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Abstract

Columnar and equiaxed structures, which occur during solidification of metallic alloys,
influence the texture and properties of castings, welded joints and additively
manufactured components. During transient solidification, where grain refiner particles
provide the predominant nucleation mechanism, a Columnar to Equiaxed Transition
(CET) occurs when conditions that had originally favoured directional columnar
growth change to those favouring equiaxed. Constitutional undercooling ahead of the
columnar front can permit equiaxed nucleation and growth. By carrying out
experiments in microgravity conditions, liquid flows due to thermal and solutal
buoyancy effects are suppressed. In these diffusion-controlled conditions, we have
observed examples of both sharp (clear) and progressive (gradual) CET. The
experimental outcomes, especially the observation of a progressive CET, has
highlighted the need for a continuum model that allows for competitive columnar and
equiaxed structure development; hence, the Concurrent Columnar to Equiaxed
Transition (C2ET) model is proposed. The C2ET is thermally transient and relies on
the well-known concept of extended growth for impingement mechanics; thereby,
greatly reducing numerical complexity. Importantly, the proposed approach removes
the need for a specific equiaxed-blocking criterion, which is often proposed as an
essential requirement in other CET models. The C2ET model is validated by four
experimental solidification scenarios: two velocity jumps and two thermal-gradient
decreases. The velocity jumps induced sharp CETs; whereas, thermal-gradient
decreases gave progressive CETs. The C2ET model gave good agreement for the
columnar and equiaxed transition zones for both sharp and progressive CET. Results
are compared with the classic Hunt model. Unlike Hunt’s model, the C2ET model
predicted all macrostructure transitions faithfully using a single (or consistent) set of
nucleation input parameters across all four scenarios. Since, the same level of grain
refinement was used in each experiment, a consistent set of nucleation parameters was
expected. The validated approach can enable effective simulation at lower

computational cost for industrial processes that rely on a solidification processing step.

Keywords: Solidification; columnar to equiaxed transition; microgravity, nucleation.
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1 Introduction

Two forms of grain structure (or textural zones at the macroscale) observed in as-cast alloys
are termed columnar and equiaxed. In some cases a columnar to equiaxed transition occurs
during solidification, as has been observed in casting, welding, and additive manufacturing
processes [1,2]. Columnar structures are sometimes preferred for specific applications as they
provide superior creep resistance in alloys that operate at elevated temperatures [3], while
fine equiaxed structures are often preferred as they are associated with fewer defects in
castings and provide higher yield strengths as described by the Hall-Petch relationship [4,5].
The grain structure can influence post-processing steps such as deformation processing in
large ingots. It is shown that steels ingots can be produced with a majority or columnar grains
or with a majority of equiaxed grains where equiaxed grains are seen as preferable for any
further processing involving plastic deformation [6]. Furthermore, a good test of any model
of solidification that aims to treat both columnar and equiaxed cases is its ability to faithfully

simulate CET as observed in carefully controlled experiments.

The seminal analytical model of CET was developed by Hunt [7]. The model was developed
for steady-state conditions but it is routinely used to predict CET under transient conditions.
In Hunt’s classic analysis a fully equiaxed morphology was assumed to occur when the
volume fraction of equiaxed crystals growing in the undercooled liquid ahead of an array of
growing columnar dendrites reached a certain threshold value. This approach has become
known as mechanical blocking and is prevalent in CET theory. Since then, alternative
theories (such as columnar blocking due to solutal interaction [8]) and advanced
computational tools have been developed to track the nucleation and growth of individual
grains leading to direct simulation of CET formation. Principal amongst these tools are
Cellular Automata (CA) [9], Phase Field (PF) [10], and Front Tracking (FT) [11-13], as
summarized in [14]. An approach known as Dendritic Needle Network (DNN) [15] has also
been applied to CET [16,17]. These models operate across different length and time scales to
cover the corresponding physics — greater physical complexity brings increased
computational effort and simulation time. However, computational effort can be reduced by

bridging the gap between the simpler analytical model of Hunt and the advanced
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computational tools such as CA, PF and FT. An advantage of the bridging-the-gap approach
is that CET can be predicted for solidification processes at the industrial scale.

Furthermore, a particular aspect of CET research that has received minor attention is the
quantification and characterization of the mixed columnar-equiaxed region between fully
columnar and fully equiaxed zones. Microgravity experiments conducted on board the
International Space Station [18-21] showed clear evidence of both sharp (with little or no
mixed region) and progressive (with a mixed or intermediate region) transitions. The analyses
of the progressive transitions included characterization of the aspect ratio of the equiaxed
grains that were assumed to nucleate ahead of the columnar front. In the experimental cases
exhibiting progressive transitions it was possible to estimate the CET start and finish
positions. Hunt [7] did attempt to define the criterion for a mixed columnar-equiaxed region;

hence, a more focused review of Hunt’s model will be beneficial.
1.1  Hunt Model Overview

In his seminal work on CET, Hunt [7] set out to develop a model that could qualitatively
describe the effects of process parameters on CET during steady-state solidification (dendritic
front growth rate, temperature gradient, alloy composition, and grain refiner addition). Two
approaches were presented: an analytical solution and a numerical model based on
integration of the heat flow equation. These models showed good agreement and, therefore,
the simpler analytical model has become one of the most frequently used methods to describe
the conditions for fully-equiaxed structures. Hunt’s criterion is as follows

)ATC. (1)

ATS
ATE

G < 0.617N,"* (1
For a solidification front growing with a columnar tip undercooling, AT,, the model predicts
a transition to fully-equiaxed morphology when the temperature gradient, G, satisfies the
inequality in equation (1). The equiaxed nucleation conditions are described by the seed
density, N,, and the nucleation undercooling, ATy. Hunt assumed that the nucleation
conditions quickly reached saturation point so that nucleation could be described by a single
value of undercooling, ATy. The expression in equation (1) is derived based on a mechanical

blocking criterion as follows: when the crystals’ aspect ratios are greater than two, they may

be considered more columnar than equiaxed. This threshold of two on aspect ratio leads to an
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extended volume fraction criterion of ¢ > 0.66, which, in turn, leads to a blocking fraction
of ¢ > 0.49 as the criterion for a fully-equiaxed morphology.

