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Tablel Chemical composition of 6061 aluminum alloy
(mass fraction, %)
Mg Si Cu Cr Fe
0.99 0.50 0.21 0.14 0.32
Mn Zn Ti Al
0.11 0.0082 0.021 Bal

AR, 48 60~2000 SKIPARERAT B G, Wk
FEBEATHURAN G, SREHEBE /K. WEER, 25k
RIS , 2 Ja R $ 7 2555 (SEM, Quanta 250)
TEL 6061 £G4 I EE AR 20 AT UG /S 1
ML Keller i%7)(1 mL HF+1.5 mL HCI+2.5 mL
HNO;+95 mL H,O)fZ /5 F{ KEYENCE VHX2000
R BB L AR 4141. 6061 RE &N R4
G5 AT AR A3 A e I i A i AR (TEM) gt —
g, PIHL 500 pm JEHIJ7 Fr s FAAFE B A 50 pm

&

B 1 s2IRH 6061 855 & MM 2454

Feti, GBS IR R A d 3 mm R ST
Ffo

Bl 1()7n A 6061 856 & EG5 WA T 4
HY, 6061 Faf & MIEPLRK /NN 20~200 um, HIHAH
AL CN i) ey i< P ey [0 i v S R 0
B, WELRI M A . 4hiA EDS A Braran, HaE
(R 55 — M4 Al-Fe-Si Al Mg,Si 2. % At KERIR
BRI AR N Al-Fe-Si & B IALEY), EAEH
ZUR IR AL T 43 A, K/ME 2~10 pm, BAKZOIRE
Z; BEIKEERY N 6061 #5454 E BRI Mg,Si,
AHOIRTE oA TR A rh, A SR, RSTh
5~20 pm. #E—EH TEM 46 6061 454 4 N EF
M AHIEAT b, HEE R 2 Bk, BE 2 mran,
A& WIAAE RE T AR, BT A 3 B8 RS
K1 Al-Fe-Si #r A & RTINS Cu 1) O A
(AL,Cu,MgsSiy).

#6061 404G RE N T TR AL AL R ke

Fig. 1 Microstructures of 6061 aluminum alloy used in this work: (a) Optical micrograph; (b) Distribution of second phases

observed by SEM
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Fig.2 TEM image(a) of 6061 aluminum alloy and chemical composition of precipitates((b), (c))
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JE CPARGRAE ] )4 100 mm X 50 mm X 3 mm, F7HIR
FERSFN L=70 mm, d=5 mm), RGBT
1500%J5 AT R IEALFE, EPXT 6061 274 45 AT R
1 81 A LA R R I FH B S A AR BT . e S A S A Ak
T ZMFE: 20%mER, 20 g/L 857, 6=20 C, J=
2 A/dm?, U=15V, =30 min. PAWEILZ )R, SLEDE
PR A R, IR AR 28R AT Al e S

FRK A AIETE 100 CHUKH 3 30 mino BIBRER FHAK
FALAE PR T 2R . 3%~5%, Jii & 4> H)H,S0,+
(0.5%~1%, JRES¥)H;BO;, 6=25C, J,=0.8 A/dm?,
U=15V, =20 min, [# 50 A AERE R ELH, H
TR ZERARAFATE DS, PR EAIEAE 100 CEE
TR L 30 min. ¥ 6061 £ G #RAE N 17,
W LU R B AR A A AT AR BR FH A ALY 6061 FR A

I3 IREE 2 R RE 370 B T HGRRE SRR
BRI VE S TR, A RS B2 1 mg )73 RSP AR &
SPRGARER R G T B sk, ZEMRPE (GB 11112—
89 A .4/ KA MR /i) 1R T Tl RS
BT 5 B L4 36.05° K4 120.29°, 4K 12 m)
BT AR R R, SPHORFERA 4 ASPATRE, Hifd
AR 5 AFATHRE, RICAHIN 5 a, W50 1A 5 27
WIS 5 ISR 2 Fos

1.2 XWERHEE

K RIS a JE ) 3 FhPARCARE RIS, X 2 o A
SR BEATHARE . FIF FEI Quanta—250 TS5 F148 FEF
AU (SEM)X 2 [H] A AR TR EAT MO TR Wi 8¢, IFH
FLB A I Re 1 (EDS) 2 T =M R 53 o B Tl™= ) iR ) AH
MR Rigaku DMAX-RB 12 kW X HHRRTHX
(XRD)HHAT 0. %M (HB 5257—1983 J&ihii6 45
B E BRI E R EERRD) M 20 g/L
CrO5+200 mL/L HyPO, IR & RAE 80 'C N X PR ik A
FR45 10 min, IEVETEEFRBUR &, THEIFE RS a
JE IS phig R . SR VK-X200 #0354 B s
(Confocal laser scanning microscope, CLSM)X} 2[5 )5

