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Preface

The “Solidification and Gravity International Conference”-series started in 1991. The first conference
was held in Miskolc-Tapolca. The reason for organizing this conference was that the construction of
Hungarian space furnace developed in co-operation with the Soviet partners became impossible.

Based on the theories worked out by Prof. Erik Fuchs, the development of a new type solidification
equipment started at the Faculty of Material Science of University of Miskolc in 1984 (Faculty of
Metallurgical Engineering in 1980) in co-operation with the Soviet partners on the basis of the
experiences of BEALUCA space-experiment realized during the Hungarian-Soviet common space
flight in 1980. Till now, this space materials science research work has been the first planned and
prepared by the Hungarian researchers. The novelty of equipment is that neither the sample nor the
furnace move; the required temperature distribution is developed by changing the temperatures of the
24 heating units that can be controlled separately during the melting and solidification process. The
equipment would have been put to a platform flying individually; by this all of the possible disturbing
acceleration (owing to the moving mechanisms and to the operation of life-sustaining devices in the
space station) could have been excluded. However this process was interrupted by the political
changes taken place in 1990; the co-operation with the Soviet partner ceased. At this time we decided
with Prof. Pal Barczy the manager of furnace building project to organize an international
solidification conference in 1991 in which a version of the developed solidification equipment would
be shown. The representatives of NASA (MFSC, Dr. Lehoczky) were also invited to the conference
hoping by this that the construction of the equipment could be continued in co-operation with NASA
in the future. It proved to be an excellent idea — the construction of equipment could be continued by
the support of NASA (at that time the equipment was called Universal Multizone Crystallizator —
UMC). Finally the equipment was delivered to the laboratory of NASA in Hunthsville where it was
tested for three years then three units were purchased. Unfortunately, the equipment was not sent to
ISS in spite of the fact that it was suitable for this purpose. About 40 research workers coming mainly
from the different countries of Europe took part in the first conference. The most famous participants
were Prof. Martin Glicksman (Lenselear University, USA) and Prof. Wilfried Kurz (University of
Lausanne, Switzerland).

Owing to the successes obtained by constructing the equipment and the results obtained during the
investigation of solidification processes (a lot of papers were published in leading scientific journals
and PhD dissertations were written both in Hungary and in Germany) as well as due to the close
scientific relationships developing with the Max Planck Institute in Stuttgart and later with the
Darmstadt University, the Conference entitled “Solidification and Gravity International Conference”
could be organized in this case in Hotel Palota in Miskolc-Lillafiired several times (in 1995, 1999,
2004, 2008, 2013). High level papers were read by a lot of research workers from many countries on
these conferences. In 2013, 70 research workers from 25 countries took part in the conference from
different countries of Europe as well as from USA, China, Japan and Australia.

80 research workers from 17 countries were at the present conference (SG’18). The leading research
workers of ESA and NASA reported about the situation of researches of space-material technology
financed by the two organizations. 80 oral presentations were held in the 10 sessions; among them 7
summarizing plenary papers concerning the projects financed by ESA as well as 12 invited lectures
dealing with the different fields of solidification were held.

In the papers published in the Conference Proceedings, the fast development of solidification theories
as well as the shift of simulation of processes towards the numeric methods (Phase Field, Monte
Carlo, Finite Difference) can be followed. The investigation technology has developed in a great
extent since the first SG conference as well. The X-ray in situ investigations have been developed
and applied and the solidified samples are investigated by using X-ray tomography and EBSD



method. This new knowledge contributes to the development of practical solidification technology
(e.g. continuous and semicontinuous casting as well as pressure die-casting).

In the course of the conferences, we placed emphasis on showing Miskolc and its surroundings to the
participants. Eger, Sarospatak and Tokaj were visited by the participants of conference. The research
workers could take part in a marriage folk dance moreover in violin- organ- and jazz concerts. They
tasted Tokaj Aszu which is called the vine of kings and the king of vines and they could swim in the
famous cave bath in Miskolc-Tapolca during a night bathing.

Comprehensive information about Hungary and about the vicinity of Miskolc can always be found in
the bag decorated by the emblem of Conference. The present bag contains a very nice photo album
showing Hungary (I. Kolozsvary, J. Hajnal: Hungary) and a book describing the history of Hungary
(Ignac Romsics: Short History of Hungary).

In the name of the Organizing Committee, |1 wish Good Luck to the participants by hoping that these
almost four days spent in Miskolc-Lillafiired proved to be useful for them and they will keep the good
impressions in their memory after returning home where they will develop the solidification theories
or investigate the solidified microstructures in the future.

Miskolc, September, 2018

Andras Roosz
Conference Chairman
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Abstract. To improve our understanding of the physical phenomena that govern the columnar-to-
equiaxed transition (CET) in alloy solidification and its consequences for casting processes,
experiments under microgravity condition were performed within the framework of the ESA MAP
project CETSOL (Columnar-to-Equiaxed Transition in SOLidification processing). This
environment allows suppression of buoyancy convection in the melt and diffusive growth of equiaxed
grains without sedimentation. Refined and non-refined Al-7wt%Si alloys were solidified in the
Materials Science Lab on board the International Space Station. From extensive sample analysis,
critical values for CET were determined. Depending on the process parameters, sharp or progressive
CET was detected in refined alloys. These results were used to improve and validate different
numerical models describing grain and microstructure formation as well as CET. Additionally, during
the MASER-13 sounding rocket mission, the diffusive growth of equiaxed dendrites was investigated
in the transparent model alloy Neopentylglycol-dCamphor. The nucleation rate and the growth of
individual dendrites was observed directly with CCD cameras. The interdependence between
nucleation and growth during equiaxed solidification could be described successfully by a new
method called the Nucleation Progenitor Function approach.

Introduction

Microstructures and grain structures strongly determine the materials properties of cast
components. Dendritic microstructure is formed during solidification and - as a result of competition
between the growth of several arrays of dendrites - columnar or equiaxed grain structures, or a
transition from columnar to equiaxed growth is observed. The precise investigation on grain
formation is hindered by buoyancy-driven flow and by movement of crystals growing in the melt. To
suppress these effects and allow for pure diffusive solidification conditions experiments in
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microgravity environment were performed within the research project Columnar-to-Equiaxed
Transition in SOLidification Processing (CETSOL) in the framework of the Microgravity
Application Promotion (MAP) programme of the European Space Agency (ESA). These experiments
provided unique data for testing of fundamental theories of grain and microstructure formation and
for validation and development of numerical models describing especially the columnar-to equiaxed
transition (CET).

This contribution contains the following main topics:

e An overview of different types of columnar-to-equiaxed transition (CET) observed in
solidification experiments onboard the International Space Station ISS using refined Al-7wt%Si
alloys is given. In addition, the effect of gravity (1g on earth and pg in microgravity environment)
on solidification behaviour is investigated. Moreover, different numerical models are applied to
predict CET in microgravity experiments. Some examples of numerical results are given showing
an excellent agreement with the experimental findings.

e During a sounding rocket mission in the MEDI-experiment the diffusive growth of equiaxed
dendrites was investigated in the transparent model alloy Neopentylglycol-dCamphor. The
interdependence between nucleation and growth during equiaxed solidification is described
successfully by a new method called the Nucleation Progenitor Function approach, which is
briefly outlined.

