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Abstract: Microstructures in high-purity tantalum (Ta) were analyzed in three directions, focusing on
the evolution of stored energy during rolling and heating processes. Results indicated significant
fluctuation in the transaction direction (TD) surface, which was observed in both deformed and an-
nealed states. This phenomenon is attributed to the alternately arranged {111}<uvw>(<111>//normal
direction (ND)) and {100}<uvw>(<100>//ND) oriented grains, coupled with the substantial energy
difference between them, even after 12 passes. Additionally, through the estimation and calculation
of stored energy based on band contrast from electron backscatter diffraction and X-ray line profile
analyses, the recovery kinetics for different directions and grain types were quantitatively assessed.
Findings revealed that the dislocation density of {111} grains decreased significantly more than that
of {100} grains when annealed at 1073 K. The degree of recovery was closely related to temperature,
dislocation density, and dislocation type.
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1. Introduction

Tantalum (Ta) is a type of transition metal with a high density (16.69 g/cm?) and
a high melting point (3269 K), and is widely used in many fields, including electrical
capacitor manufacture, superalloys, chemical processing, sputtering targets, etc. [1]. The
sputtering rate highly depends on the crystallographic orientation of each grain due
to the different densities of clustering atoms at different crystallographic planes. Thus,
sputtering performance and coating quality depend on microstructure homogeneity [2—4].
Microstructural homogeneity, which specifically means the distribution of grain size, grain
aspect ratio, and grain orientations, is greatly influenced by the recrystallization process,
which mainly includes the nucleation and growth of grains during the annealing process.
And the nucleation and growth of grains are closely related to the distribution of stored
energy, which refers to various dislocations formed during the plastic deformation of
metals [5-7].

Rolling is a common fabricating technology that is mainly used to process metal
sheets [8,9]. Unidirectional rolling always leads to strong strain concentration in the
local region upon deformation. Next, it leads to the formation of microbands or even
microbands in grains, leading to inhomogeneous deformation [10]. However, a 135° clock
rolling change in the strain path, in which the sample is clock rotated by 135° around the
ND of the sample between consecutive rolling paths, can effectively homogenize deformed
structures and the distribution of stored energy in Ta sheets [11]. In previous studies, the
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influence of the strain path on the evolution of texture and dislocation structures during
rolling was investigated in detail [10]. However, these investigations were limited to a
specific direction of the sheet, and stored energy was not discussed in detail in terms of
anisotropic aspects or microstructural development during the annealing process. These are
essential for understanding the fundamental deformation mechanism of clock rolling and
the microstructural control of Ta sputtering targets. The microstructural state of the target
material in different directions, especially the consistency or uniformity of deformation,
directly affects the deposition state of tantalum atoms during the subsequent magnetron
sputtering process and the stability of chip products during service. Understanding the
evolution of microstructural states in different directions during the rolling process is
essential for the design and optimization of subsequent deformation and heat treatment
processes. Such studies are relatively scarce in the literature.

The results of electron backscattering diffraction (EBSD), X-ray line profile analysis
(XLPA), and Vickers hardness test experiments of clock-rolled and recovered Ta samples
are presented herein. Systematic stored energy distribution studies of deformed and
annealed samples are demonstrated in three directions (RD, ND, and TD). An attempt
was made to establish a link between rolling direction and deformed microstructure in
different directions of the sample in order to design an optimized rolling process for future
industrial production.

2. Materials and Methods

The Ta (99.95 wt.%) sheet was annealed at 1523 K for 2 h in a vacuum environment to
obtain a fully recrystallized microstructure. The chemical composition is shown in Table 1,
and rolling parameters are listed elsewhere [12]. Next, the sheet, with a thickness of 20 mm
and an average grain size of 50 um, was 135° clock rolled to an 82% reduction in thickness
(12 rolling paths in total). Two samples (10 x 8W x 3.6T mm?) were cut from the as-rolled
Ta sheet. The subsequent annealing procedure was executed in a vacuum atmosphere at
1073 K for 60 min to obtain a recovery state.

