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Abstract Considering non-equilibrium solidification and

its influence on subsequent near-equilibrium solidification

together, the description of recalescence behavior in bulk

undercooled Cu70Ni30 alloy was adopted to predict the

corresponding microstructure transition. The thermal pla-

teau time for near-equilibrium solidification can be

deduced directly with the calculation of non-equilibrium

solid fraction formed in recalescence. On the basis of

quantitative description for recalescence behavior, the non-

equilibrium solid fraction, residual liquid fraction, dendrite

broken-up time, and thermal plateau time can be deter-

mined as functions of initial undercooling. Then, a simple

and accurate application of dendrite fragmentation model

was performed as the grain refinement at both low- and

high-undercooling originates from dendrite breakup. The

predicted undercooling regions for the double grain

refinement agree well with the experimental observation.

Moreover, the change of grain morphology for the second

grain refinement can be ascribed to the occurrence of

recrystallization produced by the enhanced residual stress

upon highly undercooled solidification.

Introduction

The formation of refined grain structure is a subject of great

interest in metallurgy and materials science because of

improved mechanical properties for polycrystalline mate-

rials [1]. Generally, grain refinement can be achieved by

adding certain micron-sized particles to melts due to the

enhancement of nucleation rate [2, 3]. Since the first

observation of grain refinement in undercooled pure Ni by

Walker [4], this phenomenon has been detected universally

in many metallic systems (e.g., Fe–Co [5], Fe–Ni [6], Ni–C

[7], and Ni–Cu [8, 9]) using different rapid solidification

techniques (e.g., melt fluxing [5, 6], electromagnetic levi-

tation [9], drop-tube [10], and melt-spun [11]). Moreover,

it was also found that this unique grain refinement can

occur not only at high undercooling, but also at low und-

ercooling [9, 10]. Compared with the conventional method

by mechanical stirring or adding particles to the melts, the

characteristic transition from coarse dendrite to grain-

refined microstructure in undercooled liquid is intrinsic to

the process itself.

In order to achieve a better understanding of this phe-

nomenon, investigations have been performed extensively

and different mechanisms were proposed separately,

including dynamic nucleation [4], critical growth velocity

which assumes that the grain refinement is accompanied

by the abrupt transition in velocity and undercooling curve

[12], kinetics induced growth instabilities [13–15], recrys-

tallization [16], dendrite remelting [17], and dendrite

fragmentation [18, 19]. Then, the model suggested by

Karma has been widely accepted, which assumes that the

grain refinement originates from dendrite fragmentation

due to Rayleigh instabilities and occurs when the thermal

plateau time following recalescence Dtpl exceeds the den-

drite break-up time Dtbu [18]. Applying this criterion, the
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predicted grain refinement regions agree well with the

observed results in electromagnetic levitation and drop

tube experiments [8, 9].

As suggested in Karma’s model [18, 19], the dendrite

break-up time Dtbu can be quantitatively calculated as a

function of dendrite trunk radius R, which is dependent of

initial undercooling DT and proportional to the dendrite tip

radius Rtip deduced from dendrite growth model. However,

the thermal plateau time Dtpl is estimated roughly from the

experimental cooling curve, which brings uncertainty and

inconvenience to the model application.

Actually, solidification of bulk undercooled liquid is

composed of two successive regimes, i.e., rapid solidifica-

tion accompanying recalescence and the subsequent near-

equilibrium solidification during which the residual liquid

crystallizes continuously [20]. Therefore, it can be believed

that the formation of grain refinement microstructure is

caused by the specific transformation experience of the

above two processes. Moreover, the fragmentation model is

proposed for post-recalescence stage, which is controlled by

the combination of residual liquid fraction and heat

extraction rate to environment [18, 19]. It can be concluded

that the duration of thermal plateau stage should be deter-

mined by the previous rapid solidification process and the

as-formed non-equilibrium solid fraction fs, rather than

considering this period alone. In our previous work [21–23],

the recalescence behavior of bulk undercooled melts has

been described quantitatively with the calculation of liquid/

solid Gibbs free energy by assuming thermal balance

and solute conservation. Because of the advantage of

unlimited miscibility for studying the effect of solidification

without being affected by subsequent phase transforma-

tions, Cu70Ni30 alloy was chosen and the predicted maximal

recalescence temperature TR agrees well with the experi-

mental results [22].

