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Abstract

Al2024 aluminum alloy specimens were exposed to atmospheric conditions for maximum 24
months and analyzed by electron microscopes to characterize their corrosion behavior and oxide
film characteristics. As the exposure time increased from 12 months to 24 months, the number

of pitting sites per 1 mm?

increased from ~100 to ~200. The uniform oxidation (or non-pitting)

region of the 12-month exposure specimen showed 30~120 nm thick oxide layer, whereas the
24-month exposure specimen showed 170~200 nm thick oxide with the local oxygen penetration
region up to 1 pm deep. There was no local corrosion area observed in the 12-month exposure
specimen except pitting. However, in the 24-month exposure specimen, local oxygen penetration
region was observed beneath the uniform oxide layer and near the pitting cavity. Al2024 showed
two times thicker uniform oxide layer but much shallower local oxygen penetration region than
AI1050, which appears to be related to low Si concentration. Further research is needed on the
effects of Mg segregation near the tip of the oxygen penetration region.
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ol-g3to] S sl otdE B &= Al
& 714 dee AeiAt. Al20240] 274" 471
£ 20~40 pm HYolct.

Table 1. Chemical composition(wt%) of aluminum alloy
Al2024 specimens.

Si | Fe | Cu |Mn | Mg | Cr | Zn | Ti | Al

0.05 | 0.14 | 4.6 | 0.62 1.5 | 0.01 0.1 0.03 | Bal.

ASTM G50-10[23]°] wt=} 7] 54 Adle s}
At ASTM G50-10914 HA|sk= A=t 2 27
of 950} UFnlE AlH AAHE Attt AR
9] EAl+= 304 Stainless Steel2 A|ZotR oH, AlH
< ISk HES ¢Fuls AJHA galvanic
couples HAt1A HAES ARESHITE ASTM
G50-1001 TgAIE of2 AlfxdES WEsHHA QF
Ql9] Ho| Apte FAaR FAety Wi HE &4
(Y%= 35°14'01.4'N, A%E: 129°04'59.1"E)S A4
SIQlTh AlHE AeakS BietEA dAsieler, 2|
oA 30k2] Zt=E o|F LS HA|sI3It). HiH o =R
B 1mol 1H<= fAIsHelt 127149 2 24714Ho]
At AFoA AlHE AT AlH A & 50
A 220 AFE Y6kt EFulE AlH AR
P2 A =0l BEagk vF o211

FAFAAE ) A (Scanning Electron Microscopy,
SEM)= ol-8sto] AlH HHE WA et 181
74 o]2H(Focused Ion Beam, FIB; FEI Scios™
DualBeam ™) W22 Z4(pitting)o] AT I
I} AYSER] ok G ol diste] ZHt = pme 7=
AlES st FIB 7F-Z oAl 2710 B3Py
TR AH FHo| AAJste] #H S-S WAISHT
FIB 7oz 92 AHE E3EAdEqA
(Transmission Electron Microscopy, TEM; FEI
Talos™  F200X)o.2 #&5t9 0™,  Energy
Dispersive X-ray Spectroscopy (EDS) &= AkA
4 F% AEe E2E oot A skt

3. 20t 9 nHE

3.1 EH 2AM

9 12 12709 9 2470 di7] &9 Al2024
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T ATHIE 1914 A F9 =), 19 290
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HARA 235 QoFckAH, Al2024 AlHS
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Hej A Adtd oz Falo] § F7IRithe A &2l
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{a) 12 month

(b) 24 month

Fig. 1. SEM surface images of Al2024 surface after (a)
12-month and (b) 24-month exposure to atmospheric
conditions (Scale bar is 200 #m long).
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(a) 12-month

(b) Zd-month

Fig. 2. SEM surface images of Al2024 surface after (a)
12-month and (b) 24-month exposure to atmospheric
conditions showing pitting occurrence frequency (Scale
bar is 200 gm long).

