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Abstract: In order to explore the microstructure, texture, individual performance, and grain size
characteristic evolution law during the process of multipass cold rolling, graded annealing process,
the experimental design, research approach, and methodology were investigated using the equipment
of optical microscope (OM), X-ray diffraction (XRD), electron backscattered diffraction (EBSD), and
transmission electron microscope (TEM). The results show that a low interannealing temperature
could strengthen the cubic texture after finished product annealing, and a high volume fraction of
cubic texture components was subsequently obtained. In view of the nucleation advantage of cubic
texture, the Cube-{001}<100> texture formation after annealing was promoted by the cold-rolled
texture of Cu-{112}<111> and S-{123}<634>, which mainly depended on the decomposition of Cu
and S textures, finally, they were consumed and transformed from Cu and S textures into a cubic
texture. In addition, the dislocation configuration and corrosion pit density were clearly visible and
distinctive in the observation space of aluminum foil.

Keywords: microstructure and texture; aluminum plate; cold rolling; annealing

1. Introduction

Conventionally, the microstructure and texture of aluminum and its alloys are closely
related to mechanical properties and macro performance during cold rolling, heat treatment,
and other processing procedures [1]. The heat-treatable type high-purity aluminum foil
has been mainly used in two aspects, namely the packaging industry and high-voltage
electrolytic capacitors [2,3]. One of the most important properties of aluminum as a
packaging material is its inertness compared to most metals [3]. As noted earlier, when
exposed to air, aluminum forms a transparent oxide layer, which prevents further oxidation.
In the manufacturing industry, one of the biggest uses of high-purity aluminum is in
the production of aluminum electrolytic capacitors. This kind of aluminum electrolytic
capacitor has the advantages of large capacitance, high working voltage, and low price [4-6];
especially in recent years, the performance of aluminum foil has been improved to a certain
extent, and the application has been gradually expanded in many areas.

Aluminum is the most abundant metal found in the Earth’s crust (approximately
8%) and is the third most abundant element found on Earth, after oxygen and silicon.
Due to its reactive behavior [5], aluminum is never found as a pure metal in nature but
combined with hundreds of minerals. In the production of electrolytic capacitor aluminum
foil, the specific capacitance value is one of the most important parameters to evaluate its
quality and performance [7,8]. On the premise of the same corrosion conditions and other
technological parameters in aluminum foil, the specific capacitance value will depend on
the microstructure state of the original aluminum foil. Therefore, the cubic texture content
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and dislocation outcrop density fundamentally determine the specific capacitance in the
original foil [9]. In other words, the cubic texture content and dislocation outcrop density in
finished foil for high-voltage anode electrolytic capacitor act as the evaluation parameters:
the microstructure and the cubic texture should reach a high level, which is the key factor to
produce a high-quality product of aluminum foil, and it is used in the field of high-voltage
aluminum electrolytic capacitors [10,11].

To obtain a high-quality capacitor aluminum foil, researchers [12-14] have completed
a series of studies on the microstructure, texture, and grain size evolution of aluminum
foil during the process of cold rolling, interannealing, and finished product annealing.
For example, the effects of cold-rolled deformation degree and passes [15,16], the volume
fraction of texture, interannealing [17], finished product annealing [18], and the impu-
rity elements [19,20] on microstructure, grain boundary character, and recrystallization
behavior, which was discussed within a lot of research works [15-23]. Although these
researchers have completed a lot of research, for the actual production of enterprises, the
production efficiency is not high, the resulting cubic texture content is not uniform, and
this conventional treatment does not save lead times; it is difficult to ensure the preparation
of a high-quality capacitor aluminum foil [12-18].

In this paper, the different experimental program procedures were designed according
to the actual production situation of enterprises and theoretical research; a novel experi-
mental model was developed to obtain the cubic texture efficiently. Therefore, the effects of
different preparation technology (including primary cold-rolled deformation degree and
passes, primary interannealing, secondary cold-rolled deformation, secondary interanneal-
ing, finished product annealing, and final annealing) on the microstructure, dislocation
configuration, micro-zone grain orientation, and cubic texture content in aluminum foil
were investigated; finally, the nucleation mechanism, recrystallization behavior and texture
evolution of cube orientated grains were deeply discussed.

