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Abstract 

Because of the strong anisotropy in mechanical properties, press forming of commercially 

pure titanium (CP-Ti) sheets often creates significant defects, including earing formation 

during drawing. However, the predictive accuracy of CP-Ti sheet drawing processes by 

finite-element simulations is still not satisfactory because it is difficult to accurately 

represent the strong anisotropy with phenomenological constitutive models. In this study, 

a crystal plasticity model is employed to conduct finite-element simulations of a cold-

rolled Grade 2 CP-Ti sheet cup drawing process, and its applicability to the process is 

examined in detail by comparing it with experimental results. Experimentally, the 

maximum cup height appears at an angle of approximately 50° from the rolling direction, 

and the heights at 0° and 90° are similar. The thickness strain distribution evolution is 

strongly dependent on the direction. Twinning activity during drawing is the largest at 

90°, followed by 45°, and then 0°. The simulation qualitatively captures the overall 

tendencies well, but non-negligible discrepancies are also involved in the cup height at 

90°, and the thickening at the cup edge at 0° and 90°. The mechanisms that yield the 

discrepancies between the experiment and the simulation are examined. Moreover, 

parametric studies are conducted to discuss the effects of twinning activity and friction 

on the drawability. 
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1. Introduction 
Commercially pure titanium (CP-Ti) has prominent properties, such as high specific 

strength, corrosion resistance, burning resistance, and biocompatibility, and have been 

widely used in industrial applications, such as in automobiles [1] and biomedical 

components [2].  

CP-Ti sheets exhibit strong anisotropy and numerous studies have investigated the 

anisotropic deformation behavior of CP-Ti sheets [for example, 3-14]. Baral et al. [14] 

conducted uniaxial tension, uniaxial compression, and plane-strain tension of a Grade 2 

CP-Ti sheet and demonstrated that the sheet exhibited in-plane anisotropies in the stress-

strain curves and Lankford values (r-value) under uniaxial tension. Furthermore, they also 

showed that the evolution of the in-plane anisotropy of the flow stress differed between 

tension and compression. Bouvier et al. [9] conducted simple shear tests on high-purity 

α-Ti sheets and showed that the in-plane anisotropy of the hardening behavior appeared 

under monotonic, reverse, and cyclic loadings. Under monotonic loading, the anisotropy 

was initially low, whereas it became more pronounced with an increasing shear strain. 

Hama et al. [11] and Yi et al. [12] performed reverse loadings of CP-Ti sheets and showed 

that a sigmoidal work-hardening curve appeared during tension following compression, 

as in magnesium alloy sheets. 

The strong anisotropy observed in CP-Ti sheets primarily results from the rolling 

texture with the c-axes tilted at approximately 30° from the normal direction (ND) toward 

the transverse direction (TD) [4, 5, 7,10]. Additionally, CP-Ti sheets exhibit strong crystal 

anisotropy of the hexagonal close-packed (hcp) structure at room temperature, which also 

causes the strongly anisotropic plastic deformation behavior. The crystalline anisotropy 

in the hcp structure occurs because of the differences in critical resolved shear stress 

(CRSS) and work hardening which depend on slip and twinning systems. At room 

temperature, the primary slip systems are prismatic <a> slip, and the basal <a> and 

pyramidal <a> slip systems are also active [11, 12, 15-23]. It is difficult for these slip 

systems to contribute to the through-thickness plastic deformation of rolled CP-Ti sheets 

because of the basal texture. Therefore, in addition to these <a> slip systems, the activities 

of pyramidal <a+c> slip or twinning systems are required [4, 7, 17, 18, 23-30]. It has been 

reported that ሼ101ത2ሽ extension twinning and ሼ112ത2ሽ contraction twinning systems are 

active at room temperature during the plastic deformation of CP-Ti sheets [11-13, 18].  

CP-Ti sheets are often subjected to press forming processes to manufacture thin-

walled components [31-33]. During press forming, sheets often undergo complicated 

deformations, including cyclic loadings, such as bending-unbending, and multiaxial 

loadings. For instance, during cylindrical cup drawing processes, material points at the 



p.3  
 

flange part of the sheet are subjected to compressive deformation in the circumferential 

direction at the beginning of drawing. As the material points are drawn into the die cavity, 

they simultaneously undergo bending-unbending in the radial direction at the die shoulder 

[34]. Consequent to the complicated deformations, drawn cups often exhibit significant 

earing. Because earing in CP-Ti sheets tends to be pronounced because of the strong 

anisotropy, it is important to understand the anisotropic mechanical properties and 

drawability of CP-Ti sheets to enhance the industrial applications of CP-Ti sheets [35]. 

To this end, numerous experimental and numerical studies have been conducted to 

understand the cup drawability of rolled CP-Ti sheets [31-33, 35-45]. Kuwabara et al. 

[31] conducted cup drawing of a Grade 1 CP-Ti sheet and reported that the observed ear 

position was approximately 37° from the rolling direction (RD). Moreover, they 

simulated cup drawing using PAM-STAMP with Hill’s quadratic [46] and non-quadratic 

[47] yield functions, and compared the results with experimental results. Ohwue et al. 

[44] conducted a circular-shell deep-drawing test of a Grade 1 CP-Ti sheet and a finite-

element method (FEM) simulation utilizing LS-DYNA with the Barlat-Lian anisotropic 

yield function [48] to investigate the generation of earing. Raemy et al. [35] performed 

cup-drawing simulations of a Grade 4 CP-Ti sheet utilizing five constitutive models, 

including those proposed by von Mises [49], Hill [46], Cazacu et al. [50], Plunkett et al. 

[51], and the Fourier asymmetric yield model [35]. They then compared the simulation 

and experimental results of the thickness strain and punch force to verify the simulation. 

Although some simulations in the aforementioned studies predicted the qualitative 

trends observed in the experiments well, further improvements are still necessary. One of 

the reasons for the low predictive accuracy is the evolution of anisotropy. In the 

aforementioned studies, different yield functions were used to represent the deformation 

behavior of the CP-Ti sheets. In CP-Ti sheets, anisotropic properties, including r-values 

and equal plastic work contour, usually evolve as the plastic deformation proceeds. 

Therefore, it is vital to consider the evolution of anisotropic properties for accurate 

material modeling. However, it has often been neglected but is considered to remain 

unchanged. This simplified material modeling could lead to a low predictive accuracy for 

press formability.  

As an alternative approach of material modeling, crystal plasticity models are useful 

for describing the plastic deformations of various metals, and in recent years, they have 

been extensively used for CP-Ti sheets [52-68]. Hama et al. [62] proposed a crystal 

plasticity model for CP-Ti sheets and showed that the model accurately represented the 

plastic deformation of a Grade 1 CP-Ti sheet, including the stress-strain curves under 

tension, compression, and reverse loading along different in-plane directions, the 
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evolution of r-values, and the anisotropic hardening of equal plastic work contour. 

