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Fig. 1. Phase constitution and transition characteristics of quinary NiyZryg 5Tl 65A10Cus alloy: (a) XRD pattern; (b) DSC thermo-

gram; (c) cooling curve at levitated state.
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Fig. 2. Recalescence process caused by rapid growth of primary NizTi phase(a) Single-point nucleation; (b) multi-point nucleation;

(¢) annular region nucleation.

196401-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 68, No. 19 (2019) 196401

T IIE S0 B BEE I R SE K, FRIESE
ST GATIEG i [0S P v P Sk ] AR PR
WS, I I TR NG oK R, 5 2(a)
B DX AZ A FE, BRIE DX I ] - 57 T 44 A% B 5
TEWN. FEAHIE Ve BER ) BRI AZ A BE [
[E] 249 R B OB A ) —2F.

KRBT b, B IEAZ R S OB — Rl &
S AR AR Il T SRR T I\ 1) A R R VR A
AT, JE AR R A RSB, S ) AR AR
PN:BuRLS NI U BURES X NIp 2 S - DN
ISR TR SZ 2 A S, WO 2
W7 T A e, e T2 X g i T 5
S EAR GRS TEAZ IR G, TR EAZ RN
T, MIXIBALFEIE T T Ab e i i 81, i &A=
WXEZMG. Kk, SR IXIEZ SR KA
¥ AR B e R AN EAE AR — R, B
—E MR HE— DI GE TGS R B, WO e
B w, FERGH I R AT 38 R LR, I
ARG LR

wr =22 x 107*AT" (rad/s). (1)

SR ARWE 3 i, v LUE H, IR XE A%
NG A 1V BEIITE 208 K LA b, gt i
WARRTAR, B/ N E ik 7.8 rad/s.

& XA
121 o MK

]
9r — Qo
r = 7.8 rad
w, rad/s % /g

w;/rad-s~1

AT/K

K3 BFRETESRHMIEREES IR EXR
Fig. 3. Rotation rateversus undercooling of levitated alloy
droplet.

A 0T 4 TR RS B R I [ 2 vy )
AT, AT LA & 4 1 e [ 17 0 A€ 2 AL ik
FE. 18 4(a) SN E BT AR NigTi AH AR s 3
B v BERAE AL, TR Y, B v BE A3 Jm, Py
AL T IR AL A A0] A AH - 249 2 4 T JRE 42 P

PAEA I MR 63 K HEE 290 K I, B
XIS R A A AR KR BT T 2 7 4%, (B2 TE
AR BE T, 2RI A% X ) A A A K 40
i, H5R 8 AT SRR E:

V =15x10"°AT?* (mm/s), (2)
XU AT AZ 7 2R ) A A i A 3 B P 52 i A /)N
3.1.3 B E B4R L4

K 5 NELREEIFAME T NigZryg 5 Tiyg.5Al,0Cus
HaMOMAZ. FERES S b, BEFE AL A
NigTi #HRARE i 7 XA K, A RES B K, i
KEEFIRZ) 1.2 mm, W& 5(a) Fis. K 5(b) N
AT =115 KB A 4 095 [E A 20, H )4
NiyT1 A A NiyoZry AHAT (NiygZr; + Nip Zrg)
e G AH . FEREEIWI], NigTi ARG SSIEA%, DI
T AP A K TR IR A R 2L, R
WA L. B 5(b) oA XIS R ERIOR R, AE
FELAR PBRAS S BB, 345 26 T AR R R AN R )
A NiygZe; FHFIAREEI)Z AR (NijZr, 4+ Nig Zrg)
PIARSE SRS A 1 B 3G K, BERIA 2 Sk
AR EANAL. SIE R B R & 200 K B, #)4:
NiyTi % B A T, A2 DA HURIE S 7k
B 43 A T HAR Z ) R AR NiyZe, AR A2 T B i
Ak, [RIEF, (NiyZr; + NiyZrg) 2507 B 2 401k
A [REE, F 3 RN J2 e A AR SR R A AR R
W . Bl A AV B i — 2P R B A e
BT sk, 24 AT = 290 K i, 7€
B 21 EARMERR B K A NiyZr, MR I,
DB A NigTi A A T (NijgZr, + Niy Zrg)
HFALZ 0], WE 5(d) s, i, (NijgZr, +
Niy Zrg) JZ2 R MBS EAEAFTE, NigTi, NijZr,
Hl Niy Zrg = FHE I Se G A A3, e 4121
L= e AR 5 A R

