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Abstract: Influence of three different rolling routes on mechanical anisotropy and formability of commercially pure titanium sheet 

was investigated. Route A and Route B are unidirectional rolling (UR) where the rolling direction is along initial rolling direction 

(RD) and transverse direction (TD), respectively. Route C is cross rolling (CR) where the rolling direction is changed by 90° after 

each rolling pass. The microstructure and texture, tensile mechanical properties including strength and elongation, and also the 

anisotropy of the UR and CR sheets were investigated at room temperature. The XRD results indicate that the texture intensity of 

rolled samples gradually weakens from Route A to Route C. Compared with Route A and Route B rolled samples, the Route C rolled 

samples show a smaller planar anisotropy. The deep drawing tests reveal that cross rolling can avoid the occurrence of earing. 

Erichsen tests indicate that rolling routes have an effect on stretch formability of pure titanium sheet. 
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1 Introduction 
 

Titanium and titanium-based alloys have been 

widely used in various engineering and medical fields 

due to their high elastic limit-to-density ratio, high 

resistance to corrosion and good biocompatibility [1−3]. 

Consequently, many researches on pure titanium or 

CP-Ti have been done in the past decades due to its 

complex deformation mechanisms [4−6]. CP-Ti has a 

hexagonal close-packed (hereafter referred to as HCP) 

structure with a c/a ratio of 1.587, which is lower than 

the ideal c/a ratio (1.633). Consequently, compared with 

other HCP metals, the most favorable slip system in 

CP-Ti is prismatic a slip rather than basal a slip at 

room temperature. Though basal a slip and pyramidal 

a slip are potential slip systems [1,7,8], the a slip 

systems can only provide four independent slip systems. 

According to the von Mises criterion, at least five 

independent slip systems are necessary to accommodate 

arbitrary plastic strains, so c+a slip on pyramidal  

plane or deformation twinning are required to 

compensate for the insufficient slip systems [9,10−12]. 

Pure titanium, like most HCP metals, is characterized by 

highly anisotropic mechanical behavior at ambient  

temperatures [13,14]. The strong anisotropy in CP-Ti 

sheets is due to the strong crystal anisotropy of the HCP 

structure and the strong basal texture with c-axis tilted 

between 20° and 40° from the normal direction (ND) to 

the TD [15−17]. ROTH et al [18] discussed the possible 

mechanisms of mechanical anisotropy of -titanium in 

tension conditions. Through compression tests, WON  

et al [19,20] revealed that deformation characteristics of 

high purity -Ti with rolling texture were significantly 

dependent on the loading direction, i.e., deformation 

anisotropy. 

It is well known that deep drawing is an important 

and popular process in sheet metal forming. Apart from 
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its employment in electronics products, it is applied 

widely in the automotive industry for the manufacturing 

of car body parts [2,21,22]. The deep-drawn products of 

CP-Ti sheets are always accompanied with earing  

defects. The occurrence of earing, during the deep drawn 

process, is undesirable since extra processing is required 

to trim it, which will improve the costs of productions. 

Therefore, it is significant to make efforts to reduce 

earing during the deep drawing of CP-Ti sheets. 

It is well established that the earing defect, during 

the deep drawing process, is primarily caused by the 

planar anisotropy of sheet metal. OHWUE and 

KOBAYASHI [23] found that the earing always occurs 

in 45° direction by experiment and simulation and the 

correlation between ΔR/Rave and the average earring 

height is not always true. 

It is common for CP-Ti to develop texture during 

the sheet rolling process, in which most grains exhibit 

their c-axis titling at about ±35° in the TD [15,16]. This 

is called preferred grain orientation, which will result in 

strong anisotropy in CP-Ti. Accordingly, the earing 

defect can be reduced by weakening the texture of the 

rolled CP-Ti sheets. It has been demonstrated by 

ZHANG et al [24,25] that CR is quite effective in 

reducing the mechanical anisotropy of magnesium alloy 

markedly by weakening the basal texture. TANG      

et al [22] have investigated the effect of UR and CR on 

mechanical anisotropy and deep drawing behavior of 

AZ31 magnesium alloy sheets. The experiment result on 

Mg−0.6%Zr (mass fraction) of XIONG et al [26] showed 

that compared with the UR sheets, the CR sheets 

exhibited a more uniform microstructure, larger grain 

size and weaker texture intensity. Above studies indicate 

that the anisotropy of the CP-Ti sheets might be also 

reduced by the CR. However, the literatures about CR 

applied on CP-Ti are rather limited. Therefore, the 

present work aims to systematically investigate the 

influence of three different rolling routes on the 

mechanical anisotropy and formability of CP-Ti sheets. 