Similarly, Hunt decided on an extended volume fraction criterion of ¢y < 0.0066 for a fully
columnar structure; hence, the following inequality was provided for a fully columnar

structure [7]:

ATR

ATg) AT, )

The inequalities given in equations (1) and (2) demark the conditions for fully equiaxed and

G > 0.617(100N,)/3 (1

fully columnar structures. According to the model, the subset of temperature gradients
between these inequalities defines the operating window where mixed columnar-equiaxed
structures should prevail.

Hunt admitted that the selection of the blocking fraction criterion of ¢ > 0.49 for fully
equiaxed was rather arbitrary; even though, in so doing, it provided the earliest example of a
definition of an equiaxed crystal (i.e., with an aspect ratio of less than two). If the selection of
the fully equiaxed criterion was described as arbitrary, then perhaps the definition of a fully
columnar structure was even more so. The criterion for the fully-columnar structure was
simply obtained by reducing the equiaxed extended volume fraction by two orders of
magnitude to give 0.0066. The evaluation of the criterion for fully columnar structures (i.e.,
¢r < 0.0066) has received little or no serious critical review. For example, in other seminal
work by Géaumann et al.[22], improvements to nucleation kinetics were added to the
framework of Hunt by taking into account the liquidus temperature profile in the
constitutionally undercooled liquid ahead of the columnar front and KGT growth kinetics
[23] for the columnar front. However, to simplify the comparisons, Gdumann et al. used a
unique blocking fraction of ¢ = 0.5 as the CET criterion. Effectively, the criterion for the
transition of fully columnar to an intermediate columnar-equiaxed structure (i.e. equation (2)

using ¢y < 0.0066) was ignored.

1.2 Blocking criteria with application to CET modelling

Within literature, two main criteria for predicting fully equiaxed macrostructure have been
developed: mechanical blocking based on the Hunt analysis and solutal blocking based on

solutal interactions between equiaxed dendrites and the columnar front [8].
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Flood and Hunt [24] proposed one of the earliest model of CET that used the mechanical
blocking criterion. They used a model of columnar solidification [25] and incorporated a
model of equiaxed solidification based on the classic Avrami equation ahead of the columnar
front. They used the criterion of ¢p = 0.49 as the equiaxed blocking fraction.

Since Flood and Hunt, several authors have critically reviewed the selection of the blocking
fraction and alternative values have been proposed. Biscuola and Martorano [26] proposed a
blocking fraction as low as ¢p = 0.2 or Al-7wt.%Si, Sachi et al. [27] used a blocking fraction
of ¢ = 0.5, Pineda and Martorano [28] found improved agreement in their results with a
blocking fraction of ¢ = 0.99 and Mirihanage et al. [29] proposed a blocking fraction of
unity with their macroscopic model of CET. The range of blocking fractions proposed in the
literature (from 0.2 to unity) demonstrates the importance of model validation with
experimental datasets in order to characterize any given model’s blocking fraction when
using the mechanical blocking criterion. The blocking fraction is seen as highly dependent on
the scenario and should therefore be assumed as case-specific and subject to validation.
Martorano et al. [8] proposed a blocking criterion based on the presence of elevated solute
levels in the extra dendritic liquid between equiaxed crystals. The elevated solute levels were
assumed to cause interaction (that is, growth restriction leading to growth arrest) between the
columnar front and the equiaxed grains. This application of this mechanism for CET replaced
the need for a mechanical blocking fraction and has become known as solutal blocking.

Wu and Ludwig [30] presented the three-phase region model for mixed columnar and
equiaxed solidification. This model has the capacity to model columnar and equiaxed
fractions of the same phase simultaneously. This model incorporated the facility for a soft
blocking mechanism that can lead to solutal blocking or it can use the hard or mechanical
blocking criterion, as required. The model was developed to incorporate melt convection and
grain sedimentation. A 1D model of a directional solidification case was investigated and the
question of which blocking mechanism was addressed. It was recommended that both solutal
and mechanical blocking mechanisms should be considered and for the 1D case analyzed, the
mechanical blocking mechanism of Hunt was found to be most relevant in specific cases.
Further extensions to this model to five phase regions has been developed [31] and a
parametric study was applied to investigate CET [32]. As with earlier work, columnar and
equiaxed phases were modelled concurrently and, in the 1D case, the model showed evidence

of solutal interaction but ultimately the Hunt criterion was seen as relevant for predicting
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CET. In a 3D cylindrical scenario, grain sedimentation was expected to play a role in the
morphology prediction. This was highlighted in ref. [32] as an area for further work. The
work of Wu et al. is reviewed in ref [33].

Wotczynski et al. [34] provided experimental evidence of CET during solidification of Brass
ingots. They showed chill, columnar (fine and coarse), equiaxed and single crystal (axial)
zones. Areas of transition were observed where the features from two zones were evident,
such as coexisting columnar and equiaxed crystals. They produced a mathematical model and
reviewed the temperature gradient and liquidus isotherm velocity versus time. Their model
predicted that thermal gradients became constant when CET occurred. This was likely due to
the latent heat from the equiaxed nucleation and growth ahead of the columnar front. The
Wolczynski et al. [34] model showed a transition from fully columnar to fully equiaxed
conditions by allowing the columnar growth velocity tend to zero over the transition zone
while, simultaneously, allowing the equiaxed front velocity increase from zero to match the
solidification front velocity by the end of the transition. During their model’s simulated

transition, columnar and equiaxed grains are assumed to co-exist.