Wronski et al. [63] proposed a twin variant selection criterion using a Monte Carlo 

approach within a viscoplastic self-consistent model and showed that the proposed model 

captured the activation of the low Schmid factor variants observed experimentally. Ma et 

al. [65] used a self-consistent crystal plasticity model that incorporated an enhanced 

twinning model to reproduce work-hardening behaviors under various loading conditions 

of Grade 1 and 2 CP-Ti sheets. Xiong et al. [68] conducted in-situ X-ray diffraction 

measurements and crystal plasticity simulations to characterize the time-dependent 

plastic deformation behavior of a Grade 4 CP-Ti sample. They found that prismatic slip 

exhibited a stronger strain rate sensitivity than basal slip at low strain rates, which 

significantly affected the stress redistribution to hard grain orientations.  

The abovementioned recent achievements in crystal plasticity modeling for CP-Ti 

sheets suggest that the drawability of CP-Ti sheets can be predicted well by using crystal 

plasticity models. To date, crystal plasticity models have been utilized in finite-element 

simulations of cup drawing processes in various sheet metals [69-76]. Nakamachi et al. 

[69] conducted elastic/crystalline viscoplastic finite-element simulations of the 

cylindrical cup deep drawing processes of steel sheets. The strain localization and earing 

formation simulation results agreed well with the experimental results. The simulation 

results showed that the crystal orientation fibers correlated with the occurrence of failure 

and earing. Shi et al. [73] developed a crystal plasticity FEM to simulate the drawing 

process of an AA3014-H19 aluminum sheet. The simulation results showed that the 

spatial distributions of the texture components, as well as the initial texture, played 

important roles in earing. Moreover, it was suggested that the earing type was dependent 

on the texture band formed in the sheet. Barrett et al. [75] conducted a finite-element 

simulation of the hemispherical cup drawing of a rolled-uranium sheet using an 

elastoplastic self-consistent crystal plasticity model and showed that the texture evolution 

at different points was reproduced well. Feng et al. [76] used an elastoplastic self-

consistent crystal plasticity model to conduct finite-element simulations of a cylindrical 

cup deep drawing process for an AA6022-T4 sheet. The simulation results predicted the 

cup height, cup thinning, and force-displacement curve with acceptable accuracy. 

Moreover, the predictive accuracy and computational efficiency of the simulation was 

compared with that obtained with an anisotropic yield function and distortional hardening. 

These studies demonstrate that crystal plasticity models can improve and enhance 

finite-element simulations of drawing processes. However, applications of crystal 

plasticity models to the deep drawing processes of CP-Ti sheets are scarce. 

In this study, crystal plasticity finite-element simulations and experiments of a 
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cylindrical cup drawing process with a CP-Ti sheet were conducted, and the applicability 

of the crystal plasticity model to the forming process simulation of a CP-Ti sheet is 

discussed. First, cup drawing experiments were performed and the cup geometries, 

including the earing profile and thickness distributions, and texture evolution were 

examined. A crystal plasticity finite-element simulation of the cup drawing process was 

then conducted, and the simulation results were rigorously compared with the 

experimental results. The deformation mechanism during cup drawing is also discussed 

using the simulation results. Furthermore, parametric studies were conducted to discuss 

the effects of twinning activity and friction on the drawability. 

 

2. Experimental procedure  
2.1 Material 

The material used in this study was a 1.0 mm-thick cold-rolled Grade 2 CP-Ti 

sheet produced by Nippon Steel & Sumitomo Metal Co. The sheet was annealed for 1 h 

at 530 °C before testing. Table 1 lists the tensile properties along the RD, TD, and 

diagonal direction (45D). 

 

 

 

 

 

 

 

 

 

 

2.2 Cylindrical cup drawing 
Figure 1 presents a photograph of the cylindrical cup drawing experimental 

setup. The punch diameter and punch shoulder radius were set to 27.8 mm and 5.0 mm, 

respectively. The die cavity diameter and the die shoulder radius were 30.0 mm and 7.0 

mm, respectively; therefore, the clearance between the die and the punch was 1.1 mm. 

The diameter of the circular-shaped blank was 50.0 mm, corresponding to a drawing ratio 

of 1.67. The blank holding forces were determined using four springs. The distance 

between the die and the blank holder was kept constant at 1.1 mm during forming by 

using shims. The stroke speed was set to 5.0 mm/min. A solid lubricant (Moly Paste, 

Sumico Lubricant Co.) was used for lubrication. It should be noted that galling between 

RD 45D TD

(GPa) 104 105 117

(MPa) 222 258 282

(MPa) 407 349 359

(%) 17.8 11.2 7.9

*

Table 1 Mechanical properties of the CP-Ti sheet used in this study.
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the sheet and tool materials, which is sometimes problematic in the forming of CP-Ti 

sheets [77], did not occur in this study. 

The earing profiles of the drawn cups were measured using a two-dimensional laser 

displacement sensor (LJ-V7080, Keyence Co.). Figure 2 defines the x-y-z coordinate 

system where the x, y, and z directions correspond to the RD, cup height, and TD, 

respectively. Geometries in the x-y plane were measured at every 0.05 mm in the z 

direction. The resolutions of the measurement were 0.024 mm and 0.5 m for the x and y 

directions, respectively. Moreover, a micrometer (CPM15-25DM, Mitutoyo Co.) 

measured the thickness distributions of the drawn cups. The thickness was measured at 

every 1.0 mm in the radial direction along the RD, TD, and 45D.  

The measurements were performed on three samples to confirm the reproducibility, 

and the average was reported. 
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2.3 Measurement of microstructures 

Electron backscattered diffraction (EBSD) was used to measure the microstructures 

before and after cup drawing. Measurements were performed with a step size of 0.25 μm 

for all conditions. The OIM-Analysis 7 software (TSL Solutions) was used to obtain pole 

figures and inverse pole figure (IPF) maps. Only data with a confidence index larger than 

0.1 were utilized for the analyses. 

Figure 3(a) shows the initial experimentally measured pole figures. The typical 

rolling texture of CP-Ti sheets with basal planes tilted around 30° from the ND toward 

the TD was observed. The average grain diameter was approximately 17 m. 