 

2 Experimental 
 

As-rolled CP-Ti sheets with a thickness of 3 mm 

were cut into square samples with dimensions of      

80 mm × 80 mm, then the square samples were subjected 

to annealing at 650 °C for 2 h before rolling. Three 

different rolling routes were conducted at a rolling 

reduction per pass of 0.15 mm. A schematic view of the 

applied rolling routes is presented in Fig. 1. Route A and 

Route B are UR where the rolling direction is along 

initial RD and TD, respectively. Route C is CR where the 

rolling direction is changed by 90° after each rolling  

pass. All samples were rolled from 3 mm to 0.9 mm in 

thickness. After the final pass, all specimens were 

annealed at 650 °C for 30 min. 

The tensile specimens with 25 mm in gage length,  

6 mm in gage width and 0.9 mm in gage thickness were 

machined from the annealed sheets with the longitudinal 

axis along RD of the sheets, 45° to rolling direction and 

TD in the sheet plane. Tensile tests were conducted using 

a CMT6305−300kN electronic universal testing  

machine, at room temperature with an initial strain rate 

of 3×10−3 s−1. 

In order to examine the influence of different rolling 

routes on the formability, deep drawing test and Erichsen 

test were performed. The circular blanks with diameter 

of 80 mm were machined from rolled sheets for the deep 

drawing test. Deep drawing tests were conducted at a 

punch speed of 5 mm/min. The blank holder force was 

4.0 kN. Anti-wear hydraulic oil was used as the lubricant 

for deep drawing tests. The main dimensions of tools 

used for the deep drawing tests are as follows: punch 

diameter 50.0 mm; punch shoulder radius 5.0 mm; die 

hole diameter 51.8 mm, die shoulder radius 6.4 mm. The 

samples with dimensions of 50 mm × 50 mm were cut 

from rolled sheets for Erichsen tests. The Erichsen tests 

were conducted using a hemispherical punch with a 

diameter of 20 mm at room temperature. The punch 

speed was set to be 5 mm/min and the blank holder force 

was 10 kN. Anti-wear hydraulic oil was used as the 

lubricant. The Erichsen value was measured when the 

samples started to fracture. 

The optical microscopy samples were treated by 

mechanical polishing and electro-polishing. The electro- 

polishing was performed under a controlled temperature 

of −40 °C using a voltage of 30 V for 60−90 s, and the  
 

 

Fig. 1 Schematic diagram of three rolling routes: (a) Route A; (b) Route B; (c) Route C 
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solution was constituted with 6 mL perchloric acid,    

94 mL methanol. The chemical etching solution was 

composed of 6 mL HNO3, 3 mL HF and 91 mL H2O. 

 

3 Results and discussion 
 

3.1 Microstructure and texture evolution 

The optical microstructure and (0002) pole figure of 

as-rolled sheets in annealing condition are shown in  

Figs. 2(a) and (b), respectively. It can be seen that the 

microstructure in ND−RD plane consists of equiaxed 

grains without twins in the as-rolled sheet and the 

average grain size is about 58 um. Texture in the 

as-rolled sheet in annealing condition mainly includes 

basal texture and prismatic texture. The maximum 

texture intensity is about 4.8, as shown in Fig. 2(b). The 

texture data show that the c-axis of most grains is normal 

to sheet plane or parallel to TD. 

The optical microstructures of the CP-Ti sheets 

produced by Routes A, B and C are shown in Fig. 3. All 

of them consist of uniform equiaxed grains. Figure 3 

shows that the average grain size is 40 μm for Route A, 

50 μm for Route B and 38 μm for Route C, respectively, 

which indicates that the grain size can be affected by 

changing the rolling route very weakly. Figure 4 shows 

the (0 0 0 2) pole figures of the sheets processed by 

Route A, Route B and Route C in annealed condition. 

After fourteen unidirectional rolling passes, the Route A 

 

 

Fig. 2 Optical microstructure (a) and (0002) pole figure (b) of as-rolled sheets in annealing condition 

 

 

Fig. 3 Microstructures of rolled sheet produced by Route A (a), Route B (b) and Route C (c) in annealed condition 

 

 

Fig. 4 (0002) pole figures of various samples in annealed condition: (a) Route A; (b) Route B; (c) Route C 
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rolled samples exhibit a typical rolling texture of CP-Ti, 

i.e., the peaks tilting from the ND to the TD at ±(20−40)° 

(TD split texture) [16], as shown in the Fig. 4(a). 

Compared with as-rolled sheets, the texture intensity of 

the sample rolled by Route A almost keeps unchanged, 

but the texture type changed due to the rotation of grain. 

