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ABSTRACT

The effect of azelaic acid on microstructure evolution and electrical properties of

anodic aluminum foil for electrolytic capacitor is studied quantitatively. The

azelaic acid is selected as formation solution in the multi-step anodization

process, and boric acid is applied for comparison. The field-emission scanning

electron microscopy and X-ray diffractometer technologies are used for obser-

vation of microstructure and detection of crystallinity, respectively. The elec-

trical properties are tested by LCR meter and T–V tester. The microstructure

observation shows that the ‘corn-flake’ structures are taken place by ‘cotton-ball’

ones gradually along with the preparation process, and such phenomenon is

more obvious when azelaic acid is used. The pores area of anodic aluminum foil

formed in azelaic acid is larger because of the stronger acidity. The formation

with azelaic acid induces smaller thickness of oxide film, promotes the forma-

tion of crystalline oxide, therefore, a barrier film with higher crystallinity and

larger grain size is obtained. The barrier film formed in azelaic acid shows larger

specific capacitance, lower withstand voltage and larger leakage current, which

needs the multi-step anodization for performance improvement.

1 Introduction

Aluminum electrolytic capacitors are widely used in

all types of electronic equipment [1–3]. Served as the

working medium of aluminum electrolytic capacitor,

the dielectric oxide film of anodic aluminum foil is

grown on the surface through the multi-step

anodization technology, including hydration,

anodization (which is also called formation), heat

treatment and so on. The electrochemical etching and

tunnel-widening technologies are applied for the

production of anodic aluminum foil with high sur-

face area [4–6]. The characteristics of oxide film affect

the electrical performance of electrolytic capacitor

directly. Depending on the anodization conditions,

either amorphous or crystalline oxide can be obtained
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[7]. One of the most important influence on the

microstructure is the solution used in the formation

process[8]. The crystalline form is mainly considered

to be the dense c-Al2O3 or c0-Al2O3 layer, which

contributes to the higher withstand voltage and lar-

ger specific capacitance [9]. Therefore, it is helpful to

study the effect of formation solution on

microstructure evolution and electrical properties of

anodic aluminum foil, especially the structure and

formation mechanism of oxide film, in order for the

process improvement.

Since the formation solution has an significant

influence on the microstructure and properties of

anodic aluminum foil, researchers have carried out

lots of work on it in recent years [10–13]. The most

commonly used solution is boric acid, and the multi-

step anodization process with the boric acid solution

is widely applied [14]. Takahashi et al. [15] studied

the effects of SiO4
4-, PO4

3- and citric acid on the

formation mechanism of the oxide film. The results

showed that both the oxidation of aluminum and the

formation of hydroxide films were retarded with

increasing anion concentration in silicate and phos-

phate solutions. However, in citrate solutions, the

oxidation rate increased, but the film formation rate

decreased. Ban et al. [16, 17] studied the effect of citric

acid and tartaric acid on the microstructure and

electrochemical characteristics of anodic aluminum

film. They found that the addition of citric acid and

tartaric acid effectively promoted crystalline oxide

formation and obtained a barrier film with a high

degree of crystallinity. Sepúlveda et al. [18] investi-

gated the growth behavior of anodic porous alumina

formed on aluminum by anodizing in etidronic acid,

and the influence of electrolyte temperature and

anodizing time was studied with the averaged reg-

ularity ratio evaluated from Fast Fourier Transform

intensity profile.

Generally, the solution system is divided into two

kinds: inorganic acid and organic acid. The most

typical representative of inorganic acid system is

boric acid, and the azelaic acid is considered as the

representative of organic acid system. Since the

anodization process by the inorganic acid and

organic acid has been widely applied for the manu-

facture of anodic aluminum foil, however, the

quantitative comparison has received insufficient

attention, especially from the point of microstructure

evolution. In addition, detailed knowledge of the

formation mechanism in the azelaic acid, as well as

the microstructure and electrical properties of oxide

film is still required.

