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Fig. 1. The left part of Cu-Zr binary alloy phase dia-

gram [24],
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Fig. 2. The calculated average cooling rate and un-
dercooling of Cu-12.27 wt.% Zr eutectic alloy versus

droplet size.
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(Cu)
(Cu)+CugZry (Cu)*+CugZry

X

(Cu)+CugZry

K3 Cu-12.27 wt.% Zr BF& 4t M H 250

Fig. 3. Microstructural morphology of Cu-12.27 wt.% Zr master alloy.

'y

(d) R.=1.83x10*K/s, D = 180 pm

(c) Re=1.83x10"K /s, D = 180 pm

4 HBEERFZMETARBER Cu-12.27 wt.% Zr L& SBM B AZUES  (a) B2 845 pm KL A
24 (b) HARN 687 pm HIAMNILERAL; (c) BARA 180 um MZEMEE; (d) A (c) B REBCRE

Fig. 4. Solidified microstructure of Cu-12.27 wt.% Zr eutectic alloy with different diameters: (a) Lamellar
eutectic structure of droplet with 845 um; (b) the anomalous eutectic structure of droplet with 687 pm;

(¢) macrostructure of droplet with 180 pm; (d) partial enlarger view of Fig. 4 (c).

068101-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 F W)

Acta Phys. Sin.

Vol. 66, No. 6 (2017) 068101

TMEK P 3t i A K B YOI A B AT 3
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H, ko A PHTE R TR, ao NY BURHEKE,

V A, Dy, A R HAL Y B R
FIAH TMK Pig 3t i A K B R A1 LKT/BCT
B KIS, X Cu-12.27 wt.% Zr &4
(Cu) B CugZrg B AL 10 A2 KOH FE EAT 1
SRR A Y B S Han 2R 1 s, Hedh A

AT = AT, + ATy + AT, + ATy, (7)
I'/o" YRR Ty WM 2R RV 38 oy« VLR 40 R K ke,
B2 R 20 kP, 0 Y Rt Cuze SuHIE SR, SV bt
e T T= (1= k)L (P) {8, Mk ALAE AH . F 0 LA Cpy o 9828 Dy

K, AT BB, AT, 2#RE¥WE, AT,
I AR, AT 23) 1%, T 72 Gibbs-
Thomson 2%, o* EFLEMEH L, P, A& #4 Peclet 44,

Y HURFE K B ag Gibbs-Thomson £ £ I" A1 FL1f
Bt o, 2 44 )8 Cu, Zr M EL S5 P il &
(CEIR

F1 HHEH Cu-Zr &4 SRy 24,28]

Table 1. Physical parameters of Cu-Zr alloys used in the calculations | .

24,28]

ZH 75/ (B4 Cu-10 wt.% Zr Cu-12.27 wt.% Zr Cu-15 wt.% Zr
FEE i Wix Co/wt.% 10 12.27 15
TRAH 2 5 Ti,/K 1270 1245 1279
G AH /J-mol™! 13462 13566 13176
2N Cpr/J-mol~1.K—1 31.59 31.63 31.8
o VR AR LR 2 M /(K/wt.%) —9.69 —-1.6 —9.96
B AHAHZ R myg/(K/wt.%) 11.21 11.21 11.21
bR S Dy jm?s1 2.19 x 10=7 2.17 x 1077 2.12 x 1077
exp(—34354/RT) exp(—34378/RT) exp(—34405/RT)
T HCRAE K apg/m 6.21 x 1010 6.18 x 1010 6.16 x 1010
Gibbs-Thomson £ I'/K-m 2.59 x 1077 2.57 x 1077 2.54 x 1077
I Vo/m-s~1 3000 3000 3000
o FHV S TE R B koo 0.029 0.014 0.026
B A3 AR 2 kep 0 0 0
o AT RE OLa/Jm™2 0.333 0.333 0.331
B ST e org/Jm™2 0.323 0.322 0.322
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AT=420 K
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10—4 " 1 1
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AT/K

(a) (Cu) Hkh CugZro HrdbMZ Jy LA K 51T FERIR &, (b) 20 v BN S A ad v FE ) T ik

Fig. 5. (a) The calculated growth velocities of primary (Cu) and CugZrs dendrites and lamellar eutectic

versus undercooling; (b) partial undercoolings versus bulk undercooling.
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HZE R e 2024, anEl 6 (c) s, B 6 (d) 2
Bl 6 (c) TR RN, 28 ERR, B BAL
FIR /N, Cu-10 wt.% Zr 03 i A 4 B DR 3 st [ 4H.
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(¢) Re=1.51x10*K/s, D =210 pm

