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Abstract

:

The texture and the bulk stored energy along the thickness direction were extremely inhomogeneous in the clock-rolled tantalum sheets with 70% reduction. Therefore, the effects of different annealing temperatures on the microstructure and texture distribution of tantalum plates through the thickness were investigated by X-ray diffraction (XRD) and electron backscatter diffraction (EBSD). The results showed that the occurrence of strong {111} recrystallization texture in the center layer can be attributed to the subgrains nucleation mechanism when annealed at the low temperature. Many subgrains with {111} orientation appeared in the center layer, due to its high stored energy and preferential nucleation sites of the {111} deformed matrix, and rapidly grew into the effective nucleus, resulting in the large {111} grain size and strong {111} texture after complete recrystallization. Contrarily, at the high temperature, high-angle grain boundaries had sufficient driving force to generate migration, due to the lack of recovery, and the growth time of recrystallized nucleus was much shorter, contributing to relatively uniform recrystallization microstructure and texture distribution along the thickness.
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1. Introduction


Tantalum (Ta), body-centered-cubic (BCC) structure, is a refractory metal with a series of excellent physical and chemical properties, such as corrosion resistance and good ductility, which makes it an ideal material for microelectronics and sputtering targets [1]. The quality of the sputtered film plays a key role in the semiconductor integrated circuit industry, and the grain size and crystal orientation distribution of the sputtering target have a direct influence on the quality of the sputtered film [2,3]. Different crystal orientations and grain size can lead to the difference in sputtering rates during magnetron sputtering [4]. In order to ensure the quality of the sputtered film, the average grain size of the target is required to be within a certain range. Besides, equiaxed grains and randomly distributed grain orientation through the thickness in Ta plate are necessary to improve the uniformity of the deposited film.



The high-purity Ta ingots are mainly prepared by electron beam melting (EBM) method, and the purity can be not only 5N (99.999 at.%) but even 6N (99.9999 at.%) [5]. However, severe through-thickness texture gradients and coarse grain size exist in the ingots only by EBM and cannot be directly applied. Therefore, subsequent forging, rolling, annealing and combined with other processing method are often adopted to produce the Ta plates with fine and uniform grain size, as well as random crystallographic orientation in the industrial production [6]. The deformed and recrystallized behavior of Ta plate is closely related to the grain orientation during conventional rolling [7]. Grains with different orientations always exhibit different deformation behavior, resulting in the different splitting structures and stored energy distribution. In the subsequent recrystallization process, the difference in stored energy as recrystallization driving force and deformed microstructure as nucleation site in different regions, ultimately results in inhomogeneous recrystallization microstructure [8].



Previous studies have reported that changes in strain paths during deformation can affect plastic deformation behavior and thus affect the texture formation [9,10]. Recently, our research work [6,7,8] has shown that 135° clock rolling (sequentially changing the rolling direction by 135° around the normal direction) effectively mitigates the through-thickness texture gradients that are always present in conventional rolled Ta plates. However, the uniformity of the texture distribution is closely related with the clock-rolled passes [6,8]. In other words, the increase of the clock-rolled passes during the deformation can lead to a more uniform microstructure and texture distribution, but a severe texture gradient along the thickness can be formed when the clock-rolled passes are limited. Obviously, the decrease of rolling passes can effectively lower the costing in the industry and improve production efficiency.



Hence, the Ta sheets were clock-rolled to 70% reduction in thickness only by eight passes to produce the severe texture gradient along the thickness. Electron backscatter diffraction was used to characterize the through-thickness recrystallization microstructure evolution at a different temperature, and X-ray diffraction technique was adopted to characterize the complete recrystallization texture distribution in the surface and center layers. The purpose of the current work is to explore appropriate annealing temperatures to ameliorate severe texture and microstructure gradient existing in clock-rolled Ta plates with eight passes.




2. Experimental Method


The raw materials for the experiment were prepared by EBM, and the purity was 99.95 wt%. The specific chemical composition can be found in Ref. [8]. The starting tantalum ingot was processed by forging to 20 mm thickness followed by annealing. Samples were 135°-clock-rolled to 70% reduction in thickness, in eight rolling passes. Then, the specimens (10 L × 8 W × 3 T mm3) cut from the as-rolled Ta plates were annealed at different temperatures in vacuum conditions. The specific annealing parameters were shown in Table 1. The surface and center layers of the specimen were tested, as shown in Figure 1.



