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ABSTRACT

The intergranular corrosion (IGC) behavior of an extruded 6005A alloy profile

with the coexisting of peripheral coarse grain (PCG) structure and partial

recrystallized grain (PRG) structure was investigated by using an accelerated

corrosion test, electrochemical impedance spectroscopy and a quasi in situ

examination of IGC process. PCG structure was found to have a unique IGC

behavior that pitting corrosion and subsequent IGC are less severe and will not

be transformed into intragranular corrosion as they were found in PRG struc-

ture. Microstructure characterization reveals that the microstructural differences

in grain boundary precipitates, primary a-AlFeMnSi intermetallic particles and

grain characteristic between PCG structure and PRG structure are the reason for

these phenomena. Further analysis indicates that the grain boundaries deco-

rated with more AlFeMnSi particles and Q phase precipitates are more sensitive

to corrosion, where Q phase precipitates are the primary cathodes and the most

important factor affecting IGC; AlFeMnSi particles are supposed to initiate

pitting corrosion since they are dissolved as anodes in the early stage of cor-

rosion. With the development of corrosion, they are transformed into cathodes

and become the bridges of IGC propagation by connecting the Q phase pre-

cipitates at grain boundary. In addition, grain characteristic was also found to

have great effects on IGC. With the decrease in grain size and the increase in the

frequency of high-angle grain boundaries and the dislocation density, corrosion

becomes more severe and more likely to be transformed into intragranular

corrosion.
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Introduction

6xxx alloys (Al–Mg–Si–(Cu)) are widely used in

transport and other market sectors because of their

superior comprehensive properties including med-

ium strength, low density, good corrosion resistance,

weldability and formability [1]. However, 6xxx alloys

still suffer from intergranular corrosion (IGC) if they

are improperly heat treated and/or alloyed [2–9], for

example long-time overaging in alloys with high

content of Cu and excessive Si. IGC results from the

presence of the electrochemically active paths along

grain boundaries, which consist of grain boundary

precipitates, Al matrix and precipitation free zones

(PFZs), and usually takes place together with other

kinds of localized corrosion. It is reported that IGC

and pitting corrosion can be transformed from one to

the other [10–12] and were found to propagate into

the interior, which is referred to as intragranular

corrosion, of the grains with high dislocation density

[13–18] and/or specific crystallographic orientations

[12]. Therefore, the investigation of the IGC behavior

of aluminum alloy should take pitting corrosion,

intragranular corrosion and IGC into consideration,

which makes investigation more complicated.

The IGC of 6xxx alloys has been investigated for

many years, and some commonly accepted conclu-

sions are listed as follows. With the addition of Cu

into 6xxx alloys, a part of grain boundary precipitates

can be transformed from b-phase precipitates into

Cu-containing precipitates (Q phase, h phase or S

phase) [19–21]. Meanwhile, grain boundary Cu film

can also be found in Al–Mg–Si–Cu alloys, which is

supposed to be the precursor of Q phase precipitates

[2, 22–25]. Generally, such Cu film is only capable of

being resolved by 3D atom probe tomography (3D

APT) or through STEM (if the grain boundaries are

parallel to the electron beam) [22, 23]. The corrosion

potential of Cu film and Cu-containing precipitates is

far different from those of aluminum matrix and

PFZs [3, 22, 23], and hence, the IGC resistance of 6xxx

alloys decreases dramatically with the addition of Cu.

The Si precipitates formed at grain boundary are

usually found in Al–Mg–Si alloy with excessive Si,

which will cause a severe anodic dissolution of alu-

minum matrix [8] and a change of fracture mode

from plastic fracture to brittle fracture [26]. Fe is an

impurity element in Al–Mg–Si alloys, and it forms

several kinds of Fe-containing intermetallic particles

(AlFe, AlFeSi, AlFeMnSi, etc.) by consuming Al, Si,

Mn and Cu. Most reports claimed that Fe-containing

particles are cathodically active and act as the initia-

tion sites of pitting corrosion [27–29], and a few

reports mentioned that the Fe-containing particles

presenting at grain boundary form continuous IGC

channels by connecting with Cu-containing particles

[7]. However, the dissolution of such particles was

also reported in the IGC of 6005A alloy [30]. This

issue is important for investigating the IGC behavior

of industrially pr"oduced aluminum alloys since they

usually contain a relatively high concentration of Fe.

On the other hand, the IGC behavior of 6xxx alloys is

significantly affected by heat treatment as well and

this effect is correlated to the chemical composition

and the processing of alloys. Generally speaking, for

Al–Mg–Si–Cu alloys, the peak-aged are the most

susceptible to IGC due to the most continuous dis-

tribution of grain boundary precipitates. With the

increase in aging time, the IGC susceptibility of alloys

decreases gradually with the coarsening of grain

boundary precipitates [2–4, 6, 7, 24, 25]. However, in

heavily overaged alloys, the continuous distribution

of grain boundary precipitates can be restored and

extremely broad precipitation free zones (PFZs) are

formed, both of which are detrimental for the IGC

resistance of alloys [31]. Therefore, it can be sum-

marized that the IGC resistance of alloys is related to

the grain boundary microstructure and especially the

property of the grain boundary precipitates.

