA3103-O sheet, the r-values were calculated for logarithmic strains between 3%-% and 15% elongations. The yield stresses were determined at a constant plastic deformation, conventionally 0.2% plastic strain.          
Examples of the typical microstructure of the AA3103-H18 and AA3103-O sheets are shown in Fig. 1Fig. 1. The RD-ND section of AA3103-H18 shows a typical cold rolling structure, i.e. fibrous grain shapes, whereas the pancake grain shape can be found at the TD-ND section. Due to the large deformation, the grain size and aspect ratio along three orthotropic directions of the AA3103-H18 sheet are difficult to be measure accurately measured. Instead, they can be estimated according to its the thickness reduction and the grain morphology before the cold rolling, i.e. a non-fullypartially recrystallized grain structure out ofafter the hot-rolling. The AA3103-O sheet shows a fully recrystallized grain structure where smaller grain size along ND can be observed. Grain sizes along the RD, TD and ND directions are measured using the line intercept method. The aspect ratios along three orthotropic directions of the sheet was were then determined based on the measurements. The grain sizes and grain aspect ratios of the two AA3103 sheets are compiled in Table 2. 
The BSE micrographs in Fig. 2Fig. 2 further reveal that the AA3103 alloys contain a large fraction of micron-sized second-phase particles. The size and area fraction was analyzed by quantitative metallography and are summarized in Table 2Table 2. 
Crystallographic textures of the two AA3103 sheets are illustrated in Fig. 3Fig. 3 by means of ODF. The β-fiber which consists of the copper, S and brass components is clearly shown in the ODF of the AA3103-H18 material. For the AA3103-O material, the main components are the cube and P orientations together with the Goss orientation at a lower intensity. The AA3103 alloy in both tempers exhibit weak textures, which is attributed to the high fraction of second-phase particles [24].




In Fig. 4Fig. 4, experimental stress-strain curves of the two AA3103 sheets are shown. Due to the pre-cold-rolling, the A3103-H18 sheet has short uniform elongations before necking, only ~1.5%, while fracture occurredd at ~3% elongations. In contrast, the AA3103-O plates sheets can withstand tensile tension up to 50% elongations along the RD, and around 30% along the TD before fracture. The yield stress along the RD for the AA3013-H18 and the AA3103-O sheets are 201.6 MPa and 39.8 MPa, respectively. The yield stresses at along the RD were was taken as a references to normalize the yield stresses along the other directions. , and tThe anisotropy directional in strength and plastic flow anisotropy is plotted in Fig. 5Fig. 5 where the r-values are also shown. The AA3103-H18 material sheet shows weak strength anisotropy. The  maximum deviation from the reference value occurs at  and is only about 3%. The strength anisotropy of the AA3103-O sheet is different and significantly stronger, and the maximum deviation from the reference value occurs at the TD () and is about 8%. The directional variation of the r-value of AA3103-H18 sheet is strong with a minimum at the RD of about 0.5 and a maximum at  of about 1.5. The AA3103-O sheet exhibits less and somewhat different variation of the r-value. The maximum value of about 0.9 occurs at , while the minimum value, about 0.4, is found in the TD.  but strong flow anisotropy. The maximum stress difference observed is only ~3%, at 45° lower than the reference, and a smooth transition from the RD to the TD is observed; the r-value is largest at the 45° while the r-value along the RD is only half of that at the TD. The directional anisotropy of the yield stress of the AA3103-O sheet is stronger than that of its H18 counterpart. It is strongest along the RD, weakens gradually to the 45° with a ~8% decrease and then varies little for the other directions to the TD. The variation of r-values of the annealed sheet is weaker than that of H18 ones. The strongest and lowest r-values happen around 45° and at the TD, respectively. Within the investigated strain ranges, only minor changes in the directional anisotropy in strength anisotropies and plastic flow patterns of the AA3103 materials of both tempers werewere found to change little.
Table 11 Chemical compositions of the AA3103 alloy (in wt%).
	Si
	Fe
	Cu
	Mn
	Mg
	Cr
	Zn
	Ti
	Al

	0.063
	0.53
	0.0027
	1.03
	0.01
	0.0006
	0.0054
	0.006
	Rest
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[bookmark: _Ref375166045][bookmark: _Ref377080940]Fig. 11 EBSD microstructure of (a, b) the AA3103-H18 material and of (c, d) the AA3103-O material.



