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Nomenclatures

: Focal length of condensing optical head (mm)

: Defocused distance (mm)

: Laser power (kW)

: Welding speed (m/min, mm/min)

: Penetration depth (mm)

: Bead width (mm)

: Front bead width in full penetration welding (mm)
: Back bead width in full penetration welding (mm)
: Joint width between upper and bottom plate in lap or fillet welding (mm)
: Peak power of Laser (kW)

: Pulse width (ms)

: Pulse per second

: Overlapping rate (%)

: Underfill (mm)

: Welding current (A)

: Welding voltage (V)

: Leg length (mm)
: Throat thickness (mm)

: Excess weld metal height (mm)
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A Study on the Laser Weldability of Magnesium Alloys

JUNGHAN LEE

Department of Marine System Engineering

Graduate School of Korea Maritime University

Abstract

Magnesium alloys have gained increased attention in recent years as the
lightest metallic structural materials. Moreover, they have some very
attractive properties such as good specific strength, excellent sound
damping capability, good electromagnetic interference shielding, and
recyclability. Therefore, they can be utilized widely in the various
industries.

On the other hand, a reliable joining process is absolutely necessary
to expand the field of applications of magnesium alloy. Welding of
magnesium alloy 1is known to be possible using almost commercial
processes. Tungsten inert gas(TIG) and metal inert gas(MIG) processes
are two main welding and repair methods for magnesium alloys. However,
because arc welding has high heat input and magnesium has high thermal
conductivity, a wide heat affected zone(HAZ) and coarse grain structures
would be formed, which causes a weld with poor properties. Laser welding

1s an advanced way to produce sound welds of magnesium alloys and it can
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overcome the disadvantage of arc welding.

However, up to date, only limited works have been conducted on the
welding of magnesium alloys using laser beams, besides they are still on
basic level. Thus, more sufficient studies are necessary.

This study is related to the laser weldability of magnesium alloys for
industrial application. And it consists of three major parts.

In the first part, 4kW CW Nd:YAG laser was used to investigate basic
weldability of AZ31B magnesium alloy that has been commercially used as a
rolled sheet. The effects of welding conditions on the weldability of
butt joints were examined in more detail. In addition, the mechanical
properties of butt-welded joints were investigated by tensile and
hardness tests. On the other hand, because magnesium is sensitive In
oxidation environment, the effects of shielding conditions were examined
by controlling the flow rate of the front and back shielding gas. As a
result of this study, optimal conditions without weld defects were
obtained.

Also, with a tendency for the application of thin magnesium alloy
plates in portable electronic equipment such as cell phone and notebook
PC, there 1s a requirement to develop a lap welding technology.

Thus, in the second part, the single pulsed laser welding of AZ31B
magnesium alloy was carried out. The effects of fiber types and
parameters such as peak power and pulse width on laser weldability were
investigated. The results showed that weld defects, especially
solidification crack, were always generated in the weld. These defects
couldn't be controlled by the simple square pulse, but could be improved
through the application of variable pulse.

Meanwhile, because magnesium has good castability and limited

- Xiv -



workability, 1ts products have been manufactured by almost casting
processes.

Therefore, in the third part, the weldabiltiy of casting magnesium
alloy was evaluated using various heat source. A pulsed Nd:YAG laser was
used to weld butt joints of sand casting magnesium alloys under various
welding conditions. Large under fill and plenty of spatter taken place
under the conditions with high peak power. Thus, 1t is recommended to use
low peak power to obtain good welds.

Next, a CW fiber laser was used to investigate the lap weldability of
sand casting and wrought magnesium alloy. The effect of defocused
distance was examined firstly. The result of the test, it was found that
spatters always generated at the around focused distance, because of the
high power density of the laser beam. Thus, defocused distance was
required to obtain sound weld. In addition, the application of fillet
welding was evaluated for minimizing the affect of sand casting that have
relatively poor weldability. We could confirm good weldability without
weld defects.

From above results of this study, it is expected that development of

more reliable joining process of magnesium alloys 1s possible.

- XV -



& )Collection |



A1 A&



& )Collection |



7R A Z RPN E TEHQ Wyl QFHI glow, OF U 7R H L

2]
ggo] 753 AeE AMBSHE 3, 28 AEAR

= olHAA EFvHlE dFol
v ZAA ] Hel w353 Aok o] AL B F&HAR Hla AN &
Wb & Buk ofyg vt B2 v 183 gorst A aE g2

S mEe =, mavlge e ARRlE dado]l FrhetHA o3 EAHE
1A

o
)
=
[
=
i
o
i
rlo
X
BN
»
Q,
>
£
v
°
>
©
%o
~N
R=)
_l
=2

, 7189 vl

H
F v FEe UEE toiady FHoE AxHol sttt dH=E rlauvls



BN
L

oM
HH

\HO

oA 7bA ZFel Ak 2y tols)

fe13
=

el

Al
2]

Ul

=1}
=

3

[e=]
=

Ul

1

T

31} A
1.

9

HHEEgel e AL,

171 <

S

1

Ho, FAY =271 Aol g wEkA vf

&

o7 A}

% G2 A Roks AeFS Iy
A NE BARE 2E e BF

jze)

4

A

ol A ¢

™, o]

wK

29
HLRoA F2 o]Fojx 1 %}]\]:}_(14-18)‘

%l-

wA o2 mla4

1 &Al e A4

<

= gz Aok gebd 2

7ol 23]

]

)
JO

=1}
=

=

ojAH mauvlE d=o HE

7} 3L 300 ~500°C9]

of 7fto] @ FHT}

)
Ho
e
ofo
)
R

puzel

EER
, ol 3

o

1o

b ek meb B $HEWA ua

AN

—_
o

oF

I DEE B R

9
pul

[€)

-

2%§40] 7}



FA e dolA ol M= HZol HE A}

gEY 28y vlavls e
w0 25 A2 golAE o] &3 © H(single

HEEEEEROEEE

pulse) S0 BHAE Ba® Ablst ARsteh oA dold ol MA@

FEeuE s FEY e SHAFY TAL A & 9

AR ot 1z F2 a7s0] & vhadls FxAe S5l taA
AR

sha A= ARG,

i)

ofo
32
N
=)
Sl
o
fu

a

= 34H 2R 94



w9l
£ oo FEe BANE B HA0R s 3Tk} Lol 3
AgE gorol Ak ALgsol gk et 19906 ERE o] 9G] F

AQ AEAE w717k wiES AzsEe FAHA Y] EEsel w
gt AH JRAE S AA A dijke g AFA FEWI Ut ET =
EL FHE, CD Zdolo] 59 Fu& 771719 Bgeo] gl wet <l
Aol Falgt dAE adHor AAgsiHA 2 &Eo] 7hssha

HIgE A2 A g @77 SHstEA 7S] Eetago R A
& AA77) Aolz~rk HA viadls FEoz gAsHm Qe Ao gt
olo wz} 19900 dt) Zuk o]F w4
o 4AE ved AEE 1

H1 e viadls 3
I Ao 3ol AE*
71e] o] sy Al mAE g E s v

38 o5 vl AT SHdE AYY F

1

2 fudy, #d 975 19040 A - FREH ALHAL. F2 00, o)A
% NAYAG HolAE o8& A7l iFRu, 7o) A7) w=w w1y
# WFY AL NEYAG dolAe) Hgo] nrk $53 29 vehiry

de A QAT ojzle Co, HolAel HlE Fe wge] AT W FFE

7t MEes, 71E84e A% dARAE HaAA BHu 4" S8AE

i



@st7] WEolth. 3 CO, #olA et Blaldt] Nd:YAG #HolAE =2 &3
&S Yyehdda 48A JdoY. Haferkamp 5 5L3 23 AAS HAE
15kW &89] #lol# Mg AL83t Sm/ming] 8T 204 Nd:YAG 2l
o|AE AR A-fole 2mme] §UZLo|T}, ¥ CO, #H oA A< 0.7 mm
o golzlol7l doH Ty Rus R, Sander 52 2kW pulsed Nd:YAG
g 6kW CO, #oJAE AME3le] 7 1.8 mme] AZ31B-H24 #59 &3S

AR, st ARE 48 F AT Nd:YAG #Ho|AE AMSst H$
e oA &3 08kW(Sms, 120Hz), 445 3em/se ZHoA AAZ &
HE7} grEolgar, oo "k CO, @olAdME o)A =8 25kW, &8

T 127 cm/se] ZANAE AAF L7 Za)o] s T,
I ez ExxA U ggd A7t FREolgE, HolA S5

8 iAESe FEe 71E8HS FAsE ol F8% ¥ vAL
we 29

Marya & & S94TE 2& &93 92 vHl=rt AHL 2 S(ripple) @
A9 (crowing)®] 7HAS o] Bthy Buatom @ Sanders S AUIF O
A2 Ay Frge]l e FF A4 £4S Hoststn 2uE YL

E AZ91 2 AMS50 3ol dst

oo M £ 2
N
N
o
i
o
~
K
ol

25kW Helolw, 20kW w|The] ©te ZE o= AT
AT co, HolAE AR F=

OA FYEEE oF 2x10° Wem’ ol Q1oH, AZ31B FFolAE oF 5x10° W/em®©)
ATHE. T Nd:YAG H ol A S AHEE AM60B TholH=® A A e