Peripheral coarse grain (PCG) structure, a unique

grain structure which is originated from the surface

recrystallization caused by the inhomogeneous

deformation during the extrusion process, is often

regarded as a kind of surface defect due to its detri-

mental effects on the mechanical properties and the

surface appearance of the extrudates [32]. It was once

reported that the surface layer (PCG structure) of the

extruded 6061 aluminum alloy would be heavily

corroded by IGC [33]. However, recent investigations

revealed that the PCG structure in Al–Mg–Si–Cu and

Al–Zn–Mg alloys was more resistant to IGC than

other structures [34–36]. As mentioned previously,

there are many factors, such as dislocation density,

grain boundary precipitates and crystallographic

orientation, that would affect the IGC behavior of

6xxx alloys, and hence, there is no generally accepted

mechanism about the effect of PCG structure on IGC

behavior in studies. In addition, the great differences

in the grain characteristic and the dispersoids

between PCG structure and other structures would
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further increase the difficulty in understanding the

effect of PCG structure on IGC behavior.

In the present paper, the specimen with PCG

structure and PRG structure was carefully cut from

an extruded 6005A alloy profile for investigation.

Therefore, the IGC behavior of PCG structure and

partially recrystallized grain (PRG) structure can be

investigated by using an accelerated corrosion test,

electrochemical impedance spectroscopy (EIS) and a

quasi in situ examination of IGC process. And a

detailed microstructure characterization including

scanning electron microscope (SEM), electron

backscattering diffraction (EBSD) and scanning

transmission electron microscopy (STEM) were used

to reveal the underlying mechanism about those

different IGC behaviors and hence to deepen the

understanding of the IGC behavior of 6xxx alloys.

Experiments

Materials and pretreatment

An industrially produced extruded 6005A alloy (Si

0.76 wt%, Fe 0.21 wt%, Cu 0.09 wt%, Mn 0.43 wt%,

Mg 0.62 wt%, Cr 0.10 wt%, Al rem.) profile in T5

temper was used in the present paper, which was

extruded, on-line quenched and artificially aged at

170 �C for 8 h. As shown in Fig. 1, the metallographic

structure of the extruded profile in as-received con-

dition was examined in polarized light with an

Olympus BX51M optical microscope (OM). Before

OM examination, specimens were mechanically

ground with silicon carbide (SiC) papers up to grade

1500 and polished with 2.5 lm diamond pastes and

then anodized for 40 s with a solution of 195 mL

distilled water and 5 mL HBF4 at a voltage of 25 V.

According to the OM examination results, the maxi-

mum thickness of the PCG structure on single side of

the extruded profile was 598.6 lm and its average

thickness was more than 200 lm. In order to compare

the IGC behavior and the microstructure of PCG

structure and PRG structure, one half of extruded

profile with the original surface containing PCG

structure was denoted as PCG specimen and the

other half with the PCG structure being completely

removed by machining along the ED-TD plane was

denoted as PRG specimen. All the specimens used in

subsequent experiments were taken from these two

groups.

Accelerated corrosion test

An accelerated corrosion test according to the

method B of British standard ISO 11846: 2008 was

used to investigate the IGC behavior of PCG speci-

men and PRG specimen. Specimens with a size of

15 mm 9 10 mm 9 2.5 mm were cut from the

extruded profile. The lengthwise direction of the

specimens is parallel to the extrusion direction of the

extruded profile. To remove the original surface layer

of specimens, specimens were degreased in ethanol

and then etched in 10% NaOH solution for 5 min and

desmuted in 30% HNO3 solution for a few minutes.

Before testing, all the surfaces, except the test sur-

faces, of specimens were covered by sealing glue and

then specimens were immersed in an acidified

sodium chloride solution of 30 g/L NaCl and 10 ml/

L HCl for 24 h. Solution volume was 150 mL, and its

temperature was maintained at 35 �C. After being

immersed for 24 h, specimens were taken out from

the solution, then rinsed with distilled water and

dried. After that, specimens were cut to expose their

cross sections which were then mechanically pol-

ished and examined with an OM and a Zeiss EVO

MA10 scanning electron microscope (SEM). The

propagation path of IGC was also characterized by

EBSD analysis.

