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Abstract: Industrial pure zirconium plays an essential role as a structural material in the nuclear
energy sector. Understanding the deformation mechanisms is crucial for effectively managing the
plasticity and texture evolution of industrial pure zirconium. In the present study, the texture and
microstructure evolution of industrial pure zirconium during the cold-rolling process have been
characterized by XRD, EBSD, and TEM. The influences of various twins on texture evolution have
also been simulated by the reaction stress model. The effects of slip and twinning on the deformation
behavior and texture evolution have been discussed based on crystallographic and experimental

considerations. Cold rolling yields a typical bimodal texture, resulting in the preferential <2
-
1

-
10>//RD

orientation. The activation of the deformation mechanisms during cold rolling follows the sequential
trend of slip, twinning, local slip. Experimental characterization and reaction stress simulation
illustrate that T1 twins dominate in the early stage, whereas C2 twins develop at the later stage
of the cold-rolling process. Twinning, especially the T1 twin, contributes to the formation of the

{0001}<10
-
10> orientation.
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1. Introduction

As a hexagonal metal, zirconium has been the subject of extensive research in the
literature due to its applicability across various industries, including petrochemicals, mil-
itary, nuclear power, aerospace, and nuclear reactions [1–3]. Specifically, industrial pure
zirconium is widely utilized in the petrochemical industry, owing to its excellent corrosion
resistance [4,5]. Furthermore, its low thermal neutron absorption cross section renders it
an ideal material for the cladding of fuel elements in nuclear power plants [6]. Over the
operational lifespan of a nuclear reactor, the cladding of fuel elements is subjected to cyclic
loading, as a consequence of the vibrations induced by fluid movement within the reactor,
which can precipitate fatigue failure [6,7]. Consequently, industrial pure zirconium must
exhibit not only exceptional corrosion resistance but also superior mechanical properties to
ensure the integrity and longevity of the fuel element cladding. The texture of industrial
pure zirconium has a direct correlation with its tensile and compressive properties [5]. The
stability of the texture determines its resistance to corrosion in aggressive environments,
and it also influences the characteristics of radiation-induced swelling in nuclear applica-
tions [8]. Consequently, a thorough understanding of the texture evolution, as driven by
the deformation mechanisms in zirconium, is essential for refining processing techniques
and enhancing overall performance [9]. The deformation mechanisms prevalent in zirco-
nium alloys encompass dislocation slip, dynamic recrystallization, and twinning. During
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rolling, each of these mechanisms exerts a distinct influence on the texture development of
zirconium alloys [10,11]. Dislocation slip promotes grain deformation and orientation mod-
ification, which in turn results in distinct textures. The process of dynamic recrystallization
triggers grain nucleation and growth, thereby influencing texture stability [12]. Twinning
in materials occurs due to variations in shear stress and changes in the rolling direction,
which initiate the progressive development of the material’s texture [13].

Zirconium exhibits several activatable slip and twinning systems, as detailed in Table 1.

To date, the slip systems identified in zirconium alloys include: {10
-
10} < 1

-
210 > prismatic

slip, {0001} < 11
-
20 > basal slip, {10

-
11} < 1

-
210 > pyramidal slip along the <a> direction,

and {10
-
11} < 11

-
2

-
3 > and {11

-
21} <

-
2113 > pyramidal slip along the <c+a> direction, as

illustrated in Figure 1. The prismatic slip in the <a> direction is predominantly activated,
being attributable to its minimal requirement for critical resolved shear stress (CRSS)
for slip initiation. In contrast, plastic deformation along the <c> axis is predominantly
facilitated through the activation of pyramidal <c+a> slips and twinning mechanisms. The

twins observed in Zr, contingent upon the strain applied along the <c> axis, include {10
-
12}

< 10
-
11 > (T1) and {11

-
21} < 11

-
2

-
6 > (T2) tensile twins, as well as {11

-
22} < 11

-
2

-
3 > (C1) and

{10
-
11} < 10

-
1

-
2 > (C2) compression twins. These are depicted in Figure 2. The deformation

mechanisms of pure zirconium (Zr) have been extensively studied [5,14,15]. At room
temperature, pure Zr deforms through a combination of slip and twinning processes. The
prismatic slip system, specifically the slip on the prism plane, does not readily accommodate
deformation along the c-axis of the grains. Consequently, the activation of the pyramidal
slip system becomes more pronounced at this temperature. The primary twin systems
observed are tensile twins and compressive twins, which work in concert with the slip
systems to coordinate deformation in a characteristic sequence: slip → twin → slip. With
increasing deformation, the difficulties associated with initiating basal slip and pyramidal
slip are mitigated. This reduction in initiation challenges promotes a shift to a more
complex, multi-slip mechanism, which subsequently makes the nucleation and propagation
of twins more difficult. Nonetheless, the presence of twins remains a notable feature
in specimens that have undergone significant deformation. At room temperature, the

primary deformation mechanism in zirconium alloys is the {10
-
11} < 1

-
210 > prismatic slip.