The microstructures of the drawn cups were measured at six positions on the cup 

edge, as shown schematically in Fig. 4. Specifically, measurements were conducted along 

the RD, TD, and 45D for two positions near the inner and outer surfaces. The cup edge 

was polished before the measurements were performed. 
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3. Crystal plasticity FEM 
3.1 Crystal plasticity model 

The crystal plasticity FEM used in this study followed that used in our previous 

studies [62, 78]; therefore, the reader is referred to the aforementioned literature for the 

detailed formulations. The activity of each slip system was presumed to follow the 

Schmid’s law. The following viscoplastic power law is used to represent the slip rate, 

𝛾ሶ ሺఈሻ, of the 𝛼-slip system: 

𝛾ሶ ሺఈሻ

𝛾଴ሶ
ൌ อ

𝜏ሺఈሻ

𝜏௒
ሺఈሻอ

ଵ
௠

sign൫𝜏ሺఈሻ൯,  𝜏௒ሶ
ሺఈሻ ൌ ෍ 𝑞ఈఉℎห𝛾ሶ ሺఉሻห

ఉ

  (1)

𝜏ሺఈሻ ൌ 𝒔ሺఈሻ ∙ 𝜎 ∙ 𝒎ሺఈሻ  (2)

where 𝜏ሺఈሻ is the resolved shear stress, 𝜏௒
ሺఈሻ is the current strength of the 𝛼-slip system 

whose initial value is the CRSS, 𝜏଴. 𝛾଴ሶ  is the reference strain rate, 𝑞ఈఉ is the self (𝛼 ൌ

𝛽ሻ and latent (𝛼 ് 𝛽) hardening moduli, and m is the rate-sensitivity exponent. The unit 

vectors 𝒔ሺఈሻ  and 𝒎ሺఈሻ  denote the slip direction and the normal to the slip plane, 

respectively. Five families of slip systems, namely basal <a> slip, prismatic <a> slip, 

pyramidal <a> slip, pyramidal <a+c>-1 slip, and pyramidal <a+c>-2 slip, and two 

families of twinning systems, namely ሼ101ത2ሽ  extension twinning and ሼ112ത2ሽ 

contraction twinning, were considered. The following two equations were used for the 

rate of hardening, ℎ:  
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ℎ ൌ ℎ଴  (3)

ℎ ൌ ℎ଴ ቌ1 െ
𝜏଴

𝜏∞
ቍ exp ቌെ

ℎ଴𝛾̅
𝜏∞

ቍ  (4)

where 𝛾̅ is the cumulative slip rate of all slip systems, which is given in the form: 

𝛾̅ ൌ ෍ නห𝛾ሶ ሺఈሻหd𝑡
ఈ

  (5)

Linear hardening (Eq. (3)) was used for the twinning systems, whereas the Voce 

hardening (Eq. (4)) was assumed for the slip systems. The model proposed in a previous 

study [62] was used to describe twinning and detwinning. The determination of the 

material parameters used in Eqs. (1), (3), and (4) are explained below. 

The crystal plasticity model was implemented into a FEM program, where explicit 

time integration was utilized [78]. The explicit time integration scheme was used to avoid 

numerical instabilities, especially arising from contact between tools and material [79-

81]. In contrast, one of the disadvantages of this scheme is that rigorous equilibrium 

between internal and external forces is not guaranteed [81]. Therefore, to avoid excessive 

increases in non-equilibrated forces, the rmin method [82] was used. In the rmin method, 

the increments of various variables, for example, stress, strain, rotation, and slip 

increment, are monitored in each step. If the increments exceed prescribed admissible 

tolerances, the step size is limited so that the increments of all variables are always within 

the tolerances; thus, excessive increases in non-equilibrated forces can be avoided. 

Reader is referred to literatures [79-82] for details. 

 

3.2 Simulation procedures 

3.2.1 Finite-element model 

Figure 5 shows the finite-element model used for the cup drawing simulations. 

Owing to the symmetry of the process, only one quarter of the cup was modeled. The x 

and z axes corresponded to the RD and TD, respectively, as shown in Fig. 2. Regarding 

boundary conditions, the displacements of the nodes on the x = 0 and z = 0 planes were 

fixed in the x and z directions, respectively, to represent the symmetries. To align with the 

experimental conditions, the thickness and diameter were set to 1.0 mm and 50.0 mm, 

respectively. An eight-node isoparametric brick element with selective reduced 

integration [83] was used for discretization. It should be noted that, due to limitations in 

mesh generation, the sheet was not discretized radially near the center, which may lead to 

poor predictive accuracies in this area [for example, 84, 85]. To minimize this effect, this  
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area was made small as much as possible so that this area located only at the punch bottom 

whose deformation is small. 

One-point quadrature elements have often been used for sheet metal forming 

simulations using crystal plasticity FEMs [72,74,76]. However, finite elements with eight 

integration points were employed in this study because bending and unbending are 

involved during forming; thus, it was important to evaluate the through-thickness stress 

and strain evolution. One-quarter of the sheet was divided into 1950 elements. Two layers 

were provided through the thickness. Four hundred crystal orientations were assigned to 

each integration point based on the Taylor model [86, 87]; thus, the model considered 

6,240,000 orientations. Figure 3(b) shows the initial pole figures obtained from the 400 

crystal orientations assigned to an integration point. The pole figures were obtained by 

using the OIM-Analysis 7 software, as in the case of the experimental result. They 

reproduced the experimental results shown in Fig. 3(a) well.  

The numbers of finite elements and crystal orientations were determined as follows. 

In our previous study [62], the effect of the number of initial orientations on a stress-strain 

curve under uniaxial tension was examined for a Grade 1 CP-Ti sheet. It was shown that 

the stress-strain curve slightly depended on the set of initial orientations when 125 

orientations were used, whereas it was almost independent of the set when 343 

orientations were employed. These results suggested that 343 or larger orientations would 

be sufficient to reproduce the deformation behavior of CP-Ti sheets with strong basal 

texture; thus, the number of initial orientations was set to 400 in this study. Accordingly, 

the number of finite elements was set to 1950 considering the admissible calculation time. 

The effects of the numbers of initial orientations and finite elements on the cup drawing 

simulation are described in Appendix A. 
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The tool geometries were similar to those of the experimental conditions. The tools 

were modeled as rigid, and their surfaces were represented by analytic functions. The 

Coulomb friction law was assumed between the sheet and tool surfaces. The friction 

coefficient was set to 0.1 to achieve a reasonable fit in the punch force-stroke curve 

between the experiment and simulation, as explained below. 

 

3.2.2 Parameter identification 

The Young’s modulus was set to E = 110 GPa and Poisson’s ratio was taken to be 

= 0.3. The reference strain rate was set to 𝛾଴ሶ  0.001 s-1 and the rate sensitivity 

exponent was m = 0.02. The self-hardening parameters of 𝑞ఈఉ were set to unity.  

