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Abstract The influence of five variables (i.e. deposition

temperature, time, bath pH, and concentrations of Cr3?

compound (KCr(SO4)2) and H3PO4) on the preparation of

Cr3? coating on Al 6063 alloy was investigated using AC

impedance spectroscopy (EIS) in 3.5 wt% NaCl. The opti-

mal conditions were determined by AC impedance

spectroscopy. The results indicated that the formation and

quality of the coating were very sensitive to the deposition

bath pH. A mechanism was proposed to explain the results.

A simple model was derived and experimentally tested in

terms of an equivalent circuit. Good agreement was found

between the model predictions and the experimental results.

The morphologies of the coated and uncoated electrodes

were examined by scanning electron microscopy (SEM),

and the results also support the proposed surface model.

Keywords Chemical conversion coating � Al alloy �
Trivalent chromium � EIS � Corrosion resistance

1 Introduction

Pure aluminum has a thin surface oxide layer which is

generally stable in air and aqueous solution, but it lacks

some necessary mechanical and physical properties, such

as high specific strength, specific modulus of elasticity,

creep strength, fatigue strength, hardness, wear resistance

and low thermal expansion [1, 2]. Therefore pure alumi-

num is often alloyed with other elements for engineering

applications. The protection imparted by the surface oxide

to the Al substrate tends to decrease when Al is alloyed

with other elements [3]. This leads to further advancements

in the development of effective and economic use of sur-

face modification technologies with the aim of improving

the corrosion resistance.

Traditionally, chromate (Cr?6) conversion coatings have

been successfully used on Al alloys and other metals such

as Zn and steel to improve the corrosion resistance [4, 5].

However, Cr?6 species are toxic, and European Union has

prohibited them in the electrical and electronic industries

[6]. Therefore the need for more environmentally friendly

processes has led to the development of various Cr?6-free

candidates [7–11]. Recent research covers a wide variety of

new chemical conversion coatings, including Ti, Mo, W,

Co, Sn, Zn compounds and rare earth metal salts. All these

elements are of low toxicity and are relatively abundant in

nature [12–15].

EIS has widely been used for investigating the corrosion

resistance of metals and inhibitors in corrosive media.

Hamdy et al. studied the electroless deposition of ternary

Ni–P alloy coatings containing tungsten or nano-scattered

alumina composite on steel with EIS [16]. Hassani et al.

investigated the effects of saccharin on the electrodepos-

ition of Ni–Co nanocrystalline coatings [17]. Sulka et al.

carried out an EIS study of barrier layer thinning in

nanostructured aluminum [18]. Hasenay et al. investigated

the growth kinetics and properties of potentiodynamically

formed thin oxide films on aluminum in citric acid solu-

tions by analysis of AC impedance spectra [19]. Hazzazi
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studied the influence of the concentration of sodium suc-

cinate (SS) on the corrosion and spontaneous dissolution of

copper in aerated non-stirred highly concentrated (5.0 M)

NaCl solutions [20].

Recently, patents for trivalent chromium coatings on Al

alloys have been reported [21, 22]. However, further study

on the mechanism has rarely been reported. A new process

for trivalent chromium conversion coatings on Al 6063

alloy has been developed by us, and the valence state of the

coating was analyzed by X-ray photoelectron spectroscopy

(XPS) [23]. The aim of this work is to derive a simple and

clear model and to investigate optimum conditions for

trivalent chromium (Cr?3) coating using EIS in corrosive

media. A mechanism is also proposed to explain the EIS

results. Scanning electron microscopy (SEM) is used to

analyze the morphologies of the coated and uncoated

electrodes and to confirm the model.

2 Experimental procedure

2.1 Materials

Commercial Al 6063 alloy was used as a substrate for the

trivalent chromium coating. The major alloying elements

are given in Table 1.

