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The Influence of Aluminum Content on Hot Cracking and
Post-Weld Heat Treatment of Magnesium Alloys
Student : Chun-Jung Huang Advisor : Chang-Pin Chou
Department of Mechanical Engineering
National Chiao Tung University

ABSTRACT

The aims of this study are to investigate the effect of aluminum content on
hot cracking and post-weld heat treatment of AZ series magnesium alloys.

Part one, the AZ series magnesium alloys' hot cracking susceptibility is
affected by aluminum content. The spot varestraint testing is used to evaluate
the hot cracking susceptibility of AZ series magnesium alloys, namely AZ31,
AZ61 and AZ80. The effect of augment strain-and the numbers of thermal
cycles on the cracking susceptibility are-investigated, and the total crack length
Is used to evaluate the hot cracking susceptibility.

The results indicate that both the increase of aluminum content in
magnesium alloys and multiple thermal cycles cause the total length of
W.M.HAZ's cracks to become longer. Al content plays an important role in the
hot cracking mechanism. The non-equilibrium solidification process
precipitates Al to unsolidified alloy liquid during alloys solidification. When
there is more Al content, the more precipitation (Mgi;Al,) with low melting
point is produced at grain boundaries. The heat produced in the welding
process causes Mg.;Aly, liquefaction to form grain boundaries liquefaction.

Pulled by the augment strain, the grain boundaries liquefaction shows hot



cracking. To sum up, the Al content of AZ series magnesium alloys can be
used to assess the hot-cracking susceptibility. The hot cracking susceptibility
of AZ80 is higher than that of AZ61 and AZ31.

The second part investigates the post-welding heat treatment of AZ series
magnesium alloy weldment. AZ31, AZ61 and AZ80 are welded in butt
welding by semi-GTAW, using AZ61 as filler metal. T6 heat treatment,
solution treatment + artificial aging, are imposed on three types of magnesium
weldment. The Mgi;Aly, precipitates in grain and grain boundaries at fusion
and base metal after T6 treatment. With more aging time, the more Mg;Aly, is
produced in grain and grain boundaries. AZ80's precipitation hardening effect
Is the best among AZ series magnesium alloys.

The results indicate that Mg;zAls's quantity. affects the Hv hardness and
tensile strength of weldment. «Thus, AZ80 has-the best hardening effect after
post-welding heat treatment, because it has more Al content that it can
precipitate much Mg;;Al;; to improve mechanical properties. It is noteworthy
that over aging effect occurs during 8 to 16hours of aging time. Experimental
results show that the aging time reaches over 8 hours, Mgi7Al:, will be refined.

So long aging time can replace the function of alloying elements Zn of AZ80.
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R4 e m 1 974 ¥ (Cracking) s 5 100 % > 4% 4 1aP B f L4 4
BT A FREAE N RPTEIEE LR TFER LB
4B o AR BT A 5 B M (Hot cracking)¥E 4 %] %(Cold cracking) - #
gw&&@ﬂ?Lﬁ%ﬁ»%iki_ﬁﬁ&ﬁ&wwa.ﬂﬁ%ﬁﬁso
ARG NRTF L AR 2 B4 hAR 3 e iEr s uE
4. B & * 3 o Hemsworth [31-32]#-#1 2] s 4 & & 5 @ — ¢ E_Hi78 4
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(Segregation cracking) » — #g & #f 4 *% <4 2 (Ductility-dip cracking) o i +7 £
A g4 2 347 £ ok 5 32 F# 4 (Solidification cracking) fei it 4 4
(Liquation cracking) -

AFRNEAE D g £ Y > B2 S 2By 4 504k 2 Afp

BRI 0§ £ AR AR RAT kP ARAZ RGRE S J

BEE L GG E ERFIORT DRI AhH R A - B EEE2 4T

RICBAEF 2B E IO PERPER S EEARR (BHE)
AEE £ BEPEF c AN AR TRANRREREEF I E W T
At FREFERA PRI FERRRRG L B RS Mg £
FooOF R R o PRIy AW N RITE R