The hardening parameters of the crystal plasticity model were determined as 

follows. To reproduce the stress-strain curves and the r-value evolution under uniaxial 

loadings in the RD, 45D and TD in each element of the finite-element model shown in 

Fig. 5, uniaxial loading simulations were performed using a single finite element with the 

400 crystal orientations in each integration point. Determination procedures followed that 

reported in a previous study [62] and are explained in Appendix B. Tables 2 and 3 list the 

hardening parameters used in this study. Figure 6 shows the simulation and experimental 

results of the stress-strain curves under tension and compression in the RD, 45D, and TD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

243 234 2337

59 192 1997

91 151 695

-1 191 435 2456

-2 170 534 2456

175 - 672

211 - 672

Table 2  Identified material parameters for each slip and twinning system, in MPa.

1
_2

0.4 0.65 0.65

_1 0.4 1.6 1.92

Table 3  Latent-hardening parameters, used in simulations.



p.12  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Under tension, the stress at yielding was the largest in the TD, while the stresses in the 

RD and the 45D were similar. In contrast, at large strains, the stress was the largest in the 

RD, followed in order by the TD and the 45D. Under compression, the stress in the TD 

was the largest, while the stresses in the RD and the 45D were similar. Obvious tension-

compression asymmetry occurred, and moreover, the in-plane anisotropy differed 

between tension and compression.  

Figure 7 shows the r-value evolution under tension in the RD, 45D, and TD. The r-

value was initially the largest in the TD, followed in order by the 45D and the RD. The r- 
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Fig. 6 Stress-strain curves obtained from the experiment and simulation 
under (a) tension and (b) compression.
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values in the TD and the 45D decreased as the strain increased, whereas the r-value 

remained almost unchanged in the RD. At large strains, the r-values in the TD and the 

45D were similar and larger than the r-value in the RD. The results of the RD and the TD 

in Figs. 6 and 7 were qualitatively similar to those for a Grade 1 CP-Ti sheet reported in 

a previous study [62]. In the simulation results, although the stress level under RD tension 

was underestimated, the other simulation results of the stress-strain curves and the r-value 

evolution qualitatively agreed with the experimental results. Compared to the parameters 

determined for a Grade 1 CP-Ti sheet in a previous study [62], the magnitude relationship 

of CRSS between the deformation modes was slightly different. This difference may be 

due to the difference in the simulation procedure where a representative volume element 

consisting of multiple finite elements was utilized in the previous work, whereas the 

Taylor model was used in the present study. Another reason may be the differences in the 

material grades. The latent-hardening parameters were also slightly different from those 

determined in a previous study [62] to achieve better agreement for the present material. 

It has been pointed out that contraction twinning in CP-Ti are affected by non-

Schmid effects [88] and that non-Schmid effects play a role in tension-compression 

asymmetry in stress-strain curves [for example, 89, 90]. For instance, Sinha et al. [88] 

reported that contraction twinning with a low Schmid factor forms more easily than 

extension twinning with a high Schmid factor because of non-Schmid effects. Alleman et 

al. [91] reported that tension-compression asymmetry in stress-strain curve of single 

crystal tantalum resulted from the slip-direction dependency of the flow stress. These past 
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Fig. 7 Evolution of the r-value in the RD, 45D, and TD obtained from 
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studies suggested that, although the tension-compression asymmetry in the Grade 2 CP-

Ti sheet was reproduced well without considering non-Schmid effects in this study, the 

parameter calibration as well as the predictive accuracy could be further improved by 

considering non-Schmid effects.  

 

4. Results of cup drawing 
4.1 Deformed geometry and punch force-stroke curve 

Figure 8 shows the deformed shapes for the different strokes. It should be noted that 

the simulation results of the quarter part of the cup were mirror-copied to the other three 

quadrants to represent a full cup. The flange part of the sheet was detached from the upper 

surface of the die at a stroke of approximately 12 mm and was completely drawn into the 

die cavity at a stroke of approximately 21 mm. The sheet was completely drawn at a 

stroke of approximately 27 mm. Four ears appeared in both the experiment and the 

simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 shows the experimental and simulation results of the punch force-stroke 

curves. In the experimental results, the punch force initially increased gradually with the 

stroke. The force reached a peak and began to decrease gradually at a stroke of 

approximately 12 mm, where the flange was detached from the upper surface of the die, 

as explained earlier. Then, at a stroke of approximately 21 mm, where the sheet was 

completely drawn into the die cavity, the force increased slightly, followed by a decrease 

again. Thereafter, the punch force did not converge to zero, but some forces remained. 

This may be because of the frictional forces between the sheet and the tools at the sidewall. 

The simulation results captured the qualitative tendencies observed in the experimental  
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results, including the slight increase at a punch stroke of approximately 21 mm. However, 

unlike the experimental results, the force tended to converge to zero. This result indicates 

that the frictional forces after the sheet was completely drawn into the cavity were not 

reproduced well in the simulation. It should also be noted that the punch force fluctuated 

within the punch stroke between approximately 14 to 18 mm only in the simulation. This 

fluctuation occurred presumably because of numerical instabilities due to contact. As 

explained earlier, the sheet edge was detached from the upper surface of the die and then 

drawn into the die cavity during this process. The frequent and complicated changes in 

the contact and frictional states yielded the artificial fluctuation in the punch force. 

Improvements in contact and friction algorithms will be our future work. 

 

4.2 Earing formation 

Figure 10 shows the experimental and simulation earing profiles. The horizontal 

axis is the angle 𝜃଴, which is the counterclockwise angle from the RD. The vertical axis 

is the relative cup height, where the height at the RD (𝜃଴ ൌ 0°) was taken as the reference 

and set as the origin. The relative cup height was used in this figure from the following 

reason. Because the gap between the die and the blank holder was set to be slightly larger 

than the initial thickness, tensile forces due to friction that applied to the flange was 

relatively small; therefore, the cup bottom became slightly rounded. This rounded bottom 

yielded a difficulty in accurate measurement of total cup height; thus, the relative cup 

height was used in Fig. 10 to remove the effect of cup bottom. On the other hand, to 

discuss the overall elongation in the radial direction quantitatively, lengths from the cup 

center will be shown later. 
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Fig. 9 Load-stroke curves obtained from the experiment and simulation.
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It was assumed that the distribution of the cup height had a four-fold symmetry. 

Therefore, in the experimental results, the average of the four quadrants was evaluated 

for each angle.  

Experimentally, the maximum height appeared at an angle of approximately 50°, 

and the heights at the RD and TD were similar. In the simulation results, the overall 

tendencies were reproduced reasonably well, but the maximum height was slightly 

overestimated, and the heights in the TD were seemingly underestimated.  