[bookmark: _Ref375228574]Table 22 Measured grain size, aspect ratios, particle size (mean diameter of an equivalent circle) and area fraction of the AA3103 sheets. 
	
	AA3103-H18
	AA3103-O

	Grain size Φ
	—-
	ΦRD: 38.4 ± 4.3 µm

	
	—-
	ΦTD: 30.8 ± 3.1 µm

	
	ΦND: ~5 µm
	ΦND: 15.0 ± 1.7 µm

	Aspect ratio     (ΦRD: ΦTD: ΦND)
	5 : 1 : 0.2
	2.5 : 2 : 1

	Particle size
	2.6 ± 0.14 µm
	2.6 ± 0.15 µm

	Area fraction
	3.5 ± 0.3 %
	3.2 ± 0.29 %
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[bookmark: _Ref375228155]Fig. 22 BSE images of the constitutive particles of the AA3103 sheets (a) in the H18 temper and (b) in the O temper.



(a)						(b)
[bookmark: _Ref375228918]Fig. 33 ODFs of (a) the AA3103-H18 and (b) the AA3103-O sheets.
       (a)                                                               (b)	Comment by Odd Sture Hopperstad: The legend is strange. Why do you write e.g. RD30?
[bookmark: _Ref375445214]Fig. 44 Stress-strain curves for from uniaxial tensile tests along 7 seven in-plane directions of the AA3103 sheets: (a) temper H18 and (b) temper O.


(a)						(b)
[bookmark: _Ref375446125]Fig. 55 Plastic anisotropy of the AA3103 sheets based on tensile tests at seven in-plane directions with respect to the RD: Experimental in-plane directional (a) normalized yield stress and (b) r-values.
3. [bookmark: _Ref379120160]Crystal plasticity modelling of plastic anisotropy
The five CP models employed in this work will be briefly introduced in Section 3.13.1, while the virtual uniaxial tension tests by performed with the Taylor-type and the VPSC models are described in Section 3.23.2. Section 3.33.3 deals with the CPFEM simulations. It is assumed that the plastic deformation is caused by crystallographic slip on the {111}<111> slip systems, as is usually assumed for the face-centred-cubic (FCC) metals. 
3.1. [bookmark: _Ref379121654]Crystal plasticity models
It is assumed that the plastic deformation is caused by crystallographic slip on the {111}<111> slip systems, as is usually assumed for the face-centred-cubic (FCC) metals. 
The FC-Taylor model assumes that each grain experiences the same deformation as the aggregate, and the deformation is accommodated by at least five slip systems according to the principle of maximum plastic work or the complementary minimum principle, which follows from the yield criteria of the slip systems. Based on the active slip systems, the stress state is found in one of the 56 vertices of the yield surface of each FCC crystal. The stress state of the aggregate is commonly takes defined as the volume average of over all grains’ responses. 
In the Alamel-type models, a pair is assembled by two grains and a common grain boundary. Local interactions between the two grains in a pair are considered by means of relaxations of constraints on the shear components of the prescribed deformation. Stress tensors in each crystal of one pair are calculated from the yield criteria of the slip systems and the equilibrium conditions of the shear stress components [12]. The Taylor-type models studied here, i.e. the FC-Taylor and Alamel-type models, are rate-independent. 
The VPSC model regards each grain of the polycrystal as an ellipsoidal inclusion embedded in a homogeneous effective medium whose mechanical response corresponds to the volumetric average of all grains. Grains in the CPFEM are represented by single or multiple elements and both stress equilibrium and strain compatibility are fulfilled at the boundaries.   
The rate-dependent VPSC and CPFEM models assume that all slip systems are active and that the slip activity is determined via a power-law type equation