WE43 & FollA 7]1&

== 9F 1.2x10° W/em?o] oY,
=9 9o F HFE 1HEHE SHEEY IS AEsid, dolA E
Aaglol SHEE7 U1l uhel 8970 2 HEZe dukxog 7148}

= 1
Jok 2EY vUF e 84 SxEe g Fad e 54% s
F1E MW o gelrt &g%-9] el hF BIAAE FAANATY. wet

M EREES A Y fldA &dzolE FHs] s = H ook st



o, /1% ge AFL A2} T & 9t $FEPY 4Fel sTEch

Haferkamp 52 1.7kW2 CW Nd:YAG #o|AE AFEsto] 7FgA AZ21A ¥

i)
o

2L
ol 2~E AZIID TS &FsIdeH, sdst 202 &H3ASTAE &
T3t AMEE vtadlE #HEY A2 g8 €43 2 EYE 54 did gE
SHEAS Yehdta Busdg®. golAl2EAQ AZ9IDS] dAEEE 51
W/mk=Z, 7F&A0 AZ21A9] 139 W/mKell Hl&] sty weld AZ9ID a2
AZ21A F5 B ¢ 2e §YZe] 2 o & &89HAS 7HAT EE Marya
i

H gEHE AR UE d4354

1 A7t 87HE Eokolth,

AAZEo] =k wetr HErtAgE Hed AMS-3) 7]

dedn dEA AP Weisheit 5 HHo A=rtaZ sty s
He, Ar ¥ No& AFE3t AZ91 =9 CO, #HolA &HE FPhstnom,
A3 Hes XYW X%
0. Dhahi & 5kW CO, #oJAE o]&3l9 WE43 F5& AT73 3, Hedl
7h=fr#Fe] 50 4/minkth H oW &g wiglely FHE fIE F e
AL BAFHTH"? Hiraga 5 2kW CW CO, #lo]A 2 Nd:YAG #o|AZ o]
g3l F7 1.7mme AZ31B-H24 @59 27 &3S #3340, o,
ol AZ AH&3F A vl= Ao Hed, 223l oo Ar7tAE AL&3te] A

A SFHRES 9 5 AT 2y ojdAdE glo] AHu=d] Artta AL

i

_7_



ol Zefzvhel WZFskA] 7] wZelth. EF CO, #olAZ AlzFE &4 o

o AT Auxd B HERG wet WEA, N&YAG #e]A 9
&3 o) d=Exdd ARl ¢FEL HFE FEE G

tEo]l F& &%= 128 849 $8F 54 F dtvolth Cao T2 25
kW CW Nd:YAG #HolAE Ab&ated F7 2mme] AMEFZA] ZE41A-T59
st 7] 84S FdsAT. A¥2A% §HF FL o 08~13mmAen, FE
EF9e oS Fi EA dRo ZAFute] gl i giE EES A
%Y. Sanders 5 2k

pulsed Nd:YAG © 6kW CW CO, #o|AE Al-&3}o]

W
AZ31B &9 €4S FYdsHer, EJdTFHHAZ)Y L& 50~60 umZ A&

=

M= 28] AT & HAZEZES 7MAta BRustgoi™ Weisheit 5 &7}
o] 25kW CO, #o|A S ALE3te] FZAQ AZI1, AM60, ZC63, ZE41, QE22
2 WE54 &5 7FFAIQl AZ31, AZ61, ZW3, ZC6l % 7C71 &=9 %d7] &

He FHsAoH, AZ319] HAZOA A 24-e st TGy
HusPor?, o)A g Aste] axrt Alekd Ao 7103 Al AlgE

o
aw
>
N
£ N
o
ao
o,
Ry
e
ry
oF
o
oZi
E (o
)
=2
R
Fl r
r—l]I
cz[o
=}
£
S
)
}Il_,
i)
32,
°

A AZE o3 wATRE AA(cellular)o] A HoIATHY. ZE41A FFY
S5 A g o8] FAE M 5340] Cao Tl o8] 3 B2
AT 27 27} vlwsle §85E dolA LHE FU YFoz 2

49 ARG viAgE BRI SazAe Aol oA &R 7|

AN B4 8 85 2% 249 93 A7) QAT okHAA o e



AT7F a8t

719 Aol wEH utadls FE2 EHAAME 713, dgdE #
SEdae E4d9 2 & 2ol PPPHHERD et g wave
(liquid magnesium) 317 W} 1W< (solid magnesium)E o} 49 {37} vl-$-

A geld ReE G FARE £a2 71Fe] vlads e 40
Fag HAARE. gEo] delA &34, 71EY &

A BEL §HFE Wl MAaz 71E3s AAY = AT Weisheit 5
ToHAE miadls el F=olu 7Hs vhauls
7] fta BRustg om®? w3l pastor & 7|9 BEHFAHL AM6OB T
oA &HAM 715dA F 99e oy FEIHTG,

Faoe &% vtavlsdel &sHA de FLT ThEolg diREe] A4

v A vtadls FEEH =2 T4 EEE VAW, EF

F gl Bl vmad e 885k 30 ml/100g)S A Aok, 28y

-

rlo
58

wgNe Fa ST g L Aol S /AT FESuE FHTU

713849 dle] g, nkwo Xlii%‘r(Zr)% rehe vtadls geelA

B——

A=Y B B A Tl /A, v gl 2] $HYL
2Ae) 7] b 1B A dERTR FeA A ek oha
# tollzEAe] AAE SE AAE BAY a FRES FaAL 2
27b QT Pastor S TelALEAY EASE 27 /1T FHol 297

FeuT ¥omw, dold S Bl FFel ASEY W AW 27)

@ vlaz gl SRS omBe opATn AWAATUY. Zhaost



T

o

}o]

°©

AL

=

=

F2S CW Nd:YAG # o)A

H

0.

A 2~6mme AM60B

=
-

L —

FAER.

°

DebRoy

H3

i
——

el QoA @

o] madls

AAHom vpay)

Ijr(49,61)

Baeslack III

=

T

+

u
I

AT

=9 WE54XZ

%l-

(€]

738}

A

S|
ax

}o]

3|

CO, #olAE AHE

L=Nye}
o

A §HFNME

p

St ZE41

AEE

=

=

] CW Nd:YAG d ©]A

=

oﬂﬂ—”ﬂLOﬂo

-

+ HAZ ]

9
pal

A
HAE QTN HAZY] A Hde &4 drlolZ =

o

[€)

ol

AN

~
o

=1
3

H

SF—L
A ZEAIA T SHFAA St

s
a

o

R

Fole}

1

0.
H

L —

H, 6 wt.% °]/<] Al

12

T

Mg-Al-Zn 53 %%
=]

T
.

=1}
=

Mg-Zn-Zr
~H ;9\]:]_(1»4,48,63—64)‘ Alo] g}\

1
™

T

w3 o] AlgEo] & oA Zno] 1
Z

(Mgi-Alp)e] A o+
-— 10 -

T—

]

1
“u
h Y

A=
0.

=

)=}

7HA
AZ92A
o uf-¢-

=

Ae3 st
h=d]

L —

-

H
1 wt.% Zn7AE 53 854S el

ok ZE41A &

©

=

m
1 wt.% Zn7}A

10 wt.%

AYAE A= Aol AR/, miadls Fae) oA &7l AA
Atk 53] AZ63A

4g B2
wt.% Al

ok
=1
=1
=



TR

wt.%O]

b ggo) el e, HER

o vadlE

=1
R

7] =

03
X

]
oF
HH
N

)]
o

7

0.9 kW

L —

3 olde v

=

to] LT ZolH, o
1=

st

S

]_% TZ]—(45'46).
Q2

[

=

& Ao
)

BRI

f=t
o= ]

fuls
4
o g2 A7t

oF71& Zo|th. Marya®} Edwards

i

0]
pal

b/ @ha w3
zolE 2, ofelo] th

=
=

=

1

—=
0]

T

=

]

I

tol thola| 2EA|Q] AZ91 &

[e)

©

L —

.

A
ek w44

I

1, ol o

=

=

st4, A=A, 71AAA

S

2=
T

_

=

of
T
U S5 43217
2

1o of
QEEIEEE

T

L

°

=1
=
= "

# 43}

Ao, w3 Sanders9t Leong
7}

S weba) §4A ol

AL, vk

213l A
Nd:YAG #°] A

=
[¢)

Ty
=
N

)

e

thstoll A A

i)
=

P Afa

]
=

O

15 e KEC A S ) S 20 R0 S =) B RE |

S

B
o

B/
A8

0

M

o)

0
Ho
g

oo

_11_



Ag T 7HE 7 Al

SEERCED

olebe

azr

A4l

h=d]
=

i

ofell A w1

3 B
=T

AAA

e

FHog ayEHY =)o

i
=

]

s &Hedo

171 18

3|

2 g8

Z71eA 9 o

o Bsj

i

e
%

~
o

B/

w2

7t 2 HES)

3

o -
= ¥

bl 2§34

3|

ba, dold 49e g

w1

3
ol

3k

[

3 2 oA AN

Nl
ofn

ol

0

o
g
A

)

ol thate]

SEOR

T
= 2

A 17l A

o

i

o]

|

L

JER SEL)

5=

]
&

T=

BodlE FEe SRl
B DERE B

1
T

A2l A
4 e A

<l & ol A

7] % (temper designation)ol] wWE

Z}A

T
T

A 370l A

FAA ] §A

gl

Y

& o4 uRk

g

AAAF Alo] ol

1
T

A|47g -l A

mjn

A He=, o

SR

HA g

&

o))
L

[——
o

_12_



=
T

]

S

=

E

g

7}%

(€]

=

bof 3

©

ol= 49U CMTE A&

=

(e)
}:}Oﬂ

A

d

A

=1
=
a =

(o]

R

ted o] A

A5 e AL

ol
ZA9 &7

o

=

qeg gudch gep FEAC o

&

=z
¥ T8

1:11_].