Quasi in situ examination of IGC process

The quasi in situ examination of IGC process was

achieved by examining the surface morphological

change of the fixed area on specimens with a SEM

after specimens had been immersed in an acidified

sodium chloride solution for different time. Its

experimental procedure is almost same to that of the
Figure 1 Optical micrographs of the as-received extruded profile.
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accelerated corrosion test except that the test surfaces

of specimens were mechanically polished rather than

being cleaned by NaOH solution and HNO3 solution

before each corrosion of the fixed area, which was

marked by a Vickers hardness indentations, of the

test surfaces. To ensure that specimens are conduc-

tive in SEM observation, the opposite surfaces of the

test surfaces were not covered by sealing glue and

hence the volume of the acidified sodium chloride

solution used in this experiment was 300 mL. After

being immersed for some time (in this experiment, it

was 0 h, 0.5 h, 2 h, 6 h), the surface morphologies of

the fixed area were examined and hence a series of

the SEM micrographs which shows the surface mor-

phological change of the fixed area was obtained.

After being immersed for 24 h in total, the surface

morphologies of specimens were examined with a

SEM to reveal the final corrosion performance of PCG

specimens and PRG specimens.

EIS measurement

EIS measurement was carried out at open-circuit

potential with a Multi Autolab/M204 electrochemical

workstation and a three-electrode cell which con-

sisted of a saturated calomel electrode (SCE) as a

reference electrode, a platinum plate as a counter

electrode and a specimen with a working area of

1 cm 9 1 cm as a working electrode. Prior to mea-

surement, specimens were ground with SiC papers

up to grade 1500 and then mechanically polished,

cleaned in ethanol and immersed in a naturally aer-

ated acidified sodium chloride solution. After the

open-circuit potential of specimens was stable, a

signal with a frequency ranging from 10 kHz to

10 mHz and a 10 mV amplitude was applied on

specimens and the corresponding data at each fre-

quency were recorded. ZSimpWin software was

employed for data modeling and curves fitting. The

parameters obtained from software were used to

evaluate the corrosion resistance of specimens, and

the model of fitted curves was used to show the

corrosion mechanism of specimens.

Microstructure characterization

SEM was used to measure the size, area fraction and

the distribution of the second-phase particles in

specimens, and the composition of those particles

was semi-quantitatively analyzed with an energy-

disperse spectrometer (EDS). EBSD data were used to

analyze the grain characteristic including grain size,

misorientation of grain boundaries and dislocation

density. The dislocation density of specimens was

calculated from EBSD data with a MATLAB toolbox,

MTEX, developed by R. Hielscher. In EBSD maps,

low-angle grain boundaries (LAGBs) with a misori-

entation angle within the range of 5�–15� are repre-

sented by thin black lines and high-angle grain

boundaries (HAGBs) with a misorientation angle

more than 15� are represented by thick black lines.

The specimens for EBSD analysis were electro-pol-

ished in a solution of 10 mL HClO4 and 90 mL

ethanol for 5 s with a voltage of 20 V to remove

surface stress layer after they had been mechanically

polished.

The grain boundary precipitates of specimens were

characterized with the STEM mode of the Titan G1

60-300 spherical aberration-corrected transmission

electron microscope operated at 200 kV. The com-

positional information of precipitates was obtained

by using an EDS. To prepare STEM specimens, thin

foils cut from the surface and the middle of the

extruded profile were mechanically thinned to 80 lm
and were punched into U3 mm discs and then elec-

tro-polished in a electrolyte of 30 vol% nitric acid and

70 vol% methanol at about - 20 �C with a RL-2

electro-polisher.

Results

IGC behavior of extruded 6005A alloy
profile

Accelerated corrosion test

The cross-sectional corrosion morphologies of the

specimens after accelerated corrosion test are shown

in Fig. 2a, b. In both PCG specimen and PRG speci-

men, network-shaped IGC cracks were found and

some cracks are connected to surface corrosion pits.

However, the morphology of the IGC cracks in PCG

specimen is much different from that in PRG speci-

men. The IGC cracks in PCG specimen are usually

straight with few branches, but the IGC cracks in

PRG specimen are more twisted and tangled up with

each other. The maximum depth, average depth and

the maximum width of the IGC cracks in both spec-

imens were measured with an OM and are shown in
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Table 1. The average depth of IGC cracks was

obtained by averaging the depth values of all the IGC

cracks in specimens. The cracks in PRG specimen

were found to be wider and deeper than those in

PCG specimen, which indicates that PRG structure is

more sensitive to IGC than PCG structure.

EBSD analysis was performed on the areas shown

in Fig. 2a, b, as shown in Fig. 2c, d. Due to the low

indexing rate, some grains on PCG specimen’s sur-

face are invisible in EBSD maps, but in fact they are

not corroded, as shown in the optical micrograph. In

PCG specimen, only IGC propagating along HAGBs

and pitting corrosion were found. The grains on both

sides of the corroded HAGBs remain uncorroded.

However, except IGC and pitting corrosion, intra-

granular corrosion was found in PRG specimen,

which was indicated by the disappearance of the

grains beside some corroded grain boundaries. Also,

it should be noticed that the morphology of grain

boundaries is almost same to that of IGC cracks for

PCG specimen and PRG specimen, which reflects the

effect of the grain characteristic on IGC.

