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Corrosion Resistance of Surface and Cross Section of

Al-Mg Films on Steel Sheet Prepared by PVD Method

Lee, Seul Gee

Department of Marine System Engineering

Graduate School of Korea Maritime & Ocean University

Abstract

Steel is one of widely used materials in various industries because of its
excellent mechanical properties and low manufacturing costs. However it is
highly susceptible to aggressive corrosion environments such as seawater,
thus surface protection as coatings is necessary when using it properly.

Aluminium coatings are used for the corrosion protection of ferrous metal

for two main reasons. Firstly, aluminium, with its air-formed passive oxide
film, forms an effective barrier layer against attacking materials.
Secondly, if the underlying substrate is exposed at, for example, the base
of pre-existing defects or corrosion pits, the aluminium coating will afford
a degree of sacrificial protection to the substrate.

A drawback of pure aluminium is, nevertheless, that since its corrosion

potential is not far removed from that of many steels, it is unable to provide

_Vi_



adequate levels of sacrificial protection, particularly under natural exposure
conditions. If aluminium is alloyed with small amounts of active metals
such as magnesium, its corrosion potential can be reduced, leading to a
significant improvement in sacrificial properties. Therefore, Al-Mg alloy
coating was studied and Al-Mg films wusing the physical vapor
deposition(PVD) method that is drawing great attention as an alternative to
the conventional coating process were also examined. In addition, cutting
section 1s inevitable when wusing the surface—treated steel sheet, thus
galvanic corrosion properties of Al-Mg films were also studied.

In this experiment, Al-Mg films were deposited onto steel substrates
using the eco—friendly PVD method under 10 = 31 wt.2%6 Mg contents. The
total thickness of every specimen was equal to DSum. And then heat
treatment was conducted at temperature of 400C for 10 minutes. The
material properties of Al-Mg films were investigated by using SEM, GDS
and XRD. The corrosion behaviour of the Al-Mg films determined using
neutral salt fog test and electrochemical techniques. After the salt spray
test, corrosion products were analyzed by SEM, EDS and XRD at the
beginning, middle, and end of the test. Non heat treated Al-Mg specimens
were analyzed after 48h, 96h, 168h, and heat treated Al-Mg specimens
were analyzed after 72h, 168h, 240h.

Based on the results of the immersion and salt spray tests, heat treated
Al-Mg films obviously showed good corrosion resistance compared to
non-heat treated Al-Mg films. In the salt spray test in a 5% NaCl
environment, Al-Mg films containing 31 wt.%6 Mg had the most excellent
corrosion resistance. In case of the immersion test in a 3% NaCl solution,
Al-Mg films ranging from 18 to 22 wt.%6 Mg had the most excellent
corrosion resistance. Also the mechanism of anti-corrosion can be obtained

by the analysis of Al-Mg film's corrosion products at each stage.
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Consequently, the results of these experiments obtained were as follows;

-. The difference in corrosion properties between the salt spray test and
immersion test is considered the density of corrosion products by the
difference of oxygen concentration. Therefore, it is needed to apply the
method of estimating the corrosion resistance considering the differences

according to environmental conditions.
-. It is thought therefore that the property of Al-Mg films can be
improved by heat treatment and uniform distribution of intermetallic

compounds.

KEY WORDS: Physical Vapor Deposition, E&]& 2} ;
Aluminum-Magnesium films Al - Mg 2 ;
Morphology & X 24| ;

Corrosion-resistance W24 ;
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Table 2.1 Various functions of thin films prepared by dry processes

Dry process

Physical vapour deposition
(PVD)

Vacuum evaporation

Sputtering

on plating

Ion beam implantation

Thermal spray

Atmosphere

Vacuum

Chemical vapour deposition
(CVD)

Thermal CVD

Plasma CVD

Photo CVD
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Fig. 2.3 Illustrations of basic growth modes
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W = A't (2.8)

Table 2.2 The rate of capacity for metal and oxide

Metal Oxide Md/mD Metal Oxide Md/mD
Mg MgO 0.85 Mn Mn,Os3 1.75
Al Al,Os 1.38 Fe FesOq4 2.10
Zn ZnO 1.41 Fe Fey03 2.16
Ni NiO 1.64 Mo MoO; 3.01
Cu Cu0 1.71 W WO, 3.50

_l

A= ashs Aol tiete] HAA BAE Bk o] AE Aste] HuwA
olebi ¥t} Fig. 2.5014% o]aa@ ez 287 APk oh1eH0Mgol Lt
dBe 2% F hdEMel 45 A ge FIEWs 1Yxe oF
e AT



" |500C®

™

550C°
/

N

=t g’ e~ - =]

(;lu0/5w) sseul UONBPIXO

20 30 40 50 60 70

10

Time (hr)

- 0)

Fig. 2.5 Oxidation of Mg(atmosphere

2hehE

A7} ol

ofl& 4&0)% =59

.z_o

o

ol

22

o
_éo

fof el ol2i o7jolA AhadAtel o] 23

S

5

el

22

o)
ZO

i

_

7A

o
To

0

shat

}9| Fig. 2.70] UEebA nie} o] =

Z2o| AHoA o]

o o

5}

!

