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Fig. 1. Diagram of viscosity definition.
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Fig. 2. (a) Schematic of viscometer [15]; (b) schematic of measuring system [1°],
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Fig. 3. (a) Variation cure of Al melt viscosity with temperature during heating; (b) variation cure of Al melt

viscosity with temperature during cooling [22],

0.12
(a) (b)
0.12 -
780 C
0.08 [ ”
(]
@ ® 0.08
@ ]
£ £ 750 C
g 0041 E
= = 04t
g 950 C /& -
[ ]
or 930 C
ot
(]
—0.04 ™ Heating Cooling
—0.04
1 1 1 n 1 1 1
0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4

1/(10-3T) /¢!

1/(10-3T) /¢!

4 (a) FHER ALEAE) Arrhenius #i2E logn-1/(1073T); (b) FRiAS ALEART Arrhenius BHZE logn-1/(1073T)
Fig. 4. (a) Arrhenius plot logn-1/(1073T) of Al viscosity during heating; (b) arrhenius plot logn-1/(1073T) of Al

viscosity during cooling.

Wang %% 1231 423 T Sb, In, Sn, Bi &k 48 14
REIREE, JRl s Z R EIGE (DSC) HH#ET
T o, AR BIRAER R AR ST, DSC kA
) 30 P RO U BT A 0e () A7 L, SR BHLE B B2 R i
BRI v it 4 SR AR A A T RN, e AR S
FHAZFT 2L, Arrhenius B 28 AN 3% 42 55 47 A & AH AR

F, AR SR Arrhenius #2853 1% LANAS 5] 1 8, P
X, fER—MEEXETEE A, AKX S5FET
HA KK R E ny M E AWM TIRE, RAGH T
B — R A PR ek R S0 ] PN YR A T 8 R A SR B3 AT Y
AR AR B R ST . A AE BB R SCRIT 5 ) mo
A ERA—FEW), R R R X — 5

106402-4


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

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 10 (2018) 106402

0 Bl A mo A1 B S — FE IR, AN Bl I BE (1) 28 44 T AR 4L
Kl 58 Sb, In, Sn, Bi & & &K1 Arrhenius f
2, I LUE HH Sb, In (% 5 A G I A Sn, Bi

(a) .

0.5 F
N Sb (]
£
g 670 °C
E 04t
IS »
20
2 -

0.3} "

L}
e
0.8 1.0 1.2
1/(10-3T) /C—1
0.4
(c)

2 03¢
Qc; . 409 °C/
£ "
:D M
e}

0.2t o

.',4""
0.1 , , ,
0.5 1.0 1.5 2.0

1/(10-3T) /°C-1

4B, 7 H.Sb, Sn, Bi R —MEERA &, 4
WIHE 670 °C, 400 °C, 480 °C KA %48, i In fE4E
WA BRI TAL 5, 7E.620 °C, 300 °C RAETRAE.

(b)
0.4+ /
300 °C ¢

" In "
£ 03
£ :
=
B0
2

0.2 + =

’*5‘5
o
620 °C
0.1 . . . .
0.5 1.0 1.5 2.0 2.5
1/(10-3T") /°C—1

0.4 F (d)
@
g 03 Bi
g
S~
=
E 480 °C
= 0.2} .

=
o -
2" e
.
0.1 ™
0.8 1.2 1.6 2.0

1/(10-3T) /°C—1

5 (a) Sb, (b) In, (c) Sn, (d) Bi Arrhenius Hi%g logn-1/(10—3T) [23]
Fig. 5. (a) Sb, (b) In, (c) Sn, (d) Bi Arrhenius plot logn-1/(10~3T) (23],

% Ph 24261 Nj[27-29] Ag 273031 FhRF R
I7) SRR 3 PR R BB AR 22 LUK, X AR AT RE
s H TR R R P AR 2 L i T AR AR A 2 iR
A ANET AR 4% SO AR 2 ) B D L B30 A ) 7 vk
SEISRAF AN R 3 B