2.2 Surface modification process

The trivalent chromium conversion coating process

involved the following steps: polished with 600#, 800#,

1000#, 1200# abrasive paper ? degreased (5 min) ?
rinsed with distilled water (2 min) ? activated by immer-

sion in 5% NaOH aqueous solution for 2 min ? rinsed

with distilled water (2 min) ? immersed in the solution

containing trivalent chromium compound (Cr?3) ? rinsed

with distilled water (2 min) ? dried in air (1 h) ? testing

(electrochemical or SEM). The deposition bath pH was

adjusted with 15% NaOH and 10% H2SO4 to specific

values. The variables investigated were: (a) temperature, (b)

time of deposition, (c) bath pH and concentrations of (d)

trivalent-chrome compound (KCr(SO4)2) and (e) H3PO4.

The deposition parameters were adjusted as shown in

Table 2.

2.3 EIS measurement

Prototypes were cut as cylindrical rods and mounted in

glass tubes of appropriate diameter with epoxy resin. EIS

experiments were performed using an electrochemical

workstation from CHI Instruments (Cordova, USA), model

660B. Experiments were conducted at room temperature.

The EIS of the coated and uncoated samples were mea-

sured in 3.5% NaCl aqueous solution with pH 6.2. A three-

electrode cell was used. The test materials were used as the

working electrodes. A large platinum foil and saturated

calomel electrodes (SCE) were used as the counter and

reference electrodes, respectively. AC impedance spectra

were recorded in the frequency range 100 kHz–0.01 Hz,

with an AC amplitude of 5 mV at the open circuit poten-

tial. AC impedance spectra were collected at constant

potential conditions.

2.4 Surface analysis

Surface morphologies of the Cr?3 conversion coatings

were observed using a JEOL JSM-6360 scanning electron

microscope at an accelerating voltage of 20 kV.

3 Results and discussion

3.1 Model and testing

A complex model for hexavalent chromium (Cr?6) coating

on Al alloys has been proposed in the literature [24]. In

Table 1 Major alloying elements of aluminum 6063 alloy (wt%)

Si Mg Cu Mn Ni Fe Cr Zn Ti Al

0.443 0.635 \0.030 0.040 \0.003 0.190 \0.002 \0.002 \0.002 Balance

Table 2 Parameters of conversion coating process

Item [KCr(SO4)2] (g L-1) [H3PO4] (g L-1) pH T (�C) t (min)

(a) ? Fig. 3a 20 20 2.0 20, 30, 40, 50 9

(b) ? Fig. 3b 20 20 2.0 40 3, 6, 9, 12

(c) ? Fig. 3c 20 20 1.0, 2.0, 3.0, 4.0 40 9

(d) ? Fig. 3d 5, 15, 25, 35 20 2.0 40 9

(e) ? Fig. 3e 20 5, 10, 20, 30 2.0 40 9
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order to illustrate the mechanism of corrosion protection, a

simple model based on our experiment procedure and data

has been proposed by us. A graphic representation of (a)

uncoated, (b) coated with trivalent chromium (Cr?3), (c)

electrode/solution interface model and (d) the equivalent

circuit is shown in Fig. 1. Rs represents the electrolyte

resistance. The constant phase element (CPE) Qdl is asso-

ciated with the double layer capacitance. Rct models the

charge transfer resistance. A classical finite-space diffusion

model (Ws) was used to describe diffusion impedance [25].

Rw, Cw and nw represent diffusion impedance, capacitance

and exponent of capacitance, respectively. The equivalent

circuit is believed not to be affected by the modification of

the electrode surface. Only the Qdl, n, Rct and Ws data

would be changed.

The general impedance expression describing the

behavior of the distributed circuit element may be given

as Z(x) = A-1(jx)-n. The boundary value of n = 1

corresponds to an ideal case of no dispersion and A

becomes equivalent to a true capacitance. The value of n

(1 3 n 3 0) is related to the contribution from the rough-

ness of the electrode surface. Qdl is associated with non-

homogeneity of the surface [19].

Generally, higher n and lower Qdl values point to a

relatively high degree of surface homogeneity and yield an

almost closed capacitive arc. In contrast, the lower expo-

nent n and higher Qdl values are responsible for poor

surface homogeneity, presenting a depressed arc. As an

absolutely smooth electrode is impossible, the surface

tends to be rough and non-homogenous as shown in

Fig. 1a, b. A more homogeneous and uniform surface

would result in a decreased Qdl and increased n [20].

