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Abstract: A Iabaratory benchmark casting experiment on the Sn-10 wt.%Pb alloy has shown an 
equiaxed zone in the up-left region ofthe casting [Hachani et al., Int. J. Heat Mass Transfer, 85 (2015), 
438-454]. It is not clear ifthe equiaxed crystals originate from heterogeneaus nucleation or dendrite 
fragmentation. The cunent work is to use a three-phase mixed columnar-equiaxed solidification 
model to study its solidification process by assuming different crystal origins, due to either the 
heterogeneaus nucleation, dendrite fragmentation, or a combination of them. Simulations are 
performed, and compared with the as-cast structure. The modeling results show that when the 
nucleation is considered as the sole origin of equiaxed crystals, it is difficult to 'reproduce' the 
experimental result, i.e. the calculated equiaxed zone is much nanower than the one of the as-cast 
structure. When the fragmentation is considered as the origin of equiaxed crystals, the shape o r· 
equiaxed zone seems closer to experimental one. The case with combination of nucleation and 
fragmentation show the best agreement with the experiment. Based on this modeling study, 
fragmentation seems to play a dominant roJe in the origin of equiaxed crystals. 
Introduction 

The Iabaratory solidification experiments were widely used to investigate the formation of as ­
cast structure and related phenomena [1, 2]. Recently, an experiment setup with precise control of 
cooling rate and temperature gradientwas designed [3], and a series ofsolidification experiments ancl 
post-martern metallographic analyses of as-solidified benchmarks were performed at the SIMAP 
Labaratory in Grenoble, France [ 4]. It reported that there was an equiaxed zone in the up-left region 
ofthe benchmark under normal gravity condition. A hypothesis isthat solute-rich liquid rises througl• 
the mushy zone and causes re-melting and fragmentation, which may explain the origin of equiaxed 
crystals. Basedon the theoretical study on local remelting ofthe mushy zone [5, 6], the authors havc 
proposed a simple formula to consider the fragmentation phenomenon in a mixed columnar-equiaxecl 
solidification model [7, 8]. The fragmentation rate is dependent on the local melt concentration 
gradient and the interdendritic flow. A preliminary study has shown that the equiaxed zone in tbe 
benchmark casting is reproducible by the numerical model if the fragmentation mechanism is 
considered [9]. It is also weil known that the heterogeneaus nucleation is an important crystal origin 
of many engineering castings [ 1 0]. Therefore, new questions arise: can the aforementioned as-casi 
structure be reproduced if only the heterogeneaus nucleation is considered, and how does the as-cast 
structure Iook like if both fragmentation and heterogeneaus nucleation are considered? To addres:; 
above questions, the cunent work tries to use the same three-phase mixed columnar-equiaxed 
solidification model to analyze the solidification process with the emphasis on the transport of 
equiaxed crystals. Simulations are made with assumption of different crystal origins, due to either thr: 
heterogeneaus nucleation, fragmentation, or a combination ofthem. The calculated mixed columnar·· 
equiaxed structure is compared with the as-cast structure, hence to get some indications about th1~ 
mostprobable mechanism ofthe origin ofthe equiaxed crystals. 

Model descriptions 

The three-phase mixed columnar-equiaxed solidification modelwas described previously [8]. Tbc 
three phases are the primary melt ( ~), equiaxed ( e) and columnar phases ( c ). Their volume fractiom; 
are quantified by fe [ -], fe [-], and fc [-], and fe + fe + fc= 1. Both the liquid and equiaxed phases arc 

226 

moving phases, and the conesponding Navier-Stokes equations are solved. The columnar phase is 
assumed to be rigid and stationary. Nuc!eat io.n of equiaxed crystals is assumed to occur follow ing a 
classica I Gauss ian heterogeneaus nucleat ion law, Tl1e inocu la.nts ( nem [ m·3

]) serve as nucleation siles, 
wbich are activated as equiaxed crystals (neq[m 3

]) by undercooling (IJ.T [K]) as follows: 

N = nem . O(AT) . dneq 
nu nmax D(C) d(AT) 

(l) 

D(AT) = ar + u . (m. acf _ arf) + Ve. (m. ac; _ arf) 
O(t) at f ax ax ay ay (2) 

1 11T- ilTN 2 
dnoq = ltmnx . e -2 · (~) 
d(tJ1') ./'Er·tJ'ru 

(3) 

Nnu• Nmax• IJ.TN, b.Ta mean heterogeneaus nucleation rate [m-3 s·1
], initial inoculant number density 

[m-3
], Gaussian distribution width [K] and undercooling for maximum grain production rate [K], 

respectively. Ue, Ve, Ce, Te, m indicate x component ofliquid velocity [m s 1
], y component ofliquid 

velocity [ m s·1 
], liquid concentration [-], liquid temperature [K], and liquidus slope [-], respectively. 