In this paper, the main objective is to investigate

the effect of azelaic acid on microstructure evolution

and electrical properties of anodic aluminum foil. The

azelaic acid is used as the formation solution in the

multi-step anodization process, and boric acid is

applied for comparison. The microstructure obser-

vation and crystallinity detection are conducted by

FE-SEM and XRD methods, respectively. The pores

area and thickness of oxide film are measured based

on the FE-SEM micrograph, while the grain size is

calculated based on the XRD results. The electrical

properties, such as the specific capacitance, with-

stand voltage, arrival time and leakage current, are

also tested and discussed.

2 Experimental procedure

2.1 Sample preparation

The tunnel-etched aluminum foil with the thickness

of 115 lm and the surface area of 50 9 50 mm2 is

used as the specimen, as demonstrated in Fig. 1,

which is with high purity and cubicity texture. The

anodic aluminum foil is produced by the multi-step

anodization process, and the schematic diagram is

shown in Fig. 2. In addition, the detailed information

of preparation process are listed in Table 1 and

Table 2, respectively. The voltage used during the

‘Formation I’ stage is 330 V, while 550 V is applied in

Fig. 1 Surface morphology of etched aluminum foil
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the ‘Formation II’, ‘Formation III’, ‘Formation IV’ and

‘Formation V’ stage.

2.2 Microstructure characterization

The microstructure of aluminum foil is observed with

field-emission scanning electron microscopy (FE-

SEM, JEOL, JSM-6700F). The pores area is calculated

based on the FE-SEM images. Before FE-SEM obser-

vation, the specimens are gold-sputtered for better

observation condition, including the surface and

cross-sectional specimens. The crystallographic

structure is detected by an X-ray diffractometer (Ul-

tima IV) with copper (Cu) anode, which operates at

40 kV and 40 mA. The 2-Theta scans are ranged from

10� to 80�, which are measured under the continuous

mode with 0.02� step size and the scan speed of 10�
per minute.

2.3 Measurement of electrical properties

The specific capacitance is measured by LCR meter in

80 g/L NH4B5O8�4H2O at 30 �C and 120 Hz. A pure

aluminum sheet is used as the counter electrode. The

withstanding voltage, arrival time and leakage cur-

rent, are tested by T–V tester (Model: TV1500V-3,

Maker: Tenghao Electronic). The formed foils are

charged with a nominal constant current density of

ia = 0.2 mA cm-2 for 70 s in 70 g/L H3BO4 solution at

85 �C. As soon as the current is applied, the voltage

increases immediately, and then reaches a saturated

value gradually. The change of cell voltage with time

(V vs t) is recorded. The arrival time Tr of anodic

aluminum foil is defined as the time from power on

until the voltage rises to 90% of rated voltage for

anodic aluminum foil. The withstanding voltage of

anodic aluminum foil is defined as the achieved

voltage at 180 s after the arrival time Tr.

Under the constant-voltage condition, the current

of anodic aluminum foil decreases gradually with the

increase of time. However, the current would not

decrease to zero but reaches a relatively stable state

after dropping to a small value, and the current value

corresponding to this stable state is called the leakage

current If.

3 Results and discussion

3.1 Effect of azelaic acid on microstructure

The surface micrographs of anodic aluminum foil are

presented in Fig. 3, and the magnification of petal

structure is inserted in each figure. The hydrous

oxide film is shown in Fig. 3a, which is immersed in

deionized water at 90 �C for 10 min. It is shown that

the ‘corn-flake’ structures (which are the crystalline

hydrous oxide [AlO(OH)] [19]), are formed after

hydration, which increases the blocked probability of

tunnel pore. After the ‘Formation I’ stage (Fig. 3b and

c) in boric acid of different concentration, marked

with B-3# and A-3#, respectively, the ‘corn-flake’

structures are refined and flower-like, which pro-

motes the blockage of tunnel pore. The surface mor-

phology changes significantly after the later

formation under higher voltage, heat treatment with

high temperature and PD treatment. The ‘corn-flake’

structures are gradually taken place by ‘cotton-ball’

ones, as can be seen in Fig. 3d and f in boric acid,

Fig. 3e and g in azelaic acid, respectively. Due to the

structure transformation, the microstructure damage

of petal structure is observed during preparation

process. The structure transformation from ‘corn-

flake’ to ‘cotton-ball’ is more obvious in azelaic acid.

