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ABSTRACT

Forced convection and its effect on the microstructure evolution of an Al-7wt%Si alloy during unidi-
rectional solidification were studied experimentally. Under natural convection (gravity), columnar struc-
tures develop. However, under forced convection by activating a rotating magnetic field (RMF: 10 mT,
50 Hz), many equiaxed grains form in the half-radius region of the cylindrical sample, and a severe
macrosegregation channel forms at the centre of the sample. Crystal fragmentation is regarded as the
main source of equiaxed grains, but their formation mechanism and the fragment transport phenomenon
are not fully understood. A mixed columnar-equiaxed solidification model with extension to consider
two dendrite fragmentation mechanisms (capillary-driven and flow-driven), was used to reproduce the
experiment with the objective to investigate the formation process of the microstructure and macroseg-
regation. Under the effect of the RMF-induced primary/secondary flow, the capillary-driven fragmentation
mechanism, which is associated with dendrite coarsening, operates mainly in the peripheral region of the
sample at a certain depth of the mushy zone. These fragments are difficult to be transported out of the
(columnar dendritic) mushy zone. The flow-driven fragmentation mechanism associated with the inter-
dendritic flow-induced re-melting of dendrites, operates mostly near the front of the mushy zone and/or
around the central segregation channel. Some of these fragments can be transported out of the colum-
nar tip region. In this case, a thin undercooled layer exists. Therefore, fragments can grow and become
equiaxed grains. Some fragments are transported distally from the mushy zone into the bulk superheated
region and are re-melted/destroyed there. The fragments, which continue to grow in the deep mushy
zone or in the thin undercooled layer, are easily trapped by columnar dendrites, thereby competing with
the growth of columnar dendrites to form a mixed columnar-equiaxed structure or even leading to a
columnar-to-equiaxed transition.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

equiaxed grains and even lead to a columnar-to-equiaxed transi-
tion (CET) [3,4]. Formation of equiaxed crystals and CET are desir-

Dendrite fragmentation, i.e., the detachment of dendrite arms
from a main dendrite stem, is considered as an important potential
mechanism for the origin of equiaxed grains during alloy solidifica-
tion [1,2]. Some fragments that are transported out of the colum-
nar dendritic mushy zone after their formation either survive or
are re-melted in the bulk melt region based on the local superheat
condition. The fragments that survive may continue to grow into
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able for many castings [5,6]; however, the formation of such frag-
ments, named stray/spurious grains, is detrimental to the quality
of castings in the production of single-crystal turbine blades [7,8].

Despite the significance of this subject and research efforts in
this field, information on crystal fragmentation is still limited and
even controversial. Jackson et al. [9] first reported the re-melting
induced fragmentation mechanism, i.e., local fluctuation of thermal
and/or solute fields in the interdendritic region causing re-melting
of the dendrite roots and consequently, leading to the formation of
fragments. Because the detachment of sidearms by re-melting is a

1359-6454/© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.actamat.2022.118391
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118391&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:menghuai.wu@unileoben.ac.at
https://doi.org/10.1016/j.actamat.2022.118391
http://creativecommons.org/licenses/by/4.0/

H. Zhang, M. Wu, C.M.G. Rodrigues et al.

part of the coarsening process and coarsening is strongly related
to capillarity effect of the local dendrite morphology (curvature
of solid-liquid interface) [10-14], this mechanism is later named
capillary-driven fragmentation [11,13]. The corresponding process
is further confirmed by recent in situ observations of solidification
experiments on metal alloys [12,15-19]. The interdendritic flow
also plays an important role in fragmentation [2,17,20-23]. For ex-
ample, when an alloy solidifies under a forced flow condition, the
fragmentation rate/frequency increases [20]. Note that flow exerts
a shear force on the solidifying dendrite. This may cause mechani-
cal fractures of side branches. Such mechanical fractures were once
believed to be another mechanism for fragmentation [24,25]. How-
ever, this view has been rejected by many researchers. Several ex-
periments have indicated that a certain delay from the start of the
stirring to the onset of fragments is required [9,20,26]. This delay
cannot be explained by mechanical fracturing. Based on a theoret-
ical analysis [27], it has been proven that, under a strong liquid
flow condition (0.01 m/s), the shear force exerted on the dendrite
root does not reach 1% of its yield stress at that temperature.

In addition to experimental studies, numerical approaches such
as the phase-field method have been used to model dendrite evo-
lution and potential fragmentation [11,12,28-30]. The phase field
method is indeed a proper approach to study the phenomena as-
sociated with dendrite evolution by tracking the dendrite fragmen-
tation precisely; however, it is limited to the microscopic scale
with a few dendrites. To manage billions of fragments and their
transport at an engineering casting scale, a volume-average-based
solidification model is required [31-35]. Fragmentation parame-
ters (frequency Np,g and initial size dg_frag), which cannot be di-
rectly calculated using the volume-average model, must be de-
scribed using a sub-model. The volume-average model can act as a
bridge between the fragmentation sub-model and global solidifica-
tion/melting model that considers the transport of solute, energy,
and fragments, so that an as-cast structure can be predicted.