The CET as typically described in literature is observed in the final microstructure, that is,
through post-mortem or ex-situ microstructural analysis. In-situ investigation by X-ray
radiography offers the significant advantage of observing the microstructure during its
formation. Ngomesse et al. [35] observed CET occurring in directionally solidified Al-
20wt.%Cu alloy with 0.1 wt.% Al-Ti-B grain refiner added. Experiments were conducted in
microgravity (onboard the MASER-14 sounding rocket) and in terrestrial gravity with three
orientations relative to gravity: horizontal, vertical upwards, and vertical downwards. The
impingement of equiaxed grains with the columnar mush was classified as either mechanical
(hard) blocking, i.e., showing direct contact of dendrite tips, or solutal (soft) blocking, i.e.,
growth arrest due to the accumulation of solute around dendrite tips prior to direct contact.
Solutal and mechanical blocking was observed; however, mechanical impingement was seen
to be predominant over solutal impingement in all cases. For the microgravity and
horizontally aligned terrestrial cases, mechanical impingement events strongly outnumbered
solutal blocking events: 10 to 1 for microgravity and 19 to zero for horizontal. Upward and
downward solidification cases were more balanced but still had higher numbers of

mechanical impingement events to solutal impingements: 9 to 6 for upward and 12 to 4 for
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downward. Flow caused by the solidification shrinkage was seen to play a key role in the

impingement mechanisms and the final microstructure.

Given the clear evidence of sharp and progressive CETs from microgravity experiments
(which were free of sedimentation effects), a model is required that treats the columnar to
equiaxed transition as a progressive phenomenon. Given the lack of a consistent mechanical
blocking fraction across several modelling approaches and the argument of solutal versus
mechanical blocking, a model that is independent of a blocking criterion would be
advantageous. Hence, the current paper reports on a new computationally-efficient, targeted-
physics model that has been validated against the reported experimental findings conducted
in microgravity [19-21,36]. One of the aims of the modelling approach is to investigate the
level of physics that is commensurate to modelling the problem at hand at the macro scale of
the process in order to give reliable results with low computational complexity. The model
allows for fully columnar, fully equiaxed, and a transient zone in between (similar to the
work of Wu and co-workers). A distinct difference with the proposed model is that the simple
blocking criterion, such as that proposed by Hunt [7], is not required. The model simulates a
gradual evolution from columnar to equiaxed over a spatial range that is dependent on the
conditions rather than predicting a sharp transition point defined by a threshold value. This
model is called the Concurrent Columnar Equiaxed Transition (C2ET) model and it focuses

attention on the often-overlooked topic of progressive CET.

1.3 Aim and objectives

An aim of this manuscript is to present the Concurrent Columnar Equiaxed Transition
(C2ET) model, developed to predict results from microgravity solidification experiments that
displayed both sharp and progressive columnar to equiaxed transitions. A clear objective of
the C2ET model is to provide an alternative, targeted physics, approach to modelling CET
that does not require a specific blocking fraction criterion but instead allows columnar and
equiaxed grains to nucleate and grow concurrently and competitively. The intention is to
demonstrate the effectiveness of the proposed C2ET model in predicting an intermediate
region that transitions from fully columnar to fully equiaxed. Hence, a distinct advantage of

the C2ET approach is that it is capable of modelling the fractions of the competing columnar
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and equiaxed morphologies during solidification and in the final macrostructure. The
following objectives are provided in order to fulfil the stated aim:
1. Develop and describe the details of the newly proposed C2ET model.
2. Apply the C2ET model in order to match the thermal conditions from the
microgravity CET experiments.
3. Compare, on a case-by-case basis, the simulated predictions for columnar and
equiaxed morphologies to those observed during microgravity conditions.
4. Critically evaluate the outcomes of C2ET model to Hunt’s [7] mechanical blocking
criterion and the process-structure relationship.
Section 2 of this manuscript, Materials and experimental methods, summarises the
experimental processing details for the microgravity experiments that were performed on
board the ISS. Section 3 is then expanded to provide a detailed account of the C2ET
modelling approach. Section 4, Results, provides thermal and microstructural evaluations
from both experimental and simulated approaches for comparison purposes. The Discussion,
section 5, provides a critical evaluation on the agreement between the C2ET predictions and
the experimental findings and then goes on to critically evaluate the C2ET results against

representative outputs from the mechanical blocking approach.
2 Materials and experimental methods

Microgravity solidification experiments on CET in grain refined Al-7wt.%Si were performed
on board the International Space Station. Detailed accounts of the experimental apparatus and
findings have been provided elsewhere [18-21]. Nevertheless, the relevant experimental

details are summarised in the following sections.

2.1 Furnace details and experimental process parameters

Sample materials were delivered to the ISS on two separate missions as part of the CETSOL
project [37]. The first batch of Sample Cartridge Assemblies (SCA) were processed using the
Low Gradient Furnace (LGF) facility [18]. The second batch of SCA were processed on the
Solidification and Quenching Furnace (SQF) [19-21].

The SCAs contained cylindrical samples of Al-7wt.%Si alloy (grain refined with additions of

Al-Ti-B) with nominal diameter of 7.8 mm and length, 245 mm. Each sample was contained
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within AlOsz cylindrical crucibles. The coaxial furnace elements were translated in a
controlled way along the length of the SCA. By controlling the temperatures and the
translation speed of the furnace elements, directional solidification was achieved.
Temperature gradient, cooling rate, translation speed and translation distances were
controlled to give conditions suitable for CET.