The purpose of this article is to derive a quantitative link

between the non-equilibrium solidification and the sub-

sequent near-equilibrium solidification, where the thermal

plateau time for the latter stage can be calculated according

to the solid fraction formed in the former stage using the

predicted maximum recalescence temperature. On this

basis, the analysis of these two transformation processes is

further applied to interpret the corresponding microstruc-

ture evolution, which gives a more accurate prediction of

grain refinement regions and better explanation of grain

morphological transition for bulk undercooled Cu–Ni alloy.

Experimental procedure

The undercooling experiments were performed by melt

fluxing method. The flux agent, i.e., analytical pure (AP)

grade boron oxide, was used after having been fully

dehydrated in an electro-resistant furnace at 1073 K for

8 h. The experimental apparatus consists of a high-fre-

quency induction heating facility, an infrared pyrometer

and a signal recorder. Cu70Ni30 alloy with a mass of 5 g

was in situ melted from high-purity elements of nickel (Ni)

and copper (Cu) better than 99.98 wt%. Prior to melting,

the surfaces of the metal charges were cleaned mechani-

cally by grinding off the surface oxide layer and chemically

by etching in HCl solution diluted by alcohol. In order to

obtain undercooling as large as possible, the superheating–

cooling procedure was repeated between two and five times

so as to vary the nucleation capacity of the heterogeneous

catalyst by decomposition, melting, or passivation effect

prior to crystallization. After the sample had been super-

heated to the desired temperature for 3–10 min, the

induction heater was turned off so that the sample was

spontaneously cooled down to room temperature. The

heating and cooling curves of the melts were in situ mea-

sured by an infrared pyrometer, which was calibrated with

a standard PtRh30-/PtRh6 thermocouple, and had an

accuracy of 3 K, and a response time less than 5 ms.

After experiment, the solidified samples were sectioned

longitudinally and processed according to standard metal-

lographic procedure. The microstructure observation was

performed using a PMG3 Olympus optical microscope and

the dendrite length and spherical grain diameter were

determined by the linear intercept method.

Results and discussion

Microstructure evolution with undercooling

Figure 1 shows the as-solidified microstructure morpholo-

gies of Cu70Ni30 alloy subject to different undercoolings.

If solidification occurs at the undercooling of 20 K, coarse

dendrites with well-developed primary trunks and sec-

ondary arms form primarily (Fig. 1a). This can be ascribed

to the rapid propagation of formed dendrite to the volume

of melts once upon the onset of nucleation and the sup-

pression of further nucleation due to its released fusion

heat. Subsequently, as the undercooling increases to 44 and

90 K, these coarse dendrites transform to quasi-spherical

grains, and the first spontaneous grain refinement phe-

nomenon occurs, which can be inferred from the abrupt

decrease of grain size shown in Fig. 1b and c in compari-

son with that in Fig. 1a. However, dendrite morphology

appears again with the undercooling of 123 K and grows

into the undercooled melt undergoing a preferred growth

transient zone after the start of nucleation (Fig. 1d). This

can be inferred from the highly branched directional and

fine patterns in the overall cross-section in comparison to

that for 20 K undercooling.
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As undercooling rises up to 158 K, some of the primary

dendrite arms begin to detach from its trunk (Fig. 2a),

while the dendritic structure remains predominant. This

effect is further strengthened for DT = 186 K, where the

directionally thin dendrite has been broken into small

pieces, indicating the occurrence of second grain refine-

ment (Fig. 2b). For undercooling of 220 and 256 K, refined

grains form completely with the large increase of grain

number (Fig. 2c, d).

