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Highlights 1 

1.  1122  compression twinning was the dominant system under a uniaxial tensile test 2 

of commercially pure titanium with RD-split texture. 3 

2. Deformation in the microstructure was successfully reproduced by crystal plasticity 4 

analyses and slip operation factor calculations. 5 

3. Criterion using hydrostatic pressure and resolved shear stress helped predict the 6 

twinning positions with high accuracy. 7 

 8 
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 18 
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Abstract 1 

In this study, the criteria for  1122   compression twinning in commercially pure 2 

titanium (CP-Ti) were investigated by uniaxial tensile tests, crystal plasticity finite 3 

element (CPFE) analyses, and slip operation factor (SOF) calculations. First, the 4 

aggregates of the [0001] axes of CP-Ti were inclined in the rolling direction (RD), 5 

implying its RD-split texture. The development of the crystal orientation distribution with 6 

deformation was observed by electron back-scattered diffraction (EBSD). Active slip 7 

systems were identified by kernel average misorientation (KAM) and intergranular 8 

misorientation axis (IGMA) analyses. The dominant slip system was prismatic <a>, 9 

whereas the non-prismatic <a> slip systems were activated near the grain boundary. 10 

Active twin systems were also identified by the rotation angles of the [0001] axes between 11 

the twin and matrix. The dominant active twin system was the  1122  compression twin, 12 

although a uniaxial tensile load was applied. Second, the positions of  1122  twinning 13 

were predicted by CPFE analysis using the resolved shear stress (RSS) criterion while 14 

considering plastic deformation. SOF analysis was also employed for the prediction. The 15 

CPFE and SOF analyses yielded almost the same level of prediction accuracy. However, 16 

these calculations do not completely predict the twinning positions. Finally, the criteria 17 

for  1122  twinning were discussed, and it was revealed that hydrostatic pressure and 18 
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RSS are possible criteria for  1122  twinning in the continuum model. 1 

 2 
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1. Introduction 1 

Commercially pure titanium (CP-Ti) has excellent corrosion resistance, and is high 2 

demand in a wide range of fields such as chemical plants, power industry, and 3 

automobiles [1]. Therefore, clarification of the deformation and fracture mechanisms 4 

under room temperature environments will contribute to improving the safety and 5 

performance of various products. The mechanical properties of CP-Ti with a hexagonal 6 

close-packed (HCP) structure change with deformation modes, such as slip systems and 7 

twin systems [2][3][4][5][6]. For example, twinning in CP-Ti affects the work hardening 8 

rate [7][8] and fatigue fracture [9][10][11][12] of CP-Ti. However, criterion for twin 9 

activation is not clear, and it is difficult to quantitatively evaluate the fatigue strength and 10 

workability of CP-Ti in connection with twinning. Identifying the conditions under which 11 

these deformation modes are activated provides a better understanding of the expression 12 

mechanism of the mechanical characteristics and fracture behavior of specimens; 13 

however, some points remain unclear. 14 

 15 

 16 

The slip systems of CP-Ti are basal (Bsl<a>), prismatic <a> (Pri<a>), 1st-pyramidal <a> 17 

(Pyr1<a>), 1st-pyramidal <c+a>, and 2nd-pyramidal <c+a> systems, while the mainly 18 
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observed twin systems are the tensile ones of  1121 1126  and  1012 1011 , and 1 

the compression ones of  10 11 10 12  and  1122 1123  [13][14]. The individual 2 

activities of these deformation modes depend on the manufacturing and loading 3 

conditions [6][15], and thus, elucidating the relationship between these two has attracted 4 

significant research attention [6]. 5 

 6 

Critical resolved shear stresses (CRSSs) dominate the activities of slip systems. The 7 

CRSSs for CP-Ti are different from those reported previously [16][7][17][18]. The 8 

activities of the slip systems in CP-Ti follow Schmid’s law. Therefore, when the CRSSs 9 

for individual slip systems are evaluated by experimental or numerical analysis, the 10 

spatial distributions of strain can be obtained by numerical methods like crystal plasticity 11 

finite element (CPFE) analysis. Numerical analyses contribute greatly to the detailed 12 

understanding of the deformation mechanisms [17][19][20][21]. CPFE analysis 13 

represents the deformation at the crystal grain level. In the full-field CPFE analysis, the 14 

microstructure is considered, and the mechanical interactions among the grains are 15 

naturally incorporated. Thus, the strain and stress concentrations induced by deformation 16 

incompatibility are naturally represented [22][23][24]. In recent years, CPFE analysis has 17 

been conducted using microstructural images obtained from electron back-scattered 18 
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diffraction (EBSD) patterns, and the predicted strain distributions and slip activities 1 

correspond well with those obtained experimentally [19][20][21][25]. 2 

 3 

In contrast to the conditions of slip systems, prediction of twinning is difficult. To explain 4 

the origin of twinning, a criterion is typically employed, in which twin systems are 5 

activated when subjected to high resolved shear stress (RSS). Lebensohn and Tomé 6 

(1993) reported that the activation of twinning can be correctly described by the Schmid 7 

criterion of CRSS, independent of other stress components [26]. However, non-Schmid 8 

behavior has been observed in twinning [15][27][28]. In metal materials, tensile and 9 

compression twinning typically occur under tensile loading and compressive loading, 10 

respectively. However, different results have been observed in CP-Ti with 11 

crystallographic textures. Specifically, compression [29][30] and tensile twinning [31] are 12 

observed under the tensile and compressive loading, respectively. However, the 13 

mechanical criteria for the opposite twinning to the loading direction occurs are unknown. 14 

Thus, the criteria for twinning remain an open discussion. Furthermore, other factors, 15 

such as deformation incompatibility and accumulation of dislocations, have also been 16 

reported to influence twinning [14][32]. Thus, the prediction of twinning in CP-Ti 17 

requires that the deformations in individual grains be evaluated with a high degree of 18 
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accuracy. 1 