Figure 11 shows the earing evolution along the RD, 45D, and TD as a function of 

the stroke. The vertical axis represents the distance from the cup center to the flange edge, 

as shown in Fig. 11(a). In the experimental results, the length increased to a stroke of 

approximately 18 mm, irrespective of the direction. Thereafter, the length remained 

almost unchanged, that is, the earing formation was almost complete at a stroke of 

approximately 18 mm. The increment in length was the largest at the 45D, which was 

close to the position where the maximum cup height appeared. The lengths of the RD and 

TD were similar. The overall tendencies observed in the simulation results agreed well 

with the experimental results, but the lengths were slightly overestimated in the RD and 

45D. Figures 10 and 11 indicate that a deviation in the cup height in the RD was apparent.  

 

4.3 Thickness evolution 

Figure 12 shows the experimental and simulation results of the thickness strain 

distribution from the center to the edge of the cup in the RD, 45D, and TD at different 

punch strokes. The overall trend shown in the experimental results was as follows: the  
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thickness strain was negligible throughout the process from 0 to 9 mm, corresponding to 

the punch bottom. At the punch shoulder, the thickness strain decreased from 9 to 13 mm 

and then increased, and it was approximately 0% again at approximately 16 mm. This 

distribution at the punch shoulder manifested at a punch stroke of 9 mm (Fig. 12(a)). The 

thickness strain at the punch shoulder was slightly larger in the 45D than in the RD and 

TD, but the overall strain distribution from 0 to 16 mm was almost independent of the 

direction throughout the process. 

At lengths exceeding 16 mm, which corresponded to the sidewall of the cup, the 

thickness strain increased monotonically with the distance from the center and reached 

the maximum value at the edge of the cup. The magnitude of the thickness strain at the 

sidewall increased gradually with the punch stroke. The evolution of the thickness strain 

at the sidewall depended on the direction. It was initially the largest in the TD, followed 

by the 45D and then RD (Fig. 12(a)). Thereafter, the thickness strain in the RD increased 

as the deformation proceeded (Fig. 12(b-e)). Eventually, the thickness strains in the RD 

and the TD were almost the same and were larger than that of the 45D in the completely 

drawn cup (Fig. 12(f)). The thickness strain at the edge reached approximately 18% in 

the RD and the TD at strokes exceeding 21 mm, whereas it was approximately 10% in 

the 45D. The simulation results captured the overall experimental trends well, including 

the in-plane anisotropic distribution at the sidewall, while the thickening in the vicinity 

of the cup edge was underestimated, irrespective of the direction.  

To examine the difference in the evolution of the direction dependent-thickness 

strain, Fig. 13 shows the evolution at the edge in the RD, 45D, and TD as a function of 

the punch stroke. The overall experimental trend was as follows: the thickness strain 

increased gradually with the stroke from the beginning to 9 mm. During this stage, the 

thickness in the TD was larger than that in the 45D and RD. Then, the thickness strain in 

the RD increased rapidly to 20 mm and became slightly larger than that in the TD. 

Thereafter, the change in the thickness strain was small, irrespective of the direction. 

Consequently, the thickness in the 45D was the smallest, while the thickness strains in the 

RD and TD were similar, as seen in Fig. 12. 

The simulation results agreed well with the experimental results until a punch stroke 

of approximately 12 mm was achieved. In contrast, at larger punch strokes, thickening 

was underestimated, especially in the TD. Moreover, a large drop in the thickness strain 

occurred, especially in the RD at punch strokes exceeding 20 mm. This drop may be due 

to ironing at the sidewall. The clearance between the die and the punch was set to 1.1 mm, 

which was consistent with a final thickness strain in the RD of 10.6%, suggesting that the 

thicknesses at the cup edge in the RD and TD of the experimental results were larger than 
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the clearance. The large thicknesses were apparent in the experiments, presumably 

because elastic deformation of the tools occurred when the cup edge was drawn into the 

cavity; thus, the effect of ironing was small and the thickness strain at a stroke exceeding 

20 mm changed only slightly. Consequently, the thickness strains at the cup edge in the 

RD and TD were larger than the clearance. That is, large discrepancies between the 

experimental and simulation thickness strain appeared in the vicinity of the cup edge 

because the elastic deformation of the tools was not considered in the simulation. The 

differences in the thickness strain between the experiment and simulation should also 

affect the material flow, especially near the cup edge, leading to discrepancies in the cup 

height (Fig. 10). 

The abovementioned results demonstrated that although some quantitative 

differences occurred, the simulation results qualitatively agreed with the experimental 

results, verifying the simulation models. 

 

5. Discussion 
5.1 Mesoscopic deformation behavior  

As described in the previous sections, the RD and TD deformation processes were 

different, although the final geometries were similar. In contrast and as already discussed 

in previous studies [62, 65], the mesoscopic deformation behavior of CP-Ti sheets, 

especially the twinning activities, largely depends on the deformation direction due to the 

strong rolling texture and crystal anisotropy. Hama et al. [92] studied the cyclic loading 
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of a rolled magnesium alloy sheet with a basal texture and showed that twinning and 

detwinning significantly affected the r-value evolution, which plays an important role in 

earing formation in cup drawing. This observation indicates that twinning and detwinning 

affected the difference in the deformation processes between the RD and TD to some 

extent in the present drawing process. Therefore, to study the mesoscopic deformation 

behavior during cup drawing, the evolution of the stresses and the relative activities of 

the slip and twinning systems were investigated, focusing on material points along the 

RD and TD. The relative activity, ri, of the family of slip or twinning systems 𝑖, is defined 

as: 

𝑟௜ ൌ
∑ ∑ ห∆𝑟ሺ௡,௞ሻห௞

௡
௡ೞ

∑ ∑ |∆𝑟ሺ௡,௝ሻ|௝
௡
௡ೞ

 (6)

where 𝑘 is the number of the family 𝑖, j is the total number of slip and twinning systems, 

and ns is the number of grains. 

Figure 14 shows the stress evolution as a function of the stroke measured at points 

B and F in Fig. 4. It should be noted that these results were measured at integration points 

near the edge and the outer surface in the RD and TD. The stress components were in the 

x’-y’-z’ co-rotational local coordinate system, where the x’, y’, and z’ axes denote the RD, 

ND, and TD, respectively. The co-rotational local coordinate system was calculated using 

the spin tensor W, that is, the antisymmetric parts of the velocity gradient tensor. 

Specifically, the rotation tensor R, which relates the global and local coordinate systems 

and is initially the identity tensor, was assumed to be evolved by using the following 

equation [93]: 

 p R W W R            (7) 

where Wp denotes the plastic part of the spin tensor. 