The method to treat dendrite fragmentation in the mixed columnar-equiaxed solidification modelwas 
described elsewhere [7]. The fragmentation-induced mass transfer rate (Mce [kg m·3 s·1

]) fi"om 
columnar to the equiaxed is calculated: 

Mce=-y·(Üe-Üc)·Vce·Pe· (4) 

y, Pe are the fragmentation coefficient [-] and equiaxed phase density [kg m·3]. Üe and Üc denote 
liquid and columnar velocity vectors [m s·1

]. Note that fi:agmentation occurs only with remelting, i.e. 
for the case of Mce > 0.0. For the case ofsolidification (calculated Mce has a negative value), we set 
Mce = 0.0, i.e. no fragmentation should occur. The mass integral of all fragments as produced per 
time is proportional to the increase rate of constitutional Supersaturation as caused by the 
interdendritic flow. The diameter of the fragment (d2.rrag [m]) is propmiional to the secondary 

dendrite arm space (A.2 [m]) and the volume fraction ofthe columnar phase (fc): 

d2,rrag = Az · fc. 
Hence the rate ofthe fragment production (Nrrag [ m·3 s· 1

]) can be calculated as: 
N Mcc 

frag = P .!!cao )3 · 
e 6 c.(rag 

The transpmi of equiaxed inoculants is calculated as fo llows [ 11, 12]. 

~nem +V. (Üenem) = -Nnu. at 

(5) 

(6) 

(7) 

As the columnar dendrite structure and the equiaxed grains ( crystals) are treated as two separated 
solid phases, evolutions ofthem by solidification are calculated explicitly. The amounts ofthem are 
quantified by their volume fractions, fc and fe. The columnar phase is stationary (Üc = 0). The motion 
of equiaxed crystals, Üe, is calculated by solving corresponding momentum conservation equation. 
Transpmi ofthe number density ofthe equiaxed crystals, neq• must be calculated with 

(8) 

by considering a source term N [ m·3 s·1
]. N should include the contribution of the heterogeneaus 

nucleation, Nnu• and the fragmentation, Nrrag· 
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Sn-10 wl.%Pb 

Figure 1. Simulation settings for the 
benchmark casting: geomehy and boundary 
conditions. 

Fig. I shows the configuration and settings ofthe simulation, as is in accordance with the cxperiment 
fiom Hachani et al. [4]. Sn-10 wt.%Pb alloy is considered. The thermodynamic and physical 
parameters can be found in reference [9] . 5 cases are calculated (Table 1). Case I assumes only the 
fi·agmentation as sole origin of equiaxed crystals, while Case 5 assumes heterogeneaus nucleation as 
only origin. Case 2 to Case 4 consider both fi"agmentation and heterogeneaus nucleation, with 
different nucleation parameters. 

Tabie 1. Numerical parameter study and different simulation case . 

Case I 
Case 2 
Case 3 
Case 4 
Case 5 

origin of equiaxed crystals 

fragmentation only 
fragmentation + nucleation 
fi·agmentation + nucleation 
fi"agmentation + nucleation 

