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Abstract: A hot-rolled and annealed Zr alloy plate of Zr-1.06Sn-0.36Nb-0.3Fe-0.1Cr-0.13O (wt%) was compressed along normal 

direction (0° sample) and transverse direction (90° sample) at 700 °C and a strain rate of 1 s

-1

. The microstructures and microtextures 

were characterized by electron backscatter diffraction (EBSD) technique. Visco-plastic self-consistent (VPSC) model was applied to 

evaluate the activity of slip and twinning systems during deformation at low strain. The results show that dynamic recrystallization 

(DRX) occurs in the two samples. The texture of the recrystallized grains is similar to that of parent grains, and the preferred 

nucleation or growth is not in charge of the texture formation. In the 0° sample, all three slip modes (basal, prismatic and pyramidal 

<c+a> slip) operate at the first stage of deformation, while only a small amount of pyramidal <c+a> slip is active in the 90° sample 

in the early stage of deformation. The high activity of prismatic slip results in an intensive 

1010

//RD texture component in the 90° 

sample. Moreover, predominant basal slip activity at 700 °C is necessary for simulating the observed deformed texture. 
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Zirconium (Zr) alloys are widely used in the nuclear 

industry due to their good mechanical properties and excellent 

corrosion resistance

[1,2]

. Mechanical properties are strongly 

anisotropic, depending on the texture formed during the 

plastic deformation

[3,4]

 and annealing treatment

[5,6]

. Zr is a 

hexagonal close-packed (hcp) metal in which several slip and 

twinning modes are activated. Up to now, the slip systems 

observed in Zr alloy include 

{ }

1010 1120  prismatic slip, 

{ }

0001 1120  basal slip, 

{ }

1011 1120  pyramidal <a> slip 

in the <a> direction, and 

{ }

1011 1123  and 

{ }

1121 1123  

pyramidal <c+a> slip 

[7-11]

. Because the critical resolved shear 

stress (CRSS) for the activation of prismatic <a> slip is the 

lowest 

[12]

, this slip is the most easily activated mode. Only the 

pyramidal <c+a> slip systems are able to accommodate the 

plastic deformation along the <c> axis of the grains, but require 

high CRSS. Depending on the strain applied along the <c> axis 

of a particular crystal, twinning observed in Zr includes 

{ }

1012 1011  and 

{ }

1121 1126  tension twinning and 

{ }

1122 1123  and 

{ }

1011 1012  compression twinning

[13]

. 

Mccabe et al

[3]

 reported that different activations of the slip 

and twinning systems result in different texture evolutions 

during the deformation of a high-purity Zr at room 

temperature. Chapuis and Liu

[14]

 confirmed that basal slip and 

pyramidal <a> slip result in a <c> axis rotation toward the 

compression direction, while pyramidal <c+a> slip 

contributes to a <c> axis rotation toward the extension 

direction during the deformation of HCP metals. 

Several studies

[5,6,15]

 focused on the texture evolution during 

static recrystallization in Zr alloy. After cold rolling, Zr alloy 

sheet always exhibits a texture with 1010  parallel to the 

rolling direction (RD)

[16]

. Zhu et al

[5]

 found that in the grain 

growth stage of Zr-2Hf alloy, the 1010 //RD texture 

component disappears, while the 1120 //RD component 

formed at the primary recrystallization stage is strengthened. 

This texture evolution was due to the preferred growth caused 

by the stored energy difference between these texture 

components

[15]

. Moreover, Jedrychowski et al

[17]

 claimed that 

the transition from the 1010 //RD component to the 
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1120 //RD component after partial recrystallization is 

attributed to the strain induced boundary migration that drives 

recrystallization in Zr702. Although the influence of 

temperature and strain rate on the texture evolution during hot 

deformation in a Zr-Sn alloy has been reported

[18]

, few studies 

focus on the texture evolution of dynamically recrystallized 

grains during hot deformation. The plastic strain is imposed 

on the recrystallized grains during the nucleation and growth 

processes simultaneously

[19]

. Thus, the texture evolution 

during hot deformation is more complex than during 

annealing. Therefore, in the present work, in order to 

investigate the texture development of the recrystallized grains 

and the effect of deformation mechanism on the texture 

evolution during hot deformation, Zr alloy samples with 

different initial orientations were compressed with different 

strains. The microtexture was examined using electron 

backscatter diffraction (EBSD) technique, and slip system 

activity was calculated by the visco-plastic self-consistent 

(VPSC) model. 