W E AN BT A ARG d B12-34 P > R ARARE
BAS)F A > B pAE R 2 F B EFBME R F (Solidification
brittleness temperature, BTR) > &' B & % #7A& 2 e A L it £ 4

BEARAUE B B MR BEE R - 2 B a2t MR R % (Ductility-dip
temperature range, DTR)> Z 0 8 B % #7 A 4 2. #1 5) Wf> ut (%% A 2 4 o
EMHE RN A FF A NEH BB E S NI EBE B ES
BEEF o AR RF A EAPRE R T o e A VL o

3 LR R MR RS G T A2 [33] 1 (1) A 2
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qkﬁiig'&&i%’]@ﬁiﬂ (2)7J M- K’E‘L/\’r LN A Pb}i“!%é\‘}; 559)7:‘\'].2%

(Intergranular cracking) ; (3) 4 &3 & P> >t R fu i 3 R B EG -

o T Tr T, RAPSER
<~ BIFER Ts FipER
TR P 5HER
B12-8 & d A e B [34]
2321 RAF#ABH
B RARAE TR REEE L PRFTIERL @R

BOET AR TR o M ent A g s i (D) R FE AR KE A &

Be % (e ¥ [35-37] 0 B W : § #ic A 455 0 Ed Borland[38] %1960 # 1%

T

e & 724 (Generalized theory) » v B4~ B 1 2 P jigis i b Y

)‘@ 2

Ak
)

i
Al
hE
3

Borland #1960+ #% 1! %% & 523

3

j’iﬁ;%§ qﬁﬁia I&#E7 //\/]
FIAR A a2 £ 224 G R A Beng 3 - Boland 5 FIA R 2 38

A G ow BFPE[39-40] > 4-@12-4 -
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F 2R TRAAREREE AR & T § 245 (Interlocked) o s B2 41T
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CETYRRS

-

AR BaEw
A R FS A B Ao Bl2-647 T

B 1%L B2 2RA

=]

TEMPERATURE

o-c COHERENT ‘TEMPERATURE
o-¢ CRITICAL TEMPERATURE
o-b-¢ CRITICAL SOLIDIFICATION
' RANGE |

HOT CRCAKING
SUSCEPTIOLITY

1

COMPOSITION
B2-4 &% 3 B[32]

AR

= Fe B 52 ) 45 [F] (Critical solidification range, CSR)&_p i 58
BRRAF 22 AZERFER - FrRhAALRE S > & 2 BASRE

1% (Hot cracking susceptibility) g % » *~ *&x & B g5 » A2 £ H -
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LR G R L e &
Fl% o & ik L EWhAs § oo A B Bt 3l4p R st (Interphase Energy, v s) £
¢s A e (Grain Boundary Energy, y ss)2 - a7 ®fx fie o H*P ¢ &g &

(Dihedral Angle, 8) i 384 #7572

£ R et 25
Vss 2C0S6
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7 ssi Be AT At
O: 3o &2 & B

d ’4};\1(1)?4‘\.’”%{ 7 =0.5 ]EI?I-, Q:Oo v 2 o 5%,&{55%&%
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B RTEREEEI AL AAL A F T B A QLS EREL
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W EhR R - £5(0>90° ) e BAXA ER A AT £ AL

16



v . =l N
BI2-7 5 & B i js & s 15 ) o

SL
% Liquid
3 boundary 3 Elqui
Solid
YSL

B2-7 & o & 5 B Ak s frz BTk BI[42]

2.3.22 BERFHEL 2 FE

@ ARARM L FATL E PRI RS 25
- TR

AFEARY 1A 2 2 e (9 AR RIS Bty 2 hitado g
(Restraint)#2. & #71% = 2. 2_ & 4 [43] -
-~ ETFF

(1) AEEAF RGBT 5 Sdp 0 d ALSI & &2 BA
THERCAFARRDFEFRETR L) B E ERARAN DI R R T
M A_d Bg R BOR & (Highest temperature of coherence)fe #4p 4t 2. FF erif

LR REAATL o iR tp R rho B RBUE R 2 B & el (Y 0 B
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R0 2 GRAEAEAD RS 2 ek 7 A 2 RA[39,44] - HALP e
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S
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s}