Of the SCAs processed, those of interest in this study are summarised in Table 1 along with
their processing parameters during the different cooling stages. Two distinct approaches were
used to trigger CET: (1) Velocity Jump (VJ) and (2) Gradient Decrease (GD). The velocity
jump procedure involved an initial cooling stage (stage I) with constant temperature gradient
but with relatively low translation speed followed an abrupt step-up change to a cooling stage
with higher translation speed and increased cooling rate (stage II). The gradient decrease
procedure involved a constant translation speed across cooling stages I and II. Stage I had
constant temperatures and temperatures gradients across the furnace elements. Stage II
included the application of a cooling rate to the furnace elements of the hot zone to induce a
decreasing temperature gradient within the sample. Stage II in all cases was followed by
stage III, a rapid quenching phase, to complete the process. Thermocouples were placed

uniformly along the length of the crucible to measure the thermal responses of each scenario.

10
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Table 1: Furnace process parameters for the four scenarios of interest. (VJ refers to Velocity

Jump whereas GD refers to Gradient Decrease; FM refers to Flight Module.)

Scenario Name VI#l1 VI#2 GD#1 GD#2

Alloy Al-7wt.%S1 + grain refiners (0.5 wt.% of master alloy
AlTi5B)

Flight Batch 1 2 1 2

Sample Cartridge Assembly FM1 FM1 FM5 FM7

Preparatory Stage:

Initial Gradient, G; (K mm™) 0.9 4.0 0.9 3.0

Homogenisation Time, t; (s) 600 14400 600 3600

Stage I:

Translation Speed, V; (mm s™) 0.01 0.02 0.01 0.02

Translation Distance, S; (mm) 20 20 20 30

Stage I1:

Translation Speed, V;; (mm s™!) 0.20 0.20 0.01 0.02

Cooling Rate, Tj; (K s™) 0.067 0.133 0.067 0.133

Translation Distance, S;; (mm) 50 50 20 50

Stage I1I:

Translation Speed, V;;; (mm s™) 3 Rapid 3 Rapid

Quench Quench

2.2 Experimental methods and overview of previous findings

When samples were returned to earth, they were prepared for microscopic examination.

Dendritic structures were revealed by electrolytic etching and polarised optical microscopy.

Electron Backscattered Diffraction (EBSD) was used selectively to analyse the grain

structure based on crystallographic orientation. In particular, samples were assessed for the

presence and location of CET. Detailed results for VJ#1, VIJ#2, and GD#1 are provided

elsewhere [18-20]. Results for GD#2 are being published for the first time.

Table 2 provides a summary of the macrostructural analysis that is relevant to the current

11
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work. The velocity jump experiments (VJ#1 and VJ#2) showed a sharp transition from
columnar to equiaxed at the reported locations given as Xcgr min. The gradient decrease
experiments showed progressive transitions from columnar to equiaxed over a distance in the
sample. The extents of the transition ranges for GD#1 were observed and recorded as
Xcermin (defined at the position at which the columnar grains that started their growth in
stage I where stopped) and X¢gr max (defined as the position at which equiaxed grains are no
longer considered as elongated, i.e., an elongation factor lower than two). Within this range
the sample transitioned with a progressive CET that became more equiaxed closer to the
pOSItion Xcgr may- For sample GD#2, the extents of the CET were difficult to establish, the
microstructure showed an incomplete CET transition with columnar dendrites in the initial
section but with an increase in presence of equiaxed dendrites leading up to the final section.
Nevertheless elongated (columnar) isolated dendrites were clearly observed throughout the
length of the sample, but with reduced occurrence along the length of the processed sample
(see Figure 11). Experimental details are presented in the Results section of this manuscript

for all cases.

Table 2: Information regarding the nature of the CET found in each scenario (the CET type

and a brief description and location information).

VIJ#1 VI#2 GD#1 GD#2

CET Type: CET Type: CET Type: CET Type:
Sharp Sharp Progressive Progressive
Description: Description: Description: Description:

A CET at a well- A CET at a well- A progressive CET | Progressive
defined location: defined location: with elongated transition from

XcET min = 127Mm | Xcprmin = 134mm | grains between two | columnar to majority
locations: equiaxed over the
Xcermin = 130mm | range 147mm to

12
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3 Model development

3.1 Thermal model

For modelling purposes, the region of interest on the SCA was the sample itself and the
AL O3 crucible which had thermocouples embedded within. Hence, the modelling domain
consists of two coaxial components. Figure 1 shows how the two interacting thermal models

were coupled.

Figure 1: Control volume meshing details for the thermal finite difference model. The sample
was modelled with 1D axisymmetric geometry. The crucible was modelled with 2D

axisymmetric geometry. (Image for demonstration only and is not to scale)

The crucible was modelled with a 2D axisymmetric heat equation with radial and axial
coordinates, » and x, respectively:
d(pc,T) 10, aT\ d ( T
NP (k=) +— (k= 3
ot ror (rk 6r> * 0x (k ax) ©)

The discretisation scheme used was an Eulerian method similar to that used in Battaglioli et
al. [38] but without the need for latent heat or advection terms. The thermal conditions were
mainly imposed by the relative motion between the moving furnace elements and the
stationary sample; hence, it was appropriate to use a fixed-grid mesh but with time-dependent

boundary conditions. The measured temperature data from the thermocouples were

13
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interpolated with reference to their time and space coordinates and applied to the external
surface of the crucible as a boundary condition. This arrangement was fully representative of

the experimental procedure.

For assembly purposes, the sample needed to slide into the crucible and therefore had to be a
sliding fit; hence, the nominal internal diameter on the crucible was r; = 8 mm and the
nominal diameter of the sample was 7.8 mm. The resulting gap between the crucible and the

sample would have created an additional thermal resistance, Ryqp,, which was included into

ap»
the model between the crucible and the sample at their interface:

1
Roaw = - (4)

Here, h; represents an interfacial heat transfer coefficient.

