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Evaluation on the Property of Pure Aluminum, Zinc and Their
Alloy Metallizing Films

Shin Joong Ha

Dept. of Material Engineering Graduate School,

Korea Maritime University

In recent years, the rate of environmental contamination is being accelerated

due to the rapid development of industrial society. Thus, many types of
structural steels, which are being widely used in various areas, such as land,
sea, etc. are often exposed to severely corrosive environments. In order to
protect these structural steels, many protection methods have been developed.
These methods can be largely divided with two groups : surface
improvement technology, such as nitrizing, carbonizing, ionic injection,
metallic diffusion, etc. and surface coating technology such as painting,
plating, clad welding, PVD(physical vapor deposition, CVD(chemical vapor
deposition), metalizing, etc. Among the metallizing methods, thermal spray is
generally explained as follows: metal or nonmetal is changed with fusion or
semi fusion conditions by heat sources and then these melted materials are
sprayed and striked to the substrate at a high speed, after then it is
deposited on the substrate. Metallizing technology is a surface coating
method which has been comparatively recently developed compared to the
other methods, and its technology has many advantages compared to other
surface coating technology.

In recent years, zinc and aluminum are often used with metallizing

- Xii -



materials to control the corrosion on structural steel, however, it is generally
accepted that these coating films are easy to deteriorate in severely corrosive
environments. Furthermore, there was a little experimental result related to
the evaluation of corrosion resistance in an atmospheric environment, also
there have been barely any examination results associated with  corrosion
resistance of these coating films in seawater solution.

Therefore, in this study, four types of coating films (pure zinc, pure
aluminum, and two types of alloyed films such as Al:Zn=85:15, Al:Zn=95:5
were deposited on the substrate with three types of film thickness such as
200 gm, 300 um and 400 ym by using the thermal spray method, and the
corrosion resistance of their coating films was investigated with an
electrochemical method in seawater solution.

The pure aluminum sample had the high corrosion resistance with
regardless of film thickness when it was exposed to seawater solution and
alloy (Al:Zn=95:5, Al:Zn=85:15) samples were followed by the pure
aluminum sample. In particular, the alloy film(Al:Zn=85:15), the galvalume
which has a higher corrosion resistance in atmospheric environment was
exhibited a lower corrosion resistance than that of pure aluminum film in
seawater solution. The pattern of general corrosion was observed at the
surface of pure zinc film, while, the pure aluminum and alloyed films were
exhibited the pattern of localized corrosion. The pure aluminum and zinc
films were exhibited more or less a lower porosity ratio compared to
alloyed films, and the porosity ratio of pure aluminum and of the other
films tended to change with increasing of film thickness. Furthermore, we
can see that the characteristics of corrosion resistance is varied with types of
film and its thickness.

Consequently, it is suggested that the results of this study may be used as
good reference data to develop metallizing technology as well as to apply
the metallizing method for corrosion control of structural steel in seawater

solution.
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metal/metal electrode potential (V) metal/metal electrode potential (V)

ion vs normal hydrogen I, e~ vs normal hydrogen
librium electrode ion librium electrode
Pd/Pd? +0.987 Fe/Fe? -0.440
Ag/Ag" +0.799 Fe/Fe’ -0.036
Hg/Hg”* +0.788 Cr/Cr’” -0.744
Cu/Cu** +0.337 Zn/Zn** -0.763
Cu/Cu’ +0.522 Mn/Mn?* -1.029
Hy/H* 0.000 Ti/Ti*" -1.630
Pb/Pb*" -0.126 AVAP" -1.662
Sn/Sn** -0.136 Mg/Mg** -2.363
Ni/Ni* -0.250 Na/Na* -2.714
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Table 2.1.2 The galvanic series of various metals in seawater.

