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Abstract: Traditional symmetrical rolling often induces through-thickness gradient microstructures and textures. In this
study, ultra-high purity (99.999 wt.%) tantalum (Ta) served as a model material to address the texture gradient issue by
employing dynamic offsets and shear force adjustment rolling (DS rolling) as an advanced rolling technique. The strain
and stress distributions in Ta plates for DS rolling and symmetrical rolling processes were analyzed using Deform 3D
software. Through-thickness textures and microstructures were characterized via electron backscatter diffraction. The
results revealed that DS rolling effectively solved the problem of texture gradient by increasing the average shear strain
from 0.05 to 0.56. In turn, the shear stress reduced the energy storage orientation dependence of {100} and {111} grains.
Furthermore, DS rolling refined the recrystallized grains on an average of 30.9%.
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1 Introduction

Tantalum (Ta) is a rare metal characterized by
high melting temperature (2996 °C) and excellent
corrosion resistance, which allows it to be widely
used in aerospace and medical fields [1-3]. With
the rapid development of the semiconductor
industry, Ta targets have found extensive
applications in chip manufacturing. Ta is classified
as a body-centered-cubic (BCC) metal with the high
stacking fault energy (220 mJ/m?) [4]. During
conventional symmetrical rolling, Ta plates exhibit
inhomogeneous microstructures and textures
throughout their thickness direction [5]. Compared
to the surface layers, rolled and annealed plates

form a stronger {111}{uvw) texture (y-fiber) in the
central layer [6]. The friction between rolls and
plate surfaces induces a larger shear force on the
surface layer than that experienced by the central
layer, resulting in nearly zero shear stress within the
latter layer [7]. Consequently, the Ta plate’s center
layer under compressive stress exhibits the y-fiber
texture [8], while the surface layer displays the
{100} (uvw) texture (6-fiber) under compressive and
shear stresses [9]. In general, {100} grains possess
the relatively low stored energy and slow
recrystallization speed [10], whereas {111} grains
contain numerous micro-bands (MBs) and
microshear bands (MSBs) with high-density
dislocations [11]. As a result, recrystallization
occurs faster in {111} grains than in {100} grains.
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Such orientation-dependent distribution of energy
storage significantly impacts subsequent annealing
processes since different driving forces may lead to
texture aggregation and non-uniform grain size
distribution [12,13]. In turn, the variations in grain
size and orientation may severely impair the
sputtering performance stability of Ta targets used
in integrated circuits (ICs) [14].

Fortunately, severe plastic deformation (SPD)
techniques, such as high-pressure torsion (HPT) and
equal channel angular extrusion (ECAE) may
effectively refine grains and homogenize their size
distribution [15—18]. In this regard, HOSSEINI and
KAZEMINEZHAD [19] significantly reduced the
grain size and controlled the texture evolution of
Ta through ECAE. WEI et al [20] achieved
nanocrystalline Ta through high-strain-rate HPT.
However, both processes are not applicable in
industrial settings due to limited billet dimensions.
Alternatively, asymmetrical rolling (ASR) may
effectively address the challenges related to the
through-thickness  microstructure  and
inhomogeneity of Ta plates [10].

Uniform distributions of fine grains and
textures have been enriched through shear
deformation in SPD processes, such as ECAE, HPT,
and ASR. Among these techniques, ECAE allows
attaining shear angles ranging from 20° to 45°
[21,22], while HPT can ensure shear angles up to
55° [23]. However, both methods are not suitable
for large plate manufacturing. For comparison, ASR
introduces shear deformation throughout the plate
thickness under different roll speeds [24,25], with a
limited shear angle range of 5°—15° [26,27].

Numerous studies have been conducted to
investigate the impact of rolling parameters on the
distribution of strain and stress [28—30]. For
instance, SAGAPURAM et al [31] employed large
strain extrusion machining (LSEM) to control the
texture of magnesium alloy sheets. LIN et al [5]
observed the improvement in microstructure
homogeneity of ASRed Ta plates under a rolling
velocity ratio (Ry) of 1.2 compared to that of 1.1.