[bookmark: ZEqnNum298341]		




where  is a reference shearing rate,  is the instantaneous strain-rate sensitivity and  represents the slip resistance which evolves during the plastic deformation according to the hardening law.  is the resolved shear stress and is calculated out from the current stress-states and crystallographic orientation. The plastic power per unit volume is defined as

		


The hardening law employed by the CPFEM in this work assumes that the critical resolved shear stress , which is initially equal to , evolves through

[bookmark: ZEqnNum360647]		





where  is the instantaneous strain hardening matrix;  and  are indices referring to slip systems; and  is the number of slip systems. In this work, is described phenomenologically by a Voce-type law:

[bookmark: ZEqnNum521304]		



where  is the initial hardening rate, while  and  describe the asymptotic hardening. The accumulated plastic shear strain 

	 
is the accumulated plastic shear strain defined by	

		


The parameter  represents latent hardening, while  is the Kronecker delta function.
3.2. [bookmark: _Ref379192341]Set-up of Taylor-type and VPSC calculations
Grain orientations are the necessary input for all of the CP models motioned above. A total of 2500 orientations were randomly selected from the EBSD scanning points, i.e. an aggregate of 2500 grains for both the AA3103-H18 and the AA3103-O material, respectivelys. The quality of the selected orientations in representing the measured texture is evaluated by the normalized difference texture index [19], defined as

		


where  is the ODF. Values of  for the grain selections of the AA3103-H18 and the AA3103-O are 0.39% and 1.13%, respectively, which indicates a rather good representation of the experimental ODF for both materials.
For the AA3103-H18 sheet, these 2500 orientations were randomly assembled into 3750 Alamel pairs in a manner that each grain was reused three times. These pairs were then considered by the Alamel and the Alamel Type III models. The cold-rolled AA3103-H18 sheet shows extensively elongated grain shapes, as illustrated in Fig. 1Fig. 1 and by the grain aspect ratio compiled in Table 2Table 2. To reflect such rolling grain structure in the Alamel-type models, grain boundaries in all Alamel pairs were set toassumed parallel with the RD-TD plane, which reduced the Alamel-type models into Lamel-type models  [25], i.e. the Lamel model and the Lamel Type III model.

For the AA3103-O material, the same number of Alamel pairs was considered as its H18 counterpart. The grain morphology in terms of the grain aspect ratio was taken into consideration following the next two steps. First, an equiaxed grain structure was defined using a microstructure file consisting of 1875 random orientations [19]. Then, a gradient tensor  of which the three diagonal components take values of the grain aspect ratio of the AA3103-O material shown in Table 2Table 2, was applied to distort the plane normal of the equiaxed grain boundaries. By such an hypothetical deformation, a new grain boundary coordinate is obtained and the volume fraction can be estimated [15]. The updated grain boundaries were then randomly assigned to these 3750 Alamel pairs.