 2 

Several crystallographic textures exist in α-Ti [33] and split textures, in which aggregates 3 

of (0001) axes are split and inclined in the rolling direction (RD) or transverse direction 4 

(TD), are typically formed in CP-Ti by the rolling process. When CP-Ti with split textures 5 

is subjected to tensile loading, both compression twinning and tensile twinning can be 6 

observed at high activity [30][29]. While this fact is well known, the mechanical criterion 7 

for compression twinning under tensile deformation has not been investigated. One of the 8 

purposes of this study was to reveal this criterion.  9 

 10 

The macroscopic stress-strain relationships of CP-Ti were successfully reproduced by 11 

crystal plasticity analysis using the Schmid factor criterion of CRSS while considering 12 

twin deformation [34][35]. The prediction of twinning positions at the microscopic level 13 

was also attempted. Lind et al. (2014) studied the distribution of the RSS for twins in a 14 

polycrystalline CP-Ti in the elastic range, and the results showed that high-RSS regions 15 

did not completely coincide with the experimentally observed twinning positions [36]. 16 

Yang et al. (2011) successfully reproduced a twinning position in a region consisting of 17 

25 grains by accurately predicting slip strain distributions for individual slip systems 18 
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using crystal plasticity analysis [37]. These results indicate that the positions of 1 

compression twinning can be accurately predicted by full-field-type crystal plasticity 2 

analysis when the slip system activity is correctly predicted.  3 

 4 

As stated above, the development of deformation incompatibility is an important factor 5 

for twin activation. In other words, evaluation of the mechanical interaction between 6 

grains is required to predict twinning. The slip operation factor (SOF), which is a function 7 

of the Schmid factor and CRSS and considers the degree of mechanical interactions 8 

between grains and their range, is an indicator to evaluate ease of slip operation. SOF not 9 

only can reproduce the strain distributions of α-Ti in the initial deformation but also 10 

estimate the range and degree of mechanical interaction between regions [38][39]. Kawano 11 

et al. (2019), by using SOF, showed that the mechanical interaction range is longer in the loading 12 

direction than that in the direction perpendicular to the loading direction [38]. Furthermore, Kawano 13 

et al. (2021) succeeded in considering the secondary slip systems in the SOF [39]. If twinning is 14 

predicted by the Schmid criterion of CRSS, the SOF method, which is simpler with lower calculational 15 

cost, can also predict twinning. Then, the mechanical interaction range can also be estimated by SOF. 16 

 17 

The objectives of this study are three-fold: i) understanding the criteria for twinning in 18 
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CP-Ti at room temperature, ii) predicting the twinning positions by SOF, and iii) 1 

evaluating interaction range affecting twinning by SOF. First, a uniaxial tensile test of 2 

CP-Ti was conducted. The changes in the crystal orientation distributions under tensile 3 

deformation were observed using EBSD. The development of nonuniformity in crystal 4 

orientation distributions and twinning positions, as well as the activated slip systems, 5 

were experimentally determined. Second, the experimental crystal orientation 6 

distributions were reproduced by CPFE analysis, and the twinning positions were 7 

predicted. Estimation of the twinning positions induced by deformation incompatibility 8 

requires the correct representation of the deformations in individual grains. Grain shapes 9 

affect deformation more significantly than tuning finer parameters for the constitutive law 10 

[40]. The geometric model for the CPFE analysis was built from the EBSD crystal 11 

orientation maps, and a tensile deformation analysis was conducted. Next, the twinning 12 

positions were estimated using the SOF. Finally, the criteria for twinning were discussed. 13 

 14 

2. Experimental procedure 15 

2.1 Material and tensile test condition 16 

For this study, we used the same CP-Ti specimen as that used by Kawano et al. (2020) 17 

[38]. Table 1 shows the chemical compositions of the specimens. The processing 18 
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sequence used for the specimen involved hot and cold rolling with heat treatment at 1 

650 °C for 2 h to homogenize the microstructure. The CP-Ti plate formed by this rolling 2 

process, with a thickness of 1 mm, was cut into the specimen’s shape, as shown in Fig. 3 

1a, by using an electric discharge machining. Wet polishing with emery papers and 4 

buffing with diamond paste were conducted on the specimen, followed by 5 

electropolishing to remove the work-affected layer on the surface. 6 

 7 

Fig. 1 shows the EBSD orientation map plotted for the ND and the (0001) pole figure, 8 

where the aggregates of the (0001) axes inclined in the RD and split, the so-called RD-9 

split texture, are depicted. The specimen was subjected to uniaxial tensile loading in the 10 

RD, and the strain rate was 1.0 × 10-3 s-1. The tensile test was conducted in a scanning 11 

electron microscope (SEM) chamber, and in-situ EBSD measurements were performed. 12 

In these EBSD measurements, the position of the crosshead in the tensile tester was 13 

maintained, and the measurements were conducted after the plastic relaxation of the 14 

specimen, i.e. once the stress stopped decreasing.  15 

 16 

2.2 Kernel average misorientation 17 

As shown in Fig. 2a, the kernel average misorientation (KAM) is calculated using two-18 
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dimensional elements, ( , )i j , where each crystal orientation has been assigned to ( , )i j . 1 

Each misorientation angle at element ( , )i j  is calculated using the misorientation angles 2 

between the element ( , )i j  and the four neighboring elements. Thereafter, the average 3 

of the four misorientation angles was assigned to the KAM in ( , )i j . The accuracy of 4 

KAM can be increased by using a larger number of elements. However, as shown later, 5 

clear KAM distributions could be obtained even under the calculation using the four 6 

neighbor elements in this study. 7 

 8 

The crystal orientation is expressed by the Euler angle 1 2( , , )   of the Bunge definition 9 