In this work, Ta plates were produced by a
newly developed dynamic offsets and shear force
adjustment rolling (DS rolling) technique [32]. The
DS rolling technique effectively reduced the plate
curvature by adjusting the offset distance and speed
ratio of working rolls. Additionally, the DS rolling

texture

shear angle was precisely controlled within the
range of 0° to 45°. The DS rolling technology was
shown to be potential for the widespread use in
industrial production. A DS rolling rate R, of 1.2
was selected to mitigate texture gradient throughout
the thickness direction [33] while maintaining
control over the geometry of roll gap (//h, where [ is
the length of the contact between the rolls and
specimen, and / refers to the average thickness of
the sample for each rolling pass) in the deformation
zone between 1.5 and 2.5 [34]. The influence of
DS rolling shear force on the deformation
microstructure and recrystallization behavior of Ta
plates was investigated, and the results were
discussed.

2 Experimental and simulation methods

2.1 Materials and procedures

Ultra-high purity tantalum ingots (99.999 wt.%)
were produced via electron beam melting (EBM,
Tongchuang Special Materials Co., Ltd.). The
chemical composition of ingots is listed in Table 1.
The 10 mm thick plates were afterward produced
via multi-directional forging of Ta ingots, followed
by heat treatment to refine coarse columnar crystals
and rolling to ensure grain refinement.

Table 1 Chemical composition of Ta ingot specimens
(1079

C N (@) Nb Mo w
1 3 4 1 0.05 0.25
Ti Si Fe Ni Ta
<0.0005 <0.005  <0.005  <0.002 Balance

2.2 Rolling and annealing

The Ta plates underwent five processing
passes to ensure a 70% reduction under the rolling
parameters listed in Table 2, whereby the /A ratio
of the deformation zone’s roll gap was controlled
within the range of 1.5-2.5 [34]. The setup was
designed by replacing the two-roller DS reversible
cold rolling machine with bottom rolls of different
diameters at the National Engineering Research
Center for Equipment and Technology of Cold
Strip Rolling, Yanshan University, China. The shear
angle in the DS rolling experiments was set to be
6=35°. The respective deformation microstructures
were studied by comparing symmetrical rolling and
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Table 2 Processing parameters used in conventional rolling and DS rolling

Offset distance/m

Number of Entrance Exit thickness, Geometry of
rolling pass thickness, do/mm d/mm 6=20° 6=35° 6=45° roll gap, //h
1 10.0 7.2 3.36 5.04 7.20 1.50
2 7.2 5.4 2.52 3.78 5.40 1.65
3 5.4 4.2 1.96 2.94 4.20 1.76
4 4.2 3.5 1.63 2.45 3.50 1.68
5 3.5 3.0 1.40 2.10 3.00 1.69

1/h=2,|Req(do —d)/(dg+d), where Req represents the equivalent radius of the rolling mill  (Rq=2RRy/(Rj+Ry); Ri is the upper roll radius;

R> is the bottom roll radius)

DS rolling. Subsequently, both groups of rolled
specimens underwent low-temperature annealing
under vacuum conditions at 500 °C for 10 min,
followed by high-temperature annealing at 1000 °C
for 10, 15, and 20 min to achieve fully recrystallized
microstructures. Finally, the samples were cooled
down to room temperature in the furnace.

Samples with dimensions of 10 mm x 2 mm x
3mm were then sectioned from the initial
specimens and exposed to wire cutting, rolling and
annealing to obtain the plates. Samples used for
microstructure and texture characterization were
first mechanically polished and then electro-
polished in a mixture of HF and H>SO4 with the
volume ratio of 1:9 at room temperature to remove
any deformation and residual stress layers. The
polishing consisted in maintaining the electric
current at 0.1 A for 9 min until achieving surfaces
with a metallic luster.

2.3 Materials characterization

The microstructures and local  grain
orientations in the ND—RD plane were examined
via electron backscatter diffraction (EBSD,
NordlysMax) integrated in a TESCAN MIRA 3
field emission gun scanning electron microscope.
The measurements were conducted at an
accelerating voltage of 20kV and a working
distance of 14 mm. The acquired data were
post-processed using Channel 5 software. The
Vickers hardness testing of the rolled plates was
performed on a hardness tester (Qness Q10A) under
a load of 200 g at a dwell time of 10s. For each
rolling condition, a total of 15 measurements were
carried out on the RD—ND plane.

