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Heat Treatment of Mg Fims Formed on Hot-Dip Aluminized Sted Substrate
by PVD Method and Their Corrosion Resistances

Kim, Soon Ho

Department of Marine Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Steel in metallic materials is widely used in various industrial fields such as automobiles,
machinery, construction and shipbuilding, etc. because it is rich in resources, excellent in
mechanical properties and processability, and capable of mass production. However, this steel
has a disadvantage that it is poor in corrosion resistance in environment in which it is used.
Therefore, in general, various surface treatments for imparting corrosion resistance to steel
are widely applied. One of the most widely used methods is hot dip process or electroplating
using metals with excellent corrosion barrier properties or sacrificial anode effects such as
Zn(zinc) and Al(aluminum). However, such surface treatments by the wet process may cause
environmental problems such as resource consumption and wastewater treatment, as well as
limitations in the improvement of properties due to limitations of available plating
components. therefore, in recent years, various methods for solving these drawbacks have
been progressing in various directions, and various researches about surface treatment and
environment-friendly coating method that can replace them have been actively attempted.

In this study, magnesium(Mg) metal, which is supposed to improve the effect of aluminum
sacrifice anode effects, is deposited on the hot-dip aluminized steel(HDA) containing 9 %
silicon(S)) with 0.5, 1.0 and 1.5um thickness by the sputtering in physical vapor deposition
method which is an non-pollution process. In addition, heat treatment was also performed to
attempt alloying by diffusion between the Al-Si layer and the Mg deposited film component.

And in order to investigate the correlation between the material properties and the
corrosion resistance of the produced films in this study, the corrosion resistance
characteristics relations were evaluated by various accelerated corrosion and electrochemical
corrosion tests, including analysis of the composition, phase, morphology and crystal structure
of the film .
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- As a result of the analysis of the constituents in the films prepared in this
experiment, it was confirmed that the Mg detection amount was increased and the
surface was densely deposited as the Mg thickness was increased in all non
heat-treated films. On the other hand, in the heat-treated film, the detected
content increased as the Mg thickness increased, but the increase degree was
relatively small and the aluminum content was high. And, unlike the non
heat-treated film, the single phase Mg phase was not detected and various
intermetallic compound(IMC) phases including Al were observed in this heat-treated
film. That is, this is considered to be the result of mutual diffusion of the Mg film
and the underlying Al layer by heat treatment.

- The results of the surface morphology show that the Mg crystal grains on the
surface which were diffused and grown as the Mg thickness increased, showed a
smooth and dense pattern in the non heat-treated film. On the other hand, in the
case of the heat-treated film, unlike the non heat-treated film, a rough surface
was exhibited. The cross section morphology of these films showed that the non
heat-treated films had a clear interlayer structure, whereas the heat-treated films
formed a single layer by the interdiffusion of Mg and Al

- As a result of the crystal structure analysis, The heat-treated films are
oriented to Al (200) surface with high surface energy on the surface compared
with the non-heated film and the interplanar spacing also tended to increase. It is
thought that this is the result of the adsorption of Mg or Si or intermetallic
compounds diffused by heat treatment on Al (200) surface with high surface
energy formed during crystal growth of Al atom occupying main component. These
characteristics are considered to be the cause of the formation of various
corrosion products of Mg, Al and O in a short period of time during the corrosion
process, and the shielding function further enhances the corrosion resistance.

- According to results of various accelerated corrosion(salt spray, complex
corrosion) and electrochemical corrosion tests for corrosion resistance evaluation,
the corrosion resistance was improved by increasing the Mg thickness as well as
the heat treatment. The results were also confirmed by the EIS test as well as the
immersion test. In other words, the heat-treated films showed better shielding
effect due to passivation film formation than the non heat-treated films. And it
can be reconfirmed that the galvanic corrosion test result shows that the corrosion
is delayed due to the increase of Mg thickness and the heat treatment. Also, the
corrosion mechanism of the films prepared in this experiment was analyzed and
discussed.

we confirmed that the Mg film formed on the hot-dip aluminized steel(HDA) by
PVD method has excellent corrosion resistance by heat treatment and we could
prove the validity of the application of films prepared by this study.

