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Abstract: The microstructure and corrosion resistance of different boric/sulfuric acid anodic (BSAA) films on 7050 aluminum alloy
were studied by atomic force microscopy (AFM), electrochemical impedance spectroscopy (EIS) and scanning Kelvin probe (SKP).
The results show that boric acid does not change the structure of barrier layer of anodic film, but will significantly affect the structure
of porous layer, consequently affect the corrosion resistance of anodic film. As the content of boric acid in electrolyte increases from
0 to 8 g/L, the resistance of porous layer (R;) of BSAA film increases, the capacitance of porous layer (CPE,) decreases, the surface
potential moves positively, the pore size lessens, and the corrosion resistance improves. However, the R,, CPE,, and surface potential
will change towards opposite direction when the content of boric acid is over 8 g/L.
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1 Introduction

As an environment-friendly anodizing technique,
boric/sulfuric acid anodic (BSAA) film provides a
excellent corrosion resistance and does not decrease
fatigue life of aluminum alloy [1], so it has broad
application prospects in aviation industry. Since WONG
and MOJI [2] proposed BSAA technique, many scholars
[3—6] have carried out extensive investigations. However,
the role of boric acid in this anodizing system is still
disputed in recent years. THOMPSON et al [3] found
that boric acid has a negligible influence in boric/sulfuric
acid anodic (BSAA) system. Whereas, some scholars
thought that boric acid can balance acid-base and
improve the film appearance.

In the present study, the influence of boric acid on
microstructure and corrosion resistance of BSAA film on
7050 aluminum alloy was studied by electrochemical
impedance spectroscopy (EIS), atomic force microscopy
(AFM). In addition, scanning Kelvin probe (SKP)
technique is extremely sensitive to the small changes of
material surface state, so, many scholars studied the
corrosion state and behavior of materials by SKP [7—10].
But it has not been reported to study the surface
morphology of anodic aluminum by SKP. Because the

distinction of thickness, structure and others among
different anodic films, the work function for electronic
effusion is different. So, the surface morphology of
anodic film can be characterized through measuring the
surface potential by SKP. On the basis of these
researches, the role of boric acid in BSAA system was
analyzed comprehensively.

2 Experimental

The material used in this experiment was 7050 Al
alloy. The main composition (mass fraction) was
6.65%Zn, 2.29%Cu, 2.12%Mg, 0.27%Cr, 0.12%Si,
balanced with Al. The samples for electrochemical test
were 10 mmx10 mmx1.5 mm; the others were 50
mmx25 mmx1.5 mm.

Prior to anodizing, the following pretreatments were
conducted: degreasing in acetone; alkaline etching in a
solution containing 60 g/ NaOH and 5 g/L Na,S at 60
°C for 2-3 min; desmutting in 30%—50% (volume
fraction) HNO; at room temperature for 1 min, and
finally rinsing thoroughly in deionized water. The
anodizing was processed in different boric/sulfuric acid
electrolyte systems (By: 50 g/l H,SO4; Bs: Byt+5 g/L
H;BOs; Bg: Bg+8 g/L H3;BO;; Bys: Bo+15 g/ H;BOs; Byy:
B¢+20 g/L H3BO3) at 24-26 °C. The anodizing voltage
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was 15 V, and the anodizing time was 25 min.

The EIS of unsealed anodic specimens was
measured using CHI660C potentiostat in a neutral 3.5%
NaCl solution at room temperature. A saturated calomel
electrode (SCE) was used as the reference electrode, and
the counter electrode was a platinum sheet. The anodic
specimens were coated with epoxy resin, leaving an area
of 1 cm® exposed for electrochemical testing. Prior to
testing, the specimens were immersed in NaCl solution
for about 1 h in order to stabilize the open circuit
potential. The testing was applied to an AC potential of
10 mV varied about the open circuit potential, over the
frequency range from 100 kHz to 0.01 Hz. The
equivalent circuits were fitted using the Zsimpwin
software after testing to obtain the resistance and
capacitance of the anodic film.

The surface morphology, the pore distribution and
structure of anodic film were observed by AJ-Illa AFM.
The scanning area was 20 pumx20 pm. The surface
potential of anodic film was measured by SKP system of
UK at room temperature in air. The scanning step was
250 um, the scanning area was 2 mmx2 mm, and the
probe vibration amplitude was 50 pm.

