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Formation Mechanism of Mg Thin Films of Nano Granular Structure
Prepared by Thermo-electron Activated Ion Plating Method

and Their Corrosion Resistance

Yong-Sup, Yun

Department of Marine Engineering

Graduate School of Korea Maritime University

Abstract

Magnesium is the lightest metal among all structural metals(35%
lighter than aluminium) and has a good strength-to-weight ratio,
vibration resistance and EMR shield, etc.. Moreover, it 1s plentiful
element, consisting 2.7% of earths crust and 0.13% of major source in
ocean. Accordingly, it forms the basis for commercial alloys that have
found to be used in a wide variety of application such as automobile,
aircraft components, note book computer case, cellular phone case etc..

However, magnesium has not been applied as much as aluminum
because of its insufficient corrosion resistance in neutral and acid
environment. Therefore, in general, magnesium 1is used for coating
techniques by wet process such as chromate surface treatment, and

anodizing etc.. But these coating techniques entaill durable and



environmental problems. Moreover, it raises recycling problems which are
related to the mixing of impurities.

In general, light metals, particularly magnesium, are difficult to plate
using conventional coating techniques such as chemical or
electro-chemical processes. This 1s due to the presence of the easy
formation of oxide layer. In order to limit oxidization during coating,
vacuum deposition techniques can be wused as an alternative to
conventional techniques operating in wet or in air conditions. It 1s well
known  that coated films, particularly those deposited from
plasma-assisted vacuum coating technique, are usually quite different
from the respective bulk material as to their structures and properties.
For this reason, the use of plasma—assisted techniques, e.g., physical
vapor deposition such as ion-plating method, has spreaded into various
types of industrial applications. However, few studies have been reported
dealing with magnesium metal and using the new techniques.

In this work, magnesium thin films were prepared on magnesium
alloy(AZ91D and AZ31) substrate by environmental friendly coating
technique of thermo-—electron activated ion-—plating method. The influence
of gas pressure and substrate bias voltages on the crystal orientation and
morphology of the films was determined by using X-ray diffraction and
field emission scanning electron microscopy(FE-SEM), respectively. And
the effect of crystal orientation and morphology of the magnesium thin
films on corrosion behavior was estimated by measuring electro—chemical

anodic polarization curves 1n deaerated 3% NaCl solution. Besides,



hardness of these films were measured by knoop micro—hardness tester.
From the experimental results, all the deposited magnesium films
showed obviously good corrosion resistance to compare with 99.99%
Mg-ingot for evaporation metal and AZ91D for substrate. And
magnesium film of morphology changed from columnar to granular
structure with an increase of gas pressure. And the diffraction peaks of
magnesium film became less sharp and broadened with the increase of
gas pressure. The morphology of the films depended not only on gas
pressure but also on bias voltage, 1.e. the effect of increasing bias
voltage was similar to that of decreasing gas pressure. The influences of
gas pressures and bias voltages can be explained by applying the effects
of adsorption and occlusion and argon gas. Finally, it was shown that the
properties of magnesium films can be improved greatly by controlling the
crystal orientation and morphology with effective use of the plasma ion

plating technique.
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(a) Note book computer case

(g) Mg anode (h) Western-style bow frame

Fig. 1.2 Ilustration of appliance for magnesium alloy
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Fig. 2.1 Schematic diagram of formation for metal surface
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Fig. 2.2 Schematic diagram of cross section for material
surface layer.
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Corrosion : @O Separation of atoms from metal surface

® Reaction with environmental factors

. In order to corrode, atoms must separate

l
Ionization between metal ion and free electron
l
Differential potential (because of internal or external inequality)

!

Movement of free electron
l

Formation of corrosion cell
l

Corrosion current

!