The VPSC code reads the grain aspect ratio to define the initial lengths of the three ellipsoid axes. The aspect ratios shown in Table 2Table 2 for AA3103-H18 and AA3103-O were then input into the VPSC code for their respective calculations. The instantaneous strain-rate sensitivity was set as 0.01 to represent the low strain-rate sensitivity of the materials under study. Several formulations exist for the interaction equation that linearly relates stress and strain rates in the grain with the overall stress and strain rates of the effective medium. The intermediate approximation with one adjustable parameter  was used [26]. The approximation approach gives a response of the polycrystal which lies in-between the stiff secant and the compliant tangent approaches.
For these Taylor-type models and the VPSC model, virtual in-plane uniaxial tensile tests were carried out using the initial texture, along every 3° from the RD to the TD. The global strain-rate components are applied and iteratively adjusted until the average stress of the aggregate is uniaxial along the tensile axis. Only the strain-rate components are iterated for the FC-Taylor and Alamel-type models when determining r-values [27, 28], whereas both strain-rate and stress components enter into the iteration procedure in the VPSC model. 
3.3. [bookmark: _Ref379192356]Direct CPFEM simulations of tensile tests
For the CPFEM simulation of the AA3103-H18 material, Voronoi tessellation [29] was first utilized to generate 2500 grains of random structure in a cuboids of size 0.8 mm, 4 mm and 4.8 mm along the RD, TD and ND, respectively. About 26 grains were resolved along the ND while only about 4 grains along the RD. This equiaxed tessellation was then scaled according to the grain aspect ratio shown in Table 2Table 2 to obtain a final RVE of 4.0×4.0×0.96 mm3. The RVE was finally meshed in with 89×89×21 = 166341 = 89×89×21 cubic solid elements with one integration point, i.e., under-integrated elements with hourglass control. In average, each grain is represented by 67 elements and the maximum lengths along the RD, TD and ND in most grains follows the experimental grain aspect ratio, shown insee Fig. 6Fig. 6 (a). 	Comment by Odd Sture Hopperstad: What do you mean?
The RVE of AA3103-O material was made in a similar manner, but the final RVE size is 2×2×1 mm3. The RVE was meshed into 131072 elements. With such a fine mesh, each grain in the RVE is represented by about 52 elements in average and holds the general experimental grain shape, shown insee Fig. 6Fig. 6 (b). 
Particles were not represented in the CPFEM mesh for both cases. Periodic boundary conditions were applied to the nodes located on the faces of the RVE in order to ensure periodicity in displacements and minimize constraint effects [8].
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(a)  	        (b)
[bookmark: _Ref377098635]Fig. 66 The RVE used in the CPFEM simulations for (a) the AA3103-H18 and (b) the AA3103-O sheets; the x, y and z axes coincide with the RD, TD and ND, respectively.

The strain-rate sensitivity takes the same value as used in the VPSC calculations, i.e. m = 0.01; the latent hardening parameter q is set to 1.4 as often used for FCC metals [30, 31]. The elastic constants c11, c11 and c44 were set to 106 GPa, 60.4 GPa and 28.2 GPa, respectively. The cCalibration of other material parameters appeared in Eqns.  and  were carried out with the design optimization tool LS-OPT [32]. The calibration was made against the experimental uniaxial tensile stress-strain curves along the RD. Since the initial plastic anisotropy is the mainly concerned in this work, the calibration was made up toin a relatively small deformation range, i.e. up to 2.25% elongation for the AA3103-H18 and up to 9.5% elongation for the AA3103-O. The calibrated values of the coefficients are compiled in Table 3Table 3. 

Uniaxial tension tests were simulated for both materials by CPFEM at the 7 seven experimentally investigated directions. Tension along the RD was simulated by stretching along the RD with a constant speed. The final elongations for the AA3103-H18 and the AA3103-O materials were 2.25% and 9.5%, respectively. Yield stresses were determined at a constant plastic work per unit volume, namely . The values of the specific plastic work considered were 0.36 MPa for the AA3103-H18 and 0.07 MPa for the AA3103-O, respectively, which were corresponding to a 0.2% plastic tension strain along the RD for the materials. The r-value was determined from 0.5% plastic strains to the final deformation for the AA3103-H18 case, while it was calculatedand from 3% plastic strainelongation to the final deformation for the AA3103-O case. For uniaxial tensions at other directions than RD and except the TD, a technically convenient ‘texture rotation’ method [6, 31] was applied, i.e. fixing the RVE and boundaries boundary conditions used for uniaxial tension along the RD while the texture was rotated through decreasing the first Euler angle by the real tensile angle  . Uniaxial tensions along the TD were was simulated by stretching the RVEs along the TDthis direction.
[bookmark: _Ref377151956]Table 33 Model parameters used in the simulations.
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	AA3103-H18
	0.01
	1.4
	0.001
	66.52
	3000
	9.49
	10.98

