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*ﬁ*ﬁ?&iﬁ%ﬁﬁ'ﬁﬂ%ﬁkﬁé ZI’55 Cu30A110Ni5 iJHZIS
EREERLITHEE "
KIRE MET MER TR K

(PAE T A2, BRI A X B0 %, /% 710072)

(201542 A 14 HUEHI; 2015 4F 4 A 17 HIERE R )

T T &R IE R 25T B B AR 1, OGS i IR PRSI T B0 R 1 @ AR ZS W] B 2 X B 2 OB AR 1) AL =
A2 EE RS, B S A T A KB AR A e B A B R . ARSI IR B T e i R BT R R
F11000 KB K A AT KL, R FHBOCSIAR BIEHARDTI Zrss Cuso AlioNis HUE AR A 4x, B THK
B OV SR A AR X Tt R Bz e X R A AT ORI, 25 BRI, TR UG R 40 21 e A A AR K 1 Al NigZro A
R MO LR BRI, A RLE 7 2 A A i X 5 AlsNisZrg AH; B ZRRE R MER &, IS
AlsNigZro MHE SR, PREF T HAEMRZS, EHGEM X BN E, HA KE AlsNisZre MHTH; 2R B KSR,
RUfgi Lk e e/, AHRAE EA EZE AR WA AL, JUTTG AlsNisZro AHATH . 1X2 BT a8 AR LE R KB 5
WS R EEHE, 5 AlsNisZre HHRE TR/ HRE T AL, SECUREIER X A e R,
AFIT AlsNisZro MHTH. BT, $2 528 R B4 2 IR EE S UTRRR I AL, TRy R =R 1K) AlsNisZre HIBEAIRES
Xf Zrss CugoAlyoNis A @ UUZ 1 i A A HEE 5 m.

RHIA): Zrss CugoAlioNis PRAESR & &, BOLLARMIL, 1B KARHE, BrACIRA
PACS: 64.70.pe, 81.16.Mk, 81.40.Ef, 81.20.Ev DOI: 10.7498/aps.64.166402
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Yotk AF dh 4 4 (bulk metallic glass, BMG) 2t @1k, Ye il Shin ) 76 BOGHH I I 5 41,

B A A AT vE LA M e T 75 1R 2 A
HAT T i e AT B 02 SR P A% G 4 B 4 3t %
il #% AR AR A AT, T2 204 H) I 0 PR
I H & PR AR A SRS EE AR W H b,
K FHONG SEAR B B AR 1) AT RS =48 K3k
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AL, 48 H T SEILEOE SR R B A I % 0
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BEUIR— 2t 8 5 s BT T — Z RS E U

DRI ot (A7 A%, 6 G R R AR 7™ A 1
e, f 2845 30 dh A0 AR AR 3 JOB /N B Bk R RS R
. LB ORI, RAHOE AR s i 5
AT BLf 2 KR i <, (H= AR B0 N
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MSBOE L. Btz b, BOGLAR LS 2
— OGBS AR DU TR RS AL,
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e, A E 2% U@ R EEES &%, R
Ja R WL R &R S 4, B HH TS Ek
P, ISR B 2 A ST MR A &R
BREmRREEE. CRREN RS T %
T3 A, e AR PR T 5 [ 1 72 CupaZrse &0
VWA T R RS T R R Y B s A R
. Balla l Bandyopadhyay ['2 £ 806 3744 B il
%% ®10 mm x 15 mm ] Fe Z3ERE& &, BiE 4k
S 78 2 A A AH AT H T B ES  oRUE T SR 4f R R
HERH R OA A, XU EBOE AR P i %%
KEARAE SIS, B 782047 1, 25 5& 2%
TR BN A 0 A 25 3 R B AL M) 0P AR A A
PR — AN EH R R ER