Separation of atoms from metal surface
(Quantity of separation is relate to their equivalent)

(---Faraday's law)

|
Corrosion

Fig. 2.12 Definition of corrosion
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[ Condition of corrosion ]
- Anode
- Cathode
- Electrolyte
- Electric conductor

- Closed circuit

Fig. 2.13 Schematic diagram of corrosion reaction
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Fig. 2.14 Anodic and cathodic reaction of steel in the electrolyte
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Fig. 2.15 Anodic and cathodic polarization curves

=
2
=2
()
2.

S

| #58 dehbs Rl e AAEE g4 EH

ogFw gFe] EAFOR Zpol RANAL wom wy TAS

& Eo] BAT W FRACR o= Bzo] st tehbuA
S gl TS EAFOEA FF

|=]
5
o @gE Fio] AsA FAHE Aol

P2 5418 F4] (Crevice corrosion)

712 AR o] el e Aoy FA ot

_28_



e) &4 (Pitting)
2RlY 27} o]l F3lEd osA qHe] IR HoR gIEo oA
BAHE YetyA =& o o3& 324 elg) s

f) A&l X2 (Selective corrosion)

B ld

o T AL 5 FeTo ofdwe] AddUHom RAHE Ao

(a) =7 22 (Impingement attack)

g ol ol e Fof AAIE ol Wl FA4& Fol %W

(b) Z#}H-2] (Fretting corrosion)
A8y 7oz gEy Eobd W 553 559 FaupEe o9& vdt
o ¥ Bl R R Aol yEtye A4S 2Rt

(c) 7ZAnlH ] A (Cavitation)
A A4 gz ddy FolA FA ootk A 7
skal, o] =9 V|27 w& FHolA HaE o &
guhg gt o F-2o] -

(2) HAH &9

a) YAF2] (Intergranular corrosion)

AR PR AAALo], F AAZE IRA R FANE AR M diE

AR B97E 2dle a7t SRR Fod Crdel d9ez iAS weEt o

_29_



vl sjute] s Hw o

-
st

wol

S
=

TEEo 9F
¢) 43 sHHydrogen embrittlement)

file)

—
o

qr
Me

-
T

ke

o

LY

A =
= oh =t

-

o3} A7 Ael

= Aesa o weEkA, A,

=2 &7E skl Stk

7] w2l Zeh=mniet
7F e

(o))
P

)

2 7259

-
| .

o]
bl Al4¢]

S

T

L .

e} 3ol ¢

A

E}__Z__U]-ZSNSD
SEL BT

Z2}=v}l (Plasma)zt

Aol 7} o

3

=2

=

=

Al, 71

1)

2.3 93 7t #4944

2.3.1
ol

=

g =nish ®

x
=

BEE

she

=]
T

0]
=

delef o] &3k HAR ol |

i)

Aol 743 Bt

o] g3tz

=

=

e} =}

3T

e =

oF

=

T

T

o
-

]

o]

qr
Mr

ol

_30_



Hydrogen damage
Surface cracks

Uniform
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_________ = S
I [
l Internal voids
Galvanic
Active Noble
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S— NN AT w
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> [
Environmentally Induced Cracking
Stress-corrosion Corrosion fatigue Hydrogen-induced cracking
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Fig. 2.16 Forms of corrosion
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Fig. 2.17 Relation of presPressure (Pa) rature at plasma

Table 2.2 Division of glow plasma
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Glow discharge(DC)

Inequable plasma :
Corona discharge(DC)

RF discharge

(Low temperature plasma)

Equilibrium plasma Arc discharge(DC)
(High temperature plasma) RF discharge
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Table 2.3 Classification of material surface modification methods
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Cathodic

Electro deposit extraction

Anodic oxidation

Wet process

Electroless Reduction
deposit Chemical
reaction
Vacuum
Surface evaporation
Physical vapour Sputtering
finishing deposit(PVD) lon plating
i Ton beam
techniques ‘ .
implantation
Dry process PR
Thermal spray
Vacuum

Thermal CVD

Chemical vapour

) Plasma CVD
deposit(CVD)

