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ABSTRACT Six millimeters thick ZK60 alloy plates were successfully friction stir welded (FSW).
The sound welded joints were achieved under a wide range of welding parameters (rotation rate of
600-1200 r/min and traverse speed of 50—200 mm/min). After FSW, the coarse grains in ZK60 alloy
were changed to fine equiaxed recrystallized grains at the nugget zone. Furthermore, the coarse MgZn;
particles were broken up and mostly dissolved into the matrix. For the ZK60 magnesium alloy, the
precipitation strengthening effect was more dominant than fine-grain strengthening effect. Thercfore,
hardness value of the nugget zone was lower than those of the parent material and the fracture occurred
at the nugget zone. At low heat input parameters (<800 r/min), the grain sizes in the nugget zone,
and the tensile strengths and elongations of welded joints at different parameters were similar, but at
high heat input parameter (1200 r/min), the grains in the nugget zone became large and the tensile
strength of welded joint slightly decreased. After aging treatment, the strengths and elongations of
welded joints under different parameters increased and their mechanical properties were similar.
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HHEATEEAN AL & MATRHEREYN AZI1
B& RM AZ ERESEMBREALTRRR, EWE
FRIEH ZK60 B85 &8 Mg—Zn-Zr & ERATHRKH
RAES U Mg-Zn £ -8B H=ERRKK, K
i Zr TEAA BENHUARER, Zr B Mg-Zn #
PEEPRERMHHALTE.

IR BRR 1991 48 36 E R R 70 B R 1Y — R
FREMERER, 5EENBICEML, RHEEEER
FEHHLEES. BRERREAMER NEEERS,
HFEYEE, FMR, ETEHILERETRKEMRR 2.
HEIR THAERENHRERRIHEFELEE L, X
TREENEEHEHAMELD, XFERBTHREGEE
HEE O EMML, S8 SRRNEHATEREY
HAR LRI R B R, EmBEEReE 8
EasEs U ARMXTHASHIHEREEE
#t3r Mg-Al £76&, ¥ Mg-Zn-Zr RI|&EMHE
B M 521 5U%T RRMEH AZ RIS SR
PESEIRIE L HERE. MRPTLLEY, BERMIEE X
ZAEN 4 mm, i AEREBRERE AR ERE
%k (>0.8), FERAEMGARMNEESY (FEHEX
>1000 r/min) FEA74REE, I T REWER .

B, A 3C/EEE 800 r/min-100 mm/min #4845
SYUTHITT ZK60 B4 EHBARERERE, M TA
TotBOHR L. Bk U, sus
TR R R AR, BEATRET# %
BRI SRR EAXMBTRS, TR TRESH,
BB REEREEEE, ERNEESECIENN
6 mm EHFES ZK60 S5 mb#ET M HkEEs
£, BT TR ES YO E L MO A SV 2 e fE i
M, ARABES S BEPE RN TS ARt 8 1.

1 XRAZE

MFEH 100 mm, E% 8 mm HEES ZK60 4 &K
MY 6 mm BRRMEN LIRS, Bk
B (REM, %) A: Zn 6.0, Zr 0.6, AR Mg
BRETANMAEERZY 20 mm, EREHHVHERHN
6 mm, K% 5.7 mm, MEFEHFEL. RAHILE FSW
Technology 2> & W& FSW-5LM-020 Rtk me g

PLEEFTIR B, AR AT B £ R HE I 0 xoh e o A e T 1) AL
REEM, RERANETUERX BLAHEESE XA
600—1200 r/min # THBEFE %M 50-—200 mm/min
MR HEATIR R, BRI 2.5°, TEREH
£ 0.25 mm. HoBEREE 150 CHiT 24 h AT
B

FEHTHREEALYE IR A 50 mm, 5% 10 mm
B EAHRES, FITERRR. BERR. ZMEFKAIB A WL
Wt MR BT R, EX P BME (OM) f
H#E TR (SEM) T #WAS#HTIME, SRR
SERABSRNE. ERZXMEHLRE 10 mmx
10 mmx10 mm #FER, 7 Philips & X SR A7HHYL
LT, A LECO-LM247AT RIBERE 548
B LT DR R I i, AT 4.9 N, In&eTH] 13 s. #)
PR U182 B TR 507 1 TR i, KPR HR B
4 40 mm, %% 10 mm. 7F Zwick-Roell Bl {diR38 1
TR, WAEER 4.2x107% s

2 XRERS5ITE

B 1 NARRBRESHT ZK60 4 &8 ERLNE
WL A, fRE% T Bt R 4F, SO TORG. MEARERIB L N
4 MR X (PM), $ R (HAZ), $0L8EWR
X (TMAZ) #148# X (nugget zone). N\ 1 [ LIE H
BMER X R, aTdEir R X F 5 HE
M EE, XEERERIER SRR AZ31 WE
gkl 1. ERF SR T BANRRERES 5, R
ffi7E 800 r/min-200 mm/min R ESH T RE XA R
BB, X R M F7E 200 mm/min HEREEE T,
BN BRREAL, R TR S 800 MgZn, HHBHE
BRI AT, MeZng HEE RS TR,