[41]. The rotational relationship between the global and crystal lattice coordinate systems 10 

was set to the state shown in Fig. 1b when 1 2( , , ) (0,0,0)  = . Three misorientations 11 

were employed to accurately evaluate the differences in the activities of the slip systems: 12 

(i) misorientation angle   using typical KAM calculations, (ii) misorientation angles 13 

  around the [0001] axes (Fig. 2c), and (iii)  , which correspond to the difference 14 

in the inclination angles between the [0001]   axes (Fig. 2d). Kernel average 15 

misorientations calculated using  ,  , and   are denoted as KAM, KAMa, and 16 

KAMc, respectively. The calculation methods for   ,   , and    are described 17 

below. 18 
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 1 

For the calculation of  , the crystal orientations in ( ),i j  and ( ),k l  are expressed 2 

as square matrices ij  g   and kl  g  , and the misorientation,  g  , between them is 3 

calculated as follows: 4 

 5 

 
11 12 13

1

21 22 23

31 32 33

T
ij kl ij kl

g g g

g g g

g g g

−

 
         = = =         
  

g g g g g  .          (1) 6 

 7 

  for KAM calculation is expressed by [42]: 8 

 9 

1 11 22 33 1
cos

2

g g g
 − + + − 

 =  
 

 .                         (2) 10 

 11 

Fig. 2c shows a schematic of the calculation method for  . The crystal orientations of 12 

the elements ( ),i j   and ( ),k l   are expressed as ( )1 2, ,ij ij ij    and ( )1 2, ,kl kl kl   , 13 

respectively. 0ij kl = = is temporarily assigned, and the minimum difference of angles 14 

in 1120    axes between the elements ( ),i j   and ( ),k l   is assumed to be   . 15 

Activation of Pri<a> rotates the crystal orientations around the <0001> axis. We set 16 

0ij kl = =   such that only the activity of the slip systems that causes this rotation 17 

around the <0001> axis can be evaluated by  . Finally, a schematic of the calculation 18 

method for   is shown in Fig. 2d. When the crystal orientations in elements ( ),i j  19 

and ( ),k l  are ( )1 2, ,ij ij ij   and ( )1 2, ,kl kl kl  , the difference in the inclination angles 20 
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in the [0001]  axes between ( ),i j  and ( ),k l  are calculated by ij kl =  − . 1 

 2 

3. Experimental results 3 

3.1 EBSD orientation maps, pole figures, and distributions of Schmid factors 4 

The changes in the EBSD orientation maps and (0001) pole figures under the uniaxial 5 

tensile test are shown in Fig. 3. The nominal strains in the figures were calculated from 6 

the changes in the length between specific grains during deformation. Nonuniformity in 7 

crystal orientation distributions develops with the progress of deformation, and twinning 8 

occurs. Fig. 4 shows the spatial distributions of the Schmid factors at a nominal strain of 9 

0.0% in the tensile direction ( 0.0%n = ). The Schmid factors for Pri<a> are lower than 10 

those for other slip systems. For the twin systems, the Schmid factors for the {1012}  11 

tension twins in the tensile (X) direction are low, whereas the values for the {1122} 12 

compression twins in the transverse direction (TD) (Y direction) are high. 13 

 14 

3.2 Active slip and twin systems 15 

Active deformation modes were identified. First, the active slip systems were estimated. 16 

Fig. 5 shows the changes in distributions in KAM, KAMa, and KAMc, and the 17 

intergranular misorientation axis (IGMA) [43][44][45] with the deformation. IGMA 18 
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indicates the axis of the slip-induced lattice rotation, as determined from the 1 

crystallographic orientation difference in each grain. Thus, the active slip system can be 2 

identified from the IGMA. Local misorientations develop in all regions, as indicated by 3 

the KAM distributions (Fig. 5a). When the misorientations calculated from the individual 4 

rotational axes are compared between KAMa and KAMc, the development of 5 

misorientation around the [0001] axes (Fig. 5b KAMa) is greater than that of the 6 

inclination angle of the [0001] axes (Fig. 5c KAMc). Misorientations around the [0001] 7 

axes were induced by the activation of Pri<a>. Thus, Pri<a> was dominantly activated in 8 

all regions, while the Schmid factors for this system were lower than those for other <a> 9 

slip systems (Fig. 4a). The same tendency was observed from the IMGA distribution (Fig. 10 

6d); the dominant rotational axis (Taylor axis) during deformation is [0001]. However, 11 

regions with a high KAMc were detected near the grain boundaries (Fig. 5c). The changes 12 

in KAMc are caused by the inclination of the [0001] axes; non-Pri<a> systems were 13 

activated near the grain boundaries. 14 

 15 

Next, an active twin system was identified. Table 2 shows the crystal orientations of the 16 

matrix and twin regions at 8.4%n =  (Fig. 3a) and the rotational relationships of the 17 

[0001] axes between these regions. The position numbers in Table 2 correspond to those 18 
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shown in Fig. 3a ( 8.4%n = ). The rotational relationships between the matrix and the 1 

twin regions range from 64° to 66°, except for 33.1° at positions 10 and 11. Table 3 shows 2 

the rotation angles of the [0001] axes induced by twinning. Typically, twin systems that 3 

exhibit high activities at room temperature are the  10 12  tensile and  1122  4 

compression systems [3][34][46][47][48][49][50]. Tables 2 and 3 indicate that the 5 

 1122  compression twin system, rather than the  10 12  tensile system, dominates the 6 

CP-Ti specimen. In split textures, where the aggregates of the [0001] axes are inclined 7 

and split in TD or RD,  1122  compression twinning is observed under uniaxial tensile 8 

tests. Becker and Pantleon (2013) and Roth et al. (2014) observed that  1122  twinning 9 

was dominant when CP-Ti with a TD-split texture was pulled in the RD [29][30]. On the 10 

other hand, Zheng et al. (2009) conducted compression tests of CP-Ti with RD-split 11 

texture, in which the sample specimen was compressed in TD at 673–973 K, and the 12 