However, if the crystal orientation of the alloy is not conducive to the {10
-
10} < 1

-
210 >

slip, the aforementioned twin patterns may still be observed [5]. As the deformation
temperature increases, pyramidal and basal slips become active, leading to their dominance
in the deformation process.

Table 1. Opening conditions of various deformation systems for zirconium under different deforma-
tion conditions.

Type Deformation Plane Deformation
Direction

Crystallographic
Direction Temperature and Stress Range

Slip Prismatic a {10
-
10}<1

-
210> All temperatures and low stress

Slip Basal a {0002}<1
-
210> High temperature; high stress

Slip Pyramidal a {10
-
11}<1

-
210> Moderate to high temperature; high stress

Slip Pyramidal c + a {
-
1011}<11

-
23> Moderate to high temperature; high stress

Slip Pyramidal c + a {11
-
21}<

-
2113> High temperature; high stress

Twinning Pyramidal c + a {10
-
12}<

-
1011>

Moderate temperature; tensile along the
c-axis

Twinning Pyramidal c + a {11
-
21}<

-
1

-
126> Any temperature; tensile along the c-axis

Twinning Pyramidal c + a {11
-
22}<

-
1

-
123>

Moderate to low temperatures;
compressive along the c-axis

Twinning Pyramidal c + a {10
-
11}<

-
1012>

Moderate to high temperatures;
compressive along the c-axis
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-
21} pyramidal <c+a> slip.

Processes 2024, 12, x FOR PEER REVIEW 3 of 15 
 

 

 
Figure 2. Schematic diagram of the twin systems in zirconium alloys: (a) ሼ101ത2ሽ tensile twinning, 
(b) ሼ112ത1ሽ tensile twinning, (c) ሼ112ത2ሽ compressive twinning, (d) ሼ101ത1ሽ compressive twinning. 

Table 1. Opening conditions of various deformation systems for zirconium under different defor-
mation conditions. 

Type Deformation Plane Deformation Direction Crystallographic Direction Temperature and Stress Range 
Slip Prismatic a {101ത0}<12ത10> All temperatures and low stress 
Slip Basal a {0002}<12ത10> High temperature; high stress 
Slip Pyramidal a {101ത1}<12ത10> Moderate to high temperature; high stress 
Slip Pyramidal c + a {1ത011}<112ത3> Moderate to high temperature; high stress 
Slip Pyramidal c + a {112ത1}<2ത113> High temperature; high stress 

Twinning Pyramidal c + a {101ത2}<1ത011> Moderate temperature; tensile along the c-axis 
Twinning Pyramidal c + a {112ത1}<1ത1ത26> Any temperature; tensile along the c-axis 

Twinning Pyramidal c + a {112ത2}<1ത1ത23> 
Moderate to low temperatures; compressive 

along the c-axis 

Twinning Pyramidal c + a {101ത1}<1ത012> 
Moderate to high temperatures; compressive 

along the c-axis 

The complex interplay between texture and deformation mechanisms during the roll-
ing process of zirconium alloys has garnered significant interest. Chapuis et al. [16] con-
ducted an investigation into the deformation mechanisms of hexagonal close-packed 
(HCP) metals, discovering that the basal slip and the pyramidal <a> slip induce rotation 
of the <c> axis in the direction of compression. Conversely, the pyramidal <c+a> slip 
prompts the <c> axis to rotate towards the extension direction. Upon the initiation of the 
prismatic slip, the crystal lattice undergoes a rotational displacement about the <c> axis, 
while the position of the <c> axis itself remains invariant. Simultaneously, the prism ro-
tates in the rolling direction. The evolution of texture is influenced by the interaction be-
tween different deformation mechanisms; factors such as temperature and the initial tex-
ture affect the prioritization order of the deformation mechanisms’ activation. Researchers 
Tome CN and Linga MK, as cited in references [17,18], conducted experiments by rolling 
zirconium plates across a spectrum of temperatures. The findings revealed that the texture 
of cold-rolled zirconium plates closely resembled that of the hot-rolled counterparts 
within the α-phase low-temperature domain. The base plane of most grains rotated and 
clustered on the ND (the normal direction of the rolling surface)-TD (transverse direction 
of rolling) plane perpendicular to the rolling direction, and the angle deviated from the 
normal direction of the rolling surface by about 30°. The texture is predominantly concen-
trated at the center of the polar diagram, aligned with the normal direction (ND). This 
concentration is attributed to the primary role of the ሼ101ത0ሽ<12ത10> slip system in defor-
mation processes. Consequently, within the low-temperature range of the α phase, rolling 
at these temperatures predominantly facilitates the formation of a [0002] basal texture that 
is oriented normal to the rolling surface. In a study by Peng Qian [19], zirconium alloys 
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Figure 2. Schematic diagram of the twin systems in zirconium alloys: (a) {10
-
12} tensile twinning,