2 A HAF 2B T REX N BMAR. 8K
RAARBPFESAY, EHEREE L, SAiETa
FRERNF MBI KFHFERRFERNRE (A 2a).
BEXERETROMABMHMMMEATRET HEE
g, MELEBMEM/N SRS AR, HRERER
A#it 800 r/min &, &S TEHE XM RBR S} +40
I, FHRERT ~5 pm (A 2b—e). YREFHER LA
¥ 1200 r/min B, B F A BRI 0 SR X &

F1 AZ RFBEEEBHERARLY
Table 1 A summary of FSW of AZ system magnesium alloys

Material Thickness Rotation rate Traverse speed Strength Fractural Ref.

mm r/min mm/min coefficient location
Thixomolded AZ91D 2 1240—1750 50 1.0 PM (4]
Cast AZ91D 4 1098—1251 41—187 1.0 PM (5]
AZ31B-H24 4 2500 61—267 0.85 Nugget zone 6]
Forged AZ61 6.3 1220 90 - Nugget zone 7]
AZ31B-H24 4 2000 100 0.8 HAZ (8]
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Nugget

H1 FRBESH TH 2K60 SAMmas: L RWER
Fig.1 Cross—sectional macrographs of FSW ZK60 samples at 600 r/min-50 mm/min {a), 800 r/min-100 mm/min
(b), 800 r/min-150 mm/min (c), 800 r/min-200 mm/min (d) and 1200 r/min-100 mm/min (¢), the advanc-
ing side is on the right

B2 RESAIAMEE F ZK60 B LR KA RN AN
Fig.2 Microstructures of the PM (a) and nugget zones of FSW ZK60 samples at different FSW parameters of 600 r/
min-50 mm/min (b), 800 r/min 100 mm/min (c), 800 r/min-150 mm/min (d), 800 r/min-200 mm/min (e) and
1200 r/min-100 mm/min (f), under strongly stirring and hot effect the dynamic recrystallization occurred and

fine equiaxial grains formed
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Rilg A KK, PR R ST K] ~8.5 SRR, i
BLRT X v A R L F A U, X % HIJ ZK60 &
& Zr JTEXT SR t\‘}\‘ff"-'t’m)ﬁlhf'l VERL. TRPEAEHEAR
PR X1 iR RT3 o /N T REE, dn AZ61 RA% XY
BLR S ~10 pm, B 5/ FBER 7). 8K, Lee % (6] 456
f£ 2500 r/min-87 mm/min Z¥ T, h;g’ﬂ'-i*’*{‘f&“k”:ﬁ% AZ31
A% XY SR R ST 28 90 pmy, JUFREBEA b )R ST 2
. X BT R A — AR R A B
BRI T B SR g B O, R AZ31 BERa
A & AR D, BT SR KA 1R

& 3 AEEFFFIAE 800 r/min-100 mm/min £E4E2
BMTEIXH SEM 4. T ZK60 BEbr A+ KA # K,
{E R He ot P2 A 38 ARV AR, DRI LA — s Bk
MUK S AR H«(J (&1 3a). TEBEPEREBARIER) R FU
FERBAER T, BUCH S SO0 B A A
H, ["\'Ilft‘k'q"-’f%[)('f'ﬂ‘J 5 A RGHMECRERA /T RERE (B

) jum.

3b). & 4 MEEBFIFE 800 r/min-100 mm/min 2% F
I X BHERAT 84,
MgZn, #H.

A LA R AR AZ X 3
58 AR

B 5 A 250N AR A R b 2R 0 S S 2y
fi. BRI LLE 550 il R s A A b3
f, 9B AR A% X0 R A T BEAPRE BE, i H AN B8R
SR X B LR IT. A A% DX T 2 B2 AN PR R 4
i, — 7 T R A A B RS, 53—y i MgZng A
P V5 A KR A DX JE BRI % ZK60 B 42, MgZng Al
i?‘f‘ﬁ?ﬁ’:l”ﬂtﬁ('ﬂ R R L, PR D R AIE T
BEFE. X 588 ST B3, Sato % 13 1y
AFFE M, X FUTTER bR & S AR 3k, o i
S B A S S AR 2 AT AS S AR R ASTH]
SRS RO KR A% DR LA A (B 15 P, 98 4 P A 5 L)
MgZno 69 RO 2 K EHIR AY. AEL 5 AT B3,

o FC R B XA B8 B A AS[A], 7F 800 r/min-200 mm /min
BRCT, RARHERE X 98 e %, X 528 MR XS
JE B A — B

ATFFE AR ZK60 BE G 100P AR 22 S 1
Bt AZ 258 "/171L' SERAFR). AZ 259G &+
) B-MgizAli2 HIRF— 1”1:1L¢d K, P IHL(J EEAL
RER) biHE Al i