2.4 Model description

The models of symmetrical rolling,

asymmetrical rolling, and DS rolling were
established using Deform 3D software (Fig. 1). The
deformation area in the symmetrical rolling with the
rolls of the same diameter was divided into the
front and back slip zones (Fig. 1(a)). For the
asymmetrical rolling with a “Rub zone” between
the front and back slip zones (Fig. 1(b)) [35], the
bottom roll possessed a larger diameter than the
upper roll, with a R, value equal to 1.2 [36]. Based
on the asymmetrical rolling in Fig. 1(c), DS rolling
was achieved by offsetting the upper roll in the
outlet direction. The schematic representation of the
DS rolling deformation zone consisted of three
parts: front slip zone I, rub zone II, and back slip
zone III. During the multiple-pass rolling process, a
constant shear angle was obtained by dynamically
adjusting the offset distance. Furthermore, the
effects of DS rolling shear angle on the plate
curvature were investigated. The parameters of
rolled plates and rolls are presented in Tables 3 and
4, respectively.

3 Results and discussion

3.1 Microstructures of initial tantalum plates
The inverse pole figure (IPF) map of a
Ta plate before rolling is presented in Fig. 2(a).
Fully recrystallized grains with near-equiaxed
morphology and an average grain size of 99.8 pm
were observed. Subsequent deformation through
repeated upsetting and elongation of Ta ingots
continuously refined the grain size to yield an
equiaxed morphology [37]. The pole figure in
Fig. 2(c) further demonstrated the Ta grains
possessing a homogeneous orientation before
rolling. The volume fractions of the {111}- and
{100} -oriented grains accounted for 27.2% and
18.5%, respectively. However, the distribution of grain
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Fig. 1 Schematic diagrams of different rolling methods: (a) Symmetrical rolling; (b) Asymmetrical rolling; (c) DS
rolling (vi and R, stand for the velocity and radius of the upper roll, respectively; v, and R, are the velocity and radius of
the bottom roll, respectively; S is the horizontal offset distance; 8 is the shear angle)
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Fig. 2 Microstructure of Ta plates before rolling: (a) EBSD IPF map; (b) Corresponding grain size distribution; (c) Pole
figures

Table 3 Initial conditions of material in rolling simulations

Material Dimension/ Environment Heat transfer coefficient to Coulomb Radiation
mm temperature/°C environment/ (W-m 2.K™") friction coefficient
Ta 40%30x10 20 5 0.5 0.7

Table 4 Roll parameters used in conventional rolling and DS rolling

Upper roll Bottom roll Roll width/ Rolling speed/ Roll
diameter/mm diameter/mm mm (m-s™) property
120 120/144 120 1-1.5 Rigid body

sizes appeared highly heterogencous, with an 3.2 DS rolling shear angle control and rolling
average grain size (d) of 99.8 um, a standard procedures

deviation (SD) as high as 70.3 um and the largest The bending behavior of a plate can be
grain size (Xmax) measuring 419.9 pum. quantified by its curvature (k) on the inner side,
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which should be reciprocal to the curvature radius
(R), meaning k=1/R. PHILIPP et al [38] and
ANDERS et al [39] proposed that R can be
calculated as the radius of a circumcircle formed by
three selected points inside it. Accordingly, the
coordinates (x1, y1), (x2, »2), and (x3, ys) were
selected for the respective points 1, 2, and 3 in this
study, while (xc, y.) represented the coordinate of
the center of curvature. Thus, R can be determined
by solving the equations below:

(xl _xc)2 _(yl _yc)2 =R2
(% =x)" = (3 =y =R’ (1)
(x3 _xc)2 _(y3 _yc)z :R2

A positive curvature was assigned for an
upward plate bent, whereas a negative curvature
indicated the downward bending. Figure 3 shows
the impact of DS rolling shear angle on the plate
curvature. The larger diameter of the asymmetrical
bottom roll relative to that of the upper roll resulted
in a higher metal flow rate beneath the surface layer
than on the top. Consequently, the plate exhibited
an upward bend with a curvature value of £=13.67
(Fig. 3(a)). The analysis of the parameters in Table
5 for asymmetrical and DS rolling processes
revealed a shear angle of #=35° inducing the flattest
DS rolling plate profile with a minimal curvature
(k=6.19). It is noteworthy that snake-like rolling
enabled to control the plate profiles through
offsetting distance and adjusting velocity ratios

(@) Effective strain/(mm+mm™")

Asymmetrical rolling 2.5 I
R=1.2 2.1

1.8
137

Z/ND
04'
YD~ XRD 9

Effective strain/(mmsmm™!)