Kl 4(b) AR B 904 NigTi b i 3
R G R B 2 AT = 115 KB, 914
NigTi A 0 e KA FE AT 3K 650 pm. Fifi 5 i v J&E
P3G N, WA NigTi A i A B s/, Y Ja 1Ak
VR EEIRE] 150 K B, W14 NigTi Bfnie KK D
BiJHZ 258 pm. MR EEE— LK E 200 K AT,
WIHE NigTi AT A G HUR, ARG R 9.55 pm.
TERKIIVR B 290 K T, 914 NigTi AHAY S R RGT
A 3.25 pm. J340, FE AR R ST AW /N [ E
WA= NigTi AH7E 58 [ 21 20 ir oy R R 45 b ek

196401-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 68, No. 19 (2019) 196401

12 @ HLBI o
& WXIE#E
[*)
T8¢t
@ V=15x10"6 AT28 g
g &
g oK
~
> 4t )
[*)
0 L

60 120 180 240 300
AT/K

K4 A NigTi AR A A 1 5 2 SURAE

(b) .
=A- fp(NigTi) 160
-@- L(NiygTi)
103 b
140
102 §
£
120
101 F
0
80 160 240 320

AT/K

(a) BEARAE R E; (b) S KR AR B 4

Fig. 4. Dendritic growth and microstructure of primary NiyTi phase: (a) Dendritic growth velocity; (b) maximum length and

volume fraction.
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(¢) AT=200 K; (d) AT=290 K.
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Fig. 6. Liquid undercooling and eutectic growth of alloy droplets: (a) Estimated undercoolings of freely falling alloy droplets; (b) av-

erage eutectic spacing versus undercooling.
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Fig. 7. Internal temperature field of alloy droplet versus diameter and location (a) Temperature distribution; (b) temperature gradi-

ent; (c) cooling rate.
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Fig. 8. Microstructural morphology of solidified alloy droplets with different diameters.(a) 957 pm diameter; (b) Enlarged A in (a);
(c) Enlarged B in (a)(d) 428 pm diameter; (b) Enlarged C in (d); (c¢) Enlarged D in (d).
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Fig. 9. Amorphous phase distribution versus alloy droplet diameter.
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Fig. 10. Variation of solidification microstructures with alloy droplets diameter: (a) Typical structure parameters; (b) average eu-

tectic spacing.
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Rapid solidification mechanism of liquid quinary Ni-Zr-Ti-Al-
Cu alloy investigated by high-speed cinematography”
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Abstract

The ability to undercool and solidification mechanism of liquid quinary NiyzZryg 5Tii5Al0Cus alloy are
investigated by electromagnetic levitation (EML) and drop tube (DT) technique. Under the EML condition, the
maximum undercooling of levitated alloy can reach up to 290 K (0.2171). Under the DT condition, the alloy
achieves higher undercooling than EML, and solidifies finally into metallic glass. At lower undercooling, the
solidification structure of the alloy is composed of primary Ni3Ti phase, secondary NijyZr; phase and eutectic
(NijgZr;+Nig Zrg) phase. With the rise of undercooling, the solidification structure displays the following
evolution events: phase morphology refinement, primary phase inhibition, phase number reduction, and
amorphous phase formation.

By using the high-speed cinematography technique, three nucleation modes are distinctly observed on the
levitated alloy melt surface at the beginning of solidification, that is, single-point nucleation, multi-point
nucleation and annular nucleation. The levitation state corresponding to single-point mode nucleation is
relatively stable, and the alloy undercooling is also relatively low. The annular nucleation only occursin the case
with high rotation speed, and the undercooling is greater than 208 K. The discrepancy between nucleation
modes is due to the He gas flow for forced cooling.

The theoretical calculations indicate that the alloy droplets achieve high undercoolingand large cooling rate
under the DT condition. The experimental results show that when the droplet diameter decreases to 498 pum,
the amorphous phase begins to appear in the alloy particles. It is noteworthy that the amorphous phase is
preferentially formed inside the droplet, but not on the outer surface. The morphology of solidification structure
reveals that different regions of the droplet have various local undercoolings, which result in the distribution
characteristics of amorphous phase. The volume fraction of amorphous phase increases linearly with the
decrease of particle diameter. When the droplet diameter decreases to 275 um, the alloy droplets are completely
frozen into glassy particles.

The average eutecticspacing values are also measured at different alloy undercoolings. Compared with the
classical binary eutectic growth model, the experimental eutectic growth law exhibits a large deviation in index.

This indicates that the eutectic growth in multicomponent alloys displays more complex kinetic characteristics.
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