B

o

;01_
W
.&O

mjn

- 13 -



A% vtavle @9 §3H7e %

- 14 -



& )Collection |



AQAGANN g FEl WS FLF 2AZ MW, 0T T3
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o 3t} whde] wiadlgel w2 WIH(1,1000)e2 st §5FH viauvls
faol ohzdel o8] Fual WAWA BE 2dHE I4T & e A
Astr] sl o3 @& Alo]Z(short-circuiting arc)<

AESAY Ba AUS ALgsfol ATk EF TE FART AHo
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Fig. 2.1 Optical macrostructure of TIG welded
Mg-AZ91D

discontinuos
B-phase B-Mg,,(ALZn),,

Fig. 2.2 SEM photographs of a typical TIG weld
(a) base metal, (b) weld metal,
(c, d) partially melted zone, (¢) HAZ,

(f) resolidified region
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2.2 v Rk &3

719 vt &30 RAE FHAA FAFst=l v, vhEagk 87 (friction
stir welding, FSW) ¥4 Hx9] 3 E(tool)S &A1 HU7|HES we} o]F
Ao zZH A &4 FE5s TRt Jdste Wielth oy g FSW 7]

e @A LFUE L LFOE AT S QoM Aojel J1EH Auz

= ="
A 9}2‘11(80'83’, dFoE AN 2o FdE viadle dEol 48
st ot vl ol FSW RS e 2n4 e Adesel A
& d8x wve= AN vtadle ESe]l 29 A s AsHoz A

o
2 7] Wil JREEe] e SFHFRTY T3] A §HF WY g v
T Atk gEo Assrt 7hset, 8359 7IAIA 540 & EHHA H
wated 2w ul$ $53 E4E ARGt
vy FF AT Aol wEks ofke Aozt UAIRE, o]m] TWIC
AN BAFHE HEo] Ve ds S AY 7MY Bol AMEEHE tolAE
ntavlg FFS Mg-AlAl 502 AZ31F AZ61, AZ91S Hlwale] B Al
ol Z7leE miaviss FF9 FSW ATS oy YRt Fig. 23S AZ3I,
AZ61, AZ91DE FSW=E HES oS v, 2¢°] gle 453 AF 949 =
AlgE Aotk o MAE AZ31S B Jdd 2A AFHA Ho] 713
ow, Al o] S7MEFE Yo JAFHFE 45 o] FoJETh
E AL A £ Jen,
ZAA oIt wlag2 ZHARRONA Uyl ko] wWEst wwked H(stirred zone)
S g0 F Utk a2 wRkEHY vA 2HES BY 2Agte 443 o
2 M2 AAo] AAAsIE AS & F Uk =S BAIKA A FSWE] &3
_/_'[:

1 q_(63,85—87)'

A9 v FEH LR0E 0 o1F FSW ARE WEg§TH
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MgoAl, SHHEZRA BANTIER, olF ABAME $53 S4S wa
Fig 255 %y $39 g g olF
@A Rlol ). (B4
FSWE o83 oTHTe 2440 A8
S8 AAH 543 2)do] B
Fig. 2.62> Mg-AIAE %
o HW AZ31T AZ619] AEZe EAY SR
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) BAHEA FREe] YAt 2/ pASHA BEC] tEhd Aol O,

olsh go] FSW o] &FE TIG SHRG o $4% /A4 54 dedh
9 FUO SHWORE BT A4 HIR 0 okl JAFHBAAL
bsateh aeg gue] 543 Aol $EE M Bu] B Y T

of WESE BAMA, ¥ B £ FH Akt v AGF Hg}] o
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Specimen thickness: 5 mm*

3500

3000

2500 Defect free zone
2000 AZ31

1500
1000

500 ;\ AZ61

0 I I I
0 500 1000 1500

Welding speed, v(mm/min)

Rotational speed, N(rpm)

Fig. 2.3 Defect free zone in FSW

Specimen: AZ31B-H24(4 mm")

N=1000 rpm

v =100 mm/min

(b) Thermo-mechanically

affected zone (c) Stirred zone

(a) Base metal

Fig. 2.4 Macro and microstructural feature of FSW joint
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Specimen: Al alloy 1050(6 mm'), Mg alloy AZ31(6 mm")

o - Sl
’

;

‘Alalloy 1050

Retreating side
|
=10 (mum)

(a) Interface region (b) Mixed phase region

Fig. 2.5 Optical micrographs of dissimilar weldment
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— 1 |

5 WWN

(@) | |

<

= 60 — ' |

| e e e e, Mg

=) . l

©n | I

g | Stirred zone |

£ 40 i, Stirred zone |

s

o

20 - AZ31 —lF 1500 tpm, 1000 mm/min
AZ61 —— 1500 rpm, 200 mm/min
AZ91D —@— 1000 rpm, 50 mm/min
| | | | |
12 8 4 0 4 8 12

Distance from center of stirred zone (mm)

Fig. 2.6 Hardness profiles of FSW joints in cross sections
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Porosity

(¢) Humping bead (d) Weld dropout

Fig. 2.7 Typical defects in AZ31 laser welds
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Hood inner panel(Mg) Hood outer panel(Steel)

Fig. 3.1 Schematic illustration of hybrid hood using
magnesium alloy sheet

- 28 -



32 43 "W
321 AFAE 2 LHAX
1) AFA=E

Amshe] BAG Wl Ao|ppionrm,

pr

Table 3.1-2> wl2vls3 7]l &
d2oM vladle 9EE 174 gem’ S g, o] AL GFu|Fe] 2/3u), o 1/5
W GEolth Hiel vade @RS AAAA ARE TEE FF F 4R
A FEARD B4 Ao Ty BAEAA B 4 dE AHY, v
w9 5 # Pl oldH 53 FEoE Y, xUAY H A =3 ¢
ARG Bgo] vpil4el EA ZAA%L salg FEe el ANT
Foh a79e BUACR Holw Yk

uHoz Bl FEL FITNEY TF D 1 24 B BRE s
3 o™, Table 3.20] YeldH H =2 5 A &3 3] (American Society for Testing

23 Yo' oy g EF

8

Materia)®] vlavlE Hadie] Z=E TAE
et A5 2709 FAs ZEd mE F8 dadaEs UHlH, ZEEF 5

o 2= Ae Fudad e, 2 FHol 22 a2 1O 9 FEdnd

ofddo] FFALYL JvHa, 318 DFVFI ofdol 47 3w P 1wt
7} 2FHo] 9ee R BE ARV 2 ofd 9o FULx FH e

ol
o
fru
Sha
]
i
ojfl
Il

C (grade)o]T}. H24+= Z 7|3 (temper
designation)1 ], FHEo|gt Ax G X 71 - EA F79 Ao o) L

AW NAZH A FEE LI} Table 3.30] 7|E2HQA A5 E Yehdn

2

Y
(g
i
g\
lo
il
ol
o
i)
N
=
M
o
=
=
Ac)
X
4
r:i
2
re

(hot rolling)S 33}

BAE gastes, dddos v @ A9t FAA @

_29_



T

7ﬂ oé] ]_lEE}_(103—107).
A mt2dls FABAR LS A

o]
o] 3994 52 AzZ3IBo|th AZ3IBE AWXR7o| uwgl =LA AZ31B-H24%}+
]

re

of
it

P24 2)S, 183 0 $dojdg (A4 e e UrEM_E}“*wg).
=

3 53 A5 glol, AZ31 EE AZ3IB £A1E AHEstdtiayt 7

Eala PPN g8y AZ31B-H24 & AZ31B-OA ] TR we} ZA)
of 7108k 71418 524 AFo]7} Table. 3.4°] Yeld AXH Ads] EAsH,
oJRAL FYUI} 2ANM M2 g2 £HAS FLT Ao

el B Ao A= AZ31B-H24 ¥ AZ31B-OAE SHUGoZ HdA3}A,
glol A Geol o3 7|EA A TAS dEo Add e €A A
ol Wl B HEZT}

Aol Mg gARAY FAE 1.25mmo| ™, AZ31BS] ¥ 242 Table
3.59 20 AP AL 150 mm(Zo))x50 mm(F)e] 72 AeEte] &7
2-&3tH, Fig. 3.200 AP He] 4 % A+E EAEER el

_30_



Table 3.1 Physical constants of magnesium and other materials

Properties| p ensity Melting | Boiling | Surface Viscosity Thermal Vapor
: Jom’ point point | tension i) conductivity | pressure
Material \| (&/em’) | ‘(o) °C) | (mN/m) (W/mK) | (Pa)
Mg 1.74 650 1,107 559 1.25 167 360
Al 2.70 660 2,450 914 1.3 238 10°
Fe 7.87 1,536 3,000 1,872 6 73.3 2.3
Zn 7.13 419.5 906 782 3.5 113 23