() 2
,.»-d\ . 5.
N DS rolling 21
F . R~=1.2,6=35°
. \ 1.8
\ 137
0.8

0.4'
0
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between rolls [40,41].

By contrast, DS rolling efficiently reduced the
plate curvature by adjusting the shear angle. The
upper roll was offset by a certain distance in the
outlet direction, whereby a reverse bending force
counteracted the plate bending forces. This
subjected Ta plates to significant shear forces but
also effectively calibrated their profiles while
increasing deformation.

3.3 Microstructure after symmetrical and DS
rolling

A self-designed two-roll DS reversible cold
rolling machine is presented in Fig. 4(a). The
profiles of Ta plates under different rolling
processes are compared in Fig. 4(b). Similar to
numerical simulation results, asymmetrical rolling
resulted in smaller rolls and more pronounced
bending. By contrast, DS rolling produced flatter
and straighter plates. The hardness distributions
along the ND for symmetrical and DS rolling
samples are depicted in Fig. 5.

The bottom surface of the DS-rolled plates
exhibited the higher hardness than the lower surface
of symmetrical rolled plates, while the upper
surfaces displayed similar hardness levels. This can
be attributed to the larger bottom roll diameter and
the greater deformation on the lower surface layer
of each plate induced by DS rolling. On average,
the DS-rolled samples exhibited a hardness of
HV 173, being higher than that of the symmetrically

(b) Effective strain/(mm+mm-")

) DS rolling 2.5 |
/ B R-12625° 2.1
& b 18,
" ) 1.3
\\\ 0.8
~ 0.4 I
0

Effective strain/(mmsmm")

(d) 2.5.
_ ‘\\ DS rolling 21
6{_,\ R=1.2, 6=45 &

S 0.4I
S ,,;f"’e i 0

Fig. 3 Effect of shear angle on plate curvature: (a) Asymmetrical rolling; (b—d) DS rolling at 6=25°, §=35° and 6=45°,

respectively
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Table 5 Comparison of plate curvature k& between
asymmetrical and DS rolling processes

Rolling Velocity Shear Curvature,
process ratio, Ry angle, 6/(°) k/m’™!
Asymmetrical = 15 13.67
rolling
DS rolling 1.2 25 12.24
DS rolling 1.2 35 6.19
DS rolling 1.2 45 13.97

wolll
(b)

Symmetrical

DS rolling  rolling

Fig. 4 Experimental equipment and rolled Ta plates:
(a) Two-roll DS reversible cold rolling machine; (b) Plate
profile comparison between different rolling processes

225
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Fig. 5 Microhardness of Ta plates after symmetrical
rolling and DS rolling

rolled specimens (HV 161). Therefore, the
deformation in the DS-rolled samples exceeded that
in symmetrically rolled specimens.

The EBSD IPF maps in Fig. 6 identified the
presence of {100} and {110} grain orientations in
the near-surface region of symmetrically rolled Ta
plates, covering the area of approximately 3 mm?.
In the central layer of the plate, a significant texture
gradient was observed with multiple {111}-oriented
grains, indicating their formation (Fig. 6(a)).
Consequently, DS rolling samples exhibited the
alternating and homogeneous distribution patterns
along the ND for both deformed grains with {111}
and {100} orientations (Fig. 6(b)).

Upper
surface g

Center g
layer st

Bottom
surface

Fig. 6 Large area EBSD IPF maps of deformation micro-
structure along thickness direction of specimens after 70%
rolling reduction: (a) Symmetrical rolling; (b) DS rolling

Cold-rolled Ta plates with body-centered cubic
(BCC) structure were primarily composed of
a-fiber ((110)//RD), y-fiber ((111)//ND), and 0-fiber
({100)//ND) structures [42]. The three fibers can be
visualized within the Euler space on a section of
$>=45° [43]. After the thickness reduction by 70%,
symmetrical rolling specimens displayed a
dominant y-fiber texture with a maximum intensity
of approximately 6.5. By comparison, DS rolling
samples exhibited the mixed 6-fiber and y-fiber
textures from the ODF maps with a relatively small
maximum intensity between them (about 3.38 in
Fig. 7). Furthermore, DS rolling reduced the y-fiber
content from 52.3% to 35.7% while increasing
the O-fiber content from 16.8% to 20.2%, which
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resulted in more homogenous grain orientation
distributions (Fig. 7(d)).