Experimental studies have been used to estimate the fragmen-
tation frequency, Nf,,, based on optical observation using transpar-
ent analogue alloys or synchrotron X-ray radiographical investiga-
tions with real metal alloys [2,12,16,20,26]. For example, based on
alloy compositions, Ng,g (M—3s—1) was estimated to be 0.5 x 109
for Al-15 wt%Cu [2,20], 0.28 x 109 for Al-20 wt.%Cu [16], and
2.83 x 109 for Al-30 wt.%Cu [16]. When pulsed electromagnetic
fields are applied, Ny,g increases significantly [20]. As the afore-
mentioned counts were estimated optically, only fragments with
a size of the order of secondary dendrite arms could be recog-
nized. Hence, the value of Ng,, might have been underestimated.
The fragmentation rate for a steel casting was also estimated using
‘fitting’ parameters to match the experimental results of the as-cast
structure [36]. A hypothesis was designed that stirring molten steel
(natural convection) prior to the solidification front would result in
seeding a liquid with dendritic fragments. These fragments were
assumed to be eroded from the columnar front with fragment flux
Npux (m—2s—1) once a certain condition (a threshold of local ther-
mal gradient) was fulfilled. This surface injection model for Ng,, at
the columnar front was later used in a volume-average solidifica-
tion model to simulate an as-cast structure [37]. Such experiments
or experiment-based methods provide valuable information on the
magnitudes of Ng,e (0r Np,y) and dgfrag. Unfortunately, the limited
experimental data do not allow to set a sub-model that can corre-
late Npy,q (or Npyy) and dgfrag with solidification parameters.

Therefore, alternative approaches have been explored. It is
known from Flemings’ local re-melting theory [38] that a flow
in the direction of growth of primary columnar dendrites in the
mushy zone promotes re-melting. On this base, an onset crite-
rion for the flow-remelting-induced fragmentation was suggested
by Campanella et al. [39] to analyse the potential occurrence of
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fragmentation. As a step further, the current authors proposed a
flow-driven fragmentation formulation (sub-model) to quantify the
relation between Ny, and flow [40]. The Ng,, is assumed to be

proportional to —y - (ﬁg - ﬁc) - V¢, where (ﬂg - ﬂc) is the rela-
tive velocity between the melt and columnar dendrites and V¢,
is the solute concentration gradient of the interdendritic melt. A
fragmentation coefficient y was introduced to consider other un-
known contribution factors. This sub-model was implemented in a
volume-average solidification model to reproduce the as-cast struc-
tures of an Sn-10 wt.%Pb alloy of a laboratory benchmark [41] and
steel of an engineering continuous casting [42]. The value of y
was obtained via a numerical parametric study. Recently, Cool and
Voorhees proposed another expression to estimate Ng,, based on
an isotherm coarsening experiment under the microgravity con-
dition aboard the International Space Station (ISS) [12]. Statisti-
cally, the Nf,, could be expressed as a function of the character-
istic length scale of dendrites (solid-liquid interfacial density Sy).
This expression was valid for the pure diffusive and isotherm con-
dition, but the current authors extended it to solidification con-
ditions [13]. Also, a more general coarsening law based on Sy
was considered [28]. This capillary-driven fragmentation model
has been implemented in a volume-average solidification model
to reproduce a laboratory experiment on the NH4C1-H,O alloy
[43]. However, some material-related coefficients for the coarsen-
ing law (Chapter 3.1) need to be fitted through a parametric study.
The above two fragmentation sub-models, namely, flow-driven and
capillary-driven models, were derived from different theoretical
backgrounds. Although the former highlights the flow-induced re-
melting effect, it fails to explain the crystal morphology, growth/re-
melting kinetics, and their impact on fragmentation. The latter
model considers more morphological and kinetic effects but ig-
nores the flow impact.

In this study, both flow-driven and capillary-driven sub-models
were combined and compared based on a unidirectional solidifica-
tion experiment on an Al-7wt.%Si alloy. Some in situ experiments
have observed both fragmentation mechanisms would operate si-
multaneously [15]. Both sub-models were implemented in a mixed
columnar-equiaxed solidification model. The first objective of this
study was to reproduce the unidirectional experiments. The second
objective was to analyse the evolution of the as-cast structure by
considering crystal fragmentation based on above two mechanisms
and the transport and growth/re-melting of crystal fragments.

2. Brief description of the experiment

A unidirectional solidification experiment on the AI-7.0wt.%Si
alloy was performed in a Bridgman-type furnace [44], depicted in
Fig. 1(a). The size of the cylindrical sample was 100.0 mm x ¢8.0
mm. The temperature profiles during the solidification were mon-
itored using thermocouples, Fig. 1(b). The temperature gradient in
the sample was 7.0 + 0.5 K/mm and the withdrawal rate of the
sample was 0.1 + 0.02 mm/s. The furnace was equipped with a
two-pole inductor to produce a rotating magnetic field (RMF). The
function area of the RMF was significantly longer than the sample
length.