KEY WORDS: Physical vapor deposition; Magnesium(Mg); Heat treatment;
Intermetallic compounds(IMCs); Corrosion products;
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Depceition of Mg filme by FVD(Eputtering
ol hot-dip aluminized steel
(Mg thickness - 3 types [ Heat treatment)

(Mg : 0.5, 1.0, 1.5 zm)

\,
Analysis of i
corrosion o
resistance ;’

mechansm & [
LI

# Morphology
(FE-SEM [ FIB-SEM)
» Compeeition(EPMA [ EDS)
» Depth profiles(GDS)
» Crystal structure(¥RD)

Explication of
mutual relation

y,
v % Decision of
AR optimum
No% coating
A b e
% & conditions

# Salt spray test@ST)
» Cyclic corrosion test(CCT)

# Immersion test
# Anodic polarization test
= EIS test

= Galvanic correelon test

9 r

Basic guidelines for the production of coating films having high corrosion resistance

Fig. 1.1 Flow diagram of this study
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Table 2.1 Classification of surface treatment methods

Item Process
Vapor deposition : PVD, CVD
Surface Plasma polymerization
deposition Spray
Plating
Thermochemistry process : Nitrification, Plasma heat treatment
Surface lon beam : Implantation, Mixing
modification Laser, Electron beam
Doping
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Physical vapor deposition

Evaporation

High vacuum
inert gas
reactive

lon plating

Sputtering
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Bias sputtering

Fig. 2.1 Classification of PVD methods
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Fig. 2.6 Concentration polarization due to concentration gradient of H" ion near
the electrode surface
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Liquid metal bath

(a) electroplating (b) hot-dipping

Fig. 2.7 Schematic diagram of metallic plating methods
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A 3R AIEH

31 4% X 2 245 o A%

311 43 &A

2 AFoAM= PVDHel 93] &8 ¢FvFE =% AHHDA, hot-dp
aluminized steel) Aol wlIWs5Mg) =S FAIFIILES EE IAAHYES
AAEAT =S olep 2 A 2o wet A HEC dEiAe I 9
A5 £ A H24ES va-3 78k oh

I= 4-inch |93 =5 gA 9 &%
A(dual-gun)& A23F DC rlIY EE 25 E(magnetron sputten) @A}, AA &,
ARG 2 AHAF Aole EE A3H7] 2o &o] =FE FAH U
, olAL ANEY 1kW, Hlolojx 1kV, AF 2AE A7l 4 A= DC
ZX(DC power supply)Z} lat, AXFe] ZE 2 HE (rotary pump) =
Fo] b W =(diffusion pump)oﬂ ols) Hol 1x10° Torr7kA] HE w7 &=
3 Ho] 7hsdk AlE & % MFC(mass flow controller) 522 A5 o]
o Ao ALg3 BEFZA JtAE 168eVe o]L3 dUAE MAE £%

3
99.999 %°] o}E2(Ar) 7}2~E o] &3k

2 Add Agd PVD %

T

R N
™ rﬂz

_

%0 md
r}m

312 N9 &H|

B AdFoAE Mg 2o AZdE &% 99.99%¢ Mg B8A FES
AbgEtTE T3 =2 7] IMsubstrate)e Al 55um E=F F71¢ HDAS
AH&3HTh Table 312 ~HE® EMACE AHES Mg B 713 ZE<
Al9] st RS veldth. Mg = A A 71#o2 ALEg HDAS A
FHgogx ofAE (CHCOCH;) 2 ¢3e& (CHsO0H)E o]&&te] 10%
29 AAHI AzxE AH 29 3ZY oo AFHAY. a8z 5x10°
Torr 74 2% wWi71@ ol Ar 7k28 6x10°Torr 74A F9le &2

FlO 4

Y

f
N,
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o]oJ A Ar 7tx2E FYsta Bias-350VE <Qlvlstel 2 2¢ W A4 (glow
discharge cleaning)S 3083 A A5t ®W
o] e} o] 7iHe] HFAR At ¢4EH T &

Az gke] WA B4 wmslr] ¢s) Mge F=EF HDA-AISS um3}
ZE =3 7 ¥Kgalvalume steel, GL-9.6 ym)%= FHISIEE 7|4 Hlw AldHoZ
AHE%E dutg =53 2442 55 % Al-43.4 % Zn-1.6 % Sio] T

Table 3.1 Chemical composition of sputtering Mg target and hot-dipped Al

(a) Chemical composition of sputtering Mg target
Element Al Ca Cu Fe Si Vv Al
wt. % 15 3 20 10 13 10 Bal.

(b) Chemical composition of hot-dipped Al
Element C P Mn S Si Al
wt. % 0.01 0.012 0.2 0.06 9 Bal.