Table 3.2 Code letters for the designation system
of magnesium alloys

Letter

Alloying elements

A

Aluminum

Copper

Rare metal

Thorium

Zirconium

Lithium

Magnesium

Silver

Silicon

Yttrium

N[ |lw|0|2|l0|ARZ|m|a

Zinc
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Table 3.3 Temper designations for magnesium alloys

Division Conditions
F As fabricated
o Annealed, recrystallized
(wrought products only)
H Strain hardened
HI Strain hardened only
H2 Strain hardened and then partially annealed
H3 Strain hardened and then stabilized
T Thermally treated to produce stable tempers other than F,
OorH
Tl Cooled and naturally aged
T2 Annealed(cast products only)
T3 Solution heat treated and then cold worked
T4 Solution heat treated
T5 Cooled and artificially aged
T6 Solution heat treated and artificially aged
T7 Solution heat treated and stabilized
T8 Solution heat treated, cold worked, and artificially aged
T9 Solution heat treated, artificially aged, and cold worked
T10 Cooled, artificially aged, and cold worked
W Solution heat treated

(unstable temper)

_32_




Table 3.4 Typical mechanical properties of AZ31B magnesium alloy sheets

Properties|  Thickness Tensile strength | Tensile yield Elongation
Material (cm) (MPa) (MPa) (%)
0.041 ~0.634 290 221 15
0.635 ~0.951 276 200 17
0.952 ~1.270 269 186 19
AZ31B-H24
1.271 ~2.540 262 165 17
2.541 ~5.080 255 159 14
5.081 ~7.620 255 145 16
0.041 ~0.152 255 152 21
0.153 ~0.634 255 152 21
AZ31B-O 0.635~1.270 248 152 21
1.271 ~5.080 248 152 17
5.081 ~7.620 248 145 17

Table 3.5 Chemical compositions of AZ31B magnesium alloy(wt. %)

Element
Al /n Mn Fe Ni Mg
Material
AZ31B 25~35 06~14 02~1.0 <0.005 <0.005 Bal.
&
&
Q
NS
1.25mm
| 50 mm |

Fig. 3.2 Appearance and dimension of specimen
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@) S-AA
B Ao AFEE glojA £-HAXNE #Z(lamp) 71419 CW(continuous

wave) Nd:YAG #o]Aolth. #Holx &HZAXY HHEE2 4.0kW= 87) 9

7] (cavity)E 7FA2L Ao, W FZ(beam quality)> 25 mm - mrad®| o} %%
stA el 2HACl(NE 200mmelH, =5 TN AlFAAA S FE7
(working distance)™= 139 mmo|t}. B FX]9] FQALYFS Table 3.691 g 2|3}
e T

L] A = HHE Q Z(repetition error) +0.06 mme] 6% TR ZHEI AF3}
of ZsHM, #olA HFFSHAE ZRE A2t 2de IPsAT. &4

Z 849 232 9] e s Sl A=It =Z(shield gas nozzle)S
ARgste] EA7FEE BHFE BHEsdon, o] W =&Y ZAEs 60°% T
HEo] §5A] A 7l 2o E(spatter) ZFE FAE HE3t7] 3] AE
o o] (cutting air)S AF&3}J T Fig. 3.30] 2 Ao AN HgBsA e ¢
3 EAEE yEhith

s

Table 3.6 Specification of CW Nd:YAG laser

Laser type CW Nd:YAG Laser

Maker TRUMPF HAAS-LASER GmbH +Co.KG
Model HL4006D

Wavelength 1.064 pm

Max. laser power 4,000 W

Laser design 8 cavities

Beam parameter product |25 mm -+ mrad

Fiber core dia. 600 pm

Interworking Robot ABB IRM6400R
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Fig. 3.4 Schematic illustration of bead welding
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Fig. 3.5 Photos of bead welding using CW Nd:YAG laser

Welding direction

»
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Fig. 3.6 Positions of sampling for observing cross section
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ser H — ~ SN R e B
position AT i N ;‘.;;-'- i e
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Fig. 3.7 Definition of measurement factor and position in experiment
of defocused distance
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Definition

Fig. 3.8 Definition of measurement factor and position in experiment
of bead welding
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Fig. 3.9 Appearance of cutting surface according to cutting method
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Fig. 3.10 Sampling and schematic illustration of tensile specimen
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Fig. 3.12 Schematic illustration of gap and misalignment experiment
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Table 3.7 Result of ICP analysis according to specimens(wt.%)

Element
e — Al Zn Mn Mg
Material
AZ31B(ASTM) | 2.5~3.5 0.6~1.4 02~1.0 Bal.
AZ31B-H24 2.89 0.77 0.29 Bal.
AZ31B-O 2.83 1.01 0.39 Bal.
Magnification
— %200 %1000
Specimen
AZ31B-H24|.
AZ31B-0O

Fig. 3.14 Comparison of microstructure according to specimens

400 T T T T
XY Tensile strength
B Hardness
= 480
>
g 300 279 =
\21 § 62.1 247 )
£ §54.3 19 &
= 200+ 5
g <
@ 140 @
(] [}
= 3
s 100+ 2
o 420 =
0 0
AZ31B-H24 AZ31B-O

Fig. 3.15 Comparison of mechanical properties according to specimens
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(a) Penetration characteristics of AZ31B-H24
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(c) Bead appearance and cross section (case of AZ31B-H24)

Fig. 3.16 Variation of penetration characteristics with defocused distance
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Fig. 3.17 Comparison of oxide film according to specimens
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Front bead width, ¥, (mm) Penetration depth, D (mm)

Back bead width, 7, (mm)

Fig. 3.18 Bead weldability of AZ31B-H24 with laser power and welding speed
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Fig. 3.19 Bead weldability of AZ31B-O with laser power and welding speed
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Table 3.8 Quantitative value of welding heat input by Eq. 3.1

v(mm/s)

25 40 55 70 85 100 115 130

P(kW)
1 400 250 182 143 118 100 87 77
1.5 600 375 273 214 176 150 130 115
2 800 500 363 286 235 200 174 154
2.5 1,000 625 455 357 294 250 217 192
3 1,200 750 545 429 353 300 260 230
: Full penetration area unit: J/cm
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fa=-1mm, P=2.0kW
Front shielding gas: Ar(25 ¢ /min), Back shielding gas: Ar(10 ¢ /min)
Photo
Welding Bead appearance
speed(v)
Front |
40
Back
Front
50
Back
oot oo ot ettt sttt
55
Back
Front
60
Back
Front
65
Back
Front
70
Back
Front
75
Back
Front
80
Back
Front
100
Back

Fig. 3.21 Variation of bead appearance with welding speed
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fy=-1mm, P=2.0kW
15 Front shielding gas: Ar(25 £/min), Back shielding gas: Ar(10 £/min)
T T T I T T T
‘ —@— Oscillation interval.
—_
=
£
~"10f .
=
>
Yt
2
R=
g
2 5t 4
=
3 - | > 1
© Full penetration u Partially full penetration
0 1 " 1 " 1 " ﬂ " 1 " 1

40 50 60 70 80 90 100
Welding speed, v(mm/s)

Fig. 3.22 Variation of oscillation interval with welding speed

Jfy=-1mm, v=50mm/s
15 Front shielding gas: Ar(25 £/min), Back shielding gas: Ar(10 £/min),
T T T
\ —@— Oscillation interval.
a B
E
~ 10} -
=
Z
bt 3 |
g
g
2 5F ]
=
B3}
53
o
0 1 " 1 " 1
1.5 2.0 2.5
Power, P(kW)

Fig. 3.23 Variation of oscillation interval with laser power
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Table 3.9 Proper welding conditions without burn through

(a) AZ31B-H24 (chromate treatment)

fa=-1mm, Front shielding gas: Ar(25 ¢ /min), Back shielding gas: Ar(10 ¢ /min)

e 100 130

—
—_
()]

. 25 40 55

70
0w | Q| 9| 9| Q
9

b €O 2

> € © e

L IS
S IS

(b) AZ31B-H24

fa=-1 mm, Front shielding gas: Ar(25 ¢ /min), Back shielding gas: Ar(10 ¢ /min)

v(mm/s)

W) 25 40 55 70 85 100 115 130
L0 Q 9 | Q@ @ 9
L5 Q 19 Q0 9
2.0 9 9
2.5
3.0 Cutting

(c) AZ31B-O

fa=-1 mm, Front shielding gas: Ar(25 ¢ /min), Back shielding gas: Ar(10 ¢ /min)

P(kw)v(mm/s) 25 | 40 | 55 | 70 | 85 | 100 | 115 | 130
1.0 Q 9 | 9 | Q9 9 9
L5 9 9 9 | Q| Q9
2.0 9 9 9
2.5
3.0 Cutting

["l: Full penetration area
@: Good, 4: Poor, X: Bad
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fa=-1mm, P=1.5kW, v=60 mm/s
Front shielding gas: Ar(25 ¢ /min), Back shielding gas: Ar(10 ¢ /min)
Method
Photo