3.2 CHH TEM M
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HolAl #Y EA] (uniform corrosion) &
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A2 NSt 19 4= TEM A8 AAFS &
] 4 FIB 715 &5 &89 TEM AlH A
Q1 A4S HolFa Uty FY FA]o] At
o wi$- gk Alstdto] 1RO FHH AS &
o, pitting WA AJHL o] A okl A
2k = k. 35 WEE FIB 7 5 7H9] HY
Aol Mo = AR 24709 & AlH B9
O3 4(c)ollXet Zo] EHoAE FU3t FAut &
Al 7Hs ot oy TdHONE FUTt Alstd Qo=
TR FAlo] g TS AL & & A 7+
%ol gt Al B4 A= ol 7|5ttt

I% 5 12708 =& AJHAA Fd5HA 3449
B At oS wep 293 ohicebat Apzlo)ot
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(b) 2Zd-month

Fig. 3. SEM surface images of corrosion products or oxide
on Al2024 after (a) 12-month and (b) 24-month exposure
to atmospheric conditions (Scale bar is 10 #m long).

{dd t4-month exposure specimen: pitting area

Fig. 4. Surface locations where FIB machining was performed
(yellow dotted rectangle in left photos) and overall images
of TEM specimens (right photos).
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Fig. 5. TEM cross-section panorama images and EDS
elemental mapping of surface oxide layer formed on
Al2024(non-pitting) after 12-month exposure; (a) dark field
image and (b) O.

(a) Pt coatinglayer

N

Oxide layer Al2024

exoea f— 200 nm |

(b) Pt coatinglayer

Oxide layer (170~200 nm)
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b | [ 0 |

m— 00 nm
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Fig. 6. TEM cross-section panorama images and EDS
elemental mapping of surface oxide layer formed on
Al2024(non-pitting) after 24-month exposure; (a) dark field
image and (b) O.

A WEEAY. S5 A Aeks 119
AE LotEr] {8 11 83 2ol /MAlE 99+

gjste] WA, Cu7t s5d T2 Mno| &
=d 2ol gAVI = shHA AR e ik 9
© A= UENH. iAlE dA 4&2 AlCuMne
2 & 7 0oy I YiME Cut =4 A=
I Mno] s=d /HAlECl A= Ao e B &

rL rlr

AL % S AS 9 1 Bz ot A
& AE GG FEN A2 weba] FA4Eol 9
of YAE Wt LA AE AT AN Ak
AR HE E2E ATT 5 Aths AL HolFy
olet

Electron Image 6

500nm

Mg Kal_2
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Fig. 7. TEM cross-section image and EDS elemental mapping
of local oxygen penetration region observed in the oxide
layer formed on Al2024(non-pitting) after 24-month
exposure.
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250nm

250nm 250nm

Fig. 8. TEM image and EDS elemental mapping near the
intermetallic particle region observed in Fig. 7.
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Fig. 9. TEM image and line EDS profile of local oxygen penetration region observed in Fig. 7.
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Fig. 10. TEM image and EDS elemental mapping for the
tip area of the local oxygen penetration region observed
in Fig. 9.
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Fig. 11. Line EDS profiles for the tip area of the local oxygen
penetration region observed in Fig.10.
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e Ao, 12711%J /\Mﬂr{— g 2471Y

12(b> AAg 99 D).
3 Wl YA
4571 B0 A Aoz g, ol
540 4 o H ol A BEE Kol Holth, o]
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3t el 24 Pes WASA o), o] ke

17ko] 24747k Zol AW Atstat ofef
ARshs Wyl AT 4 At

Pitting cavity filled
with Pt coating

Oxygen penetration
region

Pitting cavity filled
with Pt coating

(b) 24-month exposure

Fig. 12. TEM cross-section images and EDS elemental
mapping of pitting area in Al2024 exposed to atmospheric
conditions for (a) 12 months or (b) 24 months.
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Fig. 13. Comparison of oxide layer thicknesses formed on
Al1050[21-22], Al2024(this study), and Al7075[21] exposed to
atmospheric conditions.