Figure 15 shows the evolution of the relative activities at the same points. The 

stresses and relative activities were calculated by averaging the results of all 400 crystal 

orientations at each integration point. 

Based on the evolution in Figs. 14 and 15, the deformation process can be roughly 

divided into three stages, namely the first stage corresponds to the stroke range from 0 to 

12 mm, the second stage from 12 to 21 mm, and the third stage from 21 to 27 mm.  

In the first stage, the sheet edge was still between the blank holder and the die 

surface. Large compressive stresses occurred in the TD ( z z   ) at point B and the RD ( xx   ) 

at point F, indicating that circumferential compression of the circular sheet was dominant. 

The other stress components were negligible at both points B and F. During this stage,  
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the prismatic slip systems were active at the very beginning at points B and F, followed 

by the activity of the pyramidal <a> slip systems. Pyramidal<a+c>-2 slip and extension 

twinning were also active at points B and F, respectively. The pronounced activity of 

extension twinning under compression in the RD was consistent with previous studies 

[11, 12, 62].  

In the second stage, the edge was drawn into the die cavity. However, the 

circumferential compressive stresses were still dominant at points B and F. These stresses 

were very large because the equivalent plastic strains were also relatively large, and at 

the measured integration points, the equivalent plastic strains exceeded 50%. Pyramidal 

<a> slip, basal slip, and pyramidal <a+c>-1 slip were pronounced at points B and F during 

this stage.  

In the third stage, the outer surface of the cup near the edge tended to be stretched in 

the radial direction owing to the unbending at the die shoulder, and then the edge was 

completely drawn into the die cavity. During this stage, the stresses in the ND ( y y   ) were 

negative at both points. This may be because the edge was subjected to ironing 

deformation between the punch and the die, as discussed earlier. The negative through-

thickness stress was more pronounced at point B than at point F, which is consistent with 

the results that the decrease in thickness was more pronounced in the RD than in the TD, 

as observed in Fig. 13.  

Moreover,   y z  and z z    were positive at point F. The mechanism that yielded the 

nonnegligible stresses at point F is presumed as follows. Because of the pronounced 

twinning activity under RD compression, the mesoscopic deformation in the TD was 

asymmetric between the inner and outer surfaces. This asymmetry yielded nonuniform 

through thickness deformation. Figure 16 shows the magnified figures of the sheet edges 

of the drawn cup. The through thickness deformation near the edge in the TD was 

seemingly not uniform, see Fig. 16 (a). It is considered that this nonuniform through 

thickness deformation resulted in nonnegligible stresses in the radial direction,   y z  and 

z z   , at point F. In contrast, the through thickness deformation was more uniform in the 

RD, as shown in Fig. 16 (b), because twinning activity was less pronounced under TD 

loadings. The uniform through thickness deformation in the RD resulted in much smaller 

stresses in the radial direction at point B than those at point F. 

During this stage, pyramidal <a> slip was pronounced at points B and F. Additionally, 

two pyramidal <a+c> slip systems were active at point B, while extension detwinning 

was active at point F. Contraction twinning was also slightly active at points B and F. The 

compressive through-thickness stress ( y y   ) is one of the reasons for extension detwinning 

and contraction twinning. 
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These results show that the mesoscopic deformation behavior differed for the RD 

and TD. In particular, the twinning activities differed at points B and F, as expected from 

previous studies [11, 12, 62]. Although detailed results are not presented, a similar 

evolution of the relative activities appeared near the inner surfaces. 

  

5.2 Texture evolution 

The difference in the twinning activities at points B and F would be one of the 

reasons that result in a difference in texture evolution between the two points. To confirm 

this presumption, the microstructures were measured at points A–F shown in Fig. 4 at the 

punch strokes of 15 and 27 mm. Figure 17 shows the IPF maps obtained from the EBSD 

measurements, and Fig. 18 shows the pole figures obtained from the experiment and 

simulation. 

The twinning activities were very small at the inner and outer surfaces in the RD 

(points A and B), (Fig. 17(a–d)), and the textures remained almost unchanged from the 
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initial rolling texture shown in Fig. 3, regardless of the punch stroke (Fig. 18(a–d)). 

Moreover, the differences between the inner and outer surfaces were small. The predicted 

pole figures qualitatively agreed with the experimental results. It should be noted that the 

noises in the IPF maps, for example in Figs. 17 (b), 17 (c), and 17 (d), sometimes occur 

in prestrained samples with high dislocation densities [94]. 

Twinning was slightly active at the inner and outer surfaces in the 45D (points C 

and D), as shown in Fig. 17(e–h). Twinning resulted in small peaks in the vicinity of the 

RD in the (0001) pole figures (Fig. 18(e–h)). It is likely that the twinning activity was 

more pronounced at the outer surface (point D) than at the inner surface (point C). In the 

simulation results, although very small peaks appeared near the RD, the change in texture 

was less pronounced than that of the experimental results. 

At the inner and outer surfaces in the TD (points E and F), twinning was already 

fairly active at a punch stroke of 15 mm (Fig. 17(i and k)). The twinning activities yielded 

large peaks in the vicinity of the RD in the (0001) pole figures (Fig. 18(i and k)). The 

twinned regions further increased with the stroke (Fig. 17(j and l)), and the peaks in the 

vicinity of the RD in the (0001) pole figures became more pronounced (Fig. 18(j and l)). 

It was difficult to distinguish the difference in the extension and contraction twinning 

activities from the IPF maps (Fig. 17). However, these results are qualitatively consistent 

with the relative activities shown in Fig. 15(b). The predicted pole figures also 

qualitatively agreed with the experimental results. 

As expected, the texture evolution was notably different between the RD and TD. 

Because the twinning activity and the texture evolution in the 45D were similar to those 

in the RD, the texture evolution was more pronounced in the range from 45D to TD than 

from RD to 45D, although the difference in the macroscopic deformed profiles was not 

significant between the two ranges.  

It should be noted that the grain shapes became quite anisotropic at large strains, as 

shown in Fig 17, which would also affect the anisotropic deformation behavior because 

of anisotropy in mean free path [89]. To further increase the predictive accuracy, its effect 

should also be considered. 
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5.3 Parametric studies 

5.3.1 Effect of twinning activity on drawability 

From these discussions, it is presumed that the difference in the twinning activities 

in the circumferential direction affects the drawability to some extent. Specifically, 

twinning activities would affect the deformation through-thickness because of the basal 

rolling texture [92], which could also affect earing formation. To verify this assumption, 

a numerical experiment was conducted in which the ሼ101ത2ሽ  and ሼ112ത2ሽ twinning 

systems were deactivated. The other simulation conditions remained unchanged from 

those in the previous simulation. 