The as-solidified sample was metallographically analysed and
its vertical section is depicted in Fig. 2(a). The first part of the
sample (Part 1: first 40 mm) solidified under natural convection;
the second part (Part 2: from 40 mm to 80 mm) solidified un-
der RMF (B = 10 mT, f = 50 Hz); and the remaining part (Part 3:
>80 mm) solidified under natural convection. In Part 1, the colum-
nar grains dominate and their structure is slightly inclined towards
the sample surface. In Part 2, the long and thin columnar grains
continue to develop in the peripheral region, while they trans-
form into stubby grains along the middle of the sample. The grains



H. Zhang, M. Wu, C.M.G. Rodrigues et al. Acta Materialia 241 (2022) 118391

1200

—TC1
—T1C2
—T1C3
—TC4
——TES
—— TC6
—TC7
—TC8
—— TC9
—TC10
——TCl11
—TCI12

1000

800

Temperature (K)

600

400 T T T T
0 200 400 600 800 1000

Solidification time (s)
(b)

Fig. 1. (a) Schematic of unidirectional solidification facility: 1. step motor, 2. solidification sample, 3. thermocouples, 4. alumina crucible, 5. furnace with four heating zones,
6. RMF inductor, 7. copper cooling core, 8. cooling water, and 9. basement. (b) Evolution of temperature profiles.
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Fig. 2. Experimental result of the as-solidified Al-7.0wt.%Si sample. (a) Grain structure on the vertical section with two enlarged views before and after the activation of the
RMF; the red/blue lines indicate the columnar tip-front/eutectic isotherm before and after the activation of the RMF. (b) and (c) Macrosegregation of Si (cim“gf") profiles across
the sample diameter at various heights near the regions before and after the activation of RMF, respectively.

are more inclined compared to Part 1. A severe macrosegregation The solute distribution (macrosegregation) was measured using
channel forms in the sample centre, where dense fine equiaxed the energy-dispersive X-ray spectroscopy (EDS) along the diameter
grains can be seen. After switching off the RMF in Part 3, the struc- of the sample. The size of the experimental measuring spot was
ture restores back to columnar dendrites and the segregation chan- large enough to “average” over the phases but small enough to re-
nel vanishes gradually. The cross-section morphology of the sample solve a concentration profile. The segregation profiles are depicted
is discussed later in Fig. 6(a) and (b). in Fig. 2(b) and (c). The macrosegregation index is indicated as
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cindex with cindex — (¢,., — cg)/co * 100%; where Cpyx is the mixture
concentration among columnar, equiaxed, and eutectic phases; and
o is the nominal composition of the alloy (7.0 wt.%). Correspond-
ing to the segregation channel in Fig. 2(a), in Part 2 with RMF, a
high value of ¢4 js observed. In Parts 1 and 3 without RMF, al-
though there are no segregation channels in the centre, a weak
macrosegregation profile is still recognized across the section. The
average concentration in Part 3 is evidently higher than that in Part
1, i.e., the solute progressively accumulates along the solidification
direction.

3. Model description and simulation settings

A previously developed three-phase mixed-columnar-equiaxed
solidification model [31,32,35] was used. The volume fractions for
the three phases, namely, columnarf., equiaxedfe and liquid f,
summed up to one. The columnar structure developed from the
sample bottom and its tip front was traced based on the kinet-
ics of the Lipton-Glicksman-Kurz model [45]. Heterogenous nu-
cleation for equiaxed was ignored (no grain refiner); hence crys-
tal fragmentation was regarded as the sole origin for equiaxed
grains. Diffusion-governed growth kinetics was considered to cal-
culate the solidification rate. The morphology of the columnar
dendrite was simplified with a cylinder. The equiaxed dendrite
was simplified as a spherical envelope with interdendritic melt
and solid in it [46]. Thermodynamic equilibrium was assumed at
the solid-liquid interface. The concentration difference between
the thermodynamic equilibrium concentration of the liquid at the
interface (c;) and the volume-average liquid concentration (c,)
served as the driving force for solidification and melting. Re-
melting of the as-formed/solidified equiaxed grains and colum-
nar dendrites was considered. The growth of the equiaxed grains
ahead of the columnar dendrite tips could cause CET [1,47]. In
contrast, equiaxed grains, as-packed or as-captured by the colum-
nar structure, could further develop into columnar structures, i.e.,
equiaxed-to-columnar-transition (ECT) occurred. The solidification
model has been described elsewhere. Here, only the crystal frag-
mentation sub-models and grain destruction owing to re-melting
are presented in detail.

Conservation of number density is solved considering the trans-
port of equiaxed grains with the following equation
in +V. (a n ) _ capillary+Nﬂow+N (1)
ot ¢ elfe frag frag des>
where ne and ﬁe are the number densit}l and velocity of equiaxed
grains (or fragments), respectively; N;f;%‘l Y and Npr‘a"g"’ are the crys-
tal fragment generation frequencies due to capillary-driven and
flow-driven fragmentation mechanisms, respectively; and Nges is
the destruction rate due to re-melting.

3.1. Capillary-driven fragmentation: Nfc;‘;'”ary

Competitive growth/re-melting due to the capillary effect of
high-order dendrites in different locations leads to the forma-
tion of fragments in the deep mushy zone. Based on an isother-
mal coarsening experiment under a pure diffusive condition [12],
Cool and Voorhees proposed a statistical expression to estimate

capillary,
Nfrag
3
Ncapillary _ d(a -Sv ) (2)
frag - dt ’

where a is an alloy-dependent constant and Sy is the solid-liquid
interface area density calculated using the coarsening law [28]:

N 13
Sy=fc(1- fc)r<(55071)3 + Kofs> / , (3)
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where 7, Sgg, and K are alloy-dependent constants; and ts (local
solidification time) is the time from the first appearance of the lo-
cal columnar structure. When solidification is dominated by den-

drite growth, Nfcr?;‘“ary is positive owing to an increase in Sy. When

the solidification process is dominated by dendrite coarsening, the
decrease in Sy causes Nfc;‘;'“'“y to be negative. Given that coarsen-
ing only occurs when the dendrite side branches have been well
developed [9,12,28], 0.1 is taken as the minimal volume fraction of

the columnar phase (ffcr:‘g’iganget) for the onset of fragmentation [13].