CET in microgravity experiments with Al-7wt%Si alloys

Experimental set-up and process parameters

To investigate the columnar-to-equiaxed transition under diffusive conditions for heat and mass
transport, several experiments in microgravity were carried out successfully. Rod-like samples with
diameter 7.8 mm and length 245 mm made of Al-7wt%Si alloy, with (gr) and without grain refiner
particles, were integrated in a special sample cartridge assembly (SCA). Twelve thermocouples were
positioned along each sample to measure the axial temperature profiles. The samples were processed
in the Materials Science Laboratory (MSL) on-board the International Space Station (ISS) in two
different furnace inserts, i.e. within a Batchl (B1), six solidification experiments (B1F1 - B1F6) in
the Low Gradient Furnace (LGF) module and within a Batch2a (B2), seven solidification experiments
(B2F1 - B2F7) in the Solidification and Quenching Furnace (SQF) module [1, 2]. The main difference
in process parameters is the initial axial temperature gradient of about 1 K/mm and 4 K/mm in the
LGF and SQF furnaces, respectively. In a stage I, with furnace velocities of vi = 0.01 mm/s (in the
LGF) or vi = 0.02 mm/s (in the SQF) columnar dendritic growth is established. A transition to
equiaxed growth can be triggered in the solidification stage Il, either by increasing the furnace
movement to v. = 0.20 mm/s or by mainly decreasing the temperature gradient by applying a cooling
rate of dT/dt = -4K/min (in the LGF) or dT/dt = -8K/min (in the SQF) at the heaters of the hot zone.
For the non-refined samples a moderate rotating magnetic field (RMF) with frequency f = 57 Hz and
magnetic flux density B = 0.5 mT was applied to promote fragmentation. An overview of the process
parameters is given in [2].

CET modes in microgravity experiments

From the temperature measurements along the sample axis, cooling curves, average liquidus
isotherm velocities and the temperature gradients ahead of the liquidus isotherm were deduced as a
function of time for all samples. It was found that the RMF has almost negligible influence on the
heat flow.

The microstructures and the grain structures were identified from axial and longitudinal cross-
sections of the samples. Quantitative characterization of the microstructure showed the evolution of
eutectic percentage along the sample axis. From electrolytically etched cross-sections observed in a
polarizing microscope the different grain structures were identified. Additionally from quantitative
EBSD measurements the size, the crystallographic orientation and the elongation factor of each grain
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were determined. Several results for the Batchl and Batch2a benchmark experiments are published

[1 - 7] and are summarized here briefly:

- Innon-refined alloys, no CET was observed in stage I1, but columnar dendritic growth with some
fragmentation of the dendritic structures. The fragments have a size comparable to the dendrite
side-branch spacing and cannot promote CET during solidification in microgravity environment
because the fragments are not transferred by melt convection or buoyancy to the undercooled melt
ahead of the columnar front [1, 8].

- CET was obtained only for refined alloys. Depending on the cooling conditions different types of
CET were observed: a sharp CET with a change from a columnar to an equiaxed grain structure
within a few millimetre distance, or a progressive CET characterized by a mixed structure of
columnar and elongated equiaxed grains in a transition region up to tenths of millimetres.

To determine the position of the CET the grain orientation in longitudinal cross-sections is
characterized quantitatively using electron backscattered diffraction (EBSD). Based on the EBSD
data, the grain contours were reconstructed by separating neighbouring grains with a misorientation
being larger than 5°. The grain equivalent diameter and the elongation factor are calculated from the
EBSD measurements. The highest position of the columnar grains issued from the initial dendrites
zone defines the CET inception [9], and is noted CETmin. In our previous work [1], it has been shown
that CETmin is not sufficient to define CET, especially when very elongated equiaxed grains are
observed above this position. A second limit for complete CET, CETmax, is then defined by a grain
elongation factor value below 2, in agreement with Hunt’s criterion. To estimate critical values for
CET the local cooling conditions were analysed. Therefore, from the temperature measurements
along the sample axis, the liquidus isotherm velocities vc and the temperature gradient ahead of the
liquidus isotherm G. were determined.

Table 1 shows the process parameters of selected CETSOL microgravity experiments with refined
Al-7wt%Si alloy. In B1F2 and B2F3, the CET is triggered by a sudden increase of the solidification
velocity; in B1F5, B2F5 and B2F7, the CET is mainly the result of a decrease of the temperature
gradient and of a continuous increase of the solidification velocity.

Table 1. Process parameters of selected CETSOL microgravity experiments with refined Al-
7w%Si alloy showing CET.

CETSOL Hom(_)geni Initial Solidification Solidification
sample z_atlon tempgrature stage | stage 11
time th gradient G Vi 71 Vo 2 dT/dt
(min) (K/mm) (mm/s) | (mm) (mm/s) (mm) | (K/min)
B1F2 300 0.95 0.01 20 0.20 50 -4
B1F5 10 0.90 0.01 20 0.01 20 -4
B2F3 60 4.5 0.02 30 0.20 50 -8
B2F5 60 4.5 0.02 30 0.02 50 -8
B2F7 60 3.0 0.02 30 0.02 50 -8
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Fig. 1 shows the solidification paths of these 5 CETSOL microgravity experiments (see Table 1).
Regions with columnar grain structures are indicated by dotted lines, those with mixed columnar and
equiaxed grains by dashed lines, and regions with fully equiaxed grains by solid lines. All experiments
started with low solidification velocities of v = 0.01 mm/s (in B1) or v1 = 0.02 mm/s (in B2) resulting
in a columnar dendritic grain structure at the beginning of each experiment.

In samples B1F2 and B2F3, the CET should be triggered by a sudden increase of the furnace
velocity to v2 = 0.20 mm/s. In the case of the lower temperature gradient of 0.9 K/mm (B1F2) a sharp
CET at position 128 mm + 1 mm is found [1]. At the higher temperature gradient of about 4.5 K/mm
(B2F3), mostly elongated and axially oriented equiaxed grains exist in stage I1. Here, the rather high
temperature gradient results in less continuous nucleation of grains ahead of the solidification front,
leading to an elongated equiaxed grain zone and postponing the complete CET. Therefore, CETmin iS
evaluated at position 143 mm, but CETmax IS never reached within the sample. Fully equiaxed growth
at the given temperature gradient would be expected for higher solidification velocities, which cannot
be realized in the MSL-furnace on ISS.

