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Abstract

Rapid solidification and microstructure evolution of deeply undercooled bulk concen-
trated Ni-20%at.Cu and Co-20%at.Pd alloys are strictly and systematically evaluated.
First, thermodynamics of the undercooled melt is discussed. Consideration is provided
for not only the systematic microstructure evolution within a broad undercooling range,
but also the dendrite growth mechanism and the rapid solidification characteristics. The
dendrite growth in the bulk undercooled melts was captured by a high speed camera.
The first kind of grain refinement occurring in the low undercooling regimes was
explained by a current grain refinement model. Besides for the dendrite melting mech-
anism, the stress originating from the solidification contraction and thermal strain in the
first mushy zone during rapid solidification could be a main mechanism causing the
second kind of grain refinement above the critical undercooling. This internal-stress led
to the distortion and breakup of the primary dendrites and was semi-quantitatively
described by a corrected stress accumulation model. It was found that the stress induced
recrystallization could make the primary microstructures refine substantially after
recalescence.

Keywords: rapid solidification, undercooling, grain refinement, alloys, stress,
recrystallization

1. Introduction

Grain refinement is an interesting phenomenon that has an important scientific significance

and has been numerously investigated [1–22]. In order to understand of grain refinement

phenomenon better, numerous studies have been extensively executed and many different

grain refinement mechanisms were suggested separately, such as dynamic nucleation [1],

critical growth velocity [5, 6], kinetics induced growth instabilities [2–4], dendrite fragmenta-

tion [7, 9], dendrite remelting and [8, 9] recrystallization [7]. In 1959, Walker [1–8] had been

firstly investigated the grain refinement event occurring in the rapid solidification of deeply

undercooled pure Nickel melt. He found that the grain size would abruptly refine when the

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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initial undercooling ΔT prior to nucleation exceeded a critical value. Thereafter, Powell [5] also

found the existence of a critical undercooling when he investigated the microstructural evolu-

tion of Ag, Cu and Ni based alloys as a function of undercooling. Powell suggested that the

recrystallization process during recalescence and post-recalescence periods would be respon-

sible for the grain refinement at high undercooling ranges [5]. Herlach [6] measured the

dendrite growth velocity in many undercooled melts, and he found that critical undercooling

was correlated to a critical crystal growth velocity, which was about 20 m/s and was the solute

diffusion velocity VD in the undercooled melts. In the recent years, grain refinement occurring

at undercoolings much lower than ΔT* has attracted much attention [10–12]. During the post-

recalescence period, the uniformly massive dendrite breakup will occur though the dendrite

remelting. Karma [8] has proposed a physical mechanism which suggests that the break-up of

dendrites due to remelting brings about the grain refinement both at low and high

undercooling regimes. However, this model only considered the remelting due to liquid/solid

interface tension, ignoring the effect of the chemical superheating [9] during recalescence,

which may also play a much more important role in the dendrite remelting, and has a stronger

influence on the final grain morphology. It is the main subject of the present paper to extend

the current chemical superheating model to non-equilibrium solidification conditions and fully

explain the dendrite remelting mechanism of the grain refinement events.

In the present study, we choose Ni-20at.%Cu alloy and Co-20at.%Pd alloy. The authors exper-

imentally investigated the microstructural evolution of the Ni-20at.%Cu alloys as a function of

initial undercooling and the physical mechanisms of the grain refinements occurring at low

undercooling regimes. In combination with the current dendrite growth model, we theoreti-

cally analyzed the dendrite remelting in the undercooled alloys by an extended chemical

superheating model for non-equilibrium solidification of undercooled binary single phase

alloys.