Table 1. The chemical composition of Ta (ppm wt.%).

(0] Nb Mo \%Y Ti Si Fe Ni Ta

30 6.4 0.14 0.61 <0.001 <0.005 <0.005 <0.005  Balance

EBSD observation was focused on all three surfaces (TD, ND, and RD surfaces) of
deformed and annealed samples. Blue boxes show testing positions in Figure 1. It should be
noted that the microstructure of the ND surface was characterized after the sliver of sample
along the central layer of the ND surface. As shown in Figure 1, the sample was sliced
along the red line, and the ND surface of the sliced sample was characterized to ensure
that ND data were more representative. Testing surfaces were prepared by mechanical
grinding and polishing, followed by electrolytic polishing with a mixture of hydrofluoric
acid and sulfuric acid (1:9 by volume) at 298 K. EBSD measurements were conducted
on a JEOL-JSM-7800F scanning electron microscope (JEOL Ltd., Tokyo, Japan) with an
accelerating voltage of 20 kV. Data acquisition and analysis were processed on an Aztec
system (Oxford instruments, Abingdon, United Kingdom) and the Channel 5 software
(Oxford instruments, Abingdon, United Kingdom) equipped in this system, respectively.

The X-ray line profile for the central layer along the ND surface (green box in Figure 1)
was measured by an X-ray diffractometer (XRD, Rigaku D/max 2500 PC) (Rigaku, Japan)
with Cu Ko radiation. The (200) and (222) line profiles, the second-order diffractions of {100}
and {111} orientations, respectively, were recorded in the step-scan mode and then fitted
by JADE 6.5 software to calculate the stored energy of the {100}— and {111}—oriented
grains. Herein, {100} and {111} are used to represent {100}<uvw>(<100>//ND) and
{111}<uvw>(<111>//ND), respectively.



Metals 2024, 14, 1298

30f10

ND I
RD

/TD

Figure 1. Testing positions for EBSD, XRD, and Vickers hardness measurements in the sample. The
same positions were cut along the central layer of the RD surface. Red dashed lines indicate the
sample’s midplane.

Vickers hardness (HV) measurements were carried out on an MH-5 L model hardness
tester (Everone, Shanghai, China) with a load of 500 g and a dwell time of 10 s. Testing
surface preparation was the same as that for EBSD. Thirty in line measurements were made
for every surface in the three directions, as shown by red lines in Figure 1.

3. Results
3.1. Deformation Microstructure

Figure 2 is a 3D reconstructed orientation imaging map (OIM) of the three surface
directions of the deformed sample. The microstructures in these three surfaces showed
significant differences after clock rolling. The initial grains evolved into ‘pancake’ shapes
on the ND surface, and grains stretched to some extent along the RD direction. For RD and
TD surfaces, the initial grains evolved into banded shapes, and grain boundaries showed
a certain degree of bending and fluctuation along the TD and RD directions, respectively.
Many grains in the TD and RD surfaces split during deformation, and grain boundaries of
adjacent grains infiltrated and intertwined with each other. Distances between neighboring
grains were not the same on TD and RD surfaces, and the distance was shorter on the TD
surface than it was on the RD surface; namely, grains were more severely split on the TD
surface. The rolling texture of all three surfaces was mainly composed of {111} and {100}
orientations, as shown in blue and red, respectively.

Figure 2. Reconstructed orientation imaging maps (OIMs) of surfaces in three directions of 135°
clock-rolled sample.
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3.2. Annealed Microstructure

After annealing at 1073 K for 60 min, as shown in Figure 3, microstructural observation
revealed initial deformed grains elongated in the RD direction and banded (as indicated by
the yellow arrow) in the TD and RD directions, without any signs of recrystallization. As
reported in previous studies, the deformed Ta sheet mainly showed recovery behaviors

at 1073 K [13]. In this period, the rearrangement of dislocations appeared, and some cell
structures formed in local regions.