= X
yi

&R ol A

bol EAR Ui Zo] Ak,



M™+0-— MO

i
i
e O
e O
e O
e O
e O
e O
e O
i
i
e e
T e S
\\'\\'\ﬁi"\\\.\\.\\\\\\'\\'\\'\\"\\\.\\.\\.\\\\\\
S o
R
i
e Rt
T
T e S e e e
e o
Y
e e e e

1/20,+2e" — O~

M— M™42e

Fig. 2.6 Oxidation of metal across the oxide film

Concentration of ion

(Metal)

Yy

X

Fig. 2.7 Concentration

L 3

of metal ions in the oxide film



=, gshe Ao W wese AV B oAe 4o E2A
MAoler RED tole] e Ledld odF g

Fig. 282 F2l(Cwel ttste] AlRtel me FFHE3E

14

—
[

,_.
=

Oxidation mass (mg/cm?)

] 1 2 3 4 3 6

Time (br)

Fig. 2.8 Oxidation of Cu(atmosphere : air)

dv _ B . 2 _

= c.ox% = 2Bt

I 2.9
x o AFshERel Tt AR B, C: A

AE ST o R YERE,

W2 = C't (2.10)



% 5 g T oo T R oo M 3
I H 3 ol H A T N g F XK T
~ S Ty PRy R
= < e
mom_w ) MPMW%M@% oo
K 3 — <
M- i G S i R -
_dm & I Hor 3 F o T o M Ak
M. O o N . o) ol wfa 4 5 = Yo
= A S e O - SRS -
= m_.o - n ~ T ~ o T 1% ™ )
< ) 0 NN 0
o , ™ ) oo F NP E < T
T g B W Tl DR W
o 2 ST - R RS R T "
mo O ¥ = o) X0 s = N 8 o= -

- W ol R 2o M% o* ‘_”LMv (o= RPN H
oj mw < - - = o ‘_L..._ 70 ,/JLlun T AF ,Ul
B e g TR o Eg o
Do atl ﬂEHH%A e oo 70
3 9 {F Z oy Ry = M - oo op O gp MO
o) N 7O DN = ‘;IAW OT ,OI =y — ‘Ul
o K R @ D' = = i/
5T G RS R 2~ I
w5 N o d T E R R Taw I v
o ,;lo,ﬂ J)) ~ o r ~ O jr B0 ,_w_pl ~o w
13 ggRkiELzi R Y
] — N ey il mt 0 ]
o o ) o & % E W R R Mﬁ

. - J X B8 L K
J e 1 L9 = o) g - T o mﬁ °
B E w o oy — oo 4
FABF 2L DR m PR %0
my ,_ﬂo/l A ﬁe Nro ) 1_,.A| ﬁl _ ﬂa ,W ' o)
oy T canl y . s Ar o B n W__m o = il
JK o o o = i o oW <X 6 W T -
) "y P x~NBRwE §F
TOW o Ry Home e o RO M &

l

=

=

3

ol M e

L

|

2

°

2%

o
=

ek

(o]

R

AR NA S5 5LS Fig. 2.99 vk niel o] 274 FH,

=3 E(anodic or sacrificial coating)®} & =3]E(cathodic or noble coating)©.Z

o,
o) Ry

B4 ZAe

(]

8

&4 Abole] ZmbyA-g(galvanic action)

=
K3



J
~
oQ
[
—
<
oo
=3
(@)
(@)
et
=
)
D
=3
<
N
-

(2) =3 & (cathodic or noble coating)

Fig. 2.9(b)e} #Zo] FF3HFolA= dHEF&o] 2xF5o] BN O
ARYE A do. w2kbA 7] F(porosity)ol vt 2= 2 X (scratch)7F A2
BFolle dEFS ofs) TAE duky AFTE 2AEEHe Foe 29Y
vZ‘:.X
Y

]