(b) {11
-
21} tensile twinning, (c) {11

-
22} compressive twinning, (d) {10

-
11} compressive twinning.

The complex interplay between texture and deformation mechanisms during the
rolling process of zirconium alloys has garnered significant interest. Chapuis et al. [16]
conducted an investigation into the deformation mechanisms of hexagonal close-packed
(HCP) metals, discovering that the basal slip and the pyramidal <a> slip induce rotation of
the <c> axis in the direction of compression. Conversely, the pyramidal <c+a> slip prompts
the <c> axis to rotate towards the extension direction. Upon the initiation of the prismatic
slip, the crystal lattice undergoes a rotational displacement about the <c> axis, while the
position of the <c> axis itself remains invariant. Simultaneously, the prism rotates in the
rolling direction. The evolution of texture is influenced by the interaction between different
deformation mechanisms; factors such as temperature and the initial texture affect the
prioritization order of the deformation mechanisms’ activation. Researchers Tome CN and
Linga MK, as cited in references [17,18], conducted experiments by rolling zirconium plates
across a spectrum of temperatures. The findings revealed that the texture of cold-rolled
zirconium plates closely resembled that of the hot-rolled counterparts within the α-phase
low-temperature domain. The base plane of most grains rotated and clustered on the
ND (the normal direction of the rolling surface)-TD (transverse direction of rolling) plane
perpendicular to the rolling direction, and the angle deviated from the normal direction
of the rolling surface by about 30◦. The texture is predominantly concentrated at the
center of the polar diagram, aligned with the normal direction (ND). This concentration

is attributed to the primary role of the {10
-
10} < 1

-
210 > slip system in deformation

processes. Consequently, within the low-temperature range of the α phase, rolling at
these temperatures predominantly facilitates the formation of a [0002] basal texture that is
oriented normal to the rolling surface. In a study by Peng Qian [19], zirconium alloys were
initially heated to the high-temperature α phase region prior to rolling. This approach was
contrasted with the conventional practice of rolling within the low-temperature α phase
region. It was observed that, as the temperature increased, the pyramidal slip systems
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{10
-
11} <

-
2113 > and {11

-
21} <

-
2113 > exhibited a lower yield stress and a higher Schmid

factor, thereby emerging as the predominant deformation mechanisms. Consequently,
a texture with a base orientation predominantly in the normal direction of the rolled
surface is formed post-rolling. Peng Qian [20] continued her research on the texture of
N18 new zirconium alloy sheet, demonstrating that the primary texture types remained
consistent after annealing through hot rolling, cold rolling, and recrystallization near the
α/(α+β) phase transition point. Zeng [21] and Luan found that a significant number of

{10
-
10}//RD (rolling direction) texture components are present in the samples exhibiting

the prismatic slip. This suggests a strong correlation between the {10
-
10}//RD texture

and the phenomenon of prismatic slip. Following hot-rolling experiments on zirconium
alloy sheets, Chen Jianwei [22] observed that when there was an initial preference for the
transverse direction in texture, the resulting texture after both hot and cold rolling resulted

in a < 10
-
10 >//RD basal texture. Luan, Xiao et al. [23] conducted rolling experiments on

annealed pure zirconium sheets, which initially exhibited a double-peak texture at room
temperature. They observed that the texture remained largely consistent throughout the
rolling process, with a gradual concentration along the ND direction. Additionally, there

was a progressive transformation of the initial < 11
-
20 >//RD texture to a < 10

-
10 >//RD

orientation. The rationale for this observation lies in the synergistic effects of the prismatic
slip and the pyramidal <c+a> slip, collectively contributing to the emergence of a bimodal
basal texture, as previously elucidated by Ballinger [24].