Plat inum

Gold

Graphite

Titanium

Silver
Hastelloy(62Ni, 18Cr, 18No)

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

Monel (70Ni, 30Cu)

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

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

Steel or iron

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

Zinc

Magnesium and Magnesium alloy

215 F4 AA9 F7

1) ol &% A= AA (MG T M, dissimilar metal electrode cell)

dE 59 Zd(steel pipe)ol AdA4%¥ F3 (copper
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anode cathode
Cu— Q" +2¢ Q' +2¢ = Cu
oxidation reduction

Fig. 2.1.5 Schematic diagram of salt concentration cell.

ol% Eol, Fig. 216914 el vl o] Ho] %& AshiER &
w2350 Yok W g 2k

Fig. 2.1.6 Schematic diagram of oxygen concentration cell.
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Fig. 2.1.11 Schematic diagram of crevice corrosion.
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Gl eo] X SEoAA Fooleel Frs} M HEsl MekH WD
gk A9 w GebAA s, oo A% de xade

u=u"+RTIna (2.15)
olty. &l AWM F&EH} FEol2o] A YA WES s of &7]

ol $19 A(2.13) Whg-e] d¢=

AG = AG° +RT1nM
[A]

oz yehd 5 e, [elek IMI2 qFefel olel unity® 3hF3kAl
aHEE 7] 4 (216)

(2.16)

AG = AG® + RT In[M"*] (2.17)

o] A}, 7)ol p=—AE = ggay

220 HEE
_ g 0059110g{_og |_ }
n MHSoIBE T
_ o, 00591 | [M"] (2.18)
n [M]
n o ouree] #sk Az 4 Foo#gdo] A4 (96,487 C/mol)
R 7144 (8.314 J/mol ° K) 7 Ade= (C K)

2 (218)3 Z& A A& A9 FeZ YE= Nernst 4 85 4 AUth
Nernst AolA 3 559 w3 F5=€ed HAAEE BIdAHL sh=d 4
(2.18) oA latm, 25 C, #%0°]2 1mol AHolA T3 HAYS F=H=T A
(E)2 Yeha k. L& Fed T-d=49E Fallnd o3 2

o
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[T (Standard chemical potential) = 20,300 cal (2.19)
E =-20,300cal | nF (2.20)

—20300x4.2J
2 x 96500C

—0.44

ol o] gk AF A= FE=H9E Table 2.1.41 HEFHATE[15]
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Table 2.1.4 Standard potentials for various metal-ion, gas or redox
electrodes vs. SHE at 25TC.

Electrodes Electrode reaction E°/V
Au®/Au Au*+3e = Au + 1.50
C17/Cls Clyt2e = 2C1° + 1.3595
02/H:0 Os+4H+4e = 2H;0 + 1.229
0./0H 0,+2H,0+4e = 40H +0.401
Pt*/Pt Pt*+2e = Pt +1.20
Pd**/Pd Pd**+2e =Pd +0.987
Ag'/Ag Ag'te = Ag + 0.799
Pb02/PbS0, Pb02+50,+2H+2¢ == PbSO0,+2H:0 + 1.685
Hg,** /Hg Hg,+2e = 2Hg +0.789
Fe®*/Fe* Fe**te = Fe* +0.77
Cu*/Cu Cute = Cu + 0.521
Cu*/Cu Cu*+2e = Cu +0.337
Sn**/Sn** Sn**+2¢ = Sp* +0.15
Pt /Hy/H' 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*/Co Co**+2e = Co - 0.277
Cd*/cd Cd**+2e = (d - 0.403
Fe?*/Fe Fe?*+2e = Fe - 0.44
Cr¥/Cr Cr¥'+3e = (Cr -0.74
n*/7n In*'+2e = 7n - 0.76
Nb**/Nb Nb*+3e = Nb - 1.10
Ti*/Ti Ti*+2e = Ti - 1.63
A1*/A1 Al*43e = Al - 1.662
Mg* /Mg Mg*+2e = Mg - 2.363
Na*/Na Na'te == Na - 2.714
Ca**/Ca Ca®*+2e = Ca - 2.870
K'/K K'te = K - 2.925
Li*/Li Li*te = Li - 3.045
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Fig. 2.1.16 Representation of the impedance Z of a cell on a vector. Z

and 7" are respectively the real and imaginary components of
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A vE 5 vk [17]

Table 2.2.2 Types of thermal spraying Processes.