3 Results and discussion

3.1 Impedance spectra of anodic films

The impedance spectra for different anodic films are
shown in Fig. 1. The impedance spectra for sulfuric acid
anodic (SAA) film only showed one time constant when
it was immersed in NaCl solution. For the SAA film, the
pore was large, the corrosive Cl easily passed through
the porous layer, and therefore only the information of
barrier layer was detected in the impedance spectra.
However, the impedance spectra for all BSAA films
were similar, and two time constants clearly appeared.
For the BSAA films, the pores were smaller, the Cl”
needed to overcome greater obstruction to penetrate the
porous layer, so the information of barrier layer and
porous layer could be measured in impedance spectra.
Some authors [11,12] also thought that the unsealed
anodic film produced easily the self-sealing effect when
immersed in NaCl solution, if the pore size was smaller.

Compared with the impedance spectroscopy of
different BSAA films, it was found that the
medium-high-frequency impedance of anodic film
changed significantly, but the low-frequency impedance
was almost unchangeable with the increase of the boric
acid. According to Ref.[13], the medium-high- frequency
part of the impedance — frequency diagram mainly
reflected the performance of the porous layer, the low
frequency part mainly showed the information of barrier
layer; and for the porous anodic film, the ability against
water and corrosive media was strong, the corrosion
resistance was good if the resistance of porous layer was

great. Therefore, it could be speculated that boric acid
could not change the barrier layer structure of BSAA
film, but would significantly affect the structure of
porous layer, and then affected the corrosion resistance
of anodic film. Besides, the Bg film has the greatest
medium-high-frequency impedance resistance, the
smallest pore size and the best corrosion resistance.
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Fig. 1 Phase angle (a) and impedance impedance (b) of
different anodic films

According to the structure of the anodic film,
various equivalent circuits can be used to simulate the
corrosion behavior of anodic film [14—16]. Figure 2(a)
shows the equivalent circuit model of completely
uniform anodic film, which can well fit the impedance
spectra of unsealed BSAA films. In this model, C,,, is the
capacitance of the pore wall; R, and CPE, reflect the
average resistance and capacitance of the porous layer;
R, and CPE, represent the average resistance and
capacitance of the barrier layer. CPE is defined as:
CPE=1/(2nJfC)", where n is the frequency dispersion
factor and varies from 1 to 0, only when n=1 can be
considered as real capacitances. But the impedance
spectra for unsealed SAA film could not detect the
information of the porous layer, so the R, could be
removed in the model, and the equivalent circuit was
simplified as Fig. 2(b). In addition, the solution
resistance (Ry,) was decreased under appropriate
experimental conditions, so the Ry, was ignored in the
model. The simulated results are shown in Table 1.

From Table 1, it can be seen that the R, and CPE,
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Fig. 2 Equivalent circuits of anodic films: (a) Boric/sulfuric acid anodic (BSAA) film; (b) Sulfuric acid anodic (SAA) film
Table 1 Fitting parameter of EIS of different anodic films
Anodic film CPE,/(uF-cm %) n, Ry/(Q-cm?) CPE,/(uF-cm ) n, Ry/(Q-cm?)
BSAA film (By) 10.27 0.0884 204.4 0.9327 0.9463 1.427x10’
BSAA film (Bs) 8.641 0.1266 1121 1.902 0.9013 1.256x107
BSAA film (Bg) 3.475 0.2606 3743 1.301 0.9209 3.401x10’
BSAA film (B;s) 5.194 0.1912 2806 1.219 0.9320 2.546x10’
BSAA film (B,) 8.168 0.1388 2122 1.075 0.9642 9.283%10°
SAA film 25.49 0.1349 - 0.4838 0.9539 4.844x107

values of BSAA films only have slight fluctuation with
the increase of boric acid in the electrolytes. The R,
maintained at 10" Q-cm’ but the R, and CPE, values
changed significantly. With the addition of boric acid,
the R, gradually increased, the CPE,, evidently decreased,
the n, also constantly raised. This indicated that the film
became more uniform, the pore size of porous layer
constantly reduced, and the corrosion resistance
gradually improved. However, the R, CPE, and n,
would change towards opposite direction when the
content of boric acid in electrolyte was very high. A
reasonable explanation was that the solubility of
electrolyte was strong, the pore was big, the obstruction
of CI' penetrating porous layer was small, and the
corrosion resistance was poor when not adding boric acid.
It was helpful to reduce the solubility of electrolyte,
improve the film appearance and the structure of porous
layer when adding an appropriate amount of boric acid
into electrolyte. The film would become more uniform
and compact, the pore size would decrease, the CI
penetrating porous layer would become more difficult,
the R, would increase, and the corrosion resistance
would improve. Besides, the shrinkage of pore also made
the content of free water in pores reduce, which resulted
in the decrease of CPE, [13]. However, the higher
content of boric acid will have an opposite effect. The R,
decreased, and the CPE, increased when the content of
boric acid was over 8 g/L.