The sample was modelled using 1D cylindrical geometry via the heat equation

d(pc,T) @ ( OT\ 2 Gl d9gs
opepl) _ 0 (0T _ 2, 9% 99s 5
ot ox (K Ox) ST =Ti) + pLgs 7=+ pLéy — ®)

The term on the left of the equation is the rate of change of sensible heat where p is density
and ¢, is specific heat capacity. The terms on the right are the conduction term for axial heat
flow (with temperature and phase dependent thermal conductivity, K); the surrounding term
for the radial heat flow (with temperature on the crucible interface, T;); the latent heat term
due to the volumetric evolution of the mushy zone (latent heat, L; volume fraction of mush,
{y; and local solid fraction within the mush, g;); and the latent heat term associated with
thickening of the mushy zone, respectively. Overall solid fraction is obtained as the product
of local solid fraction within the mush by the volume fraction of mush and is given as g;{y.
This equation is based on the Bridgman Furnace Front Tracking Model (BFFTM) of Mooney
et al. [39] but with no requirement to include an advection term similar to the application of
the BFFTM reported in [40]. The formulation of the heat equation (eq. (5)) is valid for cases
where the radial temperature gradient in the sample is sufficiently low compared to the axial
temperature gradient so that the temperature can be assumed constant in the radial direction.

The Biot number is determined as

hLc
] = 6
Bi (6)

14
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The characteristic length is L, which is the control volume divided by its circumferential area
giving Lo = r;/2. This 1D approach is valid when the Biot number is less than 0.1 (Bi <
0.1) [39]. The local solid fraction within the mushy zone is calculated based on the Scheil
equation and the eutectic transformation is assumed to take place isothermally at the eutectic
transformation temperature. Detailed accounts of the solid fraction algorithm used are

provided elsewhere [12].
3.2 Columnar model

The BFFTM uses a marker to designate the position of the columnar dendrite tips, that is, the
marker denotes the extent of the columnar zone (as shown in Figure 2). The marker is
initially placed on the left boundary and moves after a pre-defined nucleation undercooling is
reached. Once nucleated, the marker is constrained to move along the axis of the sample, but
is free to move to any point between the control volume nodes (generally, the marker moves
from left to right). The magnitude of the marker motion, v, is determined by the steady-state
growth rate law

v, = CAT? (7)
where AT is the tip undercooling relative to the equilibrium liquidus temperature (AT = T, —
T), C is the growth constant, and b the growth exponent. Other models (e.g., [8]) account for
the effect of local solute enrichment in supressing the liquidus temperature and, hence,
reduction in columnar growth rate in the final stages of solidification. Since the current model
uses equilibrium liquidus throughout, it relies on the principle of extended growth (or the
JMAK approach) to capture the impingement mechanics. This aspect is discussed later in this

section.

When a marker passes through a control volume, the position of the marker relative to the
encroached control volume boundary is required to determine the volume captured by the
columnar growth, V,,;, where

Veor = dA. ()

Here d is the distance encroached by the marker into the control volume and A is the cross
section area of the sample. When a marker has passed through and has captured fully the

control volume then V,,; = V-, (where Vi, is the control volume size).
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Figure 2: Illustration of the columnar front tracking method for the 1D axial case. Dashed lines
represent the interfaces between control volumes, circles (e) represent control volume node

centres, and the marker (x) represents the position of the columnar front.

The BFFTM model, which has been adapted in this study, has been subjected to scrutiny and
verified against an analytical Naumann model [41]. It has been applied to stationary

Bridgman [40] and transient Bridgman solidification conditions [42].
3.3 Equiaxed model

Polycrystalline equiaxed nucleation and growth was modelled using the Nucleation
Progenitor Function (NPF) approach [43]. This approach requires an athermal description of
nucleation undercooling known as progenitor function (modelled with a Gaussian

distribution).

dN N, l 1(AT—AT#)ZI | ©)

o
= exp|—=
d(AT)  AT,\2m PI72\"ar,
where N, is the volumetric nucleation (seed) density, A7, is the average nucleation

undercooling, and AT is the nucleation standard deviation. The NPF determines the actual
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nucleation rates within each control volume which are then called progeny functions. By
simulating the so-called progenitor-progeny relationships, the NPF model estimates the

extended equiaxed volume as

AT t, t 3
Vequ,EX = ?VCV‘I‘ N(t,) [J vtdt,l dt, (10)
0 tn

N is the volumetric equiaxed nucleation rate; t is the current time variable; t,,, and t’ are also
time variables associated with the integration process. Variable t, is associated with
nucleation time and t' is an intermediate time-based, integration variable. All of the terms in
equation (10) have the same meaning as provided in ref. [43]. The concept of extended
volume, which was developed by Kolmogorov [44], is important to understanding the JMAK
or Avrami equation [45,46] and the NPF model. Extended volume is obtained by considering
the sum total of all real and phantom growth [47]. Phantom growth is the key concept in the
derivation of the JMAK equation — it is growth that occurs within previously transformed
regions (called overgrowth) that is unphysical but yet, when accounted for mathematically,
gives the extended volume. Extended volume fraction is then transformed to volume fraction
through application of the JIMAK equation, which accounts for impingement. If local solute
enrichment were applied to the undercooling in the growth equation, (equation (7)) then the
undercooling would diminish and growth would arrest before extended volume due to
overlapping volumes could develop. Although, experiments show solutal interaction and
growth arrest at impingement [48], the current model relies on the conceptual approach of
extended volume (growth overlap and phantom nucleation) to give a representation of
mechanical impingement — similar to the JMAK framework. Solutal or soft impingement can
be considered in the JMAK framework; but, given the experimental findings of Ngomesse et
al. [35], mechanical impingement events were shown to strongly outnumber solutal blocking

events in the microgravity scenario.

