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Improvement of Cornosion Resistance of Aluminum Ally
by Heat Treatment

Dae-Hyun Youn

Dept. of Material Engineering Graduate School,

Korea Maritime University

Abstract

Aluminum is a active metal that owes its resistance to a thin,
protective barrier on the oxide surface layer, which is stable in the air
and neutral agueous solution. Thus Al alloys are widely used in
architectural trim, cold & hot-water storage vessels and piping.
However Al and most of its aloys may be corroded with some forms
such as pitting corrosion, intergranular corrosion and galvanic corrosion
in case of exposure to various industrial and marine atmosphere.
Therefore, some kinds of metal such as Mn, Mg, Si or Cu are added
to pure Aluminium and were carried out heat trestments for improving
mechanical property and corrosion resistance.

In this study, relative evaluations of corrosion resistance for three
types of Al aloy (ALDC 3, ALDC 5 and ALDC 12) were carried out
with electrochemical methods such as variation of corrosion potential,
anodic/cathodic  polarization curves, cyclic voltammogram, AC
impedance, SEM photograph and Vickers hardness measurement etc.
And the effect of corrosion resistance improvement by heat treatments
for ALDC 12 was investigated by the electrochemical methods.

Chapter 3.1 shows the difference of electrochemical property between

_ix_



these three kinds of Al aloy mentioned above. It was known that
corrosion potential is shifted to positive or negative direction only by
alloying components regardless of corrosion resistance. Moreover the
data of electrochemical properties for the corrosion resistance evaluation
obtained from cathodic polarization curve, cyclic voltammogram and
AC, DC impedance showed a good correspondence each other.
However variation of corrosion potential, passivity current density of
anodic polarization curve and corrosion current density by Tafel
extrapolation and Stern-Geary method did not correspond with
considerably not only each other but aso the data of electrochemical
properties discussed above. Therefore, it is suggested that an optimum
electrochemical evaluation for corrosion resistance of Al aloys should
be caculated by the diffusion limiting current density of cathodic
polarization curve, impedance of AC or DC and polarization resistance
of cyclic voltammogram. = And from those results, ALDC 5 showed
the best corrosion resistance than other Al alloys. On the contrary, its
resistance of ALDC 12 was comparatively lower than those, indicating
intergranular corrosion.

Chapter 3.2 shows the effect of annealing heat treatments (annealing
temperature at 100°C, 200°C, 300°C, 400°C, 500 for 1h respectively) to
corrosion resistance of ALDC 12. The vaue of Vickers hardness was
decreased through all range of annealed temperatures compared to non
heat treatment. However corrosion resistance was relatively improved
with annealing heat treatment. Especially, annealed at 500°C, the
improving effect of corrosion resistance was the highest than other
annealing temperatures without indicating intergranular corrosion.
Therefore, it is suggested that optimum annealing temperature for
corrosion resistance should be at 500°C. But recommendable
temperature for increasing mechanical properties and corrosion
resistance should be at 200°C.

Chapter 3.3 shows the effect of solution heat treatment (for 1lhr at



500°C) and aging treatment (artificial aging: for 5Shrs at 160°C , and
natural aging: for 36hrs a room temperature) regarding corrosion
resistance of ALDC 12. In case of water quenching after solution
heat treatment, their Vickers hardness is relatively decreased compared
to normalizing after solution heat treatment. Especially the value of
Vickers hardness by natural aging after water quenching shows the
lowest value. However, artificidl aging after normalizing increased
considerably the Vickers hardness than other heat trestments. The best
optimum heat treatment for improving corrosion resistance is a natural
aging after water quenching, but intergranular corrosion was observed.
Intergranular corrosion could be restrained dightly by normalizing
than water gquenching after solution heat treatment.

Eventually it is known that ALDC 12 can be improved the corrosion
resistance and the mechanical properties by heat treatments such as
annealing, solution heat treatment and aging at the economical points
of view.
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Table 2.1 The series of electro motive force foravous metals.

metal/metal electrode potential (V) metal/metal electrode potential (V)
; . vs normal hydrogen . . vs normal hydrogen
ion librium ion librium

electrode electrode
Pd/Pd? +0.987 Fe/lFe® -0.440
Ag/Ag" +0.799 Fe/Fe® -0.036
Hg/Hg™ +0.788 cr/cr* -0.744
cu/cu® +0.337 zZn/izn® -0.763
Cu/Cu’ +0.522 Mn/Mn** -1.029
Ho/H? 0.000 Ti/Ti% -1.630
Ph/Pb** -0.126 Al/AIP* -1.662
sn/isn® -0.136 Mg/Mg® -2.363
Ni/Ni** -0.250 Na/Na' -2.714
ColCo* -0.277 K/K* -2.925
cd/cd® -0.403 Li/Li* -3.045

Zuty Aldo = HF
st} 28] 1 Table 2.29] 3l
Table 2.201 4 AF¢to
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Table 2.2 The galvanic series of vanous metals isea water.

