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The maximum undercooling that has been achieved for Ni-Cu alloy, by using molten glass purification and cyclic super-
heating technology, is 270 K. With the help of high-speed photography, the solidification front images of Ni-Cu alloy at various
typical undercooling were obtained. Two grain refinements occurred in the range of 60 K< AT < 100 K and AT > 170 K, the
solidification front became smoother, and the solidification position appeared randomly. With the increase of undercooling, the
transition from solute diffusion to thermal diffusion leads to the transition from coarse dendrite to directional fine dendrite. At
large undercooling, considerable stress is accumulated and some dislocations exist in the microstructure. However, the propor-
tion of high-angle grain boundaries is as high as 89%, with twin boundaries of 13.6% and most strain-free structures, and the
microhardness decreases sharply. This indicates that the accumulated stress at large undercooling causes the plastic strains in
the microstructure, and in the later stage of recalescence, part of the plastic strains is dissipated by the systemand acts as the
driving force to promote the recrystallization of the microstructure.
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1. Introduction

Non-equilibrium solidification [1] is usually ac-
companied by a large undercooling, which enables
metal or alloy melts to nucleate and grow at a faster
solidificationvelocity. The microstructure has great
differences compared with equilibrium solidifica-
tion or near equilibrium solidification, which af-
fects the plasticity, toughness, electrical conduc-
tivity, ductility, and other properties of materials.
The deep undercooling rapid solidification technol-
ogy in non-equilibrium solidification [2] can effec-
tively remove impurities in the undercooled melt,
which enables the undercooled melt to complete
the solid-liquid transformation with a larger under-
cooling and accompanied by a faster solidification
rate, thus obtaining excellent materials with special
properties.

The solidification structure with fine grain and
relatively uniform microstructure can be obtained
by deep undercooling rapid solidification technol-
ogy. In engineering, some materials with grain
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refinement structures are also needed. The mi-
crostructure refinement in single-phase alloys is
formed by spontaneous solidification in the melt.
Its properties are very different from those of heat-
treated materials after cold deformation, so it has
attracted extensive attention and become a typi-
cal research topic [3]. Generally speaking, the mi-
crostructure of single-phase alloys experiences the
evolution of “dendrite — equiaxed grain — den-
drite — equiaxed grain” at different undercooling.
Two grain refinements occur at small and large
undercooling, but the grain size and morphology
of the two grain refinements are quite different.
Liu [4], Xu [5, 6], and Lu [7] found the above
phenomena in different alloy studies. At present,
many grain refinement mechanisms have been pro-
posed to explain grain refinement, such as dy-
namic nucleation [8], dendrite remelting mecha-
nism [9], critical velocity theory [10], recrystalliza-
tion [11], etc. Grain refinement under small under-
cooling has been widely interpreted as the dendrite
remelting mechanism, including dendrite remelt-
ing under solid-liquid interface tension proposed
by Karma [12] and dendrite superheating remelt-
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ing proposed by Li [9]. A large number of exper-
iments have shown that the dendrite superheating
remelting mechanism can more fully explain the
grain refinement at the small undercooling. How-
ever, there is no complete theoretical mechanism to
explain the grain refinement at large undercooling,
especially for high melting point alloys. In recent
years, the stress-induced recrystallization mecha-
nism [13] has attracted more attention. Liu [14],
Liang [15], and Xu [16] studied the mechanism
of Ni-Cu alloy. With the increase of undercool-
ing, the solidification velocity increases continu-
ously, and severe solidification shrinkage and ther-
mal strain accumulate stress between the dendritic
skeleton. When the accumulated stress exceeds the
yield strength of the alloy, the dendrites undergo
plastic deformation and fracture. In the later stage
of recalescence, these plastic strains act as the driv-
ing force to promote recrystallization of the mi-
crostructure. At present, thegrain refinement mech-
anism at large undercoolingstill lacks reliable ex-
perimental validation, and stress-induced recrystal-
lization has not been widely accepted.

