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Abstract: This study utilized electron back scattered diffraction (EBSD) and X-ray diffraction (XRD) to
investigate the impact of inter-annealing temperature and heating rate of final annealing on the microstructure
of high-voltage anode aluminum foils. The findings indicate that the formation of cube texture in the final
products is significantly influenced by the inter-annealing temperature, as low inter-annealing temperatures
retain a considerable amount of deformation stored energy, providing a strong driving force for nucleation.
The cube texture is observed to deviate from the ideal position at lower inter-annealing temperatures.
Additionally, an increase in heating rate during final annealing leads to a gradual decrease in the fraction and
grain size of recrystallization. This is attributed to the fact that a higher heating rate (below the critical heating
rate) reduces the time available for grain boundary migration, thereby slowing the recrystallization process.
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1. Introduction

Currently, the application of high purity aluminum foil is predominantly observed in high
voltage anode electrolytic capacitors [1]. The aluminum electrolytic capacitor is a significant
electronic part that possesses various features, including a vast capacity, affordable cost, and
extensive application in fields such as communication, electronics, aviation, new energy vehicles, and
solar energy, among others. As electronic component integration advances, the demand for higher
quality and smaller capacitors increases, necessitating the development of superior capacitor foil to
meet both domestic and international market requirements. A very important aspect that the
capacitance value is a crucial parameter for assessing the quality of aluminum foils in terms of
performance [2-3]. Under identical metallurgical quality and process parameters, the specific
capacitance values are contingent upon the cubic orientation structure of the initial foil [4],
necessitating a cubic texture of at least 95% and a moderate grain size. Consequently, enhancing the
quality of capacitors with high-purity aluminum foil entails investigating the evolution of cubic
orientation grain during the annealing process, regulating the cubic texture components and grain
size of the aluminum foil to govern the capacitance value of the final product, and ensuring that its
quality aligns with the demands of practical production.

The production of aluminum foil involves a thorough investigation of various factors such as
production technology [5,6], impurity elements [7-9], and initial microstructures [10]. These factors
have a significant impact on the cubic texture and specific capacitance of high voltage anode capacitor
aluminum foil. The researchers have conducted a detailed study on these aspects to ensure the
preparation process of aluminum foil is optimized for maximum efficiency. Simultaneously, the
present study employs the theory of recrystallization to examine the underlying mechanism
responsible for the development of cubic texture. It is posited that the formation of cubic texture is
primarily governed by surface energy [11]. The impact of intermediate annealing on the texture
resulting from cold rolled deformation was found to be insignificant by the researchers [12]. However,
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it was observed that the cubic texture of the finished product after annealing was greatly influenced
by this process. Despite this, there have been relatively few studies conducted on how varying
heating rates after intermediate annealing can be utilized to control the annealing of aluminum foil.
In light of this, the present study proposes a novel annealing process that differs from previous
research and involves the use of varying heating rates for the finished product after intermediate
annealing of aluminum foil. The microstructure and texture of samples subjected to different
annealing states were analyzed using XRD and EBSD techniques, with a focus on the grain size and
texture content of the cube orientation in aluminum foil.

2. Experiment

The experimental material utilized in this study consisted of hot rolled high purity aluminum,
which was provided by Southwest Aluminum Industries Co., Ltd (Chongging, China). The
microstructure and chemical composition of the material were analyzed and presented in Figure 1
and Table 1, respectively.

Table 1. Chemical composition of high pure aluminum (in ppm).

Al Si Fe Cu Mn Mg Ni Zn Ti

Bal. 5-10 8-12 8-35 1-3 15-20 1-3 1-5 1

The microstructure analysis revealed a fully recrystallized grain structure with uniform
distribution, and an average grain size of approximately 185 um. The chemical analysis indicated
that the aluminum plate had a purity of 99.99% and contained only trace amounts of impurity
elements.

Equiaxed
Grain

Figure 1. Microstructure of initial aluminum sheet.

The experimental procedure involved subjecting a 7.6 mm plate to 98% cold deformation,
resulting in a thickness of 0.15 mm. The plate was then subjected to intermediate annealing at either
175°C or 190°C for a duration of 2 hours. Subsequently, the aluminum foil was cold rolled to a
thickness of 0.11mm with a deformation of 27%, followed by annealing at different heating speeds
ranging from room temperature to 500°C, and rapidly cooled to room temperature. The specific cold
deformation and heat treatment process curve is illustrated in Figure 2.
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Figure 2. Schematic of technological process and materials characterization.