2. Materials and Methods
2.1. Material

The chemical composition of as-received aluminum plate (high-purity aluminium
plate, with a purity of 99.99%, marked as LG5) is mainly composed of 99.995% aluminum
(Al), 0.001% iron (Fe), 0.0012% copper (Cu), 0.0016% magnesium (Mg), 0.0007% silicon (Si),
0.0002% manganese (Mn), 0.0001% nickel (Ni), 0.0003% zinc (Zn), and 0.0001% titanium
(Ti). Table 1 shows the complete chemical composition of the aluminum plate.

Table 1. Chemical composition of aluminum plates (mass content in ppm).

Chemical Elements Al Fe Cu Mg Si Mn Ni Zn Ti
Mass content Bal. 10 12 16 7 2 1 3 1

In this composition, the aluminum plates were the three-layered liquid electrolysis,
hot-rolled, high-purity aluminum plates, which were provided by Southwest Aluminum
(Group) Co., Ltd. (Chongqing, China), and the component was detected using a PDA-6000
photoelectric spectrometer (Shimadzu, Izumo, Japan). The high purity only contains trace
impurity elements, and these impurity elements all existed in the aluminum matrix in the
form of a solid solution, so the influence of impurity, second phase on recrystallization, and
grain growth could be ignored.

2.2. Experimental Program

Cold rolling and heat treatment were carried out through a multipass rolling mill
and resistance furnace in material preparation laboratory. Figure 1 shows the schematic
diagram of cold rolling, heat treatment, and sample observation in aluminum plate with
the six routes; the details of material production and further processing are mentioned in
the next section.
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The initial materials of hot-rolled, high-purity aluminum plates were prepared by
three-layered liquid electrolysis, which were obtained by the following processes: (1) the
7.6 mm thick aluminum plate was cold-rolled to 0.15 mm thickness with a 98% deformation
degree; (2) then, the 0.15 mm sheet was annealed at 175~240 °C for 2 h (interannealing
for first time); (3) the treated samples immediately were deformed to 0.11 mm thickness
of aluminum foil by cold rolling for second time; (4) then, the samples were annealed at
180, 200, 240 °C for 3 h, respectively (interannealing for second time); (5) the samples were
annealed at 500 °C for 1 h followed by rapid water cooling; (6) finally, the finished product
of aluminum foil was observed using the methods of OM, XRD, EBSD, and TEM.
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Figure 1. The schematic diagram of cold rolling, heat treatment, and sample observation in aluminum
plate with the routes (1) cold rolling to 0.15 mm (CR-98%); (2) interannealing at 175~240 °C for 2 h;
(3) cold rolling to 0.11 mm (CR-27%); (4) interannealing at 180~240 °C for 3 h; (5) final annealing at
500 °C for 1 h followed by water cooling; (6) sample observation by OM, XRD, and EBSD.

The initial aluminum plates were subjected multi-pass cold rolling deformation,
such as 27% and 98% (as shown in Figure 1); then, the samples were first cut into
10 mm x 5 mm x 0.11 mm; the cross-sectional surfaces of RD/ND or RD/TD were me-
chanical polished and observed by optical microscope (OM), X-ray diffraction (XRD), and
electron backscattered diffraction (EBSD).

The texture components were examined by X-ray diffraction (XRD, Shimadzu, Shi-
mane, Japan) using Cu-K« radiation (A = 1.5406 A) operated at 35 kV and 40 mA on planes
parallel to the aluminum rolling surface. The microstructures of the as-received aluminum
plate and its foil were characterized by backscattered electron (BSE) imaging and electron
backscattered diffraction (EBSD) with a Zeiss (Oberkochen, Germany) Supra 55 scanning
electron microscope (SEM). Specimens of detected areas were 300 um x 500 um, and the
step size was set as 0.5 um, the EBSD mapping was prepared by mechanical polishing
down to colloidal Al,O3, and samples for BSE observation were slightly etched by Keller
reagent (consisting of 2 mL HF, 3 mL HCl, 5 mL HNOj3, and 190 mL H;O) after mechanical
polishing.