F T, AR SCR A E S AR B8 KT
J& HE & A 4 0O SLAR R R 7T, DL B B
R AR RS X B JE O S AR O AT A
M. SIS IR H SR T e R R S ik
(plasma rotating electrode processing, PREP) ffill
25 [ Zrs5Cuso Al Nis K3 K. AH EL G5 7% il
oK, PREP ¥ K d S kot & & sk 9] w] LARE
I DR A 2 Bk vy 5] AR 3R il B3R T B RE ) 1) B AR T
PEAE AL RO AT R . AR, PREP I8} B 4
HIE R K, 5 FIRBAESM AR L R, %
& B AN [R)RL BE 18 2R B 48 73 1R ¥4 5 2 22 S b
RenHIRAS AT RERI R, DL A #E 5 PREP Pl 25 1
W ARRRCRAR K IR 2=, A PREP il i
104—150 pm BIHRL B Zirss Cuzo AlioNis £ K,
K AR EAT e iR K AL P DL AR, 7 R
FA G G6 K AR 4 b BR S (00 AR AT IO SEAR O
WL A A K MR KM KRG S IB B IR ZE
HIEAAT N, 80 K O A A OB 1At
gz X SAAT RS ALER DL RSO ST AR Y
TE R i A S 3R AL S Ie B Al AN PR AR 3.

SEAGFARM R N AL 99.99 wt. % B, R
SN 30 mm x 10 mm x 3 mm. FHR R P4l Zr
(99.95 wt. %), Cu (99.9 wt. %), Al (99.9 wt. %),
Ni (99.99 wt. %) NEEL, 1557 GRS IR
WP R I S e e, TR Iy B AR R, AR
J& K H PREP il & th 44 {53 N Zrs5Cugo AlygNis

& E&mA, AR WR LY. JFER TN
104150 pm WPHLRLEEA RAEGTURRARL. 156 S8
RAE Ar SRS FRIE X H o BL10 °C/min B FHER
HORTHEF 1000 K (BPERLE SIS 743 K A £
1165 K 2 6] U0y J5 B gzhf lr A 50, 43 3R F R 46
T R SR K AL S Ry AR BEAT WO SLAR Y S5
MR A & B4 LECO TC600 & A 2 Hr A & A
1600 ppm.

#1 ZrssCuzoAlioNis A& A K>
Table 1. Composition of the Zrs5CuszpAligNis alloy

powder.

FE Zr Cu Al Ni o)

Sy /wt. % 67.0  25.58 3.58 3.83 0.16

L0845 /we. % 67.01  25.46  3.61  3.92

WO AR BT 92 56 E A% 5256 %5 4 37 1) LSF-
B ¥OE SRS &4 LT, Z RS H COy i
SRR LR R BIEHUR R E R EA
B AR SR T R AV AT O S AR R FE
HaMf 4, BIEEEZEFEREN0.3 mm. {FE
fl &SR T2 HNE2. F2 FHRAKMAME
KL 255 3 B M DA O S AR B 1 DT AR
206, RAWFEOCLRER (P/v, Hrh PO
Rov NHERGE ) R TR T RIE S B DT
AR, RIS SE DAABILH T S50 d AT g
Wi () 22 5. 3RPE TARRAE TR FH A HA A RS oK 76 7
AR Zefie &~ AT I B DORR, lFE TR TV
KA 1000 KB KB RIAEPIFIA R L RE & R 24T
IEZEUTAR, HH IO SO 28 Rl 2 AU AR A X6 7
JZ SR AR B 2. R VSR AT 1000 KGR K&K
RIGHEUIRS 2, WL LT B bS8 2 50 2 4k
LIRS R FER A TR, SRR, fik
WA & BIA AR FRE 1535 ppm. BUEHEHIA
BN 1650 ppm. WO AR BRE 5256 5K EE A4 H
1004 RO ARFT BE S, H FH RS AN R 3 e % R
Fl X’ Pert MPD PRO B! X 5t £k fi7 51 4% (XRD, Cu
Ka) Xy R A E TR 4T XRD 20 4. ¥k
KA BT S VB POt 8 s (6 oh
WAL 10 mL HNOj @ 10 mL HyO : 1 mL HF),
H Olympus 4 A0 23855 « Tescan VEGA 3 4%
(SEM) M5 H BAzH 2.
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Table 2. Parameters of laser solid forming.