Shearing Milling Wire cutting

Cutting
surface

Front

Bead

Back

Cross
section

Fig. 3.24 Butt weldability of magnesium alloy by cutting method

nalysis . .
SEM image EDX analysis
Method
| ' @
Element | Wt% At%
-~ 0 297 | 452
=]
Sheari .7 2 Zn 195 | 072
caring ] Mg | 93.05 | 9294
Al 202 | 182
gzl Total | 100.00 | 100.00
A1
10 20 30 40 50 60 7.0 80 9.0 100 11.0(KeV)
| e ®
Element | Wt% At%
N ) 103 | 159
5 Zn 195 | 073
[ 3 . .
Milling 1 Mg 94.86 | 95.73
Al 215 | 195
1 Total | 100.00 | 100.00
Al
10 2.0 3.0 40 50 60 7.0 80 9.0 10.0 11.0(KeV)
| e ©
1 Element| Wt% | At%
| 0 2383 | 3292
Wire E Zn 333 | 112
cutting 1 Mg | 7005 | 63.67
Al 279 | 229
1 Total | 100.00 | 100.00
il
10 20 30 40 50 60 7.0 80 9.0 10.0 11.0(KeV)

Fig. 3.25 SEM image and EDX analyses in cutting surface
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fa=-1mm, P=1.2 kW

Front shielding gas: Ar(25.4 /min), Back shielding gas: Ar(10.Z /min)

Photo|  Front bead

v R

(mm/s) Back bead

) Photo|  Front bead .
Cross section |y Cross section
(mm/s) Back bead

45

65

50

55

60

(a) Case of 1.2 kW

Fig. 3.26 Variation of bead appearance and weld morphology with
laser power in case of AZ31B-O
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fa=-1mm, P=15kW
Front shielding gas: Ar(25 ¢ /min), Back shielding gas: Ar(10 ¢ /min)

Photo|  Front bead ) Photo|  Front bead .
v Cross section |y Cross section
(mm/s) (mm/s) Back bead

60 85

65 90

70 95

75 100

80 105

(b) Case of 1.5kW

Fig. 3.26 To be continued
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fa=-1mm, P=1.8 kW
Front shielding gas: Ar(25.4 /min), Back shielding gas: Ar(10.Z /min)

Photo|  Front bead ) Photo|  Front bead .
v Cross section |y Cross section
(mm/s) (mm/s) Back bead

70 90

75 95

80 100

&5 105

(c) Case of 1.8 kW

Fig. 3.26 To be continued
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Jfy=-1mm

20 Front shielding gas: Ar(25 £/min), Back shielding gas: Ar(10 £/min)
. T T T T T T T T

—— Front bead width
1.8 —@— Back bead width |7

1.6 - Burn through B

Specimen thickness |

Front bead width, ¥, (mm)
Back bead width, 7, (mm)

0.8 Proper b

= range =

OOT 1 1 1 1 1 1 1 1 T

40 45 50 55 60 65 70 75 80 85
Welding speed, v(mm/s)

(a) 1.2kW

Jy=-1mm
5 Front shielding gas: Ar(25 £/min), Back shielding gas: Ar(10 £/min)
. T T T T T T T T T T

—&— Front bead width

1.8 F —@— Back bead width |

16 Burn through area

Specimen thickness |

Front bead width, I, (mm)
Back bead width, 7, (mm)

0.8 F Proper 7

= range ' T

040 1 1
55 60 65 70 75 80 85 90 95 100 105 110
Welding speed, v(mmny/s)

(b) 1.5kW

fy=-1mm

20 Front shielding gas: Ar(25 £/min), Back shielding gas: Ar(10 £/min)
. T T T T T T T T

—&— Front bead width
1.8 F —@— Back bead width | 7

Specimen thickness _|

Front bead width, ¥, (mm)
Back bead width, ¥, (mm)

Burn through area

) S S S S S S S |

70 75 80 8 90 95 100 105 110
Welding speed, v(mm/s)

(c) 1.8 kW

Fig. 3.27 Variation of front and back bead width with laser power
in case of AZ31B-O
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Jy=-1mm
20 Front shielding gas: Ar(25 £/min), Back shielding gas: Ar(10 £/min)
. T T T T T T T T

—— Front bead width
1.8} —@— Back bead width | 7

L6F Burn through 7

14+ Specimen thickness _|

12

1.0

Vd
Burn through
0.8 Proper -

range
OOT 1 1 1 1 1 1 1 1 T
40

Front bead width, W, (mm)
Back bead width, /¥, (mm)

45 50 55 60 65 70 75 80 85
Welding speed, v(mmnyv/s)

(a) 1.2kW

Jy=-1mm
20 Front shielding gas: Ar(25 £/min), Back shielding gas: Ar(10 £/min)
. T T T T T

—— Front bead width
1.8+ —@— Back bead width |

16+ Burn through area 4

1.4-__!_<_é

Specimen thickness |

VBum\‘.-

through
area

55 60 65 70 75 80 85 90 95 100 105 110

Front bead width, ¥, (mm)
Back bead width, #, (mm)

Welding speed, v(mm/s)
(b) 1.5kW

Jy=-1mm

Front shielding gas: Ar(25 £/min), Back shielding gas: Ar(10 £/min)
20 T T T T T T T T

—M— Front bead width

1.8r —@— Back bead width |
1.6 |- E
14k Specimen thickness |

Burn through i
0.8 R

7 SO S S S S

65 70 75 80 8 90 95 100 105 110
Welding speed, v(mm/s)

(c) 1.8 kW

Front bead width, ¥, (mm)
Back bead width, /¥, (mm)

Fig. 3.28 Variation of front and back bead width with laser power
in case of AZ31B-H24
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P=15kW, v=_80mm/s

Front shielding gas: Ar(25 ¢ /min), Back shielding gas: Ar(10.¢ /min)

Ja Front bead Cross section Ja Front bead Cross section
(mm) | Back bead (mm) | Back bead

0

-1

-2

-3

(a) Bead appearance and weld morphology

P=1.5kW, v=80mm/s
Front shielding gas: Ar(25 £/min), Back shielding gas: Ar(10 £/min)
T T ¥ T

—— Front bead width| 1
1.8 —@— Back bead width |

Specimen thickness ]

Front bead width, /¥, (mm)
Back bead width, ¥, (mm)

1.0} E

081 Proper 7
= range -

OOT 1 1 1 1 1 1 1 T
-4 -3 -2 -1 0 1 2 3 4

Defocused distance, f,(mm)

(b) Front and back bead width

Fig. 3.29 Butt weldability of AZ31B-O with defocused distance
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fa=-1mm, P=1.5kW, v=_80 mm/s
Front shielding gas: Ar(25.4 /min), Back shielding gas: Ar(10.4 /min)

Processing
defect

Misalignment

Gap

Photo
Gap

Front bead .
fffffffffffffffffffffff Cross section

Front bead

Cross section

0.1

0.2

0.3

0.4

Fig. 3.30 Butt weldability of AZ31B-O according to misalignment and gap
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Fig. 3.31 Variation of tensile strength and elongation according to
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Fig. 3.32 Comparison of tensile strength and elongation according to specimens

_76_



AZ31B-OA|

[e)

Q) B=AE 27

Fig. 3.33

BEFWEE:
1 <0 g = Mo

w9 _ A % o
N o ) dﬂ

~ 1o .
R B = s s
ST = 4 e x 5 M
JuA -~ =1 ﬂ__HI ‘OI JuA —
N 0 UK ‘Mv_ﬂ .HL N 0
- o OR
¥ T OW o= o %L =
‘mW _a.a o] y
,ul O# ﬁi () m ,Ao

& 2} Y © ol
To T
g 0B B s
o Nr _Ne I i MoN
e ~ ST
Ry N ! o
W mfw WuM _MM ) ?m_u ol
moE e oW ® T X
BT o407 oy
RS hL o I 0
T wadPa
R I &
T R N B Ol ] 0
1T I~ o ol T o
W= I B
N — N °
T o] o <
o om g &
T o 5 “?
b, u <t
L oy
U S S ol |
o S omom o Y
do do S oo T 3 T
I TR T -
™o N T oW e

=]
i)
g
o)
=
9]

=
T

s F7F 87l
) 2= 7] 7}
Q13

¥

A . oA

0.54nm 183 o}¥L 0.53

71 Aol Hot

2 3}

oz ALg

[¢)
R

Ql
o

1Y 1 ETE o

AZ31B &9 43 vHAYUFSSZEEH
ZFujFo| 3wt% 1

1
=2

A 718733k}

5

o
aa3lo
==

S| E T H24A9] &7
5

9

=0
=

[e)

H247) 9k oA o] &4 =

R:)

=]
PN

[e)
a5,
&1

1

_77_

Aol

1 B oAl BAS B
dAgA ] ZHEFHAY

1

k<]
il

o] Fig. 3.359] UERATH %A
tach 18y BEAef vw

0.28 nm,

S

°

L
T

.oy
o A}8E AZ31BE vlauls 7]1A 9

= Hlu
ZRA AL o whEbA ek

=

=

Rl

A2} =7]

Ao WAL AegE 715

e, viadlge A7)

g slolt.
nm<]

(dislocation)®] ©]&2



gt

A7 7HE A7) vl

70
ojp
qr
Mr

oy

3
i)

HA =

©

Hol §RRY BE

AAIY, AddiH o g2 v o)
3} a3o}, gEo w1
= V) agla golA FAHe VIR

L

=

N

nAske] gF ol §HT

™

fveel
~
;ow_

p—

1

—_—

N

i
H
ﬁo
)
N
A=
o)
Do

ot F

A

ol B

27 7] o

i

A AAZE 7487 8k

2 ALE ")

0|
=

]