 1122  compression twin was not observed, and the active twin systems were  10 12  13 

tension and  10 11  compression twins [31]. In other words, it is possible that the 14 

compression and tension twin systems are dominantly activated under tensile and 15 

compressive deformation, respectively. In this study, the tensile direction corresponded 16 

to the splitting direction, and the dominant twin system was  1122 . The Schmid factors 17 

for the  10 12  twins are low (Fig. 4a) under the current condition, and this prevents 18 
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 10 12  twinning under tensile loading. The causes of the  1122  twinning observed 1 

in this study are discussed in Section 5. 2 

 3 

4. Analysis by CPFE method and SOF 4 

CPFE and SOF analyses were conducted to investigate the activation conditions for the 5 

slip and twin systems in more detail. The outline of the methods and conditions for these 6 

analyses are described below. 7 

 8 

4.1 Numerical models for crystal plasticity analysis 9 

A rate-dependent finite-element crystal plasticity model [51][52] was employed. The 10 

shear slip rate   for slip system k is calculated as follows: 11 

 12 

( ) ( )( )
( )

( )

1

0 sgn
ˆ

k m
k k

k


  


= ,                   (3) 13 

 14 

where 0 ,  , ̂ , ̂ , and m are the reference shear strain rates for the plastic slip, RSS, 15 

reference shear stress, and slip rate sensitivity parameter, respectively. ̂ is provided by 16 

the Voce hardening law [44][45], considering the interactions between slip systems as 17 

follows: 18 

 19 
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 4 

where   is the cumulative shear strain, 
klh  is the hardening matrix, and 0 , 1 , 0 , 5 

and 1  are the parameters that represent the relationship between the shear stress and 6 

shear strain. 7 

 8 

4.2 Conditions for crystal plasticity analysis 9 

Fig. 6 shows the geometric models and boundary conditions employed for CPFE analysis. 10 

Double and single-layer models were built as the geometric models. The crystal 11 

orientation distributions in both models correspond to those in the EBSD orientation map 12 

employed in the current CP-Ti specimen, and the EBSD orientation map (Fig. 1) was 13 

converted into geometric models for CPFE analysis using the EBSD-FEM data 14 

conversion procedure developed by Kawano et al. (2018) [55]. However, the double-layer 15 

model consists of layers with crystal orientations reflecting the EBSD orientation map as 16 

well as a layer with random crystal orientations to represent the effect of grains existing 17 

in the depth (Z) direction on the inhomogeneous deformation. Crystal orientations in the 18 
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single-layer model were obtained only from the EBSD orientation map and were uniform 1 

in the Z-direction. Zhang et al. (2018) also conducted CPFE analysis using a double-layer 2 

and single-layer model and showed that the results obtained by the analyses were different 3 

between the two models [25]. 4 

 5 

Tables 4 and 5 present the physical values employed in the CPFE analysis. The elastic 6 

constants of pure Ti were used in the analysis. The parameters used for the Voce hardening 7 

law are shown in Table 5, and ̂   as a function of   , which determines the work 8 

hardening properties and CRSS, are shown in Fig. 7. While CRSS for Pri<a> is typically 9 

the lowest in all slip systems in CP-Ti, magnitude correlation of CRSSs between other 10 

slip systems are unclear. The order of CRSSs among slip systems is different in previous 11 

reports [6][16][7][56][57][58], making it still an open discussion [6]. In this study, the 12 

initial CRSSs were determined based on Hama et al. (2017) [6] and the current 13 

experimental results. The current CRSSs for Bsl<a>, Pri<a>, Pyr1<c+a>, and Pyr2<c+a> 14 

are the same as those employed in Hama et al. (2017) [6], and those for Pyr1<a> were set 15 

to be higher than those in Hama et al. (2017). The  10 12  and  1122  twin systems 16 

are assumed to be nonactive because the criterion for  1122  twinning was investigated 17 

without changing the stress field by the activation of twinning, and  10 12  twinning 18 
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was not observed in the experiment in this study. 1 

 2 

4.3 Slip operation factor 3 

4.3.1 Numerical model of SOF [38][39] 4 

The SOF is an indicator that considers nonlocal interactions to evaluate the ease of 5 

activation of the individual deformation modes. It is calculated with the relative ease of 6 

plastic deformation between regions, considering the weight by distance between them, 7 

as shown in Fig. 8 [38][39]. The SOF for deformation mode k is evaluated as follows: 8 

 9 

( ) ( ) ( ) ( ), ,ˆ ˆ ˆ' ' ' '
k k LD k TD kLD TD

i i i iM M A M A M= + + ,             (6) 10 

 11 

where i is the number of elements. 'M , ˆ 'LDM , and ˆ 'TDM , whose maximum value is 12 

1.0, are the normalized values of M  , ˆ LDM  , and ˆ TDM  , respectively. M  , ˆ LDM  , and 13 

ˆ TDM  express the ease of plastic deformation considering multiple slips; M is the value 14 

without considering mechanical interactions between regions; ˆ LDM  and ˆ TDM  are the 15 

relative ease of plastic deformation considering the mechanical interactions in the loading 16 

direction (LD) and the transverse direction (TD) to the LD, respectively. LDA  and TDA  17 

determine the magnitude of the mechanical interactions between the grains in the LD and 18 

TD. M , ˆ LDM , and ˆ TDM  are described as follows. 19 

 20 

( ) ( )
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i i i k
k i

M A m



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 
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 1 
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 3 

( ) ( ) ( )

,
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i ij e ijk
j i i

M
M w r R

M

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r ,     (9) 4 

 5 

where ( )k

im   and ( )k

i   are the Schmid factor and CRSS for deformation mode k, 6 

respectively, and 
min

i   is the minimum CRSS in all deformation modes in region i. 7 

( ) ( )min /
k k

i i im     Equation (7) is the normalized Schmid factor (NSF) [59], which 8 

represents the plastic deformability in region i considering the Schmid factor and CRSS. 9 