The macrotexture and bulk stored energy of the surface and center layers (RD-TD plane) of the samples were measured by X-ray diffraction (XRD) (Rigaku, Tokyo, Japan). The detection was performed on a Rigaku D/max 2500PC diffractometer (40 kV/150 mA, Rigaku, Tokyo, Japan). Four incomplete pole figures {110}, {200}, {211} and {222} were recorded by the Schulz reflection method using the Kα radiation of the Cu target, and the orientation distribution function (ODF) was calculated by the ACD method [11]. The commercial software Labo Tex3.0 (Rigaku, Tokyo, Japan) was then used for data analysis. To quantify the orientation-dependent bulk stored energy, the {200} and {222} line profiles were recorded by step-scan with a step size of 0.01° and timing 1 s per step. An acceptable peak was obtained after optimizing the peak-to-background ratio.



The recrystallized microstructure was characterized by electron backscatter diffraction (EBSD). The measurement was performed on a TESCAN MIRA3 field emission gun-scanning electron microscope (TESCAN, Oxford, UK) and an HKL Channel 5 software (5.0.9.0, Oxford Instrument, Oxford, UK) was used for data acquisition and analysis. The samples were prepared by fine mechanical polishing followed by electro-polishing using a mixture of hydrofluoric acid and sulphuric acid (1:9 by volume) at ambient temperature. Note that at least five EBSD maps were taken for each condition to ensure data reliability. To quantify the progress of recrystallization in both series, segments of the microstructure were assigned one of three possible classifications for each micrograph: (1) “Deformed”, which indicates a grain average misorientation (GAM) of greater than 2°, (2) “substructured,” which indicates grains that have GAM less than 2° but boundaries with disorientation between 2° and 15°, (3) “recrystallized” if GAM is less than 2° and all grain boundary disorientation angles are greater than 15°. Recrystallization fractions are computed by Channel 5 according to the above conditions.




3. Results


3.1. Deformation Behavior


3.1.1. Texture Distribution


Generally, three types of fiber texture can be formed in BCC metals after rolling, i.e., the γ fiber with <111> parallel to the normal direction (ND), θ fiber with <100> along ND, and α fiber with <110> parallel to RD [12]. Note that all the orientations along these fibers can be revealed in the φ2 = 45° section in the Euler space, as illustrated in Ref. [8]. Figure 2 shows the through-thickness texture distribution of clock-rolled Ta sheets with 70% deformation. As shown in the ODF sections, severe texture gradient through the thickness was formed in the eight-passes sample. It can be found that the diffuse {111} <uvw> and {100} <uvw> texture was formed in the surface layer, and the maximum ODF intensity, f(g) value, reached 13.2. However, the strong {111} <uvw> texture was formed in the center layer and the maximum f(g) value reached 29.3, which is in accordance with the typical texture composition introduced by plane-strain deformation with regard to BCC metals.




3.1.2. Stored Energy Distribution


The strain state during a deformation process is not constant, but varies gradually along the thickness direction, resulting in the significant difference in the deformation stored energy at different thickness layer. The presence of microscopic stress, causing large variation in the lattice spacings, can lead to the broadening of X-ray diffraction lines [13]. Therefore, XRD measurements can be used to evaluate the lattice distortion, i.e., stored energy, as shown in Figure 3. In the early years, Rajmohan et al. [14] have adopted a modified Stibitz formula [15] for calculating the stored energy along different crystallographic orientation using direction-dependent Young’s modulus Yhkl and Poisson’s ratio vhkl as follows:


SEhkl=32Yhkl(Br2−Ba2)/4tan2θ(1+2νhkl2),



(1)




where θ is the Bragg angle; Yhkl and vhkl are the orientation-dependent Young’s modulus and Poisson’s ratio, which are 145.6 GPa and 0.32 for θ fiber, and 284.4 GPa and 0.36 for γ fiber, respectively [16,17,18]; Br and Ba are the measured full widths at half maximum of the rolled and fully recrystallized Ta, respectively. The values of the stored energy along the planes {222} and {200} have been estimated using the direction-dependent Y{hkl} and v{hkl} and were presented in Table 2. Obviously, the stored energy distribution in the eight-passes sample through the thickness was extremely inhomogeneous, and the stored energy in the center layer was much higher than the surface layer. Besides, the stored energy difference between the {111} and {100} oriented grain was also significant.