In samples B1F5, B2F5 and B2F7, the CET should be triggered by decreasing the temperature
gradient while the low furnace velocities of vi = 0.01 mm/s (in B1) or vi = 0.02 mm/s (in B2) are
maintained. Such a decreasing temperature gradient results in an acceleration of the solidification
front. Consequently a progressive CET is found (Fig. 1). In the case of the lower initial temperature
gradient of 0.9 K/mm (B1F5), the CET takes place between positions 130 mm and 156 mm [1]. In
the case of the higher initial temperature gradients of about 3 K/mm (B2F7) and 4.5 K/mm (B2F5),
CETmin is determined at positions 152 mm and 130 mm, respectively. CETmax is not reached in these
samples. The mixed columnar and equiaxed grain structure in both samples is rather similar, except
that the average grain size is larger in case of the lower temperature gradient.
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Figure 1. Solidification paths of different CETSOL Batchl and Batch2a microgravity experiment
with grain refined Al-7wt%Si alloy, showing regions with columnar (dotted lines), mixed columnar
and equiaxed (dashed lines) and fully equiaxed (solid lines) grain structures. The lines separating the
different regimes are indicative.
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Effect of gravity on CET

To investigate the impact of the gravity on the solidification microstructure and on the CET a
ground reference experiment GM on Earth was performed with the same solidification parameters as
for the B1F5 flight sample. Fig. 2 shows the microstructure and the corresponding eutectic percentage
distribution maps along longitudinal sections in the region of the transition from stage I to stage Il for
both the GM and the FM samples.

As a result, the CET is obtained in both samples in a progressive mode. This is directly linked to
the applied processing conditions, no velocity jump and an initial temperature gradient of 0.9 K/mm,
resulting in low undercooling ahead of the columnar dendrite tips and in a short undercooled region.
The gravity significantly influences the microstructure and CET due to the convective liquid flow.
Indeed, in the GM experiment, the liquid flow ahead of the solidification front carries both the new
grains and the solute away from dendrite tip zone, alleviating or diminishing the blocking effect and
promoting the continuous growth of the columnar dendrites. Therefore, the CET is more progressive
in the GM sample. Additionally, the E% is lower and the DAS is higher in the GM sample than in the
FM sample.
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Figure 2. Microstructure along longitudinal sections in the region of the transition from stage I to

stage Il for: (al) the GM sample and (b1) the FM sample (B1F5). Corresponding eutectic percentage

distribution maps (a2 and b2) for both samples. The white dashed lines represent the highest position

of the columnar grains issued from the initial dendritic zone. The yellow dashed line represents the
position of CETmin in the GM sample (source: ACCESS e.V. & IM2NP).
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Numerical modelling of CET

The CETSOL flight experiments provide unique data for columnar-to-equiaxed transition in Al-
7wt%Si alloy for pure diffusive solidification conditions, i.e. without melt flow and sedimentation
and floatation effects. For this reason, they are used to improve several approaches for numerical
modelling of CET, as follows:

»  Anapproach that combines Front Tracking (FT) of columnar growth and an equiaxed volume
averaging method was employed to model CET. In this approach, the development of the two growth
morphologies (columnar and equiaxed) are allowed to proceed simultaneously, thereby allowing the
model to predict both sharp and progressive CET. This approach is known as the Concurrent
Columnar-to-Equiaxed Transition (CCET) model. The transition from columnar to equiaxed in this
model proceeds from fully columnar, to mixed columnar and equiaxed, to fully equiaxed. The
resulting total transformed fraction is separated into columnar and equiaxed fractions using an
appropriate mathematical treatment. A typical result showing the predicted volume fraction of
equiaxed and columnar grains for the B2F7 experiment, as a function of axial position in the sample,
is shown in the Fig. 3. Note that the transition from columnar to equiaxed is progressive over the
length of the sample from about 0.127 m to 0.23 m.
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Figure 3. Predicted volume fraction of equiaxed mush ({m,equ) and columnar mush ({m.car), and
internal solid fraction of mush, gs, as a function of the axial position, x, in the B2F7 sample at the
end of stage Il of the experiment (t = 2900 s) using the concurrent columnar-to-equiaxed transition
(CCET) model. The equiaxed nucleation settings for this simulation were as follows: No= 5x10%°
seeds/m®, ATo= 4.0 K, AT,= 1.0 K (source: Trinity College Dublin).

« The CAFE method was proposed to model complex phenomena occurring during
solidification processes through the integration of microscopic laws. Results of 2D CAFE modelling
of the grain structure evolution and the occurrence of the CET for some of the CETSOL Batchl
experiments demonstrated qualitative agreement for the position of CET and the CET transition
mode. Meanwhile, both segregation and grain structures, as well as CET, were numerically modelled
in 3D. The CET transition mode, be it sharp or progressive, is retrieved. Distributions of grain
elongation factor and equivalent diameter are fairly reproduced and the CET positions are predicted
accurately and precisely [2].

As a next step a Dendritic Needle Network (DNN) description has been implemented to predict
the growth of dendritic arrays while taking into account the solutal interactions without considering
a steady regime for dendritic growth, i.e. the Ivantsov solution for the diffusion field. This is done by
approximating each dendrite tip by a single Parabolic Thick Needle (PTN). The goal is now to
simulate the columnar-to-equiaxed transition with an improved computation of the growth kinetics
as well as the branching mechanisms.

«  Within the CETSOL project, the CAFE approach was integrated in the commercial software
package THERCAST® of TRANSVALOR. Therefore, this modelling technique was added as a new
feature to the software after it had been tested, validated and numerically optimized, allowing users
to reproduce results of CET simulations. Fig. 4 shows examples of 2D CAFE modelling of the grain
structures in samples B1F1 and B1F5, simulated with the academic code of the partner ARMINES-

22



CEMEF and with the commercial code THERCAST® of TRANSVALOR [10]. The agreement
concerning the positions of CET and the equiaxed grain structure is evident.

CAFE model
THERCAST®
B1F5
CAFE model
THERCAST® | ==
B SR . " F oW g v,

Figure 4. Comparison of the grain structures with crystallographic orientations (phil-value) for
flight samples B1F1 and B1F5, predicted by the CAFE model approach of partner ARMINES-
CEMEF and using THERCAST® of partner TRANSVALOR.

*  Moreover, to model the CET in the microgravity experiments, also a three-dimensional (3D)
multi-scale Dendritic Needle Network (DNN) method was used that tracks the diffusion-controlled
dynamics of branches of the hierarchically structured dendritic network [11]. The growth of randomly
oriented grains ahead of the columnar front is modelled by incorporating nucleation on foreign
inoculant particles randomly located in the melt. Moreover, it is assumed that the grains ahead of the
columnar front can grow in any random orientation in space. Fig. 5 shows modelling results with
dimensions of the 3D simulation box of 15.2 mm x 5.5 mm x 2.3 mm for samples B1F1 (left) and
B1F5 (right). The special extend and position of the transition, especially sharp and progressive CET,
are in a good agreement with the experimental measurements in both cases.