Twinning serves as a pivotal deformation mechanism in HCP metals, resulting in
pronounced texture evolution. McCabe [25] et al. have observed that the deformation
of pure zirconium at room temperature, particularly the compression of c-axis parallel

textures, is predominantly governed by the columnar slip and primary {11
-
22} compression

twins. In contrast, for the compression of textures perpendicular to the primary c-axis,

the dominant deformation mechanisms are prism slip and the first-generation {10
-
12}

tensile twins. Tenckhoff [26] posits that, at low temperatures, the primary deformation

mechanisms for zirconium alloys involve activation of {10
-
12} < 10

-
11 >, {11

-
21}< 11

-
26 >,

and {11
-
22}< 11

-
23 > twinning systems. At room temperature, the predominant defor-

mation mechanism in zirconium alloys is the {10
-
10} < 1

-
210 > prism slip. However,

if the crystal orientation of the alloy is not conducive to the {10
-
10} < 1

-
210 > slip, the

aforementioned twins may be observed. As the deformation temperature increases, both
pyramidal and basal slips become active, resulting in slip-based deformation becoming
the main mechanism. It is evident that the texture evolution of zirconium alloy during
deformation is inevitably influenced by the synergistic activations of both slip and twinning.
However, twinning, especially the interaction between slip and twinning in relation to
texture evolution, has rarely been explored in zirconium-based alloys.

A thorough understanding of the deformation mechanisms of industrial pure zirco-
nium and their influence on texture evolution is paramount. This knowledge is crucial
for effectively managing the material’s plasticity and for the strategic manipulation of its
textural properties. In the present study, we used hot-rolled industrial pure zirconium
plates, which are frequently used as substrates in the cold-rolling process, to serve as the
starting materials for our cold-rolling experiments. The texture and microstructure of the
material during cold rolling have been systematically studied. Twinning phenomena have
been observed and characterized by TEM and EBSD. The influences of various twins on
texture evolution have also been simulated using the reaction stress model. The effects of
slip and twinning on the deformation behavior and texture evolution have been discussed
based on crystallographic and experimental considerations.
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2. Materials and Methods
2.1. Experiment

Following the heating of the industrial pure zirconium billet to a temperature of
900 ± 20 ◦C, a 180 mm slab is subjected to roughing processes in a reciprocating mill.
Subsequently, it undergoes hot rolling to yield a finished product with a thickness ranging
between 5.0 and 5.5 mm, utilizing a furnace coil mill for this purpose. The final product
is segmented using a wire cutter into several samples, each measuring 20 mm in length,
10 mm in width, and 5 mm in height. The specimens underwent cold rolling to achieve
varying strains of 10%, 20%, and 30% using a double-roll mill, which operated at a rolling
speed of 0.2 m/s with mill rolls measuring 170 mm in diameter. The reduction in thickness
was observed to be 0.l mm with each successive pass.

Macroscopic deformation textures, deformed microstructures, grain orientations, and
twin boundaries were characterized using X-ray diffraction (XRD-D8 Advanced) (Bruker,
Billerica, MA, USA), electron backscatter diffraction (Oxford HKL Channel 5) (Oxford
Instruments, Witney Oxon, UK), and transmission electron microscopy (TEM-JEOL 2100F)

(JELO, Beijing, China). Four pole figures, namely (0002), (10
-
10), (10

-
12), and (10

-
11), were

meticulously measured on the TD-RD surface of the sample. Following this, an orientation
distribution function (ODF) was computed based on these observed pole figures. The XRD
of the instrument is as follows: experimental voltage: 30 kV; experimental current: 30 mA;
cobalt target; Kα radiation; pole figure measurement range of chi = 0◦~70◦, phi = 0◦~360◦;
∆chi = ∆phi = 5◦. The EBSD collected the RD-ND cross section of each sample, utilizing a
scanning size of 350 µm × 350 µm, with a step size of 1 µm. The preparation process for the
EBSD samples entailed sanding using emery paper, followed by electrochemical polishing
in a solution composed of 70 mL methanol, 20 mL butyl cellosolve, and 10 mL perchloric
acid. Following EBSD calibration, Channel 5 software (5.12.74.00) suite was employed for
data processing, thereby enabling the extraction of detailed information regarding both
the microstructure and the texture of the material. For the preparation of TEM specimens,
an EDM (Electrical Discharge Machining) cutter was utilized to precisely trim multiple
coarse-ground samples, measuring 6 mm by 5 mm by 0.5 mm, from the central region of
the deformed material. Lamellar specimens were meticulously polished to achieve a target
thickness of approximately 55 µm, utilizing a sequence of metallographic sandpapers with
progressively finer grits: 800#, 1000#, 1600#, 2000#, and 3000#. Subsequently, a punch was
employed to excise 3 mm diameter circular, ideally from the central region of each lamella.
These discs were then further refined through a final ion-thinning process.