1  Experiment 

A hot-rolled and annealed Zr-1.06Sn-0.36Nb-0.3Fe-0.1Cr- 

0.13O (wt%) alloy plate with an initial α grain size of 15 µm 

was used. The microstructure and texture of this plate are 

shown in Fig.1. The Zr alloy sheet exhibits a bimodal texture 

with (0001) poles lying in the transverse direction 

(TD)-normal direction (ND) plane, mostly tilted at 

approximately 20°~30° to the ND. Two types of cylindrical 

compression specimens with 6 mm in diameter and 6 mm in 

height were cut from the plate: the axial direction of the first 

samples was parallel to the plate ND, and that of the second 

samples was parallel to the plate TD (Fig.2); these two 

samples are hereafter designed as the 0° sample and the 90° 

sample, respectively. In the 0° sample and 90° sample, the 

<c>-axes of the grains were almost parallel and nearly 

perpendicular to the loading direction of the sample, 

respectively. Compression experiments were performed at 700 

°C in vacuum at 1 s

-1

 strain rate, using a Gleeble-3500 thermal 

simulator. After compression, the samples were immediately 

quenched by a water jet. The microstructure was observed at 

the center of the compression axis-RD of the original plate 

using a Tescan Mira 3-XMU scanning electron microscope 

(SEM) equipped with a backscatter electron detector and an 

EBSD analysis system (AZtec, Oxford Instruments). 

2  Visco-Plastic Self-consistent Modeling 

The visco-plastic self-consistent (VPSC) model associated 

with the predominant twin reorientation scheme (VPSC-PTR) 

has not only been used to simulate the deformation of Zr at 

low temperature and room temperature

[4]

, but also at high 

temperature

[12]

. The VPSC-PTR

[20]

 was applied to simulate the 

uniaxial deformation tests in this study. Here, only a short 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  EBSD inverse pole figure (IPF) maps in ND (a) and pole 

figures (b) of the as-received plate 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Method for sampling from original plate 

 

description is given to correlate the equations with the 

parameters used in this study. Regardless of slip and twinning, 

the shear strain rate is defined as: 

c
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0

sgn( )

m

=

� �

α α α α

γ γ τ τ τ

                      (1) 

where 

0

γ

� , 

c

α

τ  and m are reference shear rate (

0 1

1 s

−

=

�

γ ), 

threshold stress which is initially equal to the CRSS, and the 

strain rate sensitivity, respectively. 

The local strain rate tensor is obtained by Eq.(2): 

1

0

:

= ( )
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where 

ε

�

 is the strain rate tensor (setting 

ii

�

ε

=1 along the 

loading direction, equal to the experimental strain rate) and σ 

is the Cauchy stress tensor. ( )/2

a a a a a

P = s n +n s  is the 

Schmid tensor, where 

a

s  and 

a

n

 are the slip and twinning 

direction, respectively, normal to the slip or twinning plane.  

For both slip and twinning, the evolution of the threshold 

stress 

c

α

τ

 (or CRSS) is characterized by a Voce hardening 

law:  

0° 

90° 

a 

b 

40 µm 
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0

c 0 1 1

1

( )[1 exp( )]= + + Γ − − Γ

α

α α α α

α

θ

τ τ τ θ

τ

            (3) 

where 

0

τ , 

0

θ , 

1

θ  and 

0 1

τ τ+  are the initial CRSS, initial 

hardening rate, asymptotic hardening rate, and back- 

extrapolated CRSS, respectively. Self and latent hardening are 

indistinguishable so set to 1. 