3. Results and Discussion
3.1. Mechanical Properties

Figure 2 shows the mechanics performance testing with different samples states, which
exhibited the stress—strain analysis and Vickers hardness measurement values. It can be
seen that the as-received aluminum plate has a higher hardness than the other annealed
samples after cold rolling; the work-hardening and annealing-softening mechanisms [10,11]
were found by previous researchers in the material science field and similar studies. The
stress—strain curve indicated that the strength decreased with the increasing of annealing
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temperature, which suggested that the as-received aluminum plate without heat treatment
had higher strength than the samples after annealing at 175 °C and 190 °C for 2 h.

Tensile tests were carried out by the electronic universal material testing machine
(Shimadzu, Shimane, Japan); the prepared flat shape specimens were uniformly cut for
testing standard shape at constant strain rates of 0.05 s~!, which is mainly to obtain the
variation trend of stress—strain curves for different samples.

The maximum hardness of 38 HV of the as-received aluminum plate was observed to
correspond to a microhardness increase of 33 HV and 26 HV for the samples annealed at
175 °C and 190 °C for 2 h, respectively (as shown in Figure 2b). Combined with Figure 2,
through analysis and calculation, we know that the yield stress (YS) and ultimate tensile
strength (UTS) were 88 MPa and 132 MPa, respectively.
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Figure 2. Mechanics performance testing of different sample states (a) stress—strain; (b) hardness.

3.2. Texture Characteristics

The macroscopic texture of the RD/TD surface was measured by the method of XRD,
which is called the orientation distribution function (ODF), as shown in Figure 3. The
interface @2 = 30~90° was selected for analysis in research samples, as shown in Figure 3a;
there were mainly rotating cubic textures of R-{001}<110>. When the sample was cold-
rolled to 0.11 mm, and the annealing was carried out at 500 °C for 1 h, the {001}<110>
texture gradually was weakened and disappeared, while the {001}<100> cube texture
component gradually increased (as shown in Figure 3c). This partly reflects that {001}<100>
texture is formed from {001}<110> and disappeared or was even transformed to another
texture annexation.

The texture transformation is actually quite complicated; texture transformation and
evolution law have been analyzed in Refs. [21-26]; in some fields, the researchers concluded
that the transformation from one or some texture to another texture is often accompanied
by the decomposition of the initial texture or is even swallowed up, which results in the
enhancement of other textures. For example, the grain orientation in cold-rolled aluminum
sheet will change from a cube orientation, which was through the {110}<001> texture
turning around the {110}<112> texture; the change of texture orientation is helpful to
explore the mechanism of plastic deformation during cold rolling and annealing.

The texture strength of interannealing at 180 °C for 3 h was obviously higher than
that of interannealing at 200 °C for 3 h; the maximum value of the former was 366, and the
maximum value of the latter was 315. It can be seen that high-temperature interannealing
has a certain weakening effect on the texture strength [24], which is caused by the annealing
softening after the complete recrystallization in aluminum foil.
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Figure 3. Orientation distribution function with different annealing processes of (a) cold rolling to
0.15 mm and interannealing at 200 °C for 3 h; (b) cold rolling to 0.15 mm and interannealing at 180 °C
for 3 h, then final annealing at 500 °C for 1 h; (c) cold rolling to 0.15 mm and interannealing at 200 °C
for 3 h, then final annealing at 500 °C for 1 h.