The cross sections of the PRG specimens after

accelerated corrosion test were also examined with a

SEM, and it was found that there are bright particles

within IGC cracks and grains interior, as shown in

Fig. 3. Trenches were found around those bright

particles, which indicates that those particles act as

cathodes and cause a dissolution of aluminum

matrix. The semi-quantitative analysis on the

Figure 2 Optical micrographs

of the cross sections of a the

PCG specimen and b the PRG

specimen after accelerated

corrosion test. Corresponding

EBSD maps of a, b are shown

in c, d, respectively.

Table 1 Measured results of accelerated corrosion test

Specimens Maximum crack depth (lm) Maximum crack width (lm) Average crack depth (lm)

PCG specimen 127.5 222.0 34.7 ± 24.7

PRG specimen 233.3 623.3 143.2 ± 47.2

Figure 3 SEM micrograph of the cross section of PRG specimen

after accelerated corrosion test.
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composition of those particles was performed, and its

results reveal that the chemical composition of these

particles is about Al 80 at%, Fe 9 at%, Mn 4 at%, Si

7 at% and very few Cu, and hence, these particles are

supposed to be primary a-AlFeMnSi intermetallic

particles according to their composition, distribution

and size. However, this phenomenon was not found

in PCG specimen since the IGC cracks are much

fewer and shallower; hence, the SEM micrographs of

the IGC cracks in PCG specimen are not shown here.

It is clear that PCG specimen and PRG specimen

show different IGC behaviors, and the IGC of 6005A

alloy is affected by AlFeMnSi particles, but more

investigation is needed to understand why those

differences took place and to reveal the detailed IGC

behavior of PCG specimen and PRG specimen.

EIS measurement

The Nyquist diagrams and the Bode diagrams of the

PCG specimen and the PRG specimen immersed in a

naturally aerated acidified sodium chloride solution

are shown in Fig. 4a, b, respectively. The Nyquist

diagrams of both specimens consist of a high-fre-

quency capacitive reactance arc, an intermediate-fre-

quency inductive reactance arc and a low-frequency

inductive reactance arc. The high-frequency capaci-

tive reactance arc is attributed to interface reactions,

especially the oxidation reaction of aluminum matrix

[37], and the inductive reactance arc can be attributed

to the adsorption of intermediate products on the

surface of specimen [38]. In addition, the number of

inductive reactance arcs is usually equal to that of the

adsorbed species [39]. The shape of the impedance

spectrum in Nyquist diagrams indicates a typical

active corrosion in both the PCG specimen and PRG

specimen immersed in an acidified sodium chloride

solution, and two species are absorbed on specimen’s

surface. It can be supposed that at least two different

corrosion reactions take place on specimen’s surface

and two different species are produced and then

absorbed. Apparently, one was Cl-, but the other

remains unclear. Correspondingly, three time con-

stants (the number of the peak and the trough of

phase angle) were found in the Bode diagrams of

both specimens and they represent the three

Figure 4 Results of the EIS measurement on the extruded 6005A alloy profile immersed in an acidified sodium chloride solution at open-

circuit potential: a Nyquist diagram, b Bode diagram and c equivalent circuit model.
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reactance arcs in the Nyquist diagrams, respectively.

The high-frequency capacitive reactance arc is rep-

resented by a peak with the phase angles approach-

ing - 80�, and two inductive reactance arcs are

represented by two troughs with a negative phase

angle.

The equivalent circuit model shown in Fig. 4c was

used to analyze the impedance diagrams of both PCG

specimen and PRG specimen. In this model, Rs is the

electrolyte resistance, Rct is the charge transfer resis-

tance, CPE is the constant phase angle element which

characterizes the pseudo-double-layer capacitance,

and L1, L2, R1 and R2 are the inductances and the

resistances of the adsorbed species. The fitted values

are shown in Table 2, where Q and n are the

parameters of CPE and characterize the properties of

the pseudo-double-layer capacitance. Q is related to

the surface properties and the kinds of the elec-

troactive species; n is an exponent ranging from - 1

to 1. When n = 1, 0.5, 0 and - 1, CPE is equivalent to

a capacitor, a Warburg element, a resistance and an

inductance, respectively. According to the fitted

results, n value of CPE was found to be more than

0.94 in both PCG specimen and PRG specimen, which

indicates that the deviation between CPE and an

ideal capacitance is little. Meanwhile, the Rct of PCG

specimen is larger than that of PRG specimen, which

indicates that the corrosion rate of PCG specimen is

lower and hence the corrosion resistance of PCG

specimen is higher than that of PRG specimen. The

results of EIS measurement indicate that in an acidi-

fied sodium chloride solution, PCG specimen and

PRG specimen show the same corrosion mechanism

that two different corrosion reactions take place on

specimen’s surface within the first half hour of

immersion, but PCG specimen was more resistant to

corrosion than PRG specimen.