RD TD

111

Figure 3. Reconstructed orientation imaging maps (OIMs) of surfaces in three directions of annealed
sample.

3.3. Vickers Hardness Measurement

In addition, the deformation and annealed hardness of different test surfaces were
tested, as shown in Figure 4a, which shows the hardness value distribution for the defor-
mation state. The average hardness values for TD, RD, and ND surfaces were 153.31 & 5.81,
151.32 + 6.64, and 148.97 % 10.26, respectively, with both TD and RD surfaces exhibiting
higher hardness than the ND surface. However, as shown in Figure 4a, the ND surface
showed significantly greater fluctuation in hardness values.
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Figure 4. Vickers hardness values for different planes in deformed and annealed states: (a) deformed
state and (b) annealed state.

After annealing, the hardness of different surfaces were tested again. It was found
that hardness values all decreased, but these decreases were not significant, as shown
in Figure 4b. Among them, the average values of the three surfaces were 145.06 + 5.6,

146.29 + 6.23, and 140.01 £ 11.01, respectively. Similarly, the degree of value fluctuation for
different surfaces did not change significantly.
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4. Discussions

The results from EBSD demonstrate the deformed and annealed microstructure of Ta,
as shown in Figures 2 and 3, and there seems to be no obvious difference between them.
Most of the energy expended in rolling metal is emitted as heat, and only a small amount
(~1%) remains as energy stored in the material. Generally, stored energy is mainly derived
from accumulated dislocations generated during rolling, and the essential difference be-
tween deformed and annealed states lies in the dislocation content and arrangement [14-17].
From this point of view, the difference is mainly based on the density, distribution, and
morphology of dislocations [16,18].

4.1. XLPA for Stored Energy

Rolling deformation leads to changes in lattice spacing and distortions. Lattice dis-
tortions then lead to the broadening of X-ray diffraction peaks, which can be employed
to calculate the stored energy [19,20]. As {111} and {100} orientations are the primary
orientation types in both as-rolled and annealed samples, this paper focuses on them in the
following discussions.

Figure 5 shows fitted X-ray line profiles for (200) and (222) diffraction peaks, which
were formed from the second-order diffraction of {100} and {111} orientations, respectively.
The effective broadening (B) can be estimated from the following equation [19]:

B2 =B2-B2 (1)

B; and B, are the measured values of the full width at half maximum (FWHM) of deformed
and fully recrystallized samples. Next, the lattice strain (Ad/d), which leads to broadening,
can be calculated based on the following equation [19]:

Aid_ B
d  2tan®

)

i
1

in which 6 is the Bragg angle. And the stored energy, E;, for orientation “i”, can be calculated

according to the Stibitz formula [19]:

3 Ad/d)?
E; = Ethl (( )

— 3)
1+2v2,)

in which Ypyy and vy are the Young’s Modulus and Poisson’s ratio, respectively. They
were 387.93 GPa and 0.36 for {111} orientations, respectively, and 197.3 Gpa and 0.38 for
{100} orientations, respectively [21,22]. Next, the stored energies for differently oriented
grains were calculated, as listed in Table 2. The stored energy of {111} orientations in
the deformed state was larger than that of {100} orientations, which is in accordance with
previous investigations [10]. After annealing at 1073 K for 60 min, the stored energy for both
{111} and {100} orientations reduced; {111} orientations experienced a significant decrease
of about 64%.