Following the completion of product annealing, a sample size of 20x10x0.11 mm was obtained
from aluminum foil. The RD/TD surface was subjected to dry grinding using 1000#, 2000#, and 40004
sandpaper until the surface was free of scratches. Subsequently, the surface was treated with alcohol
and electrolytic polishing. The electrolytic polishing liquid comprised 10ml HCIOs and 90ml C2HsOH.
The test samples were connected to the anode, while the cathode was connected to a stainless steel
electrode. The polishing conditions involved a voltage of 18 v, current of 0.1~0.3 A, and polishing
time of 50 s. The sample was then immediately removed, flushed with water and alcohol, and dried.
The microstructures and macro-textures were characterized using EBSD technique (Oberkochen,
Germany), the soft of HKL/Channel 5, and X-ray Diffractometer (XRD) of Righaku D/MAX-2500PC
(Bruker, Germany).

3. Results

3.1. Evolution of macro-texture

The XR) technique was employed to examine the macrostructure of the annealed finished
product subjected to different heating rates. The results are presented in Figure 3, with the sections
of p2=45°, 65°, and 90° being selected for analysis. At alow heating rate, the aluminum foil underwent
complete recrystallization, exhibiting a typical recrystallization texture, namely the cube-texture [13-
15].
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Figure 3. ODF (92=45°, 65°, 90°) influenced by heating rates of final annealing after foils inter-
annealed (a) 175°Cx2h-5°C/min; (b) 175°Cx2h-10°C/min; (c) 190°Cx2h-5°C/min; (d) 190°Cx2h-
10°C/min.

The analysis of the selected sections revealed that the cube-texture was most prominent during
the inter-annealing process at 175°Cx2h of the finished product annealing. The S-texture was the next
most prevalent, with a small amount of Cu-texture also observed. As the heating rate increased, the
decomposition of the S-texture was delayed, leading to its transformation into the cube-texture.

3.2. Evolution of micro-texture

The present study investigates the microstructural changes in aluminum foil that has undergone
cold rolling after inter-annealing at 175°C/2h, followed by finished product annealing with varying
heating rates. The microstructures are analyzed using the EBSD technique, with thin aluminum foil
areas of 800x650 um? scanned by steps of 1.5 um. The results, as depicted in Figure 4, indicate that an
increase in heating rate leads to a gradual reduction in cube texture and a corresponding increase in
S-texture. However, the content of Goss-texture, Cu-texture, and Brass-texture remains relatively
low, with no significant effect observed due to changes in heating rate. The shorter heating rate results
in a greater heating time, which in turn leads to a shorter recrystallization time after recovery
completion. Consequently, there is insufficient time to fully consume the deformation matrix,
resulting in the retention of a significant amount of rolling texture.
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Figure 4. Effect of heating rates of final annealing after foils inter-annealed at 175°Cx2h (a) v=5°C/min;
(b) v=15°C/min;(c) v=30°C/min.

By maintaining all other parameters constant and increasing the intermediate annealing
temperature to 190°C with a 2-hour insulation period, the microstructure of the annealed finished
product was analyzed and the results are presented in Figure 5. The cube-texture gradually decreased
with an increase in heating rate, while the S-texture gradually increased. At a heating rate of
25°C/min, the sample was in a transitional state, with partial recrystallization and small grain size,
averaging about 12 um. Some parts of the sample were still in a recovery state, exhibiting a
deformation texture dominated by S-texture and Cu-texture throughout the sample space, as shown
in Figure 5c.

RD

rass Cu S-texture

Figure 5. Effect of heating rates of final annealing after foils inter-annealed at 190°Cx2h (a)v=5°C/min;
(b) v=10°C/min; (c) v=25°C/min.

The deflection of micro-texture can serve as an indicator of the mechanism behind texture
formation to a certain degree, as noted in reference [16]. This serves as a fundamental basis for the
analysis of the regularity of microstructure evolution. Figure 6 illustrates the impact of finished
product annealing, with two intermediate annealing stages at varying heating rates, on the degree of
micro-texture deflection. As depicted in Figure 6(a) and (d), when the heating rate is 5°C/min, the
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cube texture exhibits a deflection of 15° following inter-annealing at 175°C, which is greater than the
5° deflection observed after inter-annealing at 195°C. This suggests that under significant
deformation, the original recrystallization texture of the hot-rolled state is once again decomposed,
resulting in the formation of rolling texture.