The grain deformation behavior was further
analyzed by extracting the smaller scan regions
from the large-area EBSD maps (Fig.8). As
depicted in Fig. 8(d), the DS rolling specimens

0 90°

& $,=45°

90°
¢
o) 0
©
{001} (100)
! {001} (110)
al—{112}(110)

{111}(112)
y/
{111}(110>/

Volume fraction/%

1523
exhibited a significantly finer deformation micro-
structure than the symmetrical rolling samples.
Similarly, ZHOU et al [44] observed {111} grains
containing fine subgrains in DPD-processed
samples. In the conventional symmetrical rolling,
notable disparities in grain boundary distributions

$,=45°

100
(d)
A {111} texture
80 C_1{100} texture
ESJRandom texture
60
40 -
20
0

Symmetrical rolling DS rolling
Rolling process

Fig. 7 Orientation distribution function (ODF) sections in specimens after symmetrical rolling (a) and DS rolling (b) with
orientation relationship plot (c) and quantitative texture contents obtained by symmetrical rolling and DS rolling (d)

2°-15°

>15°

Fig. 8 Inverse pole figure (IPF) (a, d), grain boundary distribution (b, €), and kernel average misorientation (KAM) (c, f)
maps of symmetrically rolled (a—c) and DS rolled (d—f) samples
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were observed in deformed {100} and {111} grains
(Figs. 8(a) and (b)). In the image, the dark and
maroon solid lines represent the high-angle
(>15°) and low-angle (2°—15°) grain boundaries,
respectively. The {111} grains contained numerous
low-angle grain boundaries, while the {100} grains
displayed only a few low-angle grain boundaries.
Conversely, the grain boundaries in DS-rolled
samples were uniformly distributed. Therefore, the
specimens subjected to symmetrical rolling
exhibited a strong orientation dependence on the
local energy storage [45], which was evaluated
from the spacing and misorientation across the
low-angle grain boundaries [46,47]. Additionally,
the KAM values of deformed {111} grains
exceeded those of {100} grains (Fig. 8(c)). Similar
DS-rolled
specimen (Figs. 8(d—f)). However, the DS rolling
led to a much higher shear strain throughout the
specimen thickness, reducing the spacing between
the high-angle grain boundaries from 60.6 um for
the symmetrical rolling to 23.4 um for the DS
rolling. It is noteworthy that the high-angle grain
boundary spacing size was measured via the
interception method, which reflected the higher-
degree grain subdivisions under higher deformation
strains [48—50]. As a result, the average value (Ex)
of point-to-point misorientations within the {100}
grains increased from 0.45° for the symmetrical
rolling (Fig. 9(a)) to 1.55° for the DS rolling
(Fig. 9(b)). In turn, such enhancement weakened
the crystallographic orientation dependence of the
deformation-induced stored energy difference
between {111} and {100} texture components.
Additionally, a more uniform distribution of KAM
values in DS-rolled samples was observed in
Fig. 8(f). Hence, DS rolling promoted a more
random energy storage distribution within the
grains, as well as improved the deformation
microstructure uniformity in Ta plates.

trends were also observed in the

3.4 Comparison of shear strain and stress
distribution between symmetrical rolling
and DS rolling
Compared to the centerline, the upper and

bottom parts of the rolling plate underwent

asymmetrical deformations during DS rolling,
resulting in different shear stress distributions

on their respective contact surfaces. Figure 10

represents the shear stress distribution within both

16
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=
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2 Pl AN TR A ol
VWA WSS
40 80 1
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Distance/um

00

Fig. 9 Point-to-point misorientation angle distribution
along lines L1-L4 in Fig. 8: (a) Symmetrical rolling;
(b) DS rolling

DS and symmetrically rolled plates. Obviously,
symmetrically rolled plates exhibited a symmetric
shear stress distribution at their contact points on
both the upper and bottom surfaces (Fig. 10(a)).
However, a “rub zone” was formed between the
front and back slide zones during DS rolling
(Fig. 10(b)). Within this region, complex negative
shear stresses were observed due to anti-directional
friction forces acting on both roll surfaces, resulting
in the vertical compressive strain and the horizontal
shear strain on the plate, which caused the greater
deformation when compared to symmetrical rolling.