2. Material and methods

Ni-20at.%Cu (atomic percent) alloy and Co-20at.%Pd (atomic percent) alloy samples each

weighing about 3 g, were prepared by in situ melting pure Ni pieces (99.95% purity) and pure

Cu pieces (99.9 wt.% purity), pure Co pieces (99.99% purity) and pure Pd pieces (99.99 wt.%

purity), under the protection of argon (Ar) atmosphere in a vacuum chamber. Before melting, the

surfaces of the metals were cleaned and grinded off mechanically to remove the surface oxide

layer and were etched chemically in HCl solution diluted by alcohol. A high purity quartz

crucible containing the alloy specimen was placed in the center of an induction coil. The melting

process was conducted in the vacuum chamber. Undercooling experiment was executed by

using of fluxing liquid and high frequency induction heating and thermal cycle under the

protection of argon atmosphere. The vacuum chamber was evacuated and subsequently back-

filled with 99.99% argon gas. Each sample was melted, superheated, solidified and subsequently

remelted in superheating–cooling cycles to obtain various undercoolings. For each of the

alloys, 20–30 undercoolings were made and a natural cooling rate of 20 K/s IS applied in

these experiments. After the high frequency power source was turned off, the alloy sample
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was spontaneously cooled to room temperature, while the cooling curve of the specimen was

monitored by an infrared pyrometer with an accuracy of 5 K and a response time of 10 ms.

3. Solidification process

In the present study, we used a high speed camera to capture the solidification process, i.e., to

capture the heat releasing process upon solidification. It can be seen from Figure 1 that for

∆T = 95 K (95�C), 160 K (160�C), 200 K (200�C) and 270 K (270�C), the nucleation of the

undercooled melts all started from the interface between the B2O3 glass and the undercooled

melt. However, for a higher enough undercooling, ∆T = 320 K (320�C), the start stage of heat

releasing process was between the walls of the quartz crucible and the undercooled melts. It is

generally considered that the higher of the extent of purification of an undercooled melt, the

higher undercooling could be achieved. In addition, the impurities are mainly in the B2O3 melt

and the interface between B2O3 melt and the undercooled melt. The present experiment

phenomenon proves that the instabilities of the undercooled melts (i.e., nucleation) with

∆T = 95 K (95�C), 160 K (160�C), 200 K (200�C) and 270 K (270�C) are mainly due to the

impurities absorbed in the interface between the B2O3 melt and the undercooled melt. How-

ever, for the higher undercooled alloy ∆T = 320 K (320�C), the impurities are rather less and the

instabilities of the undercooled melt was in the interface between the quartz crucible and the

Figure 1. The high-speed video pictures of the undercooled Ni-20at.%Cu different undercoolings.
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undercooled melt. Besides, it can be seen that multiple nucleation of solidification occurred.

During rapid solidification of the undercooled melts, such as 95 K (95�C) and 160 K (160�C), it

can be seen that the coarse primary dendrites are growing towards the undercooled residual

melt. However, at high undercoolings such as 200 K (200�C), 270 K (270�C) and 320 K (320�C),

much finer dendrites are growing into the melts. Thus, it can be concluded that the higher the

undercooling of the melt, the finer the growing dendrites would be.

4. Dendrite growth analysis

Firstly, we need to use the BCT model by Boettinger, Coriell and Trividi [13] to calculate the

solidification parameters. According to the models, the initial undercooling ΔT at the dendrite

tip consists of four parts,

ΔT ¼ ΔTr þ ΔTc þ ΔTk þ ΔTt (1)

where ΔTr, ΔTk, ΔTc, and ΔTt are the thermal undercooling, solutal undercooling, curvature

undercooling and interfacial kinetic undercooling, respectively. Details of the BCT model are

referred to Ref. [13].

Using the physical parameters of the Ni-20at.%Cu alloy listed in Table 1, the undercooling

components, the crystal growth velocity and the tip radius at the growing dendrite tip, can be

calculated. The results are illustrated in Figures 2 and 3. It should be clarified that the table is

original and we are using only data from Ref. [11].

It is well known that [13–15], in a single phase alloy, the condition of diffusional equilibrium is

gradually becoming less important with the increase of solidification velocity and undercooling

in front of the dendrite tip. Therefore, solute rejection is reduced and solutal undercooling

decreases as the interface concentration approaches the melt composition. This ultimately causes

partitionless solidification, which is solely controlled by thermal gradient. For Ni-20at.%Cu

alloys (Figure 2), when the initial undercooling ΔT < 35 K (35�C), the solute undercooling ΔTc is

larger than those of other undercooling components, so the dendrite growth in the undercooled

melt is mainly controlled by the solute diffusion in front of the dendrite tip and the crystal

growth velocity is very low, therefore, coarse dendrites can be resultant. As the undercooling

continuously increases, the effect of thermal diffusion on the dendrite growth becomes strong. In

the undercooling range of about 35 K (35�C) < ΔT < 65 K (65�C), ΔTt starts to exceed ΔTc, which

reaches a maximum at ΔT = 55 K (55�C) where the dendrite tip also reaches its maximum and is

the most unstable due to the maximum solute undercooling. In this undercooling range, the

action of solute undercooling ΔTc and thermal undercooling ΔTt is on the same level. When