Photo CVD

Fet=vl CVDe wbS7kas Edt=vt dH= siA 249 2kt Z(radical)
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Fig. 2.18 Schematic equipment composition of ion plating methods
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Fig. 3.1 Potograph of thermo-electron activated ion plating
apparatus.
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Fig. 3.2 Schematic diagram of thermo-electron activated
ion plating apparatus.
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Element Mz 1\./[+ - M — B
Ionization energy (eV)
Mg 7.64 15.03
Ar 15.68 27.64
N 14.51 29.41
N» 15.8
O 12.5
H>O 13.0
=3t 52 g3ty g&ol H A SAAR e A el vk &
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substrate specimen

(A) Evaporation metal : 99.99% Mg (form : chunk, size : 2~5bmm,
type : MGM-44019A)

Element| Mn Al Fe Si Ca Cu Na Mg

PPM <20 <10 <5 <5 <5 <5 <5 |Balance

(B) Substrate specimen : AZ91(Mg alloy for die casting)

Element| Al Mn Zn Si Cu Ni Fe Mg

mass %|8.3-9.7| >0.15 0.35-1.0] <0.10 | <0.030 | <0.002Z | <0.005 |Balance
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Fig. 3.3 Photograph of scanning electron microscope apparatus
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Fig. 3.4 Photograph of optical microscopy apparatus

Fig. 3.5 Photograph of x-ray diffraction apparatus
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Fig. 3.7 Photograph of potentio—stat apparatus
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Fig. 3.8 Photograph of hardness measuring apparatus
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Classification

Top surface Cross section

Ar gas press.

5x107! Torr

5x1072 Torr

5x107* Torr

(a) bias voltage : OV (x5,000)

Fig. 4.1 SEM photographs for top surface and crss section of
Mg thin films deposited at different Ar gas pressures
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Classification

Top surface Cross section

Ar gas press.

5x107! Torr

5x1072 Torr

5x107* Torr

(b) bias voltage : 100V (x5,000)

Fig. 41 To be continued
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Classification

Top surface Cross section

Ar gas press.

5x107! Torr

5x1072 Torr

5x107* Torr

(c) bias voltage : —200V (x5,000)

Fig. 41 To be continued
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press. 1 o 4
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000x2.560m 000 60/ bl

ov

-100 V

-200 V

(a) Top surface (x5,000)

Fig. 4.2 SEM photographs of Mg thin films deposited at
different Ar gas pressures and bias voltages
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Ar gas
press.

Bias voltage

5x10°! Torr

5x1072 Torr

5x10* Torr

oV

-100 V

-200 V

(b) Cross section (x5,000)

Fig. 4.2 To be continued
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Diffraction angle 26 [deg.]

(A) Bias voltage : 0V

Fig. 4.4 X-ray diffraction patterns of Mg thin films deposited at various Ar gas pressures
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Fig. 4.4 To be continued
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45 X-ray diffraction patterns of Mg thin films deposited at various Ar gas pressures
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Fig. 4.5 to be continued
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Table 4.1 Relative value of surface free energy of Mg

Crystal face Relative value of surface free energy
(100) 1.185
(002) 1.000
(101) 0.764
(102) 0.807
(110) 1.027
(103) 0.779

v= P - Uc/Z N - AS

v . 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. 46 Geometry of crystallographic planes for the
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Fig. 4.7 (002)/(101) relative intensity of Mg thin films
deposited at various Ar gas pressures
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Table 4.2 Change of d-valve on each face of Mg thin films
deposited at various Ar gas pressures

d-Value(A)
Ar gas pressure(Torr)
ASTM
5%10 5%10°* 5x10°!
Bias V. Face
(002) 2 60500 2.6108 2.6226 2.6226
' (0.0058 1) | (0.0176 1) | (0.0176 1)
0%
101 0 45190 2.4558 2.4610 2.4558
' (0.0039 1) | (0.0091 1) | (0.00391%)
(002) 2 60500 2.6108 2.6167 2.6286
' (0.0058 1) | (0.0117 1) | (0.0236 1)
-100V
101 0 45190 2.4558 2.4610 2.4610
' (0.0039 1) | (0.0091 1) | (0.00911%)
(002) 2 60500 2.6108 2.6167 2.6346
' (0.0058 1) | (0.0117 1) | (0.0296 1)
-200V
2 4558 2.4610 2.4662
(101) 2.45190
(0.0039 1) | (0.0091 1) | (0.01431)
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Polarization Potential(V vs SSCE)
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Fig. 411 Anodic polarization curves of Mg films deposited at various Ar gas pressures,

measured in deaerated 3% NaCl solution
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Fig. 411 To be continued
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Classification
Before polarization After polarization
Ar gas press.