However, it is worth noting that there are quite different

characteristics between the second refined structures with

different undercoolings. This can be inferred from the

enlarged pictures for DT = 220 and 256 K shown in

Fig. 3. As can be seen clearly, the refined grain for

DT = 220 K presents granular morphology with smooth

grain boundary and uniform grain size, which is similar to

the first refinement phenomenon (Fig. 3a). In contrast, the

as-solidified structure for DT = 256 K is composed of

hexagonal equiaxed grains with straight and flat edges,

accompanying the abnormal large grains coexisting with

fine equiaxed grains (Fig. 3b).

Based on the above analysis, the grain size as a function

of DT for Cu70Ni30 alloy is plotted in Fig. 4. Obviously,

two grain refinement regimes occur within the range of

undercooling examined here. With the decrease of grain

size from *1700 lm to less than 25 lm, the first grain

refinement takes place and remains in the lower underco-

oling, i.e., 44 K \ DT \ 90 K. The second occurs at

DT [ 200 K, indicated by the reduction of grain size from

*3000 lm to less than 50 lm again.

Relations between non-equilibrium and near-

equilibrium solidification stages

As mentioned above, the occurrence of grain refinement

can be explained by the dendrite fragmentation model with

the comparison of dendrite break-up time and thermal

plateau time. As the thermal plateau stage is associated

with the amount of solid fraction formed in non-equilib-

rium solidification process, its duration time can be deter-

mined from the recalescence extent, as well as the

maximum recalescence temperature, without resorting to

experimental estimation. According to the energy conser-

vation principle, the thermal plateau time Dtpl can be cal-

culated as [8]:

Dtpl ¼
flDH

CpU
¼ 1� fsð ÞDH

CpU
; ð1Þ

where fl is the residual liquid fraction after recalescence,

DH is the fusion heat, Cp is the heat capability of liquid,

and U is the liquid cooling rate and was chosen as 14 K/s in

the current experiment [22].

Assuming the solidification within recalescence to be an

adiabatic process, the non-equilibrium solid fraction formed

in this period is proportional to the temperature rising

during recalescence, DTR, and can be expressed as [24]:

Fig. 1 As-solidified microstructures of Cu70Ni30 alloy at small undercooling: a DT = 20 K; b DT = 44 K; c DT = 90 K; d DT = 123 K
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fs ¼
DTRCp

DH
¼ TR þ DT � Tlð ÞCp

DH
; ð2Þ

where Tl is the liquidus temperature.

Applying thermal balance and solute conservation

principles, a numerical model was proposed to describe the

recalescence behavior of bulk undercooled melts with the

quantitative calculation of liquid/solid Gibbs free energy.

Detailed information was given in Refs. [21, 22]. Figure 5

shows the predicted maximum recalescence temperature

TR and the corresponding DTR as functions of undercool-

ing. With the increase of DT, the maximum recales-

cence temperature decreases continuously and deviates

from its liquidus temperature significantly. However, the

recalescence extent increases gradually due to the

enhanced non-equilibrium effect. Incorporating Eq. 2 and

the results in Figs. 5 and 6 present the evolution of non-

equilibrium solid fraction as a function of undercooling.

Analogous to that for DTR, fs increases with DT in a linear

like manner.

Comparison of theoretical analysis with experimental

observation

According to dendrite fragmentation model [18, 19], the

dendrite break-up time can be calculated by the following

equation:

Fig. 2 As-solidified microstructures of Cu70Ni30 alloy at large undercooling: a DT = 158 K; b DT = 186 K; c DT = 220 K; d DT = 256 K

Fig. 3 High-magnification microstructure morphologies of Cu70Ni30 alloy for second grain refinement: a DT = 220 K; b DT = 256 K
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DtbuðDTÞ � 3

2

R DTð Þ3

d0DT

1þ mlj C0 1� keð Þ
DHf=Cp

Dl

DT

�
�
�
�

�
�
�
�

ð3Þ

with ml as the equilibrium liquidus slope, ke the equilibrium

segregation coefficient, d0 (=CCp/DH) the capillary length,

and C the Gibbs–Thomson coefficient. The dendrite trunk

radius R, as a function of DT, is correlated to dendrite tip

radius Rtip with a scaling factor of 20 [18, 19]. Analogous

to previous study [25, 26], the stability constant in dendrite

growth model was herein chosen as 1/4p2 for the sake of

simplicity. Actually, it may vary with the crystal anisot-

ropy, alloy composition, undercooling, and the ratio of

thermal diffusivity DT to solute diffusivity Dl in liquid

[27–29].