ΔT > 70 K (70�C), ΔTt increases rapidly and exceeds ΔTc substantially, the dendrite tip radius

accordingly decreases (Figure 3) and the crystal growth rate V increases rapidly (Figure 3). The

increasing action of thermal diffusion results in directionality of dendrites. Solute diffusion is

replaced by the thermal diffusion to predominantly control the dendrite growth process, which

indicates a transition from the equilibrium of a solidification controlled by the solutal gradient

to a thermally controlled growth process owing to a relaxation of diffusional equilibrium at the
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Figure 2. The undercooling constituents as a function of initial undercoolings for Ni-20at.%Cu alloys.

Parameters Value of Ni-20at.%Cu alloys

Heat of fusion ∆Hf/kJ mol�1 17,160

Specific heat of the liquid Cp/J
�1 mol�1 K�1 38.5

Dynamic viscosity of the liquid μ/Pas 10�3

Molar volume of the liquid VL
m/m

3 mol�1 8.06 � 10�6

Molar volume of the solid VS
m/m

3 mol�1 7.08 � 10�6

Liquidus TL/K 1680 K (1407�C)

Solute diffusivity in the liquid DL/m
2 s�1 3 � 10�9

Thermal diffusivity αL/m
2 s�1 7 � 10�6

Atomic space a0/m 4 � 10�10

Interfacial energy σS,L/J m
�2 0.29

Speed of sound in the melt V0/m s�1 4000

Equilibrium liquidus slope mL/K (at%)�1
�2.525

Equilibrium solute partition coefficient k0 0.724

Solidification time tf/s 0.1

Size of the mushy zone a/m 0.01

Gibbs–Thomson coefficient Γ 3.25 � 10�7

Solid fraction at the dendrite coherency point fS
coh 0.15

Solidification shrinkage of the primary phase β 0.1215

Atomic diffusive speed VD/m s�1 20

Table 1. Physical parameters used in the calculation [9].
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solid/liquid interface. Therefore, the higher the initial undercooling and the thermal undercooling,

the more convenient it becomes for dissipating of the latent heat at the dendrite tip during the

crystal growth.

5. Structure evolution of undercooled alloys

As the increasing of undercooling, the Ni-20%at.Cu alloys undergo two kinds of grain

refinements: one taking place at low undercoolings, and the other occurring at high

undercoolings. The grain sizes and the corresponding typical microstructures at various

undercoolings are shown in Figure 4. Pioneer investigations [1–11] have shown that as the

initial undercooling increases, the microstructures of the deeply undercooled binary single

phase solid solution alloys evolves as: coarse dendrites ! fine equiaxed grains !coarse

dendrites plus fine equiaxed grains ! fine equiaxed grains. In the present investigation, we

found that the microstructural evolution of the deeply undercooled Ni-20%at.Cu alloys was

basically follows the above law. Subjected to small undercoolings, e.g., at ΔT < ΔT1 = 45 K,

the solidification microstructures were coarse dendrites (Figure 4a and b) with highly devel-

oped secondary dendritic arms. As increasing ΔT, coarse dendrites gradually refined into

granular grains by remelting. For the samples nucleated at undercooling about ΔT1 �

ΔT2 = 90 K, the overall solidification microstructures are occupied by fine grains (Figure 4c)

with a few dendrite skeletons, as shown in the black ellipse marked in Figure 4c. A further

increase of the undercooling leads to the rising of the grain size again. When ΔT > ΔT3 = 110 K,

much finer dendrite beams form because of that the controlling mechanism of dendrite