4. 2 B
718el 12709 2 24743k 1B A7) AI2024
Uy G ABS olgte] ThrIRAl] 8 A
4 Absteel gk mlg2 B42 st O

3l
gt 8 A& ofet 2o
A

H—‘
it
>,
N,
3
(==Y
(Vo)
=
e
=
_h
(Vo)
I\
=\.‘:
e
ku
ol
N
N
ol
ok
=
=)
i)

Ho| A dHAet= 34 47t 1 mm2 ‘3} oF 1007H
A 200712 Z7 st ow, &AHE Akshal oo
HHAAM B A5 FHEEHUY. 1271Y =5 AH 7
- 30~120 nm 779 4lsldto] FH=HACH F&
ARl JAFARS TEEHA okt 2471 °7] ==
A|HAE 170~200 nm FE2] FY3t Atgldto]
HSEeloH, FAet 4sld; ofFf of 1 um %10]9]
l"T—v— ARl AT 99= WEEHAT. 1271€7HA]
+ pitting= A QAT FH2Q 74 FEl= LA
gou, ti7] =& 7|7to] 2470 A7HA] AojAH Akt
o off FRA o kAt A4 AFshe @l &

B 5 Ut



Daeyeop Kwon et al./J. Korean Inst. Surf. Eng. 54 (2021) 62-70 69

Al1050 tH] 1271E =27

715 oF 48 o FAL HL3t

ARl A& AT gol= <9F 1/3 olstz €. «d
AR o FAL w72l AR IR Zole ™

2 IS Al70759 Al1050 HlEoAE T

vh glom, Al20249} Al70759] AHido=z @2 §i

Fepol £ U0 AL Ak YE o 2R

oA Mg 9] &5 @Al TEE AT

oF 2Hf, 24714 *

HN

m& r&" a nﬂw

i

Mr o

o] EEE RASE /12T
ofste] ATLHLS.

References

[1] ASM International, ASM Handbook Vol 13A
Corrosion: Fundamentals, Testing, and
Protection, 2003, pp. 196-209.

[2] N. D. Alexopoulos, C. J. Dalakouras, P.

S. K. Kourkoulis,
corrosion exposure in ultra thin sheets of
2024 aircraft aluminum alloy for GLARE
applications, Corro. Sci. 55 (2012) 289-300.

[3] S. Sun, Q. Zheng, D. Li, J. Wen, Long-term

behaviour of

Skarvelis, Accelerated

atmospheric  corrosion
aluminium alloys 2024 and 7075 in urban,
coastal and industrial environments, Corros.
Sci. 51 (2009) 719-727.

[4] B. B. Wang, Z. Y. Wang, W. Han, W. Ke,
Atmospheric corrosion of aluminum alloy
2024-T3 exposed to salt lake environment
in Western China, Corros. Sci. 59 (2012)
63-70.

[5] S. Sun, S. Chen, Y. Ma, Q. Zheng, S. Hu,

Extruded

Industrial and

Exfoliation  Corrosion  of
AA2024-T4 in  the
Coastal-Industrial Environment, Corrosion
70 (2014) 1064-1073.

[6] T. Zhang, Y. He, R. Cui, T. An, Long-Term
Atmospheric Corrosion of Aluminum Alloy
2024-T4 in a Coastal Environment, J. Mater.
Eng. Perform. 24 (2015) 2764-2773.

[71 S. Zhang, T. Zhang, Y. He, D. Liu, J. Wang,

X. Du, B. Ma, Long-term atmospheric
corrosion of aluminum alloy 2024-T4 in
coastal environment: Surface and sectional
corrosion behavior, J. Alloys Comp. 789
(2019) 460-471.