Figure 19 shows the results for the earing profile. It should be noted that the absolute 

height was used for the vertical axis to quantitatively compare the original and new 

simulation results. The heights in the vicinity of the RD remained almost unchanged from 

the original simulation results. In contrast, the maximum height decreased and the heights 

in the vicinity of the TD increased significantly; thus, the overall earing height became 

smaller when the twinning activities were neglected.  

Figure 20 shows the thickness strain distributions along the RD, 45D, and TD at a 

stroke of 27 mm. In contrast to the height distribution, the thickness strain distribution 

along the RD changed notably when the twinning activities were neglected, while changes 

along the 45D and TD were small. Specifically, the thickness strains at the punch shoulder 

and sidewall tended to decrease along the RD. Along the TD, the thickening at the edge 

became larger, whereas that at the other parts remained almost unchanged. Along the 45D, 

the thickness strain at the punch shoulder decreased slightly, whereas that at the sidewall 

remained almost unchanged.  
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Fig. 20 Thickness strain distributions at a 27 mm-stroke in the RD, 45D, and 
TD. 
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Figure 21 shows the evolution of the thickness strain at the edge in the RD, 45D, and 

TD. In the TD, the thickness strain decreased slightly in the first stage (0 to 12 mm stroke), 

which may partially result from the fact that the twinning activity at this stage was 

neglected. Similarly, in the third stage (21 to 27 mm stroke), the decrease in the thickness 

strain became smaller, which arose partially because detwinning was not active at this 

stage. Evidently, the change in strain evolution was consistent with the twinning activities 

in the TD. Moreover, the thickness strain evolution in the RD and 45D also changed. In 

particular, the thickness strain in the RD in the third stage decreased significantly. This 

result shows that twinning activities affect the drawability not only along the TD, where 

pronounced twinning activities were observed, but also over the entire region. Therefore, 

it is important to consider the twinning activities to accurately predict the forming 

processes of CP-Ti sheets.  

 

5.3.2 Effect of friction 

Ironing occurred at the sidewall during the drawing process; therefore, the 

deformations at the sidewall, including the thickness and cup height, is dependent on the 

friction between the sheet and the tools. Similarly, twinning activities will change when 

the frictional conditions are changed. However, it is difficult to examine this 

experimentally because galling easily occurs during drawing processes of CP-Ti [77]. 

Therefore, a drawing simulation was conducted without considering friction to 

numerically examine the effect of friction. 

Figure 19 shows the earing profile in terms of absolute height. When friction was 

neglected, the height in the vicinity of the RD slightly decreased, whereas that of the TD 

slightly increased; thus, the difference in the height between the RD and TD decreased. 

This result indicates that a large difference in the height between the RD and TD appeared 

in the original simulation result, partially because of friction. 

Figure 22 shows the evolution of the relative activities. Because evidently different 

evolutions were observed between the inner and outer surfaces, unlike the original results, 

the results near both surfaces are reported. When friction was not considered, extension 

twinning slightly increased in the TD (points E and F) in the first stage, whereas in the 

third stage, extension detwinning was negligible only near the inner surface (point E). In 

contrast, the slip and twinning activities were hardly affected by the friction in the RD 

(points A and B). These results show that the frictional condition affected the twinning 

activities to some extent, particularly in the TD. 

Figure 20 shows the thickness strain distributions along the RD, 45D, and TD on 

the drawn cup. The distributions along the RD and 45D were hardly affected by friction.  
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Fig. 21 Evolution of the thickness strain at the flange edge in the RD, 45D, and TD. 
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In contrast, the thickness slightly increased at the sidewall along the TD, whereas it was 

smaller at the edge. Figure 21 shows the evolution of the thickness strain at the edges. In 

the TD, the thickness was slightly larger during the first and second stages, whereas it 

was smaller during the third stage. The strain in the RD at a stroke of 21 mm also 

decreased, but the strain at a stroke of 27 mm remained almost unchanged because the 

final thickness in the RD was determined by the clearance between the punch and the 

tools due to ironing.  

These results demonstrate that the deformation along the TD was more easily 

affected by the friction than in other regions, partially because of the change in twinning 

activity. It should be noted that the smaller thickness in the TD in the third stage 

contradicted the tendency that is expected from the reduced detwinning activity because 

material flow in the radial direction was facilitated due to ironing when friction was 

neglected. The above discussion indicates that the change in the cup height distribution 

was more affected by the change in material flow due to ironing than by the change in 

twinning activities. 
 

6. Conclusion 
In this study, experiments and crystal plasticity finite-element simulations of a cup 

drawing process of a cold-rolled Grade 2 CP-Ti sheet were conducted, and the 

applicability of the crystal plasticity model to the forming process was examined. The 

drawability, including earing formation, evolution of the thickness distribution, and 

texture evolution, was examined in detail. Moreover, parametric studies were conducted 

to discuss the effects of the simulation conditions, including twinning activity and friction, 

on the drawability. The main conclusions of this study are summarized as: 

 

(1) In the experiments, the maximum cup height appeared at an angle from the RD of 

approximately 50°, and the heights at the RD and TD were similar. The evolution of the 

thickness strain distribution at the sidewall depended strongly on the direction. That is, 

the thickness strain was initially the largest in the TD, but thereafter that in the RD 

increased, and eventually, the thickness strains in the RD and the TD were similar and 

were larger than that of the 45D. The simulation results qualitatively captured these 

tendencies in the macroscopic deformation processes, but from a quantitative perspective, 

non-negligible discrepancies emerged, including the cup height in the TD and the 

thickening at the cup edge in the RD and TD. 

 

(2) Twinning activity during drawing was the largest in the TD, followed by the 45D and 
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then the RD. The twinning activity and texture evolution in the 45D were similar to those 

in the RD; thus, the texture evolution was more pronounced in the range from 45D to TD 

than from RD to 45D. The overall trends in the simulation agreed well with those of the 

experiment, although the texture evolution in the 45D was less pronounced. 

 

(3) The simulation not considering twinning showed that the twinning activities affected 

the deformation behavior, including cup height and thickness strain distribution, not only 

along the TD where pronounced twinning activities were observed, but also over the 

entire region. These results suggest that it is important to consider twinning activities for 

an accurate prediction of the forming processes of CP-Ti sheets. 