Figure 3. The variation of dendrite tip radius and growth velocity as a function of initial undercoolings for Ni-20at.%Cu

alloys.
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Figure 4. As-solidified microstructures of Ni-20at.%Cu alloy at small undercoolings: (a) ΔT = 17 K; (b) ΔT = 30 K;

(c) ΔT = 72 K; (d) ΔT = 107 K; (e) ΔT = 158 K; (f) ΔT = 170 K; (g) ΔT = 182 K; (h) ΔT = 261 K.
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growth has transformed from solute diffusion to thermal diffusion in the melt ahead of the

dendrite tip. Here, ΔT3 is defined as the characteristic undercooling at which there are no

obvious dendrite fragments in the microstructures, and only large dendritic crystals are

found (Figure 4d and e). At undercoolings larger than the critical value ΔT* = 170 K, the

overall microstructures are refined again (Figure 4f and g). As ΔT exceeds 182 K, the

microstructures consist of completely fine equiaxed grains and there are many twins in the

grains, see the black circles in Figure 4h. The formation of annealing twins in fcc metals and

alloys are due to the growth accidents on {1 1 1} propagating steps present on migrating

grain boundaries. As a result of the accidents, Shockley partial dislocations are generated

contiguously to boundaries. These partial dislocations repel each other and glide away from

the boundary to produce a twin.

When an alloy melt solidifies at a small undercooling, e.g., ΔT = 50 K in the case of

undercooled Co-20%at.Pd, the advancement of solid/liquid (S/L) interface is controlled by

solute diffusion ahead of the S/L interface. Solidification of the melt proceeds rather slowly

and results in the formation of well-developed dendritic microstructures (see Figure 5a).

With increasing undercooling, a grain refinement event is observed in the undercooled Co-

20%at.Pd alloy at 50–265 K. The first grain refinement in an undercooled single phase alloy is

generally believed to be caused by the remelting effect during the post-recalescence period.

When ΔT reaches the range of 265–280 K, which is above the hypercooling limit, due to a

zero remelting effect, the dendrite trunks cannot be remelted and therefore can be preserved

in the solidification microstructure, leading to the presence of the elongated grained struc-

ture. The appearance of elongated grained structure in the hypercooled Co-20%at.Pd alloy is

apparently ascribed to the vanished remelting effect in the post-recalescence period. As ΔT is

higher than 280 K, the second grain refinement event occurs. The equiaxed grains with rather

straight grain boundaries (see Figure 5e and f) strongly suggest that the formation of the

solidification microstructure is due to recrystallization. The recrystallized microstructures in

hypercooled alloys have been observed by Willnecker et al. in Co-20%at.Pd alloy and by Lu

et al. in Ni75Pd25 alloy [12, 14]. In the present work, the occurrence of recrystallization in the

hypercooled Co-20%at.Pd alloy with ΔT = 280 K was considered to be induced by the

accumulation of internal strain/stress caused by the dramatic shrinkage stress resulting from

rapid solidification. For rapid solidification taking place at a rather high undercooling, the

advance of the solid/liquid interface proceeds extremely fast. As a consequence, a large

volume contraction owing to rapid solidification will cause a high shrinkage stress develop-

ing in the system.

Three typical temperature profiles corresponding to the solidification of Co-20%at.Pd alloy

melts in different undercooling regimes are shown in Figure 6. It was found that when

ΔT = 265 K, the post-recalescence period presents in the temperature profiles, as seen in the

plateau marked by the plateau duration time (Δtpl) in Figure 3a. The plateau duration time Δtpl
is the time required for the residual liquid to transform into solid after recalescence. Δtpl can be

obtained by subtracting the time point of recalescence from the time point at which the first

derivative of cooling curve after recalescence abruptly changes. When ΔT reaches 265 K, the

Solidification30



post-recalescence period does not appear, and the maximum recalescence temperature is lower

than the solidus temperature of this alloy (see Figure 3b and c). Since the post-recalescence

period will only vanish when the hypercooling limit of a metal is reached, the hypercooling

limit of the Co-20%at.Pd alloy can be determined as 265 K.