However, a few ‘corn-flake’ structures produced in

the ‘Hydration’ stage is still preserved in the final

sample, as shown in Fig. 3h and i.

From the inserted picture in Fig. 3, it is seen that

the length of petal structure increases along with the
Fig. 2 Preparation process
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preparation process, ranging from 60–120 to 100–140

nm. At the same time, the damage of petal structure

is observed during the preparation process. As listed

in Tables 1 and 2, azelaic acid is more acidic than

boric acid. Therefore, the azelaic acid has a high

selective solubility to the oxide film during anodiza-

tion, and introduces more micro defects, such as gaps

and voids [16, 17]. Crystal transformation will take

place during the formation process. At this time, the

volume occupied by oxide film remains unchanged

(so the thickness is almost constant). However, the

density of amorphous oxide film and c0-Al2O3 is

about 3.0 g/cm3 and 3.5 g/cm3, respectively. There-

fore, the volume shrinks during the transformation,

and many voids are produced. The void is filled with

O2, a byproduct of anode reaction, and there are

micro cracks connected with the solution outside.

When the current is cut off after formation, O2 in the

void is discharged, and the solution is inhaled,

causing hydrolysis degradation of oxide film. And

then, the formation is carried out again with a small

current, and the Al2O3 formed by the re-oxidation

can effectively repair the voids.

In addition, the defects in the oxide film can also be

effectively reduced by intermediate heat treatment

between multi-step formation. It is because the orig-

inal defects in the oxide film increase rapidly due to

the different expansion coefficient under thermal

action. After the next reformation, the crystallization

process is almost over, and the new oxide film is

formed at the crack to be filled. The defects in the

oxide film are reduced and tend to be uniform.

Therefore, the production process including multiple

formations, multiple heat treatment and multiple ‘‘PD

treatment’’, are applied for the preparation of anodic

aluminum foil in this research.

The partial dissolution of hydrated oxide film

caused by phosphoric acid is perforation-type. In

boric acid system, the last ‘PD treatment’ (B-11#) is

after the final formation step (B-10#), and before the

Table 1 The detailed process

for boric acid formation Sample no. Process Temperature (�C) Time (min) Solution

B-1# Etched foil – – –

B-2# Hydration 90 10 Deionized water

B-3# Formation I 90 15 3% boric acid (pH 4.0–4.5)

B-4# Formation II 90 30 6% boric acid (pH 5.3–5.8)

B-5# Heat treatment I 500 5 –

B-6# Formation III 90 10 6% boric acid (pH 5.3–5.8)

B-7# PD treatment I 60 10 1.5% phosphoric acid

B-8# Formation IV 90 10 6% boric acid (pH 5.3–5.8)

B-9# Heat treatment II 500 5 –

B-10# Formation V 90 10 6% boric acid (pH 5.3–5.8)

B-11# PD treatment II 40 10 0.2% phosphoric acid

B-12# Formed foil 300 5 –

Table 2 The detailed process

for azelaic acid formation Sample no. Process Temperature (�C) Time (min) Solution

A-1# Etched foil – – –

A-2# Hydration 90 10 Deionized water

A-3# Formation I 90 15 0.3% boric acid (pH 4.0–4.5)

A-4# Formation II 90 30 0.03% azelaic acid (pH 4.7–5.3)

A-5# Heat treatment I 500 5 –

A-6# Formation III 90 10 0.03% azelaic acid (pH 4.7–5.3)

A-7# PD treatment I 60 10 1.5% phosphoric acid

A-8# Formation IV 90 10 0.03% azelaic acid(pH 4.7–5.3)

A-9# PD treatment II 60 5 0.2% phosphoric acid

A-10# Heat treatment II 300 5 –

A-11# Formation V 90 10 0.03% azelaic acid (pH 4.7–5.3)

A-12# Formed foil 300 5 –
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Fig. 3 FE-SEM micrograph

of surface samples. a 2#, b B-

3#, d B-4#, f B-8#, h B-12#,

c A-3#, e A-4#, g A-8#, i A-

12#
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final drying step (B-12#), so the structural damage of

perforated petals after ‘PD treatment’ is retained in

the final sample, which can be seen in the inserted

figure of Fig. 3h. However, in the azelaic acid system,

the last ‘PD treatment’ (A-9#) is designed before the

final formation step (A-11#). Therefore, the edge and

inside of petal structure can be refined by the fol-

lowing heat treatment (A-10#) and formation (A-11#),

as shown in the inserted figure of Fig. 3i.