4o BELEZEERER SRS

é‘-

14
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0
st

=
?
A
«gt

£ FIEF RS 2R R EAPRMA ST EA b A T
A [42] - # 6 £ INBEEF E £ E3 H 2B X KREAT
AR R AR EE P AL RFARY

(2) )Eﬁﬂ' T 2o g Jfﬁ dnl 20 F S ROk S Atk BB RO R
FEATE M - B R FIA 28w | 2 R bk ()R KR T ¥
A o RS (e hY BEERBRA R (DATEBRRE S
e I o g et B e £ Q) R AR 0 1 9 G T g BT AP
R S B chs Ok B AR S TR ] A 0 MU B e 4 [32,45] o
2323 RANUEERATARF T 2 &

B3F BB LRER  LBR GG AFEIRIERYA (ERiE) LRE

‘Lﬁ

AL TR AL R 2 A

e R REEYR (EFR) EAF

‘Lﬁ

Cedrkgre o - BRBS ERTRFS A TE TG AL A & R
B H > = 384 (Constitution supercooling ) o — S F A fE A F v 40 4o

TR B2-847 o R HKEL RD MR HEHAES W5 T e (Planer)

"3\\-

AL

% E ek (Cellular) = £ ~ 4 #H< (Columnar dendritic) = & 17 2 %



fhiitx (Equiaxed dendritic) = & o #-ptw fEE K ALY AsEE R > H B

T R 4oB2-9 . M64n

T Actual

Welding
Direction
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DENDRITIC DENDRITIC

R12-8 4% EEPFHE A KA 40 2 LR A R 2 T & BI[46]

LOLUM’\IAR
f EQUIAXED
I)i INDRITE

COLUMNAR

B]2-9 fiiﬁl Eris Fo ke E.E%][42]

MFEARY > BT RS2 AN E £ ~pBlA T 0 @ N F Scheil

F_&

LT R R R T o MRI2-10MP  BEAXes R EEY BT RF R

BA PR FBKXodid RS o 5 RS et r AT o § R
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PIT2ZRARM > A AL 503 Fh+ o - EDAALZTSF - 14

BERFA S ERER PR T T T2 RERA -

Liguid

Temp.

Fraction-composition™

X Solid Liquid

$
Solid

Xmax

Distance along bar X —e=

B2-10 FEEAMR TR+ kR T R H[46]
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2324 i BABH
i EA A 4 [39 48] B EXRFISE AN EY 2 MOz EEE B
x4 T&Aﬁﬁla‘ BREF - pﬁ#&-ﬂ*ﬁﬁﬁ”%}

2R i LR, H

B
£ % i £ % (Overheated zone)R (> i frl JEF » 2 ® BB 7L NG

% f& % (Partially Melted Zone, PMZ) » %" % 3 p Lr;ljt’%%#i%] BB i3

™ b ;'L}:{-@ip{‘v‘m = AP T e g"*’"ﬁé m _@f_%%ﬁﬁﬁ;/fé Lo A5 n e iR

& e (Liquid film) » £ KL AETER B4 A RS AL 15 H 2 H

<

i

W[42,49] - ¥ - R i AN 2 BH LI AT NIE S > AR ERERY AE - AR

PN

2
T ok Bl M e gﬂ-as B om el ¥ B2 - l,ﬁ.z?t F T Al e

Z_ % (Precipitate depleted-zone) > & #1414 gm]&:f{‘ﬁf% GIF BEREN Y Jell s p R
AR P SR L X

233 #PETRAF K

BRERPETAE 4 LG iﬂiﬂ i® & By i 2% (Weld pool) »

AT e HEIZE oM BiRE K ‘rév’ﬂ—%ﬁffif'lﬁﬁﬁﬁiiiﬁ»

2FOMFBRERTRS A ROERAG L ERAMELENT > BHLE

WHALY NS AE L FARBPH IO AL BH I g o
P E L ET BRTA LTSRS -
(1) 84 % % [50-51]

’/LLC‘?"??* EPN TR B i_‘g\‘rﬂrgzﬁ'%wﬁ%xAv\ngb [E35
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I}’] ’ Efﬁlﬁd@"\?’gi’f'} t_ aik‘ff'aa‘}“ﬂ '\*?&g‘ Y > 75 g lﬂi/fgbr_ﬁ 4 e