( ),ord k

iA   is the weight coefficient according to the ranking of the NSF of deformation 10 

mode k in all deformation modes in region i. The deformation modes with higher ( ),ord k

iA  11 

are activated more easily. w  represents the effect of the interaction strength depending 12 

on the distance ijr   between regions i and j, and 
LD

er  and 
TD

er   are the limits of the 13 

interaction ranges in LD and TD, respectively. max

LDR  and max

TDR  are the upper limits of 14 

these relative values, and ij   corresponds to the angle that the LD forms with the 15 

position vector ijr   from region i to j (see Fig. 9). cos ij   and sin ij   provide the 16 

components of the value in the directions parallel and perpendicular to the LD, 17 

respectively. 18 



22 

 

 1 

w , in Eqs. (8) and (9), is expressed by the following weight function [39]: 2 

 3 

( )

2

1 , 0
,

0,

ij

ij e
ij e e

r
w r r r

otherwise

 
 −  

=  
 



r
r

, (10) 4 

 5 

where er  is the interaction range. Equation (10) exhibits a bell curve, as shown in Fig. 6 

8. 7 

 8 

4.3.2 Conditions for slip operation factor 9 

The SOF was calculated using the single-layer model employed in the CPFE analysis (Fig. 10 

6c). The parameters used in the SOF analysis are presented in Table 6. It is assumed that 11 

the three slip systems with the first, second, and third largest NSF are related to the 12 

deformation, and in the weight coefficient 
ord

iA  in Eq. (7). The coefficients for the three 13 

slip systems, 1stA , 2ndA , and 3rdA , were set to 1.0. For the other slip systems, 
ord

iA  was 14 

assumed to be 0.0. Two conditions for LDA  and TDA   determining the magnitude of 15 

mechanical interactions, and three conditions for 
LD

er   and 
RD

er   determining the 16 

mechanical interaction range between regions, were used, as shown in Table 6. 17 
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 1 

5. Numerical results and discussion 2 

5.1 Reproduction of KAM distributions by CPFE analysis 3 

The KAM distributions obtained through CPFE analysis are shown in Figs. 9 and 10. 4 

While KAM develops near the grain boundaries in both the double- and single-layer 5 

models, regions with high KAM values exist inside the grains in the double-layer model. 6 

Such regions in the double-layer model (Fig. 9) were larger than those in the single-layer 7 

model (Fig. 10). This implies that the nonuniformity of deformation in the double-layer 8 

model is more prominent than that in the single-layer model. Thus, a sublayer with a 9 

random crystal orientation contributes to nonuniform deformation. This tendency 10 

coincides with the results of Zhan et al. (2018) [25]. The distributions of KAM, KAMa, 11 

and KAMc in the double-layer model (Fig. 9) agree with the experimental results (Fig. 5).  12 

 13 

The frequency distributions of KAM, KAMa, and KAMc calculated from the results 14 

obtained from the experiments and numerical simulations are shown in Fig. 11. The 15 

frequency distributions show a wide range of distributions owing to the deformation, 16 

indicating the development of nonuniform deformation. Additionally, since the activity 17 

of Pri<a> is higher than those of non-Pri <a>, the distribution of KAMa is wider than that 18 
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of KAMc. These frequency distributions obtained by numerical simulations, especially 1 

in the double-layer model, agree with those obtained experimentally. These comparisons 2 

quantitatively show that the experimental and numerical results were mutually consistent. 3 

The development of local misorientation is derived from the activation of slip systems. 4 

Therefore, these indicate that the current CPFE analysis using the double-layer model 5 

accurately predicted the activity of the slip systems in the tensile test. 6 

 7 

5.2 Predicted strain distributions by CPFE analysis and SOF analysis 8 

Figs. 11a and b show the distributions of the normal slip strain in the tensile direction 9 

( XX  ) in the double-layer and single-layer models, respectively. The strain inside the 10 

grains in the double-layer model tends to be higher than that in the single-layer model; 11 

however, the strain distributions in both models were similar. 12 

 13 

The strain distributions predicted by the CPFE analysis (Figs. 12a and b) were compared 14 

with the SOF distributions in the tensile (X) direction (Fig. 12c). The distributions of the 15 

SOF changed with the mechanical interaction range 
LD

er   
TD

er  . When the interaction 16 

range in the tensile direction is larger than or equal to that in the transverse direction 17 

( 2LD

e aver D=   
TD

e aver D=   or 2LD

e aver D=   2TD

e aver D=  ), the SOF distributions 18 
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correspond well with the XX   distributions at 2.0%n =  . However, the similarity 1 

between the distributions decreased as deformation progressed. A similar relationship 2 

among the prediction accuracy, employed parameters, and progress in the deformation 3 

was obtained by Kawano et al. (2020) [38]. 4 

 5 

5.3 Estimated position of  1122  twin by SOF analysis 6 

The positions of  1122   twins obtained experimentally were compared with those 7 

estimated through the SOF analysis. Fig. 13 displays only the comparable areas among 8 

the figures, and the twinning positions are indicated by arrows in Figs. 13a and b. The 9 

SOF distributions are for the transverse (Y) direction rather than the loading (X) direction, 10 

and LD and TD in 
LD

er  and 
TD

er  correspond to the Y and X directions, respectively. 11 

When 2LD TD

e ave e aver D r D= = is employed, regions with high SOF values, indicated by 12 

white arrows in Fig. 13b, coincide with the twinning positions. In contrast, the SOF 13 

analysis failed to predict the twinning positions indicated by the black arrows in Fig. 13b. 14 