Platinum

Gold

Graphite

Titanium

Silver
Hastelloy(62Ni,18Cr,18N0)

18-8 dtainless steel (passive)
Inconel (passive) (80Ni,13Cr,7Fe)
Nickel (passive)

Monel (70Ni, 30Cu)

Noble or cathodic Cupronickels (60-90Cu, 40-10Ni)
Bronze (Cu-Zn)

Copper

Brass (Cu-Zn)

Hastelloy b(62Ni, 18Cr, 18No)
Inconel (passive) (80Ni, 13Cr, 7Fe)
Nickel (passive)

Tin

Lead

18-8 stainless steel (active)

Cast iron

Stedl or iron

2024 aluminum (4.5Cu,1.5Mg, 0.6Mn)
Active or anodic Cadmium

Zinc

Magnesium and Magnesium alloy

2.6, #4279

ofN

=
ar

1) o] <& A= AA (dissimilar metal electrode cell)
o]F 9 27HA] 54 F 71HdH Aol AR Y2 F5o] HEHIAS
6%7]— ];l—'g_‘ :L—/;:O] OO]: 7

SR
S FEe A3
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Potential(mVSC
E)
- 80
-350
- 50
- 50
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+90
+160

Ni
Bronze(70-30)
Ag
Au

Stainless steel

Monel (70-30)

Metal

Active
Noble

Potential
(mV/SCE)
-1600
-1070
-780
-450~-650
-500
-460
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-240

Table 2.3 Conosion potential of metals in seawate
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~ jon contained solution
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Fg. 211 Schematic diagram of crevice corosion.
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0.0591, [M™]

=E°+ log
n [M] (2.18)
no owrSo] #wojd Hxpe F o stebd o] &< (96,487 C/mol)

R 713174 (8314 J/mol °K) T Adg&+% (°K)
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Table 2.4 Standard potentials for vaious metalon, gas or redox electrodes
vs SHE at 25C *,

Electrodes Electrode reaction Bv
AU*/AU AU +3e = Au +1.50
clicCl, Cl+2e =2 2CI +1.3595
02/H,0 O +4H +4e 7 2H,0 +1.229
O,/OH O,+2H,0+4e T 40H +0.401
Pt /Pt Pt +2e = Pt +1.20
Pd*/Pd Pd*+2e =Pd +0.987
Ag'/Ag Ag'+e= Ag +0.799
PbO,/PbSO,4 PbO,+S0, +2H+2e = PbSO,+2H,0 +1.685
H922+/Hg Hg22++2eﬁ 2Hg +0.789
Fe’'/Fe™ Fe'+e = F&"" +0.77
Cu'/Cu Cu'+e==Cu +0.521
Cu”*/Cu Cu®*+2e=Cu +0.337
sn*/sn® Sn*'+2e = Sn** +0.15
Pt/HoH" 2H'+2e = H, 0.0
Pb*/Pb Pb*+2e = Pb -0.126
Sn*/Sn Sn**+2e = Sn -0.136
Ni%/Ni Ni*+2e & Ni -0.250
Co”ICo Co*+2e=Co -0.277
cd**/cd Cd*+2e=Cd -0.403
Fe*'/Fe Fe®'+2e—Fe -0.44
cr¥icr Cr¥*+3e=Cr -0.74
Zn*iZn Zn*+2e =2 Zn -0.76
Nb**/Nb Nb*+3e = Nb -1.10
Ti%Ti Ti*+2e = Ti -1.63
AI¥Al Al¥+3e= Al -1.662
Mg*Mg Mg™+2e = Mg -2.363
Na'/Na Na'+e= Na -2.714
ca’'/ca Cca*+2e=Ca - 2.870
K*IK K*+e=K -2.925
Li*/Li Li*+e==Li -3.045