To quantitatively compare the blocking of oxide

film formed in a different solution to the tunnel hole,

the pores area is calculated by using ImagePro soft-

ware, which is based on the FE-SEM images. Firstly,

the FE-SEM images are binarized. Then, the feature

areas with pixel difference are filtered out and con-

sidered as the pores area (expressed in pixels). The

pores area of sample 1# is selected as the initial nor-

malized pores area, the normalized values of pores

area for the other samples are calculated by the fol-

lowing equation[20]:

Ni
0 ¼ Ni

N1

where N1 is the pores area of sample 1#, Ni is the

pores area of the objective sample, and Ni
0 is the

normalized pores area for the objective sample.

The evolution of pores area is illustrated in Fig. 4.

The pores area decreases after the stage of ‘Hydra-

tion’ (2#), ‘Formation I’ (3#), ‘Formation II’ (4#), ‘Heat

treatment I’ (5#) and ‘Formation III’ (6#). It is noted

that after ‘PD treatment I’ (7#), the pores area stops

decreasing, and starts to increase, which means the

pore blockage is relieved. During the following pro-

cess, the pores area continues to decrease until the

‘PD treatment II’ begins (B-11# and A-9#). From

Fig. 4, the pores area in Al foil formed in azelaic acid

is larger than that in boric acid. The acidity of azelaic

acid is stronger, causing higher dissolving ability of

oxide film. Therefore, the thickness of oxide film in

azelaic acid becomes smaller, and the blockage of

tunnel hole is reduced, making larger pores area.

The cross-sectional samples are displayed in Fig. 5.

The oxide film of aluminum foil shows a two-layers

structure, which is similar to other research [7]. The

region located between the two red solid lines in

Fig. 5 is defined as the inner layer, while the outer

layer is referred to the region between the middle red

solid line and the dotted yellow line. The structure of

inner layer is similar to Pseudo BÖhmite c-Al2O3-

2H2O, which can be converted into c-Al2O3 easily in

the following formation. The outer layer is fibrous,

which is hard to transform into c-Al2O3 because of its

large water content. In Fig. 5a, the thickness of inner

layer and outer layer is about 100 nm and 370 nm,

respectively, which is similar to other researches

[7, 21]. During the subsequent formation, phosphoric

acid treatment and heat treatment, as shown in the

other images of Fig. 5, barrier oxide is obtained

between the aluminum and Pseudo BÖhmite film.

The thickness of both the inner layer and outer layer

changes significantly. It is shown in Fig. 5b–g that,

the thickness of dense inner layer increases gradu-

ally, however, the thickness of fibrous outer layer

decreases. Such changes are more obvious in azelaic

acid than that in boric acid.

The evolutional curve of oxide thickness is

demonstrated in Fig. 6. Three different positions are

selected, and the average is measured and used for

comparison. The thickness of petal structure in outer

layer decreases in the whole process, which is shown

in Fig. 6a. However, the decreasing tendency is more

significant in azelaic acid than that in boric acid. After

the ‘Hydration’ stage, the initial thickness of petal

structure is about 370 nm. The final thickness of petal

structure in boric acid and azelaic acid is 130 nm and

110 nm, respectively.

In contrast, during the preparation process, the

thickness of dense inner layer increases, as shown in

Fig. 6b. It is noted that, in boric acid, the thickness of

dense inner layer increases significantly from the 100

nm (B-2#) to about 530 nm after the ‘Formation II’

stage (B-4#), and keeps increasing to 570 nm until the

end of preparation process. Similarly, in azelaic acid,

the thickness of dense inner layer increases greatlyFig. 4 Evolution of pores area
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Fig. 5 FE-SEM micrograph of cross-sectional samples. a 2#, b B-3#, d B-4#, f B-12#, c A-3#, e A-4#, g A-12#
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from 100 nm (A-2#) to about 520 nm after the ‘For-

mation II’ stage (A-4#), and keeps increasing to the

final 560 nm.