3.13 2] A= g A3
Mg ©EfAlel JA7tE g3 d/F< o= 7kz=ol g Mge 2=¥HE
3t QlrtsldTE 200We AHolA B oF 0.15xm/ming £EE
Z2e A ojw] A AFEHA e Age =

A 2"l YHo| ZA2E FASHZE ol&sted =

oz Aojstdet. Zwe 30107 Torre] WEF=olA o] ol zlth

£
N,

A Mg =9 F2 =& Table 3.2904 uyebit 3 o]ep Zol
Mg 2t=ol tisiA= Table 3.3°14 yvebd wiel Zo] N, £417] 5 350T
4373 dAEE AN Fg 312 Ex2 ARy ARE

o|\

i

rfo ol
JU"

2

A
=

iy
o
BY
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Table 34% olel @xe] f%ol wet A%d HDA 4 Mg = 3 vl
FRE UsIt. F Al =% %7 55,mel HDA 4 Mgg
L5um $AZ 27 ZHF 5t o7l AART el W4H vuE AT
MaA2AE HDA, GLE A&t o714 ol gel B5d hE Bi=s
LheR 2t

L

Table 3.2 Deposition conditions of Mg films on HDA

Substrate HDA®G.5 xm)
Target material 99.99 % Mg
Deposition distance(cm) 6
Process power(W) 200
Process pressure(Torr) / Gas 30x10° / Ar
Mg coating thickness( .m) 0.5 1.0 15
Total coating thickness( xm) 6.0 6.5 7

Table 3.3 Heat treatment condition of Mg films on HDA

Temperature (C) Atmosphere Time (min)

350 N2 4

Fig. 3.1 Photograph of vacuum heat treatment equipment for Mg films on HDA
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Table 3.4 Preparation conditions and schematic diagrams of Mg films on HDA
and comparative specimens

. Process Al Mg Steel
S(cilger;frgc Name pressure | thickness | thickness | thickness trelgter?ltent
g (Tort) | (xm) | (um) | (mm)
M0.5A5.5
NUT 0.5
M1.0A5.5
NHT 1.0 X
M1.5A5.5
NLIT 1.5
3%x107 5.5
M0.5A5.5
0T 0.5
M1.0A5.5
T 1.0 0.5 O
M1.5A5.5
0T 1.5
Galvalume
(45 g/m* = - -
9.6 xm)
X
HDA
| (15 g/m® = 5.5 -
5.5 ym)

NHT : non heat-treated, HT : heat-treated

HDA : hot-dip aluminized steel

MO0.5A5.5 NHT : Mg 0.5 #m film deposited on HDA with non heat-treated
MI.0A5.5 NHT : Mg 1.0 #m film deposited on HDA with non heat-treated
MI1.5A5.5 NHT : Mg 1.5 m film deposited on HDA with non heat-treated
MO0.5A5.5 HT : Mg 0.5 #m film deposited on HDA with heat-treated
MI1.0A5.5 HT : Mg 0.5 #m film deposited on HDA with heat-treated
MI1.5A5.5 HT : Mg 0.5 #m film deposited on HDA with heat-treated
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32 9% AE B4 4

321 REEA €4

B Ao ARG o] #W P ©H ®EZA(morphology)e] #HEL
AANEE FAAAAY A (FE-SEM, field emission scanning electron microscope,
MIRA 3, Tescan Czrch)< AM&3tHth. A7]A & 20kVe] 7F&EHAS FASHS
50ke] Mi&= wAlzZS BAFsAT. FAUY STk BE Mg 2AH A7 B
A Fxo W3S Felslr] sl ww(cross  section) EEZEEAE
F<40] &4 (FIB, focused ion beam)©.Z 7}g % FIB-SEM(Scios, FEI, USA)<
ol-g3te] #H&AsATH Fig. 32v & AFolA A83 FE-SEM 3 FIB-SEM
el 9 BES 44 Ueidnh

(b)

Fig. 3.2 Photographs of (a) FE-SEM and (b) Dual Beam FIB-SEM
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322 YARA Bx

uto] YA BAL FARAAAR A A=HE  EDS(energy-dispersive
X-ray spectroscopy)E ©]-&sll 7F5A} 20kV R 50kV wjEolA A H @Y
Y4 A4S BN Y. =3 9o ddo figk
micro analyzer, JXA-8230, JEOL, Japan) #H|E Waste] dxjgd mE 9
@A S g AEE AT

q+= EPMAC(electron prove

323 237= ¥4

2ol ARFz W AP S B4t s aEsls X-ray 34
2% (high resolution x-ray diffractometer, smartlap, Rikaku, Japan)&
AREEEATE o714 XA Cu-Kea (1-0.15456 nmE SA3tA . =3 XA
Ay AFE 27 40kVe; 30mAR AASHIT ZEE K-2 ol &34t
a8 20 e HelE 20~70°2 AASA

33 vtel W4 54 W7}

B dTolAe we WdEe ®rbstr]l flste] JhE RAAE W F
HFEF-AF(SST, salt spray corrosion tesHat &R AF(CCT, cyclic
corrosion test)e =& 7|35t F4 F7F Wl AAHA, &