)

7}_!:1—\ y 3

IS

"G R
(2) #% fgg go Ffe = [52]

A E RS E ST T A g ERE R B B R
TIEE LIPS FHE R BRSSPI R AT R AR

Sz Sk B TEFREARERA )

RERE G - BERH O TR IR R A g aldziE e B g

iR =R rIE S 2
4 VAN RRE%K

T R A A M e 2R S e S e Varestraint test [53] ~ Fissurebend [54]
Circular-patch test [55] ~ Houldcruft ‘test [56] -~ Hot ductility test [57] %
Strain-induced crack opening test [58]% - * & 7 I * ¥ A N B ¥ FE %
(Varestraint test) it 5 3= # 4 2. 2 % > F 1 B 4% & & (Total Crack Length,
TCL) ~ 4| %8 ¥ (Number of Crack, NC)% & ~ 4| ¥ £ B (Maximum crack
Length, MCL) ¥ Ji& 5 el % K375 o

AR %R %301965 # d Savage 4o Ludin #rE B o gt Rk ey
2L AN 4R 4 2 8o & % £ (Augmented strain) ¥ bk 70V A B T e £ F

FEBRTEHAN P P plEERAF B 2K deB2-11 #7r [58] -

22



FRBIHNI S TA T BRAYN GG T AREER T
ARERG LR BT A LR o LR TN R M %2
LB AERIAAES &0 B 13 AT T A § [59] - Lundin[60] % 4 1% 316

A fEr R R|3167 kB T AN T R ARAERE RE AL

wm
g;

HAL R AT B AL B9 B85 - * HEAPER 28 £ hH
PERZAALTF SRR EH A B4 o7 P F A fErc 2740316
F AR BN AT R 3167 SN B E L E RS VRSB E HEL TR

2 EHERE B > B A A HRPET o 0 2 a2 g6/ £ 315
MR R AR e v g e BI2-12[6T] ¢t e A R Y a7 B
FoLEBETARSRRS  ABNETEEE T E[62] -

TR PORL T e 5 I g A 4 [63] ¢ T A eh 5t ki

2 AR 1 o Al-Akel[64] 5 4 528047 4, 4% L i {7 100°C ~ 200°C#2 300 °C

TR BLEAFT AR RH c FHREFFREIERE A £200°C T B o
"EEFRRE RN E B R HR] € R (4oW2-13) 0 FIFEHE 2 7 4
H R R BRE r‘ﬂ’%ﬂ»]zﬁﬂf@*"f““ » BUEHB M E BB HP Mo

W] £ R AZiB200°C K i I300°CH » BRI MACE Ex £ 43 0 2 R

A BREIBERMBPAIFESF TR ZEF A2 W KEAH - B2-14

Ly

» AIERPBRLT)
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. .
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=S . e ° %% o @ @
L ] o]
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- \‘- V
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-
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Preheat Temperature ( Degrees C)

Bl12-13 FERERBHENGLRE R 2 M 4[64]

B12-14 27 3BV R B EK - 1% T

it F 45 T T 7% B ALE 45 & FETIG (Tungsten inert gas ) 4% 4% >
TEAcBI2-15977 & RN dp RHRE A T A2 0 A BT AT o R

B BUETE NG F EHFREEIN LRSS A B R
ﬂlﬂiﬂ’%ﬁﬁ@W%ﬁﬁﬁ:%%%ﬁ?%ﬁﬁ%’ﬁﬁﬁﬂﬁﬁ

FoAL o 16 4R &IV B F ) 2 45 [65]
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P . / %§ I
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SOLIDIFIED
WELD METAL

B12-15 [ iEf M4 1R T 5548 52 R T2 [65]
SEMFAELFE > TULPE TR KL IED I b g 54
IFEFEE R UBEXADTAIFRE Hg”*#ﬁwfi A2 SN PE F] G 4 R