The reaction stress (RS) model posits that grains undergo deformation due to the
combined effects of external loading and intergranular reaction stresses. Initially, plastic
deformation is instigated by external loading, which is then followed by the involvement of
intergranular reaction stress in subsequent deformation, taking into account the statistical
environment. The RS model, based on the consistency of intergranular stress and strain,
analyzes the activation of the slip and the transition of crystal orientation transition during
deformation. This model adeptly replicates the evolution of deformation texture in both
bcc and fcc metals and alloys, as evidenced by studies [27–31]. Notably, the RS model
perceives grains not as isolated entities but as integral components of a system. These
actions and deformations result from the coordinated interactions among these grains.
The RS model statistically predicts the crystallographic deformation and the sequential
activation of slip systems. The process begins with a single slip system undergoing external
loading, leading to the accumulation of reaction stress. When this stress surpasses a
predetermined threshold, another slip system becomes activated. This cycle of stress
accumulation, new slip activation, and further stress accumulation continues until the
target strain is achieved. Consequently, the RS model is employed in this study to simulate
the concentration of orientation following the initiation of a single twin. The progression
of the orientation rolling process is simulated using MATLAB, with the aid of MTEX.
MATLAB (R2023a), a commercial mathematical software developed by MathWorks (Natick,
MA, USA), is commonly used for algorithm development, data analysis, and numerical
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computation. MTEX [32] is an all-encompassing, open-source MATLAB toolbox that is
freely accessible and addresses a multitude of challenges within the field of quantitative
texture analysis. This includes the modeling of orientation distribution functions (ODFs),
inverting pole figures to ODFs, analyzing electron backscatter diffraction (EBSD) data,
simulating grain microstructures, and investigating anisotropic physical properties. The
experimental procedure is depicted in Figure 3.
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2.2. Simulation Method

When utilizing the reaction stress model is used to compute the orientation alteration
of a grain, it is preferable to select the slip system with the most significant orientation
factor. This model takes into account both the external load (external stress) and the specific
intergranular reaction stress.

The grain orientation can be articulated through the G matrix:

G =

u r h
v s k
w t l

 (1)

The external stress in the idealized state is denoted as follows:

[
σij

]
=

σ11 σ12 σ13
σ21 σ22 σ23
σ31 σ32 σ33

= σy

0.5 0 0
0 0 0
0 0 −0.5

 (2)

The reaction stress is computed utilizing the strain tensor of the slip system. For a slip
system {n1, n2, n3} <b1, b2, b3>, the strain tensor (εp

ij ) can be derived from the following type:

[
ε

p
ij

]
=

εp
11 ε

p
12 ε

p
13

ε
p
21 ε

p
22 ε

p
23

ε
p
31 ε

p
32 ε

p
33

 = δs

 b1n1
1
2 (b1n2 + b2n1)

1
2 (b1n3 + b3n1)

1
2 (b2n1 + b1n2) b2n2

1
2 (b2n3 + b3n2)

1
2 (b3n1 + b1n3)

1
2 (b3n2 + b2n3) b3n3

 (3)

In the given context, the variable denoted as “slip tangent” is defined as δs = ∆s
l ,

where ∆s represents the average cumulative total slip amount across each slip zone, and l
signifies the average distance between the slip bands in the n direction.
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Based on this premise, the reaction stress can be deduced from the given formula:

[
σe

ij

]
= σsµ

2d
b

 0 ε
p
12 ε

p
13

ε
p
21 ε

p
22 ε

p
23

ε
p
31 ε

p
32 0

 (4)

Following the incorporation of additional reaction stress, the cumulative stress exerted
on the deformed grain is delineated as follows:

[
σij

]
= σs

 1
2 −2µεp

12
d
b −2µεp

13
d
b

−2µεp
21

d
b −2µεp

22
d
b −2µεp

23
d
b

−2µεp
31

d
b −2µεp

32
d
b − 1

2

 (5)

µ—orientation factor that activates the slip system;
b—slip system of zirconium, b = 0.3232 nm (HCP zirconium);
d—average dislocation spacing, d = 1√

ρ , where dislocation density, ρ, is the initial
dislocation density.