The initial diameter of fragments (d? frag

the Li and Beckermann formula [48]:

) was estimated based on

1.6
dg,frag = fC g (4)

Given the above considerations, and assuming that all frag-
ments become equiaxed crystals, the fragmentation-induced mass
transfer from the columnar dendrites to equiaxed grains (M?;Fg"ary)
can be calculated as

capillary __ pjcapillary T 0 3
Mfrag - Nfrag ()Oeg(de,frag) ) (5)

3.2. Flow-driven fragmentation: Nprg;"

The flow-driven fragmentation formulation [40] is described as
follows:

pow

flow Tag

frag = T \3 (6)
% (dg.frag) Pe

with

M?f;? ==Y (az - ac) Ve pe - fe. (7)

where Mpr‘;‘é" denotes the mass transfer rate from the columnar to

the equiaxed grains due to flow-driven fragmentation. All other

unknown contributions to M?rg‘é" were assumed to be included in

the coefficient y, which is needed to be determined through para-

metric study. dg frag WS calculated using Eq. (4). Different from

capillary prflow : . -
Nfﬁlg , Nfrag activates only when the flow is presented and (u, —

ﬂc) . VC@ < 0.

3.3. Re-melting and grain destruction: Nyes

As soon as the fragments are generated, they are termed as
equiaxed grains. The equiaxed grains can be remelted if they are
exposed to the superheated region. Re-melting of equiaxed grains
causes not only a decrease in their size or volume but also leads
to their final destruction, i.e., a decrease in the number density of
equiaxed grains. Although only a volume-averaged grain diameter
de can be computed in a volume-averaged method, it is natural to
assume a statistical log-normal distribution of the grain diameter
in each controlled volume [46]:

N 2
dne _ e e_%(ln(x);l:(de))) ’ ®)
dx  2mogx

where oy is the geometric standard deviation of the lognormal dis-
tribution; the dummy variable (x) corresponds to the grain diame-
ter of various size classes; and clAe is the geometric mean. The de-
struction rate of the equiaxed grains by re-melting can be calcu-
lated using the following equations:

d(ne)
d(x) ’

x=(e critical

(9)

Ndes = URe -
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with
D, (ci—c0)
1( (1 — k)Cz ’

where dq citicar 1S the small critical grain diameter below which de-
struction occurs rapidly, k is the solute partition coefficient, and
D, and [, are the solute diffusion coefficient and diffusion length
in the liquid melt, respectively. When the equiaxed grains are
remelted to smaller than d, iy, they are eliminated from the
system, i.e., they are destroyed. Parameter vg. is the reduction
rate of the grain size due to re-melting. The modification on I,
by the liquid convection was considered based on findings in an
earlier study [49]. The momentum, species, and energy transfer
during crystal fragmentation [40] and grain re-melting/destruction
[32,46,50] were also treated carefully.

URe = (]0)

3.4. Simulation settings

The configuration of the simulation was identical with that of
the experiment in Fig. 1 (a). The calculation domain was limited
to the solidification sample, and it was initiated with a uniform
temperature (Ty) and solute concentration (cy). The experimentally
measured temperature (Fig. 1(b)) was used as the Dirichlet ther-
mal boundary condition for the bottom, side, and top walls. No-
slip flow boundary condition was applied for the side and bottom
walls, whereas a free-slip boundary condition was used for the top
wall. Both thermo-solutal convection and grain sedimentation were
modelled using the Boussinesq approach. In a cylindrical coordi-

nate system, F; is composed of Fy, F;, and F7. In the case of a
uniform magnetic field rotating about a long cylinder, Fz is shown
to be zero, and F; has a minor effect on the fluid flow when com-

pared to Fy [51]. In this study, the RMF-induced Lorenz force fg
was calculated as follows:

Fg = %oa)Bzr(l - %)E, (11)

where o is the electrical conductivity of the melt, w = 27 f is the
angular frequency of the magnetic field, B is the magnetic induc-
tion, uy represents the azimuthal velocity components of the lig-

uid and equiaxed grains at radial coordinate r, and e is the tan-
gential unit vector. To deal with the hydrodynamic interaction be-
tween phases, a simplified dendritic morphology is assumed for
the equiaxed grains. The concept of ‘equiaxed grain envelope’ was
employed. The solid ‘dendrite’ and the interdendritic melt are en-
closed in the grain envelope. The ratio of the volume of solid ‘den-
drite’ to the volume of the grain envelope is predefined as f;. Ma-
terial properties and other parameters are listed in Table 1.

To analyse the role of the two different fragmentation mecha-
nisms in the structure formation, three cases were selected. Case
I combined both flow-driven fragmentation and the capillary-
driven fragmentation sub-models; whereas Case II considered
flow-driven fragmentation sub-model and Case III considered
capillary-driven fragmentation sub-model only. Both full 3D and
2D axis-symmetrical simulations were made; however, parametric
studies were made in 2D. To verify the 2D calculations, a compar-
ison between 2D and 3D calculations is presented in Section 4.5.