2 G A P A

Table 2 Environmental data of Tuandao during experiment

TP G AR R T ST WSS, FE0f sUihyTiR B
HEAT I &

VEFW 5 a S50 3 b fiARE R, ##8 (GB/T
228.1—2010 4 J& M Bb = i Al 58 07 vk ) 8 A
WDW-200D U FHLIEAT J7 2= REME, AR
MIFREE Y 25 mm, 7R FEHTRANLS, 353 F
L S a WG FLRR FE (T JE ISR BE 002, TLHISREE o)
FIBYEWT S A K ) R4 o 4z R RE R RS
510 2 W 1 3R T R T S = 2 S, F SEM
M WT T2 SR W7 0 O AR A IO TSR,
DA W 1A T TS

2 HR5T

2.1 RHEREMEST

448 HB 5257—1983 LR R =4, 2 J5H
ASTEYE, TR AR & LR TR h s &
PRRHER

my —my

W= (1)

Sx[2x(axb+axc+bxc)]

X w NSRBI IGER, g/(m’a); my AIRFEJR
WEE, g om NERBMSYERRE, g5 av b
e AR EE . R R, m.

Bl 3 iy 3 FAREAE T B Hg v KRBT 2 R
5a @S, HAaeE 170 2°R0 3700 5 a PR h
R HA 3.3204 0.997 AT 1.813 g/(m?-a). JEid &
R, PHAEAGIRFER 5 a P32 1)
AR T AR, 15 B AR S A A B0 A i ) S8 AL
FE Tl PR R SABE FREAA R B) T — & AR 1
H, S5HMMLL, GERAIGEEZELS 5 a S0
RIS P S ol 250 ) TR T 70.2%F1 45.4%. i
31 51 PRl M R R A € s g 1l g !
WA AR

. . . Weather factor Corrosion concentration/
Experiment station Climate o
(annual average) (ugrem ~d )
Qingdao Temperature: 12.7 ‘C H,S: 0.607

North temperate monsoon

36.05°N, 120.29°E . .
climate and ocean climate

Altitude: 12 m

Relative Humidity: 74.6%

Rainfall: 955.2 mm Sea-salt particles: 5.606

Sulfation rate: 3.287
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Fig. 3 Corrosion rates of three samples after exposure in

Qingdao marine atmosphere for 5 years
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FE 4N B b i AR AT SRR 4G 6061
BESHMARE. 25 a BW)5, HMRFE V158
ThRZ, Hid, JERMEEH 275 MPa T~ E 239
MPa( F B3N 13.1%), HiisRfEH 323 MPa R4
261 MPa (FF&EFN 19.2%), JEhE ™ E; Rk 2"
SRR EAS, SR TR, ARG i
SR EE 735N 264 MPa 2 293 MPa, FB&ZRAU N 4.0%A1
9.3%, S NER; WA 3PS RRER B Mtk iR
BERIBREERE LT AREE 1700, BRSREEFRARAL, WREA
KRG FERAR LGS, BFERNHE, HMEEAR
BE, PR 2" RN 16.7% FIEE 15.6%, UK
6.6%, ZALFARFE VRUARE 3710, S5RKM, 45 a
TR 5 , 2 1 PH R A AL AL TR g 2 2 AR 6061 FR A
SR RISV AR O, LR IR PH A LA 1 R R B B

&3 6061 e Gk S AP RER
Table 3 Mechanical properties data of 6061 aluminum alloy

By SERMARLE, BRER AR R FH AR A S R IR R
RSB FEFR R TR T 69.5%A1 11.0%, K245
KREBEDHTEET 71.8%F 41.0%. KATH, GHiBEZH
WA e RE R ER, (45 2758
FE RV SRR AT SR s 1T A IR I A S P JB X A
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Fig. 4 Stress—strain curves of each sample
340 773 Yield strength 28
R Tensile strength %

£ 300} [ JElongation {04
= R
P =
2 9]
2260 ¥ g R 1202
S g
0 & S
§ 5|
£220 16

180 T 12

1# 2# 3# 4#
Sample No.

Bl 5 A ilhr i e . frn o A 30T L]
Fig. 5 Comparison of yield strength, tensile strength and

elongation of each sample

Sample No. 6../MPa 02.441% oy/MPa 4% % RY/%
1" 239 13.1 261 19.2 12.8 23.4
2" 264 4.0 293 9.3 15.6 6.6
3" 243 11.6 268 17.0 14.4 13.8
4" 275 - 323 - 16.7 -

1) Mechanical property decline rate compared with original samples
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i, BRI RO, B R R
H & 6(D T A1, ZMBRIR I A S 1 6061 & 24
5 a W5 R A 1D 50 53 X 3800 BE A FH AR AU A e
KFARERE B O OO E Y, (B
T2 B A S8 S R (0 T b = DB R AR L T 2D, 45

Bl 6 3 FHFEERTE AT 2L T3

AGE G 3 PR AR RO,
F R T R R R OK R R TR,
R G AR R K 51T, 42 b
BT w50, PHAR BT 6061 #5434 BT AR
YERT, ARG R BH AR A B8 N, X b s 7 11
BELESVE I SEAF, DRI, R O A S e o Bk 1 R 4 1
TR T IR R FH AR A AL