COMBUSTION OF OXYGEN AND FUELS ELECTRIC SOURCE

Flame spray process Plasma spray

Detonation gun spray process Arc spray process

Hyper-velocity oxy-fuel(HVOF)spray process Laser spray process

Fig. 22244 ok &AF A(gun)2 A FEolA A7H oz dds= F o

A7) Uai U A % S Ao

EREZEREE
oF 4000 CHER StololE §4A7T RE TE 8§ FEHS mAo] BAMA
1=8

Valtage  Comprassed Air

Caating

Substrate ——™
Wire Feed Wire Guides

Fig. 2.2.2 Schematic diagram of arc spray process.

ob= §AHE (30~50) kg/h AEE WS Ee FH E&S 2] gRo] He
e FAS mYF A% 2L wF §4 Sol $891 Ak ok §A1Y ol
b gabga waste] 2 54 the) 2ol aoky 4 olTHIg]
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Table 3.1.1 Surface pre-treatment and spray condition.

Surface Pre-treatment

Metal Blasting () Press. Anchor
Cut wire
7
SS400 steel ball (50~70) ym
kgf/cm?
2 nm
Wire Arc Spray Condition
Flame Part. Adh.
Air press. Spray
A\ A ) Temp. speed ratio
(kgf/cm) distance(mm) _
() (m/s) (psi)
6~7 32 | 300 150~200 4100 400 8 000
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Table 3.1.2 Various types of coating films with Al and Zn ratio.

Kinds of spray
. Remark
coating
A 200 Al : 100 %, DFT : 200 um
Z 200 Zn : 100 %, DFT : 200 um
A15Z 200 Al : Zn =85:15 DFT : 200 um
AbDZ 200 Al :Zn =9 :5 DFT : 200 um

_50_



Fig. 311& FA Al Wao] me 7 §4F )obe] 2249 WakS vhehy

il

a1tk Fig3.llolA & 4= 9l%e] A 200(AL1100 %)<] ¥ 2to] 217197} 7%
2 @S UEHA 2S¢ 5 dvk 2Elal Z 200(Zn:100 %) 9] vl 9ol 7h
e BAALE BRolFa lrh A15Z 2002 ASZ 2009 75 Z 200 vl th
A =S A8 @S dEl Ao obd e ZEASAAE IS = -0.76

VINHE)Z &¢F1F2 -1.662 VINHE)o HlafA =& 7S Yellla glon &
Fgdo el EAHYE= ofddo] -08V(NHE)Z ¢4FvH< -053 VINHE)
HlA 98 we ke UEhE Aoz deA gt wekA sgg el A
20001 Z 2000 HlE|A] @A A wE FARAE UdEhE 2 Ao Aol
4 A et Aoz Alr T del-pHE[14]0d o]t &FHH-2 2A1 +3H.0
= ALO; + 6H" + 6e(E = -1.559- 0.0591 pH) 2] uF-3-o ojafr at3} wu-S &4
&t ofelo] o= Zn + H.O = ZnO + 2H' + 2e(E = -0.439-0.0591 pH)°ll ©]
FAste Aoz Algdc) wEbA Fig. 3.1.12 #2141 94 Hlof

S
=
sratebg Podeta glont obele] Aol Ak Fwt F4o] of

Fig.3.1.2% af|4-& 9

y
B sute] ER0] DAl HEd

Fig. 3.1.3& Fig. 3.1.29] == eFeitniel oJajr +3 74 vj=e

FAAFUES Jehha ek A 2009 %= DREE 9)%e] FAAFAES 7
2z [©)

_51_



-0.60

-0.65
— 0.70
Ll
Q
D 075
2
S 080 —=—A 200
5 —e— 7 200
‘g’_ -0.85 —»— A15Z 200
= A5Z 200
9 -0.90
73]
e
5 -0.95
O
.00
_105 " 1 " 1 M M 1 M 1 M 1 M 1 M 1 M
500 0 500 1000 1500 2000 2500 3000 3500 4000