The shear strain distributions in symmetrically
rolled and DS-rolled specimens after a 70% reduction
are compared in Fig. 11. The comparison of
Figs. 11(a) and (b) revealed that DS rolling induced
the larger shear strain than symmetrical rolling owing
to the faster metal flow on the bottom surface. In
Fig. 11(c), the thickness of the rolled plate was
divided into 13 units (numbered from top to bottom
as 1 to 13). The first and thirteenth units represented
respectively the uppermost and lowermost layers of
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Fig. 10 Distributions of shear stress in deformation zone: (a) Symmetrical rolling; (b) DS rolling (1: Contact point
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Fig. 11 Shear strain distributions of shear strain: (a) Symmetrical rolling; (b) DS rolling; (¢) Comparison of shear strain

on sections of rolled plates (70% reduction); (d) Shear strain distributions along plate thickness direction for

symmetrical rolling and DS rolling

the plate, while the seventh unit showed its central
layer. In Fig. 11(c), an almost zero shear strain was
recorded along the ND direction during
symmetrical rolling. The upper half of the plate
demonstrated a positive shear strain, while the
bottom half displayed a negative shear strain.

By contrast, the shear strain was positive in the
thickness direction of DS-rolled plates. As for the
distribution of the shear strain component (exz) at
the end of each unit (Fig. 11(d)), symmetrical
rolling resulted in nearly zero shear strain, while DS
rolling induced significant shear strain in the plate
thickness direction. The average shear strain exz

increased from 0.05 to 0.56, indicating the increase
in shear strain penetration depth into the central
region of the plate through DS rolling as a function
of wvelocity ratio and “reverse bending force”.
Moreover, symmetrical rolling generated surface
shear strain due to the roll friction, whereas DS
rolling promoted severe shear strain in the “rub
zone”. Under the normal stress conditions, the {100}
grains displayed high stability but were prone to
deformation under shear stress [5]. In the
conventional symmetrical rolling, a minimal or zero
shear stress occurred within the center layer when
compared to that on the surface layer (Fig. 11(c)).
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This resulted in a texture gradient emerging from
the rolled surface toward the center during
symmetrical rolling of Ta plates. The shear strain
was negligible in this central layer (Fig. 11(d)),
which was consistent with numerical simulation
results, leading to the formation of an extremely
strong y-fiber texture. On the other hand, roll
friction generated shear stress on the surface layer
of the symmetrically rolled plate, leading to the
formation of the #-fiber texture. By contrast, DS
rolling effectively addressed the problem of texture
gradient by introducing the high shear stress
throughout the thickness direction of Ta plates
(Fig. 11(d)). The above numerical simulation
data were subsequently validated by experimental
investigations.

1000 °C, 10 min

1000 °C, 15 min
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3.5 Effect of shear stress on recrystallization

microstructure

Microstructures of 70%-reduced symmetrically
rolled and DS-rolled samples under the same pre-
recovery treatment conditions (500 °C for 10 min)
followed by high-temperature annealing at different
parameters (1000 °C for 10, 15, and 20 min) are
displayed in Fig. 12. The sub-grains formed
during the low-temperature pre-recovery exhibited
the equiaxial microstructural morphology [43].
SRINIVASAN et al [51] also observed a decrease in
hardness difference between {111}- and {100}-
oriented niobium single crystals from 40% before
recovery to 20% after recovery. Consequently,
all samples were subjected to low-temperature
annealing at 500 °C for 10 min. As shown in Figs. 12(a)

________

______

e t60ms. =%
e -

i 2

Fig. 12 Symmetrically rolled and DS-rolled samples subjected to same pre-recovery annealing conditions (500 °C for
10 min) followed by high-temperature annealing at 1000 °C for 10, 15, and 20 min: (a—c) IPF maps of symmetrically
rolled samples; (d—f) KAM maps corresponding to (a—c), respectively; (g—i) IPF maps of DS rolling samples;

(j—1) KAM maps corresponding to (g—i), respectively
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and (g), samples subjected to high-temperature
annealing at 1000 °C for 10 min yielded the
complete recrystallization. However, dislocations
were observed within some grains. In Figs. 12(d)
and (j), the KAM maps indicated the presence of
low-angle grain boundaries. The previous research
[52] suggested a proportional relationship between
dislocation density and local misorientation. As
displayed in the upper right corner of Fig. 12(d),
significant differences in KAM values between
{111} and {100} grains were observed in the
symmetrically rolled sample. Conversely, the KAM
values were more uniformly distributed in the
DS-rolled sample (see the upper right corner of
Fig. 12(j)), significantly reducing the dislocation
density among differently oriented grains, including
{111} and {100} ones. Once the annealing duration
rose to 15 min at 1000 °C, some deformation
structures remained in the symmetrically rolled
sample (highlighted with frames in Fig. 12(e)).