9 Zupd BAAES YASGT oSl tE P Agstd o

331 5T 3 HFRANY
[ex]

& i 4 sut 2o 714 s
2548 WHde Brbste $4 deEFAd WHEeEA KS D 95029
o) Aste] ALFEITAIY7|(SST, salt spray tester, Vision tec, VT-ST 200,
AF831 T Table 3.50] YERA nlS} o] AF =

B4 e A¥H ZmE afdel dis) 20+5°, g eEE 3542C,

=
D
o]
[
o
=
(@]
o
o,
-
o
=
D
o
N
i

_31_

Collection @ kmou



= SR &4 5% ASHEFNaC) FE&H<S
=2 39t Fg 332 2 AFdA  ARES
2 AE HAE YEpATH

< ¥ dH =5 AgHoR 742 vro] AFsit 2H
APHe] A$oE 5x10cm’e] WAL =247 BAZE 128 HPES
Abgste] AN E st AAERTE @G =F AFHY Aedde 2amé
Aol xF3dto] o FAl(epoxy) WhEE-ES st AT = oS dA
=7] 3.0ume] ¢Frjy 3-9-r(alumina abrasive powder)¢t # 100 ~2,000 SiC
AuAE AHEsl] AW dAnts AAIE  deE 89 T 253 AHS st
19 Frlstdth. olof o] A B AHELS AFEFAIE ST 9643

)
o7 o #F 2D AW FFE FHL 27 AAHred rush)e TYATS

Mgt AL 2

>
>

(a) salt spray tester (b) view of test

Fig. 3.3 Photographs of (a) salt spray tester and (b) view of test
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Table 3.5 Conditions of salt spray corrosion test

SR 0 S
B N~ o\
.um._'_._'_NO.S.N
n055500
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o0 | © E g
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(a) cyclic corrosion tester (b) view of test

Fig. 3.4 Photograph of cyclic corrosion tester and (b) view of test

Table 3.6 Conditions of cyclic corrosion test

Items Condition
Degree of specimen(degree) 20+ 5
Temp. range and Salt spray 3B /2
time in chamber Dry 60 / 4
(*C /hour) Humid 50 / 2
pH 6.5~7.5
Salinity(wt. %) 5.0
Spray pressure(kgf/cm?) 0.5
Spray amount(ml/80 cm®/h) 1.0~20
100 100 100 100
- 80 Continuous salt spray o ’53 . €salt pray‘ Dry Humid > .
% 60 60 5 g 60 60 g
%‘) 10 10 fé % 40 40 zé
) 20 20 20 i 20
P 1 2 3 4 5 6 1 80 0 1 2 3 4 5 6 1 80
Time(hours) Time(hours)
(a) salt spray test (b) cyclic corrosion test

Fig. 3.5 Comparison of corrosion test condition between (a) salt spray test and (b)
cyclic corrosion test
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3.3.2 AQAAAE

B AFNAE A o 4 £ Yae A AFS golry] 3l
AR A Al F(@(mmersion test) L AHA Y WHIES =ZAHsJow 2447
gH FH Ot AA HHAE 71ESAT A7 EHLE 35%
o =

\

>

*37t=2W  H=Z(SCE, saturated calomel
electrode) & AF&3 T Fig. 3.62 AAHAAH LS &) AZg ofad FAte]
F EES YERATH

4
~
=
@
—h
@D
=
@
=)
(@)
@D
@
—_—
9]
(@)
—
=
o
(@
@
~—
O

Fig. 3.6 Photograph of immersion tester

333 A7188Hy FSESAE

A2 gel g WA AES v - B35 Y8 dr1EEty IR
A& (anodic polarization test)= AASATH H71818Hd FFE= A=
el A] @ ~El(potentiostat, Gamry, Interface 1010E, USA)S A}&3FAth
FAYS Y35 Acel)e 252 S(working electrode)S A2k = Al g,
HA(counter electrode)S WFHPHA, 7IEHZFS E3rtzd HIFo
3[5T A= FASIH Y. Fig. 3.7 ZHAL2HS AMES B A9

=
93U o] 8T FFEIAYY BAEES Yehat

H
>
ool
o
R

oZ
St

_‘I

rok

-

oy
oX, & Al

2
ol
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Pt : SCE Specimen
[(SHN R.E) (W.E)

(a) anodic polarization test (b) 3-electrode corrosion cell

Fig. 3.7 Photograph of (a) anodic polarization test and (b) 3-electrode corrosion cell

Table 3.7 Conditions of electrochemical anodic polarization test

Items Conditions

Counter electrode Pt
Reference electrode SCE
Salinity(wt. %) 3.5
Temp. of solution(‘C) 25
Salinity(w/v %) 5.0
Scan rate(mV/s) 0.5

