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Table 1 Chemical composition of AA6061 aluminum alloy
and ZrB,,/6061A1 composites (w/%)

Material Zr B Mg Si
AA6061 0 0 095 0.54 022 0.15 0.17 Bal.

ZrB,,/6061A1 3.86 5.69 0.87 0.54 0.21 0.15 0.14 Bal.

Fe Mn Cu Al

W R AL B ) Z1B,y/6061A1 B 4 Ak 28 ) Bl
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Table2 Laser equipment parameters

Laser model YLS-4000
Maximum laser output power/W 4000
Laser wavelength/nm 1064
Focal length/mm 400
Spot diameter after focus/mm 0.6

K1 ZiByy/6061 A1 A EHRA X et IR HoR B E
Fig.1 Diagram of laser welding ZrB,,/6061Al composite butt

joint
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Table3 Laser welding parameters of ZrB,,/6061Al

composites
No Laser power, Welding speied, Shield gas ﬂolw rate/
) PW v/m-min’ L-min’
1 3600 1.8 20
2 3600 2.1 20
3 3600 2.4 20
4 3600 2.7 20
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Fig.2 Microstructures of as-cast AA6061 (a) and ZrB,,/6061Al

composites (b)
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Fig.3 Morphologies of ZrB; particle cluster (a) and ZrB,

nanoparticles (b)
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Fig.5 XRD pattern of ZrB,,/6061Al composite

IRIESH 3L BRI E
Bl 6 NEAEMEHEARFREICIE ST R 5ER
M. B 2.7 m/min #5546, H 4
B TE A RIE, 43T HOEAE S Y AR 4 . IETH
2L H TR) DR ) g S RIS T . I T R R B AR R 1
FEE, BO6 RSN [ B AR R A ith 74 5038 g b, 9
BRIt 4 Sk AN B H o AT, DRI TR A T R AR
Tt AN 3% 2 1 £

B 7 R IRREE R RN RS . BB Ta~Tc
NoE AR IEN R A RHRE SN DS, SRS
AR RS MM . R E i /A 1.8 m/min B
JREESRIA M E, RAR AR L, MG X

2.2

©3412 - G E A e R $ 514
d
Zr
. Element /%  at%
g Al 6.83 6.24
2
7 Zr 59.03 15.95
§ Al B 34.13 77.81
R=
B
L 1 k%r ) L L 1 A 1
0 1 2 3 4 5 6 7 8 9
Energy/keV
B4 zrB, F#%4KkE) SEM & A Rl EDS JCE I 4 fii S EDS J§4 43 Hr 45 5
Fig.4 SEM image (a), EDS element mappings of Zr (b), B (c), and EDS analysis result (d) of ZrB; cluster
5000 ~ g B, MREERUYZE . BEARERE LRGN, 7 A R A b
<§C z T 2B W PR AR, JE B HERU D . IR TN 2.4
£ 2000 5 n/min Fit 952 4 GG (0 TR A LMY 5 PR T T
z I z _ EE B i N 2.7 m/min BEAR2E RS, K H PSR
oo £ S |3 € 22§ &2 SEAR T AR IR A IS B T R R KT %P A T
S 2 N Y- e NI 5
§ S V) & §E|4 EN KWERAERAER J1, &AM RS
F | > <7 = — ~ Y
0 VIR 7T e D A 2 IV, [ B 73 00 PR 3 4 s

B JE AR T R FL IR IR B, A 4 YR A A it RS 5
VR, AR SE Bk R Y

Bl 8 AN ME o B T IR 4 Y R B
AT, BRI, REEROY RECE e
Ja PRI % . 1T DUE 75 DR AIE 58 4 458 5 (1 5
PEN Ll R I AR 0T SR SR R R A AR R
FFRCH, R E 1.8 m/min 275 %] 2.4 m/min,
I 2B 0.46 HTHH] 0.69. X A& KA 5 45 42
AH B, e AR 2 0 A P O AR N T e 2 R i i
S BRI RS ) 40 40 PR AR T AR AR IE T, PR TR