Figure 5. DNN modeling of CET with dimension of the 3D simulation box of 15.2 mm x 5.5 mm
x 2.3 mm for samples B1F1 (left) and B1F5 (right), showing sharp and progressive CET, respectively
(source: Northeastern University Boston).
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Equiaxed growth with NPG-DC alloy in microgravity environment

Microgravity experiment on MASER-13

In December 2015, polycrystalline equiaxed solidification was investigated under microgravity
conditions in the framework of the MEDI experiment on-board the MASER-13 sounding rocket. The
sample contained the transparent material Neopentylgycol-30wt%(d)Camphor. In-situ observation of
polycrystalline equiaxed nucleation and growth under high-quality microgravity conditions was
realized by a fixed cooling rate of -0.75 K/min and a temperature gradient of 0.3 K/mm. Fig. 6 shows
three overall images recorded at different times during the microgravity phase of the experimental
flight. Equiaxed nucleation and growth were observed, starting at the cold end and progressing
towards the hot end of the sample. The thermal and image analysis provided macroscopic information
like liquid and solid fractions, as well as microscopic information, such as dendrite morphology,
crystallographic orientation, nucleation characteristics and dendrite tip Kkinetics. Additionally, a
microscopic optics allows for a 3D reproduction of growing isolated dendrites. Detailed experimental
results of MEDI are published in [12, 13] and will be used as a unique data-basis for the improvement
of mesoscopic and macroscopic solidification models.

Figure 6. Polycrystalline equiaxed nucleation in Neopentylgycol-30wt%(d)Camphor alloy
observed in microgravity at 270 s, 370 s and 460 s after lift-off, from left-to-right, respectively. The
solid black items to the right of each image are the thermocouples (source: ACCESS e.V.).

Numerical modelling of equiaxed growth using the NPF approach

To model the solidification physics of the MEDI experiment a novel Nucleation Progenitor
Function (NPF) approach was proposed that accounts for the interdependence between nucleation
and growth during equiaxed solidification [14-16]. The purpose of this approach was to highlight new
functional progenitor-progeny relationships between all available nucleation sites and sites that get
the opportunity to nucleate. A nucleation density distribution, based on undercooling, can be
identified as a progenitor function. A Kolmogorov statistical approach can be applied to derive
progeny functions of actual/observed nucleation events. The approach offers the significant
advantage of generating progeny functions for volumetric (3D) data and projected image (2D) data;
thereby, providing a stereological correction for over-projection in transparent materials. Progeny
functions can be analyzed to obtain statistical output information, e.g., nucleation counts, average
nucleation undercooling and standard deviation. The NPF kinetics have been incorporated into a
transient thermal model of equiaxed solidification. The model has been applied to characterise the
microgravity experiment MEDI with the transparent alloy system Neopentylgycol-
30wt%(d)Camphor. Another advantage of the NPF approach was that the effect of temperature
gradient on the nucleation rates can be dealt with by combining progeny functions from different
locations. This was achieved by using principles of convolution theory.
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Fig. 7 shows the overall frequency distribution for the MEDI experiment of the observed
nucleation events against undercooling and the probability density function of nucleation
undercooling for the entire domain calculated through the NPF approach [16]. Therefore, the model
predicted thermal and observed nucleation and growth data with a good level of agreement.
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Figure 7. Overall distribution of the observed nucleation events as a function of the undercooling,
and the probability density function of nucleation undercooling for the entire domain, both for the
MEDI experiment and the NPF modelling approach (source: Trinity College Dublin).

Summary

The microgravity experiments realized in the framework of the CETSOL project are of particular
importance because this boundary condition is the only one to allow the suppression of thermosolutal
convection in the melt and diffusive growth of equiaxed grains without sedimentation. The
experiments provided a unique data basis for development and validation of simulation tools to
predict CET using different modelling approaches.

In the next years further experiments will be realized on board the International Space Station ISS
to broaden the data basis on CET phenomenon. This holds for Batch3a experiments using metallic
Al-Cu alloys with three different compositions, as well as for in-situ experiments with transparent
model alloy NPG-DC in the ‘Transparent Alloys’ hardware in the Materials Science Glovebox on
ISS. In parallel, numerical simulations of CET, especially using advanced three-dimensional grain
structure models, will be achieved and compared to 3D experimental characterisation by serial
sectioning to obtain an even more precise understanding of the grain structure formation.
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Abstract

Titanium aluminides are light-weight structural materials for use at elevated temperatures, e.g. up to
800°C, with applications in the aero-engine and automotive markets. Different manufacturing routes
have been developed to produce near-net shape components including casting, and more specifically
centrifugal casting. On this background, the European MAP-project GRADECET proposed to
investigate the solidification of two TiAl-based alloys under hyper-gravity and microgravity
conditions: Hyper-g experiments were performed in EAS’s Large Diameter Centrifuge (LDC) and
reference micro-g experiments onboard the sounding rocket MAXUS 9. The project team investigated
the columnar growth and the columnar-to-equiaxed transition of the primary bcc-phase B(Ti) as to
comprehend the segregation behavior and grain formation as function of the gravity level. In this
overview talk we will present the experimental set-up and give an account of the experimental results.
We will briefly outline the modelling work that has been done so far at distinct scales, spanning from
CFD at the macro-scale to PF-modelling at the micro-/ meso-scale. The observed effects of
acceleration forces on the solidification structure will be summarized and discussed.

1. Introduction and research objectives

Titanium aluminides are light-weight structural materials for use at elvated temperatures, i.e. up to
800°C. Just recently, the alloy GE4822 with the nominal composition Ti-48Al-2Cr-2Nb, (all at. %),
has been successfully implemented into commercial aircraft engine applications. The GEnx™
engines are the first to use TiAl (alloy GE4822) for their low pressure turbine blades [1]. Extensive
research and engineering efforts have enabled this commercial implementation [2]. In terms of
processing developments, conventional gravity casting and centrifugal casting have been established
but also newer and non-conventional forging as well as additive manufacturing routes are emerging.
Research efforts thus continue in several directions, among other aiming at a better and quantitative
knowledge about the solidification morphology and texture evolution as function of alloy
composition and processing conditions. For casting and specifically centrifugal casting the effects of
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acceleration forces, which may reach 20g, are of special interest: they will alter the segregation, the
extent of the mushy zone, the solidification morphology and last but not least the final grain size and
texture in the cast sample or component. Among other, the transition from columnar to equiaxed
solidification of the primary phase can contribute to texture mitigation and grain refinement [3] thus
being of particular interest.

The joint European Project “GRADECET” proposed to investigate the columnar solidification and
the columnar-to-equiaxed transition in two TiAl-based alloys using hyper-g experiments in EAS’s
Large Diameter Centrifuge (LDC) and reference micro-g experiments on-board the sounding rocket
mission MAXUS 9. In this contribution we describe the experiment design and implementation and
present the analysis methods applied for sample characterization. We briefly outline the experimental
observations and the modelling efforts undertaken to substantiate them, while referring to the work
of the European project partners.