Scan range(V) 0~+1.0
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3.3.4 A7]33H4 EISAN

B ATAE HEE

rft

I
g
2
2
2
N,

= s}st REgo] AR} o]Fol fafA
TAE7] o Ax; o]l 21 AF A7I7F vhEEEE ov]eA H
olZg olfE HAFE Wilsle AHAEY AEJ AHIY JiEde= EIS
(electrochemical impedance spectroscopy, QI H=EFH) AlFdS T3 A2
gto] A& ZAstmA sda. Asst gdolAe Yuwzo gL
AFolA o' 3ekFo] 4ks), S WS o o A AEe W=

Aol 2715 vEraT,

AT AN=HE FAst Add-A3stAdnt o] 4P 25T 9
3.5 % NaCl ?%——‘.‘3 ALgst oM g AL(OCP, open circuit potential)oll A

Z olylsly AAET 18]l3 o] A¥ Ax)
w22 Gamry /\}./] Gamry echem analystE AFE-SISiTE Table 3.8 EISe| A3
A4S YeEpiTh

AZoZ AL

Tl 7] —

H

PN

Table 3.8 Conditions of electrochemical impedance spectroscopy test

[tems Conditions
Counter electrode Pt
Reference electrode SCE
Salinity(wt. %) 3.5
Temp. of solution(‘C) 25

Frequency range(Hz) 10°~10™
AC voltage(mV) 10

_37_

Collection @ kmou




3.35 &g AN

 ATelMe & ARE el AR e WS FRlshr] fs) duid

Al ¥(galvanic corrosion tes)& dFHTH e 2

A EF APl AR ZRIANL2ES ARSI T olF F&e] A

o] & &Kol So7iA HAY M4t SASA =
ol dojuAl Hn. st AMeE Rl AEAlY] RBA SEs

2F1 FAPAE R A=A R4 &xs SJd0. &5, dAe

=Hcathode)o] ¥|a1 F2h= F=(anode)o] ATk olzidt el F2A& Znpy

2)(galvanic corrosion)o]ga &k},

O o o
= >

o o
ks
(0]
il
>
o
=2
=
;Y
1o

2

¢ o oY

Zhy BAAE S % Acel)e HsdTE A 2 AEH, A
et~ B (carbon rod), 7]|EAZFS TIIEW HIFog FA

TASAT =3 AHe 35% NaCl F898 AR o

oL
r
w
=
N 2
i
fru

(S
=}

4

(>

o

GG A A5

]
olwf, 36 C+= HATrEFAdH 4T 25 FH2EA]

SCE
R.E)

3.5% NaCl
Constant temp’ water bath

Fig. 3.8 Conceptual diagram of galvanic corrosion test
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A4 49 2394 2 ¥

41 HDA & 4 A&Ad Mg-Ex48 %o A5 &4 &4

411 9o mEZ2x BF A7
Fig. 412
g g REEAE YeRdT A7]A o] 3H 9 THe] REEX
o

d% 2 dxy fY
Auj

HIEAEI(NHT) = ZWd ZE222 #F ZAzo] o3, S48 39
AAFZE 7 Mgel :HAel| vetda e Zlo] &EIEATh olw, Mg
FAZE F7VsHAl HW, I 243 W3 Mg 9o Avle JA et
FA(dendrite)y ZZ S JeERE Al-SI FWE Mg JAEC 98] X U3HA
dox A "Hoe As 0T

i

mZz2x BE AFAE FHIE Mg, Al-Si, Al-Fe-Si @ Feo &

FAFHAT. H=o) Mg 74 SVt w2k HAdHe] Mg

T AS FEg F AUtk A, Fig. 4.1 EA=HD)

P W BEEEA Az Aol ofsiH, Fg. 42004 Yehd Al-Sie] ZdEfxol A<
=

AZH Go] WMEoiXE Al EF= Ryo mEZ2 X7} FEgo] BEE Qs
e

AL WA v B dAPel w AA AF) WE A 1A
72 9AEe QoA Mg AL Al E2F U2 gaEus 2l 48
TRy EFF SR 2ol =ev Adn AmanPl oz o
wE2A) Aog FHAE A3 49T S AT 5 Y wEA) B Az
ojatw, WlgAe AEHs gl dAel AguaA PAR £ AAS ve
AL okol MW vieh Tol Mgol SRE FuR A 9% o=
Aedt E=¥ of7]HE o B ok wdAY AFHAM vEE
led Mg el ®9 x=o gl dxE F w9 2=r) A9 Adelzre
AS BASU. o2t e wR 2R Wk A AAF) wF BAste
H8F b 45 o] 1 loR AztEn
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MO0.5A15 NHT M1.0A15 NHT M1.5A15 NHT
Surface o
L3
i
Cross
section
i
(a) non heat-treated Mg films on HDA
MO0.5A15 HT M1.0A15 HT M1.5A15 HT
Surface 2
Tm
Cross
section
Lum