The electrodes uncoated and coated with the second

deposition condition shown in Table 2d were selected as

simulated targets. The electrochemical data were tested in

terms of the equivalent circuit shown in Fig. 1d. Simulated

data are shown in Table 3. Nyquist plots of experimental

and simulated data are shown in Fig. 2a, b. The experi-

mental results are well matched with the equivalent circuit

shown in Fig. 1d. Many pits and pores exist on the surface

as described in the literature [26]. The rough surface would

be covered by the more uniform coating. The fitting results

support the proposed surface model and its equivalent

circuit.

3.2 Effect of experimental variables

The electrodes were prepared at different (a) temperatures,

(b) times, (c) bath pH and concentrations of (d) KCr(SO4)2

and (e) H3PO4. Figure 3 shows the AC impedance spectra

obtained in 3.5% NaCl solution at room temperature. The

parameters obtained by fitting the equivalent circuit are

listed in Tables 3 and 4.

Fig. 1 Scheme of Al 6063 alloy (a) uncoated, (b) coated with

trivalent chromium (Cr?3), (c) electrode/solution interface model, and

(d) equivalent circuit model based on the surface model

Table 3 Fitting results with different reacting conditions

Condition Rs (X cm2) Qdl Rct (kX cm2) Ws

Cdl (lF cm-2) n Rw (kX cm2) Cw (F cm-2) nw

Uncoated 47.6 3.40 0.87 9.9 74.1 14.1 0.53

T (�C)

20 47.5 0.71 0.88 225.0 150.3 49.4 0.50

30 47.3 0.52 0.92 286.1 152.1 50.3 0.50

40 46.6 0.39 0.91 340.3 139.9 41.2 0.50

50 46.0 0.69 0.86 115.6 141.6 49.5 0.40

t (min)

3 47.3 0.79 0.88 115.3 151.6 55.2 0.50

6 46.4 0.52 0.91 252.1 121.5 45.1 0.50

9 46.6 0.39 0.91 340.3 139.9 41.2 0.50

12 46.1 0.39 0.92 399.9 132.5 50.4 0.40
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From Fig. 3a, it can be seen that the size of the loops

first increases with increasing deposition temperature from

20 to 40 �C and then decreases at 50 �C. Figure 3d, e

indicate similar phenomena with increasing concentrations

of KCr(SO4)2 or H3PO4. Tables 3 and 4 show that the

variations of Rct and n values with the above deposition

conditions also have similar regularity. Qdl initially

decreases and then rises. The variation of the charge

transfer (Rct) value can be ascribed to some extent to the

change in the thickness and density of the coating. Charge

transfer between the coating and solution becomes more

difficult as a thicker and denser coating covers the elec-

trode surface. Since corrosion involves diffusion and

chemical reactions in the solution and electrochemical

reactions at the metal surface, the thicker and denser

coating can suppress O2 and water diffusion from the

external solution into the metal substrate through the pores

[26].

The variations of Qdl, n and Rct values with different

experimental conditions imply two processes for coating

growth and pitting development during coating formation.

It also shows that there is an optimal condition in the

deposition of Cr?3 coating. Initially, an increase in the

observed variables (temperature or concentrations of

KCr(SO4)2 or H3PO4) can accelerate reaction and favour

the formation of a higher coating volume r ¼ k Ca
Crþ3

Cb
H3PO4

, sufficiently covering the electrode. That is, during

the initial period of coating, the rate of deposition will

increase with increase in the above three variables. How-

ever, the excessive deposition rate tends to cause many

more pores and makes the coating looser. The looser sur-

face results in an increase in Qdl and a decease in n. A

more depressed loop also appears after this period.

Therefore excessive increase of the above three variables

decreases the corrosion resistance. A thicker, porous

coating also means a less protective layer as the porous

coating is very permeable to water and aggressive ions. A

differential O2 or CO2 or Cl- concentration cell may also

develop in the pores [26].

Phosphorous compounds are commonly used to inhibit

corrosion in aqueous electrolyte [27]. Their use is relatively

risk free due to their low toxicity. Previous results show

that H3PO4 and Cr?3 deposited on the surface of Al 6063

alloy ameliorate corrosion in chloride media [23].