 

(4) When friction was neglected in the simulation, the difference in the cup height 

between the RD and the TD slightly decreased, and the thickness strain distribution in the 

TD changed slightly, that is, it became larger at the sidewall and smaller at the edge. These 

results indicate that the deformation along the TD was more easily affected by friction 

than at the other regions. The changes in the deformation behavior might result from both 

the change in material flow due to ironing and the change in twinning activities. 
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Appendix A: Effect of numbers of initial orientations and finite elements on cup drawing 
simulation 
 

Two additional cup drawing simulations were conducted. The number of orientations 
assigned to each integration point was set to 100 in the first case, while a finite element 
model with 1000 elements were used in the second case. Other simulation conditions 
remained unchanged. The pole figures obtained with the 100 orientations used in the first 
case are shown in Fig. A1 (a). The distributions are slightly different from those of the 
experimental results (Fig. 3 (a)) especially in the (10 1 0) pole figure and, moreover, the 
maximum intensity was slightly larger. Fig. A1 (b) shows the finite element model with 
1000 elements used in the second case. The numbers of elements in the radial and 
circumferential directions were smaller than those of the original model (Fig. 5), while 
the number of elements through the thickness remained unchanged. 

Figs. A1 (c) and A1 (d) show the earing profiles and evolution of the thickness strain 
at the flange edge. The earing profiles were almost independent of the simulation 
condition. In contrast, the evolution of the thickness strains depended on the simulation 
condition. Especially, the evolution in the RD and TD differed largely. These results show 
that it is important to use appropriate simulation conditions to discuss strain evolution 
although the results of earing profile were not affected by the conditions.  
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Fig. A1 Simulation results obtained using different numbers of orientations or finite elements. (a) The 
initial pole figures for 100 orientations, (b) the finite-element model with 1000 elements, (c) earing profile, 
and (d) evolution of the thickness strain at the flange edge. 
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Appendix B: Determination of material parameters  
 

Based on a previous study for a Grade 1 CP-Ti sheet [62], it was first presumed that 
the CRSS was the smallest for prismatic slip, followed in order by pyramidal <a> slip and 
pyramidal <a+c> slip. As in a previous study, the rank of the CRSS for basal slip was 
adjusted to reproduce experimental results. The CRSS for pyramidal <a+c> slip was 
initially assumed to be larger than twice as large as that for prismatic slip. Because 
twinning activities are smaller in a Grade 2 CP-Ti sheet than those in a Grade 1 CP-Ti 
sheet [11, 12], the rank of the CRSSs for twinning used in a previous study could not be 
utilized in this study. Our preliminary study for a Grade 2 CP-Ti sheet [95] reported that 
the CRSSs for twinning were set to be comparable or larger than those of pyramidal 
<a+c> slip to fit evolution of twin volume fraction. Therefore, the same assumption was 
used for initial guess also in this study. 

Then, the hardening parameters were calibrated. Considering the role of each slip and 
twinning system on the work-hardening behavior, the parameters for prismatic slip and 
contraction twinning were primarily calibrated by referring to the stress-strain curve and 
the evolution of the r-value under RD tension. Similarly, the parameters for pyramidal 
<a> and basal slip were calibrated using the results of TD tension, whereas those of 
extension twinning were calibrated using the results of RD compression. These steps were 
repeated several times to obtain good fits with the experimental results under RD, 45D, 
and TD loadings with a single set of parameters. The reader is referred to a previous study 
[62] for the basic calibration procedures. 
 
 

 
  



p.51  
 

Figure and Table captions 
Table 1 Mechanical properties of the CP-Ti sheet used in this study. 

Table 2 Identified material parameters for each slip and twinning system, in MPa. 

Table 3 Latent-hardening parameters, 𝑞ఈఉ, used in simulations. 

 

Fig. 1 Experimental setup for the cylindrical cup drawing. 

Fig. 2 Geometrical measurement of the drawn cup. 

Fig. 3 Pole figures of the initial sample. (a) EBSD measurement results and (b) results 

obtained from the 400 orientations assigned to the simulation model. 

Fig. 4 Example of an EBSD measurement area. 

Fig. 5 Finite-element model used in the cup drawing simulation. 

Fig. 6 Stress-strain curves obtained from the experiment and simulation under (a) tension 

and (b) compression. 

Fig. 7 Evolution of the r-value in the RD, 45D, and TD obtained from the experiment and 

simulation. Open and solid marks denote experimental and simulation results, 

respectively. 

Fig. 8 Deformed shapes at the strokes of 0, 9, 12, 21, and 27 mm. The upper photographs 

are experimental results, and the lower figures are simulation results. For visibility 

purposes, the simulation results of the quarter part were mirror-copied to the other three 

quadrants to show the full geometries. 

Fig. 9 Load-stroke curves obtained from the experiment and simulation. 

Fig. 10 Earing profiles obtained from the experiment and simulation.  

Fig. 11 Earing evolution obtained from the experiment and simulation. (a) Definition of 

length from the center of the cup and (b) evolution of length. 

Fig. 12 Thickness strain distributions at the strokes of (a) 9, (b) 12, (c) 15, (d) 18, (e) 21, 

and (f) 27 mm. 

Fig. 13 Evolution of the thickness strain at the flange edge in the RD, 45D, and TD. 

Fig. 14 Evolution of stresses at points (a) B and (b) F shown in Fig. 3.  

Fig. 15 Evolution of relative activities at points (a) B and (b) F shown in Fig. 3.  

Fig. 16 Magnified figures of sheet edges of drawn cup in the (a) TD and (b) RD.  

Fig. 17 IPF maps obtained from the experiment. Point A at the strokes of (a) 15 and (b) 

27 mm; point B at the strokes of (c) 15 and (d) 27 mm; point C at the strokes of (e) 15 

and (f) 27 mm; point D at the strokes of (g) 15 and (h) 27 mm; point E at the strokes of 

(i) 15 and (j) 27 mm; and point F at the strokes of (k) 15 and (l) 27 mm.  

Fig. 18 Pole figures obtained from the experiments and simulations. Point A at the strokes 

of (a) 15 and (b) 27 mm; point B at the strokes of (c) 15 and (d) 27 mm; point C at the 
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strokes of (e) 15 and (f) 27 mm; point D at the strokes of (g) 15 and (h) 27 mm; point E 

at the strokes of (i) 15 and (j) 27 mm; and point F at the strokes of (k) 15 and (l) 27 mm. 

Fig. 19 Simulation results of the earing profile without twinning and without friction.  

Fig. 20 Thickness strain distributions at a 27 mm-stroke in the RD, 45D, and TD. 

Fig. 21 Evolution of the thickness strain at the flange edge in the RD, 45D, and TD.  

Fig. 22 Evolution of the relative activities obtained without considering friction at points 

(a) A, (b) B, (c) E, and (d) F shown in Fig. 3.  

Fig. A1 Simulation results obtained using different numbers of orientations or finite 

elements. (a) The initial pole figures for 100 orientations, (b) the finite-element model 

with 1000 elements, (c) earing profiles, and (d) evolution of the thickness strain at the 

flange edge. 

 

 