5x107! Torr

5x1072 Torr

5x107* Torr

(a) Bias voltage : OV (x100)

Fig. 412 SEM photographs for electro—chemical polarization of
Mg thin films deposited at different Ar gas pressures
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Classification
Before polarization After polarization
Ar gas press.

5x107! Torr

5x1072 Torr

5x107* Torr

(b) Bias voltage : —100V (x100)

Fig. 4.12 To be continued
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Classification
Before polarization After polarization
Ar gas press.

5x107! Torr

5x1072 Torr

5x107* Torr

(c) Bias voltage : —200V (x100)

Fig. 4.12 To be continued
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Fig. 4.14 Corrosion potential of Mg films deposited at various Ar gas pressures,

measured in 3% NaCl solution
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Corrosion potential(v vs SSCE)
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Fig. 4.14 To be continued
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Fig. 4.15 To be continued

o|N
N
L
2
2
k<)
Ac)
A
Xl
N
o
-z
1>
o
™
o
i
2
<2£
0=
ot
4
offl
=
=
1
lo,
o
ox
i
K
i

-121 -



)

Table 4.37} Fig. 4.16°1 A4

A%E Yehw

o5 Mg

<, Table 4.3

ot

0]
PR

A}
S,

oA A

a9

H

Hhsh e,

T
-

Fig. 4.16°14 Y e

ol
=

9)t}. Table 4.3

al

F AZ91D H

k<
pul

Chromate A €]

AAHo=Z AZ9ID 2

T
T

Ak

ki3

o] &

e AT

Table 4.2l A

Nlo
O

=y
ar
0

0]

14 25 o

|23

174 Apolo] FAH

[e]
S
1t

74

°] Morphology Y A7} #] A3} =] o]

Ar 7F2=4 A7 Mg

=]
=

o] w A3}

o]
H

O

put

s

o= A

H7F 2A

A7l &

T

=
=

5 4 $1(Dislocation)

|

2 HCP +

49l @ o

+ Morphology

5|
pul

L
A=A

o] /gl A

o

N

2 ¢

s

, °l (002)

|

49
I8

£l

2 HIy

0|

7beb= A

=
o

—
o

o

3 °]

d7} #rolAl Slip ¥

o] #%o| M Fig. 44 2 Fig. 45014 29l v}s}

o7 Yehta gilern® Fig. 4.16904 vebd A3}

she A

EC]:

7hste i

=
o

- 122 -



Table 4.3 Hardness of Mg thin films

Hardness (Hv)

A B C D Average
Condition

AZ91D 171.0 1256 1625 151.4 152.6
AZ91D(Chromate) 184.9 238.1 176.0 209.6 202.2
5x10 * Torr 63.9 57.3 62.8 72.2 64.1
oV 5x10* Torr 55.5 71.3 71.1 84.9 70.7
5x10" Torr 63.2 734 66.0 63.6 67.8
5x10 * Torr 75.4 66.4 56.6 66.0 66.1
-100V | 5x10° Torr 62.4 714 97.2 79.3 77.6
5x10 ' Torr 89.4 95.0 92.3 100.2 94.2
5x10 * Torr 344 35.7 447 334 37.1
~200V | 5x10* Torr 46.9 81.6 625 67.2 64.6
5x10 ' Torr 1087 1009 103.2 94.7 101.9
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Fig. 4.16 Hardness of Mg thin films deposited at various conditions
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