Quasi in situ examination of corrosion process

A more detailed mechanism about the IGC of extru-

ded 6005A alloy profile can be drawn from the quasi

in situ examination results, as shown in Fig. 5. Before

specimens were corroded, bright and coarse particles,

which are supposed to be a-AlFeMnSi intermetallic

particles, were found in both PCG specimen and PRG

specimen. However, it seems that these particles in

PRG specimen have a larger average size, higher area

fraction and a different distribution than those in

PCG specimen. After specimens were corroded for

0.5 h, a few IGC cracks were found on the surface of

specimens and some primary a-AlFeMnSi inter-

metallic particles disappear, as shown in Fig. 5c, d.

The appearance of IGC cracks in the areas where

AlFeMnSi particles are not found may be the effect of

grain boundary precipitates. However, the disap-

pearance of AlFeMnSi particles is unexpected and it

needs to be noticed that the disappearing AlFeMnSi

particles only disappear partly. Therefore, it can be

concluded that the primary a-AlFeMnSi intermetallic

particles on specimen’s surface are anodes rather

than cathodes and are dissolved in an acidified

sodium chloride solution, which leads to the initia-

tion of pitting corrosion. Although this conclusion

seems to be contradictory to the results of the accel-

erated corrosion test and the studies mentioned pre-

viously, it can be rationalized because similar

phenomenon that AlFeMnSi particles were dealloyed

in an acid solution was reported [10, 40]. With the

propagation of IGC, the mass transfer process

between the bulk solution and the solution within

IGC cracks becomes more difficult since IGC cracks

(diffusion paths) become longer and narrower and

are closed by the formation of corrosion products,

which makes the composition of the solution within

IGC cracks far more different from that of the bulk

solution. Therefore, AlFeMnSi particles show differ-

ent electrochemical properties with the change of

their positions. After specimens were corroded for

2 h, most of the AlFeMnSi particles are dissolved and

the previously uncorroded grain boundaries become

corroded by either IGC or pitting corrosion, as shown

in Fig. 5e, f. After specimens were corroded for 6 h,

new IGC cracks are formed on the pits distributing

Table 2 Fitted parameters of EIS measurement

Specimens Rs (X cm2) Q (10–6 X-1 cm-2 s–n) n Rct (kX cm2) R1 (kX cm2) L1 (kH cm2) R2 (kX cm2) L2 (kH cm2)

PCG specimen 4.762 4.225 0.948 4.689 11.300 1.494 0.445 4.698

PRG specimen 3.012 4.364 0.962 2.922 2.577 1.789 0.377 4.609
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along grain boundaries and a lot of tiny pits appear

on the surface of specimens as shown in Fig. 5g, h,

which indicates a change of corrosion mechanism

that IGC and foreseeable intragranular corrosion will

become the main corrosion reactions.

Eventually, PCG specimen and PRG specimen

show two completely different surface morphologies

after being immersed for 24 h, as shown in Fig. 6. The

pitting corrosion and the IGC in PRG specimen were

found to be more severe than those in PCG specimen.

On the surface of PCG specimen, most grain

boundaries are corroded, but the grains on both sides

of grain boundaries are not affected by intragranular

corrosion. However, on the surface of PRG specimen,

the huge pits surrounded by twisted IGC cracks were

found, whose sizes range from hundreds to thou-

sands microns and are much larger than the sizes of

AlFeMnSi particles. It was clearly indicated that

intragranular corrosion takes place in PRG specimen

but not in PCG specimen, and hence, it can be

assumed that there are some factors other than

AlFeMnSi particles in PRG specimen which causes a

transformation of the localized corrosion from IGC

and pitting corrosion into intragranular corrosion.

Figure 5 Surface

morphological change of the

fixed area on PCG specimen

and PRG specimen with the

increasing in corrosion time.

Images a, c, e, g and b, d, f,

h show the surface

morphologies of the fixed area

on PCG specimen and PRG

specimen after specimens were

corroded for 0 h, 0.5 h, 2 h,

6 h, respectively.
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Therefore, the microstructure of both PCG specimen

and PRG specimen should be characterized to get a

further understanding about the IGC behavior of the

extruded 6005A alloy profile with different

structures.

Microstructure characterization

EBSD

The EBSD maps of PCG specimen and PRG specimen

are shown in Fig. 7a, b, which show two different

grain characteristics. The distributions of the

equivalent diameters of the grains and the misori-

entation angles of the grain boundaries in PCG

specimen and PRG specimen are shown in Figs. 8

and 9, respectively. In PCG specimen, most grains

are completely recrystallized and have quite large

sizes, but there were also a few small and partially

recrystallized grains. However, in PRG specimen,

only a few grains with equiaxed shapes and small

sizes were completely recrystallized, and most grains

are partially recrystallized. As shown in Fig. 9, the

frequency of the HAGBs in PCG specimen is 87.56%,

but only 39.57% in PRG specimen, i.e., the frequency

of the HAGBs in PCG specimen is higher than that in

Figure 6 Surface

morphologies of a PCG

specimen and b PRG

specimen after specimens were

corroded for 24 h.