_27_



29. A9-pH=

A A

E}_23>

o]

ol

ki3

=g A9 -pH=e}

/?)1—

= A9ls pHY e vhebul

)

o] A9 -pHEZS e H Fig. 2129} 2t}

!

o)

oy
|

—_
o

Uepdl Aot}

A defel wel B84l (immunity), 3249 (corrosion), %

=
=

319k pH

o

1
5}

(<

4r
alat

0

o
%o &

ERE

Fig. 2.12¢] Few

H

=

=]
RUSNIN

(passivity) o=

o
A

!

o
BK
ol

ar

—

il
)

N

4r

2

<
A=

NE
NE

)

o

Al gk FLit o

it

9] Fe0s, FesOs=

7o)
2K

]

g

X

jate]

o
Be

jruse]

2)

Line @

2H* +2e" = H,

Line ®

2H" +1/20,+2e” — H,O

A7k AA @uh w

29

Ad

=]
=}

Aol e] pHell A

AAM OL pHe}

A},

oAb TpaTE 2

@®h H g

ol

= Al HA

o)
el

)

] 4% A9 (half cell)ol A Uojr}

o

oo

(2.21) %

1

A
&

[¢]
35

o] 2=
BA

Zko] £ o]

Els

o] abshAlL} B oby

A

}1\1—

Q =
o T

™

—_
o

1|

_28_



N \
Fe’* T~
0.8 |= ~®_ -

m . . \\\\\

2 04 Passivity ~—

g F 2+ D

g ool T~< Fe:0s ]

o Feo.

& o4 Conosion T~ g |

) =~

/2 \\\

S o8 @ 52
192 Fe Immunity HFeGr
16 L AWMU A, |

-2 0 2 4 6 8 10 12
pH

Fig. 2.12 EpH diagram of Fe:H,0 (298°K; ion activity: 10° (mol/¢)) %

Fe - Fe™ +2¢

2H* +2e” - H,

Fe+2H" - Fe* +H, (2.21)
gy A 8 Fol oW AT wE o]t §&EAAVE dd
el Ae A @Eux =4 Hol A Q2DI= EE A (2.22)9%
Ze Ao st W §EAA0] HAYNS o dojupA Hrh

Fe - Fe* +2e

O, +2H,0+4e” — 40H"

2Fe+0, +2H,0 - 2Fe*" +40H" (2.29)

_29_



HlaE o] 2] ok zho] oW pHell A 2]

-

R

o] o}

N o o o) o L ﬁ%dv.ﬂo S W= m ~
T oo o T oo _ L mEE g ol nr X % OE
T o _m G N 7 WF o iy _
o Zrl o Jﬂ L3 oy O_ ﬁo = ‘;L o m o 3| = ‘;L ~
- Wo & T Nroﬂﬁﬂﬁﬂwﬂwmd ﬂ;amﬂ T
X o0 X S <0 B oF ) g k) W o mE CI- -
TTe g R, oM T T8 T L ® ey
gk 27 o maﬂi%wmo MQH B ol
N I oak e AW G LT W ool ®
B oo BT W onr oM _ T oo B mE o] R
T = B S o © 0 B T w B
9 oy 2 N
W o = ¢\ SN S) T 0 = i
I PO PR W/ /» o & X = o
oganao ATaﬂn. a Mwmoﬂmﬂr T T o= N
I SadrFml FTgR 2T
- X G o = oF 2 o G o o . o ~o
Nfo hy n0 = ol ey iz w = X
do O N . T oF o~ ol o N i | s o ~o
ol M E o A o k&8 £ CARNC o B PR
—~ Mﬂ [ m ‘mw —_— —r A 0 ﬁrl m J_,A!L 00 = ‘Ul io o JL'
AR DL ey W F d o=
! N dlo # Wm = D= X oo %u oo oW g .
J R olo X 0 T 3 ol _—
ﬂ.%% Q%MA ﬁm\ﬂ%ﬁMﬂr\w/ %%H%ﬁ%%ﬂ
@ ~o =) R o 2 ) —~ B 11 ) ) L ‘Ul o oge E_H o]
X m = o c © 3 Ul To o =
) B T © - o). e ~ ) L,M T T
c ;e- ar T X o= .n.IU. 1_1 X7 oF o} o> = 1__/I UT Zo N “ X ,Nro
= Bonx . R B 2 —
— ¥ r T4 5 < o X e T2 g %u%%%aw@ﬂ
o 5 oS [ G o N N i A, X O A - o o
N T W =T o §o B O = T o .
- N e ~3 A, o < Lf —~ S T < ~ N o} 5] ol
R T m = R T e o B
Ny 2 o o 2 o g S PN s %
o)) ﬂa iy el ‘ﬂ! (0] o, o9 = © M ol pl =y e ko] o
— Pl X ~ 6N - o st X = —_
T B — o 1H = T o~y = X ad oF ™ O N
~ 0o o m ) X Ht oll} Q \Alu_ﬂ = T
P =y E N = ST E g PERT Y
T B s T = T RN 04
o omos Bl — o al <0 —_ 8oy — ~ oo
BS L] | o nr o nr Ho m _ NI 5 ~ N0 om XX e
o0 O_ Bo X m ﬂN‘_ HT . o ol ~ HE o l_l EE ﬂ < o =~
oo M T % = B my ol e m oI ok I (=
o) = T Ak ol lh N JwE b T o9 A T TN oW X

