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Nickel Acetate-Ammonium Fluoride Mixed Sealing Solution for Enhancing

Corrosion Resistance of Anodized Aluminum Alloy

Hyunbin Jo

Department of Metallurgical Engineering,

Pukyong National University

Abstract

Aluminum alloy have been used various fields such as mobile due to its high
strength, thermal conductivity and lightness. However, high reactivity of
aluminum alloy causes corrosion problem. Anodic oxidation (or anodizing) is one
of effective method that creates passive layer on aluminum to improve corrosion
resistance. Anodizing makes nanoporous oxide on the surface, so it should be
sealed because they provide paths of corrosive media into aluminum substrate.
High temperature sealing high energy consumption and expensive to maintain
solution temperature. Low temperature sealing such as Nickel fluoride has a long
processing time and low solubility. In this study, we designed a new solution for
low temperature sealing treatment includes ammonium based materials and nickel
based materials. Nickel and fluorine ion spices make hydroxide and fluoride
during sealing. With the concentration of solution, sealing treatment time reduced
to minimize the corrosion current density of aluminum alloy. MNFS 2 showed
better corrosion resistance than traditional cold sealing and hot sealing.
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Standard
Reduction Half-Reaction

Potential (V)
0.59 MnOy(aq) + 2H,O(1) + 3e= — MnOx(s) + 40H (aq)
0.54 L(l) +2¢ — 2I(aq)
0.40 Os(g) + 2H,0(l) +3¢- — 4OH (aq)
0.34 Cu?'(aq) +2¢- — Cu(s)
0 2H"(agq)t+ 2¢ — Ha(g)
-0.28 Ni**(aq) +2e- — Ni(s)
-0.44 Fe*(aq) + 2e" — Fe(s)
-0.76 Zn*(aq) + 2e" — Zn(s)
-0.83 2H,0(1) + 26" — Ha(g) + 20H(aq)
-1.66 Al¥*(aq) + 2¢* — Ni(s)

Table 1. Standard electrode potential (vs. hydrogen) of materials at

standard state.
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Al-CuA 5
(AC1X, AC5A)

[k Al-Cu?] &3 PRty
(1000 A1) (2000 A 2) B
Al-Mnl g Al-Mg-SiAl 2 Al-SiFl 32
(3000 #A14) (6000 A1) (AC3A, ADC1)
Al-SiA g Al-Zn-Mg7 35 Al-Mg# 5
(4000 A1) (7000 A4) (AC7A, ADC5, 6)
Al-Mg 7| g
(5000 71 4)

Al-Si-Cu-MgA,
Al-Si-Mg7 3
(ACZX, AC4X,

ADC3,10,12)

Figure 1. Various type of aluminum alloy according to added alloy

element.
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Volts v SCE
0.2 0 -0.2 04 -06 -08 -10 -1.2 -14 -1.6

Magnesium =

Zinc
L] Beryllium
HEEE  Aluminium alloys
B | Cadmium

Mild steel & Cast iron
Low alloy steel
I Austenitic cast iron
Aluminium bronze
Naval brass, yellow brass & red brass
| Tin
, Copper
- 50/50 lead tin solder
[
||
|
[

Admiralty brass, aluminium brass
Manganese bronze
Silicon bronze

[ Stainless steel - grades 410, 416
. Nickel silver
T 90/10 copper nickel
80/20 copper nickel
\ [ Stainless steel - grade 430
- Lead
= 70/30 copper nickel
' Nickel aluminium bronze
‘ H Nickel chromium alloy 600
Nickel 200
o m Silver

' |- Stainless steel - grades 302, 304, 321 & 347
Nickel copper alloys - 400, K500
Stainless steel - grades 316 & 317

Alloy 20 stainless steel
Nickel iron chromium alloy 825

.
-
-
-
[
T Titanium

Gold, platinum
Graphite
4{MOST NOBLE - CATHODIC

LEAST NOBLE - ANODIC »

Figure 2. Galvanic series of various metals.*®
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Potential (V vs. SHE)

Figure 3. Pourbaix diagram of Aluminum alloy at standard state %.