REE B ;ﬁ; 1iﬁifl fﬁjf Ry RN ;f%ﬁfi
I RAALLBE 1400 200 0.5 50 3 7.0
11 RIALLBE 900 83 0.5 50 3 10.8
I1I kb 900 83 0.5 50 3 10.8
v FLyOsL 1400 200 0.5 50 3 7.0
A Hhb 1400 200 0.5 50 5 7.0

B 1N AR B BB R A2 1000 K # AL 3 5 H
K ISEM 2H 23 K f B2 ) XRD Bl .t K 1 (a) 7]
DU, B AR B R o 41 208 (B B TE R AE A,
H A B RSE R 20 wm A2 A B /NP THTAE 99 A 76 G
RRAE S B B 1 (b) AR I 1k K 41 44, AH
bl o A B IR 0 AR 4L 21, B KR IR R 4 41 58 4
mn b, AR R Al /N R, AN AT OR B A R
AL B R AR AE B /N T THAH. S P Ao R 147

(a)

20 pm

XRD 7341, &R a1l 1 (c) Fros, ARHAEER R HHT
S5 R 24 P 5 A4 PO 78 AR W R/ B Rl 59 ) Al Niig Zrg
fn AL W2 B, W] L PREP i 6 i 72 H 1 ¥4 0 38
FEARH DR, By 2R 20 23 oK T AR A G 4 AL B AR A
AR SR, AU > AlsNigZrg /N T 1H AR 42 5K, 1%
E.[ ﬁ%'@ Zr55CU30A110Ni5 E“5 EIEElﬁé‘z\ ':F' ZIK E’Tjﬁé\ﬁ
Al5NigZro Z5 K (¥ 1A 56 071, TR K AB R AT
S b 2 0 S I TR AR B AT B, U R R
S e A anfl. BRSS9 1) Al;Nis Zro FHATH IES,
BT B AR E dR A AH CuZry, ZrAl A1 AlZrs
HARORT A0

© CuZry
aZrAl

s AlZr3

o AlsNisZry
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e . R
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Fig. 1. SEM images and XRD patterns of Zrs5CusoAl1gNis powders: (a) SEM images of unannealed

powders; (b) SEM images of annealed powders at 1000 K; (¢) XRD patterns of these two powders.
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B2 NG 7 2 BT e A 4. SR
R # A B R A [F O 2R RE =S B TR G &
SIEEIEMAL I NE 2 (a) F1E 2 (b) fiR. H
K2 (a) ATRAE 1, R 7 J/mm 30O 2L RE R
YA 78 DR FR 20 E B TC R AE DX SR i Ak X 4 A
5 R AN R P ) R IEH B, DURBZE )
TR EA SN IR B, A RS 28 15 pm
RN T e PR 1 X N WAL (S RSB S
FAE B R NS T AR TS RST B R 3 —
B, Wt /NP THAE R SR 5T AR A Ry
ARHAH) AlsNigZro #H. B 7 TGRFELH R A5, fEUTHR
JZ 1] FH I8 8] (1) A2 IR X AT & 25k 1 2K (., B
AL BARFIBORK. R A U Z 3T A4
ML LT e 4 k. BRI R, W
B2 (b) ATz, H it X 35 9 R K 11 Al Nig Zrg 7N TH
FH BRI T k2>, (HTE KBTIl £ J fv A 7 AR T AT

200 pm

200 pm

A RN AT, 10 H TR JE e R AE X
T AR AR O 2k RE B I k2D SR IR K A AR il
# NG EHEZENALTEIE 2 (d) MK 2 (e) Br
7N R 10.8 J/mm FIEOL 2 RE BT HO LR E
I, P& 2 (d) o B TR X B AR > BN, AR
TORUZ B A CRUE ) 5 ) o B AR, (B A fE
ToRF AR HE A K KR X A Y /N1 T AR A B R
Wb BE PR T J/mm WO A R B
VIRERIAZ, d118 2 (e) AT RAKERL, UIRR = i it
LR X AL RE R f AR, 1 E e R Ik DX ) 1
R B oK, IR X1 98 B fe 7, S BN R
RRAEFE A R B AL B NPT LT K. 2R
WK ARLLT J/mm KIEOCLREEIE BT S 2
Ja, BTA UURUZ i Ak X 3 2 2 2 i IR 20 A,
K& DORUZ BN, JORUZ AR S AR 7 B p)y
AR