_78_



fa=-lmm, P=12kW
Front shielding gas: Ar(25.¢ /min), Back shielding gas: Ar(10.¢ /min)
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Fig. 3.33 Variation of hardness with laser power and welding speed in case of

AZ31B-O

(a) Case of 1.2 kW
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fi=-1mm, P=15kW
Front shielding gas: Ar(25 ¢ /min), Back shielding gas: Ar(10 ¢ /min)
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Fig. 3.34 Variation of weld hardness according to welding conditions
in case of AZ31B-O
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P=1.2kW, v=50~70mm/s

30 Front shielding gas: Ar(25 £/min), Back shielding gas: Ar(10 £/min)
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Fig. 3.35 Comparison of weld hardness according to specimens
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fa=-1mm, P=12%kW, v=>50 mm/s
Front shielding gas: Ar(25 ¢ /min), Back shielding gas: Ar(10 ¢ /min)

Magnification
Photo 02mm | (X 200) som| (X 500)

Specimen: AZ31-H24

Specimen: AZ31-O

Fig. 3.36 Comparison of microstructure according to specimens
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fa=-1mm, P=12kW, v=>50 mm/s
Front shielding gas: Ar(25 ¢ /min), Back shielding gas: Ar(10 ¢ /min)

Results of EPMA mapping analyses
=5 = e

/n

Fig. 3.37 Results of EPMA in weld of AZ31B-O
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fi=0mm, P=15kW, v=2.7 m/min
Shielding gas: Ar(15 ¢ /min)

Fig. 3.38 Results of EPMA in weld of aluminized steel
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fi=-1mm, P=1.5kW, v=_80mm/s

Front shielding gas: Ar(25 .4 /min), Back shielding gas: Ar(5 ~20.Z /min)

Back shield
¢ /min) 5 1 0

Bead

15

20

Front
bead

Back
bead

Cross
section

Fig. 3.39 Variation of bead appearance and cross section with flow rate

of back shielding gas in Ar atmosphere

fi=-1mm, P=1.5kW, v=_80mm/s

Front shielding gas: Ar(5 ~20 ¢ /min), Back shielding gas: Ar(10.Z /min)

ront shield

£/min) 5 10 15
Bead

20

Front
bead

Back
bead

Cross
section

Fig. 3.40 Variation of bead appearance and cross section with flow rate

of front shielding gas in Ar atmosphere
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fa=-1mm, P=15kW, v=_80 mm/s
Front shielding gas flow: 25 /¢ /min, Back shielding gas flow: 10 ¢ /min

Shield
gas
Bead

Front
bead

Back
bead

Cross
section

Fig. 3.41 Butt weldability of magnesium alloy with types of

shield gas

Table 3.10 Physical constants of various shield gases

Physicall  pensity Specific lonization Them?al.
onstant (ke/m) e potential conductivity
Gas & sravity (V) (10™*W/mK)
Argon 1.650 1.38 15.7 161.0
Carbon Dioxide 1.1833 1.53 14.4 157.0
Helium 0.165 0.1389 24.5 1,482.0
Nitrogen 1.153 0.9676 15.5 250.0
Oxygen 1.326 1.105 13.2 2.39
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Front bead width, /¥, (mm)
Back bead width, 7, (mm)

Front bead width, 7, (mm)
Back bead width, W, (mm)
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fi=-1mm, P=1.5kW, v=80mm/s
Front shielding gas: Ar(5~25 £/min), Back shielding gas: Ar(10 £/min)
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Specimen thickness

e~ e o
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Front shielding gas flow, (//min)

(a) Ar

fi=-1mm, P=1.5kW, v=80mm/s
Front shielding gas: N,(5~25 £/min), Back shielding gas: N,(10 £/min)
T T T T T

—M— Front bead width
—® Back bead width] |

Specimen thickness

5 10 15 20 25
Front shielding gas flow, (//min)
(b) N,

fi=-1mm, P=1.5kW, v=80mm/s
Front shielding gas: He(5~25 £/min), Back shielding gas: He(10 £/min)|
T T T

—— Front bead width
—&— Back bead width] |

== t—*—*§+-—*—*— —_————

Specimen thickness

5 10 15 20 25
Front shielding gas flow, (//min)
(c) He

Fig. 3.42 Variation of butt weldability according to shielding conditions
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fa=-1mm, P=1.5kW, v=_80 mm/s
Front shielding gas: Ar(25 ¢ /min),

Back shielding gas:

Ar(5 ~ 20 4 /min)
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Fig. 3.43 Variation of hardness with flow rate of back shielding gas

in Ar atmosphere
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fa=-1mm, P=1.5kW, v=_80 mm/s
Front shielding gas: Ar(5~20.¢ /min), Back shielding gas: Ar(10.Z /min)
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0s1tion
Front Cross section Logi. direction Trans. direction
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Fig. 3.44 Variation of hardness with flow rate

in Ar atmosphere
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Fig. 3.47 Photo of inner panel after butt welding

(a) Front bead

(b) Back bead

Fig. 3.48 Bead appearance of inner panel
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(a) Heating furnace

(b) Heating of die

Fig. 3.49 Heating furnace and die for warm forming

Fig. 3.50 Making procedures of hood inner panel
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Fig. 3.52 Finished products of hood inner panel
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Table 4.1 Chemical compositions of AZ31B-H24 magnesium alloy(wt.%)

Element . .
—— Al Zn Mn Si Fe Ni Cu Mg
Material
AZ31B-H24| 3.01 0.98 0.32 0.029 | 0.0022 | 0.0012 | 0.0019 Bal.
&00
0.6 mm .a\TIMr ..
20mm

<

>
Ll

Fig. 4.1 Appearance and dimension of specimen

Table 4.2 Specification of pulsed Nd:YAG laser

Laser type Pulsed Nd:YAG laser
Maker MIYACHI Laser Corp.
Model ML-2650A
Wavelength 1.064 pm

Average power 500 W

Peak power 70 J/P (pulse width 10ms)
Pulse per second 1 ~ 500 pps

Pulse width 0.5~30.0 ms

Fiber core dia. 600 pm

Power consumption

39 200 V10 % 50/60 Hz 100 A
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(a) Welding equipment of pulsed Nd:YAG laser

Camera

Broad band filter

~
. -
FMirror ®s
N

Mirror

Condensing  Protection

i
i
lens glass H
1
bl i

(b) Schematic illustration of condensing optical head

Fig. 4.2 Photo of welding equipment and schematic illustration
of condensing optical head
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/ optical head

Specimen

Front shield
nozzle

(a) Photo

Condensing optical head
(f=76 mm) Welding

direction

Specimen

(b) Schematic illustration

Fig. 4.3 Photo and schematic illustration of lap welding
using pulsed Nd:YAG laser

Photo

————— Bead appearance Cross section
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Measuring
position

Definition @ Bead width (W) (® Penetration depth (D)

Fig. 4.4 Definition of measurement factor and position in experiment
of lap welding
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P,=1.0kW, r =10ms, Shiclding gas: Ar(10 £/min)
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(a) Penetration characteristic

P,=09kW, 7,=10ms
Shielding gas: Ar(10 ¢ /min)
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(b) Bead appearance and cross section

Fig. 4.6 Variation of penetration characteristics with defocused distance
(case of GI fiber)
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P,=1.0kW, r =10ms, Shielding gas: Ar(10 £/min)
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(b) Bead appearance and cross section

Fig. 4.7 Variation of penetration characteristics with defocused distance
(case of SI fiber)
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f4=0mm, Shielding gas: Ar(10 £/min)
2.0 | —

Full penetration
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(a) Penetration depth
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(b) Bead width

Fig. 4.8 Variation of penetration characteristics with peak power
and pulse width
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5 | fe=0mm. P,=1OKW, 7 ,=10ms
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(a) Penetration characteristic
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(b) Bead appearance and cross section

Fig. 4.10 Variation of penetration characteristics according to shielding conditions
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Fig. 4.11 Main weld defects of magnesium alloy
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fa=0mm, P,=0.75 kW, Shielding gas: Ar(10 ¢ /min)
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Pulse shape Bead Cross
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Fig. 4.12 Change of bead and weld morphology according to
pulse shape
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Fig. 4.13 Variation of penetration characteristics according to pulse

- 127 -

shape



44 A&

171 &4

7 Py

AX

Ea

gl

o w

vl 9 b

IR L

S

&

°ol&

=
=

Pulsed Nd:YAG @ ©] A

s oo

8

=
=

toha At E

T2l

o mo

s

gu

g
K

T
N

I

TKH

=

e
oo
ol
o
Ho

wK

gl

3. vtadls e o

S

=

[o1 =R
Ay

A

W

4

FA T

dol Aol7t b5

Tt

h=i}
=

- 128 -



Asg AHFE 2 0F ol FFY

gl o] A SFHA

- 129 -



& )Collection |



ot
filo
i}
of
QE
N
Ao
:oé
=
l
=
1=}
n
N
=2
A
fuj
2
S
_}1‘_41
o
fo
AN
-3
g
[
jrd
)y
o
it
N
BN

3] AgZ oIy, oA FExIHe WY vty @5 FEEFESY A8 2

Aoke FpH,

- 130 -



hole

Fig. 5.1 Hole on product surface after sand casting

Fig. 5.2 Schematic illustration of laser welding
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Table 5.1 Comparison between MRI202S and other sand casting alloys