According to Pearson’s Principle of Hard and Soft Acids

and Bases [28], the Cr?3 ion is a typical hard Lewis acid.

Phosphate is a typical hard Lewis base. The hard Lewis

base (phosphate) is supposed to form very stable complex

with the hard Lewis acid (Cr?3). It can be concluded that

the corrosion reaction of coatings formed with Cr?3 (hard

Lewis acid) and phosphate (hard Lewis base) can be

effectively inhibited. Another explanation for the improved

corrosion inhibition of phosphoric acid with respect to

Cr?3 coatings could be the fact that the solubility of the

complex (Cr?3 and phosphate) in the corrosion medium is

very low (Ks = 2.4 9 10-23). This lower solubility can

suppress both the anodic and cathodic processes.

According to Fig. 3b and Table 3, it was found that

depositing for 3 min is suitable as an initial phase because

the reaction just starts. A drastic increase in the loop size

was observed after this period. The impedance value has no

significant change after 9 min. Initially, the coating covers

only a small fraction of the surface and is highly porous,

very thin and consists of a mixture of trivalent chromium

and phosphate compounds, and other ions from the solu-

tion. This leads to a lower n and Rct, and therefore to a high

capacitance. After this period, a thick layer, rich in trivalent

chromium oxides and phosphate compounds is formed on

Fig. 2 Nyquist plots of the experimental and simulated data, (a)

uncoated and (b) coated with pH = 2.0, 40 �C, 9 min, 15 g L-1

KCr(SO4)2, and 20 g L-1 H3PO4
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the pits, causing higher n and Rct values and a lower

capacitance value. Depositing for 9 min seems to achieve

an adequate corrosion resistance. Although the coating

thickness increases with increasing time, the corrosion

resistance is not completely proportional to thickness.

Corrosion resistance depends on numerous factors, such as

the composition, porosity, structure and thickness of coat-

ing, etc. The coating thickness presents a physical barrier

against aggressive ions from the environment. When the

other conditions remain constant, the corrosion resistance

will be proportional to the coating thickness. Otherwise,

the proportional relation will vary when the other factors,

like the number of pores, vary. A longer reaction time tends

to result in more pores. Moreover, industrial processes need

to shorten the working time. Therefore, depositing for

9 min seems to provide the ideal reaction time.

It is interesting to note that the bath pH strongly affects

the EIS of the coating as shown in the Nyquist plots (Fig. 3c)

and Table 4. The charge transfer resistance (Rct) increases

from 91.6 (pH = 4.0) to 321.6 kX cm2 (pH = 3.0) and then

abruptly decreases from 340.3 (pH = 2.0) to 99.2 kX cm2

(pH = 1.0) with increasing the H? ion concentration. This

suggests that the formation of the coating can be clearly

divided into three stages. The first stage corresponds to the

dominant formation process. The third stage is related to

dissolution and pitting development. The middle stage (pH

from 2.0 to 3.0) is considered to be a dynamic equilibrium

region. The distinguished variation of EIS is due to com-

petition result between the growth of precipitation,

the increase in dissolution rate and the pore development.

Furthermore, the lower pH gives more H2 release

(2Al ? 6H? ? 2Al3? ? 3H2:), and causes a rougher sur-

face. This may be a contribution to the variation of Qdl from

0.39 (pH = 2.0) to 0.62 lF cm-2 (pH = 1.0) and n from

0.93 to 0.88.

According to the above analysis, the coating formed

within the ranges, like temperature from 30 �C to 40 �C,

depositing for 9 min, pH from 2.0 to 3.0, concentration of

Fig. 3 Nyquist plots as

functions of deposition (a)

temperature, (b) time, (c) pH,

and concentrations of (d)

KCr(SO4)2 and (e) H3PO4 for

aluminum 6063 alloy coated by

Cr?3 conversion treatment. The

other conditions were presented

in Table 2

J Appl Electrochem (2009) 39:303–309 307

123



KCr(SO4)2 from 15 to 25 g L-1, and H3PO4 from 10 to

20 g L-1, would give better corrosion resistance. Therefore

the values of five variables have important influence on the

roughness and corrosion resistance of the surface.