The Route B rolled sheet exhibits a texture with most 

grains having their c-axis lying about ±(20−40)° from 

ND to the initial RD, as shown in Fig. 4(b), compared 

with Route A, the double peak rotated about 90°, which 

is related with the change of roll direction. In addition, 

the texture intensity of sheets rolled by Route B is 

weaker than that in the as-rolled sheets. It is obvious that 

the texture of Route C rolled sample is more dispersed 

compared with that of Route A and Route B rolled 

sample, as shown in Fig. 4(c). Moreover, the texture 

intensity decreases from 4.5 in Route A to 1.8 in Route C, 

which suggests that CR could effectively weaken texture 

intensity of CP-Ti sheets as compared to UR. 

 

3.2 Mechanical properties 

True stress–strain curves of rolled and subsequently 

annealed CP-Ti sheets during tension at room 

temperature are shown in Fig. 5. The corresponding 

mechanical properties, i.e., 0.2% yield stress (YS), the 

ultimate strength (UTS) and failure elongation (FE) are 

shown in Fig. 6. It is clearly observed in Fig. 6(a) that the 

yield strength in the Route A rolled sample mainly 

depends on the tensile direction. The highest yield 

strength is measured along the TD and the lowest along 

the RD, and the yield strength difference is 57 MPa. This 

is mainly due to the fact that the UR CP-Ti sheet exhibits 

yield anisotropy. According to the study of ZHU et al [8] 

and ROTH et al [18], when the tensile stress axis is along 

RD, deformation must be accommodated by the 

operation of the more easy prismatic slip mode. On the 

other hand, when the tensile stress axis is along TD, the 

deformation mode will be the more difficult basal slip or 

c+a slip, because the critical resolved shear stress for 

basal slip is about four times that for prismatic slip at 

room temperature, resulting in a higher yield stress in 

TD-samples. The Route B and Route C rolled samples 

show relatively small yield stress differences in three 

directions (Fig. 6(a)), the highest yield strength of Route 

B rolled samples is measured along the initial RD and 

the lowest along the initial TD, the yield strength 

difference is 18 MPa; the highest yield strength of Route 

C rolled samples is measured along TD and the lowest 

along the 45° direction, the yield strength difference is 

12 MPa. So it can be reached that Route B and Route C 

rolling can effectively decrease the yield anisotropy of 

CP-Ti sheet in comparison to Route A rolling. The  

above phenomenon might be attributed to the relatively 

 

 

Fig. 5 Stress−strain curves of Route A (a), Route B (b) and 

Route C (c) in annealed condition in three different loading 

directions (RD, 45°, TD) 

 

weakened texture in Route B and Route C rolled  

samples. From the Fig. 6(b), it can be seen that the 

ultimate tensile stress (UTS) of Route A and Route B 

rolled samples varies greatly with the loading directions. 

The UTS of Route A rolled samples gradually decreases 

from RD to TD, the ultimate strength difference is   

110 MPa; the UTS of Route B rolled samples increases 

from initial RD to TD due to the change of rolling 

direction, the ultimate strength difference is 122 MPa. 

Compared with the Route A and Route B rolled samples, 

the Route C samples exhibit a smoother change in UTS,  
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Fig. 6 Tensile yield stress (a), ultimate tensile stress (b) and 

elongation of Route A (c), Route B and Route C in annealed 

condition in three different loading directions (RD, 45°, TD) 

 

the difference in three loading directions can be 

ignorable. As shown in Fig. 6(c), it can be seen that the 

loading directions also have a great influence on the 

fracture elongation (FE) of Route A and Route B rolled 

samples. The FE of Route A rolled samples gradually 

decreases from RD to TD, in contrast, the FE of Route B 

rolled samples increases from initial RD to TD, which 

can be explained by the fact that the twinning 

deformation increases faster in the rolling direction (RD 

of Route A and TD of Route B) and produces higher 

resistance against the slip of dislocations during further 

deformation stage, resulting in larger values in work 

hardening and elongation [21]. However, the Route B 

rolled samples have a larger FE than that of Route A 

rolled samples in three different directions, which might 

be attributed to the weakened texture. Compared with the 

Route A and Route B rolled samples, the Route C 

samples exhibit a smooth change in FE, there is few 

differences in three loading directions, which can be 

attributed to the further weakened texture intensity. 