3 -
5. Ar* AIO,
® 10% [10¢ [102 | 10°

11 100\.

10 ~ka
0.5 - 10

\..\“
e ® AL,03.H,0
™~ ™

o] @ o A0Sy
0.5
A 4
4.5 1

Al

2 0 2 4 6 8 10 12 14 16
pH

18



k= AFg} (Anodic Oxidation) &+

ol

Mo

"
n
B

j—

°
"
27

s
H,

Jet= vh1Y)

A
o

(6]

bl vl

(€]

= Abg-of o MeeR <

A=

9

=

- Ji
%
fas

_1

L —

o} =t}o] % (Anodizing)

7= 7HA

it

t}. Figure 4°]

o &

L
=

19



22!

s} ZdEl7t

hYA
s Y

sol e 49E A 9

&

ol

o

e

el g4 o] o]

s, &

(20)
(22)

(2]

Wt B4

=
=

3 HwA A

=

] ]
7k

=

1
=

A% 7}

A

QA1 +30% —> ALOj -+e-sresmsameamesnssesaenennens

|5 TN V) = AP
AL AL + 3. afloeees. . B M ... T
%79

b

H
gul

6

=
;On_
B/

ﬂa
ze)
ar
)

0

G
XO

Q)
ol
=l

]

(€]

P ®ek o] W thAl AR

20

[}

7 2 W3k glo] fAEWA Yy

o] 4%

1
=
=

.‘I

S
Tl

ol

bl o] 2t
34 €} (Figure 5).

S

SHEA 7]

7}



(+) )
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Acid
Electrolyte

Figure 4. Schematic of anodic oxidation system for aluminum alloy.
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anodization

(a) barrier-type AAO (b) porous-type AAO

. ALO
AR

|
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‘ | i
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J A L
j“ l“‘

time (f) time (1)

Figure 5. Current density dependent on time from different oxide layer

type during the anodic oxidation of aluminum *°.

22



9]

¥

)AO

FshE) s 20°C 9]

L X
=

& A A

o)

S|
]

=
2

e &

]

Al A

Aol A

el 5utol

270l

(e}
Hk-s

= AR W\

(6]

] ol

3

-
T%

2z 7]

o

set 271 A%

[¢]

14 2] pHell whe} 3

9]

%l

)

A E Aksl 39S inner oxide, F=F AF3F Al A H

2-S- outer oxideZ}

Fig. 6°1 eI

A=

9 outer oxide 2

Foll W= inner

=
4 F

o] o} Aol 7MW

T
.

o] AF&-E 1}, inner oxide FA7F "Wl GFo} Wj]AJo] Hoix

23



]

E}ro

i

(6]

e A 3 inner oxided|A HIE 7]F

(€]

s eto] 3

K

24



(b)

Nanopore

|

Sulfuric acid Oxalic acid

(c) (d)

Inner oxide

outer oxide

=

Phosphoric acid Chromic acid

Figure 6. Inner & outer cell according to different type of electrolyte.
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7V BAEstEA 7es e avE 48 ¢ T
ALOs — H,0 + 2A10(0H) (Bochmite) --+++++++-- (23)

Autd oz FA pHAlA delAH, vl55E Abgetd 3t
@35l A ¢ ot §hge] @457 =8 oy A &H7t
2] Ajzro] ZejA = who] gtk

FHEE o8 W BT AL MEAYAS o 3F ¥

Ni* + 20H" — Ni(OH)j weeesesenmamssmsnannssnanns (24)

ALOs — H,0 + 2A10(OH) (Boehmite) --++-++-+- (25)
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4= FAsr] S8 AL T Ade FdshA 25°CelA A

Al SFSA T Table 30 €99 B3 28] 243 YeRAT

z} vjuke] AN S B rtstr] Sl ARl (Versastat 4)9)
s AAEgn 3= WE
Z=ro] CE(Counter Electrode), RE(Reference Electrode), WE(Working