3.2. Recrystallization Behavior


3.2.1. Microstructure Distribution when Annealed at 950 °C


Figure 4 shows the recrystallized microstructure evolution of the sample along the thickness after annealing at 950 °C for 30 min and 120 min. Figure 5 is the corresponding recrystallization volume fraction. Note that the grain boundaries, with misorientation angles higher than 15°, are represented with dark solid lines. While the sub-grain boundaries, or sub-boundaries, with misorientation angles higher than 2° and less than 15°, are depicted by fuchsia solid lines. It can be seen that when the annealing time reached for 30 min, the recrystallization volume fraction of the surface layer was 27%, and the recrystallization fraction of the center layer reached 67%. Further extending annealing time to 120 min, recrystallization fraction in the surface layer accounted for 47% and many {100} elongated grains still remained in the surface layer, indicating a partial recrystallized state, while recrystallization has been finished completely in the center layer. Obviously, the center layer of the sample showed a much faster recrystallization rate than the surface layer.




3.2.2. Microstructure and Texture Distribution when Annealed at 1050 °C


Figure 6 shows the recrystallization microstructure evolution of the sample along the thickness after annealing at 1050 °C for different times. Figure 7 is the corresponding recrystallization volume fraction. As explicitly presented in Figure 6, recrystallized grain with {111} orientation appeared in the center layer firstly and the recrystallization fraction was 6% when annealed for 5 min, while no recrystallization phenomenon occurred in the surface layer and grains were still in a deformed state. After annealing for 15 min, recrystallization fraction in the surface and center layers accounted for 18% and 88%, respectively. When annealing time increased to 30 min, the recrystallization fraction of the surface layer increased to 82% and the center layer was in complete recrystallization state. Extending annealing time to 120 min, the {100} deformed matrix in the center layer was consumed completely and annealed microstructure through the thickness consisted of fully recrystallized grains almost free of sub-boundaries, indicating a fully recrystallized state.



Figure 8 is the average recrystallization grain size of the surface and center layers when annealed at 1050 °C for 120 min. Obviously, the grain size distribution through the thickness was extremely inhomogeneous after complete recrystallization. More accurately, the average grain size of the center layer is larger than the surface, and the difference between them was 14 µm. Besides, it should be noted that the average size of the {111} grain in the center layer was much higher than the {100} grain, and the difference between them reached 25.1 µm. Further statistics on the recrystallized texture in the surface and center layers revealed that the γ-fiber texture was very strong in the center layer, and the maximum intensity f(g) value reached 38.7, while the θ-fiber texture was extremely minor (see Figure 9b). However, both the γ-fiber and θ-fiber texture were weak in the surface layer and the maximum intensity f(g) value was 7.5, as shown in Figure 9a.




3.2.3. Microstructure and Texture Distribution when Annealed at 1250 °C


Figure 10 shows the recrystallization microstructure distribution of the sample along the thickness when annealed at 1250 °C for 10 min. Figure 11 is the corresponding average grain size distribution. After annealing for 10 min, the annealed microstructure in the surface and center layers consisted of equiaxed grains with relatively random orientation and almost free of sub-boundaries, indicating a fully recrystallized state. The average grain size difference in the surface and center layers was only 1.7 µm. In addition, the size difference in the {111} and {100} grains were also small, as shown in Figure 11.



Figure 12 shows the texture distribution of 70% clock-rolled Ta plates in the surface and center layers after annealing at 1200 °C for 10 min. The texture distribution along the thickness consisted of a relatively uniform γ-fiber and θ-fiber, and the maximum intensity f(g) value reached 13.2.






4. Discussion


4.1. Initial Texture and Stored Energy Gradient


After eight passes of clock rolling, a plate (70% deformation) with a thickness of 6 mm was obtained. It can be seen from Figure 2 that the {111} texture intensity in the center layer is greatly improved with respect to the surface layer and the {100} texture intensity is decreased, indicating that the strong texture gradient exists along the thickness. The severe texture gradient is mainly caused by the difference in the local strain direction and strain rate caused by the uneven shearing force along the plate thickness during the deformation process [19,20,21]. It is well known that the rolling deformation in the center of sheets is characterized by a plane-strain state [21,22]. The friction and the roll-gap geometry do not affect the texture evolution in the center layer. Therefore, the initial orientation rotates toward a stable orientation during cold rolling, leading to an increase of γ fiber in the center layer. However, the shear deformation produced by the friction between the roll and the sample contact surface is maximum. The change of rolling direction in every pass necessarily causes a variation of shearing direction, leading to the occurrence of more random orientation in the surface layer. Besides, for metals with high stacking fault energy, such as aluminum, niobium, tantalum and their alloys, the texture gradient through the thickness is easily formed during cold rolling, but is not easy to be formed in metals with low stacking fault energy, such as brass [19,21,23].