As shown in Fig. 6c, the total thickness of oxide

film in azelaic acid is always smaller than that in

boric acid, reflecting the effect of formation solution

on the microstructure. The final value of total thick-

ness is 700 nm and 670 nm, respectively. The ion-

ization constants of boric acid and azelaic acid is

5.8 9 10-10 and 2.82 9 10-5, respectively, which

shows that the acidity of azelaic acid is stronger than

boric acid. The solution with stronger acidity will

dissolve more oxide film in the anodization process,

which induces thinner thickness of oxide film.

The fibrous outer layer of oxide film and the

residual undehydrated hydrated oxide film are

unfavorable, which are easy to block the micro tunnel

holes, causes the specific capacitance damaged. The

dense c-Al2O3 or c0-Al2O3 film is the main working

medium, which significantly affects the withstand

voltage and specific capacitance [1]. The thickness

proportion of dense layer is calculated and demon-

strated in Fig. 6d. It is obvious that the proportion of

dense layer is larger in azelaic acid than that in boric

acid, which means that the azelaic acid can promote

crystal transformation in the dense layer. The thick-

ness of oxide film is proportional to the voltage

during anodization process [22]. According to the

definition of withstand voltage thickness per volt

D = d/Vf, where d is the thickness of dense inner

layer, and Vf is the formation voltage (Vf = 550V in

this situation). Therefore, the withstand thickness per

volt of the films formed in boric acid and azelaic acid

is calculated as 1.036 nm/V and 1.018 nm/V,

respectively. The withstand voltage thickness per volt

of the amorphous oxide film and c0-Al2O3 is about 1.3

Fig. 6 Thickness evolution of oxide layer. a The thickness of petal structure, b the thickness of dense layer, c total thickness, d the

proportion of dense layer
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nm/V and 0.9 nm/V, respectively, however, that of

the crystalline composite oxide film is between them.

The smaller the withstand voltage thickness is, the

higher the specific capacitance is. It can be concluded

that the specific capacitance of anodic aluminum foil

formed in azelaic acid will be larger.

3.2 Effect of azelaic acid on crystallinity

Figure 7 shows the XRD curves of aluminum foil

during preparation process. The strongest peak cor-

responds to Al (200), and other distinct peaks corre-

spond to crystalline oxide in barrier films, marked by

c0-Al2O3 (400) and c0-Al2O3 (440). Due to the similar

diffraction angle, the Al (200) peak and c0-Al2O3 (400)

peak seem coincided, which can be observed in

Fig. 7a-1 and b-1. However, the coincidence degree of

the two diffraction peaks is different. The coincidence

degree in boric acid is higher than that in azelaic acid.

Moreover, the intensity of diffraction peak c0-Al2O3

(440) increases gradually, as shown in Fig. 7a-2 and

b-2, which means that the grain size is changing

during preparation process. For boric acid, only the

intensity of c0-Al2O3 (440) diffraction peak changes

with preparation process. As for azelaic acid, both the

intensity and diffraction angle of c0-Al2O3 (440)

diffraction peak change during preparation process.

The grain size is calculated for quantitative char-

acterization of crystallinity evolution. The calculation

of grain size is based on the width of c0-Al2O3 (440)

peak and Scherrer formula. The calculated grain size

of c0-Al2O3 is demonstrated in Fig. 8, showing a

decreasing tendency. The grain size is about 25 nm

after the ‘Hydration’ stage. For boric acid, the grain

size reduces sharply to below 15 nm once the for-

mation begins. Such decrease keeps until the end,

and 10 nm is obtained finally. However, for azelaic

acid, the grain size decreases greatly to about 13 nm

when the formation begins, and keeps such value

during the following process.

The final larger grain obtained by azelaic acid

means crystallinity improvement of oxide film. The

stronger the acidity of formation solution, the higher

the selective solubility of oxide film during anodiza-

tion process. The oxide film with high crystallinity

has stronger corrosion resistance than that with low

crystallinity, therefore, the oxide with low crys-

tallinity preferentially dissolves and loses the ability

of voltage resistance [16]. As a result, the formation

speed of oxide film decreases, and it will take a long

formation time to withstand 550V during formation.