200 pm

(f) 7 J/mm

200 pm

E2 PR RREERIEALUESR  (a) REEL (b) REEIL () (b) it A KAOBORE; (d) W IIL; (e) BRAE IV

(f) e vV

Fig. 2. Microstructures of the Zrs5CuggAligNis BMGs during multi-layers deposition: (a) sample I; (b) sam-

ple II; (c) magnification of region A in Fig. 2(b); (d) sample III; (e) sample IV; (f) sample V.
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A AlsNigZry
o NiZry

* CuypZry
& CuZr,

Sample T
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Relative intensity
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*

Sample ITT
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20/(°)
K3 PIRREER XRD Kl

Fig. 3. XRD patterns of the deposited layers.

Bl 3 9K A RIR S # R T IO 26 e = 45 78
DU =2 A XRD B, e SR R AR A 3R
KGR KEM RO CLREE AN T J/mm B IEE I
R RE PR AT S ol R S AR ARACL, 35 p 3 & i i 0
F/b i A 2H i, 3R I SRR IA 7 2 1 S A
MRS, B TR R K AlsNigZrg 46, 38T ik
NiZrs, CuyoZry LA K CuZry 2550 AH. 1E80LL A
BN 10.8 J/mm B, A HAbHEA ARTE KR A
BB UURA RS (0 177 558 ol 2 2 vl 5 S B0 1) s 1 0

YRk, TR K I 2R R T ROIE 1 8 8 Dl AR
FE OB 58 A IR AS, A A 1 FH 20 B 5 IR 28
RE N — 3. BUACRE, EROLLREE N
7 J /mm I I8 K 3SR R A 8 TR A XRD K
i AL NigZro df A0 U 1R 5 5 B fIK, R B2 A 7 UL
FUZH ) Als NigZro IR > B /), X 5065
K SEM 45 5 —%F(.

TE7 J/mm KOG REE T, R H K
IR KA A B 4 0 78 J2 A A1 1 1R fr 2 2R T 3
B AP, 8 ECHE X 3k (B 4 (a) 4 A 2 B 4 (b)
7 b)) N BT TCRRE A X 3, Bl 28 4 i
O FE B I OR, JORFIE X358 BBl 43 A7 45 K =407 1)
AR . AR i DX UK BT ] 2 R A A T
IR IX 35, b B 2 B B 3000 2K o di AU A 7E 3
JENE B SAE R BN B B TE R AE X 3
I DA S 8 UG 3 D 9K o A T A A g [ o o
AP, Sutton 25 U8B 58 NiZro 3E 5 & 45 1R 258 5
AT T 2 W, 7E Zo-Ni 2R JR 7 6 R e 2 il |
TE I fee NiZro WARAH, A5 AR H208 THE &
DG, BRI PE TS 5, S5 w6 b
TR, e d b ) 5 et vA P R v e [ ol ety
P FAR BT AR AL T AT e 10 Rk, 254 XRD
TR AT LA JE R 9K i B 1% A2 NiZrg AH.

B4 BRSO SEM B (a) i{FE L (b) idFE IV; (c) B (a) H A KK (d) B (b) ' B XK
Fig. 4. SEM images of crystallization band in deposited layers: (a) sample I; (b) sample IV; (¢) magnification

of region A in Fig.(a); (d) magnification of region B in Fig.(b).
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T AR B AR AE NiZro K ST A — /N &
BRI 3 PO ghAh, AR YK S A X S R A K BR
K i AT . ORI A A A 4 Sl AT AR B
i (EDS), 32 % LR R T B 7 b K 3 i
H. HR3IWEIE T LUE B, BORL & Ze () &
B, Zr M Cu R -FHE R T2 ¢ 1; k&
Zr e EBAK, Cul & &8 E. 4EE 34 XRD
3 M S, AT A ] 4 R ER R b AE AR & A T R
53 i CuZry AHAN CuygZry ARG AET-3L dh o)
KU Zrss CugoAlyoNis JF b & & ) i i RN &
2%, Tariq 25 21220 75 ik b O e gk K v 7 SRR B2
Zrs5CusoAlygNis AF fh & @), 19 0 H At &
B NiZry, CuZry 1 CujpZry k. K4 (a) B7n
TR R PR BRy R 1) 6 1) & &0 8 JZ  (RAFET),
BLARGNK I DX 1 A H R s AR 8 Ab, S
KE ) Al;NigZro AT . 117K IR KK R il
#EemEES (A IV), U DR + Bk
AR ARBT Y, AlsNigZrg /NFIHIA LT A H A

F3  mAHR S
Table 3. Quantitative analysisof phases by EDS.