Immersion time($S)
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Fig. 3.1.8 Corroded surfaces of various coating films after drawing of

polarization curves.
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Fig. 3.1.9 Variation of porosity ratio of various coating films.
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Fig. 3.1.10 Cross section view of various coating films.
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Fig 3.1.11 Morphology of SEM of surface of various coating
films(x500).
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Fig 3.1.12 Morphology of SEM of surface of various coating
films(x1000).
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Table 3.2.1 Surface pre-treatment and spray condition.

Surface Pre-treatment

Metal Blasting () Press. Anchor
Cut wire
7
SS400 steel ball (50~70) ym
kgf/cm?
2 nm
Wire Arc Spray Condition
Flame Part. Adh.
Air press. Spray
A\ A : Temp. speed ratio
(kgf/cr) distance(mn) . )
() (m/s) (psi)
6~7 32 | 300 150~200 4100 400 8000
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Table 3.2.2 Various types of coating films with Al and Zn ratio.

Kinds of spray
] Remark
coating
A 300 Al : 100 %, DET : 300 um
Z 300 Zn - 100 %, DFT : 300 um
A15Z 300 Al : Zn =85 :15 DFT : 300 um
A5Z 300 Al:Zn=95:5 DFT : 300 um
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Fig. 3.2.1 Variation of corrosion potential with immersion time in
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Fig. 3.2.2 Variation of cathodic and anodic polarization curves in

seawater solution.
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Fig 3.2.4 Variation of AC impedance of various coating films in

seawater solution.
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Fig. 3.2.6 Variation of cyclic voltammogram of 15th curves in
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Fig. 3.2.7 Variation of cyclic voltammogram of 30th curves in

seawater solution.
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Al15Z 300 A5Z 300

Fig. 3.2.8 Comroded surfaces of various coating films after drawing of

polarization curves.
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A 300 (Porosity - 1.7%) Z 300 (Porosity - 8.7%)

AS5Z 300 ( Porosity - 13%)

Fig. 3.2.9 Variation of porosity ratio of various coating films.
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Fig. 3.2.10 Cross section view of various coating films.
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Fig. 3.2.11 Morphology of SEM of surface for various coating

films(x500).

_86_




A 300

Al15Z 300

Fig. 3.2.12 Morphology of SEM of surface for various coating
films(x1000).
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Table 3.3.1 Surface pre-treatment and spray condition.

Surface Pre-treatment

Metal Blasting (®) Press. Anchor
Cut wire
7
SS400 steel ball (50~70) m
kgf/cm?
2 mn
Wire Arc Spray Condition
) Spray Flame Part. Adh.
Air press. ‘ )
Vv A distance Temp. speed ratio
(kgf/cr) . )
(mm) () (m/s) (psi)
6~7 32 | 300 150~200 4100 400 8000
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Table 3.3.2 Various types of coating films with Al and Zn ratio.

Kinds of spray
. Remark
coating
A 400 Al : 100 %, DET : 400 um
Z 400 Zn : 100 %, DFT : 400 um
A15Z 400 Al :Zn =85:15 DFT : 400 um
AbZ 400 Al :Zn=95:5 DFT : 400 um
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Fig. 3.3.1 Variation of corrosion potential with immersion time in

seawater solution.
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Fig. 3.3.2 Variation of cathodic and anodic polarization curves in

seawater solution.
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Tafel‘s fit method from polarization curves.
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Fig. 3.3.4 Variation of AC impedance of various coating films in

seawater solution.
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Fig. 3.3.5 Variation of cyclic voltammogram of 1st curves in

seawater solution.
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Fig. 3.3.6 Variation of cyclic voltammogram of 15th curves in

seawater solution.
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Fig. 3.3.7 Variation of cyclic voltammogram of 30th curves in

seawater solution.
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Fig. 3.3.8 Comroded surfaces of various coating films after drawing of

polarization curves.
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Variation of porosity ratio of various coating films.
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__Al5Z 400 AbBZ 400