Quantitative evaluation of the stored energy in the interior of grains with different orientations along the thickness by XLPA revealed that the stored energy in the center layer was significantly higher than that of the surface layer, and the stored energy of the {111} grains is much higher than the {100} grains, as shown in Table 2. On the one hand, the {111} grain is in a metastable state and has a high Schmid factor, and therefore is prone to splitting during deformation, resulting in the high dislocation density and stored energy. While the {100} grain possessing a low Schmid factor is much stable, which is not conducive to the activation of the primary slip system and deformation is more homogeneous during the rolling process, contributing to the low internal dislocation density and stored energy [8,24,25]. Borbély et al. [13] measured the stored energy of high-purity iron by X-ray and found that the stored energy of {111}<112> orientation in γ fiber was 3.3 times than the {100}<011> orientation in θ fiber after 88% rolling deformation. On the other hand, the starting sample consists mainly of the strong {111} texture in the center layer while the {100} texture dominates the surface layer. The rolled tantalum single crystals experiment [26] further shows that the {111} orientation is more unstable as compared with the {100} orientation, which easily causes stress concentration and then results in rotation and subdivision of the {111} matrix during rolling. Meanwhile, the fragmentation of the {111} matrix can also promote the split of its neighboring grain, such as {100} matrix, due to the interaction of grain, leading to relatively heavy deformation of grain in the center layer.




4.2. The Effect of Annealing Temperature on Recrystallization Microstructure


As shown in Figure 4 and Figure 6, the sample recrystallized slowly and had sufficient recovery time when annealed at low temperature (950 °C and 1050 °C). More precisely, the rearrangement of dislocations or the migration of low-angle boundaries gradually evolved into subgrains during recovery, leading to recrystallization dominated by subgrains nucleation mechanisms. It should be noted that recovery, a thermal activation process, typically occurs at low temperature affecting the microstructure evolution during annealing. In theory, recovery primarily affects nucleation and dislocation activity within the deformation grain. The annihilation and rearrangement of dislocations and the disappearance of point defects during recovery can greatly reduce the amount of stored energy [27] and adjust the dislocation alignment, which can affect the nucleation. Many subgrains with {111} orientation appear in the {111} deformed matrix, due to its high stored energy and preferential nucleation sites (i.e., strong {111}<uvw> rolling texture) in the center layer, and gradually grow into the effective {111} recrystallized nucleus when annealed at low temperature. The nucleus with {111} orientation can grow up preferentially, and therefore the {111} grain size and texture intensity are much higher than the {100} grain after complete recrystallization. While nuclei with other orientations, such as {100} nuclei are thermodynamically unstable as compared with the {111} nuclei, due to the shorter growth time, and are not easy to become the valid nuclei. Therefore, {100} recrystallization nuclei tend to be consumed when they encounter the mature {111} nuclei. Contrarily, the recrystallization rate in the surface layer is much slower, due to lower stored energy and unfavorable nuclei sites, and the growth ability of {111} nuclei is significantly weakened, contributing to the occurrence of random texture. Meanwhile, the release of stored energy within the deformation matrix, due to the recovery greatly reduces the driving force for grain growth and extends the annealing time, which further enlarges the microstructure (grain size and orientations) difference between the surface and center layers.



However, samples annealed at high temperature do not have enough time to undergo recovery, and the energy stored within the matrix is much higher. Thus, the HABs have sufficient driving force to generate migration, due to the insufficient recovery, and the grain growth rate of recrystallization nucleus is fast, due to high stored energy within the deformed matrix. Nuclei with other orientations, such as {100} orientation are not easily consumed by the {111} nuclei since the recrystallization time is greatly decreased, resulting in relatively uniform recrystallization microstructure along the thickness direction. Obviously, high-temperature annealing is beneficial to weaken and homogenize the Ta plate with strong texture gradient along the thickness, while low-temperature annealing notably improves the {111} <uvw> recrystallized texture intensity in the center layer.