Figure 5. As-solidified microstructures of Co-20at.%Pd alloys undercooled by (a) 20 K, (b) 85 K, (c) 160 K, (d) 265 K, (e)

290 K, and (f) 340 K.
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6. Grain refinement mechanism of first refinement

The equilibrium phase diagram shows that the molten fraction of a solid alloy that has been

heated into the solid-liquid binary phase regime is related to the chemical superheating [9].

Here, due to the non-equilibrium effect involved in rapid solidification of undercooled melts, it

is reasonable to speculate that the non-equilibrium kinetic phase diagram can deal with the

remelted fraction of the solid phase more realistically and practically. Then, extension of Li’s

model [9] will give a non-equilibrium chemical superheating model that can predict the

remelted dendrite fraction by the following equation:

f L ¼
k TR � TSð Þ=ΔT0

1� 1� kð Þ TR � TSð Þ=ΔT0
(2)

This model is similar to Li’s model [9], however it is an extended chemical superheating model

considering the relaxation effect in undercooled liquid phase. In this extended model, k is the

Figure 6. The measured average grain size as a function of initial undercooling of (a) Ni-20at.%Cu and (b) Co-20at.%Pd

alloys.
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non-equilibrium solute partition coefficient. TR is the maximum recalescence temperature

corresponding to initial undercooling ∆T, TS is the non-equilibrium solidus temperature

corresponding to the composition CS of the central part in the dendrite stem, and ∆T0 is the

non-equilibrium crystallization temperature range of the alloy with composition CS. The value

of fL shows the extent of the remelting induced breakup of the dendrites, so fL can be used to

evaluate the tendency of remelting.

The remelted fraction of the primary dendrite is shown in Figure 4. The obvious difference

between Li’s model and the present model is that the present model incorporates local non-

equilibrium effect (i.e., the relaxation effect in the undercooled bulk liquid phase) in the model

derivation. Thus, it can be further inferred that the remelted fraction of the primary dendrite of

the present model is mainly influenced by the composition of liquid phase of the present

model, in which the relaxation effect plays an important role [19]. In the present experiments,

the first kind of grain refinement of rapidly solidified Ni-20%at.Cu alloy emerged in the

undercooling range of about 40 K (∆T2) to 90 K (∆T3). In consistency with the prediction of

the present extended chemical superheating model, the first kind of grain refinement found in

the experiments lies in the undercooling range which has very strong remelting tendency of

dendrites (Figure 7). Comparing the predicted results of the Li’s model (local equilibrium

condition) and the present model (local non-equilibrium condition), we can see that under

low undercooling ranges, these two model predict similar results. Both model (Figure 7)

Figure 7. Remelted fraction of the primary dendrite at the highest recalescence temperature point in highly undercooled

Ni-20at.%Cu.
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predicts that the undercooling range of about 40–90 K has a strong dendrite remelting tendency,

thus in this range the dendrites universally break up due to chemical superheating effect. While

at high undercooling range severe discrepancy happens between these two models. As can be

seen from Figure 7 that, when the undercooling exceeds the critical undercooling ∆T*, the

discrepancy becomes more and more severe and achieves a maximum value at the undercooling

value ∆T*(VD), i.e., the undercooling where the dendrite growth velocity exceeds the solute

diffusion speed VD in the undercooled liquid phase. Besides, at the undercooling value ∆T*(VD),

the remelted fraction reaches zero and no chemical superheating induced dendrite remelting

will happen. Thus, as previous study [10–18] showing, the grain refinement above the second

critical undercooling ∆T* is induced by the mechanisms of stress-induced breakup and recrys-

tallization of the rapidly solidified dendrites, rather than dendrite remelting induced by chemical

superheating, which can hardly affect the dendrite breakup in the high undercooling range as

shown in Figure 7. Obviously, the significance of the present extended chemical superheating

model is that it can predict good results in consistency with the experiment observation and the

relaxation effect on non-equilibrium solidification of undercooled melt is clearly illustrated. The

first grain refinement mechanism is also the chemical superheating mechanism and will not be

given here for short. It has been revealed that the stress induced dendrite breakup and recrystal-

lization process mainly occur during and after recalescence period. These two physical processes

should be responsible for the grain refinement at high undercooling regimes [9].