2. Experiment design and implementation

The experiment configuration employed for the research purposes of “GRADECET” was based on
the hardware developed by Airbus Defense & Space for a previous flight experiment [4]. The core
facility is a gradient zone furnace for operation in hyper-g and micro-g conditions, which is capable
of achieving directional melting and solidification of TiAl-based alloys. The core facility is displayed
in fig. 1 along with a schematic drawing of the main components, specifically the three resistance
heaters H1, H2 and H3 used to impose the desired temperature profiles inside a long cylindrical

sample (diam. 7.8 mm, length 165 mm). The samples were machined by spark erosion from cast ingot
material.

Gradient zone furnace - 3 heaters
Operating up to T, ~1650°C
Y,0; crucibles and Ta cartridge
Sample & 7.8 mm x 165 mm

Gas quenching (He) at exp. finish

Fig. 1(a): Overview of the gradient zone furnace developed by Airbus Defense & Space
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Fig. 1(b): Schematic drawing of the main furnace components
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The furnace is equipped with three control thermocouples, one at each heater, and with one
thermocouple implemented in a blind hole at the cold (and unmolten) end of the sample. The exact
locations of the thermocouples are measured and documented in the control sheet for each
experiment. This is due to the fact, that it turned out to be more efficient to operate with several
furnaces, rather than disintegrating and replacing the sample for the follow-up run. One furnace unit
and the electronic devices for process control, gas supply and other fit well into one gondola of ESA’s
Large Diameter Centrifuge (LDC) [5], while four furnace units fit together into one experiment
module of the MAXUS sounding rocket. The gradient zone furnace was used to perform two
experimental campaigns at ESA’s LDC as well as one experimental campaign on the Sounding rocket
MAXUS 9. An overview of the experiments is given in table 1.

Table 1: Overview of experimental campaigns in hyper-g, 1-g and micro-g conditions

Campaign Alloy, at.% Experiments Date
LDC-Campaign | Ti-46Al-8Nb 5 experiments + 1g reference September 2014
LDC-Campaign Il Ti-48AIl-2Cr-2Nb | 5 experiments + 1g reference March 2016
MAXUS-9 Ti-48Al-2Cr-2Nb | 4 experiments April 2017

The 1-g reference experiments were carried out with the furnace in vertical position and the direction
of solidification against earth’s gravity. The hyper-g experiments in the LDC were carried out such
that the direction of solidification was opposite to the resultant from the centrifugal force and earth’s
gravity. The resultant force reached equivalent g-levels of 5g, 10g, 15g and 20g, respectively at some
mid-sample height position. The 20g experiment was performed twice. This implementation
corresponds to a liquid density profile which is thermally stable, but solutally unstable, the partition
coefficient for Aluminium being kai~0.9 and for Niobium knp~1.1. The density inversion thus comes
from the mushy zone, where lighter liquid is created in interdendritic regions. Fig. 2 displays the
assembly of the furnace on the base-plate of the experiment gondola and also gives an impression of
ESA’s LDC at Estec. All experiments were operated by Airbus Defence & Space and supported by
the Centrifuge team at ESA / Estec and the team at the Swedish Space Corporation in Kiruna,
respectively.

Fig. 2: Overview of experiment implementation in one gondola of the LDC at ESA / Estec. The
set-up and images refer to the LDC-Campaign Il. The operating parameters are tabulated below.

Experiment Angular Set Resultant acceleration @ | Swinging angle, a
name velocity acceleration sample position z=80 mm
rpm rad/s *9.81 m?/s *9.81 m?/s °
LDC-11-5¢g 35.2 3.69 5.5 4.9 11.3
LDC-11-10g 50.1 5.25 11.0 10.0 5.7
LDC-11-15g 61.4 6.43 16.5 15.1 3.8
LDC-11-20g 67.5 7.07 20.0 18.3 3.1
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The operating parameters of the LDC are listed in the table associated with Fig.2 for the LDC-II
campaign, but were similar in the LDC-1 campaign. The main difference was the position of the
furnace inside the gondola: in the LDC-II experiments the furnace was mounted in the center of
gravity of the base-plate inside the gondola, while in LDC-I it was mounted at off-set coordinates.
Consequently, the resultant force in the LDC-1 experiments was not neatly aligned along the samples
longitudinal axis giving rise to an additional small force component in tangential direction (about 2%
of the axial force component). The effects of this off-set will be discussed elsewhere.

The solidification parameters of the experiments were prescribed temperature-time profiles at the
three heaters of the gradient zone furnace. The profiles were optimized in a series of preparatory
experiments as to fit into the time span of the sounding rocket flight. Fig. 3 displays the T-t profiles
defined for the two alloys, i.e. Ti-46Al-8Nb and Ti-48Al-2Cr-2Nb, respectively. The profiles account
for the different liquidus and solidus temperatures of the two alloys with quenching being initiated
just below solidus temperature. Liquidus and solidus were measured a priori by differential scanning
calorimetry (DSC) during melting with a rate of 20 K/min in a DSC Type NETZSCH DSC 404F3.

(a) LDC-I campaign: Alloy Ti-46AI-8Nb Tiig=1570°C, Ts=1504°C, AT=66K

(b) LDC-11 campaign: Alloy Ti-48AI-2Cr-2Nb  Tiig=1505°C, Tsoi=1463°C, AT=42K
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(a) Alloy Ti-46AI-8Nb (b) Alloy Ti-48AI-2Cr-2Nb
Tini, °C | Cooling rates, K/s Tini, °C | Cooling rate, K/s

H1 | 1680 | 0.0 (t< 120s) | 0.3 (t > 120s) H1 | 1620 | 0.0 (t<120s) | 0.3 (t > 120s)
H2 | 1680 | 0.0 (t< 120s) | 0.3 (t > 120s) H2 | 1620 | 0.0 (t<120s) | 0.3 (t> 120s)
H3 | 1600 | 0.4 (t<120s) | 0.1 (t> 120s) H3 | 1540 | 0.4 (t<120s) | 0.1 (t> 120s)

Fig. 3: Time-temperature profiles imposed at the heaters for the LDC experiments, the 1g
reference experiments and for two pg-experiments on the sounding rocket MAXUS9 (b).

The experimental configuration with only one independent thermocouple inserted in the sample’s
cold end does not allow to directly measuring the temperature distribution along the sample. For this
reason solidification modelling was carried out with and without coupling to fluid flow,
encompassing on the macro-scale the entire furnace, e.g. sample, crucible, cartridge, heaters etc. The
materials thermophysical properties were read from database entries, while heat transfer coefficients
were iterated such that experimental measurements could be recovered within reasonable error
margins. The available measurements were the temperatures recorded by the thermocouple and, more
importantly, the position of the fusion front visible in metallographic sections of 1g test samples and
assigned to liquidus and solidus temperatures, respectively. Two independent simulation codes were
used to this end, one being the commercial CFD-code STAR-CCM+ (Siemens PLM) and the second
one being developed in OpenFoam by one of the authors, Can Huang. STAR-CCM+ was employed
for thermal modelling only, since its solidification model currently does not provide for element
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partitioning between the solid and liquid phase. None the less, the thermal computations give a fairly
good estimate of the temperature distribution in the sample and capture main features of the transient
solidification process. The main results from STAR-CCM+ simulations are summarized in fig.4
based on snapshots of the fraction solid evolution and computed (G,v) conditions which were
evaluated at the isotherm T*=Tliquidus in the sample axis.
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Fig. 4: Solidification of the two alloys (a,b) and (c,d) from STAR-CCM+ simualtions of the
temperature evolution in the entire furnace. Input data are the temperture-time profies at the heaters
and thermophysical materials properties from database entries. Solidification is modelled by
coupling to pre-defined fraction solid vs. temperature curves, such that the release of latent heat is
accounted for.