Ni-Cu alloy is a typical single-phase solid so-
lution with infinite mutual solubility, which has
good stability and is not easy to oxidize and
burn out in the experimental process. And it is
easy to obtain largeundercooling, so the alloy sys-
tem is a good experimental object and Ni§2Cul8
alloy is selected as the experimental object. In
this article, it is aimed to set up the relationship
among undercooling, microstructure transforma-
tion, and grain refinement in Ni82Cu18 alloy. Com-
bined with BCT [17] model, electron backscatter-
ing diffraction (EBSD), transmission electron mi-
croscope (TEM), and microhardness, Ni82Cul8
alloy was simulated and characterized. The mi-
crostructure transformation mechanism in binary
single-phase alloy was systematically explained,
which further provided a reliable basis for grain re-
finement mechanism at large undercooling.

2. Methods

Ni82Cul8 alloy was prepared by melting pure
nickel particles (99.99%) and pure copper particles
(99.99%) in a vacuum arc melting furnace under

the protection of argon. The alloy was remelted
at least three times to ensure the uniformity of
chemical composition, and a 4 g sample was cut
from each original ingot for experiments. The al-
loy sample and quartz tube were cleaned in an ul-
trasonic cleaner for 10 min to achieve the prelim-
inary purification effect. Then the quartz tube was
installedin the center of the induction coil contain-
ing the alloy sample and 2 g of anhydrous B,0Os.
The entire melting process was carried out in a vac-
uum chamber, which was evacuated to a pressure
of 3 x 1073 Pa and pure Ar gas was backfilled to
a pressure of 5 x 1072 Pa. First, the temperature
was increased to 800°C to fully melt B,O3. When
there were no bubbles and the system was stable,
the temperature was further increased to 100-250
K higher than the melting point of the alloy and
held for about 20 min to further purify the system.
The alloy was first superheated and then cooled
down cyclically until an ideal undercooling was ob-
tained. In the whole experiment, the temperature
was recorded by an infrared thermometer with a re-
sponse time of 1 ms, and the solidification process
during recalescence was captured by a high-speed
camera (OLYMPUS I-speed3).

The solidified samples were prepared for met-
allurgical analysis. After cutting, setting, and pol-
ishing, the undercooled sample was etched with a
50% HNO;3; aqueous solution. The microstructure
of the sample was observed by optical microscopy
(Olympus GX71). The samples were polished with
Al,Os3 colloidal suspension on a vibratory polisher
and the grain and boundary characteristics were ob-
served by EBSD. The EBSD experiment was car-
ried out in a Vega II XMH scanning electron micro-
scope equipped with an automatic EBSD analysis
system, and the scanning step was approximately
1/5 to 1/10 of the average grain size of the sample
microstructure. This experiment studies the relative
orientation of grains rather than the absolute orien-
tation, and so there are no special requirements for
the placement of samples in the analysis process.
After mechanical grinding and ion grinding, the
dislocations and other defects in the microstructure
were observed by TEM (TecnaiFG2). The micro-
hardness of each sample was measured on the mi-
crohardness tester (HMV-2T) with a load of 2.95 N
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Fig. 1. Undercooling process and calculation of under-
cooling.

for 15 s. Each sample was tested at least 20 points
across the surface and the average value was taken
as experimental data.

The experiment is an undercooling process of
natural nucleation. B,Os3 purifier is used to remove
impurities from the alloy liquid. Once natural cool-
ing is adopted, the alloy liquid will begin to nu-
cleate and solidify rapidly at a lower temperature.
This is a spontaneous process, and the rapid solid-
ification stage is not controlled by heat dissipation
conditions. The calculation of undercooling is re-
flected in the solidification curve in Figure 1.

BCT model can be used to explain the mi-
crostructure and morphology transformation pro-
cess of the experimental alloy. The BCT model
divides the initial undercooling into four compo-
nents. The initial undercooling of the alloy melt is
composed of the following four components:

AT = ATr+ ATc+ ATk + ATt (1)

where ATr is curvature undercooling, AT c is so-
lute undercooling, AT k is kinetic undercooling, and
ATt is thermal undercooling.