This large amount of stored energy reduction in {111} grains was mainly due to the
change in dislocation morphology upon recovery. Dislocations exist in tangled dislocations,
high-density dislocation walls, or cells in {111} grains. The dislocation density was larger
than that of {100} grains, most of which had low-angle boundaries. This kind of dislocation
is easily rearranged and annihilated, and evolves into multiple kinds of substructures,
like big cells or subgrains, leading to a significant reduction in dislocation density during
heating. Although the distribution of dislocations in {100} grains is relatively homogeneous,
this dislocation is not prone to be annihilated or merged into larger cells or subgrains
during annealing [23]. In other words, this is one of the reasons why {100} grains always
have a low nucleation rate and recrystallization kinetic in tantalum and other common
body-centered cubic (BCC) metals upon annealing.
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It should be noted that the calculation of stored energy based on XLPA provides an
insight declaration of stored energy change before and after annealing treatment at a macro
scale. However, the distribution of stored energy in some local regions, such as different
surfaces in a sample, cannot be analyzed in detail using XLPA.

(a) i {200} —a— Deformed (b)- {222} —a— Deformed

—a— Recovery —a— Recovery

Intensity [a. u.|
Intensity [a. u.]

T T T
550 555 56.0
20

Figure 5. Fitted (200) and (222) diffraction peaks of deformed and annealed specimens, respectively:
(a) (200) peak and (b) (222) peak.

Table 2. Orientation-dependent stored energies and relevant parameters used for stored energy

calculation.
0200 0222 Br2oo B2 B 200 B 222 E200 Ezo
Deformed 55.60° 107.74° 0.16° 0.32° 0.13° 0.16° 1.35]/mol 4.92 J/mol
Annealed 55.56° 107.73° 0.15° 0.29° 0.13° 0.16° 0.69 J/mol 1.75]/mol

4.2. Band Contrast Values for Stored Energy

To solve the above problem and visually analyze the distribution of stored energy,
band contrast (BC) values for every point in the testing region were collected from EBSD
to estimate the distribution of stored energy at a micro-scale [11], as shown in Figure 6.
Precisely, the BC value can reflect the extent to which different regions deformed upon
rolling by detecting the grey levels corresponding to the maximum and minimum in the
Hough transform procedure [24-26].

The stored energy S; is proportional to the pattern quality index H; as shown in the
following relation [24]:

~ Qi(8i) — Qmin
Qmax - Qmin

S; is stored energy for orientation ‘i, H; is the pattern index, Q; (g;) is the pattern
quality for block ‘i’, and Qpin and Qmax are the minimum and maximum pattern qualities of
the aggregate, respectively. Furthermore, based on such measurements, the distribution of
stored energy in local areas of the surface was estimated. Thus, all surfaces were subdivided
into 20 blocks (horizontal direction), as shown in Figure 5a, b. The stored energy value for
each block was estimated and connected into lines in Figure 6¢, d. Energy values fluctuated
greatly through the thickness of the testing region in all three surfaces before and after
annealing. More accurately, the values were large for {111} orientations or those closer to
{111} due to the large dislocation density in {111} grains. In addition, the fluctuation degrees
of energy values of the TD plane were much greater than those of the RD and ND planes in
both deformed and annealed states.

Essentially, the annealing process is the rearrangement and annihilation of disloca-
tions, which causes a decrease in dislocation density. So, are all regions equally degraded?
Obviously not. This reduction in dislocation density is related to the dislocation distri-
bution. Regions with high dislocation density are more likely to rearrange and form

S;xH; =10 x |1 4)
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new substructures, while regions with low dislocation density show the characteristics of
slow kinetics.

Furthermore, not all dislocations rearrange. The dislocation movement is a thermal
activation process, and the thermal activation temperatures of different dislocations are
not the same. Simply put, at a temperature of 1073 K, only dislocation types that can be
activated at temperatures below 1073 K can be activated [23]. Therefore, the process is
affected by temperature, dislocation density, and type coupling.

(a) R e ND plane
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Figure 6. The BC map for different surfaces and the corresponding estimated stored energy. (a) Re-
constructed orientation imaging maps (OIMs) of surfaces in three directions of the annealed sample,
(b) the divided testing regions, (c) the energy evaluated for the deformed specimen, and (d) the
energy evaluated for the annealed sample.