	AA3103-O
	0.01
	1.4
	0.0021
	12.02
	467.64
	15.59
	27.76


4. [bookmark: _Ref377178444]Multi-level modelling by Yld2004-18p and CPFEM
A two-scale modelling scheme was used here to describe the plastic anisotropy. The lower scale (meso-scale) model is concerned about athe grain aggregate consisting of only 2500 finite number of grains, i.e. 2500 in this study. Plane stress states are assumed, i.e., all stress components in the ND are assumed to be zero. stress Stress points at yielding are provided by CPFEM at yielding alongfor a number of different in-plane deformation directionsprescribed in-plane deformations. The macroscopic yield surface is described by the advanced yield function Yld2004-18p which is fitted to these stress points at yielding. Plastic anisotropic properties can then be derived from the yield surface. The Generation generation of the plane stress states at yielding points by CPFEM follows the method proposed by Saai et al [8]. For the sake of completeness, the method is briefly described in the following.



The RVE has four master nodes, which are referred toshown by full black circles in Fig. 7Fig. 7 and numbered 0, 1, 2 and -43. The Axes axes x, y and z coincide with the RD, TD and ND of the rolled sheet, respectively. Master node 0 is always fixed. A constant velocity  is applied to the master node 1 along the RD, while master node 2 is given a constant velocity  along the TD for normal loading and/or a constant velocity  in the RD for shear loading. Master node 3 is free to move along the ND to adapt the incompressibility of the deformation.
The stress states on the yield surface are generated by controlling the three velocities at of master nodes 1 and 2. Three sets of deformation are prescribed, namely

[bookmark: ZEqnNum329085]		
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where  is a constant reference velocity, the variable  varies between -1 and 1 with increment , while and the variable  varies between 0 and 3 with increment . The deformation according to Eq.  corresponds to the pure in-plane shear. For each deformation condition, the CPFEM simulation will be made until the volume-weighted average of  among all integration points, denoted , reaches a critical value . The Cauchy stress tensor  of the RVE  takesis defined as a volume-weighted average of the stress state amongtensors of all integration points.  Since all deformations are prescribed in the sheet plane, the stress components ,  and  are negligibly small comparing compared to the other three in-plane stress components, i.e., the averaged stress tensor  is corresponds to a state of plane stress state.
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[bookmark: _Ref377305065]Fig. 77 Boundary conditions applied to the RVE; grey marks at nodes show the constraints of translation motions along axes.






In this study, the increments  and  were set to 0.2 and 1.0, respectively. To obtain stress states near the initial yielding of each material, the variable parameter  was taken as took the plastic work per unit volume at 0.2% plastic strain calculated with the experimental stress-strain curves for tensions along the RD. The value of  was found It turned out to be 0.36 MPa for the AA3103-H18 material and 0.07 MPa for the AA3103-O material. With the described settings, a total of 89 stress points at yielding were obtained for each material. Besides, tThe stress component  obtained at these specific  for for an uniaxial tension along the RD were was considered as the reference yield stress of the material. 
The analytical yield function, denoted Yld2004-18p, was proposed by Barlat et al [2] as