-

AN, 2(Ag), 72(Cw, FPb), ZECrn T =3 E 3
detd e3mue Aoolt FFWuE e wio] g3

=
1Fol ALBOE Holof shm 71Fol g AOIE 1 Fo] FL4E Fuh

0 O H,0 O, >

L
e
Fe Fe

H

(]

4

Fig. 2.9 The type of surface coating



A3 A9 TH

31 APAA R dtet A =1

311 Ad A

B A= 10 ~ 31 wt.%9] vtadlsMg) S
g2 At & Zzbe] vpadvleMg) FFE, dA-E 45
Brrstel A A Al-Mg 2e HAFetaa s B AP Hdole |
HARZ AgHIAFE S s, I AAE EUE A7lek 2 #1919 vavs
Mg & =& dAsAt

A8 u& PVD(Physical Vapor Deposition, &2l 52H¥ W Fol <l
23 EH(sputtering) ol o5t A Z AT Fig. 3.1 B AFolA A&d
DC =¥ ¥ XLHIQl NeE=s Uedch

2¥EE A= 2l
2 AAAE, HE H X]% ‘%7‘741 . Ar, Np 7}1:5-%‘ A 8 71 BAAY
TAE A, 7S oo mEt AT F A=F AAFHIIH

Ae3AH = Z2HE HZ(rotaray pump)E ©]-&3te] th71¢k 1 x 107 Torr7HA|
vi71g 4 da, g4+ 3 =Z(diffusion pump)E o] &3t 1 x 10° ~ 1 x 10°
Torr7dA AEM717F 7Fsstgdeh. IaAol A= 1 x 107 74 ZHo] 7}
AMEE Ao| A (convectron gague)?t 1 x 10" ~ 1 x 107 Torr7tA =
7FHs3F o] Alo]A(on gauge)ES AMESERTE AW URZO VA =
MFC(mass flow controller) ¥ GFC(gas flow controller)& A}83t9 3, =%

H
7b2s fr# 0.1 scem(standard cc per minute) @974 o] st

N

2 ol off
o o ot

rr



|
Motor

Shutter

-
—d] = -
Substrate
(SPCC)

Taréet
(AD

1 Holder

MFC -l*'qir AT

Shutter
| 1}*= Cooling
| . li[lE

Target
(Mg)

Gas inlet line

Fig. 3.1 Schematic diagram of sputtering equipment



3.12 AgHe] &4

B o AdolA Al-Mg o] AAs fs AEE TEEES &5 99.999%
dFrFADH &% 99.99% vlavlsEMeel S48 EFuEADF vtavlE
Mg)& Argstden, 7]F(substrate)e F77F 0.8 mml §3E<A 73T (cold
rolled steel sheet)& A83ATH TLFHOEZ AES FEHE EFuFH(AD,
ntadgMg) 2 7]Eo® o] gH Feol 3}stxA-S Table 3.10] YeERAL
Al-Mg = A Zto] Abgd WAadHe F2EUEFENaOH)S o] &35t €45
AAFE 5 ol Eo R 108, ¥HSE 1087 259 AlHS AAEAH.
AHEE AANG 7B AF &7)d AE(settingdd F, 279 6 x 10°
Torr7b A A F wi7]13F Aol A 6 x 1072 Torr 74Al FUE Ar £9]7]194 800
VZ QI7}gk nlo]o]x(bias) Ak =7dodA]l 3083t E2k=vt 44 (bombardment
cleaning)& AAIStY, 7|% FWL AFSES AASAT 7HS R JtEe
AASA gFom, HHo] g5d F ulE IR AT

w

Table 3.1 Chemical compositions of evaporation metal and substrate specimen

(a) Evaporation metal : 99.999% Al

Element C Fe N Q) Si Ce Al

PPM < 20 <5 < 10 < 25 <5 <5 Balance

(b) Evaporation metal : 99.99% Mg

Element Al Ca Zn Fe Mn Si Mg

Wt.% 0.003 | 0.001 0.004 | 0.0003 | 0.0008 | 0.002 | Balance

(C) Substrate specimen : Fe

Element C Si Mn P S
050 | < 0.04 | < 0.045

mass % | < 0.12 -

IA
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Age FYste 29 01 ~ 015 w/mine] =2 FsYon, oy g
el Aeold R ok 015 m/mine £E2 Z23ch Fig 3.2%
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, 28 FAE S A" diRed ARE T
2 BASIE W o g Aojetygtt Zue
X 107 Torre] FFEolA o] Foj A}t
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Fig. 3.2 Deposition rate of Aluminum and Magnesium