(d) Ro=1.51x10*K/s, D =210 pm

6 AFEBEALTE Cu-10 wt.% Zr W R &L MEFEHSIES (a) D = 952 um I FHL; (b) D = 480 um
FIEEAE A, (c) D = 210 pm FIEMEFHAL; (d) D = 210 pm FJREBOCHE LRI
Fig. 6. Solidified microstructure of Cu-10 wt.% Zr hypoeutectic alloy droplets with different diameters:

(a) Lamellar hypoeutectic structure of droplet with 952 pum; (b) ultrafine eutectic structure of solidified

droplet with 480 um; (c) macrostructure of solidified droplet with 210 um; (d) partial enlarger view mi-

crostructure with 210 pm.
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Fig. 8. Solidified microstructure of Cu-15 wt.% Zr hypereutectic droplets with different diameters: (a) Hypereutectic

solidification microstructure of droplet with D = 1100 pm; (b) the refined eutectic solidification microstructure of

droplet with D = 565 pum; (c) spherical cell and granular eutectic structure with D = 325 pm; (d) multiple spherical

structure of droplet with D = 80 um.
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Abstract

Eutectic phase transition involves the competitive nucleation and coupled growth of two solid phases within one
liquid phase. Phase selection especially under unequilibrium condition, may result in novel microstructures and thus
affects the performances of eutectic alloys. Liquid Cu-10 wt.% Zr hypoeutectic, Cu-12.27 wt.% Zr eutectic and Cu-15 wt.%
Zr hypereutectic alloys are rapidly solidified in the containerless process in a 3 m drop tube. During the experiments,
the Cu-Zr alloys are heated by induction heating in an ultrahigh vacuum chamber and further overheated to 200 K
above their liquidus temperatures for a few seconds. Then the liquid alloys are ejected out from the small orifice and
dispersed into tiny droplets after adding the argon gas flow. The solidified samples are analyzed by Phenom Pro scanning
electron microscope and HXD-2000 TMC/LCD microhardness instrument. The competitive nucleation and growth
among (Cu) dendrite, CugZrs dendrite and (Cu+CugZr2) eutectic phase become more and more intensive as droplet
diameter decreases. The layer spacing in Cu-12.27 wt.% Zr eutectic alloy decreases when the undercooling increases.
And the microstructural transition takes place from lamellar eutectic to anomalous eutectic. The microstructure of Cu-
10 wt.% Zr hypoeutectic alloy is characterized by (Cu) dendrite and lamellar eutectic. Whereas the microstructure in
Cu-15 wt.% Zr hypereutectic alloy consists of CugZrs dendrite and lamellar eutectic. For the Cu-10 wt.% Zr hypoeutectic
alloy, with the decrease of droplet size, the primary (Cu) phase transforms from coarse dendrites into equiaxed grains,
and the volume fraction of (Cu) dendrite becomes larger and larger. As for Cu-15 wt.% Zr hypereutectic alloy, the
primary CugZry intermetallic compound grows in a band manner, and with the decrease of droplet size and increase of
cooling rate, the solidified microstructure transforms from band CugZrs dendrite plus lamellar eutectic into spherical cell
structure. The three alloys reach maximal undercooling at 177 K, 156 K and 204 K, respectively. The Trivedi-Magnin-
Kurz and Lipton-Kurz-Trivedi/Boetinger-Coriell-Trivedi models are used to analyze the dendritic and eutectic growth as
a function of undercooling. Theoretical analysis indicates that both dendritic growth and eutectic growth are controlled
by solute diffusion during liquid-solid phase transition. To further investigate the effects of cooling rate and undercooling
on the mechanical properties of Cu-Zr eutectic alloys, the microhardness of each of different phases is determined. The
microhardness of the primary (Cu) phase within Cu-10 wt.% Zr hypoeutectic alloy is strengthened with the increase of
cooling rate. The microhardness of eutectic within the three alloys also increases with increasing the cooling rate and

the initial alloy composition of the alloy.

Keywords: rapid solidification, high undercooling, eutectic, microgravity
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