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Figure 2-2 Figure Galvanic corrosion between a-Mg and B phases: (a) discontinuous

B phase along grain boundary (b) continuous 3 phase along grain boundary
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Figure 2-3 Prospects for Application of Magnesium alloys automotive parts(Mg

2020, DOE)
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Figure 2-4 Examples of automotive components made of Magnesium alloys (a-
Engine block, b- Steering column module, c- Door frame / Key lock housing, d- Oil

pan)
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Figure 2-5 Basic principle of friction stir welding
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Figure 3-3 RM-1 FSW machine (Manufacturing Technology Inc)
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(a)

(b)

(©

Figure 4-1 Panorama images of (a) A(Modified-AZ31 2&7l), (b) B(Modified-AZ31
LAI), (c) C(ME AZ31 )
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Figure 4-2 OM images of A(Modified-AZ31 2Z=Xl) BM(Base metal)
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Figure 4-3 OM images of A(Modified-Az31 2%&%l) SZ(Stir zone)
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Figure 4-4 OM images of B(Modified-AZ31 2?1 %l) BM(Base metal)
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Figure 4-5 OM images of B(Modified-AZ31 ¢ xl) SZ(Stir zone)
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Figure 4-6 OM images of C(&& Az31 ¥AZH) BM(Base metal)
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Figure 4-7 OM images of C(&& Az31 YAHZH) Sz(Stir zone)
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mag = HV
1,000 x 15.00 KV 1

Figure 4-8 SEM images of (a) A(Modified-AZ31 2&1l), (b) B(Modified-AZ31
LAHT), () C(HE AZ31 YAHX)
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Table 4-1 Average grain size, average secondary phase size, and secondary phase
fraction of A, B, C

A B C
BM Sz BM Sz BM sz
WD Z2-Y 37 (um)  33.95 10.98 09.03 08.68 11.02 07.04
o O|AH 27| (um)  04.51 06.94 00.61 00.96 00.16 00.11
O| At &2 (%) 00.12 00.13 00.63 00.58 00.43 00.37
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Unit: wt%

4)

Element 1) @) 3) o g (5)
Mg 11.05 07.63 35.00 27.00 11.90 17.11

Al 33.75 58.97 43.59 15.74 17.64 3277

Si 02.58 00.45 00.22 12.72 18.04 02.42

o 21.04 31.59 19.07 29.41 32,67 18.67
Mn 06.04  01.07 0156  10.00 1224  09.40
Fe 25.55 00.29 00.56 05.13 07.50 19.62

SZ

Unit: wt%
(2 5
Element (1) core shell (3) “) core shell
Mg 04.12 1247  00.80 30.00 01.11 09.65 17.11
Al 4547 3948 4572 4361 4438 38.95 32.77
Si 0046  01.51 00.00 00.58 00.49 03.23 0242

X 09.12 1283 0979  00.55 08.41 17.41 18.67
Mn 39.85 22.17 4276 24.39 44.46 12.39  09.40
Fe 0098 11.53 00.94  00.87 01.15 1837  19.62

Figure 4-9 SEM images and SEM-EDS results of A(Modified-AZ31 ¥&7l)
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Al-Fe-X’(-Mn)

)

Element wt%
Mg 04.64
Al 38.82

Si 03.46 =X Fe
X' 22.39
Mn 02.94
Fe 27.75

Figure 4-10 SEM images and SEM-EDS results of A(Modified-AZ31 2&7*) BM(Base

metal)

AI-Mn(:Q(’-Fe) (Mn rich)

Element wt%
Mg 01.15
Al 46.90
Si 00.70
X’ 09.04
Mn 40.52
Fe 01.68

Figure 4-11 SEM images and SEM-EDS results of A(Modified-AZ31 2&%H) SZ(Stir

zone)
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Unit: wt%

Element core shell ) (3)
Mg 53.54 44.29 47.43 58.85
Al 23.56 27.80 29.16 11.97
Si 01.08 01.15 02.96 08.51
X' 08.29 06.97 16.55 12.41
Mn 11.57 17.50 02.49 04.89
Fe 01.96 02.29 01.41 03.37
Unit: wt%
Element (1) () (3) 4) (5)
Mg 50.06 47.65 5343 29.49 60.58
Al 27.21 28.73 27.55 33.03 2149
Si 00.23 00.15 00.00 00.26 00.00
X 02.82 00.28 03.00 01.59 02.23
Mn 19.18 22.64 15.36 34.71 14.56
Fe 00.50 00.54 00.67 00.93 01.15

Figure 4-12 SEM images and SEM-EDS results of B(Modified-AZ31 & xH)
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Element wit%
Mg 47.47
Al 28.20
Si 00.30
X 03.16
Mn 20.59
Fe 00.28

Al-Mn(-X’-Fe)

_|_

-

Figure 4-13 SEM images and SEM-EDS results of B(Modified-AZ31 Y% *{) BM(Base

Element wit%
Mg 13.69
Al 40.93
Si 01.15
X 01.32
Mn 42.01
Fe 00.90

metal)