Table 3.2 Preparation conditions of Al-Mg films

Coating Method Sputtering

Substrate Cold Rolled Steel Sheet

lon bombardment cleaning

Substrate Cleanin,
& (5 x 107 Torr) / 30 minutes

Evaporation Material 99.999 % Al 99.99 % Mg
Process pressures 10 mTorr (Ar 80 SCCM)
Substrate distance 7 cm




Table 3.3 Deposition method of Al-Mg films

Mg Al Mg | Thickness
Type Name contents (um)
(Wt.%) Power | Power u
Mg 10_N 10.0 8.0 0.7 5
N NET 4 Mg 18N 183 | 80 | 11 5
H Al+Mz (5 )
T Fe Mg 22_N 21.9 8.0 1.3 5
Mg 31_N 31.0 8.0 1.9 5
Mg 10_H 10.0 8.0 0.7 5
400°C + 10 min
H _m_, Mg 18_H 18.3 8.0 1.1 5
Al+Mg (5 um)
T +F s O Mg 22.H | 219 | 80 | 13 5
Mg 31_H 31.0 8.0 1.9 5
Pure Al 0 8.0 0 5
AlorMe (3 p@
Single Fe Pure Mg 100 0 2.5 5
layer Zn(28 }:my EG 20 - - - 2.8
Zn (3.6 pm)
Fe EG 40 - - - 5.61

- NHT : Non Heat Treatment, HT : Heat Treatment
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Fig. 3.3 Photographs of vacuum heat treatment for Al-Mg films
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Fig. 3.4 Condition of heat treatment for Al-Mg films
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AZtE Al-Mg e 2Rz 9 AR S E45h] flsted 1iEsis
X-ray 3]d EAAX](high resolution x-ray diffractometer, Smartlap, Rikaku,
Japan)E o] &3t X-A 3 Aol AHgH XS Cu ke B2 SR oM, XA
(X-ray tube)e] A3 AF= 242 40 web 30m= AT =3 dH =
K-8% olgstion, 2605 Wele 10-80° 2 asick A%8 o] X-ray
3" 7S Fote] Az 2o wE vl AR S(lattice constant), & 1
AR AATgH S-HdEE Yedle ZHolY A (surface energy)e] TA=

Hlal #4383
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B Aol ME Fee] 2= Aeurt AW & i By e
UAAdS HI1E 4+ e AFESF A YGalt spray test)S 83} Th Table
340 Yetli = nke} o] KS D 950200 ofgk daif Al@ xS KS D 9502
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A AFAY AL =EW olYole AAYE 3Tt o] dFiEh AlFel
o AEE WAAE HIbe AE F FUIACE T 9o ®¥ AHE S
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duict WEe] YRR APBAS ol 83k 3% NaCl §9 o A A<
ANE A AR FAAD B2 BAAYENS W AFL
W EAssich
Table 3.4 Conditions of salt spray test
Item Unit Conditions
Salinity wiv % 5.0
Temp. range in chamber T 3B+ 2
pH - 6.5 ~ 7.5
Spray pressure kgf/cni 0.8 ~ 1.0
Spray amount ml /80cri/h 1.0 ~ 2.0
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Fig. 3.5 Schematic diagram of cross section’s potential measurement
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Fig. 4.1 SEM images and GDS graphs of non heat-treated Al-Mg films
deposited at different Mg contents
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Fig. 4.3 SEM images and XRD graphs of single layer films
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Fig. 4.4 X-ray diffraction patterns of Al-Mg films
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Table 4.1 Surface free energy of Aluminum

) Relative value of
Crystal face y - (erg/cnm) .
surface free energy (J/mi)
(11D 1917 1.000
(200) 2212 1.154
(220) 2344 1.223
(31D 2344 1.223
7= PUC/ZN-AS

y @ Surface free energy

N : 6.02x10% number/mol (Avogadro number)
P : Number of the bond

Uc: Cohesive energy

Z : Coordination number

AS: Mean surface area of an atom
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Fig. 4.6 Relative intensity of Al-Mg films
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Fig. 4.7 Digital images of Al-Mg film’ s surface after salt spray test
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Fig. 4.10 Time to red rust and corrosion potential variation
of Al-Mg films in salt spray test
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Fig. 4.11 The SEM images of corrosion products on Al-Mg films
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Table 4.2 The summary of corrosion products of Al-Mg films

Corrosion products
Type
I - Initial stage II - Middle stage Il - Last stage
Al,MgO4 T,
NHT Al, MgO AlLMgO,4 Mg(OH),,
Mg2(OH)sCl
AlbMgO,4 T,
MgOs 1 Mg(OH), T,
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Mg, (OH);Cl ’
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Fig. 4.15 Digital images of Al-Mg film’s surface after immersion test
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