After the first cold-rolling process, the rolling texture was formed, but the preferred
orientation was not obvious, which caused the texture to change after annealing at 500 °C.
When the sample was cold-rolled to 0.15 mm thickness again, the Cu and Brass textures
were obtained, which was due to texture inheritance and the memory effect [27,28]. After
annealing at 200 °C for 3 h, the S texture component in aluminum foil was similar to the
{124}<211> texture; this {124}<211> texture was subsequently strengthened, while the brass
texture was gradually weakened to the point of decomposition and transformation into
a cubic texture. When annealing at 500 °C for 1 h, aluminum foil was mainly {001}<100>
(cubic texture); the cubic component was dominant in aluminum foil, and the maximum
strength was 189, which is consistent with the micro-area texture, as shown in Figure 4b.
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Figure 4. Orientation distribution function with different annealing processes of (a) cold rolling to
0.15 mm and interannealing at 200 °C for 3 h; (b) cold rolling to 0.15 mm and interannealing at 240 °C
for 3 h; () cold rolling to 0.15 mm and interannealing at 200 °C for 3 h, then cold rolling to 0.11 m and
final annealing at 500 °C for 1 h.
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3.3. Microstructure and Misorientation Angle Distribution

In order to further study the change of microstructure and misorientation angle
distribution after final annealing, the samples were subjected to different interannealing
and a second cold-rolling process. The 0.11 mm thick aluminum foil was annealed at
500 °C for 1 h; then, the texture reconstruction of the EBSD map and the corresponding
misorientation angle distribution were analyzed, as shown in Figure 5.

It can be seen from Figure 5a, in red color, that the cubic-orientation grain occupied
almost the entire organizational space, and the corresponding misorientation angle was
mainly a low angle, which accounts for 87.4%. Because the cubic grains with the same
orientation were in contact with each other, the misorientation angle between adjacent
grains must be a low-angle grain boundary (LAGB) [17]. In accordance with the calculated
average misorientation angle of 9.8°, there were a few Goss and S textures besides cubic
textures. In Figure 5b, the proportion of low-angle misorientation was 87.7% and the
average misorientation angle was 11.5°, which is not much different from the result in
Figure 5a.

The high interannealing temperature did not increase the proportion of high-angle
grain boundaries (HAGB); while the cubic texture content did not increase substantially,
the average grain size is ~120 pum, the cubic texture was dominant in aluminum foil, and it
included a small amount of brass and S texture [12,15]. It can be found that interannealing
greatly increased the content of cubic texture after annealing because interannealing helps
to increase the nucleation core of cubic texture, and the content of cubic texture increased
after the finished product’s annealing.
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Figure 5. The orientation image and corresponding misorientation angle distribution of (a) interan-
nealing at 180 °C for 3 h and final annealing at 500 °C for 1 h; (b) interannealing at 200 °C for 3 h and
final annealing at 500 °C for 1 h; (c,d) misorientation angle distribution corresponding to (a,b).
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The microstructure of aluminum foil after different interannealing and finished prod-
ucts annealing was analyzed. Figure 6 shows the microtextured image of aluminum foil
in different annealing processes. There was a significant difference in the microtexture
between the samples annealed at 200 °C for 3 h (Figure 6a) and 240 °C for 3 h (Figure 6b),
due to the high interannealing temperature, which promoted the content increase of Cu
texture and brass texture, while the S texture decreased. The cubic texture was dominant
after annealing at 500 °C for 1 h (as shown in Figure 6c¢,d).

' i

Cube G Bs Cu S-texture

Figure 6. Orientation image with different annealing processes of (a) interannealing at 200 °C for 3 h;
(b) interannealing at 240 °C for 3 h; (c) interannealing at 200 °C for 3 h and final annealing at 500 °C
for 1 h; (d) interannealing at 240 °C for 3 h and final annealing at 500 °C for 1 h.

3.4. Dislocation Analysis

In the cold-rolled deformation and annealing process of metal materials, the charac-
terization of dislocation configuration is the key to studying the release of deformation
stored energy and the formation of substructures during the recovery process. The line
defect of metal materials after large cold-rolled deformation was mainly dislocation plug
and entanglement [21]; after annealing, the dislocation entanglement was relieved, and the
dislocation density decreased, which is due to the effect of the recovery process. Dislocation
rearrangement promoted the formation of cellular structures, and then the dislocations
were rearranged; the intracellular dislocations were gradually annihilated as the recovery
process went on; however, there was still a fault in the cell wall, which promoted the
subgrain formation [24].