Electrode)2 2T & = AFC0=E FAE A7|gSEA +

5 A8 A9 /bgst 2 2H SA4stE & AAHAE
o]-8-3}o] OCP(Open Circuit Potential) =73 & 30+ 1+ A H,
OCP %] th¥] -400 mV HE] 800 mV Ale]o] ARHUE #HS =
3. SCE = (0.244 V vs. SHE (Saturated Hydrogen Electrode))

S Fu AFo R AEE o, 3.5 wt. % NaCl F8AS5 Az



-(29)

L

I -1 X 100

Anti — corrosion efficiency (%)
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Material Component

Al6061- Si Fe Cu Mn Mg Cr Zn Ti Al

Té 0.66 036 0.17 0.08 084 0.07 0.12 0.02 Bal.

Table 2. Alloy element composition of Aluminum 6061-T6.
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Time Temperature
Method Solution
(min.) °C)
Ni(CH3CO2)2#4H20: 5.5 g/L
NAHS 10, 20, 30, 45, 60 H3BOs: 8.2 g/LL 93
(Ni?*: 0.0221 M)
NiF24H>0: 4.35 g/L
NFCS 10, 20, 30, 45, 60 25
(Ni?*: 0.0258 M)
Ni(CH3CO2)204H20: 2.14 g/L
MNFS 1 10, 30, 60, 90, 120 NH4F: 0.64 g/L 25
(Ni?*: 0.0086 M)
Ni(CH3COz2)224H20: 4.28 g/L
MNEFS 2 10, 20, 30, 45, 60 NH4F: 1.28 g/L 25
(Ni%*: 0.0172 M)
Ni(CH3CO2)224H20: 6.42 g/L
MNFS 3 10, 20, 30, 45, 60 NH4F: 1.92 g/L 25
(Ni?*: 0.0258 M)
Ni(CH3CO2)2#4H20: 12.84 g/L
MNFS 4 5,10, 15, 30, 45 NH4F: 3.84 g/L 25

(Ni>*: 0.0516 M)

Table 3. Sealing treatment conditions of each sealing solution.
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(b)

Oxide layer

Substrate

Figure 7. (a) Surface & (b) cross-sectional morphology of anodized

aluminum oxide layer analyzed by FE-SEM.
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Name Al (0) Ni F

Anodized surface 28.1+14 613+£3.0 022+0.1 0.1+0.1

Table 4. Chemical composition of anodized aluminum surface (in at. %)

analyzed by EDS.
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Figure 8. Potentiodynamic curve of anodized aluminum surface

compared with bare aluminum 6061 alloy.
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Figure 9. Surface morphology of anodized aluminum surface sealed

with (a) NAHS, (b) NFCS with the respect to sealing times analyzed by
FE-SEM,
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Name Al (0] Ni F

NAHS 264+1.9 71.0+23 2.63+1.1 -

NFCS 223+1.7 69.0+2.1 1.53+0.8 72+1.2

Table 5. Chemical composition of anodized aluminum surfaces sealed

with NAHS and NFCS (in at. %)

43



2. A ANzt mE WA H3

Figure 10> NAHS % NFCS?| AP &5 Al AdE

Ehuith Mg Alzkol F7bgel mhet F2) AR AEA s,

o

T 5y Ag BT 302elA HA FA AdF UEE HAth 30

B oo]3 B AR sl oA Z7bsked], o] Ed B A
2 Aol wldsel A AF Wk PadA a H49

A2l A k= Absl dere] 4 dF Wioo] Hls (3.45x10°

Alem?) ok 99.11%9] W2 §&< E?}ﬂ—(Fig. 11(a)).