3.4 Concurrent Columnar to Equiaxed Transition Model

The fundamental hypothesis or basis for the C2ET model is that columnar or elongated
growth and equiaxed growth should be allowed to grow concurrently and competitively.
Figure 3 shows a representative view of the C2ET at the macroscale. Generally, columnar
growth (as represented by the columnar marker) nucleates and grows in the solidification

direction. The marker is at some finite temperature below the liquidus temperature; hence,
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undercooled liquid can exist ahead of the marker. This undercooled liquid provides the
opportunity for equiaxed nucleation and growth ahead of the columnar marker. So, both
columnar mush and equiaxed mush can coexist within the same control volume. If neither
mushy volume can mathematically block the other, then phantom growth will be generated
between the two dendritic morphologies as they grow over each other. Figure 4 shows a
particular case where a control volume contains both columnar and equiaxed growth

volumes; but, the columnar region contains phantom equiaxed growth.

Figure 3: Illustration of the concurrent C2ET modelling approach which allows columnar and

equiaxed mushy regions to nucleate and grow simultaneously.

Extended growth within the control volume must consider the sum total of the captured
columnar growth and the extended equiaxed growth volume, so that the extended volume
fraction is given by

_ Vcol + Vequ,EX (1 1)

Ex =
Vev
The overall volume fraction of mush at any control volume is then calculated using the

classic Avrami equation:

{v =1—exp(—{gx) (12)

This is the volume fraction that is used in equation (5) for the latent heat terms.
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Figure 4: Detailed illustration of a control volume that contains both columnar mush (striped
area left of marker x) and equiaxed mush (circular crosshairs, ®). Note how an individual
equiaxed crystal can exist as phantom growth within the columnar mush or as real growth in

the liquid region to the right of the marker.

The final consideration in the C2ET model is to distinguish the volume fractions of columnar
and equiaxed within any control volume. The real volume fraction of columnar growth is

taken as

_ Vcol(l - (equ,A)
col — VCV

(13)

Where (¢4, 4 18 the estimated equiaxed fraction without consideration for (in the absence of)

columnar growth and is calculated via

Vequ,EX) (14)

Goqua = 1= exp (=
cv
Since the equiaxed morphology does not exist in isolation, it exists within the columnar
region and in the liquid region ahead of the columnar tips, the real equiaxed fraction is
considered to be
Sequ = Sv = Scot (15)

The concurrent calculations for the columnar and equiaxed fractions are allowed to continue

until the control volume is fully captured by the growth.
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3.5 Thermophysical properties and modelling parameters

The thermophysical data used for the Al-7wt.%Si1 alloy were taken from [49] which provides
a collection of data from various experimental sources. The nucleation parameters for the
NPF model were taken from Liu et al. [36] who used a CAFE model to simulate the
experiments. Hence, assuming a normal distribution, the overall condition of the inoculant
particles is described by three statistical parameters, N, = 5 x 101% m3, AT, =4 °C, and AT
= 0.5 °C. The spatial discretisation used was Ax = 0.5 mm and Ar = 0.712 mm. The time
resolution used was At = 0.001 seconds. The interfacial heat transfer coefficient was

estimated as h; = 1000 W/(m?-K).

4 Results

Figure 5 compares the thermal time data from the experiments to the outputs from the
simulations. The four separate plots, Figure 5(a) to (d), represent each scenario summarised
in Table 1. Solid lines represent the measured thermocouple data while dashed lines represent
the output from the simulation at the same locations.

Figure 6 shows a montage of time-series plots from the simulation of GD#1. This style of
plot is known as an area plot, where the data for the different volume fractions are stacked
upon each other. The sum total of all volume fractions equals unity; hence, the axis scaling
ensures that coloured areas between the curves represent the relevant volume fractions along
the length at all times. Figure 6 also shows g, which is local solid fraction within the mush
envelopes. The solid fraction calculation follows a Scheil-based formulation; hence, the
eutectic transformation is represented by the step change in the gg curve. It should be noted
that the overall solid fraction at any location is obtained by multiplying local solid fraction
within the mush by the volume fraction of mush, that is, solid fraction is given as the product
9gs%y. Hence, even though figure 6 shows g; > 0 in advance of the columnar zone, the
volume fraction of mush, {, is low and therefore overall solid fraction is also much lower
than g;.

The plot Figure 6(f) shows the prediction for the fully solidified sample, where the area plot
shows the proportion of columnar and equiaxed fractions in the final macrostructure. The

progressive nature of the CET prediction from the C2ET model is clearly shown over the
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mid-range of the sample length. Note that an unmelted region is shown on the left-hand side.
The unmelted region was present on each sample processed. Figure 6 shows scenario GD#1
as a representative output from the model. Similar results for all scenarios have been recorded

as animated video sequences and are available online as supplementary material.

Figure 5: Temperature histories (experimental versus simulated) at the thermocouple positions

for each scenario: (a) VJ#1, (b) VJ#2, (¢) GD#1, and (d) GD#2.
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Figure 6: Sequence of plots showing the transient evolution of mush in the axial direction for
scenario GD#1. The dark region to the left represents the unmelted solid; {coi is columnar
mush; fequ, equiaxed; and Siquid, liquid. Solid fraction within the mush, g, is shown as a solid

line plot. Times: (a) 2300 s, (b) 2700 s,(c) 2900 s, (d) 3300 s, (e) 4200 s, (f) 4600 s.
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Video 1: Animation link (clickable) for VJ#1

Video 2: Animation link (clickable) for VJ#2

Video 3: Animation link (clickable) for GD#1

Video 4: Animation link (clickable) for GD#2
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Figure 7 to 10 show the final simulated predictions for the columnar and equiaxed volume
fractions for all four scenarios simulated: VJ#1, VJ#2, GD#1, and GD#2. Additionally, the
representative portions of the microstructure analysis for each experimental case are provided
for reference. The dotted (yellow) lines show where the extents of each micrograph
correspond to the positions on the horizontal axes. The vertical dashed lines (in red) show
where the coordinates of the measured CET positions correspond to the horizontal axes.
Figure 8 presents an EBSD colour map in addition to the micrograph. Every grain on the

EBSD plot is assigned a colour based on its crystallographic orientation.