The prediction accuracy of twinning was quite low under these conditions. The SOF 15 

distribution obtained under the condition 2 2LD TD

e ave e aver D r D= =   is intermediate 16 

between those obtained through 2LD TD

e ave e aver D r D= =  and 2LD TD

e ave e aver D r D= = . 17 

Thus, in the SOF analysis, the prediction accuracy for twinning is higher when the 18 
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interaction range in the transverse (Y) direction is longer than that in the tensile (X) 1 

direction. 2 

 3 

Regions with a high Schmid factor for  1122  twins in the Y direction cover a large area 4 

within the specimen, making it difficult to select the twinning positions in these regions. 5 

The Schmid factor does not consider the effect of the mechanical interaction between 6 

regions, which is considered in the SOF. Due to the higher prediction accuracy of the 7 

 1122  twinning positions in the SOF analysis than in the Schmid factor calculations, 8 

this mechanical interaction plays an important role in the  1122   twinning. Fig. 14 9 

shows the SOF distributions for the 1122  twin system obtained under the condition 10 

that the magnitude of the interactions LDA , 
TDA  is five times higher than those in Fig. 11 

13. The distributions in Fig. 14 are similar to those in Fig. 13, which means that the 12 

magnitudes of the mechanical interactions between regions play an important role, i.e., 13 

mechanical interaction terms (the second and third terms on the right side of Eq. (6)) 14 

govern the SOF distributions under both conditions: LDA  and TDA . It has been pointed 15 

out that deformation incompatibility strongly affects twin nucleation and growth [14][36], 16 

and this tendency corresponds to the results obtained through the SOF analysis. 17 

 18 
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5.4  Criteria of  1122  twin activation estimated by experiment, SOF, and CPFE 1 

analysis 2 

Fig. 15 shows the stress distributions in the double-layer model at the elastic ( 0.1%n = ) 3 

and plastic ranges ( 8.4%n =  ) using the CPFE analysis. Nonuniformity in the 4 

distributions of the normal stress in the tensile direction ( XX ) developed with plastic 5 

deformation (Figs. 15a and d), and compressive stresses occurred locally even though 6 

tensile loading was applied (Fig. 15d). However, the positions with high compressive 7 

stresses differ from those of the 1122  twinning. Therefore, the compressive stresses 8 

induced by inhomogeneous deformation is not a direct cause of  1122  twinning. In 9 

contrast, positions with high RSS for  1122  twins (Figs. 14b and e) correspond well 10 

with the twinning positions. The twinning positions that were successfully predicted are 11 

indicated by white arrows; the others are indicated by black arrows. High RSS regions 12 

tend to coincide with the twinning positions, and this tendency is stronger in the plastic 13 

range than in the elastic range. The RSS concentration developed within the grains in the 14 

plastic range, and the positions corresponded to the twinning positions. This implies that 15 

the twinning positions within grains can be estimated by the RSS when plastic 16 

deformation is considered. Therefore, the development of an RSS with inhomogeneous 17 

deformation is more important for  1122  twinning in the current CP-Ti specimen than 18 
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the compressive stresses. 1 

 2 

However, the RSS distribution did not completely predict the twinning positions. The 3 

same tendency, where a high RSS region has good correspondence with twinning 4 

positions but is not complete, was observed in the elastic deformation analysis of CP-Ti 5 

conducted by Lind et al. (2014) [36]. The current CPFE analysis considered not only the 6 

elastic deformation but also the stress redistribution with plastic deformation, and the 7 

results indicate that criterion(s) other than RSS for  1122  twinning exist(s). Lind et al. 8 

(2014)[36] studied the effect of the Schmid factor, RSS, and single neighbor slip 9 

compatibility on twinning, and found that these factors are invalid for the low Schmid 10 

factor case for twins. Bieler et al. (2014) [32] indicated that slip transfer across grain 11 

boundaries is an important factor for twinning. Zhou et al. (2021) reported that twinning 12 

in regions with a low Schmid factor could be predicted by the displacement gradient 13 

tensor and geometric compatibility factor, which evaluate the strain accommodation 14 

between grains [50].  1122   twinning in the current study is typically observed in 15 

regions with a high Schmid factor. Thus, we discuss the criterion of  1122  twinning in 16 

this case. 17 

 18 
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In hcp materials, atomic shuffling is required to achieve the right twin-orientation 1 

relationship [15][60]. Atomic shuffling and twin nucleation are affected by the 2 

interatomic distance, which is also closely related to the relationship between twinning 3 

and hydrostatic pressure. Figs. 15c and f show the distributions of hydrostatic pressure 4 

( hp ). The arrows indicate the twinning positions, where the white arrows correspond to 5 

the high hp  regions. Twinning typically occurred in high hp  regions, especially in 6 

the plastic range (Fig. 15f). However, twinning was not predicted in the two regions, 7 

which are indicated by black arrows in the hp  distribution even in the plastic range 8 

(Fig. 15f). The twinning position (Fig. 15f) was successfully predicted using the RSS 9 

criterion previously for one of these two regions (Fig. 15e). In contrast, the positions 10 

indicated by the other black arrow enclosed with circle fail to be predicted by both 
1122
  11 

and hp , implying that other criterion(s) for twinning exist(s). 12 

 13 

The above results indicate that SOF is an efficient tool for the prediction of twinning, and 14 

that hydrostatic pressure and RSS are related to the criteria used in a continuum body. 15 

Furthermore, it is possible that slip transfer between grains [61], dislocation density [28], 16 

and other factors increase the prediction accuracy for twinning. The evaluation of these 17 

effects on twinning will be addressed in the future. 18 

 19 
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6. Conclusion 1 

CP-Ti with RD-split texture was pulled in the RD, and the development of crystal 2 

orientation distribution under deformation was observed by EBSD. Local misorientation 3 

was evaluated using KAM. CPFE analysis was conducted, and the development of the 4 