Figure 7 EBSD maps of a PCG specimen and b PRG specimen. c, d show the distribution of the dislocation density calculated from the

EBSD data of a, b, respectively.
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PRG specimen. HAGBs were reported to be more

sensitive to IGC than LAGBs [34, 41–45], but it does

not mean that PCG specimen with a higher frequency

of HAGBs is more sensitive to IGC than PRG speci-

men since the number of the HAGBs exposed to

corrosive medium is also determined by the size of

grains. Therefore, in spite of the higher frequency of

the HAGBs in PCG specimen, the number of the

HAGBs exposed to corrosive medium in PCG struc-

ture is much less than that in PRG specimen due to

the larger size of the grains in PCG specimen [34].

Meanwhile, the HAGBs in PRG specimen were more

twisted than those in PCG specimen due to the par-

tial recrystallization and the small size of the grains in

PRG specimen. Therefore, the straight IGC cracks in

PCG structure and the twisted IGC cracks in PRG

structure after specimens were corroded for 24 h

were reasonable.

Moreover, recrystallization dramatically decreases

dislocation density, which surely has an effect on the

IGC behavior of extruded 6005A alloy profile. The

contour maps of the geometrically necessary dislo-

cation density in PCG specimen and PRG specimen

calculated from EBSD data with the method descri-

bed in the literature [46] are shown in Fig. 7c, d. It

was found that the dislocation density in PRG spec-

imen is almost one order higher than that in PCG

specimen. Dislocation is supposed to be the channel

of atomic diffusion which promotes the rupture of

passive film. Meanwhile, high dislocation density

means more stored energy, which increases the

thermodynamic driving force for corrosion. There-

fore, the high dislocation density in PRG specimen

should be responsible for the appearance of intra-

granular corrosion.

SEM

It was previously mentioned that the distribution,

size and the area fraction of AlFeMnSi particles seem

to be different in PCG specimen and PRG specimen;

hence, they were carefully examined. As shown in

Fig. 10, it was found that the area fraction and the

average diameter of the AlFeMnSi particles in PCG

specimen are 1.291% and 2.703 lm, respectively, but

those in PRG specimen are 1.917% and 3.501 lm,

respectively. In addition, the distribution of the

AlFeMnSi particles in PCG specimen is more uniform

than that in PRG specimen where most AlFeMnSi

Figure 8 Grain size distribution of PCG specimen and PRG

specimen.

Figure 9 Misorientation angle

distribution of PCG specimen

and PRG specimen.
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particles are distributed along the extrusion direction.

Primary a-AlFeMnSi particles usually exist at grain

boundaries; hence in both PCG specimen and PRG

specimen, most grain boundaries are decorated with

AlFeMnSi particles and IGC propagates from one

AlFeMnSi particle to the next. Meanwhile, as more

and larger AlFeMnSi particles were found in PRG

specimen, more severe pitting corrosion takes place

on the surface of PRG specimen, as shown in Fig. 5.

STEM

The grain boundary precipitates of PCG specimen

and PRG specimen which were characterized with

STEM are shown in Fig. 11a, b, respectively, and all

specimens were imaged along the 001h iAl orienta-

tion. STEM can clearly characterize the precipitates

containing the elements of high atomic number,

especially Cu-containing precipitates and Fe-con-

taining precipitates, in 6005A alloy since those pre-

cipitates will be represented with a brighter color in

STEM images. In both PCG specimen and PRG

specimen, grain interior and grain boundaries were

found to be decorated with bright precipitates. The

composition of those precipitates was found to be

about 93.6 at% Al, 2.68 at% Mg, 2.03 at% Si and

1.61 at% Cu by using an EDS, which are supposed to

be Q phase precipitates. The precipitates in grain

interior were found to be plate-like Q phase precipi-

tates and spherical AlFeMnSi particles, but these

phases have little effect on the IGC of alloys. The Q

phase grain boundary precipitates with a nobler

potential than aluminum matrix are the cathodes in

IGC, whose distribution determines the rate of IGC.

By comparing the distribution of the Q phase grain

boundary precipitates in PCG specimen and PRG

specimen, it was found that the distribution of the Q

phase precipitates at grain boundary in PRG speci-

men is more continuous than that in PCG specimen.

Therefore, PRG specimen is more sensitive to IGC

than PCG specimen as the accelerated corrosion test

demonstrated. In addition, no significant difference

of the precipitates in grain interior between PCG

specimen and PRG specimen was found.

Figure 10 Primary a-
AlFeMnSi intermetallic

particles in a PCG specimen

and b PRG specimen.