3.2 ZRAEKRENTME

HTAAEAFMEEFZ BIAHE R, 64
IR S E L & 8 B TS RS E 18 2.
G G e B I R R R T AR R R R AR AT S ik
RAN, IBAFAEE ik, LAk, &8 A5k
4 J@ B B N B AR A JoiE DA R B T 1R R
S, H T SCHERRE I oA e R B T AE A
XSk L 42 )8 B %2 . Zhao %5 P2 Rkl T AREA
5y NI CuZr Zna &R, WE 6 s, Siings R
FKH: AFRIHD T CuZe &47E 1400 K A
BH S (R 5 B2 R AR, Ul B - IR AR I kAR B Cu
JiR 73 E B AN T 38 n, 386 FE SRR S AR INE R R R R
A5 FEAE R ARG, CugoZrao 2h 53R 5 B 1)

RAFFE M e/ ANFRIA DT CuZe &8 KAEFE
RA VOB A F, H CugeZrss B 5 RAR i 2%
18 (F BE RARAE — /MR T8 (IR FEJE BBl N 52 Rk =i
& B I AR AE B B SR Ja I DA B SO iR AR
X (HTZ), &AL T #E SONRIR AR IX
(LTZ). A 1 ¥ib] CuZr W54 118 11 %384k, 1R 51
T A RN FIME R M, 735l 5 T HTZ f
LTZ () M A8, ¥ Murz 5 My vz FHAEE SR
WRERBE. FEEREYW: Myr, FESRZNT
Mz WA, B F WEBROR, BRI aeae Jinm. A
E—g R TV N, miR SR A RS AR
WA AT e RN 1 B 4 R A Y BCRE T B — > EE
FIHE. XA TAE R BRI T 4 )8 s i) & 12
HAFAE R - [ AH DG 1.

Zhao %5 B3 HRIE T CugoSnao 26 5 Bt I 5 A5 1k
IR, F-456 Cu-Sn A& AHE T 7 & R dEdES:
AR . @i CuSn &4 M E AT LUK I, 4b2
THEHCN CusSn M E & Cu-Sn & & A —
MR BEIAFAEVE R, 75 CuSn miR & B Iak T 715

106402-5


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

38 % R Acta Phys. Sin. Vol. 67, No. 10 (2018) 106402

(a) CuygZrsy (b) CusoZrso
0.92} .
0.88 |
w ) - @»
s 0.88F '/ ®
a a
£ /' £ o0s84f
= ~
IS 4 - ;
& osaf g
L}
0.80 |
0.80 |
n
. . . . 0.76 L , , % .
0.60 0.64 0.68 0.72 0.76 0.60 0.64 0.68 0.72 0.76
1/(10-3T)/C-1 1/(10-3T) /°C1
1.00
0.66 (C) CU52Z1"48 (d) CU.54ZI“46
0.95 |
@ ®
S 0.64 ® .
o ¥
g S 0.90F /
= / = /o//‘
o0 o0
i) ) / 9
0.62 /' 0.85
n
. 0.80 |
0.60 L— " - s . . . .
0.60  0.64 068 072  0.76 0.60 0.65 0.70 0.75 0.80
1/(10-3T) /°C~1 1/(10-3T) /°C1
0.90
(e) CuspZras [ (f) CupsZrys
0.85 A 0.80
2l / 7] -
g i L [}
£ o080t / g 076
£ / E 7k
% ® 072 f .
& ot . ® 0 ¢
L}
an
0.70 - 0.68
| |
0.65— ' ' ' L 0.64 | . . . .
0.60 064 068 072 076 0.60 065 070 075 0.80 0.85
1/(10-3T)/C-1 1/(10-3T) /°C1
0.75
(g) CugoZrao (h) CugaZras
0.60 0.70 |