3. Results and discussions
3.1.

The maximum undercooling has achieved
270 K for Ni82Cul8 alloy by using molten glass
purification combined with cyclic superheating
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Fig. 2. The recalescence process of Ni82Cul8 alloy un-
der different undercooling.
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Fig. 3. Maximum recalescence temperature of

Ni82Cul8 alloy under different undercooling.

technology. The infrared thermometer is used to
record the temperature change of the whole alloy
liquid during solidification and recalescence. Fig-
ure 2 shows the recalescence processes under sev-
eral typical undercooling, and Figure 3 shows the
maximum recalescence temperatures under differ-
ent undercooling.

Figures 2 and 3 show that with the increase
of undercooling, there is a gradual decrease in
the rapid solidification time, the maximum recales-
cence temperature, and the slow solidification time



386

Hongfu Wang et al.

after recalescence. When the undercooling is large
enough, the slow solidification process can hardly
be seen. Li [9] pointed out in the dendrite super-
heating remelting mechanism that the latent heat
of crystallization released during rapid solidifica-
tion at small undercooling makes the temperature
rise above the solid line and the primary dendrites
remelt and refine due to superheat. We can see that
the first grain refinement occurs in Ni82Cul8 alloy
at AT =76 k, and the microstructure is filled with a
large number of fine equiaxed grains, as shown in
Figure 5Sc.

The solid-phase temperature of Ni82Cul8 al-
loy is 1,392°C. When AT = 142 K, the maximum
recalescence temperature just reaches the solid-
phase line temperature (Figure 2), which indicates
that the critical hypercooling is just reached at this
time [18]. When AT > 142 K, the maximum re-
calescence temperature does not exceed the solid-
phase line temperature (Figure 3), and the latent
heat of crystallization released during the solidifi-
cation process is not enough to make the dendrites
remelted. However, when AT > 170 K, the second
grain refinement occurs in Ni82Cul8 alloy, and a
large number of fine equiaxed grains appear again
in the microstructure, as shown in Figure Sh. This
indicates that grain refinement at this time is not
related to dendrite remelting. At present, the stress-
induced recrystallization mechanism has attracted
much attention. The grain refinement mechanism at
large undercooling is further demonstrated below.

v v v v
C .
||| |
d

Fig. 4. High-speed video camera images of Ni§2Cul8
alloy with different undercooling degrees (A)

60 K; (B) 140 K; (C) 194 K; (D) 220 K; (E)
250 K.

The heat released by the alloy during rapid so-
lidification is converted into light signals, which
can be captured using a high-speed video camera.
The solidification process can be effectively pre-
sented by using the brightness of the solidification
interface in the image [19]. The continuous solidi-
fication process of Ni82Cul8 alloy under different
undercooling is shown in Figure 4, where the bright
areas represent the condensed solids and the dark
areas represent the undercooled melts. At small un-
dercooling, the solidification process starts at the
interface where contact is established between the
alloy melt and B,Os3, and the solidification front is
a plane with a small angle, as shown in Figure 4a,
b. Since most of the impurities are distributed at
the interface and the quartz tube wall, the solidi-
fication velocity at the interface and on the quartz
tube wall is obviously faster than that inside the un-
dercooled melt. With the increase of the undercool-
ing, the purification effect becomes gradually obvi-
ous. The solidification front becomes very smooth
and the solidification position appears randomly,
as shown in Figure 4c—e, and the phenomenon of
nonuniform solidification velocity does not exist
in different positions. We can see from Figure 4
that the solidification of the alloy always starts at
one point and migrates from one side to the other,
rather than crystallization growth at multiple loca-
tions. With the increase of undercooling, the solid-
ification front becomes smooth, the solidification
position is not fixed, and the solidification velocity
of each part becomes uniform gradually.

