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This paper applies techniques of containerless processing, drop tube and glass fluxing, to undercool and solidify

Ni77P23 alloys. Different diameter spheres were collected at the bottom of a 52-m long drop tube. Both crystalline

and amorphous phase were formed in various size specimens due to the different cooling rate. The variation of partial

undercooling with bulk undercooling is calculated for the Ni77P23 alloys. The deep undercooling and rapid solidification

behaviour of Ni77P23 melts has been analysed with respect to microstructure formation and transition during fluxing

and 52-m drop process of undercooled melts.
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1. Introduction

The non-equilibrium solidification of liquid met-
als is attractive in that it produces metastable crystal
structure and amorphous phase.[1,2] Rapid solidifica-
tion and high undercooling techniques are two main
ways to realize the solid states far from equilibrium.[3]

Containerless[4,5] and glass fluxing[6] methods, for
which the nucleation in the melt is almost homoge-
neous, are widely used to investigate the solidifica-
tion of undercooled melts. Walker,[7] Schwarz and
Herlach[8] found that the phenomenon of grain refine-
ment occurs if the undercooling passes certain criti-
cal undercoolings ∆T ∗. Samples solidify either into a
coarse-grained dendritic microstructure or into a re-
fined equiaxed microstructure.

As a simple binary alloy system, Ni–Cu, Ni–Sn,
Ni–S, Ni–P alloys have been widely investigated with
several methods, such as drop tube,[4] electromagnetic
levitation,[8−10] Pu et al [11] researched into the un-
dercooling of bulk melts of Ni81P19 eutectic alloys by
using fluxing technique and demonstrated that fine
cellar eutectic can be obtained for the deep undercool-
ing melt. Up to now, little work focused on dendrite
growth kinetics under high undercooling conditions.
In this paper, both drop tube and glass fluxing agent

techniques were used to obtain high undercooling, the
non-equilibrium solidification of the undercooled Ni–P
melts was investigated.

2. Experimental procedure

The NiP ingot was first prepared by melting of
Ni pieces (purity 99.9%) and Ni2P powders ((purity
99.8%) under argon atmospheres. The composition
was quantified to be Ni77P23 by chemical analyses.

As done in Ref.[11], we use B2O3 glass to remove
the impurity in the NiP ingot. To investigate the in-
fluence of cooling rate on amorphous phase formation,
a small piece of the NiP sample surrounded by B2O3

glass was placed in a quartz tube, which had a small
orifice of about 0.3 mm in diameter at the bottom,
and then the quartz tube was fixed in the top vac-
uum chamber of a 52m-long drop tube. The alloy was
remelted by induction heating and further overheated
for about 5 min at 1253K (100 K above its melting
point). The temperature is measured by an infrared
pyrometer. By blowing with a gas flow of highly pu-
rified helium into the quartz tube, the melted sample
was ejected out of the nozzle and immediately disin-
tegrated into many droplets. The solidified samples
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were collected at the bottom of the drop tube.
The experimental set-up of undercooling of NiP

alloy in detail can be found in elsewhere.[12] The ra-
diative emission of the droplet is detected along its
free-fall path by means of silicon photodiodes located
every 5m along the tube, and recalescence events oc-
curring in an undercooled drop could be detected.

3. Results and discussion

Since the droplet size is directly correlated with
the cooling rate during free fall, it was able to deter-
mine the cooling rates of melt solidification.[12] The
value is 103 and 10 K/s corresponding to the sam-
ples of 80 and 3000µm in diameter. For the droplet
with about 80µm in diameter, amorphous phase is
obtained.

The x-ray diffraction pattern for the Ni77P23

amorphous is shown in Fig.1. A broad peak near 43◦

followed by another broad peak of lesser intensity is
characteristic for the amorphous structure. That is
to say, by using a glass encasement technique, where
most of the potential sites for heterogeneous nucle-

ation are eliminated, Ni77P23 amorphous sphere was
formed with a critical cooling rate about 103 K/s.

Fig.1. X-ray diffraction pattern for the Ni77P23 amor-

phous alloy with the size of 80 µm in diameter.

In order to investigate the relationship between
undercooling and microstructure, we select the solid-
ified balls with the diameter about 3 mm, which cor-
respond to the cooling rate 10 K/s. About 30 NiP
samples were processed in the drop tube, while re-
calescence was detected for 25 samples. The obtained
undercooling varied from 20 to 214 K. Figure 2 shows
the morphologies

Fig.2. Solidification microstructures of Ni77P23 alloy at various undercoolings.
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of NiP alloys with different undercooling. Clearly,
at small undercooling a refined grain microstructure
appears (as shown in Fig.2(a)) which changes at a
critical undercooling ∆T ∗1 to a coarse-grained den-
dritic microstructure (see Fig.2(b)). With increasing
of the undercooling, the third dendritic microstruc-

ture even occurred in Fig.2(c). As shown in Fig.2(d),
the grain-refined microstructure re-enters at a critical
undercooling ∆T ∗2 and prevails at large undercoolings.
This double transitional behaviour is also observed in
Ni70Cu30 alloy.[8] The relationship between the grain
morphology and undercooling was listed in Table 1.

Table 1. Relationship between grain morphologies and undercoolings for the NiP samples.

undercooling ∆T/K 30 30–154 154–176 176

microstructure refined grain secondary dendrite third dendrite refined grain

The phases, at both low (∆T=26K) and high under-
cooling (∆T=214K), were identified by x-ray diffrac-
tion and shown in Fig.3. Except the x-ray diffrac-
tion intensity, the x-ray diffraction patterns of the two
solidification microstructures display no trace of any
metastable phase other than the Ni and Ni3P phases,
which means that high undercooling only leads to the
change of microstructures and does not produce new
phase.