The mixed columnar-equiaxed solidification model was imple-
mented in ANSYS FLUENT version 17.1. Simulations were made in
transient and included all stages of solidification: Part 1 to Part
3. The time step used for this study was 0.002 s. For one time-
step, it takes several to dozens of iterations to yield convergence.
From time to time, the maximum iteration number was carefully
checked, and a value of 20 is safe for most of the simulations.
In this study, a maximum iteration of 30 was specified. However,
when the normalized residuals of concentration, flow quantities,
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and continuity are below 10—4 and enthalpy quantities are below
10-7, the simulation can reach the next time step automatically.
The typical mesh sizes were 2.5 x 10—4 m (3D) and 1.5 x 10-4
m (2D). One 3D simulation took approximately 5 weeks, whereas
one 2D simulation took 1 week on a high-performance cluster (2.6
GHz, 28 cores).

4. Solidification sequence and structure formation
4.1. Solidification under thermo-solutal convection

Case I was taken as reference, and both flow-driven and
capillary-driven fragmentation mechanisms were considered. Fig. 3
summarizes the solidification parameters at 380 s (Part 1). At this
moment, only thermo-solutal convection operated. The schematic
of Fig. 3(a) can assist in understanding the process. The liquid con-
centration ¢, is gradually increased in the mushy zone, Fig. 3(b),
until it reaches the eutectic concentration, ceyt = 12.6%. The weak
inward flow (al,max = 0.1mmy/s), Fig. 3(b), transports the solute-
enriched liquid to the central area of the sample, causing the
slightly-positive macrosegregation at the centre, Fig. 3(c). Corre-
spondingly, a weak negative macrosegregation forms near the lat-
eral wall of the sample. As is evident in Fig. 3(d), the largest consti-
tutional undercooling of 4 K for AT (AT =Ty +m-c, —T) appears
just near the columnar tips. A thin layer (~0.7 mm) of undercooled
liquid forms just above the columnar tip front. Fig. 3(e) depicts the
columnar solidification rate (M,.: mass transfer rate from liquid to
columnar). The larger the undercooling, the higher is the solidifi-
cation rate. The volume fraction of columnar phase f; is depicted
in Fig. 3(f). Below the eutectic isotherm (Tey), the fc (~49.6%)
is almost uniformly distributed in the sample cross-section. The

fragmentation rates due to Nfcr‘;‘;'“ary and Nggév are depicted in

Fig. 3(g) and (h), respectively. The N;;g””y is approximately two

orders of magnitude smaller than Ngg;’. Furthermore, the capillary-

driven fragments form mainly in the periphery of the sample (sus-

pended green diamonds of the iso-surfaces of Nf:g”ary =2 x 107

in Fig. 3(g)), whereas the flow-driven fragments are mainly pro-
duced in the central area (bowl-shape area of the iso-surface of
N?rg‘é" =2 x 107, Fig. 3(h)). The negative Nfclf;%‘”“y in the deep mushy
zone indicates that some fragments vanish because of coarsening
(coalescence or re-melting). With fragmentation, more equiaxed
grains are generated in the central area, Fig. 3(i). Only the frag-
ments (equiaxed grains) near the tip front can move with a down-
ward velocity, whereas the fragments produced deep in the mushy
zone are trapped by columnar dendrites (ﬁe ~ 0.0). The fragments
can continue to solidify in the undercooled interdendritic liquid,
Fig. 3(j), to form some traces of the equiaxed phase, Fig. 3(k) and
(1). The as-solidified structure is dominated by columnar dendrites.

4.2. Solidification by activating RMF

RMF was activated at 400 s. A summary of solidification pa-
rameters at 414 s (Part 2) is presented in Fig. 4. A strong rotating

flow (ﬁ“ota) was activated by the RMF, which also induced a sec-

ondary flow (ak,sec) [54]. The RMF-induced secondary flow had a
similar flow pattern as the thermo-solutal convection, but it was
approximately two orders of magnitude stronger. Therefore, it led
to the onset of a central segregation channel, depicted by the red
region in Fig. 4(b). Interestingly, the strong flow changed AT. An
iso-surface of AT =0.0 is depicted in Fig. 4(c). Owing to the ac-
cumulation of the solute at the centre, AT changed from posi-
tive (undercooled) to negative (superheated). It is evident from the
inset-in Fig. 4(c) that the liquid is superheated (AT < 0.0) above
this mushroom-shaped iso-surface and is undercooled (AT> 0) be-
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Table 1
Material properties and other parameters.
Properties/parameters Symbol Units Values Refs
Thermophysical properties
Specific heat (different phases) Lt 6t JKg 1.K! 1140.0 [52]
Latent heat Ahg J-Kg1 40 x 10° [52]
Diffusion coefficient (in liquid) D, m2.s71 6.45 x 1079 [52]
Thermal conductivity (different phases) k', koS, kS W.mLK-'  100.0 [52]
Liquid thermal expansion coefficient Br K1 -1.85 x 104 [52]
Liquid solutal expansion coefficient Be wt.% 1 13 x 103 [52]
Density (different phases) Pes Pes Pe Kg-m~3 2535.0 [52]
Density difference between solid and liquid  Ap Kg-m—3 100.0 [52]
Viscosity e Kgm~'s7! 252 x 1073 [52]
Electrical conductivity o Q'm! 3.24 x 106 [44]
Thermodynamic properties
Eutectic temperature Teut K 850.0 [52]
Liquidus slope m K-wt. %71 —6.62 [52]
Equilibrium partition coefficient k - 0.13 [52]
Primary dendrite arm spacing A Hm 300.0 [44]
Gibbs-Thomson coefficient r m-K 2.41 x 1077 [52]
Melting point of pure solvent T¢ K 935.5 [52]
Coarsening/fragmentation parameters
Coarsening [ 0.25 [28]
constants Sso pm 2.46 [28]
Ko um3/s 23.5 [28]
Fragmentation a - 1.0 x 103 [12]
constant/coefficient - 0.4 -
Other parameters
Critical grain diameter for destruction e critical pum 30.0 [46]
Solid fraction in the dendrite envelope fsi - 0.25 -
Initial concentrations Co wt.% 7.0 -
Initial temperature To K 1100.0 -
Cooling rate R K/s 0.7 -
Temperature gradient G K/m 7000.0 -
Magnetic induction B mT 10.0 -
Rotating frequency of magnetic field f Hz 50.0 -