(b) heat-treated Mg films on HDA
Fig. 4.1 SEM images of (a) non heat-treated and (b) heat-treated Mg films on HDA
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1414 °C

1300 -
S 500 (AD

1100 4 =~ (AD+(SD)

& Csi(%) .
= 900 o L + (SD
700 -
577 C
500 - 12.2
(AD (AD + (SD
300 . . . :
0 20 40 60 80 100
Al Si
Cei(Wt. %)

Fig. 4.2 Phase diagram of Al-Si

A7 go] AFREdE #2d 9 GRlo daxs EAS 474 AAsAT

] o] %A L& EDS(energy-dispersive x-ray spectroscopy)
EPMA(electron prove x-ray microanalyzer)s Alg3le] EX3¢ch =3
A7IAE EAge wE e 43 ik AseS gefsr] s GDS(glow
discharge atomic emission spectrometer)E AF83te] AP H FHo|AFE TH

Zolo) hE 24 BxE FAsqr

S|

(D EDS =9 =494 74

St

EDS %133 (mapping) #4] ZA3}E Jehdith =3 Fig. 4.4+ EDS

AARE Jepih o7 vdAe Adwe ue EDS AR BA Axel o]
Mg F7 Z7tel wet 1 gk kst '
She S etk oA

s
59 ¥ Qa7 AEH7) ol I

o o
=
Q
2 4 T
N,
o 3
o|\
N
i}
=2
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MO0.5A15
NHT

M1.0A15
NHT

M1.5A15
NHT

MO.5A15 [§
HT

M1.0A15
HT

M1.5A15
HT

Fig. 4.3 EDS mapping analysis of Mg films on HDA
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1655 a1

Element Wt% At% : Element  Wt% At% Element Wt% At%
e | Mgk 18.88 20.60 - Mgk 4147 4.12 - MgK 70.84 73.04
AIK 71.99 70.77 AKX 52.98 50.78 AIK 25.59 23.78
10.4-] SiK 09.14 08.63 a5 SiK 05.54 05.10 a3 SiK 03.57 03.19
weotl o |Manix | Correction | ZAF wed A | Magriv | Comrection | ZAF went| (A | Magrix | Comection | ZAF

16.00 0.00 4.00 16.00 " 0.00 4.00 2.00 16.00

12.00
Energy - keV'

12.00 12.00
Energy - keV Energy - keV

MO0.5A15 NHT MI.0AI5 NHT M1.5A15 NHT

Element Wt% At% T Element  Wt% At% Element Wt% At%
s MgK 14.17 15.53 .0 -| Mgk 2147 23.34 es | MgK 34.96 3740

AIK 78.07 77.11 AIK 7221 70.78 AIK 62.54 60.29
52 SiK 07.75 07.36 s ° | SiK 06.26 05.89 = SiK 02.50 02.32
== Matriv | Comrection | ZAF - Matrix | Comection | ZAF :m Matrix | Comrection | ZAF

00 16.00 0.00 4.00 3.00 16.00 " 0.00 4.00 3.00 16.00

12.00
Energy - keV

124 12.00
Eneray - keV' Eneray - keV

MO0.5A15 HT M1.0A15 HT MI1.5A15 HT

Si == Mg [ Al

100+
80+
60

404

Contents (wt.%)

20+

Kinds of specimen
Fig. 4.4 Result of EDS analysis of Mg films on HDA
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M0.5A15
NHT

M1.0A15
NHT

M1.5A15
NHT

MO0.5A15
HT

M1.0A15
HT

M1.5A15
HT

Fig. 4.5 EPMA mapping analysis of cross section for Mg films on HDA
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Fig. 4.62 & AdolAM A2 2o x-FEH Fe RAZO] o] el thgd
7 dazAed i BXE 54Mg), 8(AD, 246D, FA(Fe) 2 A4 (0)<

Z, HlgA g o] Agele Al B Sie FEE] AR 24 £E2E BYoH
Mge FAC w2t 2 A7 S7bsks AdE IdE Uit iy
QA w2 wdAe vre] Aok 22 498 tE AdE yeyloh A
Mgel ZAfele FA S7tel wek Fe =x WdFoem FitHEe Ads
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Table 4.1 Schematic diagram, 2-theta(#) and d-value(A) of Al crystallographic planes