[8] T. F. Otero, A. Porro, A. S. Elola, Prediction
of Pitting Probability on 1050 Aluminum in
Environmental Conditions, Corrosion 48
(1992) 785-791.

[9] X. K. Yang, L. W. Zhang, S. Y. Zhang, M.
Liu, K. Zhou, X. L. Muy,

degradation and atmospheric corrosion

Properties

mechanism of 6061 aluminum alloy in

industrial and marine  atmosphere
environments, Mater. Corros. 68 (2017)
529-535.

[10] M. Poltavtseva, A. Heyn, E. Boese, Long term
corrosion behavior of clad aluminum

materials under different atmospheric
conditions, Mater. Corros. 64 (2013)
723-730.

[11] J. Ryl, J. Wysocka, M. Jarzynka, A. Zielinski,
J. Orlikowski, K. Darowicki, Effect of native
air-formed oxidation on the corrosion
behavior of AA 7075 aluminum alloys,
Corros. Sci. 87 (2014) 150-155.

[12] S.P. Knight, M. Salagaras, A.R. Trueman,
The study of intergranular corrosion in
aircraft aluminium alloys using X-ray
tomography, Corros. Sci. 53 (2011) 727-734.

[13] Yoshiyuki Oya, Yoichi Kojima, Nobuyoshi
Hara, Influence of Silicon on Intergranular
Corrosion for Aluminum Alloys, MATERIALS
TRANSACTIONS, Volume 54, Issue 7, (2013),
1200-1208.

[14] Binger, W. W., Hollingsworth, E. H. and
Sprawls, D., In Aluminium Vol. I, ed. Van
Horn, ASM, (1967), p. 200.

[15] M. Kaifu, H. Fujimoto and M. Takemoto,

of Mn and heat
treatments on intergranular corrosion of
Al-Mn alloys, J. Japan Inst. Met. 32 (1982),
135-142.

[16] M. Zamin, The Role of Mn in the Corrosion

Influence contents



70 Daeyeop Kwon et al./J. Korean Inst. Surf. Eng. 54 (2021) 62-70

Behavior of Al-Mn Alloys, Corrosion 37
(1981) 627-632.

[17] Y. Zheng, B. Luo, Z. Bai, J. Wang, and Y.
Yin, Study of the Precipitation Hardening
Behavior and Intergranular Corrosion of
Al-Mg-Si Alloys with Differing Si Contents,
Metals 7(10), (2017) 387.

[18] J. R. Galvele and S. M. de De Micheli,
Mechanism of intergranular corrosion of
Al-Cu alloys, Corros. Sci. 10 (1970), 795-807.

[19] Y. Zou, Q. Liu, Z. Jia, Y. Xing, L. Ding,
and X. Wang, The intergranular corrosion
behavior of 6000-series alloys with different
Mg/Si and Cu content, Appl. Surf. Sci. 405
(2017) 489-496.

[20] Y. S. Kim, H. K. Lim, J. J. Kim, W. S. Hwang,
and Y. S. Park, Corrosion cost and corrosion
map of Korea-Based on the data from 2005
to 2010, Corros. Sci. Tech. 10 (2011) 52-59.

[21] ZATE o2, ¥kH. 7] EAlo] ols)
Al1050 % Al7075 €F0lw I 4kl
EAAAn A A = EHE58] 4], 5006),
(2017) 447-454.

[22] 71q173_ 171, HY=,

=
qw ol B4, daEegeo
52(2), (2019) 62-71.

[23] American Society for Testing and Materials
(ASTM) ASTM  G50-10
Standard  Practice  for
Atmospheric Corrosion Tests on Metals
(2010).

[24] Z. Cui, X. Li
Z.Liu,L.Wang,
behavior of 2A12 aluminum alloy in a

International,

Conducting

H.ZhangK.XiaoC.Dong,

Atmospheric  corrosion

tropical marine environment, Advances
Mater. Sci. Eng. (2015) Article ID 163205.