The dislocation density of annealed metal is denoted as ρ0 = 1012/m2, while that of a
severely deformed metal, with a shape variability of 98%, is represented by ρh = 1018/m2.
The dislocation density in the metal during deformation adheres to the given formula:

ρ = ρ0106
√
−ε33/4 (6)

Upon the initiation of the slip system and the progressive accumulation of slip tangent
variables, the reaction stress borne by the slip system does not exhibit an infinite increase.
Instead, such an increase will reach a maximum limit. The boundary conditions under
which this occurs are delineated as follows:

[
σij

]
lim =

σ11 = −σ33−σ22 |σ12| ≤ α12σs/2 |σ13| ≤ α31σs/2
|σ21| ≤ α12σs/2 |σ22| ≤ α22σs/2 |σ23| ≤ α23σs/2
|σ31| ≤ α31σs/2 |σ32| ≤ α23σs/2 σ33 = −σs/2

 (7)

where αij is the reaction shear stress coefficient, the value of which is 0–1.
According to the Frank–Read theory, σs satisfies the equation:

σs =
τc

µ
=

Gb
µd

=
Eb

2(1 + v)µd
(8)

E—elastic modulus;
v—Poisson’s ratio.
The initiation of the slip system and the alteration in orientation under the total stress

must be determined, followed by an evaluation of the orientation change. The orientation
change, denoted as G′, can be calculated using the following formula:

[
x′1x′2x′3

]
=


1
δs

+ b1n1 b1n2 b1n3

b2n1
1
δs

+ b2n2 b2n3

b3n1 b3n2
1
δs

+ b3n3


1 0 0

0 1 0
0 0 1


s

=


1
δs

+ b1n1 b1n2 b1n3

b2n1
1
δs

+ b2n2 b2n3

b3n1 b3n2
1
δs

+ b3n3

 (9)

ND =
x′1 × x′2
|x′1 × x′2|

; RD =
x′1
|x′1|

; TD = ND × RD (10)

G′= G[RD TD ND
]

(11)
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3. Results and Discussion
3.1. Texture Evolution during Cold Rolling

Figure 4 illustrates the pole figures of the samples after rolling reductions, specifically
{0002}. The figure reveals that the initial sample exhibits a texture deviation from the basal
plane texture by 20◦–90◦ along the TD direction. The pronounced counter lines surrounding
the TD suggest an orientation where the {0002} planes are perpendicular to the TD direction.
With cold rolling at 10%, the density of poles, especially {0002} perpendicular to TD, is
reduced by 10%. As the rolling reduction progressively intensifies, there is a noticeable
shift towards a more concentrated texture on the basal plane, accompanied by an increase
in density. Typically, a bimodal texture emerges, with a deviation of approximately 20◦

from the basal plane texture when subjected to cold rolling at 30%.
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Figure 4. XRD {0002} pole figures of industrial pure zirconium sheets under different deformation
reductions: (a) hot-rolled initial sample, (b) 10%, (c) 20%, (d) 30%.

Figure 5 illustrates the Φ2 sections of ODF, revealing that the most pronounced orienta-
tion components of the initial sample are at (0◦, 55◦, 0◦) and (0◦, 90◦, 0◦). These correspond

to {02
-
23} < 2

-
1

-
10 > and {01

-
10} < 2

-
1

-
10 >, as per Miller indices, respectively. This suggests

a preferential direction for < 2
-
1

-
10 >//RD. As the cold rolling reduction intensified, the

texture progressively transitioned to a basal plane texture with Φ = 0◦ in the Φ2 sections.
No preferential directions were observed post-cold rolling. The highest density achieved
by a 30% cold rolling of the sample was 7.4 at (0◦, 20◦, 30◦).
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3.2. Microstructure Characterization

The microstructure of the original sample was analyzed using EBSD, utilizing the
calibration on the TD-RD plane, as depicted in Figure 6. Figure 6a displays the IPF
(inverse pole figure) maps, which highlight equiaxed grains with an average grain size of
50 µm. The grains within the original plate exhibit a “clean” appearance, devoid of twins,
and the grain size distribution is notably uniform. Furthermore, the pole figure of the
original plate (in Figure 6b) reveals a characteristic bimodal texture oriented along the TD
direction. The inverse pole figure (parallel to RD) of the grains marked in Figure 6c exhibits

a < 11
-
20 >//RD orientation, which corresponds to the intense (0◦, 55◦, 0◦) orientation in

the Φ2 = 0◦ sections (Figure 6d). The results agree well with that of the characterization
by XRD.
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Figure 6. EBSD characterization of the original microstructure of industrial pure zirconium plate:
(a) grain orientation map, (b) pole figure, (c) inverse pole figure, (d) orientation distribution
function map.