It is well known that the phenomenon of grain
refinement occurs if the undercooling passes certain
critical undercooling ∆T ∗. The maximum undercool-
ing of the NiP alloy obtained during experiment is
214K, which is far beyond the corresponding solid-
ification temperature range and exceeds the critical
0.2 Tl level for homogeneous nucleation predicted by
classical nucleation theory.

Fig.3. X-ray diffraction patterns of Ni77P23 alloy at var-

ious undercoolings.

The conditions underlying the solidification of un-
dercooled melts imply dendritic growth which is de-
scribed in terms of the growth velocity V , undercool-
ing ∆T and the dendrite tip radius r.[13]

The total undercooling is expressed as the sum of

four different contributions:[14]

∆T = ∆Tt + ∆Tr + ∆Tk + ∆Tc. (1)

Here, ∆Tt is the thermal undercooling, ∆Tr the curva-
ture undercooling, ∆Tk the kinetic undercooling, and
∆Tc the solutal undercooling.

∆Tk = V/µ, (2)

µ = ∆HmVs/(RT 2
m). (3)

Here, ∆Hm is the melt heating per unit volume, Tm

the melt temperature, R the air constant, Vs the sound
velocity in the melt.

∆Tt = Iv(Pt)∆Hm/Cp. (4)

Here, Pt=V r/(2αl), αl is the coefficient of thermal dif-
fusion, r the dendrite tip radius, Cp specific heat of
melt, V the dendrite growth velocity.

Iv(Pt) = P exp(P )E1(P ), (5)

E1 ≈ e−p(2p
1
2 + 3P−

5
2 ), (6)

∆Tr = 2Γ/r, (7)

r =
Γ/σ∗

∆Hf

Cp
Ptξt − 2m′

lC0(1− kv)Pc

1− (1− kv)Iv(Pc)
ξc

. (8)

Here, σ∗ is the stable constant, Γ the Gibbs–Thomson
coefficient, C0 the alloy composition, the solutal Peclet
number Pc=V r/2D, ξt and ξc the thermal and solutal
stability functions,

ξt = 1− 1√
1 +

1
σ∗P 2

t

, (9)

ξc = 1− 2kv

1− 2kv −
√

1 +
1

σ∗P 2
c

. (10)

The effective equilibrium liquidus slopes, m′
l and ml,

are calculated as the following expression:

m′
l = ml

(
1 +

ke − kv(1− In(kv/ke))
1− ke

)
. (11)
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The effective solute distribution coefficient:

kv =
(ke + α0V/D)
(1 + α0V/D)

. (12)

Where, α0 is the characteristic diffusion length, D the
diffusion coefficient：

D = D0exp
(
− Q

RT

)
(13)

and

∆Tc = mlC0

(
1− m′

l/ml

1− (1− kv)Iv(Pc)

)
. (14)

Based on the above equations, the calculated re-
sults for the undercooling ∆T of NiP alloy are shown
in Fig.4, and the physical parameters used during cal-
culation are listed in Table 2. The variation of par-
tial undercooling with bulk undercooling can be found
from the curves. The curvature undercooling ∆Tr and
kinetic undercooling ∆Tk are less important under the
present experimental conditions. While the other two
undercooling play different roles within the bulk un-
dercooling. When the undercooling is between 0–80 K,
∆Tc rapidly increases, but the ∆Tr almost does not
change until the 90 K, after this point, it increases
linearly. At small undercoolings, dendrite growth is
controlled mainly by chemical diffusion. As the un-
dercooling further increases, solute trapping sets in,
leading to a decrease of the concentration gradient
and an increase of the tip radius until the absolute
stability of solutal dendrites is reached.[13] When the
undercooling is between 30–176 K, there is rather typ-
ical dendrite growth. When the bulk undercooling
exceeds 176 K (arrow shown in Fig.4), the dominance

Fig.4. Relationship of partial undercooling versus bulk

undercooling.

of ∆Tc will be replaced by the thermal undercooling
∆Tt, which means that dendrite growth is purely ther-
mally controlled and the radius begins to fall again due
to an increase of the thermal gradient. If the under-
cooling passes certain higher critical undercooling,[15]

due to the rapid release of hearing upon crystalliza-
tion during the recalesence period, the dendritic arms
will break-into and form spheres. This phenomenon
was also observed for Ni81P19 eutectic alloys.[11]

Table 2. Parameters and values used in the calculations.

parameters unit value

∆Hf J/mol 8.613×104

Tm K 1.253×103

Vs m/s 3×103

Do m2/s 1.321×10−8

Dl m2/s 2.61714×10−10

αl m2/s 10−6

Cp J/(K·mol) 0.27×103

σ∗ — 1/4π2

C0 — 23

ml K –23.58

ke — 0.738

R J/(K·mol) 8.31434

α0 m 3.24×10−10

Q J/mol 2.574×104

Γ K·m 1.7×10−7

4. Conclusion

Ni77P23 melt was undercooled up to 214K prior to
solidification by combining with drop tube and glass
fluxing techniques. Both crystalline and amorphous
phase were formed in various size specimens due to
the different cooling rates. By eliminating the im-
purities, NiP amorphous ball formed in a 52-m drop
process. The microstructure morphology transition
was found when Ni77P23 melts exceed a critical un-
dercooling. At small undercoolings a grain refined
microstructure appears which changes at a critical
undercooling ∆T ∗1 =30K to a coarse-grained dendritic
microstructure. The grain-refined microstructure re-
enters at an upper critical undercooling ∆T ∗2 =176K
and prevails at large undercoolings. Once the under-
cooling exceeds a critical value 176 K, the thermal dif-
fusion will control the dendrite growth.
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