Al-Mn(-X’-Fe) (Mn rich)

Figure 4-14 SEM images and SEM-EDS results of B(Modified-AzZ31 ¥ &Xl) Sz(Stir

zone)
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Unit: wt%

Element ) ) (3) 4) (5)
Mg 60.35 78.05 65.21 64.19 56.51
Al 20.53 14.64 20.51 20.55 22.80
Si 00.73 00.34 00.40 00.53 00.65
Mn 14.94 06.57 13.34 14.19 19.20
Fe 0045 00.40 00.55 00.54 00.84

Unit: wt%
Element () (3) 4) 4) (6)
Mg 63.55 57.54 65.10 65.84 57.77
Al 20.11 22.94 18.89 18.51 23.18
Si 00.46 00.67 00.67 00.50 00.27
Mn 25.23 17.71 24.05 33.85 18.06
Fe 00.65 01.14 00.28 01.29 00.71

Figure 4-15 SEM images and SEM-EDS results of C(&4& Az31 2ixl)
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Element wit%
Mg 70.13
Al 17.25
Si 00.30
Mn 11.86
Fe 0.46

Al-Mn(-Fe)

-

Figure 4-16 SEM images and SEM-EDS results of C(&4& Az31 ¢xl) BM(Base

Element wt%
Mg 52.10
Al 19.42
Si 00.56
Mn 15.76
Fe 00.00

metal)

Figure 4-17 SEM images and SEM-EDS results of C(&4-& Az31 2 HZH) SZ(Stir zone)
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Figure 4-18 Corrosion behavior of A, B, C by salt spray time
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48h

Figure 4-19 Corrosion behavior of Friction stir jointed A, B, C by salt spray time
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Figure 4-11 Corrosion behavior of A, B, C by immersion time




Figure 4-12 Corrosion behavior of Friction stir jointed A, B, C by immersion time
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Figure 4-13 Corrosion rates of A, B, C by immersion test
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Figure 4-14 Open circuit potential tests results of A(Modified-AZ31 &FZ&xl)

61



B BM

-1.50
-1.55 =
-1.60 <
__-1.65 4 /,.._-—/-—*-'f___——’—————————
5 AL~
¥ -1.70 -
¢
> -1.75 1
§ 1st
-1.80 4 2nd
3rd
-1.85 4 4th
-1.90 4 oth
6th
-1.95 T T T T T
200 400 600 800 1000
Time (s)
-1.50
-1.55 <
-160 . /-/__’_/—A_/_\f
_-1.65 -+
‘©
¥ -1.70 -
¢
> -1.75 4
§ 1st
-1.80 4 2nd
3rd
-1.854 — 4th
1.90 - 5th
6th
-1.95 T T T T T
0 200 400 600 800 1000

Time (s)

Figure 4-15 Open circuit potential tests results of B(Modified-Az31 ¥ ¢ixH)

62



-1.50
-1.55
-1.60
__-165+
Y— E
[
X -1.70 4
g’ ]
> -1.75 1
§ E
-1.80 <
1 3rd
-1.85 - — Ath
1.90 ] 5th
a 6th
-1.95 T T T T T
0 200 400 600 800 1000
Time (s)
-1.50
-1.55
-1.60
__-1654
N— 4
Q
¥ -1.70 =
gj ]
-1.75
?: ) 1st
> 180 - 2nd
1 3rd
-1.85 1 ——4th
1904 5th
_ 6th
-1.95 T T T T T
0 200 400 600 800 1000

Time (s)

Figure 4-16 Open circuit potential tests results of C(&& Az31 2 HIH)

63



Table 4-2 Open circuit potential value

Unit: V

A B C

BM SZ BM SZ BM SZ
1st -162 -160 -161 -157 -154 -1.54
2nd -161 -162 -163 -160 -154 -1.53
3rd -162 -160 -161 -162 -155 -1.52
4th -162 -162 -163 -161 -155 -1.54
5th -161 161 -162 -160 -153 -1.55
6th -163 -162 -163 -159 -154 -1.54
AVG -162 -161 -162 -160 -1.54 -1.54
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Table 4-3 Corrosion potential(E.,,) value and current density(l.,) value

Unlt: ECOIT (V)’ ICOFI’ (nA)

A BM SZ
Eeor  lor  Eor oo
1st -1.57 122.0 -1.55 098.3
2nd -1.56 166.0 -1.54 097.2
3rd -1.57 141.0 -1.56 126.0
4th -1.59 152.0 -1.57 087.3
5th -1.58 213.0 -1.57 078.4
6th -1.61 189.0 -1.58 071.5
B BM SZ
ECOIT ICOI'I' ECOIT ICOH’
1st -1.57 126.0 -1.53 176.0
2nd -1.58 086.9 -1.56 114.0
3rd -1.59 083.2 -1.58 137.0
4th -1.61 111.0 -1.57 144.0
5th -1.59 106.4 -1.56 125.0
6th -1.61 128.0 -1.56 156.0
c BM SZ
Ecor  lor  Eoor oo
1st -1.53 274.0 -1.49 184.2
2nd -1.51 178.0 -1.48 306.0
3rd -1.48 079.9 -1.46 268.5
4th -1.53 212.0 -1.46 265.5
5th -1.48 121.0 -1.46 223.0