The STAR-CCM+ simulations show that the transient experiments lead to significantly different
solidification length of the two alloys, basically due to the different solidification intervals at case
and to minor differences in the thermophysical materials properties. One can also observe from the
snapshots in fig. 4(a) that the solidification front develops a pronounced curvature as solidification
proceeds, because radial temperature gradients gradually dominate over the axial gradient. This
behavior is inherent to the furnace design and to the desired decrease of the axial temperature gradient.
Obviously alloy Ti-46Al-8Nb with a large solidification interval (AT=66 K) and a comparatively
large mushy zone is more prone to experience radial growth, once the solidification front advances
above the position z~100 mm measured from the cold end of the sample. In fact form the experimental
series in 1g we observed that the columnar-to-equiaxed transition (CET) and the columnar-to-radial
transition (CRT) compete with one another.

From 10 preparatory 1g-experiments performed with slightly different parameters only 1 experiment
resulted in CET while 9 resulted in CRT. Likewise, as reported in [4], the MAXUS-8 flight
experiments with Ti-46Al-8Nb also displayed CRT. A systematic meso-scale modelling of the
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distinct and competing dendrite morphologies at curved solidification fronts is still missing,
specifically also including the role of interfacial anisotropy and dendrite growth directions. While
some aspects of the competitive growth have been tackled [4], the topic remains interesting and
demanding for future simulation work. It is all the more interesting to note, that the hyper-g
experiments from the LDC-I and LDC-11 campaign lead to clear CET events, as shall be outlined in
the following sections. At contrary, CET was not observed in the 1g reference and pug experiments.

2. Experiment analysis: goals, methodology and highlights

The analysis focused on two distinct aspects, (i) the characterization of the CET-events as function
of the acceleration forces in the LDC-experiments and (ii) the analysis of columnar growth,
specifically the dendrite spacing evolution and its dependency on the gravity level. The second subject
was included after observing that the residual microsegregation in the samples from alloy Ti-48Al-
2Cr-2Nb revealed good image contrast in back-scatter diffraction and also in X-ray tomography. The
rich results and experimental observations will be presented and discussed in dedicated publications
by the responsible partners of the GRADECET project team. Here we only describe the experimental
analysis procedures and selected highlight results. The overarching goal is to understand and model
the gravity dependency of CET and spacing evolution.

2.1 Sample preparation and microstructure observations at CET

LDC-samples were cut by water-jet along a longitudinal plane which corresponds to the orthogonal
plane in the rotating coordinate system, containing the growth direction z and the flight direction y as
depicted in fig. 5a. The plane has been marked on the sample surface before integration into the
furnace. Overview images in the section planes were taken in the back-scatter electron imaging mode,
which is sensitive to the atomic number Z and thus to chemical composition. The location of CET-
events was readily observed on the overview images. The analysis of the equiaxed grain structure
above CET was however rather tedious and not automated, because the phase transformations in
TiAl-alloys preclude a direct access to the primary bcc-B(Ti). Crystallographic determination of the
B(Ti) grains by electron backscatter diffraction EBSD is not practicable.

Grain reconstruction was therefore done manually by outlining the grain boundaries following the
microsegregation pattern in Ti-48Al-2Cr-2Nb and the grain boundary allotriomorphic films in Ti-
46Al-8Nb, respectively. The full characterization work is still to be completed, but some results can
be highlighted, as shown in fig. 5b. The present observations show that the two alloys behave quite
differently with respect to the CET:

e In alloy Ti-46AIl-8Nb the equiaxed grain size is independent of the angular velocity and the
corresponding acceleration forces, the volumetric grain density ranging at N= 0.7%108 m3as an
average from the LDC-I experiments.

e In alloy Ti-48Al-2Cr-2Nb the equiaxed grain size depends on the angular velocity and the
corresponding acceleration forces, the volumetric grain density increasing from N= 8*10% m? in
the experiment LDC-11-5g to N= 2.4*10* m in the experiment LDC-11-20g [6]

Further microstructure details suggest that this difference relates in fact to a different CET
mechanism, being related to fragmentation of the columnar mush in Ti-48Al-2Cr-2Nb, but to
heterogeneous nucleation on unknown seed crystals (impurities) in Ti-46Al-8Nb. According to this
hypothesis the equiaxed grains are rising particles in the first case [6], but falling particles in the
second case. This observation is presently being checked with great care, among other by analyzing
and simulating the accumulation of grains in the distinct locations expected from fluid flow and the
Coriolis force. The simulation efforts are challenging because several scales need to be tackled and
bridged, work is still ongoing.
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Observation plane in longitudinal section: z-y
y-flight direction, z- direction of solidification

Schematic view of rising (O) and falling (®) particles ®=61.4 rpm, LDC-II- 15g CET @ solidification length 14.4 mm

Fig. 5: Microstructure at the CET-event from the LDC-experiments performed at 15g. Shown is
the transition region with outlined equiaxed grains in the z-y plane. The micrographs encompass
the full sample width of about 7.9 mm in y-direction.

2.2 Sample preparation and characterization of columnar dendrite growth

For the Ti-48Al-2Cr-2Nb samples processed under pg, 5g, 15g and 18.3g the primary dendrite arm
spacing (PDAS) in the columnar region was evaluated on transverse section planes imaged by SEM
in the backscatter electron mode. For the samples processed under 1g and 15¢g conditions the PDAS
was evaluated on transverse section planes from X-ray tomography data. X-ray tomography was
accomplished using the Zeiss Xradia Versa 520 with kind support from Carl Zeiss Microscopy
GmbH. The volume scanned at 140 kV and 10 W encompassed two sample halves mounted together
to give a cylinder with a diameter of about 7.9 um. The scanned height was equally 7.9 mm extending
from z=77 to z=85 from the samples cold ends, respectively. The scan resolution was 4 pm /pixel.
The primary B(Ti) dendrites in the transverse sections as well as their centers were outlined manually
and further analyzed by the ImageJ software [7] using the Delaunay triangulation method. The
determined mean values and the standard deviations of the PDAS are listed in table 2. The values
correspond to a solidified length of 9 to10 mm in each case.