Figure 7: Final plot from the simulation for scenario VJ#1 showing the volume fractions, {, for
unmelted, columnar and equiaxed regions. Optical macrograph image is shown to scale for

comparison.
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Figure 8: Final plot from the simulation for scenario VJ#2 showing the volume fractions, £, for
unmelted, columnar and equiaxed regions. Optical macrograph and Electron Back Scattered

Diffraction images are shown to scale for comparison.

Figure 9: Final plot from the simulation for scenario GD#1 showing the volume fractions, ¢, for
unmelted, columnar and equiaxed regions. Optical macrograph image is shown to scale for

comparison.

Figure 10: Final plot from the simulation for scenario GD#2 showing the volume fractions, C,
for unmelted, columnar and equiaxed regions. Optical macrograph image is shown to scale for

comparison.

In Figure 10, the morphology within the macrograph shows a progressive transition from
fully columnar to fully equiaxed over the entire length of the solidified portion of the sample.
The result from the C2ET model for GD#2 shows a gradual change from fully columnar to
fully equiaxed. For improved clarity, Figure 11 shows the entire macrostructure for scenario
GD#2 in a collage of four micrographs. The unmelted portion of the sample is clearly shown

on the left of Figure 11 (a) followed by columnar dendrites shown on the right. There is axial
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misalignment in the initial columnar structure due to initial growth alignment from seed and
growth competition; nevertheless, it can be classified as columnar. Figure 11(b) and (c) show
a region of elongated dendrites, which is representative of a misaligned elongated grain
morphology, nevertheless, the grain structure shows an increased presence of smaller,
equiaxed dendrites interspersed through the elongated dendrites. Figure 11(d) shows the final
section of the sample, where the grain structure is more refined (i.e., with smaller equiaxed
gains) than shown in Figure 11(a) and (b). Nevertheless, both equiaxed and elongated
dendrites are present along the sample in all sections; hence there is a progressive CET but
with an increase in equiaxed grains over elongated ones as the sample is viewed over its

length from left to right.
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Figure 11: Microstructure image collage for scenario GD#2. Electrolytic etch under a polarising

light. Representative axial positions for each micrograph are provided above each image.
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5 Discussion

5.1 Comparison of the C2ET modelling outputs to the experimental findings

Numerical verification is important in any simulation exercise and results need to be
confirmed as mesh independent. Each result was checked through a mesh refinement exercise
and found to have converged adequately without any further refinement being necessary.
Figure 5 shows the agreement achieved between the simulations and the experiments. In
particular, the agreement across the solidifying temperature range between the liquidus and
eutectic temperatures (618 °C and 577 °C, respectively) is good. These results show that the
boundary conditions and latent heat algorithm gave realistic outputs across all scenarios for

the temperature ranges on interest.

Figures 7 and 8 show the simulation results for the velocity-jump scenarios: VJ#1 and VJ#2.
Each case showed a sharp CET occurring at the moment the sample temperature changed in
response to the velocity step change or velocity jump imposed on the travelling furnace. The
solidification front growth rates within each VJ sample increased in response to the velocity
jump. Higher undercooling levels developed ahead of the columnar front. The rise in
constitutional undercooling ahead of the columnar front gave the opportunity for rapid
equiaxed nucleation and growth; hence, the sharp CET. The thermal response of the sample
to the velocity jump happened at a sufficient rate of change for the equiaxed zone to develop
fully and block the columnar dendrites. The sharp rise in (g, in both Figures 7 and 8
corresponds well with the measured position of the CET in each case (127mm in VJ#1 and

134mm in VIJ#2).

Figures 9 and 10 show the simulation results for gradient-decrease scenarios; GD#1 and
GD#2. The thermal response of the sample to the change of thermal conditions in each case
happened more gradually than in the VJ scenarios. This slower response led to lower
equiaxed nucleation rates, so that the CET occurred in a progressive fashion in line with the

rate of change of the thermal conditions. Comparisons between the macrostructure diagrams
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and the model predictions show reasonable agreement to the measured start and finish
positions for the CET. The macrostructure of GD#2, as shown in Figure 11, is almost
completely progressive with elongated and equiaxed throughout but with an increase in the
proportion of equiaxed along the sample length. The same progressive characteristic for the

equiaxed fraction is captured to good effect within the simulation results of GD#2.

Equiaxed structure development solidified under moderate temperature gradients has been
investigated in situ by synchrotron radiography [50]. It was shown (as discussed in [51]) that
equiaxed crystals with primary arms well aligned to the heat flow direction became elongated
along that preferential direction (following a Walton-Chalmers mechanism for preferential
orientation selection [52]). Hence, these crystals become less equiaxed and more like
columnar crystals. Other crystals observed in the radiography experiments of ref. [50]
experienced sedimentation due to gravity and had rotated to find a mechanically stable
orientation after impingement with the solidification front. In these cases, the orientation
tended towards a V shape crystal where no arms displayed preferential orientation.