SERE R
2.3 EEMMEBLEERMELR
231 RFEpaay

9 NWOCTIE 3.6 kW, JEEHEE 2.4 m/min i
B BAALZL. B 9a~9¢ S AA6061 23k WA 4141,
FESRGEGE R X (HAZ) FEIT B X I 356 73 15 A X
(PMZ) FIFELELEPOX (WZ) WIREHRE



9 RWMWEE: JEAL ZiBoy/6061 Al A PHRHI K ) 22 S s MO G R4 % A4 2 A 3413 -

Bl 6 ANRMEEEE T ZrBy/6061A1 B &4 B4 R TS
Fig.6 Weld surface morphologies of ZrB,,/6061Al composite materials at different welding speeds: (a) 1.8 m/min, (b) 2.1 m/min,
(¢) 2.4 m/min, and (d) 2.7 m/min
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Fig.7 Weld cross section morphologies of ZrB,,/6061Al composite materials at different welding speeds: (a) 1.8 m/min, (b) 2.1 m/min,
(¢) 2.4 m/min, and (d) 2.7 m/min

i

X (FZ) , Hefhdib kil 23R IR K I Z8 R &
P, A5 WZ R FEAR R 4 23 2 BN R IR AR
¥ ST AA6061, 5 BM dikitH bk, WZ (4R 441 41
T VAN 5 S0 DA N8 A2 R Y- S =TI L U
AN DXITBOK J5 IEE R I, BER T A7 AR BB K gtk
! 9d~9f 3 ZrB,y/6061Al 5 £ b e S AL S, e
SkH R H I VR AN B SBR[ SR S A SR B R . PMIZ A
. FZ IR R A B B i a5 A AR B S5 4, T

m

i

g
g

m

Weld Formation Coefficient

04— : : :
Y elding Socedimmin WZ I HTHEAR 25
10 4 AA6061 I ZrB,,/6061A1 2 A AR A RE
B8 IR R IR R R ) BERA R S8 SR RS X e EHIE TR, 2B bRk Sk

Fig.8 Weld forming coefficient vs welding speeds HAEE AA6061 (ERI AR 22 X G ANEIREE 411k . X



« 3414 « WA & EMES TR 51 45
HAZ FZ wZ
a )
§ BM PNIZ FZ S
<
<
d e
FZ
M PMZ FZ

Z1B,/6061 Al composite

40-pm

B9 6061A1 & &M ZrByy/6061A1 5 &M ELTE 3.6 kW 1 2.4 m/min T [0 335 3k ol 2 B i 41 41
Fig.9 OM microstructures of weld joints for 6061Al alloy and ZrB,,/6061Al composite at power of 3.6 kW and welding
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Fig.11 SEM morphologies of laser welding joint of ZrB,,/6061Al composites at different welding speeds: (a) 1.8 m/min,

(b) 2.1 m/min, (c) 2.4 m/min, and (d) 2.7 m/min
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Fig.12 Schematic diagram of molten metal flow during laser

welding
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Fig.13 Variations of the microhardness of welded joints with the
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M BT R R B E N EE R, T R
BN, p K, BRI ZeBy UKL 3 A A R R . JE
—bHh, WO AR T, B TS IR ZE A
X JE A A O FE B OR, A 5 Y 5 FORE R] K A K &
K7 S oz 5 B A - 1Y 5 AE ST 7 AR e R LA o T AL
B B SRR R IEA G mE AR R
GAMRHOREBESE T . 28 b, JR A% b DR FE 335 BEAE
T
242 IEEE

B 14 AR AR 3238 5 R ZeB,, /6061 A1 R &4 k1%
kP sm R AE AR 2 . B AT, BRAEEEEE N
2.7 m/min 4, FSkWiRIER L BIM X, P hihs
SRIECN 122.37 MPa, “FIJIEHER 8.31%: 1M 4
BN 2.7 m/min B, BELBIRIEIRAEX . X EEH
T MEEHEE/NT 2.7 m/min I, R B AR
AT REA 3G R o, IR N 1.8, 2.1
A 2.4 m/min B EEER AR TEREM IR . B4
LRI AY 32 0 B A 2 o e A RN SR B AL - 10
TE o My R 5[] Jo R AR 5 S T RN /N B R, 25 3
Ine & AR AR AR TR A PR RSAL T 3, TR
FEs [EIIE, ZeBy 49 K BURLAE S 4% Py LAY &) 43 BCIAR
KON, FORLF 2 [a) 6 B 2 N . A MR AR
(Acy) ATFHULF AR5