nucleation only 

Results and discussion 

parameters 

y = 1.0 

Nmax=S.Ox 108 nY\ öTN =3.0 K, /:,Ta= 3.0 K, y = 1.0 

Nmax=l.Ox 109 m·l, öTN =3.0 K, !:,Ta= 3.0 K, y = 1.0 

N1118x=5.0x 109 m·3
, öTN =3.0 K , 6T0 = 3.0 K , y = 1.0 

Nmax=S.Ox 109 m·3, öTN =3.0 K, 6T0 = 3.0 K 

Fig. 2 shows the simulated equiaxed zone in the as-solidified benclunark casting for different cases, 
as weil as the as-cast structure of experiment observation. Contour in Fig. 2(a) shows the result of 
Case I (only fragmentation). There is an equiaxed zone in the up-left region, extending to the middle 
ofthe bottom. There is a small portion of equiaxed crystals which are scattered in the right pati ofthe 
benchmark. The equiaxed crystals are set to be detached fiom the colunmar tmnk and some ofthem 
are embedded in the space between different columnar dendrites. Ifboth fi·agmentation and nucleation 
are considered in the solidification process (Case 2-4), the position of equiaxed zone would not 
change significantly, locating in the up-left comer. However, the equiaxed area becomes broader as 
the initial inoculant number density 11max increases (Fig. 2(b)-(d)). When the initial inoculants number 
density is considered as nmax = 5 x I 09 m·3 (Case 4), the equiaxed zone is too !arge in comparison with 
the experiment (Fig. 2(d), (f)). The simulation result ofCase 3 seems to show best agreement with 
the experiment using nnw x = 1 x 109 m·3 (Fig. 2(c), (f)). The fiagmentation of dendrite plays a 
significant roJe in the formation of the equiaxed zone. The numerical analysis shows timt without 
dendrite fi·agmentation, Case 5 even with a very !arge initial inoculant number density nmax = 5 x 109 

m·3 would not be able to reproduce the experiment result, i.e. the calculated equiaxed zone is too 
narrow (Fig. 2(e)). 
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Figure 2. Calculated as-solidified equiaxed volume fi"action contour for different cases 
with various parameters for equiaxed crystal origin and the as-cast structure of the 
experiment: (a) with fragmentation (Case 1), (b) with fiagmentation and nucleation using 

8 -3 . . . . 9 -
nmax = 5 x 10 m (Case 2), ( c) w!th fi·agmentat!On and nucleatlon usmg 17max = I x 10 m 
3 . . . 9 -3 
(Case 3), (d) with fi:agmentatlon and nucleation usmg nmax = 5 x 10 m (Case 4), (e) 

only with nucleation using nrnax = 5 x 10
9 

m-
3 

(Case 5) and (f) as-solidified stmcture 
observed fi:om experiment [ 4]. 

The subsequent analyses are based on Case 3. As shown in Fig. 2(f), an accumulated equiaxed zone 
was obtained in the up-left corner region of the as-solidified bencbmark casting, and this region 
extends to the middle bottom. The transport of the equiaxed crystals is responsible for this 
distribution. Equiaxed crystals are produced near the solidification fi·ont. Subsequently, they tend to 
sediment along the columnar tip fi-ont due to the density difference between liquid and solid crystals. 
Meanwhile, the melt flow also tries tobring them into the bulk region (left side) and a !arge pmiion 
of equiaxed crystals would move into the melt bulk. As moving in the melt, those crystals continue 
to grow ifthe melt is still undercooled, or they might be melted ifthey are brought into the overheated 
or supersaturated region. As the density ofthe melt is strongly dependent on the solute emichment of 
the melt [9] , the equiaxed crystals are with different capability of settling due to the different density 
variation between solid and melt all over the benclunark. 
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Figure 3. Analysis of the crystals movement for Case 3 during solidification at 2300 s: 
(a) liquid velocity field overlaid with fc isoline; (b) equiaxed velocity overlaid with }c 
isolinc; (c) schematic ofmelt flow and equiaxed movement (black dash lines indicate the 
circulation of melt flow and red arrows indicate the relatively moving direction of 
equiaxed crystals). 

A dctailed analysis ofthc crystal movement for the moment at 2300 s is shown in Fig. 3. A clockwise 
liquid convection is observed in the melt. The intensity of the liquid flow is at the magnitude of 1 x 

1o-3 m s-1 (Fig. 3(a)). Due to the drag force between liquid and equiaxed crystals, the equiaxed crystals 
also form a clockwise convection (Fig. 3(b)), similar asthat for the liquid. Equiaxed crystals tend to 
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move downwards relative to the liquid (Fig. 3(c)). The convection cell gradually shrinks and moves 
to the up-left comer, till the end of solidification. It is essential for the fonnation of final as-cast 
structure and the details are discussed in [9]. It is worth mentioning that no matter where the crystals 
come fi·om, nucleation or fi·agmentation, the movement of crystals obeys a same pattern. It is 
impossible to figure out the origin ofthe crystal once it is formed. 