Figure 11 Grain boundary

precipitates in a PCG

specimen and b PRG

specimen.
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Discussion

According to the results of accelerated corrosion test

shown in Fig. 2, the IGC resistance of PCG structure

is found to be higher than that of PRG structure.

Subsequent EIS measurement confirms this conclu-

sion and further reveals that PRG structure has a

lower charge transfer resistance and hence a higher

corrosion rate than PCG structure as shown in

Table 2. Meanwhile, two inductive reactance arcs are

found in PCG structure and PRG structure by the EIS

measurement as shown in Fig. 4, which indicates the

presence of two kinds of corrosion products absorbed

on the surface of grains. Quasi in situ examination of

corrosion process reveals the origin of these two

corrosion products, i.e., the pitting corrosion and the

IGC caused by the dissolution of AlFeMnSi particles

and aluminum matrix, respectively, as shown in

Fig. 5. With the development of corrosion, the

AlFeMnSi particles in material interior shown in

Fig. 3 are no longer being dissolved, which indicates

a transformation of AlFeMnSi particles from anodes

into cathodes. In addition, intragranular corrosion

only takes place in PRG structure and leads to the

formation of huge pits on the specimen’s surface with

their sizes much more than those of AlFeMnSi par-

ticles as shown in Fig. 6.

Although the IGC behaviors of the PCG structure

and the PRG structure of extruded 6005A alloys

profile in an acidified sodium chloride solution

including their corrosion resistances and corrosion

processes were revealed, what kinds of microstruc-

tural factors such as grain boundary precipitates,

grain characteristic and primary a-AlFeMnSi inter-

metallic particles should be responsible for the dif-

ferent IGC behaviors of PCG structure and PRG

structure and which one among them is the most

significant are still unsettled. To discuss this, the

process of IGC should be divided into two stages.

The first stage is the initiation of IGC, and the second

stage is the propagation of IGC.

In the first stage, both pitting corrosion and IGC

take place on the surface of specimens as shown in

Fig. 5. The grain boundary precipitates shown in

Fig. 11 are supposed to be the reason of the IGC of

some grain boundaries as shown in Fig. 5 since no

more other particles have been found in these grain

boundaries. Meanwhile, the dissolution of the

AlFeMnSi particles on the surface of specimens, as

shown in Fig. 5, is supposed to be the reason of

pitting corrosion. With the acidification of the solu-

tion within pits, pitting corrosion penetrates into the

interior of alloy [10, 47] and the grain boundaries

beneath specimen’s surface are exposed to corrosive

medium. Due to the existence of the grain boundary

precipitates, more IGC cracks initiate and spread out

from the pits. Therefore, the dissolution of AlFeMnSi

particles promotes the formation of IGC by increasing

the number of the grain boundaries exposed to cor-

rosive medium, which is similar to the effect of

decreasing grain size.

In the second stage, which is also the more

important stage of IGC, IGC propagates along grain

boundaries firstly due to the existence of precipitates

at grain boundaries. In this paper, only Q phase

precipitates were observed at grain boundaries by the

STEM examination, but it does not mean that there

were only Q phase precipitates at grain boundaries;

in fact, b-phase precipitates and Cu film were very

likely to exist at grain boundaries, which has been

confirmed by the studies [2, 19–25]. It is well known

that the corrosion potential of Q phase, b-phase and

Cu film is very different, and hence, it leaves a

problem that whether the different precipitates at

grain boundaries will lead to the change of the IGC

mechanism since it is no doubt that b-phase will

become the anode and Q phase and Cu film will

become the cathode in the IGC of 6xxx alloys due to

their corrosion potential [3, 22, 23]. It is reported that

b-phase precipitates are always dissolved prior to

other kinds of precipitates and Al matrix due to the

lively chemical property of Mg element and their

most negative corrosion potential [48].However the

dissolution of b-phase precipitates is actually not a

complete dissolution [27, 48]. As the migration of Mg

element from b-phase precipitates into solution, Si

element is remained, which makes b-phase precipi-

tates transformed into Si remnants. In the end, SiO2-

nH2O deposits are formed on the surface of the Si

remnants which act as an additional diffusion barrier

hindering the deep propagation of corrosion. By this

time, the transformation of b-phase precipitates has

been completed, which means the anodes of IGC are

no longer b-phase precipitates but turn to be the Al

matrix since the existence of the cathodes, i.e., Q

phase and Cu film, at grain boundary. Therefore, the

existence of b-phase at grain boundary besides the

existence of Q phase and Cu film will not change the

fact that the Al matrix will be dissolved as the anode

in the IGC of 6xxx alloys. However, it is important to
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note that although Q phase precipitates act as the

cathode throughout the process of IGC, a similar

dealloying process will take place on Q phase pre-

cipitates, but due to the redeposition of Cu particles

upon Q phase precipitates, the role of Q phase pre-

cipitates in IGC is not changed [23]. With the disso-

lution of the Al matrix along the grain boundary,

corrosion penetrates into the interior of alloy and due

to the change of the composition of the solution

within IGC cracks, the AlFeMnSi particles within IGC

cracks are transformed into cathodes and promote

the propagation of IGC. However, different from

grain boundary precipitates, AlFeMnSi particles

cannot form the continuous channels for IGC and

hence initiate the IGC; they can only become the

bridge of IGC that connects grain boundary precipi-

tates because of their discontinuous distribution and

low number density at grain boundaries. With the

propagation of IGC, the grains containing high dis-

location density are exposed to corrosive medium.