		













where  is the equivalent stress; and  is the exponent of the yield function. ;  and , , are the principal values of the tensors  and , where  is the deviatoric stress tensor; and and  are fourth-order tensor containing all the 18 parameters of the yield function. The exponent a is usually set to 8 for FCC materials. The yield function is then fitted to the stress points at yielding provided by the CPFEM. Among these 18 parameters of Yld2004-18p, there are four related with to the out-of-planethrough-thickness stress components. Since only plane stress states are concerned in this workconsidered here, these four parameters were set to unity, which is the value for an their isotropic value 1.0material. The Other other 14 parameters were identified by fitting to these 89 stress points . at yielding computed by CPFEM. It is noted that these 89 stress points were normalized by the yield stress along the RD before entering into the fitting procedure. And in-plane plastic anisotropies were then derived from the identified yield function.
More details about the yield function and its associated parameter identification procedures can be found in the literature [1, 2, 12, 33].  
5. [bookmark: _Ref379120602]Numerical results and discussion
Stress-strain curves for the uniaxial tension in the RD predicted by CPFEM with the parameters compiled in Table 3Table 3 are shown and compared to the experiments experimental data in Fig. 8. For both materials, the predicted curves show perfect match with the experiments, thus validating the parameter calibrations.

The  yield loci derived from the fitted Yld2004-18p for both materials are plotted in Fig. 9Fig. 9, where also the CPFEM CPFEM stress points  at yielding in for pure biaxial -tensions, i.e., loadings with λ = 0 in Eq.  and , are also shown. Fig. 9Fig. 9 shows good agreements between the yield loci and the CPFEM stress points. Since all 89 stress points were equally considered weighted in the fitting procedure, the same accuracy of the Yld2004-18P 18p yield surface in representing the CPFEM calculations is expected in other directions of the in-plane stress spacefor other plane stress states. 




[bookmark: _Ref377162890][bookmark: _Ref377162885]                                       (a)	             (b)
[bookmark: _Ref377324612]Fig. 88 Comparisons between the experimental stress-strain curves and the CPFEM predictions with calibrated material coefficients.
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     (a)						  (b)
[bookmark: _Ref377329512]Fig. 99 Yld2004-18p yield loci for (a) the AA3103-H18 and (b) the AA33103-O material, includingplus some the in-plane stress points at yielding in biaxial tension from the CPFEM calculations.

The predicted angular dependencesanisotropy of normalized yield stress and r-value by all the CP models described above are is shown in Fig. 10Fig. 10 and Fig. 11Fig. 11 for the material AA3103-H18 and AA3103-O, respectively. The average of duplicate experimental tests is also added in Fig. 10 and Fig. 11these figures to evaluate the quality of predictions. 

As shown in Fig. 10 for the AA3103-H18, all CP models and the fitted Yld2004-18p yield surface predict weak angular strength anisotropy in strength but strong flow anisotropy in plastic flow. The changing trends of the experimental data are well captured by all CP models and the yield surface, while there are significant quantitative differences. . By quantitative examinations, however, none of these models can exactly reproduce the experimental values at all directions. The FC-Taylor model gives the most accurate prediction of the For the stress anisotropy in the normalized yield stress, and gives results within 2% of the experimental values. The other CP models consistently predict lower normalized yield stresses. Note that for all CP models the normalized yield stress equals unity in the RD owing to the normalization. the FC-Taylor model gives the most realistic predictions which are only ~1% lower in values at 45º and ~2% higher at 90º than the experiments. Except the FC-Taylor, all the other models give lower predictions at all directions rather than the RD. The Lamel and Lamel-tyepe III model give similar predictions but the latter model performs slightly better. while the latter model is slightly better characterized with up to 3% lower at 60º and ~2% lower at the TD than the experiments. The predictions from obtained with the VPSC model, CPFEM and the Yld2004-18p yield function other three methods are similar, characterized with up to ~10% lower at 45º and ~5% lower at 90º than the experimentsbut less accurate. Concerning the r-value at the RD, the Lamel-type models, CPFEM and the the Yld2004-18p yield function give reasonable predictions, while the FC-Taylor and VPSC models prediction isare 25% larger higher and the VPSC prediction is 50% lower than the experimental data, respectively. At 45º to the RD (RD45), the FC-Taylor and Lamel Type III models give much ~about 30% larger higher r-values than the experiments, whereas the predictions from with the the Lamel and, the Yld2004-18p,  the VPSC models, and the CPFEM and the Yld2004-18p yield function are close to the experiments. At the TD, only the prediction from with the VPSC model agrees well with the experiment, while the other models predictions give are lower predictions than the experimentsexperimental results. 
In summary, Overall speaking, the CPFEM CPFEM-fitted Yld2004-18p yield surface gives the best better description of the variation of the r-values than the CP models, whereas and the Lamel Type III model works slightly better than other models when considering both the variation of the normalized yield stress and the r-value. the stress anisotropy and the r-value. 
Simulations have also been done by Alamel-type models where the grain morphology was represented by hypothetically fictitiously deforming a random grain structure using F andaccording to the measured grain aspect ratio of the AA3103-H18 sheet. The results are very similar to the Lamlel-type calculations, which confirms thatconfirming that the assumption made with respect to on the grain boundary in the Lamel-type models is reasonable for heavily cold rolling rolled materials.