For comparison, the annealed microstructure
of DS-rolled samples exhibited a fully
recrystallized state, characterized by grains with
relatively random orientations and an average size
of up to 46.6 ym. At the same 70%-reduced
thickness, DS-rolled samples displayed severer
deformation, indicating the higher dislocation
density and faster grain growth rate. The extension

Upper surface

Center layer

Bottom surface

of the annealing time for equiaxed crystals in the
symmetrically rolled sample resulted in an average
grain size of 59.7um and the absence of
dislocations in the grains (Figs. 12(c) and (f)). The
shear stress during DS rolling reduced the annealing
time from 20 to 15 min. However, a further growth
of {111} grains formed a stronger y-fiber texture
(see ellipse in Fig. 12(i)). This can be explained by
the high-angle grain boundary migration nucleation
mechanism driven by the high storage energy of
{111} grains, which rapidly engulfed the
deformation structure to ensure the formation of
new grains [53]. The dislocation density within
{100} grains was lower at nucleation points located
only at grain boundaries. Moreover, the insufficient
driving force provided by the deformation structure
eliminated the smaller {100} recrystallized grains
lacking a significant growth potential. The longer
annealing time for Ta plates resulted in higher
proportions of y-fiber texture.

Fully recrystallized microstructures were
achieved by subjecting the DS-rolled samples to
annealing at 1000 °C for 15 min. By comparison,
the symmetrically rolled samples required an
annealing time of 20 min to achieve complete
recrystallization. The large-area EBSD maps
(approximately 3 mm? in Fig. 13) revealed the fine
grains with the average size of 44.1 pum in a DS-

Fig. 13 Large-area EBSD maps of completely recrystallized microstructures: (a) Symmetrically rolled sample subjected
to pre-recovery annealing at 500 °C for 10 min, followed by high-temperature annealing at 1000 °C for 20 min;
(b) DS-rolled sample subjected to annealing at 500 °C for 10 min, followed by high-temperature annealing at 1000 °C
for 15 min; (c, d) Grain size distribution maps corresponding to (a) and (b), respectively
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rolled sample after annealing. In Figs. 13(c) and (d),
the DS-rolled sample (SD=30.4 um) exposed to
annealing exhibited a homogeneously distributed
grain size. Conversely, the symmetrically rolled
sample after annealing displayed a relatively
uneven grain size (SD=47.9 um), including
abnormally large grains with an average grain size
of approximately 63.8 um. As indicated by the
ellipse in Fig. 13(c), the presence of deformation
bands and the non-uniform microstructure
distribution may significantly affect the properties
of Ta sputtering targets [14]. Moreover, the DS
rolling induced shear stress refined the grains
by approximately 30.9% (Figs. 14(a) and (b)).
Furthermore, the DS-rolled sample with a fairly
uniform grain size distribution was more
advantageous for ensuring stability during Ta target
sputtering.
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Fig. 14 Grain size histograms of symmetrically rolled (a)
and DS-rolled (b) samples

4 Conclusions

(1) The numerical simulation indicated that DS
rolling introduced shear stress into the central layer

of the plates, increasing shear strain from 0.05 to
0.56 when compared to symmetrical rolling.

(2) The DS rolling significantly improved the
texture homogeneity of Ta plates across the
thickness, which was attributed to the formation of
a strong y-fiber texture under compressive stress,
while O-fiber and p-fiber textures were formed
under combined compressive and shear stresses.

(3) The shear stress effectively reduced the
energy storage orientation dependence of {100} and
{I11} grains, thereby
the homogeneity of through-thickness grain size
distribution in annealed samples. Additionally, DS

significantly enhancing

rolling accelerated recrystallization and resulted in a
30.9% reduction relative  to
symmetrical rolling.

in grain size
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