*Superscripts and subscripts e, ¢, and ¢ indicate different phases.

low it. As marked by “A” in Fig. 4(c), some area below the colum-
nar tip front is changed to superheated. Right in this “A” area,
re-melting of columnar phase (My,. = -1.0 Kg-m—3s—1), indicated
by the blue spots in the inset-in Fig. 4(d), is observed. The rela-
tively strong RMF-induced secondary flow enhanced the columnar
solidification in the peripheral region of the sample. The f is de-
picted in Fig. 4(e) and Nfc;';‘“ary is presented in Fig. 4(f). Different
from the case with only thermo-solutal convection, with RMF, the

Nfcrz‘;mary is magnified by more than one order of magnitude and

its formation position is more concentrated near the lateral sur-
face of the sample. Remarkably, there is almost no fragment gen-
erated by this mechanism in the central area. On the contrary, a

large Nprgg’ (>1010 m—3s—1) is observed at the centre, Fig. 4(g). It

is evident from the inset that most of the flow-driven fragments
are generated just below the solidification front and around the
central segregation channel. The Nprgg" is two orders of magnitude

larger than Nfcr?;‘”“y and more equiaxed grains are generated in the
central area, Fig. 4(h). A maximal Mg (107.0 Kg-m—3s—1) is seen
in the central area close to the solidification front in Fig. 4(i). The
equiaxed solidification (positive M) ahead of the columnar tip
front, just corresponding to the thin undercooled layer in Fig. 4(c),
reflects the fact that the crystal fragments brought ahead of the
columnar tip front still have a chance to grow. As depicted in
Fig. 4(h), some equiaxed grains can be dragged out of the mushy
zone and move with the liquid. Because the solid grains are denser
than the liquid, the grains move upwards a little slower than the

liquid, e.g., |ﬂe,sec,max|: 9.8(mmy/s) and |ﬂ5,sec,maxlz 11.8(mmy/s).

The contour of M. is presented in Fig. 4 (i). The negative Mye
within the white isoline of My = 0 denotes the re-melting of
equiaxed grains. In the superheated liquid, the equiaxed grains de-
crease in size by re-melting, as indicated by d. in Fig. 4(j), and
then they are fully re-melted and disappear, Fig. 4(k). Because of
the high value of ne near the central channel, d. becomes small
there. The role of RMF in fe can be seen in Fig. 4(1). The f. has
been increased from 1.0% to 4.1% in 14 s by activating the RMF.

4.3. Macrosegregation evolution under steady RMF

Fig. 5 illustrates the evolution of ¢"dx under steady RMF. Only
the results in the mushy zone, which is confined between the iso-
surface of T = Teyr and fc=0.01, are depicted in Fig. 5(a). The di-
rection of u, is indicated by the black arrows. Just before the acti-
vation of RMF at 400 s, the columnar tip front (fz = 0.01) is located
at h = 39.2 mm. At that moment, u, is so small (~ 0.1 mm/s) that
cindex js negligible (|cindex| < 1%), Fig. 5 (a1). By activating RMF, M
is raised by two orders of magnitude. The solute-enriched liquid is
rapidly transported to the central area, leading to the onset of the
central segregation channel, Fig. 5(a2). Owing to the difference in
permeability, the interdendritic flow near the columnar tip is much
easier than that in the deep mush. The central segregation chan-
nel (similar to a tube) forms mainly in the upper region (near the
columnar tip) of the mushy zone by sucking the solute-enriched
melt into it, Fig. 5(a3) and (a4). After the eutectic reaction, cindex
across the sample diameter at various heights, as marked by hori-
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zontal dash lines in Fig. 5(c), is plotted in Fig. 5(b) to represent the
dynamic evolution of cindex A reference line of cindex = 0 is also
added. All intersection points are marked by spheres of various
colours. The corresponding radial coordinates of these spheres are
overlaid as a function of the sample height in Fig. 5(c). The spheres
almost mark the outer profile of the ‘fish-tail’ segregation pattern.
Therefore, a satisfactory simulation-experiment agreement, i.e., the
fish-tail shape, is obtained.

4.4, Simulation-experiment comparison

Experiment-simulation comparisons of fe. on the cross-section
are presented in Fig. 6(a) and (b). In Part 1, few equiaxed grains
(fe ~ 1%, numerically) can be seen. In Part 2 with RMF, the grains
are considerably refined owing to the plentiful production of frag-
ments. Based on the results of the simulation, f. can reach up to
20%. The calculated ciggfx at various heights across the sample di-
ameter are compared with the experimentally measured values in
Fig. 6(c)-(f). The simulated onset of the central segregation chan-
nel and its termination by switching the RMF on/off are consistent
with the experimental observation in Fig. 2(a). A good experiment-
simulation agreement is achieved.