By analyzing the microstructure morphology
of all samples, we found that the following trans-
formation process exists in the microstructure of
Ni82Cul8 alloy, as shown in Figure 5.The grain
size of Ni82Cul8 alloy under different undercool-
ing was studied systematically by drawing lines
and measuring dendritic trunk length, as shown in
Figure 6. Therewere four characteristic ranges in
undercooled Ni82Cul8 alloy:

1. AT < 60 K. When the undercooling is in the
range of 0—60 K, the microstructure is occu-
pied by coarse dendrites surrounded by the
remelted secondary dendrite arms, and there
is no obvious directivity between the den-
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Fig. 5. Microstructure of Ni82Cul8 alloy at different

undercooling. (A) 30 K; (B) 60 K; (C) 76 K;
(D) 100 K; (E) 120 K; (F) 155 K; (G) 170 K;
and (H) 210 K.

drites, as shown in Figure 5a. The grain size
in this undercooling range is very large, as
shown in Figure 6.

60 K< AT <100 K. When the undercooling
is in the range of 60-100 K, fine equiaxed
grains gradually appear in the microstruc-
ture, and the grain size decreases to about
53 wm, as shown in Figure 6. When AT =
60 K, fine equiaxed grains begin to appear in
the microstructure (Figure 5b), which indi-
cates that starting from AT = 60 K, the den-
drites in the microstructure begin to break
into equiaxed grains, and the first grain re-
finements [19] begin to occur. When AT =
76 K, the microstructure is all composed of
fine equiaxed grains with relatively straight
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Fig. 6. Evolution of grain size of Ni82Cul8 alloy under

different undercooling.

grain boundaries (Figure 5c). When AT =
100 K, the dendrites appear again in the
microstructure (circled), and the number of
equiaxed grains decreases gradually (Fig-
ure 5d), which indicates that the first grain
refinement has ended gradually at AT =
100 K.

100 K < AT < 170 K. With the increase
of undercooling to a level between 100 K
and 170 K, the equiaxed grains gradually
disappear and the microstructure is well-
developed directional fine dendrites (Fig-
ure 5e, f). However, the dendrite morphol-
ogy in this range is completely different
from that in the small undercooling, which
indicates that the dendrite growth mecha-
nism has been changed.

4. AT > 170 K. When AT = 170 K, directional

fine dendrites begin to disappear. Deformed
grains, fractured dendrites, and equiaxed
grains with straight grain boundaries exist in
the microstructure, and the grain boundaries
migrate significantly (Figure 5g), which in-
dicates the second grain refinement begins
to occur in the microstructure. Yang [15]
also found this phenomenon in other al-
loys. When AT = 210 K, the microstructure
is wholly composed of hexagonal equiax-
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Fig. 8. Dendrite morphology at different undercooling (A) 25 K; (B) 45 K; (C) 150 K.

ial grains with straight grain boundaries, and
there are a large number of annealing twins
(circled), as shown in Figure Sh. The grain
size of the microstructure decreases to about
48 um (Figure 6).

It can be seen from Figures 5 and 6 that two
grain refinements occur in Ni82Cul8 alloy at dif-
ferent undercooling. The microstructural transfor-
mation of “coarse dendrite — equiaxed grain — di-
rectional fine dendrite — equiaxed grain” occurred
in Ni82Cul8 alloy in the undercooling range. Com-
pared with the first grain refinement, the grain
boundary of equiaxed grain in the second grain re-
finement is straighter and the grain size is smaller,
and there are annealing twins that the former does
not have. This may be due to more accumulated
stress at large undercooling, which causes recrys-
tallization of the structure at the later stage of so-
lidification [13]. The dendrite morphology in the
range of 100 K < AT < 170 K is also quite dif-
ferent from that in the small undercooling. In the

following sections, the microstructure transforma-
tion mechanism is further explained based on the
BCT model, EBSD technique, TEM characteriza-
tion, and microhardness.