_80_



-

R

A 2 A

]

1l

QA ste] FE Ade HHo A ¥

°o] ¥

Aol A A
A3 dA A= A3 (activation polarization)

o B
}?)]—'C _I—/L]

]

1l

w2} 4]

(polarization)

)

N

ox

o
m.o
<
il

o
oo

—_—

o

w

el

A

o
Ll

&

o}

etel T

435 o]

obelol el
(2.23)

=

=

- —=

LI
Z o

1+X) o)m=

)

= (resistance polarization)
S} X

AH oz A

1

)

17

A
_ (1_a)nF,7c
RT
Aol (8
1+ (1-a)nFn,
RT
— 81 —

Butlerel Volmerel] <93 o] &
- exp
OE]

RT

o
=

Al
2

-anF7,

-ankn,
RT

|5

o AL 7HAA HE=AE
o

(7. =E-Ey)
e

AA

(<3

J—q» Z_:]_'E]—Z‘g)'

]

o

A&
EEREE
W g
Butler Volmer
i = icor (exp

1)



cor RT
. . _ _EL _ rL < ET (2 24)
“ler™ Lm0 &,= 7 ﬁFz'm,) '

2) Stern Geary 2]

@ #7gke] 20mV ~ 50mV A 7§

_i or(exp -anF 7, —exp (1—a)nF/70)
RT RT

—anFre (I-a)nFn,

230 —10 23RT )

COI’ (10

e e

(100 )

- cor

2.3RT _ 23RT
anF ' "% (1-a)nF

Co,((l 23 _ (g4 3’7°)j

(B. = , 10* =1+2.3x)

B, B
B. ha
=237 0, ¢
o [EﬂcEBaJ (2.25)
1 ;( B B,
fer =55 w5

_82_



<23, (2.26)

10

40 20 40

iapp(anodic) —»

20 -
I, (mv)
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Fig. 2.14 Polaization cuve for Tafel's extrapoltion method®.
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Fig. 2.17 Representation of the sinusoidal voltageand cument, at
a given frequency, associated with a cell.

V'=voltage, i=cument, ®= phase difference between
the voltage and cument.
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Table 3.1 The data of chemical composition (wt%) foAl alloy.

Cu Si Mg Zn Fe Mn Ni Sn Al
ALDC 3 .
_ 0.6 9.5 0.5 0.5 0.9 0.3 0.5 0.1 Residual
(Al-Si)
ALDC 5 .
0.2 0.3 7.5 0.1 1.1 0.3 0.1 0.1 Residual
(Al-Mg)
ALDC 12 .
_ 2.5 11.5 0.3 1.0 0.9 0.5 0.5 0.3 Residual
(Al-Si-Cu)
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Fig. 3.2 Anodic polarization curves of Al alloys innatural sea water solution.
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Cathodic Polarization Potential (Vvs. SCE)
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Fig. 3.4 Cathodic polarization curves of Al alloysn flow condition.
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Fig. 3.5 Varation of cyclic voltammogram of ALDC 12 with increasing of cyclic numbers in
non-flow condition.
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Fig 3.6 Vanation of cyclic voltammogram of ALDC 5 with increasing of cyclic numbers in
non-flow condition.
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Fig. 3.7 Vanation of cyclic voltammogram of ALDC 5 with increasing of cyclic numbers in
flow condition.
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Fig. 3.8 Vanation of cyclic voltammogram of ALDC 3 with increasing of cyclic numbers in
non-flow condition.
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Fig. 3.9 Varation of bode plots for Al alloys in néural sea water solution.
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Table 3.2 The data of comosion resistance evaluath obtained from various method.