LE T Ak 7, SHAR N, AZ RYEES

B3 {IfiHBE TR SR B
Fig.3 SEM images of PM (a) and nugget zone (b) (800 r/min-100 mm/min)
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B 4 ZK60 H& kb SRR A X SHERATH
Fig.4 XRD patterns of PM (a) and nugget zone (b) of
ZK60 alloy (800 r/min-100 mm/min)
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, the white particles are the second phases

85 S—
—&— 600 r/min-50 mm/min
—e— 800 r/min-100 mm/min
80 —0— 800 r/min-150 mm/min
—0— 800 r/min-200 mm/min
—&— 1200 r/min-100 mm/min

Hardness, HV

Distance from weld center, mm

B 5 KSR ARk R Y 6 43 A
Fig.5 Hardness profiles in FSW ZK60 joints at various pa-

rameters
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W% BB RS Y ZK60 B8 & S8 L A SUR 2 A AR i 669

EHRAREREELEEIMRANFRHARGER. —F
i, Chang % (8 #1 Park % (7] 3¢ AZ31 #1 AZ61 i)
P REREBT R R, BREMS XMEEEA L R—
B, X R FHARBEREBIRESEHERMAE
Vi) Mgi7 Al FEKERS B R, FIEARR R
fLtyfEf. B—)7E, Chang % &) 48, AZ91 Bipkns
BEELEEZXMEENEABE FH4 XREN
AZ91 HEHKE Mgi7Ale H, B BEBEERERS
Mgi7Aly HIBABEREKS, FRA Mgi7Al2 FHEBHME
FrEA RS, BB T HREERLER, BMERT
B XARE.

MNTEGE, BRMENEEENEEREE, —BER
FIREGRKL ., SRR RTHEmW, X0 LT
BWHERLEWHBAEE. EHH, T ZK60 %54, #
PREREELABER S TXE MgZn, B FHBMRE, 3
HIFRA 5 S B R MBI BOR, X808 05
MBOXE, MERERREESER M ERMF
AZ 3 BEE &, WOARTEARN. HEwmX N ERE
BAEA TR, 2 BN B B 4R AR 1 Sk B 55 B X IR,
Chang % 8 4§ T# 2000 r/min-100 mm/min %
BT AZ31B-H24 G &HHmEERRELENE R X KN,
B 6 HEMMARSY TR R, TLELRE
Bk BT R T B4, ERIAAREESH
(< 800 r/min) T, PR E R eEXBI SR 91%, &
HRXB I T0% Z£4. REISH TR LREM
HE R BRI, XS E MR RUMEES AR —
Bl EERAEAREESH (1200 r/min) T, BiEE
LB ARR RS TR, SEFRFITRE, &2 T 8HH
90%, X B E X i BB R T KB Lee % 6 i
£ 1800 #1 2500 r/min FBP|RiFH AZ31B-H24 4
BENARERREL, BLMRERTIEMY 85%. K
i, Chang % (8] 3%, £ 2000 r/min F, AZ31B-H24
B PR AR RIS B I TRR B CUAD) T B4 79%. BAR,
ZK60 B R B R AR A MR T AZ R 6 &
FEL BRI RR.

B % %M, %t 800 r/min-100 mm/min %
TR LT ALNRE, BLmdhrf R
B RIEMEHFIRE, 2B T M1 94%, 92%
f1 7% PN g AR RS A 25 (800 r/min-
200 mm/min) fMEHHAZH (1200 r/min-100 mm/
min) FHEEEELEET AL, Reetd e T HififE
FR3E 3 DL R g, M H57E 800 r/min-100 mm/min
THREGNEEREREE (B 7). IRIESTARER
WMAZRGT, BER+ MgZn, MEIFEERELN, B
i = A T AR B BGRABOR. X i 515 8, MgZng
HWESHARRRE ZK60 4 & Liaa s etk
HE.
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Fig.6 Transverse tensile properties of the PM and FSW
joints at parameters of 600 r/min-50 mm/min (a),
800 r/min-100 mm/min (b), 800 r/min-150 mm/min
(c), 800 r/min-200 mm/min (d) and 1200 r/min-
100 mm/ min (e)
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Fig.7 Transverse tensile properties of welded joints at
800 r/min-100 mm/min (&), 800 r/min-200 mm/min
(b) and 1200 r/min-100 mm/min (c), after aging at
150 C for 24 h
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(1) 7 600—1200 r/min HEFERUKL 50—
200 mm/min FREEE T, KRG T LBRKER ZK60
EESBHmBRRL.

(2) BE Xty B AL, HLKH MgZng
WIS N BRE K.

(3) MgZny M ME BURH K S8 BT 8E41, 4R
ES PR X AR R Y B .

(4) 7E{X T 800 r/min HIERMABESYT, 48
BESP LN ERE R A K, PUHSR R AT aA BT Y
~90%; #£ 1200 r/min BRI RN T, #LHMRE
e, BYERS.

(5) X AIF AR RS H T R BB Skl 47 A Tt
B, gk fFERE RAR A, HH T 1858 B A RE P K
B+EE.
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