RENAETE A B s BT - R B AR AR A L

FI* &4 2 B kAt FERR AR Y RIS BT AR TR
AT S BB ERAEERAEEE L > MR TRArR F AW

BrZFEP J%'L”ﬁ:}gi“"rgm_ fﬁlﬁ¢%#f‘$%z’ﬁ;§ BNE o

A FI B A B B SR P RS ARy I R
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fSPR o ERFRPFZ o~ £ ¥ 3+ 5 [65] -

60 xV x |
S e 234(2)

H =
H : Input energy (J/mm)
V : Arc voltage (V)
A : Welding current (A)

S : Travel speed (mm/min)

AR BT H T g g S Nl R fl”ﬁ REIL S

=H
LS 2

T # 45 1.
- N RFEREERBRY RS FIROER o

S BRI EEE USRS R Bdodt S 4E S T AT o

I

i

ST A LT ARARE T Y g
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7 ’f&%] AlE ,_lejfjtécigﬂu,%;gﬁﬂgi@ﬁw%%l,go

SRR

I=q

N '{'ﬁ;%") VAR RTRE 5 1z
Ff e gL G 0T g
- ~aEEFE IR

CBHTH gER D PED R o

[

CREF R G kR (R

1\

CGTAW G & &1 R Bif+ ¥ME X EXEF LI R R Y o ik
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i R4S AAZ3LE 4R L £6061iE (TGTAWE es sk » V4£ 24 & V4
G- RATEARRE S RARRL AP AR B - KA RF S
4R L &N G RIEIE[66] o vt AdE L A MR s R[] Al

AR T B Mg Al MOoNI » T i AR L AT i B2 o
i 4e b g2 A (FIUX)+ @ 18 4% & £ AZ312 1 F 3 3 - Liu[68]:#-0s 42

R E AR GE L AT IR R (Ao BI2-16) 0 @ FR R 4r % b o4 A
RREBHRTAEY T ARFLATRERINRAR - HEHL T L L8R
doruek s 4 g #[69] AZ31% + CACl 0 i H g iRH - 0 4 e
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o
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FI2-16 F 8 ms 424|242 328 B B 1 H1[66]
By~ B § B P TIGTAWE £ 12 cn 41 7 > Min[70J4 F1 885 » £
MR ERBEERP TR LR A L CRRRL AL AP HARF o
A
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2.6 4 & &2 3% i BH[71]

2.6.1 kw3 iv[71]

SR A L TR KT btk DS R T ik & R
fope ok X P b o B B Rk oo 7 d Hall - Petch = 425:% 17 #][51] » &
> A AT

1

Op = 0; F KA 2eiiii 2 39(3)

o

00k L K5 R

Oim 2B TR4

ks % #ic

di &z ©

d 2 TEED > F 02 KE B R RER o R Rkt AR pE
SR E AL R R AR o A P AR AT R AR AR g}
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$ L 4B EEMRY VR ER ke Rkt o Liu[72]4] * GTAW
R 3AZ3LF T AZBLY AL T OF LTI E £ 2 Bkt il ifjtécﬁ
FL gy kB 5 e (4o B12-17) o BE AR 4R E & B Sodede X e B Fp ig B AT g
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MR R e R R
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P - ek o £ Mg-Zné & 3 +cBa= % [77] - #c & Co[78] s #-Fi3

“3>
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@fﬂhﬂag’ﬁﬁﬁﬁﬁ%ﬁﬁﬁﬂﬂij@%Lﬂﬂu@ﬁsmbagiﬁ_

31



% bodi > Bl 4eSiISbA & i it & 41MQ2Si Mg3Sh22 & it & 4 > 4 2 i
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- H4E L &2 PEandt AR A 5 = T MR > Mg-Al-Zn i & £ 2 47
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FEAR LS o

Fig. 1. TEM micrograph showing a region of discontinuous
(left) and continuous (right) precipitation in a specimen of
A791 aged at 200°C for 4 h.
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Fig. 2. ¥"Al NMR spectra from AZ91 alloys specimens in (a)

solution treated and quenched: (b) aged for 120 min at 200°C;

and (c) aged for 8640 min at 200°C. and reference spectrum
for stoichiometric Mg;;Al; 5.
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FA o FATNF ED AR A F PN BB L > N =
A REL LGP 2 F 7S5 1488 S (4o®2-21) [83]