3.2. Dendrite growth in solidification

The solidification microstructure of alloys with
different undercooling degrees is quite different.
The solidification microstructure of the alloy with
small undercooling shows coarse dendrites, while
the microstructure with large undercooling is very
fine directional dendrites. This indicates that the
factors controlling dendrite growth at different un-
dercooling have changed. By analyzing the evolu-
tion process of different components against the
initial undercooling, the microstructure transfor-
mation during the dendrite precipitation can be ef-
fectively explained. Figure 7 shows the evolution
of component undercooling, dendrite tip radius,
and dendrite growth velocity according to the BCT
model, taking place resultant to the initial under-
cooling in Ni82Cul8 alloy.
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As shown in Figure 7a, when AT < 40 K, the
solute undercooling AT c is greater than the other
three. This indicates that the dendrite growth of
Ni82Cul8 alloy is mainly affected by solute dif-
fusion, resulting in a very slow dendrite growth ve-
locity (Figure 7b). In the range of 0—40 K, the so-
lute undercooling gradually increases and the den-
drite tip radius also increases. This directly results
in the coarse-dendrite microstructure (Figure 8a).
In the range of 40-60 K, the thermal undercool-
ing ATt gradually exceeds the solute undercooling
ATc, but the ATt and AT ¢ are still in the same or-
der of magnitude, which indicates that both thermal
and solute diffusion control the dendrite growth of
Ni82Cul8 alloy in this range. When AT = 48 K,
there is a maximum value of solute undercooling
ATc, so the dendrite tip radius also increases to a
maximum value. Therefore, in the range of 40 K <

AT <60 K, the dendrite growth velocity is still rel-
atively slow and the dendrites in the microstructure
are not only coarser but also more directional, as
shown in Figure 8b.

As the undercooling continues to increase, the
thermal undercooling ATt and kinetic undercool-
ing ATk rapidly increase, resulting in a rapid de-
crease of the dendrite tip radius and a rapid in-
crease of the dendrite growth velocity. When AT
> 100 K, thermal diffusion plays a dominant role
in dendrite growth, and the microstructure is well-
developed directional dendrites (Figure 8c). When
AT > 170 K, the dendrite tip radius R does not de-
crease basically, but dendrites have been replaced
by equiaxed grains in microstructure, as shown in
Figure 5g, h. The following part will further ex-
plore the microstructure transformation mechanism
at large undercooling.
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3.3. Grain refinement at large undercool-
ing

The stress-induced recrystallization mecha-
nism [13] indicates that the accumulated stress at
large undercooling causes plastic strain in the mi-
crostructure. The plastic strain as the driving force
causes recrystallization of the solidified structure
in the late stage of recalescence. EBSD technol-
ogy was used to characterize the microstructure at

210 K to obtain the orientation information and
grain boundary characteristics of grains, as shown
in Figures 9 and 10.

Recrystallization, driven by stored energy, re-
places the original deformed grains by nucleation
and growth of new grains. Therefore, under the
driving force, the grain boundaries must have mi-
grated. After recrystallization, the crystallographic
orientations of adjacent grains must be different,
with high-angle grain boundaries and stable an-
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nealing twins, and this has been confirmed in the
study by Wang [16]. It can be seen from Figure 9b,
c that the grain refinement does not introduce new
texture, and the microstructure presents random
distribution. Figure 10a shows the corresponding
grain boundary character distribution. The high-
angle grain boundaries are black (the misorien-
tation angle is >15°) and the small-angle grain
boundaries are green (the misorientation angle is
in the range of 2°-15°). At large undercooling,
the proportion of high angle grain boundaries is
about 90%, and the proportion of twin boundaries
reaches 13.6% (Figure 10b). The local misorien-
tation can qualitatively determine the deformation
degree and dislocation density of the microstruc-
ture, as shown in Figure 10c. Large areas of blue
and small amounts of green and red indicate that
the microstructure contains a small amount of dis-
locations. Most of the values in local misorienta-
tion distribution (Figure 10d) are small, which also
indicates the low plastic strain in the microstruc-
ture. Figure 10e, f can more intuitively represent
the recrystallization distribution. Where the recrys-
tallized grains account for 35%, the substructures
with a few dislocations exceed 50%, and the de-
formed grains are only 11%.