. . 2 0.65 |
] ]
gé 0.56 ﬂé [
2 / < 060 f /
o0 20
2 2
/ 0.55 -
0.52}
0.50 |
0.60  0.64 0.68 0.72 0.76 0456 0.7 0.8
1/(10-3T) /¢ 1/(10-3T) /1

K6 (a) CusgZrse, (b) CusoZrso, (¢) CusaZras, (d) CusaZrss, (e) CuseZraa, (f) CussZraz, (g) CueoZrao,
(h) CugaZrsg &4 Arrhenius 5 logn-1/(10=37T) [32]
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Fig. 7. CugoSnag melt Arrhenius plot logn-1/(10=3T) [33],
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Fig. 8. GagoCrap melt Arrhenius plot logn-1/(1073T)

in different magnetic field intensity (151,
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Fig. 9. The isotherms of kinematic viscosity of melts
of Cu-Al system [37].
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Fig. 10. (a) The equilibrium viscosity (7) upon cool-
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Fig. 11.

(a) Coes.25Feq.255115.25B12.25 melt Arrhenius plot logn-l/(10_3T); (b) variation cure of viscosity of

Cogs.25Fe4.255115.25 B12.25 melt with temperature during heating or cooling [19],
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Fig. 12. Variation cure of viscosity of with temperature. (a) Series A; (b) series B
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metallic melts”

Shang Ji-Xiang Zhao Yun-Bo Hu Li-Naf

(Key Laboratory for Liquid-Solid Structural Evolution and Processing of Materials (Ministry of Education), Shandong
University, Ji’nan 250061, China)
( Received 22 December 2017; revised manuscript received 23 March 2018 )

Abstract

The viscosity of high-temperature metallic melt, which is an important index for evaluating dynamics of liquid melt,
is one of the basic physical properties. It not only influences the mold-filling capacity of melting metal in traditional
casting techniques, but also exhibits more distinct influence on the fabrication of advanced material, such as metallic
glass. According to the variation tendency of viscosity with temperature in alloy melt, the fragility of superheated melt
could be obtained, which has proved to correlate with the ability of alloy to form glass. Besides, the viscosity of alloy well
above the liquidus temperature also plays a key role in probing into the characteristic of liquid-liquid phase transition,
the fragile-to-strong transition phenomenon, how the potential energy landscape evolves during cooling, etc. It has been
generally accepted that the viscosity of metallic melt at high temperatures increases with temperature decreasing and
could be fitted by an Arrhenius curve in the whole temperature range. However, recently more and more studies show
that the viscosity of metallic melt cannot be fitted by only one Arrhenius curve. Instead, there exists at least one specific
temperature below which the viscosity data begins to deviate from the Arrhenius curve at high temperature during
cooling. These data could be described by another Arrhenius curve. In order to in depth understand this phenomenon,
in this paper we summarize the viscosity data of different metallic melts in the literature. On the basis of introducing
the method of detecting high-temperature melt viscosity, we discuss comprehensively the changing tendency of viscosity
with temperature and the characteristics of abnormal viscosity changes in pure metal, binary and multivariate alloys
well above the liquidus temperature. It is found that the abnormal viscosity changes generally occur in alloys that
could form the types of intermetallic compounds. The abnormal viscosity change in metallic melt is accompanied with
exothermic or endothermic effect, depending on alloy system, and reflects the existence of liquid-liquid transition well
above the liquidus temperature. Besides, such an abnormal change of viscosity influences the ability to form metallic
glass liquids. Although the abnormal dynamic change of metallic melt hints the existence of complexity of structural
change in liquid during cooling, what is the key factor underlying this phenomenon remains a mystery. By combining
the advanced experimental techniques such as high-energy X-ray diffraction and neutron scattering with the computer
simulation method, this problem may be understood further. Besides, the relation between viscosity abnormity and the

phase diagram is another problem that deserves to be noticed in the future.
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