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In Situ Observation of Solidification Behavior in Undercooled
Pd,,Cu,,Ni,,P,, Alloy Melts during Linear Cooling
Ji-Hun Kim?

Abstract

In the undercooled melt of Pd,,Cu,,Ni, ,P,, alloy, the solidification behavior including nucleation and growth of crystals at the
micrometer level has been observed in-situ by use of a confocal scanning laser microscope combined with an infrared image
fumace. The Pd,,Cu,,Ni, P,, alloy specimens were cooled from the liquid state to glass transition temperature, 575 K, at various
cooling late under a helium gas flow. According to the cooling rate, the morphologies of the solidification front are changed
among various types, irregular jog like front, columnar dendritic front, cellular grain, star like shape jog and fine grain, etc. The
velocities of the solid-liquid interface are measured to be 10°~10® m/s which are at least two orders higher than the theoretical
crystal growth rates. Combining the morphologies observed in terms of cooling rates and their solidification behaviors, we
conclude that phase separation takes place in the undercooled molten Pd,,Cu,;Ni,,P,, alloy. The continuous cooling transfor-

mation (CCT) diagram was constructed from solidification onset time at various linear cooling conditions with different rate. The
CCT diagram suggests that the critical cooling rate for glassy solidification is about 1.5 K/s, which is in agreement with the

previous calorimetric findings. (Received September 19, 2003)

Keywords : Metallic glass, Undercooled solidification behavior, In-situ observation, Continuous cooling transformation (CCT)
diagram.
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Fig. 1. Thermal history for the Pd,,Cu,,Ni,,P,, alloy specimen
during in situ observation.
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Fig. 2. Real-time solidification morphologies, taken from the surface of undercooled Pd,,Cu, Ni,P,, alloy melts during linear
cooling at various cooling rates, obtained by using a confocal scanning laser microscope. The cooling rates were :(a) 0.75 K/s,

(b) 0.5 K/s, (c) 0.33 K/s, (d) 0.083 K/s.
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Fig. 3. Scanning electron and optical micrographs of cross-sections of the Pd,,Cu,,Ni, P,, alloy samples solidified during linear
cooling at various cooling rates. The cooling rates were :(a) 0.75 K/s, (b) 0.5 K/s, (c) 0.33 K/s, (d) 0.083 K/s.

Table 1. Morphology of solidification front on the surface of Pd,;,Cu,;Ni,,P,, alloy melt during linear cooling.

Onset for solidification[K ]

Cooling rate[K/s] (degree of under cooling)* Morphology of solidification front Remarks
1.0 688 (116) Fine grain & star like shape jag
0.75 658 (146) Small star like shape jag Fig. 2a
0.5 710 ( 94) Dendritic front & grain coarsening Fig. 2b
0.33 720 ( 84) Coarse cellular grain Fig. 2c
0.167 741 ( 63), 725%%* Jag & Irregular front -
0.083 769 ( 35), 726** Jag & Irregular front Fig. 2d

* = 804 K- onset temperatures
** Onset temperature for formation of irregular front
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Table 2. Measured composition of the solidified phase in the Pd,,Cu,,Ni,,P,, alloy.

Cooling rate

Composition (at%)

[K/s] Pd Cu Ni b Remarks
Phase 1 39.9 30.6 9.8 19.7 .
0.5 Fig. 3b
Phase 2 39.8 30.8 9.9 19.5
Phase 3 39.2 2.0 31.0 27.8
0.083 Phase 4 20.7 78.5 0.3 0.5 Fig. 3d
Region 5 42.7 35.5 30 18.8
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Fig. 4. X-ray diffraction patterns taken from the cross-sections
of the Pd,,Cu,,Ni, P, alloy samples solidified during
linear cooling at various cooling rates. The cooling
rates were: (a) 1.0K/s, (b) 0.75 K/s, (¢) 0.5 K/s, (d)
0.33 K/s, (e) 0.167 K/s, (f) 0.083 K/s.
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Table 3. Conditions of isothermal annealing and morphologies of solidification front in undercooled Pd ,Cu,¢Ni, P, alloy melts[3].

Isothermal annealing temperature Tiso Degree of undercooling Morphology of solidification
(K) (T = 804 - Tiso (K) on surface
631 173 Fine spot
650 154 Fine equiaxed grain
679 125 Equiaxed grain
708 96 Cellular grain
717 87 Cellular grain
736 68 Columnar dendrite
741 63 Columnar dendrite
746 58 Faceted front + jag
756 48 Jag + faceted front
765 39 Jag

*Glass transition temperature, Tg, is 575 K and onset temperature for crystallization, 7, is 670 K at a heating rate of 40 K/min.
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