Because, in our case, the experiments were conducted in microgravity, the sedimentation and
gravity-assisted rotation of crystals can be ruled out (as proven in [53]); hence it is likely that
a reasonable proportion of equiaxed crystals had preferential orientation and, after
impingement, became integrated as part of the progressive columnar front. The model makes
no distinction between the original columnar or new elongated crystals in the composition of
the columnar front behind the marker. With this aspect in mind, the progressive change from
majority columnar to majority equiaxed in GD#2 is captured to good effect within the

simulation.
5.2 Comparison with the analytical mechanical blocking criterion

Even though Hunt’s model [7] is a steady-state model, it is useful to superimpose transient
temperature information onto Hunt’s diagram; thereby, allowing a quasi-steady analysis. As
described earlier, the Hunt diagram consists of two curves derived from equations (1) and (2)
plotted on a graph of front growth rate versus temperature gradient at the front. Growth
conditions that are represented above the equiaxed line (the solid line in Figure 12) are
expected to give fully equiaxed structures. Any parameters that give conditions below the

columnar line (dashed line) are expected to give columnar structures. In between these two
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curves, Hunt’s model predicts a mixed columnar-equiaxed structure. The Hunt diagram in
Figure 12 was generated using N, = 5 X 101 m™3 (as used in all previous scenarios) and
ATy = 2.5 °C. The value of ATy selected for the Hunt diagram is lower than the mean
nucleation undercooling adapted from Liu et al. (where AT,= 4 °C). Hunt’s model assumes
nucleation site saturation at a single value of undercooling. Therefore, it is expected that due
to the inefficiency of grain refiners, average nucleation undercooling for nucleated particles is
lower than the mean undercooling for all grain refiner particles. The value of ATy = 2.5 °C

is a reasonable approximation, as is demonstrated in other in-situ investigations [54].

Figure 12: Growth rate, Vi, versus temperature gradient, Gy, at the columnar marker for all
four scenarios. Square markers represent sharp CETs. Triangular and circular markers
represent the start and end of progressive CETSs, respectively. Also shown for reference are
Hunt lines for fully equiaxed (solid line) and fully columnar (broken line) using parameters N, =

5%10""m> and ATy =2.5°C.

Since the columnar marker in the C2ET is tracked, the temperature gradient and growth rate
are provided at each time step in each solution. This pairing of information has been
superimposed onto the Hunt diagram to give a locus of points for each experimental scenario.
The intention for each experiment was to start with thermal conditions within the fully

columnar region (below the dashed line) and then to progress into the equiaxed region (above
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the equiaxed line). Samples processed within the first flight batch (VJ#1 and GD#1) were
selected with initial conditions with relatively low temperature gradients around 0.8 to 0.9
°C/mm. Samples processed within the second flight batch (VJ#2 and GD#2) were selected to
have initial gradients (3 to 4 °C/mm) that were an order of magnitude higher than the first
batch. The temperature gradients are shown to reduce throughout each simulation. The
gradient reductions for the GD cases are more obvious. Temperature gradients are reasonably
well maintained at their initial levels for the VJ cases. In all cases, the growth rates, v, are

predicted to rise to approximately by an order of magnitude higher in all experimental cases.

The markers on the locus lines show the predicted start-finish positions for the CETs that
have been shown to correlate well with the observed microstructures. Although the Hunt
lines are based on estimated nucleation information, they are useful in providing qualitative
judgements around the nature of the transitions. At the lower temperature gradients, the Hunt
diagram (with estimated data) predicts that the transition from fully columnar to fully
equiaxed ought to be quite narrow. The Hunt theory under the assumed conditions would
support the case for a sharp CET at low temperatures gradients; however, this was not the
case for GD#1 which had a progressive CET. Similarly, at the higher temperature gradients
of flight batch two (VJ#2 and GD#2) the Hunt diagram shows a larger gap between the fully
columnar and equiaxed lines. Given that cooling rates (estimated by the product G, Vy;p) are
higher, it would still be expected that progressive CET should be favoured at higher gradients
due to the divergence of the Hunt lines. Scenario VJ#2 clearly showed a sharp CET without
evidence of mixed zone occurring. This result could be explained by the VI#2 having the

fastest cooling rates and a rapid transition along its locus of points shown in Figure 12.

The current exercise demonstrates the difficulty in establishing a single set of nucleation
parameters for the Hunt model that agrees well with all of the CET datasets. In contrast to
this, the C2ET, which gave a thermally transient solution for each case, used the same
nucleation parameters in all cases and gave good agreement to measured CET positions for

all four experimental datasets.
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6 Conclusion

Four microgravity experiments showed examples of sharp and progressive columnar to
equiaxed transitions under different thermal processing parameters. The presence of the
progressive transition, in particular, established the need to focus on the mixed columnar-
equiaxed region. In literature, the Hunt blocking fraction of ¢ = 0.49 (based on the extended
volume fraction ¢p; = 0.66) was provided to predict the transition from a mixed structure to a
fully equiaxed structure. On the other hand, the extended volume fraction of ¢ = 0.0066
was provided to predict the transition from a fully columnar region to a mixed columnar-
equiaxed region. Through this study, the Hunt blocking fractions have been directly tested
against thermally transient simulation results and have been shown to lack the robustness to
give universal agreement across all experimental cases investigated.

Hence, a model of Columnar to Equiaxed Transition has been proposed and validated that
allows columnar and equiaxed regions to grow concurrently and competitively. The columnar
region is modelled using a front tracking approach based on the principles of Browne and
Hunt [11] within the BFFTM model [39] and the equiaxed model follows the Nucleation
Progenitor Function approach [43].

This approach known as the Concurrent Columnar to Equiaxed Transition (C2ET) model was
able to predict thermal profiles with good agreement. In addition, it modelled the complete
transition from fully columnar to fully equiaxed regions with a progressive columnar-to-
equiaxed region. Both the sharp and progressive transitions (as observed in the experimental

cases) have been modelled successfully.
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