7. Stress induced recrystallization mechanism (ΔT > ΔT*)

Many researches [7–9, 15–17] have revealed that the stress induced recrystallization process

mainly during recalescence period should be responsible for the grain refinement at high

undercooling range. However, few strong and direct evidences have been found to support

this speculation. We also have revealed this phenomenon in hypercooled Co-20at.%Pd alloys

and found strong and direct evidences, see Ref. [13].

When the fraction of the solid phase exceeds about 10% during recalescence, the coherent

dendrite networks are usually established [7, 9]. During rapid recalescence, as the dendrite

fraction increases, the inter-dendritic permeability correspondingly decreases [7, 9]. Conse-

quently the pressure gradient in the first mushy zone (FMZ) increases. The pressure gradient

induces the inter-dendritic flow of liquid phase and therefore stress accumulated in the solid

phase in the FMZ [9]. Considering inter-dendritic flow of melt induced by both solidification

contraction and thermal strain, we will build a corrected stress accumulation model for rapid

solidification of an undercooled melt was established. According to Ref. [9], the liquid volume

flux U(x) among dendrites can be expressed as:

U x
!

� �

¼

a
!

�

�

�

�

�

�

tf
βs f sR � f s x

!

� �� �h i

(3)

where a
!

is the size of FMZ in which primary growth or recalescence occurs, tf is the total

solidification time of the primary phase, i.e., the recalescence time, βs=(ρl�ρs)/ρs is the
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solidification shrinkage of the primary phase, ρl and ρs are densities of liquid and solid phases

respectively. f sR is the fraction of solid at the maximum recalescence temperature, fs is the

solid fraction during recalescence and x
!

is the local position in the One-dimensional space

coordinates.

The thermal strain induced inter-dendritic flow of liquid phaseU
0

ðx
!
Þ in the mushy zone can be

expressed as [22]:

U
0

x
!

� �

¼ � 1þ βs
� �

_E x
!

� �

(4)

where _E xð Þ is the accumulated strain rate in the dendrites and can be defined as [16]:

_E x
!

� �

¼

ð

f s _ε x
!

� �

d x
!

(5)

where _εðx
!
Þ ¼ ∇vx

!ðx
!
Þ is the strain rate in the dendrites and _εða

!
Þ ¼ 0.

According to Eq. (6) in Ref. [7] and Eq. (4), the total volume flow of molten feeding liquid is:

Utotal x
!

� �

¼
a
!
�

�

�

�

�

�

tf
βs f sR � f s x

!
� �� �h i

þ 1þ βs
� �

ð

f s x
!

� �

_ε x
!

� �

d x
!

(6)

According to Darcy’s equation, as demonstrated in Ref. [22], the pressure gradient in the liquid

phase can be expressed as [16]:

�∇Pl x
!

� �

¼
μ

K
Utotal x

!
� �

(7)

where Pl is the pressure in the liquid phase during solidification, μ the dynamic viscosity and K

the permeability of the two phase region as demonstrated in Ref. 17. According to the Carman-

Kozeny relation demonstrated in Ref. 17, K can be expressed as [16]:

K ¼
1

5Ss�l
V x

!
� �2

f l x
!

� �3

f s x
!

� �2
¼

λ2
2 x

!
� �

80

f l x
!

� �3

f s x
!

� � (8)

where GLðx
!
Þ is the temperature gradient ahead of the liquid/solid interface. Ss�l

V ðx
!
Þ is.

the area of the dendrites in unit volume and Ss�l
V ðx

!
Þ ¼ 4=

�

ffiffiffiffiffiffiffiffiffiffiffi

f sðx
!
Þ

q

λ2ðx
!
Þ
�

, λ2ðx
!
Þ is the spacing

between secondary dendrite arms [23]. Applying linear micro-segregation model, as demon-

strated in Ref. [23]:

dT=df l x
!

� �

¼ ΔT0 (9)
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where ΔT0 is the solidification interval of the alloy. Using Eqs. (7)–(9) in combination with

Eq. (12) in Ref. [7], the pressure of the mushy zone can be expressed as:

P x
!

� �

¼P0 �
160μ� a

!
�

�

�

�

�

�

2

�βs

f sR
� �2

tfλ
2
2

f s x
!

� �

�f coh x
!

� �

þ
1

1�f s x
!