Figure 11(b)= NFCSS] A& AlFte] w& F2 A7 dx9
W3k g zE yebdoh 3020l HA FA dF UEE e

W 0.35x10° A/em?E F=F AF3} 1w} v wslo] 98.99 %9 W
2§88 BT HA AF WEE 308 o5 v Frhehd,

ol EWel v 7lwol ¥/dE = FE-SEM w4 Aol A

o)
v
S
o
>
R
=2
ru
I
1>
rN
=il
1:1
m

= Table 60 YEFWI T



o 10

1.4 ]

T T T T T U E Rl N R |

T b LA ' (I B L T
10" 10" 10* 10* 107 10% 10°

Current density (A/cm?)
T ¥ A ) IR | T B ' IR (] AR |
(b) 04 /——10mn. |
{——20 mmn._ 1

0.2 ——30 mn.

1 45 mmn
E 0.0 {—— 60 mn.
i 1—=— anodized

-1.0-

1.2 _

10" 10" 410* 10® 107 10% 10°
Current density (A/cm?)

Figure 10. Potentidynamic curve of anodized aluminum surface sealed

with (a) NAHS and (b) NFCS compared with anodized surface.
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Figure 11. Corrosion current density according to sealing time of

anodized aluminum surface sealed with (a) NAHS and (b) NFCS.
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Sealing time (min.)

Name
Corrosion current density (A/cm?)
10 20 30 45 60
NAHS
3.445%x10° 0.647x10° 0.309%10° 1.622x10°  3.423x10°
10 20 30 45 60
NFCS

3.576 X10° 1.694 X 10° 0.351X10°  0.851X10° 1.575X10°

Table 6. Estimated corrosion current density of anodized aluminum

surfaces sealed with NAHS and NFCS according to sealing time.
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Name Al (0] Ni F

MNFS1 28.1+3.5 61.3+3.7 22+0.7 84+1.2

MNFS2 259+22 62.8+4.0 33+1.1 80+1.3

MNFS3 23.7+3.0 643+33 5.0+1.9 7.1+£1.8

MNFS 4 214+£27 66.5+4.5 6.0+1.5 6.2+2.0

Table 7. Chemical composition of anodized aluminum surface sealed

with MNFS 1, 2, 3 and 4 (in at. % )
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Figure 12. SEM images of anodized aluminum surface sealed with (a)

MNEFS 1, (b) MNFS 2 with respect to sealing times.
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Figure 12. SEM images of anodized aluminum surface sealed with (c)

MNES 3, (d) MNFS 4 with respect to sealing times.
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with (a) MNEFS 1, (b) MNFS 2 compared with anodized surface.
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Sealing time (min.)

Name
Corrosion current density (A/cm?)
10 30 60 90 120
MNFS 1
1417X10°  0.929X10° 0.406X10° 0.938X10%  2.410X10°
10 20 30 45 60
MNFS 2
0.843X10° 0.539X10° 0.219%X10° 0.589%10° 1.017X10°
10 20 30 45 60
MNFS 3
1.336X10°  0.624X10° 0.364%X10° 0.818%X10°  1.321X10°
5 10 15 30 45
MNFS 4
3.428X10° 1.104X10° 0.525X10° 4.618X10° 19.825X10°

Table 8. Estimated corrosion current density of anodized aluminum

surfaces sealed with MNFS 1, 2, 3 and 4 according to sealing time.
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Figure 15. Potentiodynamic curve of anodized aluminum surface sealed
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Sealing time (min.)

Name
Corrosion current density (A/cm?)
10 20 30 45 60
MNFS 5
4311X10° 2.394X10° 1.288X10° 1.348X10° 1.781X10°
10 20 30 45 60
MNFS 6
5.525%10% 1.991X10° 1.171X10° 1.800X10° 5.097%10°
10 20 30 45 60
MNFS 7
1.888X10° 1.244X10° 0.763X10° 1.310X10° 2.727X10°
10 20 30 45 60
MNFS 8

2426X10° 1.301X10° 0.924X10° 3217X10° 5.320%x10°

Table 10. Estimated corrosion current density of anodized aluminum

surfaces sealed with MNFS 5, 6, 7 and 8 according to sealing time.
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