In the microstructure of AT = 210 K, high-
angle grain boundaries and twin boundaries are in
high proportion. The deformation degree of the mi-
crostructure is low, and most of the microstructure
characterized by deformation is substructures with
a few dislocations and recrystallized grains with
stability and low energy. This indicates that the re-
covery and recrystallization have occurred in the
microstructure after the critical undercooling [17].

According to the  stress-accumulation
model [13], the primary solid fraction is higher at
large undercooling, and the interaction between
flowing melt and primary dendrites results in
stress accumulation. When the stress exceeds the
yield strength of the alloy, the plastic strains occur
in the dendrites and the microstructure is in an
unstable and high-energy state. At the late stage
of recalescence, the migration of grain boundaries
has occurred in the microstructure, driven by the
stored deformation energy, and new undistorted
equiaxed grains are formed gradually. The solid
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The evolution of solid fraction and stress accumu-
lation with initial undercooling of Ni82Cul8 alloy
according to Eqs (2) and (3) is shown in Figure 11a,
b.

When the undercooling is small, the solidifica-
tion velocity is small, the solid fraction is small,
and the rapid solidification process cannot form
the continuous dendrites network, so the stress
cannot be accumulated between dendrites. When
AT = 80 K, the primary solid fraction approaches
30%, and the continuous dendrites network be-
gan to form. The flowing melt and dendrite be-
gan to interact to accumulate stress between den-
drites, as shown in Figure 11b. With the increase
of solid fractions, the accumulated stress also in-
creases. After critical undercooling AT*, the stress
increases almost linearly. At the large undercool-
ing, there is the larger stress in the microstruc-
ture (Figure 11b), while the microhardness drops
sharply after the critical undercooling (Figure 12a),
and a large number of hexagonal equiaxed grains
appear in the microstructure (Figure 12b). This in-
dicates that at large undercooling, the microstruc-
ture is in a stable state with low energy, and the
plastic strains caused by stress as stored deforma-
tion energy promote the recrystallization of the mi-
crostructure, which can also be found in the rapid
quenching and hypercooling alloy experiment of
Yang [15], which concerns the undercooling exper-
iment. This is strong evidence for “stress-induced
recrystallization.”
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4. Conclusions

Various analyses were carried out on the solid-
ified undercooled samples of Ni88Cul2 alloy. The
main conclusions are as follows:

1. Two grain refinements occur in Ni§2Cul8
alloy within the undercooling range, on the
whole facilitating the microstructure trans-
formation into*“coarse dendrite — equiaxed
grain — directional fine dendrite — equiaxed
grain.”

2. At small undercooling, the solidification
front is an interface with a small angle and
the solidification velocity at the melt in-
terface is faster than that inside. With the
increase of undercooling, the solidification
velocity of all parts of the melt becomes
more uniform, and the solidification front
becomes smoother and appears randomly.

3. In the dendrite growth, the dendrites con-
trolled by solute diffusion are coarse den-
drites. The dendrites controlled by solute
diffusion and thermal diffusion are direc-
tional coarse dendrites. The dendrites con-
trolled by thermal diffusion are directional
fine dendrites.

4. In the solidification structure with a large
undercooling degree, most of them are
equiaxed grains and subgrains, and there are
also a few deformed grains. The equiaxed
grains contain a high proportion of large-
angle grain boundaries and annealing twins.
The microhardness also drops sharply af-
ter the critical undercooling. This indicates
that extensive recovery and recrystallization
have occurred and further proves the cor-
rectness of stress-induced recrystallization.

Ni-Cu alloy is a typical binary ideal experimen-
tal object. Its microstructure evolution process and
grain refinement mechanism have important refer-
ence significance in the research of other binary
alloy systems and even multicomponent alloy sys-
tems. One of the future research directions that can
be pursued is multicomponent alloys, the objective
being to observe whether there is grain refinement

and to explore its grain refinement mechanism. The
question of whether there to opt for a new grain
refinement mechanism or the coupling of existing
grain refinement mechanisms is worthy of further
study, which requires the further efforts of the ma-
jority of researchers.
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