KAM distributions was reproduced. SOF analysis was also performed to predict the 5 

positions of  1122   compression twinning. The criteria for twinning are discussed 6 

based on the results obtained from the experiments and numerical analyses. The results 7 

are summarized as follows: 8 

 9 

1. KAM distributions and experimentally obtained IGMA showed that Pri<a> was 10 

dominantly activated in the whole region, while the non-Pri<a> was activated 11 

typically near the grain boundary. 12 

2.  1012   Tensile twins were not observed during tensile deformation. Instead, the 13 

 1122  compression twin was predominantly activated. It is inferred that the low 14 

Schmid factor and high RSS for the  1012  and  1122   twins, respectively, 15 

significantly affected the activation of twin systems. 16 

3. The RSS predicts the  1122  twinning positions more accurately when plastic 17 

deformation is considered. However, the prediction was not complete when the RSS 18 
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criterion was solely used, and other criteria exist for  1122  twinning. In this case, 1 

hydrostatic pressure may be one of the criteria for a continuum body. 2 

4. The SOF predicts the twinning positions with the same degree of accuracy as the 3 

CPFE analysis using the RSS criterion when the direction (Y direction) perpendicular 4 

to the actual loading direction (X direction) was employed as the loading direction in 5 

SOF calculation. In this calculation, the mechanical interaction range for twinning 6 

was longer in the X direction than that in the Y direction. Furthermore, the twin 7 

activation was more strongly influenced by the difference in twinning resistance 8 

between neighboring grains than by the twinning resistance itself in each grain which 9 

was calculated from SF and CRSS for twinning. 10 

 11 
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Figure and table captions 1 

 2 

Fig. 1 Geometry of the CP-Ti specimen (a), the EBSD orientation map plotted for the ND 3 

(b), and the (0001) pole figure (c). 4 

 5 

Fig. 2 Schematic of the calculation method of the local misorientation angle. (a) 6 

Relationship between address and elements when the microstructural map is divided into 7 

rectangular solid elements. (b) Crystal lattice coordinate system when the Euler angles 8 

(𝜙1, 𝛷, 𝜙2) = (0,0,0). Calculation method of misorientation angle around [0001] axis (c) 9 

and of [0001] axes (d) between positions (i, j) and (k, l). 10 

 11 

Fig. 3 Changes in EBSD orientation map plotted for the ND (a) and (0001) pole figures 12 

(b) under uniaxial tension. 13 

 14 

 15 

Fig. 4 Distributions of Schmid factors of slip systems (a), and twin systems (b). 16 

 17 

Fig. 5 Development of KAM distributions (a-c) and in-grain misorientation axis (IGMA) 18 
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(d) under uniaxial tensile deformation. KAM calculated from the difference of angles Δθ 1 

(Eq. 2) (a), misorientation angles Δϕ around [0001] axis (b), and difference of inclination 2 

angles ΔΦ of [0001] axes (c). IGMA with misorientation angles ≦ 2° are plotted in the 3 

pole figures (d). 4 

 5 

Fig. 6 Vertical cross-sectional views of the geometric models (a-c) and the boundary 6 

conditions (d) for the uniaxial tensile analysis. The models were built based on Fig. 7 

1a using EBSD-FEM data conversion procedure developed by Kawano et al. [46], and 8 

the crystal orientations reflect the inverse pole figure while the crystal orientations in the 9 

elements belonging to one layer contacting with the surface at Z = 0.0 μm are randomly 10 

given in the double-layer model as shown in the figure (b). The surface at X = 0.0 is fixed 11 

in X direction, the surface at Z = 0.0 is fixed in Z direction, and the forced displacement 12 

is adapted to the right-hand surface (d). The strain rate is 1.0 × 10-3 s-1 for all deformation 13 

simulations. 14 

 15 

Fig. 7 CRSS for each deformation mode as a function of cumulative slip strain 16 

 17 

Fig. 8 CRSS for each deformation mode as a function of cumulative slip strain [39] 18 
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 1 

Fig. 9 KAM distributions numerically reproduced using the double-layer model. KAM 2 

calculated from the difference of angles Δθ (Eq. 2) (a), misorientation angles Δϕ around 3 

[0001] axis (b), and difference of inclination angles ΔΦ of [0001] axes (c). 4 

 5 

Fig. 10 KAM distributions numerically reproduced using the single-layer model. KAM 6 

calculated from the difference of angles Δθ (Eq. 2) (a), misorientation angles Δϕ around 7 

[0001] axis (b), and difference of inclination angles ΔΦ of [0001] axes (c). 8 

 9 

Fig. 11 Frequency distributions of KAM, KAMa, and KAMc at εn = 0.0 % (a-c) and 8.4 % 10 

(d-f). The distributions at the initial state (εn = 0.0 %) are the same among those in the 11 

experiment (Exp.), double-layer model, and single-layer model.  12 

 13 

Fig. 12 Strain distributions obtained by CPFE analysis employing (a) double and (b) 14 

single layer model. (c) SOF distributions for the X-directional tension. In the SOF 15 

distributions, measuring 2Dave from the outsides were strongly affected by boundary 16 

conditions, and they removed from four sides of the models. 17 

 18 
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Fig. 13 Comparison of twinning positions. The inverse pole figure obtained by the 1 

experiment when the nominal strain is 8.4 % (a) and distributions of SOF for Y-direction 2 

for  1122  twin (b-d). Arrows in the figures indicate twin positions. The white arrows 3 

in the figure (b) show the successfully predicted twin positions by SOF. 4 

 5 

Fig. 14 SOF distributions for  1122   twin when effect of mechanical interactions 6 

between regions are strong. Regions indicated by arrows are twinning positions observed 7 

in the experiment. The white arrows in the figures show the successfully predicted twin 8 

positions by SOF. 9 

 10 

Fig. 15 Stress distributions obtained by CPFE analysis using the double-layer model. (a-11 

c) elastic range and (d-f) plastic range. (a,d) normal stress in the tensile direction (σXX), 12 