The VPSC-PTR model with the affine self-consistent 

scheme was employed in the following simulation. The initial 

rolled texture consisted of 2000 discrete orientations. It was 

assumed that the plastic deformation is accommodated by 

prismatic (

{ }

1010 1120 ), basal (

{ }

0001 1120 ), and 

pyramidal <c+a> (

{ }

1011 1123 ) slips, tensile twinning 

(

{ }

1012 1011 ) as well as compression twinning 

(

{ }

1011 1012

)

[12]

.  

A threshold twin volume fraction is defined in the PTR 

model to initiate twinning, because at low strain, parent grains 

tend to deform more by twinning whereas twins do not deform. 

Two statistical variables are used: accumulated twin fraction 

acc

V  and effective twinned fraction 

eff

V . More specifically, 

acc

V  and 

eff

V  are the weighted volume fraction of the 

twinned region and volume fraction of twin terminated grains 

(i.e. grains reoriented into twins), respectively. The threshold 

volume fraction 

th

V  is defined as: 

eff

th th1 th2

acc

V

V = A + A

V

 

 

 

                           (4) 

where A

th1

 and A

th2

 are two artificial material constants, 

empirically determined but with no physical meaning. The 

PTR parameters A

th1

 and A

th2

 were fixed so that 

acc

V �

eff

V , 

{ }

1012  and 

{ }

1011  twins were not allowed to endure 

secondary twinning, although the two twins could co-exist in 

the same grain. 

3  Results 

3.1  True stress-strain curves 

Fig.3 shows the true stress-true strain curves of the two 

samples deformed at 700 °C and a strain rate of 1 s

-1

. For the 0° 

sample, the flow stress increased rapidly and reached a peak 

stress at a relatively low strain. After the peak stress, the flow 

stress decreased with increasing strain. This is a classic dynamic 

recrystallization (DRX) flow curve. For the 90° sample, the 

flow stress increased slowly and then decreased slightly, which 

corresponds to a typical dynamic recovery (DRV) flow curve. 

In the early stage of deformation, the flow stress of 0° sample is 

clearly higher than that of 90° sample. 

3.2  Microstructure and texture development 

Fig.4 shows the internal average misorientation angle (IAMA) 

distribution maps for the two samples deformed to a strain of 

approximately 0.8. In the present study, if the IAMA in a grain 

is below 2°, this grain is classified as recrystallized grain. Some 

grains are constituted of subgrains, and the IAMA in the 

subgrains is below 2°, but the misorientation between the 

subgrains is above 2°. In this case, the grain is classified as 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  True stress-true strain curves of the two samples deformed at 

700 °C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Internal average misorientation distribution maps for 0° 

sample deformed to a strain of 0.80 (a) and 90° sample 

deformed to a strain of 0.84 (b) (high-angle boundaries, 

HABs misorientation θ>15°, and low-angle boundaries, LABs 

2°<θ<15°, are marked by black and gray lines, respectively) 

 

substructured grain. The remaining grains are classified as 

deformed grains. As shown in Fig.4, a moderate amount of 

recrystallized grains represented in blue can be found in the two 

samples, indicating that DRX occurs in the two samples. As 

reported in previous study 

[21]

, in a 90° sample, the grains rotate 

from soft orientations (<c>-axis oriented at 70° to the loading 

direction) to hard orientations in the early stage of deformation. 

Therefore, texture-induced hardening also occurs, which 
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compensates the softening induced by DRX, resulting in a 

typical DRV flow curve in the 90° sample (Fig.3). Moreover, 

the recrystallized grains are formed along the original grain 

boundaries, which is a classical feature of DRX. This 

observation is in agreement with the reported study on a Zr-1Nb 

alloy

[22]

. 