The experimentally observed dependency of the primary dendrite arm spacing on the experimental
g-level is very similar to the one reported by [8] for Pb-50 wt.%Sn samples which were processed on
a centrifuge using directional solidification with constant withdrawal velocity. However this is for
the first time that experimental data include not only 1g-reference but also pg-reference data. This is
essential and will allow discriminating between the models proposed so far in literature: in an
upcoming publication we will discuss the scaling laws proposed by [9, 10, 11, 12] and propose an
amended model which well describes the overall behavior. The model operates for both steady state
and transient solidification conditions.

Table 2. Primary dendrite arm spacing as function of the resultant g-level

Ti-48Al-2Cr-2Nb MAXUS-9, 1qg reference and LDC-II experiments

ug 19 59 10g 159 18.3g
PDAS, mean value, um 793 712 489 444 385 372
PDAS, std. deviation, pu | 223 162 121 107 84 79
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Fig. 6: Columnar B(Ti) dendrites in alloy Ti-48Al-2Cr-2Nb from transverse section planes
corresponding to about 10 mm growth length (a through f) along with the measured spacing
distributions (g) and the experimentally observed scaling behavior (h) for the mean spacing.

3. Modelling strategy at the micro-, meso- and macro-scale

The GRADECET partners put significant efforts on modelling the solidification coupled to fluid flow
at the relevant length- and time-scales, spanning from phase-field simulations of dendrite growth and
motion in response to body forces, to meso-scale modelling of columnar growth in transient
solidification conditions and last but not least to macro-scale modeling of solidification and fluid flow
in a rotating frame of reference. Dedicated aspects of model development and preliminary simulation
results have published, while consolidated and scale bridging simulations of the GRADECET
experiments are still pending.
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We briefly outline the current state of modelling with reference to the work of the involved partners.
Details will be presented at the S&G2018 conference by the partners directly.

(i) The group of Lazlo Granasy at the Wigner Research Center is further developing and testing a
computer code that couples a binary quantitative phase-field model to quasi-incompressible lattice-
Boltzmann hydrodynamics in the presence of gravitational forces, while assuming a repulsive
interaction between crystalline grains [13]. The final goal is to capture some key aspects of the
equiaxed grain motion under the given acceleration forces and flow conditions (input form macro-
scale) for falling particles (LDC-1-campaign) and rising particles (LDC-I1-campaign), respectively.
Phase-field simulations at Access e.V. using the Micress code focus on columnar growth of B(Ti)
dendrites while systematically varying the direction and magnitude of the gravity vector [14].

(if) Meso-scale modelling of columnar dendrites under the transient growth conditions of the
MAXUS-9 experiments will be taken up by Miha Zaloznik at the Institut Jean Lamour, based on a
recently developed envelope model [15]. The computational cost of the mesoscopic model is several
orders of magnitude lower than phase field modelling and can bridge the gap to macroscopic models.
The challenge is to apply and assess the model capabilities for the transient solidification process with
continuously decreasing temperature gradient and increasing growth velocity. Interestingly, this
scenario, which is so typical for casting, has not yet been analysed systematically with respect to the
history dependence of spacing evolution. More simple scenarios have been addressed experimentally
[16] and by a combined cellular automaton—finite difference model [17], e.g. constant velocity and
varying temperature gradient.

(iii) A volume-averaging solidification model that accounts for the centrifugal and Coriolis
accelerations in the non-inertial rotating reference frame has been developed at the Institute Jean
Lamour and was implemented in the framework of the OpenFOAM finitevolume platform. The
current macro-scale model has been applied to simulate the columnar growth stage in the LDC-II1-
experiments and is further being developed to include equiaxed grain nucleation, growth and motion.
Results will be presented by one of the authors, M. Cisternas, directly at the S&G2018 conference. A
second volume-averaging solidification model has been implemented in the OpenFOAM finite-
volume platform by one of the authors, Can Huang. This model includes the full furnace enabling to
simulate macroscopic flow in the liquid during melting and solidification of the LDC-experiments.
The model refers to the columnar growth stage only. Model equations and results will be presented
directly at the S&G2018 conference. Finally the partners from Trinity College Dublin developed a
previous front tracking model to include the solution of Navier-Stokes equations in order to predict
thermal convection in the liquid region as well as in the columnar mush. A parametric study of the
directional solidification process on ESA’s centrifuge was performed [18] and compared to
predictions derived from non-dimensional considerations.

References

[1] B.P. Bewlay, M. Weimer, T. Kelly, A. Suzuki, P.R. Subramanian, The Science, Technology, and
Implementation of TiAl Alloys in Commercial Aircraft Engines, MRS Proc. 1516 (2013) 128-135.

[2] B. P. Bewlay, S. Nag, A. Suzuki, M. J. Weimer, TiAl alloys in commercial aircraft engines, Mater.
High Temp. 33(4) (2016) 549-559.

[3] N. T. Reilly, B. Rouat, G. Martin, D. Daloz, J. Zollinger, Enhanced dendrite fragmentation
through the peritectic reaction in TiAl-based alloys, Intermetallics 86 (2017) 126-133.

[4] R.P. Mooney, S. McFadden, M. Rebow, D. J. Browne, A front tracking model of the MAXUS-8
microgravity solidification experiment on a Ti-45.5at.% Al-8at.%Nb alloy, IOP Conf. Ser. Mat. Sci.
Eng. 27(1), (2012): 012020.

35


https://www.researchgate.net/journal/1757-899X_IOP_Conference_Series_Materials_Science_and_Engineering
https://www.researchgate.net/journal/1757-899X_IOP_Conference_Series_Materials_Science_and_Engineering
https://www.researchgate.net/journal/0960-3409_Materials_at_High_Temperatures
https://www.researchgate.net/journal/0960-3409_Materials_at_High_Temperatures

[5] J. W. A. van Loon, J. Krause, H. Cunha, J. Goncalves, H. Almeida, P. Schiller, The large diameter
centrifuge, LDC, for life and physical sciences and technology, Proc. of the “Life in Space for Life
on Earth Symposium”, Angers, France (2008) 22-27.

[6] N. T. Reilly, Hétérogénéités de fabrication des aluminiures de titane : caractérisation et maitrise
de leurs formations en coulée centrifuge, PhD thesis, Université de Lorraine 2016

[7] C.A. Schneider, W.S. Rasband, K. Eliceiri, NIH Image to ImageJ: 25 years of image analysis,
Nature Methods 9 (2012) 671-675.

[8] C.C. Bataille, R.N. Grugel, A.B. Hmelo, T.G. Wang, The effect of enhanced gravity levels on
microstructural development in Pb-50 wt pct Sn alloys during controlled directional solidification,
Metal. Mater. Trans. A 25 (1994) 865-870.

[9] H.-J. Diepers, I. Steinbach, Interaction of interdendritic convection and dendritic primary spacing:
Phase-field simulation and analytical modeling, Mater. Sci. Forum 508 (2006) 145-150.

[10] M. Apel, H. J. Diepers, I. Steinbach, On the effect of interdendritic flow on primary dendrite
spacing: A phase field study and analytical scaling relations, Modeling of Casting, Welding and
Advanced Solidification Processes — X1, Ch. A. Gandin and M. Bellet (Eds.), TMS (2006) 505-512.