Figure 7a—d shows the TEM micrographs of RD/TD surfaces in different regions of
aluminum foil annealed at 200 °C for 3 h. It can be seen from Figure 7 that the dislocation
arrangement near the grain boundary was regular, which included a high dislocation
density, clear interface, and uniform stripe distribution (position indicated by the white
arrow). The microstructure analysis is consistent with Figure 6a in the previous observation,
and the dislocation in the grain basically disappeared. This shows that the grain boundary
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at this time was mainly a low-angle grain boundary, and it is also in the stage of subgrain
formation, as shown in Figure 7h.

A

dislocation tangles

cell formation cells annihilation subgrain formation subgrain growth

Figure 7. TEM micrographs observed from RD/TD plane. (a,b) Cold rolling to 0.15 mm and
interannealing at 200 °C for 3 h; (¢,d) cold rolling to 0.15 mm and interannealing at 240 °C for 3 h;
(e—i) an idealized dislocation evolution stages.

It can be seen from Figure 7c,d that the dislocation density at the grain boundary
(position indicated by the black arrow) was significantly lower than in Figure 7a,b; the
intragrain dislocation was annihilated, while the grain boundary was clearer. According to
the display of microstructure in Figure 6b, it can be seen that the annealing temperature
increased to 240 °C and the sample recovery degree was more sufficient; therefore, the
dislocation disappeared, subgrains formed, and growth was promoted. At the same time,
Figure 7i indicated that the sample should be in the stage of subgrain growth.

Messerschmidt et al. [29] argued that dislocations occurring and moving in the form of
crystal defects during plastic deformation, and some related activities of dislocations were
analyzed. In their situ strain experiment, dislocation migration was caused by load and
other pressure, which resulted in grain torsion and breakage; in essence, the microscopic
deformation mechanism and recrystallization behaviors were mainly accompanied by
dislocation evolution and migration. In this paper, the high-purity aluminum foil was
cold-rolled to 0.15 mm thickness and annealed at 200 °C and 240 °C for 3 h; then, it released
the deformation storage energy, and there was a change of dislocation structure. As the
annealing process proceeded with time, the dislocation tangles were released; then, the
dislocation density decreased, and the subgrains’ formation and growth were promoted by
driving force from deformation storage energy. In short, the release of deformation energy
storage and the change of dislocation were caused by the static recovery of aluminum foil
during annealing.

3.5. Recrystallization Behaviors

The grain size, misorientation angle, and volume fraction of the recrystallization pro-
cess are helpful to analyze the evolutionary history of microstructure and texture, which
is actually responsible for the formation of the recrystallization texture and cold-rolling
texture. As we know, the high cold rolling deformation degree can promote recrystalliza-
tion [21,26] and shorten the recrystallization time.

In fact, recrystallization annealing is the key procedure in the production of aluminum
foil. The temperature, annealing time, heating atmosphere, and heating speed strongly
affect the microstructure of the foil, e.g., the cube texture percentage, surface quality, and
grain sizes, which play an important role in improving the practical surface area after
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corrosion and oxygenation. For application in high-voltage capacitors, a higher percentage
of cube texture and a suitable grain sizes distribution are desirable.

The quantitative data were collected and shown in Figure 8, which lists the mean
values of texture volume fraction in five routes; the sample was subjected to steps 1 to
5, where S1~55 represents the five steps corresponding to Figure 1, which suggested
recrystallization behaviors during the cold rolling and annealing processes. It was found
that there was a random texture in the as-received sample. Finally, the cubic texture of
{001}<100> is the dominant texture.

70

Hl |
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texture

1]
GS R-

N W B W
oS o o O
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—_—
-

O
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Figure 8. Volume fraction of textures during different processing steps.