Figure 7 depicts the orientation maps of rolled zirconium grains, with reductions of
10%, 20%, and 30%, respectively. The coloration of the grains in these figures corresponds
to that observed in the original orientation map of the industrial pure zirconium. Upon
examining Figure 7a, it is evident that after a 10% reduction in rolling, some grains display
inconsistent coloration, indicative of crystal slip deformation. Predominantly, the grains
are red, while green and blue grains are sparse, implying that the deformed grains are
oriented parallel or near the ND direction. Furthermore, under a 10% deformation, there is
a significant increase in the number of twinning events within the grains.
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At a deformation level of less than 20% deformation (Figure 7b), the grains exhibited
elongation, yet no grain fragmentation was observed. The overall distribution of these
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grains closely resembles that of the original sample, preserving an approximately equiaxed
shape. Furthermore, the color of the grains, corresponding to different orientations, ap-
proaches red, indicating a concentration of the texture towards < 0001 >.

Upon reaching a deformation of 30% (Figure 7c), the microstructure begins to show
grain fragmentation, compared to the original sample. The deformed grains, which were
significantly elongated, now exhibit more pronounced color variations and deformation
bands. The rolling structure is notably irregular, with the original grain boundaries becom-
ing nearly indistinguishable. Most grains are deformed and fractured, while some grains
are elongated and crushed during rolling, with high local orientation gradients. Never-
theless, some grains remain unaltered, even at elevated deformation levels, suggesting an
uneven nature of the deformed zirconium. Concurrently, the relatively uniform grain color
suggests a further concentration of the deformation texture. In general, twinning structures
can be observed across all deformation levels in grains.

To ensure the validity of the data, we employed EBSD to analyze different regions
of the sample, and by integrating the results, we derived the subsequent data. Figure 8
illustrates the pole figures and inverse pole figures of industrial pure zirconium plates
under three deformation levels: 10%, 20%, and 30%. Upon comparison with the original
plate, there is no significant alteration in the bimodal texture as the rolling deformation
increases. However, it is observable that the points of maximum pole density become more
densely clustered, while the intensity of the basal bimodal texture distribution persistently
escalates. The tendency of texture characterized by EBSD is similar to that characterized
by XRD. By comparing the inverse pole figures in the figure, it can be observed that the

initial < 11
-
20 >//RD texture is gradually replaced by the < 10

-
10 >//RD texture, which

corresponds to the orientation (0◦, 30◦, 45◦) from the ODF (Figure 8).
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3.3. Twinning Characteristics during Cold Rolling

It is generally believed that the < 10
-
10 >//RD texture arises from the prismatic slip,

whereas the bimodal basal texture exhibits greater complexity. Some researchers suggest
that its origin lies in twinning. However, Tenckhoff [27] conducted an investigation into the
texture evolution of zirconium alloys with large grain size and random textures during cold
rolling. His findings revealed that the cone plane <c+a> slip primarily contributes to the
formation of a stable bimodal basal texture. Ballinger [25] also posited that the combined
effects of prismatic slip and cone plane <c+a> slip result in the final bimodal basal texture.
In this experiment, the initial plate exhibited a bimodal basal texture. After the cold rolling
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process, the influence of slip did not alter the bimodal distribution of the basal texture; it

merely transformed the < 11
-
20 >//RD texture into the < 10

-
10 >//RD texture. Zirconium

alloy, with its a typical close-packed hexagonal structure and its texture after cold rolling
deformation is not only affected by the availability of slip, but also by the twin deformation
mechanism, which plays an important role [33].

To understand the twinning characteristics during cold rolling, the proportions of the
four classic twinning types was analyzed using EBSD boundary distribution. As shown in

Figure 9, tensile twins {10
-
12} < 10

-
1

-
1 > are clearly evident in the sample cold rolled by

10% (denoted by the red line). This observation is further supported by the misorientation
angle distribution, which shows a significantly high misorientation angle around 85◦ for

the sample. Statistics reveal that C1 twinning ({11
-
22} < 11

-
2

-
3 >) also exhibits a high

prevalence, as illustrated in Figure 10. As the reduction in rolling increases, the presence
of all twins decreases significantly, with only the C2 twin remaining under cold rolling by
30%. At a cold rolling temperature of 30%, a large number of low-angle boundaries can
be observed, indicating that slip becomes the predominant mechanism. Twinning, on the
other hand, plays a subsidiary role, mainly functioning to coordinate and accommodate
the deformation.
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The development of the C2 {10
-
11} < 10

-
1

-
2 > extension twin can be elucidated

through experimental characterization using TEM, as shown in Figure 11. A large number
of fine twins can be observed distributed within the grains after cold rolling to 10%. As
displayed in Figure 11a, the width of these twins measures only several nanometers.