Ao, =2Gb]A (7)
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Fig.14 Tensile strength and elongation of the weld

K, GAHBYIEE, b NMIKRKE, 1 G s5EAHm
P DR A B AT AR S A SR RO, (R 4
X Phi s B IE . e, TRl EmREE,
PR TR S L%, BURM AL Mg s 7R 4K
BRE 7o T AR R A R N 2.7 m/min BF, O
iy N IR AR A R AR, A G B AR B AR P AR
NAJEET, ERRSEX WA . Kk, fEThEK 3.6 kW,
JEPEE N 2.4 m/min B, B &M EHE LI J1 2541 B
AL, HAURGRE L 125.17 MPa, IEf#K ik 8.94%,
O E (HV)ik 557.62 MPa.

3 & it

1) ik Al-K,ZrF¢-KBF, 2 N AK 2 s Th & i 5 A7
ZrB, /6061A1 E &M K, 58 E AA6061 #EL,
ZrB,,/6061A1 5 & AR KL AL BUR B2 % .

2) (ERUFSREMRTIR T, SEEEML, X
H 3.6 kW, 2.4 m/min ] 5 AR 32 (R AR 4% BOE R 4F .
FHEL 1.8 m/min R FEEH B2, 48 TP REH 0.46 12
% 0.69.

3) BEMIX IR RN ZeB, Bk Bl 4d,  1E 15 4%
X, Kk BFEREAN K, 2B, BRI LS8, HE
I M TR P o 4 AT REAE

4) SR R B T Sk B RE S MY K R R, TE
RS BN 3.6 kW, 2.4 m/min I, B & EEOLE
ek ik pe A, RAAEEE(HV)IA 557.62 MPa,
PUhi ik 125.17 MPa, JEfH ik 8.94%.
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Weld Formation and Microstructure Evolution of High Power and High-Speed L aser
Welded In-situ ZrB,,/6061AI Composites

Yu Binbin'?, Guo Jiping®, Zeng Yida'*, Xia Li*, Hu Yangpo®, Li Zhiyong’, He Yongjian'*
(1. National Defence Key Discipline Laboratory of Light Alloy Processing Science and Technology, Nanchang Hangkong University,
Nanchang 330063, China)
(2. School of Aeronautical Manufacturing Engineering, Nanchang Hangkong University, Nanchang 330063, China)
(3. Science and Technology College of NCHU, Jiujiang 332020, China)
(4. Jiangxi Hongdu Aviation Industry Co., Ltd, Nanchang 330024, China)
(5. Jiangxi Changhe Aviation Industry Co., Ltd, Jingdezhen 333002, China)

Abstract: The 5wt%ZrB,,/6061Al composite was prepared by in-situ synthesis and the microstructure of laser welding and mechanical
properties were studied. XRD and EDS analysis results show that 5Swt%ZrB,,/6061Al composites are successfully prepared by the
Al-K,ZrF¢-KBF, in-situ reaction system. By OM and SEM analysis, compared with the matrix 6061Al alloy, the heterogeneous nucleation
effect and pinning effect of the nano ZrB; particles has a certain grain refinement effect on the matrix grains of the composite, but the existence
of nanoparticle clusters makes the refinement effect limited. During laser welding, under the condition of complete penetration, a high-power
and high-speed welding of 3.6 kW and 40 mm/s can be utilized to obtain a well-formed weld. The rapid laser melting process and solidification
make the matrix grains further refined, a large number of ZrB, clusters basically disappear, and ZrB; particles are basically evenly dispersed. By
analyzing the migration behavior of ZrB; particles, it is found that the melt agitation and rapid solidification process of the laser molten pool
achieve the twice distribution of ZrB; particles. The optimization of the weld microstructure improves the Vickers hardness (HV) and the tensile
strength of the welded joint, up to 561.54 MPa and 125.17 MPa, respectively. And the strengthening mechanism of weld was discussed.

Key words: laser welding; ZrB, particle; microstructure; mechanical properties
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