Generally, the high and intermediate frequency semi-

circle is believed to be caused by charge transfer before

diffusion. The diffusion of Al ions from the electrode

surface to bulk solution and the diffusion of dissolved

oxygen from bulk solution to film surface occur in the low

frequency region. Table 3 shows that the diffusion

impedance value (Rw = 74.1 kX cm2) of the uncoated

alloy is much larger than its charge transfer resistance

(Rct = 9.9 kX cm2). This shows that the diffusion process

can dominate the whole corrosion process for the uncoated

Al alloy and also means that the uncoated sample easily

suffers from attack by aggressive substances like carbon

dioxide or chloride ions. The diffusion of Al ions and

oxygen across pores and through the solution is very dif-

ficult in the low frequency region (below 0.5 Hz). From

Tables 3 and 4, the Rct and Rw values of the coated sample

are much larger than those of the uncoated. This suggests

that electrochemical reaction is difficult on the coated

electrode surface and the trivalent chromium coating pre-

sents better corrosion resistance. For aluminum alloys,

corrosion mainly includes the following electrochemical

activities: anodic dissolution and diffusion of Al

(Al ? Al3? ? 3e), and diffusion and cathodic reduction

of oxygen (O2 ? 2H2O ? 4e ? 4OH-). The higher val-

ues of charge transfer resistance (Rct) and n, and the lower

Qdl are a reflection of the thicker and denser coating which

presents a barrier to O2 or CO2 or Cl- permeation [26],

thus protecting Al 6063 alloy from corrosion.

3.3 Surface morphology

A SEM image of the uncoated electrode is shown in Fig. 4a.

The same electrode was coated under the second deposition

condition shown in Table 2d. Figure 4b presents the SEM

of the coated electrode. The surface of the uncoated elec-

trode is full of pores and pits and is very rough. Figure 4b

shows that the number of pores and pits is much lower.

Although both the electrode surfaces are non-homogeneous,

the surface of the coated electrode is more uniform and

homogeneous than that of the uncoated. Therefore the SEM

results further support the proposed model.

4 Conclusions

Surface modification by trivalent chromium coatings

significantly improves the corrosion resistance of Al 6063

alloy. EIS reveals that the surface homogeneity and charge

transfer resistance depend strongly on deposition tempera-

ture, time, concentrations of H? ions, trivalent-chrome

compound and H3PO4. The optimal conditions were deter-

mined as follows: coating temperature 30–40 �C, deposition

time 9 min, pH 2.0–3.0, the concentrations of KCr(SO4)2

and H3PO4 within 15–25 g L-1 and 10–20 g L-1, respec-

tively. Under such conditions, the surface roughness exhibits

a minimum and the transfer resistance a maximum. Bath pH

Table 4 Fitting results with different concentrations

Concentration Rs (X cm2) Qdl Rct (kX cm2) Ws

Cdl (lF cm-2) n Rw (kX cm2) Cw (F cm-2) nw

pH

4.0 43.6 0.62 0.88 91.6 161.5 40.0 0.39

3.0 43.8 0.42 0.91 321.6 90.6 41.6 0.50

2.0 46.6 0.39 0.91 340.3 139.9 41.2 0.50

1.0 42.9 0.62 0.88 99.2 151.3 40.0 0.40

[KCr(SO4)2] (g L-1)

5 43.1 0.61 0.88 113.1 123.2 49.5 0.34

15 43.3 0.58 0.90 310.5 126.8 50.4 0.50

25 44.5 0.39 0.94 332.6 183.6 50.0 0.45

35 43.8 0.70 0.87 224.2 194.7 50.0 0.43

[H3PO4] (g L-1)

5 44.4 0.81 0.86 112.4 163.2 44.9 0.30

10 44.6 0.38 0.94 413.5 165.8 45.0 0.50

20 46.6 0.39 0.91 340.3 139.9 41.2 0.50

30 44.3 0.61 0.88 213.9 112.5 49.6 0.41
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strongly affects the formation and quality of the coating. The

equivalent circuit and the surface model were found to be

consistent with the EIS spectra. Moreover, EIS and SEM

were found to support the proposed model.
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