Electron diffraction revealed that both the matrix and the twin share the {10
-
11} planes

corresponding to the C2 {10
-
11} < 10

-
1

-
2 > extension twin. The result is further illustrated

by the HRTEM image shown in Figure 10c.
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Figure 11. TEM images of {10
-
11} compression tensile twins: (a) deformation-twin morphology,

(b) selected area electron diffraction, (c) HRTEM at twin boundary.

Throughout the deformation process, a significant number of T1 twins were produced,
along with a small quantity of C1 and T2 twins. However, as the rolling reduction escalated,
there was a marked decrease in the number of T1 and C1 twins. Finally, within the hetero-
geneously deformed grains, C2 twins were generated to preserve the excellent ductility of
zirconium during the macroscopic uniform deformation at low temperatures. This aligns
well with the findings of Kaschner [34], who reported that, through ODF quantitative
analysis, the number of twins increases significantly, with minor deformations only when
the sample is compressed along the c-axis, reaching saturation at a 20% reduction. The
distribution of low-angle grain boundaries depicted in Figure 8 also suggests that during
the room-temperature rolling process, the deformed grains follow a sequence of deforma-
tion mechanisms: slip, twinning, and then maintenance of a low-angle grain boundary
distribution, which increases progressively from 10% to 30%. Due to this complex deforma-
tion mechanism, multiple slip systems appear under large strains, allowing zirconium to
exhibit good ductility, even under large deformations, without fracturing.

To elucidate the impact of different twinning mechanisms on the texture evolution, a
reactive stress model was employed in this study to simulate the effect of 30% deformation
on textures due to individual T1, T2, C1, and C2 twinning systems, as depicted in Figure 12.
Figure 12a illustrates the initial texture, comprising 1716 random orientations used for the
simulation. Figure 12b delineates the influence of each twinning mechanism on texture
evolution. It can be observed that the T1 twinning leads to a concentration of texture
at the orientation (0◦, 15◦, 0◦). The T2 twin results in orientation concentration at (20◦,
10◦, 0◦), as well as along Φ = 90◦. The C1 twinning exerts a similar effect on texture to
that of T2, while the C2 twinning induces orientation concentration at (80◦, 30◦, 0◦). In
conjunction with the experimental results, it can be observed that as the deformation
reduction increases, T1 twins constitute the majority. This suggests that under conditions
of low strain deformation, minimal slippage occurs, and the deformation is predominantly
accommodated by T1 twins. C1 twins can be illustrated by EBSD characterization (the
corresponding boundaries are marked with blue color) of the sample, cold rolled by
10%. With an increase in deformation reduction, C1 twins rapidly decrease. T2 twins
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can also be identified through the misorientation distribution in Figure 10. However, it
decreased dramatically with increasing deformation reduction. It is noteworthy that while
some literature reports suggest that C2 twins are predominantly found in regions of high
temperature deformation or high stress concentration [28], they have been overlooked
due to their minor presence in twin boundary statistics. However, the combination of
simulation and experimental results reveals that the cold-rolling texture progressively
shifts to the right with increasing deformation up to 30%. This shift indicates that C2 twins
are also activated under low deformation conditions, which is consistent with the results
observed in TEM. Therefore, the contribution of C2 twins at low deformation should not be
overlooked. In general, T1 twins dominate in the early stage, while C2 twins develop at the
later stage of the cold-rolling process.
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Figure 12. ODF of Φ2 = 0◦ sections simulated by the reaction stress method: (a) initial data and (b) the
concentration orientation diagrams of T1, T2, C1, and C2 twins under a 30% deformation condition.

4. Conclusions

1. The initial hot-rolled zirconium plates had a diffuse texture deviating from the basal
plane texture by 20◦–90◦ along TD direction. Cold rolling develops a typical bimodal
texture with a deviation of approximately 20◦ from the basal plane texture. This
process facilitates a transformation in the preferred crystallographic orientations,

shifting from the < 2
-
1

-
10 >//RD to the < 10

-
10 >//RD preferred orientations.

2. Experimental characterization and simulation of the reaction stress model illustrate
that T1 twins dominate in the early stage, contributing to the development of the

{0001}< 10
-
10 > orientation. Fine C2 {10

-
11} < 10

-
1

-
2 > extension twins can be

observed evolving at the later stage of the cold-rolling process. Under severe de-
formation, low-angle grain boundaries propagate extensively, indicating that slip
has become the predominant mechanism. The mechanism of the deformation of
zirconium follows the trend of slip, twinning, local slip.
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