[X J2§, Zr Cu Al Ni

i it /at. % 52.22 30.30 11.61 5.87

BRORLAD /at. % 63.00 23.58 8.38 5.04

4 1 ®

K P B0 SEAR O B & &,
TG HRAE R, BACR 2182 2T T IS E
DURR, I A 13 K 43 R B UUR 2 #2178 5 B2 10
TR R A AR S ARG X 48 7 B B AL B AR IR
F5£ VR AH S (1) 36 BE 1) 22 IR R B N # R4 £ i 9k
ESTSEYYIEIDE (52 VSN2 i GV LN §IE N
3E & & & 1A AT A, Al it Comsol #4540
THE ZrssCusg Al oNis &M R UAR T ZZ
BN R AT BRI o T A b K B (X BT 48 I 1
PAGIA TR, BT 5 A = 2 B AR R BT R )
FEAAR N30 mm x 10 mm x 3 mm, %R IEE
RS OB i 0 3 T, L DA — 52 [0 % HE o 3R R
FEHY FRTH R 24, WOkRE R AT AU & o
A BOGIE T IR R B R FAT g BB AS #E F R
gy 5 FE a3 L HE KR DA R A e} 5
H6.578 x 10° kg/m?, i A4 2 B P4 i 5

A A E B A N 332 T/ (ke K), Bl EAR
1 B Bt T RO 2 00HR [25). THEARESR AR
=R FSA, F T AR TH A It e R 4
e, BEASE RAE 5 B, H i G B BE A it
N 5 (a) B, it DX I ) o vy R ot i T4 A
(Tw), f£7 J/mm W TS, Eid o r-r%)
A HH AT 1.59 x 10° K /s, i K T4 53R &
AR T4 BN PO B bR BB R A
SR JE I X i BE R R SRS, (BT
R AAD A AR A AFETEIEHR K AlsNigZro /NP1
FH, FEBOGHGE N HATA EI i fE T, BA L
(A7 AE I TR 06, A AT 0.015 s, AT AAT #5537 F-THI
FHAT BESRAS J 56 A IS AT IR B CE ISR IX (W1 2 (a)

()
3000 - —— 1400 W, 200 mm/s
- =900 W, 83 mm/s
v 2500 i
~ 181
£ 1
2 2000 I
5
oL
g 1s00F  1\Y
& : \ Tin
1000 ~
| - Ty
G
0.04 0.08 0.12 0.16
Time/s
1200
(b) T
\ —— 1400 W, 200 mm/s

1000
- - 900 W, 83 mm/s

800

Temperature/K

Il

I
600 |
I
I

[
00.04 OI.OG OI.O8 OI.IO OI.12 OI.14 OI.16
Time/s

5 BAJEIEE Zrss CusoAlioNis HURE & & 4 i IE i
MG XA TESH RER L (a) KBTI
O THRE IR 2R (b) J& b O T U5 B e il BE D T PR
SN X T L B 2%

Fig. 5. Thermal cycle curves of the melt zone and
HAZ of the Zr55CuspAljgNis BMGs during one layer

single-track deposition with different process parame-

ters: (a) thermal cycle curves in the center of the melt
zone; (b) thermal cycle curves of the maximum tem-
perature Ty, in heat affected zone immediately below