The difference in the stored energy distribution of different planes results from differ-
ent dislocation densities, and dislocations are introduced via activations of slip systems in
different grains. During rolling deformation, grains in the ND surface made contact with
the roller. Next, they were compressed along the ND direction and extended along the
RD direction, and evolved into ‘pancake’ shapes. As shown in Figure 7, the morphology
of grains in the ND surface is related to the rolling direction, as marked by the green
arrow. As a processing technique, rolling imposes a shear force (the force resulting from the
downward pressure and forward friction) on the sheet plates, leading to the rearrangement
of deformed grains along the shear direction, as shown in the TD plane in Figure 7. Grains
experienced different degrees of splitting along the RD direction upon rolling; therefore,
the microstructure of the RD surface was mainly composed of the ends or the cross-sections
of the splitting grains, which were close to equiaxial shapes, as shown in the RD surface in
Figure 7. From this point of view, the distribution of stored energy, which is mainly related
to the boundaries of splitting grains, was homogeneous in the RD plane.

It should be emphasized that the trend in which the stored energy distribution of the
RD surface was more homogeneous than that of the TD surface was consistent upon clock
rolling. Thus, the fluctuation degree was not larger in the RD plane, as it was in the TD
plane, as shown in Figure 6¢. For the ND plane, using the same sized testing region as for
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the TD and RD surfaces, only several ‘pancake’ grains were captured in the testing region;
therefore, the distribution of stored energy was homogeneous in the testing region.

Figure 7. Schematic diagram of deformation microstructures in different surfaces upon rolling.

For the TD surface, as interpreted using XLPA, there was a large difference in stored
energy between {111} and {100} orientations. Additionally, the alternate arranged {111} and
{100} grains also played a positive role in the large fluctuation in the TD surface. Annealing
of the TD surface resulted in a significant decrease in dislocation density, as shown in XLPA.
Still, the decrease degrees were different for {111} and {100} grains due to their different
recovery kinetics. From this point of view, as shown in Figure 8, an increased deformation
degree or dislocation density led to distinct changes in substructures during consequent
heating. Arrows in Figure 8b,d indicates the position of {100} orientations. There were
almost no visible grain boundaries in annealed {100} grains, while boundaries were piled
up everywhere in {111} grains, leading to significant fluctuation in the TD surface shown in
Figure 8d.

11

L'R“ 100 110

ND

LAGB

10 pm HAGB

Figure 8. OIMs and corresponding grain boundary maps of deformed and annealed states, respec-
tively, for TD surface. (a) OIM of deformed state; (b) OIM of annealed state; (c) grain boundary map
of deformed state; and (d) grain boundary map of annealed state. LAGB, low angle grain boundary
(2-10°); HAGB, high angle grain boundary (>10°).
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5. Conclusions

In this paper, the microstructures of different surfaces of tantalum under deformed
and annealed regimes were discussed, and the stored energy evolution was characterized
and estimated by XLPA and BC values at macro and micro scales. The main findings are
as follows:

(1) Microstructures, mainly composed of banded grains, were similar in TD and RD
surfaces of deformed Ta due to the exchange of RD and TD surfaces along the changing
rolling directions.

(2) There was a large difference in stored energy between deformed {111} and {100}
grains. Annealing led to a significant decrease (about 64%) in {111} grains due to their large
dislocation density in a deformed state.

(3) The fluctuation degree of stored energy on TD, RD, and ND surfaces was different.
The degree of the TD surface was much larger than those of the RD and ND surfaces in the
deformed and annealed regimes, which was mainly due to the alternating arrangement of
{111} and {100} grains and their different recovery kinetics upon heating.

(4) When annealed at 1073 K, the dislocation density of {111} grains of tantalum was
much lower than that of {100} grains. The degree of recovery was related to temperature,
dislocation density, and dislocation type.
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