The slight mismatch of the macrosegregation between the
simulation results and the experimental measurements could be
caused by the material properties which are assumed constant in
this study. In addition, the assumptions and simplifications made
in the volume-average-based solidification model, e.g., the flow-
independent tip kinetics of Al dendrites, may also raise some dis-
crepancies. Additionally, discrepancies could also be raised during
the measurements. If the solute concentration was measured on
another cross-section and/or along another mapping band, the ex-
perimental results will be more or less updated.

4.5. 3D simulations versus 2D simulations

The 3D and 2D simulations are compared in Fig. 7. The 2D sim-
ulation could successfully replicate the 3D simulation in terms of
flow pattern and solidification sequence under both thermo-solutal
convection and RMF conditions, but the flow intensity and Cim"gfx
were slightly overestimated. As depicted in Fig. 7(a), a strong ro-
tating flow of up to the magnitude of 38.6 mm/s was induced
by activating the RMF. The imbalance in the dynamic pressure
caused by the centrifugal force near the solidification front caused
the secondary (poloidal) flow in Fig. 7(b) and (c), which rotated
and flowed to the solidification front before flowing upward along
the centre line. The flow patterns of both simulations are simi-
lar. The major difference between the two flows is in their in-
tensity. The 2D simulation apparently overestimated the maxi-
mum |ﬁg| (ca. 32.4%). This could lead to a slight overestimation
of the segregation intensity and amount of the equiaxed phase.
Note that the asymmetry of the as-solidified structure in Fig. 2(a),
observed experimentally, will never be reproduced in the 2D
axis-symmetry.

5. Discussion
5.1. Capillary-driven fragmentation versus flow-driven fragmentation

To compare the two fragmentation mechanisms, the flow-
driven fragmentation mechanism was simulated for Case II and the
capillary-driven fragmentation mechanism was simulated for Case
III. For Case I, simulations of both the mechanisms were used. The
results are depicted in Fig. 8(a)-(c). As a reference, the experimen-
tally observed microstructure is depicted in Fig. 8(d). The experi-
ment indicated that most of the equiaxed grains were distributed
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within half of the radius of the sample. From the experiment-
simulation comparison, it could be concluded that the formation
of the equiaxed grains was dominated by the flow-driven fragmen-
tation, as shown by the Nf;‘g"aw and Ngg;’ distributions in Fig. 4(f)
and (g), respectively. The fragments generated by the former are
mostly concentrated near the sample surface and difficult to be
transported by the interdendritic flow, whereas the fragments gen-
erated by the latter are concentrated near the central segregation
channel and close to the columnar tip front. It is the fragments
that are generated by the flow-driven fragmentation that are easily
transported to the thin undercooled layer in front of the columnar
tip. They grow as equiaxed grains and finally become captured by
the columnar dendrites in the middle radius region of the sample.

One may argue that the calculated fragmentation phenomenon
depends on fragmentation parameters (coefficient/constant) and
their uncertainties would overshadow the above conclusion. Fur-
ther parametric studies are presented in Section 5.2. Fragmentation
parameters can only affect the fragmentation frequency (magni-
tude) but not the fragmentation locations. Regardless of the num-
ber of fragments created by the capillary-driven fragmentation
mechanism, certain locations (near the sample surface) do not al-
low them to be transported out of the mushy zone. The RMF-
induced flow in the experiment does not favour the capillary-
driven fragmentation mechanism.

The current authors have previously conducted a similar com-
parison study based on another solidification experiment with
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aqueous ammonium chloride solution [43]. As schematically de-
picted in Fig. 9(a), cooling and columnar growth start from the top
of a solidification cell (4.2 x 2.8 x 1.27 cm3). Crystal fragments
created in the columnar mushy zone can sediment downwards
under natural convection and pile upwards from the bottom of
the cell. The experiment measured the average columnar tip front
(ACTF) position and average equiaxed pile-up front (AEPUF) posi-
tion. Numerical simulations with the same solidification model, by
considering either flow- or capillary-driven fragmentation mech-
anism, were performed. The results indicated that the capillary-
driven fragmentation mechanism can better reproduce this experi-
ment, Fig. 9(b). The major differences in that experiment (aqueous
ammonium chloride solution), in comparison with the present one,
are that (1) the mushy zone of the aqueous ammonium chloride
solution is highly porous (fs < 0.2), and (2) the experiment config-
uration (vertical/downward solidification) is in favour of the trans-
port of fragments. The fragments generated by either capillary-
or flow-driven fragmentation can sediment downwards. Therefore,
whether the capillary- or flow-driven fragmentation mechanism is
dominant, the flow pattern (configuration of the solidification ex-
periment) and alloy (porous or massive mushy zone) play critical
role. This conclusion is supported by the observed different forma-
tion positions of fragments on Earth and aboard the ISS [15].
Recent in situ solidification observations [2,12,16-23,56-61]
may provide further insight into the possible fragmentation mech-
anisms and their connections to the flow and alloy composi-
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(metallograph) of the ‘fish-tail’ macrosegregation pattern by activating RMF.

tion. Under the microgravity condition [11,12,28,53], the frag-
mentation process is dominated by capillary-driven fragmentation.
With strong flow [16-18,23,26], particularly under forced convec-
tion conditions [2], the flow-driven fragmentation abounds. Based
on current studies, both capillary- and flow-driven fragmentation
mechanisms should be included in the solidification model.