Crystal plane 11D 200 220
Schematic
diagram
2-theta( #) 38.47 44.74 65.13
d-value( &) 2.338 2.024 1.431
0.025
~ \ A Al (11D
& Al (111 Al (2000
(_:") T i
g a—aw & 2 A A 4 A0
= |
A = ] & &
& & & ~ ~ ~
F §F QG g 5 5
§ § ¥ € ¥ 7

Kinds of specimen

Fig. 4.8 Change of d-value on Al(111), (200) and (220) planes of Mg films on HDA
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Table 4.2 Relative value of surface free energy of Al

Surface free Relative value of
Lisizl plame energy(J/m?) surface free energy
(11D 1917 1.000
(200) 2213 1.154
(220) 2344 1.223
(31D 2344 1.223
P-U,
7 Z N-AS
y : Surface free energy(J/m?
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
3 ;
. Al (200/11D)
| I AL (200/111) -
= i
o) o.:gi : | Al (220/111)
= |
Sl S 1
[0 :
o
. & & & & & &
& & ad el ol <
< < o & & o
% 9 © o ~ N
~ ~ ~ o N P
o \a N & S 2
S & & F & ¥
< > >
Kinds of specimen
Fig. 4.9 Relative intensity ratio of Al crystal planes of Mg films on HDA
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Fig. 4.10 Photographs of surface for Mg films on HDA and comparative specimens during salt spray corrosion test

_56_

Collection @ kmou



Time(h)
Specimen
MO0.5A15
NHT

Oh 96 384 480 768 864 960 | 1056 | 1152 | 1248 | 1344 | 1536 | 1824 | 2016

< i

MI1.0AI5
NHT

M15A15
NHT

MO.5A15 E 1
HT | I
MI1.0A15
HT

ML5A15
HT

Galvalume e e "o
(9.6 1zm) S e 2 cm

______

HDA [ | I O .\ |\ |\ (L et e
(5.5 um) ) wsgtirefs, 200000000 TTm= i

—

#% % : indication for initial occurrence of red rust

Fig. 4.11 Photographs of cross section for Mg films on HDA and comparative specimens

during salt spray corrosion test
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Fig. 4.14 Anodic polarization curves of Mg films on HDA and comparative specimens
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Fig. 4.15 Anodic polarization curves of Mg films on HDA (a) after 200 hours
and (b) after 500 hours SST test

_64_

Collection @ kmou



107 -0.6
10™ A
] L-0.8
—_ [ | s
;;5_ 10757 Icorr -/ 3
::C/ 1 I(:orr " g - L =n2g ’_;«:
5 0] Z
107 1 Ecorr i) ECO”O 77777777 © r-1.2 Eﬂ
NHT ey HT
107® < : : -1.4
\.’\‘3\ @(\ .\A\?S ‘3\}6 63«3'5- 63\{3
TR\ R\ ‘SN A e
DN\ ‘?‘ QT A B 1B
SOSEENNS AR R\t
(a) After 0 hours
107 -0.6
1074 ECOI’I’ O O . O
] Icorr -\-___i- i L-0.8
= 1074
i‘g Icorr -___‘-/ +-1.0 §m
< 107 1—5
B 1077+ EEcorr o 2 s =l r%ﬁ
1 NHT g HT =
107 - : ; -1.4
\&5(5’ ’QX{S \;\3@ CD\}(S %\’6 %‘36’
iy, Y A e
RSN SR o o o
NS -
(b) After 200 hours
107® ‘ -0.6
| EcorrO :
107 o L 08
:g 10_5_ : Ecorr &
s 1 = Icorr -/Q -------- © l-1.0 8[_11
icf_ 10’5, Icorr --—”_'-/ i \ . :E"*
5 ] 1 =
B 3 ] Io3)
107 i e é
| NHT | HT N
10’3 1 L L : L -14
\x\gs t\‘g‘ @(6 %*é\&‘ %\}ﬁ %‘?ﬁ
RSN S S
SN S W7 BT B

(c) After 500 hours
x W Leorr, O Ecorr

Fig. 4.16 Result of anodic polarization test of Mg films on HDA after
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Fig. 4.17 Nyquist plot of Mg films on HDA and comparative specimens
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Fig. 4.18 Equivalent electrical circuit model for fitting the impedance of Mg

films on HDA and comparative specimens
- 68 -

Collection @ kmou



Table 4.3 The fitting results obtained from equivalent circuit for Mg films on HDA

Qc le
Specimen Rs 2 YO’C Rcoatz Yoqdl . Rct Rp(Rcoat t) Rct)
(& el (10 2 'sec”em™ e |t - el 107 2 "sec’em™® d (ool