6th -1.47 276.0 -1.44 194.0
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Figure 5-1 Microstructure changes before and after FSW
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Figure 5-3 Secondary phase of A(Modified-AZ31 2&Xl), B(Modified-Az31 ¥ ¢xY),
C(A2 Az31 Y¢Ax)
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Figure 5-8 Salt spray test and Immersion test results of FSWed specimens
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Figure 5-9 Corrosion Rate results graph
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In the automobile industry, there is a growing interest in magnesium alloy, a lightweight
metal, to protect the environment and improve fuel efficiency. However, its application to
various fields has been limited due to its poor corrosion resistance compared to competing
materials such as plastic and aluminum alloys. Specifically, for the application of
magnesium alloy as a structural material, joining technology is crucial. However, in the case
of fusion welding, commonly used for joining metal materials, issues such as high-
temperature cracks, deposits, and composition separation of alloy elements. Therefore,
active research is underway on the Friction Stir Welding (FSW) process, a solid-phase
joining process. Studies on the microstructure and characteristics of the FSWed commercial
AZ31 alloy joint have been reported, but quantitative interpretation of the difference in
microstructural characteristics and studies on the change of microstructural factors on the
corrosion characteristics during Friction Stir Welding are insufficient. Additionally, a
comparison between Modified-AZ31 and commercial AZ31 regarding the microstructure

and properties of the joint is necessary.

Therefore, in this study, three types of AZ31 alloys of extruded Modified-AZ31, rolled
Modified-AZ31, and rolled commercial AZ31 were butt weld using a Friction Stir Welding
process, and the corrosion behavior according to the microstructure change of each joint
was to be compared and analyzed by alloy type and region. Microstructure was analyzed
and quantified through Optical and Scanning Electron microscopes. In the case of corrosion
characteristics, Salt spray test and Immersion test were performed to observe the corrosion
behavior of BM(Base metal) and SZ(Stir Zone). Open circuit potential measurement and
Potentiodynamic polarization test were conducted to quantify the Ecorr and Icorr values
for BM(Base metal) and SZ(Stir Zone) of each alloy. In addition, the microstructure change
and corrosion behavior were analyzed in relation by comparing and observing the

microstructure before and after joining.

As a result of the experiment, the grains of SZ were recrystallization compared to BM of
three magnesium alloys of extruded Modified-AZ31, rolled Modified-AZ31, and rolled
commercial AZ31. In the case of extruded Modified-AZ31, the content of Mn increased

and the content of 'X' and Fe decreased compared to the secondary phase of BM, and the
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size of the secondary phase increased and the fraction was similar. In the case of rolled
Modified-AZ31, the secondary phase of the SZ increased and the content of 'X' decreased
compared to the secondary phase of the BM, and the size of the secondary phase increased
and the fraction was similar. In the case of rolled commercial AZ31, the content of Mn
increased in the secondary phase of the SZ compared to the secondary phase of the BM,

and the size and fraction of the secondary phase were similar.

The potential difference between the secondary phase and the matrix was reduced by
adding a small amount of the rare earth element 'X' to the extruded Modified-AZ31
material and the rolled Modified-AZ31. Accordingly, it showed better corrosion resistance
than rolled commercial AZ31 to which X' was not added. As a result of the Salt spray and
Immersion test, it was observed that corrosion was generally concentrated in the SZ in the
FSWed specimens. As a result of calculating the corrosion rate with the amount of weight
reduction measured during the Immersion test, the FSWed rolled commercial AZ31, rolled
commercial AZ31, extruded Modified-AZ31, FSWed rolled Modified-AZ31, and FSWed
extruded Modified-AZ31 showed rapid corrosion rates in the order. As a result of the
Potentiodynamic polarization test, when compared by alloy, the current density in the
reduction region of the rolled commercial AZ31 was large. When compared by region, the
extruded Modified-AZ31 had similar current density in the reduction region of BM and SZ,
and the rolled Modified-AZ31 and the rolled commercial AZ31 had higher current density
in the reduction region of SZ than the BM.

In Modified-AZ31 extruded material, microstructure changes induced by Friction Stir
Welding were more significant in grain size than in the secondary phase, and the main
factors influencing corrosion properties could be viewed as grain size. Rolled Modified-
AZ31 and Rolled commercial AZ31 showed that microstructure changes caused by Friction
Stir Welding were larger in the secondary phase than in the grain size, and the main factors

influencing corrosion properties could be viewed as components of the secondary phase.
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