Allo
Properties Y|MRI201S-T6 | MRI202S-T6| WE43-T6 ZE41-T5
Tensile yield strength (MPa)
at20C 170 150 180 140
at 150°C 170 145 178 120
at175C 165 140 175 110
Ultimate yield strength (MPa)
at20 C 260 250 260 220
at 150C 245 220 210 170
at175C 240 215 205 150
Elongation (%)
at20C 6 7 6 5
at 150C 11 15 7 22
at175C 12 16 11 25
Compression yield strength (MPa)
at20 C 190 145 190 140
at 150 C 190 140 185 115
at175C 185 136 185 110
Fatigue strength (MPa) at 20C 110 85 100 95
Corrosion rate (mg/cmz/day) 0.10 0.12 0.10 3.10
Stress to Produce 2% Creep
Strain (MPa)
In 100hours at 175°C 185 155 190 70
at 200 C 160 100 160 50
at 250C 75 40 60 20
Table 5.2 Chemical compositions of MRI202S and AZ31B alloys
Element
. Zn Zr Ca Nd Y RE Mg
MRI202S| 0.2~0.5 0.7 0.03~0.10| 2.8~3.2 |0.05~0.20 - Bal.
Element .
el Al /n Mn Fe Ni Mg
AZ31B | 2.5~35 | 0.6~14 | 0.2~1.0 <0.005 <0.005 Bal.
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(a) MRI201S (b) AZ31B

Fig. 5.3 Appearance and dimension of specimen

Specimen
MRI202S AZ31B

Magnification

%200

Grain size: 41.66 um Grain size: 12.5m

%500

Fig. 5.4 Microstructure of specimens
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Table 5.3 Specification of pulsed Nd:YAG laser

Laser type Pulsed Nd:YAG laser

Maker MIYACHI Laser Corp.

Model ML-2650A

Wavelength 1.064 pm

Average power 500 W

Peak power 70J/P (pulse width 10 ms)
Pulse per second 1 ~ 500 pps

Pulse width 0.5~30.0 ms

Fiber core dia. 600 pm

Power consumption 30 200 V10 % 50/60 Hz 100 A

Fig. 5.5 Welding equipment of pulsed Nd:YAG laser
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Table 5.4 Specification of CW

fiber laser

Laser type CW Ytterbium-Fiber laser
Maker IPG Laser GmbH

Model YLR-5000

Wavelength 1,070+10 nm

Nominal out power S5kW

BPP after feed fiber

< 4 mm - mrad

BPP after processing fiber

< 8 mm - mrad

Feeding fiber core dia.

100 fzm

Processing fiber core dia.

150 pm

Electrical requirements

360 ~528 V, 3P+PE, 50 ~ 60 Hz

Typical power consumption

17 ~20 kW

Cooling water temp. range

20~25T

Fig. 5.6 Welding

equipment of CW fiber laser
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Table 5.5 Specification of CMT welding machine

Maker

Fronius International GmbH

Main voltage

3x400 V

Main frequency 50/60 Hz
Power source | primary continuous current| 12.6 ~ 12.7 A
- Transpuls
Synergic 3200 Primary continuous power | 8.7 ~11.5kVA
Welding current range. 3~320A
Working voltage 142~300V
Main voltage 55V DC
Wire feeder | pated current 4A
- VR 7000
CMT Wire diameter 0.8~1.2mm
Wire feeding rate 0.5 ~ 22 m/min

~

Fig. 5.7 Welding equipment of CMT
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optical head
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(a) Photo

Condensing optical head

Welding
direction

Specimen

(b) Schematic illustration

Fig. 5.8 Photo and schematic illustration of butt welding

with
pulsed Nd:YAG laser

Photo .
— Bead appearance Cross section
Positions

Measuring
position

Definition| @ Bead width (W) % %szet;atfil%n(g?th (Dy)

Fig. 5.9 Definition of measuring factor and position in butt welding
with pulsed Nd:YAG laser
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(b) Schematic illustration

Fig. 5.10 Photo and schematic illustration of lap welding
with CW fiber laser
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Photo

— Bead appearance Cross section
Positions

Measuring
position

(® Penetration depth (D)

Definition @ Bead width (W) © Under fill (F,)

Fig. 5.11 Definition of measuring factor and position in lap welding
with CW fiber laser
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Fig. 5.12 Schematic illustration of fillet welding
with CW fiber laser
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Positions

Measuring
position

(® Throat thickness (7))

Definition @ Bead width (W) (© Joint width (W)
(@ Penetration depth (D))

Fig. 5.13 Definition of measuring factor and position in fillet welding
with CW fiber laser
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(a) Photo

(b) Schematic illustration

Fig. 5.14 Photo and schematic illustration of fillet welding

with CMT
Photo .
Posifions Bead appearance Cross section
Measuring
position
® Leg length (L))
Definition (@ Bead width (W) (©) Penetration depth (D))
(@ Excess weld metal height (Hz)

Fig. 5.15 Definition of measuring factor and position in fillet welding
with CMT
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(a) MRI202S (KS B 0801 No.4) (b) AZ31B (KS B 0801 No.5)

Fig. 5.16 Tensile specimens of two materials

Lleat | ol Schematic illustration
source | type
Weld
Pulsed K
1 Butt | £ MRI2028
aser <+_¥
< 230mm
AZ31B £
g
= . “
£ MRI202S ;
Lap | « Y
20mm
. . 230 mm
Fiber )
laser AZ31B £
g
E S
Fillet | & MRI2025 |
20mm |
< 230 mm >
AZ31B £
g
g ! i
CMT | Fillet | % MRI2025 5
20mm__ |
< 230mm >
Fig. 5.17 Schematic illustration of tensile specimens according to heat source

and joint type
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Heat Joint M . —
source type easuring position
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Butt
laser
Lap
e
0
Fiber ’E 2004
laser
Fillet 200 /m
CMT Fillet

Fig. 5.18 Measuring position of hardness test according to
heat source and joint type
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Jf4=0mm, 20 pps, v=200 mm/min

Shielding gas: Ar(25 £/min)
T T T

P
\
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Penetration depth, D (mm)

Pulse width, rp(ms)
(a) Penetration depth

f4=0mm, 20 pps, v=200 mm/min
5 Shielding gas: Ar(25 £/min)
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] i
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Pulse width, rp(ms)
(b) Bead width
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Fig. 5.19 Variation of penetration characteristics with peak power and pulse width

- 152 -



fa=0mm, 20 pps, v=200 mm/min
Shielding gas: Ar(25 ¢ /min)
T,(ms)
Photo

Bead
appearance |,

Cross
section

Tp(ms)
Photo

Bead ,
appearance ||

Cross
section

(a) L.OKkW

fa=0mm, 20 pps, v=200 mm/min
Shielding gas: Ar(25 ¢ /min)
Tp(ms)
Photo

Bead
appearance

Cross
section

Tp(ms)
Photo

Bead
appearance

Cross
section

“(b) 15 oW

Fig. 5.20 Variation of bead appearance and weld morphology with
peak power and pulse width
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fa=0mm, 20 pps, v=200 mm/min
Shielding gas: Ar(25 ¢ /min)

Tp(ms)
Photo

Bead
appearance

Cross
section

(c) 2.0kW

fa=0mm, 20 pps, v=200 mm/min
Shielding gas: Ar(25 ¢ /min)

Tp(ms)
Photo

Bead
appearance

Cross
section

(d) 2.5 kW

Fig. 5.20 To be continued
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fd=0mm,Pp=1.0kW, Tp=12ms, v=200 mm/min
25 Shielding gas: Ar(25 £/min)
—— Penetration depth
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(a) Penetration depth and bead width
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Fig. 5.21 Variation of penetration characteristics with pps
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fi=0mm, P,=1.0kW, 7,=12ms, v=200 mm/min
Shielding gas: Ar(25 ¢ /min)

RS 5 10 15

Photo

N

Bead
appearance ||+

Cross
section

pps
Photo 20 25

Bead ;
appearance |*

Cross
section

Fig. 5.22 Variation of bead appearance and weld morphology
with pps
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f;=0mm, Pp= 1.0kW, T »= 12ms, 20 pps
Shielding gas: Ar(25 £/min)
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—i— Penetration depth
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(a) Penetration depth and bead width
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Fig. 5.23 Variation of penetration characteristics with welding speed
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fa=0mm, P,=1.0kW, 7,=12ms, 20 pps
Shielding gas: Ar(25 ¢ /min)

mm/min)

Ro(%)
Photo

100

200

92

83

Bead
appearance

Cross
section

mm/min)

Ro(%)
Photo

Bead
appearance

Cross
section

Fig. 5.24 Variation of bead appearance and weld morphology

with welding speed
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Fig. 5.25 Variation of penetration characteristics with pps and
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fa=0mm, P,=1.0kW, 7,=12ms, R,=83%
Shielding gas: Ar(254/min)
pps 5 10 15

v

Photo

Bead
appearance

Cross
section

pps 20 %
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Bead
appearance

Cross
section

Fig. 5.26 Variation of bead appearance and weld morphology
with pps and welding speed (R, = 83%)
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fi=0mm, v=200 mm/min, 7,= 12 ms, 20 pps
Shielding gas: Ar(25 ¢ /min)

Photo

No.

0

Pulse
shape

(kW)
1.0
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2.0
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6

6

6 12 '(ms)

Bead

appearance

Cross
section

Photo

No.