3.6. Corrosion Pit Observation

In the annealing process, two kinds of annealing methods were designed in the
experiment, slow annealing (SA) and fast annealing (FA), as mentioned in previous research
work [30]. The details of SA are that the samples were heated from room temperature to
the target temperature with a low heating rate (approximately 180 °C/h) and kept for 1 h;
in FA, the samples were kept at the target temperature for 30 s, 1 h, 2 h, etc.

To further quantitatively characterize the changing trend of dislocation density, the
low-power metallographic method was used to measure the corrosion pit density of
finished aluminum foil after interannealing; thus, the variation of dislocation density can
be indirectly reflected, as shown in Figure 9, which shows that the fast annealing of finished
aluminum foil was interannealing at 200 °C for 3 h (Figure 9a), while the slow annealing
of finished aluminum foil was interannealing at 200 °C for 3 h (Figure 9b); the common
texture types (including brass, goss, copper, S, R, and cube texture) in aluminum alloys
is shown in Figure 9c¢, and three typical etched images were (100), (110), and (mnp) in
aluminum alloys (Figure 9d); therefore, dislocation densities were clearly observed and
contrasted with each other.

The dislocation densities were clearly observed and contrasted with each other, which
is mentioned and described in the local dislocation changes the two selected samples in
the paper, and at the same time, the macroscopic corrosion pit was used to display the
corrosion shape of the sample surface, such as square, rectangle, triangle, etc. Therefore,
(mnp) means a triangular etched shape, combined with Figure 9, including the brass texture
and Cu texture, which can refer to the orientation of various textures in cold-rolling and
annealing processes.

The corrosion pits with different shapes essentially reflected the different texture types
and dislocation densities. After rapid annealing, the corrosion pits existed in squares (cube
texture, red arrow) and squares at an angle in a rolling direction (R texture, blue arrow). Ad-
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ditionally, the corrosion pits’ state density was calculated from 101.2 x 100/cm? in Figure 9a;
the distribution of corrosion pits was not uniform, which implied that the distribution of
dislocations was also uneven. While the corrosion pits density was 60.5 x 100/cm? after
slow annealing, as shown in Figure 9b, the distribution of corrosion pits was relatively
uniform, the dislocation density was relatively moderate, and it was dominated by square
corrosion pits. Thus, the distribution of dislocation density is reflected after fast and slow
annealing in aluminum foil.

@ LS ] oom
(010) V
D

RD(100) = Brags-{011}<211>  S-{123}<634>  Cu-{112}<111>

- |,

(d) 7 T

VAN

(100) (110)  (mnp)ll Cube-{001}<100> Goss-{011}<100>  R-{001}<110>

5

g

Figure 9. Corrosion pit density is measured by the low-magnitude metallographic method of (a) fast
annealing of finished aluminum foil after interannealing at 200 °C for 3 h; (b) slow annealing of
finished aluminum foil under interannealing at 200 °C for 3 h; (c) common texture types of aluminum
alloys; (d) three typical etched images in aluminum alloys.

In conclusion, the dislocations of aluminum foil after interannealing and slow anneal-
ing were evenly distributed in their space; the density was moderate and obvious and
observed by electron microscope, which can provide a theoretical basis for the analysis
and discussion in the dislocation development of aluminum foil during cold-rolling and
annealing processes.

4. Conclusions

1. The cubic orientation texture can be enhanced by a low interannealing temperature
after finished products” annealing. Finally, it obtained a high volume fraction of cubic
texture content.

2. In the annealing process of aluminum foil, the cubic orientation texture nucleates first
by the advantage of interannealing, and then it grows into a true cubic grain quickly,
while the non-cubic orientation texture was difficult to nucleate.

3. The formation of Cube-{001}<100> texture after annealing was promoted by the cold-
rolled texture of Cu-{112}<111> and S-{123}<634> texture, which mainly depended on
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the decomposition of Cu and S textures, and their gradual transformation from being
swallowed into the cubic texture.
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