� ��
1

1�f coh x
!

� �þ2ln
1�f s x

!
� �

1�f coh x
!

� �

2

4

3

5

þ
320 1þβs

� �

�μ� a
!
�

�

�

�

�

��ΔT0 � _ε

3GS � f sR
� �2

�λ2
2

ðf s

f coh

f s x
!

� �

f l x
!

� �3
f s x

!
� �3

�f coh x
!

� �3
� 	

df s x
!

� �

8

>

<

>

:

9

>

=

>

;

(10)

where fcoh is the fraction solid at the dendrite coherency point. The second term in Eq. (10)

considers the liquid flow induced by thermal strain during rapid solidification. We can

describe the thermal strain as:

ε ¼ αther T � Tsð Þ (11)

where αther is a coefficient of thermal expansion. Ts is solidus temperature. Differentiating

Eq. (10), we obtain thermal strain rate:

_ε ¼ αther
_T (12)

We define average thermal strain as:

_ε ¼ αther
ΔT

Δt
(13)

In order to estimate the accumulated stress in the dendrites, we consider the one dimensional

case. Then the momentum equation in solid phase is, as demonstrated in Ref. [24]:

0 ¼ ∇ f s x
!

� �

σs x
!

� �h i

þMτ
s x

!
� �

(14)

where σsðx
!
Þ is the x component of the stress in the solid phase and Mτ

s is the interfacial stress

due to interaction with the liquid phase. The interfacial stress exerted upon the solid network

from flowing liquid phase can be given as, as demonstrated in Ref. [24]:

Mτ
s x

!
� �

¼ Pl x
!

� �

∇f s x
!

� �

þMd
s x

!
� �

(15)

where Md
s ðx

!
Þ is the dissipation of stress of interface and can be expressed by Darcy Eq., as

demonstrated in Ref. [24]:

Md
s x

!
� �

¼
f l x

!
� �

μ

K
Utotal x

!
� �

¼ �f l x
!

� �

∇Pl x
!

� �

(16)
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In combination with Eq. (16), the stress in the dendrite coherency obeys the following

equation [24]:

�∇ f s x
!

� �

σs x
!

� �h i

¼ Pl x
!

� �

∇f s x
!

� �

� f l x
!

� �

∇Pl x
!

� �

¼ �∇ Pl x
!

� �

f l x
!

� �h i

(17)

At the start of the coherent part of the first mushy zone, which is abbreviated as FMZ, the solid

stress is equal to the hydrostatic pressure, i.e., σs=�P0, where P0 is the pressure in the liquid

phase when the mushy zone starts to form. f sðx
!
Þ is the solid fraction of the dendrite coherency.

Integrating Eq. (10), we can obtain:

σs f s x
!

� �h i

¼
1

f s x
!

� � �P0 þ Pl x
!

� �

f l x
!

� �h i

¼ � P0 þ
f l x

!
� �

f s x
!

� �ΔPl x
!

� �

2

4

3

5 (18)

where ΔPl=P0�Pl is the pressure drop in the liquid phase. Using Eqs. (10), (13) and (18), the

stress resulted from inter-dendritic liquid flow induced by both solidification shrinkage and

thermal strain is:

σs ¼
160μ � a

!
�

�

�

�

�

�

f sR
� �2

tfλ
2
2

�
1� f s x

!
� �� �

f s x
!

� � a
!
�

�

�

�

�

� � βs

f s x
!

� �

� f coh þ
1

1� f s
� ��

1

1� f coh
� �

þ2ln
1� f s x

!
� �

1� f coh

2

4

3

5

2

6

6

6

6

4

3

7

7

7

7

5

8

>

>

>

>

<

>

>

>

>

:

�
2 1þ βs
� �

αtherΔT0ΔT

3GS
Q f s x

!
� �h ig (19)

where

Q f s x
!

� �h i

¼

ðf s

f coh

f s x
!

� �

f l x
!

� �3
f s x

!
� �3

� f coh x
!

� �3
� 	

df s x
!