5. Conclusions


In this paper, high purity Ta plates were clock-rolled to 70% reduction in thickness, and then annealed at different temperatures to observe the recrystallization microstructure evolution through the thickness. The primary results can be drawn as follows:



1. Diffuse {111} <uvw> and {100} <uvw> texture was formed in the surface layer in the clock-rolled sample with eight passes, while the strong {111} <uvw> texture appeared in the center layer.



2. X-ray line profile analysis (XLPA) shows that the stored energy distribution in the eight-passes sample through the thickness was extremely inhomogeneous, and the energy stored in the center layer was much higher than the surface layer.



3. The occurrence of strong {111} recrystallization texture in the center layer can be attributed to the subgrains nucleation mechanism at the low-temperature annealing. Contrarily, high-angle grain boundaries migration at the high temperature contributes to a more uniform microstructure and texture distribution along the thickness.
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Figure 1. Examined positions for X-ray diffraction (XRD) and electron backscatter diffraction (EBSD) (XRD examined zone is the green shaded plane, while the red dashed frame stands for the EBSD examined plane). 
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Figure 2. The Orientation distribution function (ODF) sections (φ2 = 45°) of 70% clock-rolled Ta plates along the thickness: (a) Surface layer, (b) center layer. 
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Figure 3. Fitted (200) and (222) diffraction peaks of Ta in the surface and center layers, respectively. (a) (200) diffraction peak (b) (222) diffraction peak. 
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Figure 4. Orientation imaging map (OIM) of 70% clock-rolled Ta when annealed at 950 °C for different times (30 min and 120 min) (a) surface layer (b) central layer. Note that “S” and “C” represent “surface layer” and “center layer”, respectively. 






Figure 4. Orientation imaging map (OIM) of 70% clock-rolled Ta when annealed at 950 °C for different times (30 min and 120 min) (a) surface layer (b) central layer. Note that “S” and “C” represent “surface layer” and “center layer”, respectively.



[image: Metals 09 00358 g004]







[image: Metals 09 00358 g005 550]





Figure 5. Recrystallization volume fraction of the surface and central layers of 70% clock-rolled Ta with different annealing times at 950 °C. 
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Figure 6. OIM of 70% clock-rolled Ta when annealed at 1050 °C for different times (5 min, 15 min, 30 min and 120 min): (a) Surface layer, (b) center layer. 
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Figure 7. Recrystallization volume fraction of 70% clock-rolled Ta in the surface and center layers when annealed at 1050 °C for different times. 
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Figure 8. Average grain size of 70% clock-rolled Ta when annealed at 1050 °C for 120 min. Note that “all grains” mean the grains with all orientations in the OIM. 
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Figure 9. The ODF sections (φ2 = 45°) of 70% clock-rolled Ta plates in the surface and center layers when annealed at 1050 °C for 120 min: (a) Surface layer, (b) center layer. 
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Figure 10. OIM of 70% clock-rolled Ta after annealing at 1250 °C for 10 min (a) surface layer (b) center layer. 
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Figure 11. Average grain size of 70% clock-rolled Ta when annealed at 1250 °C for 10 min. 
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Figure 12. The ODF sections (φ2 = 45°) of 70% clock-rolled Ta plates along the thickness after annealing at 1250 °C for 10 min: (a) Surface layer, (b) center layer. 
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Table 1. The annealing parameters of the 70% clock-rolled Ta plate.






Table 1. The annealing parameters of the 70% clock-rolled Ta plate.





	Annealing Temperature
	Annealing Times





	950 °C
	30 min, 120 min



	1050 °C
	5 min, 10 min, 30 min, 120 min



	1250 °C
	10 min
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Table 2. Orientation-dependent stored energies by XRD and relevant parameters [16,17,18] used for stored energy calculation.






Table 2. Orientation-dependent stored energies by XRD and relevant parameters [16,17,18] used for stored energy calculation.





	
Position

	
hkl

	
Yhkl/GPa

	
νhkl

	
Br

	
Ba

	
SEhkl/(J.mol−1)






	
Surface layer

	
(200)

	
145.6

	
0.32

	
0.170

	
0.120

	
2.248




	
(222)

	
284.4

	
0.36

	
0.304

	
0.116

	
4.113




	
Center layer

	
(200)

	
145.6

	
0.32

	
0.201

	
0.120

	
4.024




	
(222)

	
284.4

	
0.36

	
0.448

	
0.116

	
9.727
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