Due to their poor corrosion resistance, corrosion

penetrates into their interior, which means localized

corrosion is transformed into intragranular corrosion

[18]. The taking place of the transformation of local-

ized corrosion into intragranular corrosion in PRG

structure means that the effect of dislocation density

plays an important role. No strong correlation

between the potential factors, such as the precipitates

within grains and the grain orientation, and intra-

granular corrosion was found in the present paper.

Based on the above discussion, the grain boundary

precipitates with a relatively continuous distribution

are supposed to be the primary cause of the initiation

of IGC because no matter how many grain bound-

aries are exposed to corrosive medium, if there is no

micro-galvanic couples consisting of precipitates and

aluminum matrix at grain boundaries, no IGC shall

occur. The experimental data of the literature [31]

that the overaged Al–Mg–Si–Cu alloy with no obvi-

ous grain boundary precipitates was immune to IGC

also suggest the conclusion that the effect of grain

boundary precipitates on IGC is the most significant.

AlFeMnSi particles and grain characteristic have a

quite similar effect on increasing the number of grain

boundaries exposed to corrosive medium on the ini-

tiation stage of IGC, but their effects become different

during the propagation of IGC since the role of

AlFeMnSi particles and the form of localized corro-

sion changed.

The above conclusions also explain why the cor-

rosion resistance of PCG specimen and PRG speci-

men was different. As revealed by the accelerated

corrosion test, EIS and the quasi in situ examination

of IGC process, PCG specimen is more resistant to

pitting corrosion, IGC and intragranular corrosion

than PRG specimen. From the previous discussion, it

was found that the AlFeMnSi particles on the surface

of specimens are dissolved, which leads to the initi-

ation of pitting corrosion. Since the AlFeMnSi parti-

cles in PRG specimen are larger and more than those

in PCG specimen as shown in Fig. 10, more severe

pitting corrosion takes place on the surface of PRG

specimen and hence more grain boundaries beneath

specimen’s surface are exposed to corrosive medium,

which reduces the IGC resistance of PRG specimen.

Meanwhile, due to the existence of more continu-

ously distributed grain boundaries precipitates

shown in Fig. 11, PRG specimen shows a poorer IGC

resistance than PCG specimen, which was carefully

investigated in an early work [49]. The higher dislo-

cation density remained by partially recrystallization

in PRG specimen eventually leads to the taking place

of the intragranular corrosion, but in PCG specimen,

dislocation density is not high enough to make cor-

rosion penetrating from grain boundaries into grain

interior. In a word, in spite of its poor mechanical

properties, extruded 6005A profile with PCG struc-

ture shows a unique IGC behavior and a high resis-

tance to pitting corrosion, IGC and intragranular

corrosion because of its microstructure.

Conclusions

1. The PCG structure of extruded 6005A alloy pro-

file shows a higher corrosion resistance to pitting

corrosion, IGC and intragranular corrosion than

PRG structure and has a unique IGC behavior

that pitting corrosion and subsequent IGC

become less severe and are not transformed into

intragranular corrosion as they are in PRG

structure. The continuity of grain boundary pre-

cipitates, the quantity and the size of primary a-
AlFeMnSi intermetallic particles and the grain

characteristic are found to play an important role

in the corrosion of extruded 6005A alloy profile.

2. When extruded 6005A Al–Mg–Si–Cu alloy profile

is immersed in an acidified sodium chloride

solution, pitting corrosion and IGC take place
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on the surface of specimen at first and then

pitting corrosion is transformed into IGC. With

the propagation of IGC, intragranular corrosion

takes place in PRG structure but not in PCG

structure.

3. The continuously distributed precipitates at grain

boundaries and the high dislocation density in

grains are the cause of IGC and intragranular

corrosion, respectively. The AlFeMnSi particles

on surface are dissolved in an acid environment,

which leads to the initiation of pitting corrosion

and increases the number of grain boundaries

exposed to corrosive medium. With the change of

their position, the AlFeMnSi particles within alloy

become cathodes and hence the bridge of IGC

propagation. Grain characteristic determines the

morphology, number and the misorientation

angle of grain boundaries and the dislocation

density of grains; hence, it affects the IGC

behavior of alloy.
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