3.2 Surface morphology of anodic films

Figure 3 shows the surface morphology and
microstructure of different BSAA films. Vague trace of
pore structure appears on the surface of all BSAA films,
but different anodic films have different pore structures
and distributions. The pore on anodic film is large and
the porosity is low when boric acid is not added. The
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Fig. 3 AFM images of different BSAA films: (a) By film; (b)Bg
film; (c) By film
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film surface will become more uniform, the roughness 3.3 Kelvin potential distribution of anodic films

decreases significantly, the pore size lessens when Figure 4 shows the surface potential (V) distribution
adding boric acid into electrolyte. But if the boric acid of different anodic films on 7050 Al alloy, which can
content in electrolytes is too high, the film pore will reflect the transformation of surface morphology. The
largen. The pore size of B, film is bigger than that of By surface potential of untreated Al 7050 (Fig. 4(h)) is very
film, which is consistent with the test results of EIS. negative and changes greatly. The potential range is from

Fig. 4 Distribution of surface potential of different anodized films: (a) BSAA film(By); (b) BSAA film(Bs); (¢) BSAA film(Bjg);
(d) BSAA film(Bs); (e) BSAA film(B,); (f) SAA film; (g) CAA film; (h) 7050 Al alloy
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=767 to —658 mV, and the potential difference between
the cathode and anode reaches 109 mV. This indicates
that untreated 7050 Al alloy easily forms local corrosion
micro-cell as the heterogeneity of the composition, the
surface is in the active state, the work function for
electronic effusion is small, and thus the corrosion
resistance is poor.

However, the surface potential moves positively, the
potential difference between the cathode and anode
decreases when 7050 Al alloy is treated by anodizing.
The surface potential of SAA film (Fig. 4(f)) with
thickness of 4 um varies from —154 to —87 mV, the
surface potential of CAA film (Fig. 4(g)) also moves
from —103 to —80 mV, and the surface potential of

BSAA film with the same thickness is obviously positive.

This result might be due to the formation of Al,O; film,
which can make the surface composition of aluminum
alloy become uniform and significantly hinder the
electronic effusion. As for different anodic films with the
same thickness, the main factor that affects the surface
potential is the surface structure of film. The work
function for electronic effusion is small when the pore
size is large or the porosity is high. It is more difficult for
electronic effusion when the pore size lessens or the
porosity decreases. Therefore, the surface morphology of
film can be determined, according to the movement of
the surface potential. This reveals that the pore size of
SAA film is maximal, the pore size of CAA film comes
second, the surface of BSAA film is the most compact
and the pore size is minimal.

Compared with the surface potential distribution of
different BSAA films (Figs. 4(a)—(e)), it can be seen that
the surface potential of B, film is slight negative and
varies from —36 to 27 mV, as shown in Fig. 4(a). The
surface potential increases significantly when boric acid
is added. The surface potential of Bg film is the most
positive and the potential difference is also the smallest,
which is 96—135 mV. The surface potential will reduce
slightly if continuously adding boric acid into
electrolytes, the surface potential of Bys film is 45—89
mV, the surface potential of B, filmis down to 19—61
mV. This reveals that the pore of film is big, the work
function for electronic effusion is less, due to the
chemical dissolution of electrolyte on the anodic film
when the boric acid is not added. The pore on film
decreases, the work function for electronic effusion
increases when adding an appropriate amount of boric
acid into electrolyte. However, the effects of boric acid
on anodizing are relative. The high content of boric acid
will make the pore of film broaden, the work function
reduce and the corrosion resistance decrease. These
results are consistent with the analyses of EIS and AFM.

4 Conclusions

1) In the boric/sulfuric acid anodizing system, boric
acid mainly affects the structure of porous layer of
anodic film, consequently changes the corrosion
resistance of anodic film. It is helpful to improve the film
appearance, lessen the pore on film, and improve the
corrosion resistance when adding an appropriate amount
of boric acid into electrolyte.

2) As the content of boric acid in electrolyte
increases from 0 to 8 g/L, the R, increases, the CPE,
decreases, the surface potential moves positively, the
pore size lessens, and the corrosion resistance improves.
However, the higher content of boric acid will make the
pore of film broaden, the resistance reduce, the work
function fall, and the corrosion resistance decrease.
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