icomr (Comosion curent density)

Stem-Geary method@A) Tafel Impedance method I (diffusion ip (passivity cument
. limiting curent .
extrapolation . density : #A)
density : #A)
method by hand 0.0128
1st 2nd drawing(A) Vo — T(/IA) Ry atlOntiz (kQ)
ALDC 3 27.7 23.42 15 2.19 5.83 16 2.5¥10
ALDC 5 1.22 1.788 1.2 1.03 12.42 4.1 3.8X10
ALDC 12 9.2 0.68 1.9 5.13 2.493 20 3.1%10
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Fig. 3.10 Varation of cuments obtained from variols methods for conmosion resistance evaluation
Al alloys.
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Fig. 3.11 Varation of polanzation resistance by DCmethod with immersion day.
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Fig. 3.12 Varnation of polanzation resistance by ACmethod with immersion day.
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ALDC 3 ALDC 5 ALDC 12

Photo. 3.1 SEM photographs for comoded surface of |Aalloys.
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Photo. 3.2 Optical micro structure of specimen withvarious heat treatments.
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Table 3.3 The values of Vickers hardness (HV) witlvarious annealing heat treatments.

room temp.

100C

2007C

300C

400C

500T

Average

86.9

84.0

84.4

77.7

72.0

68.2
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Fig. 3.13 Varation of comosion potential with immesed time in sea water solution.
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Fig. 3.14 Varnation of anodic polanzation curveswith annealing heat treatments in
sea water solution.
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Fig. 3.15 Vanation of cathodic polanzation curves with annealing heat treatments in
sea water solution.
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Fig. 3.16 Varnation of cyclic voltammogram of ALDC P at room temperature in sea water solution.
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Fig. 3.17 Vanation of cyclic voltammogram of ALDC P with annealing at 100C for 1h.
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Fig. 3.18 Varation of cyclic voltammogram of ALDC P2 with annealing at 200C for 1h.
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Fig. 3.19 Varnation of cyclic voltammogram of ALDC P with annealing temperature at 30GC for 1h.
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Fig. 3.20 Varation of cyclic voltammogram of ALDC P with annealing temperature at 400C for 1h.
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Fig. 3.21 Varnation of cyclic voltammogram of ALDC P with annealing temperature at 500C for 1h.
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Fig. 3.22 Varnation of cyclic voltammogram of 1st cgle with varous annealing heat treatment.
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Fig. 3.23 Varnation of cyclic voltammogram of 15thcycle with vanous annealing
heat treatments.
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Table 3.4 The method of heat treatments with solain heat
treatment and aging.

Solution heat treatment at 500C for 1h,
SON Quenching in water at 25C
Natural aging for 36hrs

Solution heat treatment at 50(C for 1h,
SQA Quenching in water at 25C
Attificial aging at 160C for 5hrs

Solution heat treatment at 50(C for 1h,
SNN Nomalizing in air until at room temperature

Natural aging for 36hrs

Solution heat treatment at 50(C for 1h,
SNA Nomalizing in air until at oom temperature

Artificial aging at 160C for 5Shrs
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Table 3.5 The values of Vickers hardness (HV) witlvarious heat treatments.

room temp.

SQN

SQA

SNN

SNA

Average

86.9

71.4

76.2

74.3

95.4
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Table 3.6 The data of Vickers hardness (HV) with vebus heat treatments.

room temp. 100TC 200C 300TC 400TC 500C
\
B
Average 86.9 84.0 84.4 77.7 72.0 68.2
room temp. SON SQA SNN SNA
Average 86.9 71.4 76.2 74.3 95.4
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Table 3.7 The data of comosion property obtained ¥ electrochemical measurement with various
heat treatments of ALDC 12.

HV ip at 0.8V Impedance IG comnosion Remark
- Cor. Resistance: bad
room temp. 86.9 0.146 7.25%10 considerable
SCC: bad
: Con. Resistance: good
ann. at 200C 84.4 0.123 7.85x1D a little
SCC: good
Cor. Resistance: ve ood
ann. at 500C 68.2 0.086 1.85x10 little V9
SCC: very good
_ Con. Resistance: very good
SQA 76.2 0.083 1.42x10 considerable
SCC: bad
, Con. Resistance: good
SNA 95.4 0.143 8.00x10 a little
SCC: good
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