Fig.5 shows the pole figures for the recrystallized grains and 

parent grains in the 0° sample deformed to different strains. It 

can be seen that the texture of the recrystallized grains is similar 

to that of the parent grains, showing a typical Zr alloy bimodal 

basal texture. In the 

{ }

1010  and 

{ }

1120  pole figures, two 

weak components 1010 //RD and 1120 //RD coexist. With 

increasing strain, the texture does not change remarkably. Fig.6 

shows the pole figures for the recrystallized grains and parent 

grains in the 90° sample deformed to different strains. The 

similar texture components are found in the pole figures of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Pole figures for the recrystallized grains (a, c, e) and the parent grains (b, d, f) in 0° sample deformed to different strains: (a, b) 0.53, (c, d) 0.80, 

and (e, f) 1.27 (ND is the loading direction; RD is the rolling direction of the original plate) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Pole figures for the recrystallized grains (a, c, e) and the parent grains (b, d, f) in 90° sample deformed to different strains: (a, b) 0.56, 

(c, d) 0.84, and (e, f) 1.24 (ND is the loading direction; RD is the rolling direction of the original plate)
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recrystallized grains and parent grains, including the bimodal 

basal texture component, 1010 //RD component and 

1120 //RD component. A noticeable difference between the 

two samples is that the 1010 //RD component is stronger in 

the 90° sample. As the strain increases to 1.24, the 

1010 //RD component becomes weaker than at low strain. 

3.3  VPSC simulation 

Compression tests were performed at 1 and 0.001 s

-1

 

[21]

 to 

obtain the strain rate sensitivity. The strain rate sensitivity 

parameter m in Eq.(1) was calculated from the experiments by 

Eq.(5) using the experimental stress 

i

σ  corresponding to 

strain rate 

i

ε

�

, at different strains for the 0° and 90° samples. 

The calculated strain rate sensitivity parameter of the two 

samples was between m=0.16 and m=0.2. Consequently, an 

average value of m=0.167 (i.e. rate sensitivity exponent 

n=1/m=6) was chosen for the simulation, with the same value 

for all slip and twinning modes. Table 1 shows the material 

parameters used in the VPSC simulation. The observed twin 

volume fraction was lower than 2%, so the CRSSes for 

twinning modes were assigned high values in order to 

minimize twinning activity. The material parameters (CRSS) 

were adjusted to fit the two stress-strain curves and to 

reproduce the observed texture. Relatively low CRSS values 

were necessary to rotate <c> toward the compression direction 

in the 90° sample, but a too low ratio of τ

basal

/τ

<c+a>

 would 

make the (0001) poles of the bimodal texture in the 0° sample 

too close. 

1 2

1 2

ln( / )1

ln( / )

m

n

σ σ

ε ε

= =

� �

                                     (5) 

The experimental and simulation loading curves, experi- 

mental and predicted {0001}, 

{ }

1120  and 

{ }

1010  pole 

figures at a strain of 0.31 for the two samples are shown in 

Fig.7 and Fig.8, respectively. The calculated texture results are 

in agreement with the experimental results, abstraction made 

of the nonsymmetric nature of the bimodal texture. This result 

indicates that the chosen relative CRSS and the VPSC model 

can be used to model the deformation of Zr alloys at 700 °C 

and low strain. In previous studies, crystal plasticity 

modeling

[23]

 and elasto-plastic self-consistent modeling

[24]

 

have been applied to analyze the activity of slip and twinning 

systems in Zr alloy deformed at temperatures of 500 °C and 

550 °C. The present results show that VPSC modeling can be 

extended to higher temperatures. Fig.9 shows the activity of 

slip and twinning systems in the two samples. In the 0° sample, 

basal slip significantly contributes to the deformation, and 

prismatic and pyramidal <c+a> slips equally accommodate 

the compressive strain. For the 90° sample, prismatic slip 

contributes significantly to the deformation; although the 

relative activity of basal slip is less than that of the prismatic 

slip, basal slip is also important to the deformation, and it is 

worth noting that the activity of pyramidal <c+a> slip in 90° 

sample is much lower than that in 0° sample. 