In order to evaluate anisotropy behavior, the plastic 

strain ratio (r-value), normal anisotropy ( r ) and planar 

anisotropy Δr were calculated using the following 

formulas: 
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where b0 and L0 are initial width and length, b and L are 

width and length of samples after deformation, 

respectively. The anisotropy parameters of Route A, 

Route B and Route C samples are summarized in   

Table 1. Route A samples show an average r value of 

2.65 and the r value increases gradually from RD to TD, 

Route B samples exhibit an average r value of 3.12 and 

the r value decreases gradually from RD to TD; both 

groups have shown strong anisotropy, which is not 

beneficial to the forming of CP-Ti sheets. On the 

contrary, the Route C samples show a high average r 

value, and at the same time the planar anisotropy Δr 

value is low, which indicates the low earing tendency of 

Route C sheets during the deep drawing. So it can be 

concluded that anisotropy of mechanical behavior can be 

improved by changing the rolling route. 

 

Table 1 Anisotropy parameters of Route A, Route B and Route 

C samples 

Route 
r 

r  Δr 
RD 45° TD 

A 1.41 2.86 3.45 2.65 −0.43 

B 4.11 3.32 1.72 3.12 −0.41 

C 3.28 3.18 3.24 3.22 0.08 

 

3.3 Deep drawing behavior 

The deep-drawn cups of sheets rolled by three 

different routes are shown in Fig. 7. It can be seen that 

deep-drawn cups of Route A and Route B rolled sheets 

exhibit obvious earing, which is related to the value of  
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Δr [23]. Compared with Route A and Route B samples, 

the earing of Route C samples is negligible. Figure 8 

shows the wall height change of the cup from 0° to 360°, 

the curve indicates that the earring appeared at angle of 

45° to the RD. The appearance of earring is due to rolled 

sheets with different directional fiber textures, which 

made the flow of the metal during deep drawing process 

not consistent at different directions. The earring height 

is related with the planar anisotropic coefficient Δr. The 

Δr-values of different rolling routes calculated using the 

above equations are −0.43, −0.41 and 0.08, respectively. 

The larger the Δr-value, the higher the earring height. 

The absolute Δr values of Route A and Route B rolled 

samples are much larger than that of Route C rolled 

samples, so the deep-drawn cups produced by Route A 

and Route B rolled samples show obvious earing and 

Route C rolled sheet produces a cup with nearly uniform 

height after deep drawing. 

Figure 9 shows the Erichsen values (IE) of the 

annealed sheets rolled by different Routes. The IE are 

11.6, 12.7 and 13.6 mm for Route A, Route B and Route 

C, respectively. The result shows that rolling direction 

influences the stretch formability and the CR is the most  

 

 

Fig. 7 Deep-drawn cups of rolled CP-Ti sheets produced by 

Route A (a), Route B (b) and Route C (c) 

 

 

Fig. 8 Earring profiles for deep-drawing process of CP-Ti 

produced by Route A (a), Route B (b) and Route C (c) 

 

 

Fig. 9 Erichsen values (IE) of annealed sheets rolled by Route 

A (a), Route B (b) and Route C (c) 

effective in improving the stretch formability of CP-Ti 

sheets, compared to the other two routes, which may be 

attributed to the weakened texture intensity. 

 

4 Conclusions 
 

1) Compared with unidirectional rolling (Route A 

and Route B), cross rolling (Route C) can weaken texture 

intensity effectively. 

2) The UR samples exhibit obvious planar 

anisotropy behavior in both strength and elongation, but 

the CR samples show isotropic properties in tension 

along different loading directions. Therefore, it can be 

concluded that mechanical anisotropy can be improved 

by changing rolling route. 

3) The deep-drawn cups of UR samples show 

obvious earing; however, the drawn cups of CR samples 

are with nearly uniform height after deep drawing, which 

correspond to the value of planar anisotropy Δr. 

Accordingly, it can be reached that cross rolling can 

avoid occurrence of earing. 

4) The CR samples show higher Erichsen values 

compared with UR samples, which indicates that CR can 

effectively improve stretch formability. 
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不同轧制路径对工业纯钛板机械 

各向异性及成形性的影响 
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摘  要：研究了不同轧制路径对工业纯钛板机械各向异性及成形性的影响。路径 A 和路径 B 是分别沿原始轧向

和横向的单向轧制，路径 C 是交叉轧制，即每次轧制之后旋转 90°继续轧制。测试了不同轧制路径获得板材的    

显微织构、力学性能(强度、伸长率)和各向异性。X 射线衍射结果表明从路径 A 到路径 C，轧制板材的织构逐渐

减弱。与路径 A 和路径 B 相比较，路径 C 轧制的板材的平面各向异性系数更小。拉深实验显示交叉轧制可以有

效地避免制耳的产生；杯突实验表明交叉轧制可以提高钛板成型能力。 

关键词：工业纯钛；交叉轧制；各向异性；织构；拉深 
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