17 Frs 2 6061 556 4 S RPN 7] BH AR S AL I0FE
B4 11 (0 SR Tk = W O TE 30 B JE e A k. F
T EH, 6061 FHEEHMEA 2 a MBS, Kl
O R POR I M=) B 5, TERR o X I
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IR O vk, FE R SRR HIE 7(b)

Fig. 6 Macro corrosion morphologies of three samples before removing rust: (a) Sample 1% (b) Sample 2% (c) Sample 3%

(d) Sample 1" after 5-year exposure in Qingdao; (¢) Sample 2* after 5-year exposure in Qingdao; (f) Sample 3" after 5-year exposure

in Qingdao
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B 7 3 FUREAET BRI 5 a Ja MRS e 3

Mass fraction/%

Element
B C
Al 29.16  41.13  26.79
(0] 50.88  44.12  48.40
Mg 0.93 0.59 1.35
S 8.32 7.31 6.91
Cl 0.16 1.04 0.29
Si 9.17 4.68 15.07
Na 0.57 0.39 0.83
Cu 0.81 0.74 0.37

Fig. 7 Micro morphologies of samples after 5-year exposure in Qingdao and chemical compositions of rust layer of

each sample: (a) Sample 1%; (b) Sample 2*; (c) Sample 3*; (d) Chemical composition
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Fig. 8 XRD pattern of corrosion products of three samples

after 5-year exposure in Qingdao
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Fig. 9 Micro morphologies of three samples after removal of rust layer and corresponding depth of corrosion pits of samples 1((a),

@), 2'((b), (b)) and 3°((c), ("))
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Fig. 10 Cross-sectional morphologies((a), (c), (¢)) and distribution of elements((b), (d), (f)) of samples: (a), (b) Sample 1%; (c), (d)

Sample 2%; (e), (f) Sample 3"
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Fig. 11 Fracture morphologies of samples after 5-year exposure: (a;) Sample 1%, surface morphology; (b;) Sample 27, surface

morphology; (c;) Sample 3%, surface morphology; (a,) Sample 1%, center morphology; (b)) Sample 2%, center morphology;

(c») Sample 3%, center morphology; (as) Sample 1%, edge morphology; (bs) Sample 2¥, edge morphology; (c;) Sample 3%, edge

morphology
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Fig. 12 Fracture side morphologies of samples after five-year exposure: (a,), (a,) Sample 1%; (by), (by) Sample 2%; (c,), (c,) Sample
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Corrosion behavior of anodized 6061 aluminum alloy in
industrial-marine atmosphere in Qingdao after long-term exposure

ZHAO Qi-yue', JIA Zhi-hao', ZHAO Jin-bin®*, HUANG Yun-hua', CHENG Xue-qun', LI Xiao-gang'

(1. Institution of Advanced Materials and Technology,
University of Science and Technology Beijing, Beijing 100083, China;
2. Nanjing Iron and Steel Co., Ltd., Nanjing 211500, China;
3. Jiangsu Key Laboratory for Premium Steel Material, Nanjing 211500, China)

Abstract: The outdoor exposure tests of anodized 6061 aluminum alloy in sulfuric acid and boron-sulfuric acid were
carried in industrial-marine atmospheric environment at Qingdao for five years. The effects of two different anodizing
methods on the corrosion behavior and mechanism of 6061 aluminum alloy were investigated by means of the surface
and cross-section morphology observation, mass loss method, the corrosion products analysis, mechanical properties
testing and fracture analysis. The results show that the average corrosion rates of the anodized alloy in sulfuric acid and
boron-sulfuric acid decrease by 70.2% and 45.4% after five-year exposure in the industry-marine atmospheric
environments, respectively, compared to the naked alloy. The loss of yield strength decrease by 69.5% and 11.0%, and the
loss of elongation decrease by 71.8% and 41.0%. Thus, the anodic treatment weakened corrosion and the effect of
sulfuric acid anodizing is much better than for the boron-sulfuric acid anodizing. The high concentration of chloride ions
in the industry-marine atmosphere in Qingdao plays an important role in the destruction of the oxide films and in
inducing the pitting corrosion. Due to the pitting on the grain boundaries, the intergranular corrosion initiated. The sulfide
in the atmosphere can penetrate into the grain boundary region along with the corrosive medium, which aggravate the
propagation of the intergranular corrosion. The anodized film has an effective hindrance for chloride ions penetrating to
the matrix, and the effect of anodizing in sulfuric acid is better, which can effectively inhibit the initiation and
propagation of intergranular corrosion, thereby reduce the loss of strength and plasticity of 6061 aluminum alloys.

Key words: industrial-marine atmospheric environment; anodized 6061 aluminum alloy; pitting corrosion; intergranular

corrosion; mechanical properties
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