4  Discussion 

4.1  Basal slip at 700 °C 

As shown in Fig.9, basal slip plays an important role during 

the deformation of the two samples at 700 °C, whereas basal 

slip has a high CRSS value and does not occur in single crystals 

at room temperature

[7]

. In previous work, basal slip was 

considered as the hardest to activate among the three common 

<a> slip systems (prismatic, pyramidal and basal slips) in Zr 

and its alloys. And this has been confirmed by experimental

[7]

 

and modeling

[4]

 results at ambient temperature with low strain, 

and albeit basal slip has been observed near cracks

[7,25]

, kink 

bands and twins

[26]

. Knezevic et al

[27]

 reported that a large 

amount of basal slip activities result in the classical rolling 

texture in Zr deformed to large strain at ambient conditions, but 

the strain in their study is much higher than that in the present 

work. Gurao et al

[28]

 also claimed that basal slip operates at high 

strain in pilgering of Zircaloy-4. On the other hand, by 

polycrystalline model, several researchers

[29,30]

 found that 

models including basal slip can fit better with the experimental 

flow curves and textures. However, some other studies

[31]

 have 

also shown a good agreement between the experimental and 

modeling results using pyramidal <a> slip instead of basal slip. 

In the current work, using pyramidal <a> slip instead of basal 

<a> slip does not result in the desired texture. 

Recently, Knezevic et al

[12]

 found that basal slip is favored 

at high temperature. Consistent with their study, in our work,  

 

Table 1  Material parameters used in the VPSC 

simulation 

Mode τ

0

/MPa τ

1

/MPa θ

0

/MPa θ

1

/MPa A

th1

 A

th2

 

Prismatic slip 25 20 100 0 - - 

Basal slip 40 35 100 0 - - 

Pyramidal <c+a> slip 135 40 300 0 - - 

Tensile twin 200 1 200 100 0.2 0.1 

Compression twin 300 1 200 100 0.2 0.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Experiment and simulation loading curves for 0° and 90° 

samples at 1 s

-1
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Fig.8  Experiment (a, c) and simulation (b, d) pole figures for the two samples deformed to a strain of 0.31: (a, b) 0° sample and (c, d) 90° 

sample (ND is the loading direction, RD is the rolling direction of the original plate) 

 

substantial amount of basal slips contribute to the plastic 

deformation. Predominant basal slip activity at 700 °C can be 

attributed to its low CRSS value at high temperature. 

4.2  Texture  

The results reveal that the texture of the recrystallized 

grains follows that of the parent grains. This observation is in 

agreement with that reported by Cottam

[32]

, who performed 

texture analysis of the recrystallized grains and parent grains 

in pure magnesium and three Mg-Y alloys under plane strain 

compression deformation. However, some studies

[5,6]

 indicated 

that reoriented recrystallization nucleation indeed occurs in Zr 

alloy. During the hot deformation, the grain rotation is mainly 

governed by the plastic strain, and thus the orientation of the 

recrystallized grains follows that of the parent grains. As a 

result, the texture of recrystallized grains is similar to that of 

parent grains. In this work, we also found that the 1010 // 

RD texture component is strengthened in the 90° sample 

compared with in the 0° sample. Since the preferred 

nucleation or growth is not in charge of the texture formation, 

this discrepancy is mainly attributed to the different activity 

requirements of slip systems in the two samples. Chapuis and 

Liu

[14]

 reported that prismatic slip causes a rotation of the 

prismatic plane toward the extension direction. More strain 

was accommodated along the RD than along the ND, 

indicating that the RD is the extension direction in the 90° 

sample

[33]

. So the higher activity of prismatic slip in the 90° 

sample (Fig.9) resulted in an intensive 1010 //RD texture 

component. In the 90° sample, with increasing strain, more 

and more grains’ <c> axes tilt is close to the loading direction, 

and this orientation is unfavorable for the activation of 

prismatic slip. Thus, some other modes, such as basal and 

pyramidal <c+a> slips, mainly accommodate the deformation 

at high strain. So the lower activity of prismatic slip leads to 

the weaker 1010 //RD texture component in the 90° sample 

at high strain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Activity of slip and twinning systems in 0° (a) and 90° (b) 

samples 

 

5  Conclusions 

1) Basal slip is favored at 700 °C, which mainly causes the 

texture evolution. 

2) The development of texture for the recrystallized grains 

is mainly governed by the plastic strain, resulting in a similar 

texture of the recrystallized grains and the parent grains in the 

two samples. 

3) The intensive 1010 //RD texture component in 90° 

sample is attributed to the high activity of prismatic slip. 
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