The long time under high electric field helps to

improve the overall crystallinity of oxide film. The

transformation process of Al ? c’-Al2O3 in the inner

layer and that of AlOOH�H2O ? c’-Al2O3 in the

outer layer are intensified, which induces high crys-

tallinity of oxide film and increase of grain size.

Fig. 7 XRD curves of aluminum foil. a Boric acid, b azelaic acid
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3.3 Effect of azelaic acid on electrical
properties

In different formation solutions, the oxide film with

different structure can be produced, such as amor-

phous and crystalline. The surface of oxide film will

be mixed with considerable amounts of anions in the

formation solution, resulting in different chemical

stability of anodic aluminum foil formed in different

formation solutions. The electrical properties of ano-

dic aluminum foil are measured and listed in Table 3.

The specific capacitance of films produced by boric

acid (B-12#) is lower than that in azelaic acid (A-12#).

According to the electrostatic capacity formula of

parallel plate capacitor, C = e0es/d, where e0 is vac-

uum dielectric constant (e0 = 8. 85 9 10-12 F/m), e is
the relative dielectric constant, s is the surface area,

d is the thickness of oxide film. Since the acidity of

azelaic acid is stronger, the crystallinity of anodic

oxide film is improved, and the relative dielectric

constant e is increased greatly. In addition, the

thickness of oxide film formed in azelaic acid is

smaller, making the blockage of tunnel hole reduced,

thus increasing the surface area of aluminum foil. The

above factors are contributed to the larger specific

capacitance of films produced by azelaic acid.

As shown in Table 3, the arrival time Tr of alu-

minum foil is the same, however, the withstand

voltage Vt in boric acid is higher, and the related

rising speed to Vt is higher. Vt and rising speed are

indirect reflections of micro defects in the oxide film.

One part of the current is used to repair inherent

defects in the oxide film, and the other part is used to

improve the formation of new oxide film and the

withstand voltage. The higher the defect density in

the oxide film, the slower the rising speed and the

lower Vt. The azelaic acid induces high crystallinity,

at the same time, it also causes the phase transfor-

mation shrinkage and increases the internal stress,

which produces the gap defects on the interface of

aluminum oxide film. The defects will affect the

service life and stability of electrolytic capacitor,

which requires multi-step repair of oxide film

[16, 17].

Although the anodized film is an insulator with

high electric field strength, it is not a perfect ultra-

thin film, and there are various tiny defects, cavities

and gaps on the surface. The leakage current If is

composed of impurity ions and electron current

passing through these defects. Since the formation

condition of oxide film is closely related to defects,

the formation solution does have a great influence on

leakage current If. More defects are induced in aze-

laic acid, therefore, larger If is expected, as listed in

Table 3.

4 Conclusions

The effect of azelaic acid on the microstructure evo-

lution and electrical properties of anodic aluminum

foil is investigated quantitatively. The formation with

boric acid is conducted for comparison with the effect

of azelaic acid. The ‘corn-flake’ structure, which is

crystalline hydrous oxide [AlO(OH)], is gradually

taken place by ‘cotton-ball’ structure along with the

preparation process, and such phenomenon is more

obvious when azelaic acid is used. The azelaic acid

with stronger acidity will dissolve more oxide film

during anodization process, which induces larger

pores area and smaller thickness of oxide film. In

addition, the azelaic acid helps to promote the

Fig. 8 Evolution of c0-Al2O3 grain size

Table 3 Electrical properties

of anodic aluminum foil Sample No. Specific capacitance (lF cm-2) Vt (V) Tr (s) If (lA)

B-12# 0.728 561 140 60

A-12# 0.754 546 140 93
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formation of crystalline oxide, obtain barrier film

with higher crystallinity and larger grain size. The

barrier film formed in azelaic acid is rich in defects at

its outer layer from the transformation of Pseudo

BÖhmite to c’-Al2O3. The barrier film formed in

azelaic acid shows larger specific capacitance, lower

withstand voltage and larger leakage current.

Therefore, it is necessary to repair the defects with

multi-step anodization to improve overall perfor-

mance of anodic aluminum foil.
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