AR A S - AT
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[2T10] % il [ Aynzion/Ty,

Fig. 6. (a) A schematic representation of the precipitate

morphology for the six variants of the Burgers OR and

(b) a dark-field image illustrating the Widmanstitten mor-
phology in a specimen aged for 8.3 h at 200°C.
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AF SR LESTL P ET G HETIET PAEREGTAW) &
Gk AR HIFTRIEF ORI A AANS T - ARH R -
BRI U TO BUL o 139 L P D 2 RS DG R o AR R 2 ]
4ol 3-1 #77 o
3.1 R EHHF

AT 2 * 45454 & AZ31~ AZ61 27 AZ80 - i dR il T L
4432511 %) 350°C 5 4130 > L #4f4rdeR 3 350°C 2+ L e
Bt & A ded 3-10 2 B4 Bl3-2)F LR (T F 4 2 4%i5 A o £
Bl ikEk 2 2P T < % 200 X40 X 3 mm 5 T6 #wgu® 2 2 % & ~f 5 75X 55
X3mme 5P AEETY A AR FHFLIIT 25 %51 (T4 1 &
B i % oRF) A 400 5L - 800 5L - 1500 58 1800 5L & § 1 A itk o £ R

FOEP A A B B A0 > AR EARY T E S e auikE

VLA AR R ow # TR S

231 45458 &7F, W%

Al Zn Mn Si Cu Fe Mg

AZ31 3.15 0.99 0.43 0.044 0.0023 0.0044 Bal.
AZ61 6.63 1.01 0.24 0.027 0.0026 0.0039 Bal.
AZ80 8.12 0.3 0.35 0.021 0.0023 0.0032 Bal.
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321 #A M2 48885k

AT UL A F GTAW 545853 07 @+ /2 24mm 2. W-Th & £ %
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BaplReEgr > EE AT HREFLI R ESE S S5 S0t 32 47

232 #MA A4 B8
2375 (A)

T ER(V)
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42 4 @ (mm/min) & § o+ £ (L/min)
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3.2.2 B.¥ # VB % i#% (Spotvarestraint test)
rFA T

L1 GTAW i (7845 N7 A R R EREH sk T 218
A5 p FAFLI# R TANREERKY > GTAW 2 &4 7 g d 55454
X BhE Y hi b T BEN 2 B h o 8 5 T R 2 R 2 BT B
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#3-3 T ANRE Ak Sk

BETIR(A) BRPEF(eC) &4 2BLMmin) e % E (%)

100 3 10 1-3-~5

323TO#ASR 2 3 8488 ik
WMz fEAEL AW IHBER ¥ L HCTAWL £ N BT

24mmz W-The £ % 748 & * AZ6L% Bk (4oB]3-4) o 42 8 S diche 4 3-4

t‘l—i--/-‘r‘ o
#3-4 BpEgER R BRIk
BRTT BEAGC FFaf TUnd BERER
(A) (mm/min) (L/min) (L/min)
AZ31 70 110 20 15 AZ61
AZ61 60 130 25 20 AZ61
AZ80 70 150 25 20 AZ61
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324T6 # I8 ((FR AIRis phsna v ) 2. 4k

¥4 & & AZ31 - AZ61 7 AZ80 2 4% i35 1L FR AR S bF e P
o B] AZ31 2. F4p SR R OB SR B T bR OR PRk B PEAR R KRR
B AET G @ AZ31 £ = HR T ,ﬁrtbfjﬁﬁ i T PE A Y20tk o Slicde
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%35 Hip it ALz Sk (T4 D)
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%3-6 PR iz glie (T6A AU )

L % 8 & (OC) FH R (] BF) Agr L
AZ31 140
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AZ61 ~ AZ80 200
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3.3 M M P PRl T6 #ASE SEM LR

331 AR S B K

7 %+ B e (Scanning Electron Microscope » SEM)BEL %5 b % 2 #1825 %
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ARG tagk* AZ31 - AZ61 27 AZB0 z iR H o d A HEAJITIE 2 Sl A
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