(b,e) resolved shear stress for  1122  twin (
1122
 ), and (d) hydrostatic pressure (σhp). 13 

Color counters for 
1122
  and σhp are adjusted to observe high stress regions easily. Arrows 14 

in the figures indicate twin positions. Successfully predicted twin positions by higher 15 

stresses are indicated by white arrows in the figures. 16 

 17 

Table 1 Chemical composition of the sample material [wt.%]. 18 
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 1 

Table 2 Difference of <0001> axes between matrix and twin and estimated twin types. 2 

 3 

Table 3 Twinning systems in α-Ti [62]. 4 

 5 

Table 4 Elastic compliance of pure titanium [(TPa)-1] [63]. 6 

 7 

Table 5 Parameters for CPFE analysis and SOF calculation [MPa]. 8 

 9 

Table 6 Parameters employed in SOF calculation. Dave (69.2 μm) is an average grain size 10 

in the specimen. 11 
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Fig. 5 Development of KAM distributions (a-c) and in-grain misorientation axis (IGMA) (d) under uniaxial tensile deformation. KAM calculated from difference of

angles Δθ (Eq. 2) (a), misorientation angles Δ𝜙 around [0001] axis (b), and difference of inclination angles ΔΦ of [0001] axes (c). IGMA with misorientation angles ≦
2°are plotted in the pole figures (d).
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Fig. 7 CRSS for each deformation mode as a function of cumulative slip strain. 
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Fig. 9 KAM distributions numerically reproduced using the double-layer model. KAM calculated from difference of angles Δθ

(Eq. 2) (a), misorientation angles Δϕ around [0001] axis (b), and difference of inclination angles ΔΦ of [0001] axes (c).
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Fig. 10 KAM distributions numerically reproduced using the single-layer model. KAM calculated from difference of angles Δθ

(Eq. 2) (a), misorientation angles Δϕ around [0001] axis (b), and difference of inclination angles ΔΦ of [0001] axes (c).
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Ti O Fe

Bal. 0.047 0.027

Table 1 Chemical composition of the sample material [wt.%].



Position number Region type
Eulerian angle [deg]

Rotation angle [deg] Twin type
𝜙1 𝛷 𝜙2

1 Matrix 258.3 27.3 9.7 － －
2 Twin 188.4 73.3 63.2 66.0 11ത22 11ത2ത3
3 Twin 293.7 85.8 167.5 64.0 11ത22 11ത2ത3
4 Matrix 267.6 39.7 16.2 － －
5 Twin 206.1 82.2 53.1 66.0 11ത22 11ത2ത3
6 Matrix 277.4 42.3 8.5 － －
7 Twin 30.3 104.1 313.2 64.3 11ത22 11ത2ത3
8 Matrix 270.8 41.6 8.2 － －
9 Twin 168.4 113 46.2 64.9 11ത22 11ത2ത3
10 Matrix 155.9 151.7 255.1 － －
11 Twin 164.8 119.1 242.6 33.1 11ത21 11ത2ത6
12 Matrix 111.9 34.8 380.9 － －
13 Twin 0.9 106.1 354.5 64.9 11ത22 11ത2ത3
14 Matrix 89.2 154.6 144.3 － －
15 Twin 24.7 104.6 355.1 66.0 11ത22 11ത2ത3
16 Twin 2.4 60.2 179 64.6 11ത22 11ത2ത3
17 Matrix 254.4 142.7 242.6 － －
18 Twin 356.5 67.4 167.4 65.0 11ത22 11ത2ത3
19 Matrix 107.1 37.4 111.1 － －
20 Twin 351.3 100.7 170.8 66.0 11ത22 11ത2ത3
21 Matrix 265.8 28.2 358.5 － －
22 Twin 6.5 112.2 359.6 65.5 11ത22 11ത2ത3

Table 2 Difference of <0001> axes between matrix and twin and estimated twin types.



Twin systems
Rotation 

axis
Rotation angle [deg] Twin type

11ത21 11ത2ത6 10ത10 35.10 Tension

10ത11 10ത1ത2 11ത20 57.42 Compression

11ത22 11ത2ത3 10ത10 64.62 Compression

11ത24 22ത4ത3 10ത10 76.66 Compression

10ത12 10ത1ത1 11ത20 84.78 Tension

Table 3 Twinning systems in α-Ti [62].



Table 4 Elastic compliance of pure titanium [(TPa)-1][63].

s11 s12 s13 s33 s44

9.581 -4.623 -1.893 6.980 21.413



Slip systems τ0 (CRSS) τ1 θ0 θ1

Basal 133.0 100 100 100

Pri<a> 62.0 100 100 100

1st Pyr<a> 118.0 100 100 100

1st & 2nd Pyr <c+a> 145.0 100 5000 100

1012 10ത1ത1 twin - - - -

11ത22 11ത23 twin (for SOF) 100 - - -

Table 5  Parameters for CPFE analysis and SOF calculation [MPa].



CRSSs Same with τ0 in Table 5

𝐴1𝑠𝑡, 𝐴2𝑛𝑑, 𝐴3𝑟𝑑 , 𝐴𝑜𝑡ℎ𝑒𝑟 1.0, 1.0, 1.0, 0.0

𝑅max
𝐿𝐷

, 𝑅max
𝑇𝐷

, 5.0, 5.0

𝐴𝐿𝐷 , 𝐴
𝑇𝐷 (i) 1.0, 1.0      (ii) 5.0, 5.0

𝑟𝑒
𝐿𝐷

, 𝑟𝑒
𝑇𝐷 (i) Dave, 2Dave (ii) 2Dave, Dave (iii) 2Dave, 2Dave

Table 6 Parameters employed in SOF calculation. Dave (69.2 μm) is an 

average grain size in the specimen.