5.2. Fragmentation parameters

The calculated f. in Case Il (only the capillary-driven fragmen-
tation), by varying the values of a, S§(Jl and Kj, is presented in
Fig. 10. When a is increased from 10-6 to 10-2, Fig. 10(a), al-
though the maximum value of fe is raised by four orders of mag-
nitude, the distribution of f. is independent of a. Based on the ex-
perimental finding that only a small amount of equiaxed grains
were generated in Parts 1 and 3 of the sample, a value of 10-5
is recommended for a in this alloy. Parameters 55‘01 and K, im-
pact the fragmentation frequency indirectly through the coarsen-
ing term in Eq. 3. When a large K is used, the coarsening pro-
cess starts late and most of the fragments are generated deep in
the mush. Their subsequent growth is considerably suppressed by
those as-developed columnar dendrites; therefore, the calculated
fe decreases with Ky, Fig. 10(b). The role of Sy is similar to Kp.
The coarsening rate will be fairly reduced if a large 55‘01 is used.
That is why fe deceases with S/ (Fig. 10(c)). Because Sg) directly

affects the initial size of the formed fragments, an extremely large
value of it is inappropriate. In this study, the current authors used
the same values that were recommended for the Al-6wt.%Cu alloy
(28] (namely, Ko = 23.5 pm3-s—1 and Sy = 2.46 pm).

Simulations were performed based on Case II (only flow-driven
fragmentation coefficient) to study the impact of y on the calcu-
lated fe, as depicted in Fig. 11. When y is small (e.g., y = 0.04),
a maximum of 5.0% for f. is found only in the ‘fish-tail’ region,
above which f. decreases to 1%. When y is significantly large (e.g.,
y = 4), too many equiaxed grains form before the activation of
RMF, ie. fe = 10% in Part 1 of the sample, which is inconsis-
tent with the experimental observations. A value of 0.4 is recom-
mended for y in the present study.

It has been known that the forced convection would adapt the
tip velocity and the tip stability parameter for the dendrites. In the
past decades, both experimental and theoretical studies have been
tried to quantify the effect of liquid flow on dendrite tip selection
[62-64]. However, it seems that there is no one well-established
formulation available yet. In this study, the classical LGK model
derived for the diffusive conditions was assumed to be validated
for forced flow conditions. We believe this assumption may raise
some discrepancies even though a very high temperature gradient
was selected in the current case. If a well-established formulation
for dendrite tip selection under forced flow conditions is available,
numerical studies specific to this topic will be conducted.
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Fig. 7. Comparison between full 3D and 2D axisymmetric simulations at t = 550 s. (a) Contour of |u,| overlaid by one streamline of u,; (b) and (c) contours of |u,| on the
vertical section of the sample overlaid by vectors of u; s in 3D and 2D cases, respectively.
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6. Conclusions

Two sub-models based on capillary- and flow-driven fragmen-
tation mechanisms were implemented in a volume-average based
solidification model to investigate the formation of the as-cast
structure during unidirectional solidification of the Al-7wt.%Si alloy
under the RMF-induced flow condition. The experimentally deter-
mined as-cast structure and macrosegregation profiles were quan-
titatively reproduced by the model and the details of the solidifica-
tion process of this experiment were explained. The RMF-induced
primary/secondary flow led to the formation of a central segrega-
tion channel in the columnar-dominant mushy zone. Fragments as-
generated near the front of columnar dendrite tips and/or around
the central segregation channel were transported out of the mushy
zone. Some of them were re-melted in the superheated region,
whereas others continued to grow as equiaxed grains in a thin
layer of the undercooled layer near the columnar tip front and
were finally captured by the growing columnar dendrites in the
middle-radius region of the sample.

The contributions of both fragmentation mechanisms were
analysed independently. The capillary-driven fragmentation, which
is rooted in the dendrite coarsening, occurs mainly in the periph-
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ery region of the sample at a certain depth of the mushy zone.
These fragments are hard to be transported out of the mushy zone.
The flow-driven fragmentation, which is related to the interden-
dritic flow enhanced re-melting of dendrites, occurs mostly near
the front of the mushy zone and/or around the central segrega-
tion channel. These fragments contribute mostly to the final as-
cast structure. The flow-driven fragmentation mechanism is evi-
dently dominant in this experiment. Note that the solidification
time in the present experiment is rather short compared with that
of ‘normal’ castings. Therefore, there is an extremely short time pe-
riod for coarsening; hence, the weak contribution of the capillary-
driven fragmentation mechanism. The current authors did a sim-
ilar comparison study based on another solidification experiment
with aqueous ammonium chloride solution [43]. An opposite con-
clusion was drawn in that study, i.e., the capillary-driven fragmen-
tation mechanism appeared to provide a better explanation for
the microstructure formation in that experiment. Therefore, both
capillary- and flow-driven fragmentation mechanisms should be
included in the solidification model.

As an outlook, further studies are required to validate these
results. This study proposes to add both sub-models that are ac-
tually derived from two different theoretical backgrounds. Using
parametric studies, fragmentation coefficients/constants were de-
termined individually for each sub-model to balance their contri-
butions to the final microstructure formation mechanism. A uni-
fied fragmentation sub-model that considers both capillary and
flow effects is sought. Further studies are required to investigate
whether the current capillary-driven fragmentation sub-model (or
the coarsening law) can be extended by considering the flow ef-
fect or the flow-driven fragmentation sub-model can be extended
by considering the capillary effect.
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