1400 s 

Cant.: 
4

';;;"1- (0 -1 x 109m-3s-1) 

Averaged Nrrag. : 2. 1 x I Q9 m·1 

J; ~ 0.9 

(b) 

T = 0.3 K 

2350 s 

Cont. : ·~~·•co - 1 x JO' m·>s-' ) 

1400 s 

Cant. : d :~~·t·l (0 - 1 x I 01 m·3 s·1) 
Averaged Nnucl : 1.2 X 1 Q9 m ·3 

(d) 

Cont.: a ~","1• (0 - I x 1 

Averagcd Nn ud 3.9 x I 

1750 s 

2350 s 

Cont.: •N;,"t!. (0 - 1 x 107 nr3 s- 1) 

(c) (f) 
Figure 4. Comparison ofdifferent equiaxed crysta1 origin mechanisms (Case 3): (a)-(c) 
contours offragmentation rate at 1400 s, 1750 s and 2350 s, respective1y; (d)-( e) contours 
ofheterogeneous nucleation rate at 1400 s, 1750 s and 2350 s, respective1y. 

Comparison of the differences equiaxed crysta1 origins, fragmentation or heterogeneaus nuc1eation, 
are made in Fig. 4. At 1400 s, the solidification front advances to about Y. length ofthe benchmark 
from right cold wall. Crystals form slightly behind the solidification front, either by the mechanisms 
of fragmentation or nucleation. The liagment production rate is about 100 times !arger than 
heterogeneaus nucleation rate (Fig. 4(a), (d)). When the solidification fi·ont evolves to the middle part 
ofthe benchmark (1750 s), the fragmentation is witnessed on1y in some speciallocations, e.g. bottom 
and segregated channels. This phenomenon is connected to the loca1 liquid flow conditions. 
According to Eq. 4, the fragmentation is not availab1e when the dot production ofliquid concentration 
gradient 'ilce and liquid ve1ocity u is equal or greater than zero. At this moment, the so1idification 
front is nearly vertica1 (Fig. 4(b)), as would Iead to a simi1ar direction of liquid ve1ocity. It would 
result in the unfavorab1e condition for fi-agmentation. However, the nucleation mechanism takes 
effect continuous1y (Fig. 4(e)) with a relative1y low production rate with the magnitude 1 x 107 m·3 s· 
1

• At the late age ofthe solidification (2350 s), the fi·agmentation of dendrite plays an important roJe 
to produce equiaxed crystals in the mush zone. It happens in a wide area slightly behind the 
solidification front (Fig. 4(c)) . Heterogeneaus nucleation, by contrast, makes a contribution to the 
formation of equiaxed crysta1s near the front (Fig. 4(f)). The combined effect of fi·agmentation and 
nucleation wou1d result in finally an emichment equiaxed zone, as is close to the experiment 
observation. Even though the nucleation takes effect from the beginning to the end of so1idification, 
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it is fragmentation that makes the dominant contribution to the crystals origination in the so1idification 
process. 

Summary discussion 

Effects of heterogeneaus nucleation and dendrite fragmentation on the formation of equiaxed 
zone in a solidifying Sn- 10% Pb benchmark were investigated by a three-phase mixed columnar­
equiaxed solidification model. With undercooling the inocu1ants in the melt will be activated as 
equiaxed nuclei, and they can deve1op into equiaxed crystals. Remelting is the main mechanism for 
the origin of equiaxed fragments. Once the ctystal is formed, it tends to settle down in the melt 
interacting with the melt flow through the drag force. A clockwise convection cell shrinks and move~ 
gradually to the up-left comer at the late age of solidification, as is responsible for the formation of 
equiaxed zone in the up-left part of the benchmark. It is difficult to reproduce the equiaxed zone 
properly only through the contribution of heterogonous nucleation. Even though the case only 
considering fragmentation can reproduce the shape and position of equiaxed zone, it is the case that 
properly considering both nucleation and fragmentation fits best with the experiment. Fragmentation 
plays the dominant role in the production of equiaxed crystals. Since the simulations were made in 
2D, some details about the location of the crystal production were not properly revealed. For 
heterogonous nucleation, the Gaussian distribution width and undercooling for maximum grain 
production rate are given as fixed values. Additionally, a fixed va1ue of 0.1 is assigned to 
fragmentation coefficient y. Those parameters require further theoretic studies and experimental 
validations. 
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