Pulse
shape

Bead

appearance |-

(kW)
1.5

Cross
section

Fig. 5.27 Variation of bead appearance and weld morphology
according to pulse shape
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f4=0mm, v=200 mm/min, T b= 12ms, 20 pps
Shielding gas: Ar(25 £/min)
. [ Penetration depth
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5 = Optimum penetration depth
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Fig. 5.28 Variation of penetration characteristics

(b) Underfill
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Fig. 5.29 Typical weld defects during lap welding with pulsed Nd:YAG laser
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P=1.0kW, v=2m/min, Shielding gas: Ar(25 {/min)

—i— Penetration depth
—@— Bead width

|
|
af |
|
|
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Conduction
welding
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Bead width, W, (mm)

welding welding
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I
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I
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Defocused distance, f,(mm)

(a) Penetration characteristic

P=1.0kW, v=2 m/min
Shielding gas: Ar(25 .4 /min)

Ja Cross Ja Cross

(mm) Bead section (mm) Bead section

0

-2 +2

4 +4

-6 +6

-8 +8
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(b) Bead appearance and weld morphology

Fig. 5.30 Variation of penetration characteristics with defocused distance
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P=1.0kW, v=2 m/min
Shielding gas: Ar(25 ¢ /min)
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fa(mm)

Bead appearance
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4
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Fig. 5.31 Variation of bead appearance with defocused distance
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fy=+4mm, Shielding gas: Ar(25£/min)
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Fig. 5.32 Variation of penetration characteristics with laser power and welding speed

- 176 -



fi=+4mm
Shielding gas: Ar(25 ¢ /min)

P(kW)
— 0.8 1.0 1.2 1.4
v(m/min)

ollection

oo

Fig. 5.33 Variation of bead appearance with laser power and
welding speed
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Shielding gas: Ar(25 ¢ /min)

P(kW)

v(m/min)

0.8

1.0

1.2

1.4

Fig. 5.34
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Humping bead Bead instability Porosity

Fig. 5.35 Typical weld defects of magnesium alloy in fiber laser welding

fi=+4 mm
Shielding gas: Ar(25 4 /min)
Photo
P Bead appearance
1.0 1
1.2 1
1
1.4
2

Fig. 5.36 Bead appearance showing spatter existence with welding conditions
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fa=+4mm, P=12kW, v=3 m/min
Shielding gas: Ar(25 ¢ /min)
d(mm)
Photo

Bead
appearance

Cross
section

d(mm)
Photo

Bead v : 1
appearance AZ31B

Cross Definition of d

section

Fig. 5.37 Variation of bead appearance and weld morphology
with d(distance from boundary)

5 fy=+4mm, Shielding gas: Ar(25 £/min)

—— Penetration depth
E T 4t —@— Joint width i
E 2 %8 E —A— Bead width
Q° £ gz = —W— Throat rhickness
g RTR £ 3f 4
N A 4 00,
TEES
g = = £
£ ET 8
& S 3
AR
) =

0.00 0.25 0.50
Distance from boundry, d(mm)

Fig. 5.38 Variation of penetration -characteristics with d
(distance from boundary)
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Current: 150 A, Voltage: 13.2V, v=130cm/min
Shielding gas: Ar+30%He(15 £/min)
T T

1 0 T
—— Bead width
—@— Leg length
° 8 —&— Excess weld metal height [
- —w— Penetration depth
6L 4

Bead width, ¥ (mm)
Leg length, L (mm)
Penetration depth, D (mm)

Excess weld metal height, H (mm)

0 1 2

Distance from fillet root, /(mm)

Fig. 5.39 Variation of penetration characteristics with
(distance from fillet root)

Current: 150 A, Voltage: 13.2 V, v=130 cm/min
Shielding gas: Ar+30%He(15 ¢ /min)

/(mm)

Photo

Bead ¢ i
appearance |

Cross
section

Fig. 5.40 Variation of bead appearance and weld morphology
with /(distance from fillet root)
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2 mm, v=130 cm/min Shielding gas: Ar+30%He(15 ¢ /min)
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[=2mm, v=130cm/min
Shielding gas: Ar+30%He(15 £/min)
T T T

12 T T
g —&— Bead width
=, & 10 | —@—Leg length b
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Fig. 5.41 Variation of penetration characteristics with current
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Fig. 5.42 Variation of bead appearance and weld morphology
with current
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Fig. 5.43 Variation of penetration characteristics with voltage
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Fig. 5.44 Variation of bead appearance and weld morphology with voltage
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[=2mm, Current: 160 A, Voltage: 14V
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Fig. 5.45 Variation of penetration characteristics with
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Fig. 5.46 Variation of bead appearance and weld morphology
with welding speed
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Tensile strength, (MPa)
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Fig. 5.47 Comparison of mechanical properties according to
specimens

Table 5.7 Proper conditions according to heat source and joint configuration

No. Heat Joint Welding condition
source
Waveform
Pulsed (kW)
1 |Nd:YAG| Butt 13
laser fa=0mm, v=200 mm/min, 20 pps
0 6 12 (ms) | Shielding gas: Ar(25 .4 /min)
) CW fiber La fa=+4mm, P=12kW, v=2 m/minn,
laser P Shielding gas: Ar(25 ¢ /min)
3 CW fiber Fillet fa=+4mm, d=0mm, P=1.2kW, v=3 m/minn,
laser Shielding gas: Ar(25 ¢ /min)
4 CMT Fillet /=2 mm, Current: 160 A, Voltage: 14V, v=190 cm/min

Shielding gas: Ar+30%He(15 ¢ /min)
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No. 1: butt weld by pulsed Nd:YAG laser
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2: lap weld by CW fiber laser
No. 3: fillet weld by CW fiber laser
4: fillet weld by CMT

Fig. 5.48 Comparison of weld load according to heat source and
joint configuration
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Fig. 5.49 Variation of hardness on butt joint by pulsed Nd:YAG laser
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Fig. 5.51 Variation of hardness on fillet joint by fiber laser

- 201 -



120

100
> 80
<) L
4 60
g r 1
° H
g5 40} : i
= | :
Weld zone 1 Base metal
20+ : -
0 1 1 1 1 1 1 1 : 1 1
00 04 08 12 16 20 24 28 32
Transverse direction, (mm)
(a) Transverse direction
120 T T T T
100 - -

o0
(=}
T

I
(=]
T

Hardness, (Hv)
3

Weld zone

3]
(=]
T

o 1

Base metal

00 04 08 12

1.6

2.0

Depth direction, (mm)

(b) Depth direction

Fig. 5.52 Variation of hardness on fillet joint by CMT

- 202 -

24

2.8



Hardness, (Hv)

100

80

D
(==

N
S

20

59.9

61.5

71.9

s72 |89 *?

Basemetal Basemetal
(MRI202S) (AZ31B)

No.1 No.2 No.3 No.4

No.

. 1: butt weld by pulsed Nd:YAG laser
. 2: lap weld by CW fiber laser

. 3: fillet weld by CW fiber laser

. 4: fillet weld by CMT

Fig. 5.53 Variation of weld hardness in each condition

203 -



8% ARA B}

i3

G) 7IEAEE F

AAA AE

|
)

o =
Aelol=2 MiyE=EAT 7]

I
~

[e)
4e 2

o)
=

hj]

0
_EE
jIN

o)

—_—

X
o

b7 9% %ol &

3

171 el Al F2A 9 AR FEA &

5

+ed

S

gdlo] A ek CMTE AHS

e EREEEEEE

ros
ST

A

L —
|

T AU

s

202 1.5~2bar

o

,E‘X

Heolg2 MiyE=s 7]

&

wetA 2 Aol ds AA AF F

B

o

B
i

45 mm,

Kol
T

FxFEFo|t. 97
A5 ofo] T E(air fitting)S A2

0

25 mm©]| ¥,

KR
L

WA

Fig. 5.55°| 4] Fig. 5577 A= 7]1% 4

0
H

B3k ARZlo|t), Fig. 5.55% " golAE ALg

o)
=

g

olH oA =

KXy
) .

ZA9 gtdl7] 84S, Fig. 5.56

=
T

bl A%

S

, 18] 3l Fig. 5.572 CMTE A&

il

Rl E7F Ao

ki3

&

B

)

il

d

|

B

o)
=

1

Z2, FoolX

Ao

vl 4 A

§-_]__

FF712NPS 9

Fig. 5.582

- 204 -



3barZ HF3 18 A E Os, ¥HE JO3 109Fe] A3 F

ot
AN

&

7 A% Fig. 5599 el AXY, B2 9 solw dolAR §139 UE

A dgo] Bson, CMIZ §3¢ 448 AFlE W= FHe
N APe FASRA Rem /Esh BAREG T CMTE AEF FS
= SgNEst s vesy] e FPTAAM) =S AES F 5 9

(a) Upper image (b) Side image
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(a) Upper image

(b) Bead appearance

(c) Overlap region

Fig. 5.55 Butt welding of product and MRI202S by pulsed Nd:YAG laser

(a) Upper image

(b) Bead appearance

(c) Overlap region

Fig. 5.56 Fillet welding of product and AZ31B by fiber laser

(a) Upper image

(b) Bead appearance

(c) Overlap region

Fig. 5.57 Fillet welding of product and AZ31B by CMT
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(c) CMT

Fig. 5.59 Result of leak test with heat source
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