Using the basic physical parameters for Cu70Ni30 listed

in Table 1 [12, 17, 22], Fig. 7 shows the variations of Dtpl

and Dtbu as functions of undercooling calculated by Eqs. 1

and 3 separately. As can be seen clearly, there are three

intersections of the two curves at 32, 106, and 181 K,

respectively. According to dendrite fragmentation model,

there is double grain refinement when 32 K \DT \ 106 K

and DT [ 181 K, in which break-up occurs before the

sample has enough time to solidify completely, i.e., Dtpl [
Dtbu. In other cases, coarse dendrites will not break up

because of insufficient time. In comparison with the above

experimental observation and the reported results [8, 30],

the model prediction is satisfactory.

Also, it is necessary to follow the morphological change

in the second refinement region. For smaller undercooling,

the observed spherical-shaped grains originate from the

fragmentation of primary dendrites and their side-branches.

As mentioned above, the refined grain at larger underco-

oling is different with that at smaller undercooling (Fig. 3),

which may be ascribed to recrystallization. From Fig. 6,

it can be seen that the solid fraction formed in non-equi-

librium transformation stage increases with undercooling,

which leaves less residual liquid in the subsequent near-

equilibrium solidification process. In such a case, the

formed dendrites connect together and form a mesh

Fig. 5 Predicted maximum recalescence temperature and recales-

cence extent as functions of undercooling for the undercooled

Cu70Ni30 alloy

Fig. 6 Non-equilibrium solid fraction as a function of undercooling

for the undercooled Cu70Ni30 alloy

Table 1 Physical parameters for the Cu70Ni30 alloy used in the

model calculations [12, 17, 22]

Parameters Unit Values

Heat of solidification DHf J/kg 231700

Specific heat Cp J/kg K 576

Capillarity constant C K m 2.627 9 10-7

Liquidus temperature Tl K 1506

Thermal diffusivity in liquid DT m2/s 7.5 9 10-6

Solute diffusivity in liquid Dl m2/s 7 9 10-9

Equilibrium liquidus slope ml – 5.6

Equilibrium segregation coefficient ke – 1.485

Fig. 4 Measured grain size as a function of undercooling for the

undercooled Cu70Ni30 alloy
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structure, which generates larger resistance against the

flowing of residual liquid and delays its compensation to

the mushy zone of the sample. Consequently, the residual

stress in the solidified solid is significant. Additionally,

more solute atoms are trapped in the formed solid for larger

undercooling, accompanying the enhanced dislocation and

defects, which increase the distortional energy of crystal

lattice. The combination of these effects provides the

driving force for the subsequent recrystallization and forms

the observed straight grain boundary. In local regions with

relatively high-dislocation density and stress concentra-

tion, the recrystallized grain grows through merging with

the surrounding grains, while the other grains grow nor-

mally. Consequently, abnormal large grain occurs and

leads to non-uniform grain size distribution in the final

microstructure.

Conclusions

Association of non-equilibrium solidification and the sub-

sequent near-equilibrium solidification processes was

constructed and further applied to predict the microstruc-

ture evolution for bulk undercooled Cu70Ni30 alloy. On the

basis of quantitative description for recalescence behavior,

the non-equilibrium solid fraction, residual liquid fraction,

dendrite broken-up time, and thermal plateau time can be

determined as functions of initial undercooling. With the

comparison of dendrite broken-up time and thermal plateau

time, the grain refinement phenomenon can be predicted by

applying dendrite fragmentation model, giving excellent

agreement with the experimental results. The analysis of

the grain morphology transition for second grain refine-

ment shows the occurrence of recrystallization because of

the enhanced residual stress in larger non-equilibrium solid

fraction for higher undercooling.
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