� �

(20)

Considering inter-dendritic flow of liquid induced by both solidification contraction and

thermal strain, an analytic model of stress accumulation during rapid solidification of

undercooled melts was established in the present work. According to this model, the stress

accumulated in the dendrite coherency can be calculated by Eq. (19). GS is temperature

gradient of solid phase, respectively. In the current work, it is assumed that λ2=αRtip. Using

the physical parameters listed in Table 1, σs as a function of ΔT can be calculated by Eqs. (19)

and (20), as shown in Figure 8.

It can be seen from Figure 8 that, with increasing ΔT, σs continuously increases. Once σs
exceeds the yielding strength of the alloys, the dendrite networks will be plastically deformed,

leading to dense dislocations and annealing twins and a storage of micro-strain in the
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microstructures. Figure 9a–c show the dense dislocation networks in the grain of Ni-20at.%Cu

alloy. The white circle in Figure 9d shows an annealing twin in the microstructure. Figure 8e

shows the electron diffraction spots of the annealing twin in Figure 9d. The electron diffraction

spots are typical diffraction spot of twins in a FCC alloy. As is known, the stored micro-strain

will act as the driving force for recrystallization. Further increasing ΔT causes a continuous

increase of the stored micro-strain, resulting in a continuous increase in the extent of deforma-

tion. Once the stored energy due to deformation is high enough to initiate the nucleation, the

recrystallization will take place. Consequently, a refined recrystallized microstructure can be

produced.

Generally, recrystallization is a physical process and consists of two basic processes: the site

saturation nucleation which proceeds by atomic thermal activation and the growth of the new

strain free grains, when being annealed at temperatures above a proper recrystallization

temperature, which is the atomic thermal activation temperature. In order to reveal the recrys-

tallization process in the rapid solidification microstructures of the Ni-20at.%Cu alloys, recrys-

tallization annealing experiments were performed for the quenched and naturally cooled

alloys, see in the reference [14]. Compared to the naturally cooled alloys which did not

undergo recrystallization. However, as a comparison, the recrystallization drives the micro-

structures of the quenched alloys to transform into completely newly formed microstructures.

Figure 8. Calculated stress accumulated in dendrite skeleton during rapid solidification of Ni-20at.%Cu alloys as a

function of initial undercoolings: the dashed line represents yielding strength the alloys.
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8. Conclusions

Applying molten glass purification method combined with cyclic superheating method,

non-equilibrium microstructural evolution and grain refinement mechanisms of Ni-20at.%

Cu and Co-20at.%Pd alloy were investigated systematically. The main conclusions are as

follows:

1. Ni-20at.%Cu and Co-20at.%Pd alloy were undercooled by means of fluxing method. Two

grain refinement events of the solidification microstructures were observed. The first grain

refinement was attributed to chemical superheating induced dendrite remelting. The

second grain refinement was ascribed to stress induced recrystallization of the rapidly

solidified dendrites.

2. The relationship between the dimensionless superheating and the undercooling indicates

that the grain refinement occurring at low undercoolings results from the dendrite break-up

Figure 9. TEM bright field image of (a–d) the dense dislocations and (e) annealing twins in the rapidly solidified Ni80Cu20
alloy quenched with a undercooling of about 220 K (220�C).
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owing to the dendrite remelting, but at high undercooling the dendrite remelting effect is

weak.

3. With the help of incorporating the relaxation effect of solute diffusion in bulk undercooled

liquid, an extended chemical superheating model for predicting dendrite remelting was

developed to explain the two kinds of grain refinement events occurring in the low and

high undercooling regimes respectively. It was found that the present dendrite remelting

model could predict relatively good results in consistency with the grain refinement event

observed in the experiments.

4. It can be inferred that the rapid dendrite growth, the dendrite deformation and the stress-

induced dendrite break-up occur during recalescence stage; the solidification of the resid-

ual liquid phase, the remelting of dendrites, the recrystallization and the grain growth

(secondary recrystallization) occur during post-recalescence period.

5. A corrected model was developed to semiquantitatively calculate the stress accumulation

during rapid solidification of undercooled Ni-20at.%Cu alloys. When the undercooling is

larger than a critical value, the stress due to solidification contraction and thermal strain will

cause break-up of the primary dendrites. The strain energy stored in the broken dendrite

pieces will drive recrystallization, leading to a grain refined recrystallization microstructures
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