Subsequently, during the annealing process, this texture transforms into recrystallization texture
[17-21]. A novel type of recrystallization texture may exhibit a certain degree of deviation from the
ideal position, which is influenced by the annealing temperature and the degree of deformation. The
cube texture, which represents the ideal position, is depicted by the horizontal line in Figure 6(a) and
(d). As the heating rate during the annealing process increases, the intensity of the texture decreases
and the deviation of the cube texture increases.

(b) {111}

(a) {111}

(¢) {111} RD Relative strength
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Max=27.29 Max=10.41 Max=11.07

Figure 6. Effect of different heating rate on orientation rotation in final annealing (a-c) 175°C inter-
annealing within 5, 15, 30°C/min; (d-f) 190°C inter-annealing within 5, 10, 25°C/min.

4. Analysis and discussion

The size of electric capacities is a crucial metric for evaluating the effectiveness of aluminum
electrolytic capacitors. This metric is primarily influenced by the specific capacitance per unit area C
of the anode foil. The expression for capacitance C, as outlined in reference [22], is a key determinant
of this value:

C =8855x10" x%

In this context, the specific capacitance C is determined by the dielectric constant ¢, electrode
surface area S, and the thickness of the Al2Os dielectric insulation layer, denoted as . Specifically, C
is directly proportional to € and S, while inversely proportional to t. Typically, ¢ falls within the range
of 7 to 10, while t ranges from 1.0 to 1.5 nm/V. Therefore, enhancing the specific capacitance of anodic
aluminum foil hinges on increasing the effective surface area S of the high voltage anode aluminum
foil, which is crucial for achieving the miniaturization and high capacitance of aluminum electrolytic
capacitors, as illustrated in Figure 7.
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Figure 7. The diagram of electrolytic capacitor.

In practical manufacturing, the surface area of aluminum foil is increased without increasing the
volume of the capacitor by utilizing etching technology to create surface irregularities. This results in
an improved effective surface area. During the corrosion process of the aluminum foil, the matrix
dissolves in a uniform and structured manner along the crystallographic direction, particularly along
the (100)<001> direction. This direction provides the best corrosion channel for the aluminum foil,
resulting in a greater increase in effective surface area. Therefore, to increase the effective surface area
S of the high voltage anode aluminum foil, it is necessary to increase the cubic texture or (100) surface
fraction[22, 23].

The study conducted in this paper has revealed that a low heating rate can result in an increased
effective surface area of aluminum foil by promoting a higher cubic texture content and uniform
spatial distribution. It has also been determined that the grain size of the cube texture must be
moderate and uniform in order to achieve the desired effect. According to the findings of Sun et al.
[2], the optimal grain size range for aluminum foil is between 60 and 200 micrometers, as determined
through experimentation. If the grain size is too small, it can lead to inter-crystalline corrosion and
surface peeling, resulting in a decrease in aluminum foil thickness and surface area, ultimately
leading to a reduction in specific capacitance. Conversely, if the grain size is too large, it can result in
a decrease in cubic texture degree and a reduction in specific capacitance.

5. Conclusion

(1) During the annealing process of aluminum foil, the recrystallization fraction and grain size
decrease gradually as the inter-annealing temperature and finished product annealing heating rate
increase. This phenomenon is attributed to the rise in heating rate, which occurs just below the critical
heating rate. This increase in heating rate reduces the time required for grain boundary migration,
thereby slowing down the recrystallization and recrystallization

(2) The heating rate during the annealing process for the final product was increased from
5°C/min to 30°C/min. This resulted in a reduction in the content of cube texture, while the content of
Cu, S, and Brass texture increased. This can be attributed to the retention of a significant amount of
deformation energy at a low intermediate annealing temperature, which provides a greater driving
force for recrystallization. As a result, the formation of cube texture in the finished product annealing
process was improved due to an increase in nucleation core. Additionally, the size of crystal grains
gradually decreased. It is evident that the subsequent inter-annealing temperature played a crucial
role in the formation of cube texture and the size of the grain.
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(3) The degree of deflection in cube texture during low additional inter-annealing is greater than
that observed during high additional inter-annealing. A deviation of 5° is observed when the heating
rate is 5°C/min. It is evident that the degree of texture deviation is influenced by both the annealing
temperature and cold deformation.
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