Fig. 3.3.10 Cross section view of various coating films.
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3.3.11 Morphology of SEM of surface for various coating
films(x500).
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Fig. 3.3.12 Morphology of SEM of surface for various coating
films(x1000).
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Fig.3.4.1 Variation of corrosion potentials of pure aluminum(Al) films
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Fig.3.4.9 Variation of cyclic voltammogram curves(1st) of pure

aluminum(Al) films with various coating thickness.
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Fig. 3.4.21 Variation of AC impedance of pure aluminum(Al) films

with various coating thickness in seawater solution.
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Fig. 3.4.22 Variation of AC impedance of pure zinc(Zn) films with

various coating thickness in seawater solution.
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Fig. 3.4.23 Variation of AC impedance of A15Z films with various

coating thickness in seawater solution.
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Fig. 3.4.24 Variation of AC impedance of AS5Z films with various

coating thickness in seawater solution.

- 138 -



-
.

Fig. 34.25
oJFiL 9tk A 2003 A 3009 ¥

3 Aok Z 200

N

£}

ol el

Fig. 3.4.26= <

Z 400

U

B

gol 3 HolA]

€]

9/]

|

UA

EH =

Hola glot Z 3009

=)L O
s

T
= 7

B

Al157¢] 3|9}

ke
L

ek ol doh Fig. 3.4.27

ey oL vk AlSZ 300 ¥ Al5Z 4009 3%

®
i

=]
5

)

|

AAHo 2 1

SR

-
T

A o]

2|

Fal lov Al15Z 200

2 &

=
| .

EoEl

ox

™

oR

=

e

B
ol
D

il

I Atk A5Z 3009 %

Ho]Fa 9low A5Z 2003 A5Z 4009

N

© A5zt

Fig. 3.4.28

-
It

>~ 0O
Eee

B

A
o

il

el

- 139 -



E} :r,'l

A300 A400

Fig.3.4.25 Morphologies of corroded surface of pure aluminum(Al)
films with various coating thickness.
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Fig.3.4.26 Morphologies of corroded surface of pure zinc(Zn) films

with various coating thickness.
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Fig.3.4.27 Morphologies of corroded surface of A15Z films with

various coating thickness.
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Fig.3.4.28 Morphologies of corroded surface of ASZ films with various
coating thickness.
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Fig.3.4.29 Comparison of porosity ratio of pure aluminum(Al) films
with various coating thickness.
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Fig.3.4.30 Comparison of porosity ratio of pure zinc(Zn) films with

various coating thickness.
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Fig.3.4.31 Comparison of porosity ratio of A15Z films with various
coating thickness.
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Fig.3.4.33 Cross section view of pure aluminum(Al) films with

various coating thickness.
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Fig.3.4.34 Cross section view of pure zinc(Zn) films with various
coating thickness.
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Fig.3.4.35 Cross section view of A15Z films with various coating
thickness.
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Fig.3.4.36 Cross section view of AS5Z films with various coating
thickness.
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A 400

Fig.3.4.37 SEM morphologies of pure aluminum(Al) films with various
coating thickness(x500).
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Fig.3.4.38 SEM morphologies of pure zinc(Zn) films with various
coating thickness(x500).

- 155 -




A15Z 300 A15Z 400

Fig.3.4.39 SEM morphologies of A15Z films with various coating
thickness(x500).
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Fig.3.4.40 SEM morphologies of ASZ films with various coating
thickness(x500).
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Fig.3.4.41 SEM morphologies of pure aluminum(Al) films with various
coating thickness(x1000).
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Fig.3.4.42 SEM morphologies of pure zinc(Zn) films with various
coating thickness(x1000).
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Fig.3.4.43 SEM morphologies of A15Z films with various coating
thickness(x1000).
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Fig.3.4.44 SEM morphologies of AS5Z films with various coating

thickness(x1000).
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