M?\i;’frw 2502 | 1458 | 0.9273| 661.0 2799 10.8965|910.1| 15711
M;g}l‘r’ 2460 | 1128 | 0.9285 | 392.2 4417 109242 | 3426 7378
M;;’frl‘r’ 2457 | 1204 | 0.9535| 3017 12.48 1.000 | 115.6 4173
Mol.%/}w 2481 | 1420 | 0.9429| 1227 0.3124 | 0.8073 | 1481 2708
Mlﬁ?” 2579 | 1533 09344 2417 | 08352 | 0.856 | 2563 4980
M1§$15 2546 | 19.60 | 0.9380| 2474 1226 | 0.4342| 6730 9204
Galvalume| o/ 41 | 5766 - 109297 | 814 0.6683 | 0.6114|663.1|  1477.1
(9.6 4m)

HDA 1 oess | 2812 | 1.000 | 1231 | 0.6094E° 109992 | 9467 10698
G.5m) | 26 : : : :

] EAS dotry] Ss) 74 Y A F
Ao digk dAEx AsS BASSTh  Fig 4199 I#dEe A7
HFEFAIE 200 F 500A1%F A ghofl tigk Au: Ao wE Nyquist
plotS Yebdth o] Nyquist plot 2ol A W] 272 Rou®t RaE &3 @4
et =3 Table 44 3 45+ 47 S718lE =43tE Fdl AFHo=
=9 AR Arisetd EA s yeRdTh

.

3 al 2
WA ool Wa B U AR Hol: $48 WAHS Uit 94,
MgA Be] Aot Rew ol Fg 4ls@e FFEINE T A4D
ARG AT el AHon =i Zr)eAh olAL EWel Mg ool
B ave BE 0 o RRHOR w3d Al =FEo] Mgh A
DAYRER HEAd 1 EES AE-39Pe s 8 A3 mEelsy
AsET B, ol dxel el Aot Rew gol 2307 SolE A%L
Utk olzle RAAs) wWsl A YU FFRIANYH nAE
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Fig. 4.19 Nyquist plot of Mg films on HDA (a) after 200 hours and (b) 500 hours

of SST test
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Table 4.4 The fitting results obtained from equivalent circuit for Mg films on HDA
after 200 hours of SST test

Specimen (_QR~Scrﬁ) Yo QC’ n (Ec.oi:ﬁ) Yoa lel g Ret RP(R(?;% :ﬁ) ke
107 2 'sec"em™® 107 2 'sec’em™®

MOOAS 3302 | 201 |08300) 12080 | 13896 0717973371 | 124171
MIORIO 3286 | 3026 09781| 1815 | 253%-6 | 08088 14300 143785
MM 3250 | 3698 08266 6808 | 230.5e-6 | 1000 | 1526 8334
MOIE’?H’ 2916 | 5046 | 09483 4184 | 1580e-6 | 0.6609 |24160 28344
MIOMS | 5536 | 1703 08582707487  1248e-6 (990.9-3|18140| 18140
M1§$15 2807 | 2439 |0.7759| 2049 | 859.1e-9 | 1.000 |20040| 292649
Table 4.5 The fitting results obtained from equivalent circuit for Mg films on HDA

after 500 hours of SST test

Collection @ kmou

Specimen Rs | o Qc Rcoatz — Qa R, R R + Re)
(Q e | oo hoen o Mo [(@-ad| o5 200 o | Na (2 - o)
MOOMO | g652 | 2243 |08560| 11340 | 4381 | 1000 |2448| 115848
MIORIO 2799 | 1606 (08724 15340 | 3311 07926 3940 | 19280
MOMO | aad0 | mess 09060 950 | 2137 07074 2080 | 12490
VOO 9580 | 2256 | 0.907 501962 2635 (05115 8140 1315062
MIOMS a735 | 1003 |06061|512188 4379 | L000 | 27230 3235188
MO g6a4 | 3022 | 1000 [3237.42) 1202 |0.7074| 32500 3573742
-
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Mg films on HDA
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Fig. 4.21 XRD patterns of (a) non heat-treated and (b) heat-treated Mg films on HDA
after 200 hours of SST test
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Fig. 4.22 XRD patterns of (a) non heat-treated and (b) heat-treated Mg films on HDA
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Fig. 4.23 XRD patterns of (a) non heat-treated and (b) heat-treated Mg films on HDA
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(b) heat-treated Mg films on HDA

Fig. 4.24 SEM morphology and EDS analysis results of (a) non heat-treated Mg films
and (b) heat-treated Mg films on HDA after 200 hours of SST test
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Fig. 4.25 SEM morphology and EDS mapping analysis of cross section in Mg 1.0 zm

films on HDA after 200 hours of SST test
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Fig. 4.28 Corrosion mechanism of heat-treated Mg films on HDA
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