the center of the melt zone.
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FT7R), 3% A J5 2 4 78 e S i X fG AR 3R Bt T
MR . R E oL RE &, 7610.8 J/mm FI¥L
kR E N, WOLE M B LK 2 0.028 s, #ARH
FH K B AlsNigZirg /NPT AR ZE A B AL, AR H b 2R
B I 2 A O X Al Nig Zro /NP THIAH
b (B2 (b)), 170 S R0 1) X ekl i ¢
%, FEAARS TR BEAE, T LG A& 2 340 /N1 T A
WL AN, PR B AR T 2 X (B 2 (c)), i B AEXT
TR, S A b R 0 1 DX IR P o, — R T
/NPT R it R R I8 HH AR 25 5 9t 0 9 T I Ut JES 30
X 3.
MR XA R S B A T R AR R (T,)
R 5 T 2 1 U 15 (b) ks vl Aot 1E R 05 %
e BN T, (1107 K) XK a8, T
A HAL FRY K A A Al NigZrg /NP THTAH, [F B,
W 2= 75 2 DT AR 20 1 Ze-ALNT JE ik 2R b ) & 4
FH A 7% R, 148 Y Ze-AL-Ni 3E 5 T ik &
17 78 AINiZr-Feo,P, AlyNiZrg-InMgo Al AlsNigZro-
MnosThe £5#4 34N 1 AH. RESRIE S &5 A 24 T
TR A R G R IR 45, AR 4 R st 7)) g
AR S WO PR IS AL J5 1 & S48 1k AR AT REAZ TR
K R L5 5 1 SR ALL I Al Nis Zro S 2/ TR RE A T
SER A R S A iR 45 0, X B R /AR 4
AR A A PR A% A s it B vA 3o v (R B A Al
FH AR, B 2% R 5 R BN AR il 1 1) A% B0 R
TE 2 CL TR b X1 I 2 A% % J 1 AR I A7 A
KKBEAE T AR S A AR e, 3 A X 1)
JE b TE I FRTA H S FE R AR k. R AR EE R
KEEHBEZ (F2 () FE 2 (b)) Mg X kR
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Abstract

Laser solid forming (LSF) is a viable and promising manufacturing technique for preparing bulk metallic glasses
(BMGs) without size limitation. Owing to the structural heredity of alloy melts, the crystallization characteristic of
the powder has an important influence on that of the deposit during LSF process. In this work, the as-prepared
Zrs5CusoAl1oNis (Zr55) alloy powder and the Zrb5 alloy powder annealed at 1000 K are used for LSF of Zr55 BMGs.
The influence of the crystallization characteristic of Zr55 alloy powder on the crystallization behavior of the remelted
zone (RZ) and heat affected zone (HAZ) in the deposit are investigated. It is found that the as-prepared Zr55 powder
prepared by plasma rotating electrode process (PREP) is composed of the amorphous phase and AlsNisZrs phase.
When the heat input of laser is low, there exist some AlsNizZrs residual phases in the amorphous matrix in the RZ,
and there appear some CujpZry, CuZry and NiZry phases besides the AlsNisZre phase in the HAZ for the deposit
fabricated by as-prepared Zr55 powders. With the increase of the heat input of laser, the RZ remains the amorphous
state since the AlsNizZrs phase is completely remelted, while there are a large quantity of AlsNizZrs phases and some
other crystallization phases precipitated in the HAZ because the heating and cooling rate decrease in the HAZ during
LSF. Fabricated by the fully crystallized annealed powder, the deposit is mainly of the amorphous phase, and almost
no Als;NisZry phase is found even if the incident laser power is low. It is shown that the crystallization of the deposit
fabricated by the annealed powder at the low heat input does not change remarkably with the increase of the deposited
layers. The Zr55 deposit with five deposited layers could still keep large volume fraction of amorphous phase. This is
mainly because the powder experiences the structure relaxation entirely during the annealing treatment, and the volume
fraction of the short/medium-range ordered structure associated with the AlsNisZr, phase in the powder is reduced.
Therefore, the volume fraction of the AlsNigZry clusters in re-solidified amorphous RZ in the deposited layer decreases
during LSF, which is conducible to the increase of the thermal stability of the already-deposited layer. In result, the area
of the HAZ in the subsequent deposition decreases and the precipitation of AlsNisZrs phase is suppressed. In conclusion,
increasing the heat input of laser aggravates the crystallization of the deposited layers, and the AlsNizZrs cluster in the

powder has an important influence on the crystallization behavior of the Zr55 deposited layers.

Keywords: Zrs;CuzgAl;gNis bulk metallic glass, laser solid forming, annealed, powder state
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