(a)

       	Comment by Odd Sture Hopperstad: Angle to «alpha»
(b)
[bookmark: _Ref377388189]Fig. 1010 Plastic anisotropy of the AA3103-H18 material predicted by different crystal plasticityCP models and by the CPFEM CPFEM-fitted Yld2004-18p yield surface:, in terms of (a) normalized yield stress and (b) r-values for in-plane uniaxial tension at different angles with respect to the RD.



The predicted anisotropy modelling results of the strength and flow anisotropies arein normalized yield stress and r-value for AA3103-O illustrated is presented in Fig. 11Fig. 11 for the AA3103-O material. All the models show similar variations of both the normalized yield stress and the r-valuestrength and the flow anisotropies, but there are some differ slightly from each other by the valuesquantitative differences. Comparing to the experimental, the weakerThe low strength exhibited in the experiments for   strengths in the range of 45°-90º directions exhibited in the experiments is not well describedcaptured by all any models. All the predictions are slightly stronger at that range than the experiments. The predictions obtained with CPFEM-related predictions, both theeither with direct calculations and or the fitted yield surface, are closest to the experiments, only 3% and 6% larger higher values of the normalized yield stress than in the experiments at  equal to 45° and 90°the RD45 and TD, respectively. The Predictions predictions of the normalized flow yield stress by the Alamel, the Alamel Type III and the VPSC models are nearly identical and slightly larger higher than the CPFEM results, while the FC-Taylor model performs worstgives the least accurate predictions. The variation of r-values predicted by all CP models and the Yld2004-18p yield function agrees well with the experimental resultss. Quantitatively,The predictions from obtained with the Alamel model, the CPFEM calculation and the Yld2004-18pfitted yield surface are closest to the experimental r-valuess. Overall speakingIn summary, the Alamel model, and the CPFEM and the Yld2004-18p yield surface -related calculations performperform slightly better than other models in predicting the in-plane plastic anisotropy of the AA3103-O in uniaxial tension. 
Even For both the AA3103-H18 and the AA3103-O sheets, even tthe simplest FC-Taylor model was found to can give reasonable predictions of the plastic anisotropy of the AA3103-H18 and AA3103-O sheets based solely on the texture. This demonstrates indicates that the plastic anisotropy exhibited by the two materials is mainly due to their respective textures. The Predictions predictions of from the Alamel-type models, the VPSC model and the CPFEM are generally better than those of these FC-Taylor predictionsmodel. In these advanced CP models, the strain -constraints of imposed in the FC-Taylor theory model are relaxed to various extents, which rendering these models more physically reasonable. The Grain grain morphology can be considered by in these advanced CP models as one extra microstructure information in addition to the texture. Despite their difference in handling the grain morphology, the performance of these CP models in predicting plastic anisotropy and its evolution is believed to be improved, even though not significantly [15].  



(a)


(b)
[bookmark: _Ref377388193]Fig. 1111 Plastic anisotropy of the AA3103-O material predicted by different CP models and the CPFEM-fitted Yld2004-18p yield surface: (a) normalized yield stress and (b) r-valuePlastic anisotropy of the AA3103-O material predicted by different crystal plasticity models and by CPFEM fitting Yld2004-18p yield surface, in terms of (a) normalized yield stress and (b) r-values for in-plane uniaxial tensions at different angles with respect to the RD.



As discussed mentioned above, the ‘texture rotation’ method has been employed by in the CPFEM simulations of to simulate the uniaxial tension tests at in directions between the RD and TD. However, it should be noticed that the grain morphologies have not been properly represented for in these simulations. The ‘texture rotation’ method is physically meaningful for equiaxed grain structures. For non-equiaxedelongated grain structures as studied here, however, the grain boundary configurations change with the tensile direction. As an example, the number density of grain boundaries along the RD differs significantly from that along the TD of the AA3103-H18 material, see Fig. 6Fig. 6. As a consequence, different RVEs should be prepared for uniaxial tensions along different directions. Unfortunately, preparing such RVEs for directions other than the three orthotropic  aaxes is rather complex and inconvenient. Alternatively, the hierarchical multi-level modelling method described in section Section 44 can be used, . In this multi-level method,where the uniaxial tension is no longer the only desired deformation statemode. Instead, a number of virtual deformation modes are prescribed on the master nodes in the purpose to get obtain stress states on the yield surface. The flexible yield function Yld2004-18p is then calibrated against these stress points at yielding and used to represent the yield surface of the material. For each of theseIn these CPFEM stress pointssimulations, the effect of the ‘real’ grain shapes has been considered implicitly, since all the deformations are prescribed with respect to the same RVE. Another distinct advantage of this multi-level method is that the plastic anisotropy is known for any stress direction once the fitting is done. The yield loci shown in Fig. 9 are such examples. Furthermore, the virtually fitted yield surface can be used in large-scale the FEM simulations of the forming process. 
The current materials features large fractions of constitutive particles which were ignored in all the simulations made in this work. During the cold rolling, back-stresses can be introduced due to these non-shearable particles [34]. The back-stress may contribute to the weak strength anisotropy observed in the AA3103-H18 material. For the fully annealed material, the back-stress should have completely vanished during the recrystallization, and there should then be little influence of particles on the observed strength anisotropy. Other micro-structural features besides the texture and grain morphology, such as aligned dislocation structures [35-37] and grain size [38], may also be the sources of mechanical anisotropy. Taking particles and other micro-structural information into consideration by CP models is beyond the scope of this paper, while it is suggested for future research work.
6. [bookmark: _Ref379157787]Conclusion
The anisotropic plastic anisotropic behaviours of the AA3103 sheets in the cold-rolled state and in the fully recrystallized states have has been investigated experimentally by uniaxial tensile tests and virtually by five different CP models plus and one a hierarchical multi-level modelling method. The experimentally observed grain shapes have been taken consideration into the calculationscomputations. For both materials, all five CP models give reasonable predictions when comparing compared to the experiments, while but the Alamel-type models, CPFEM and the multi-level fitting method perform slightly better than other CP models. Since high-resolution CPFEM calculations are prohibitively time-expensive, the Lamel Alamel-type models Type III model and the Alamel model areare good candidates recommended for predicting the plastic anisotropy of the AA3103-H18 and the AA3103-O AA3103  sheets, respectively.
In the multi-level fitting method, the yield surface of the material is was represented by the Yld2004-18p yield function and is calibrated to the CPFEM stress points at yielding obtained with CPFEM. This method makes it possible to consider the real grain shapes even for non-equiaxed grain structure enables in the CPFEM tosimulations consider the real grain shapes even for non-equiaxed grain structure. Due to theoretical advantages of the CPFEM methods, the multi-level fitting method used here is considered to be the most accurate method for predicting the plastic anisotropy of different materials.  
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