[11] I. Steinbach, Pattern formation in constrained dendritic growth with solutal buoyancy, Acta Mat.
57(9) (2009) 2640-2645.

[12] P. Lehmann, R. Moreau, D. Camel, R. Bolcato, A simple analysis of the effect of convection on
the structure of the mushy zone in the case of horizontal Bridgman solidification: Comparison with
experimental results, J. Cryst. Growth 183 (1998) 690-704.

[13] T. Pusztai, L. Ratkai, A. Szallas, L. Granasy, Phase-Field Modeling of Solidification in Light-
Metal Matrix Nanocomposites, Magnesium Technology 2014, M. Alderman et al. (Eds.), (2014)
Min., Met. & Mat. Soc., Online ISBN: 9781118888179

[14] A. Viardin, R. Berger, L. Sturz, M. Apel, U. Hecht, Phase-field modelling of B(Ti) solidification
in Ti-45at.%Al: columnar dendrite growth at various gravity levels, IOP Conf. Ser. Mat. Sci. Eng.
117 (2016) 012007.

[15] M. Zaloznik, A. Viardin, Y. Souhar, H. Combeau, M. Apel, Mesoscopic modelling of columnar
solidification, IOP Conf. Ser. Mat. Sci. Eng. 117 (2016) 012013.

[16] D. Ma, Development of dendrite array growth during alternately changing solidification
condition, J. Cryst. Growth 260 (2004) 580-589.

[17] H. Dong, W. Wang, P.D. Lee, Simulation of the thermal history dependence of primary spacing
during directional solidification, Superalloys 2000 (2004) 925-931.

[18] S. Battaglioli, A.J. Robinson, S. McFadden, Influence of natural and forced gravity conditions
during directional columnar solidification, Int. J. Heat Mass Transfer 126 (2018) 66-80.

Acknowledgements

The National Funding Agencies and ESA are gratefully acknowledged for funding the project through
distinct funding schemes. We wish to thank ESA / ESTEC and Airbus Defense & Space for
implementing and running the experiments on ESA’s Large Diameter Centrifuge and on the
MAXUS-9 sounding rocket. We would like to thank Jack van Loon, Antonio Verga, Neil Melville-
Kenney, Andreas Schiitte and Burkhard Schmitz for the good cooperation, technical advices and many
enlightening discussions.

36


javascript:void(0)
javascript:void(0)
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Alderman%2C+Martyn

Thermophysical Properties of Electrical Steels under Microgravity conditions

Antonia Betzou, Michael Auinger, Sridhar Seetharaman, Begona Santillana,
Prakash Srirangam

Keywords: Viscosity, Casting, Solidification, Microgravity

Abstract

Two types of FeSi alloys are being tested in terms of their viscosity against the effect of superheat,
the shear rate and the alloys composition. Thermophysical properties of metals play such a significant
role in casting processes with one of the most critical which is viscosity. The viscosity results were
fitted upon the Arrhenius equation, which shows the relation between viscosity and temperature. One
more effect on viscosity that would be investigated in this project is microgravity, in collaboration
with the European Space Agency, FeSi alloys would be tested in International Space Station and in
ESA parabolic flights. FeSi alloys or Electrical steels are mainly used in aerospace and electronics
industrially, due to their low electrical resistivity and their magnetic properties. Viscosity as a
property, is the most important one in terms of flow behaviour and as a result viscosity plays a critical
role in casting and solidification processes. The viscosity of Fe3Si and Fel0Si were being measured
using a rotational high temperature viscometer with DCC geometry, which allows to conduct
viscosity measurements altering the shear rate, in order to test how viscosity of liquid metals changes
with the alteration of shear rate. The non-Newtonian behaviour of metals is clearly visible in the
experiments, despite the fact that metal melts are considered Newtonian liquids. All the set of alloys
that were tested exhibit a non-Newtonian behaviour. A study on the viscosity of these alloys and how
it is influenced, contribute to identify and quantify the relations between alloys microstructure and
physical properties. Analysis on the oxides that formed during the measurements and their effect on
the viscosity of melt is conducted using Scanning Electron Microscopy with Energy Dispersive
Spectroscopy and Laser Scanning Confocal Microscopy.
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Abstract

Over the past decades, the European Space Agency (ESA) has developed and employed a suite of
microgravity platforms that enables scientific and industrial communities to conduct space-relevant
investigations for the physical as well as for the life sciences. These platforms include drop towers,
parabolic flights, sounding rockets, and the International Space Station (ISS), each with their
particular features and hence application areas.

This paper gives an overview of the research programme on materials science using ESA’s
microgravity platforms, thereby drawing from the various projects that are conducted by (European)
research teams in this domain. Examples are on solidification studies — in which melt flow,
sedimentation and floatation are effectively suppressed — by amongst others the use of X-ray imaging
equipment, and the study of solidification kinetics and the measurement of thermo-physical property
data by means of an electromagnetic levitator. Results from these investigations provide for unique
benchmark data for the testing and validation of fundamental theories and for modelling and
simulation of (solidification) processes. This is to further enhance science-based predicting
capabilities across the various material classes, relating to the formation of microstructures and
defects in castings, the microstructural control for designed mechanical and physical properties, and
S0 on.

Microgravity Materials Science Solidification Studies — An American
Perspective
Richard Grugel
Keywords: Microgravity, Alloy Solidification, International Space Station
Abstract

A historical overview of solidification studies conducted in a microgravity environment, primarily
from an American perspective, is presented. Past, current, and future investigations are described in
view of the microgravity platform utilized. Results, and challenges, are discussed and a novel
paradigm to conducting microgravity experiments on the International Space Station is introduced.
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Abstract

The ESA-MAP research program MICAST (Microstructure Formation in CASTing of Technical
Alloys under Diffusive and Magnetically Controlled Convective Conditions) focuses on a systematic
analysis of the effect of convection on microstructure evolution in cast Al-alloys. Questions are, for
example, how intensity of convection and flow direction act on the evolution of the mushy zone, on
macro- and micro-segregations, on dendrite morphology, on the growth mode and on spatial
distribution of intermetallic precipitates.

In order to simplify the complex interactions between heat and mass transport and microstructure
evolution, the experiments performed by the MICAST team are carried out under well-defined
thermally and magnetically controlled convective boundary conditions using directional
solidification. They are analysed using advanced diagnostics and theoretical modelling, involving
micro-modelling and global simulation of heat and mass transport.

The MICAST team uses binary, ternary (enriched with Fe and Mn) and technical alloys of the
industrially relevant Al-Si cast alloys family. In the frame of the MICAST project solidification
experiments were performed on the International Space Station (ISS) in the ESA payload Materials
Science Laboratory (MSL) with a low gradient furnace (LGF) and a high(er) gradient one (SQF,
Solidification and Quenching Furnace) to complement the scanning of a range of solidification times.
Binary Al-7wt.%Si and ternary Al-7wt.%Si-1wt.%X (X=Fe, Mn) alloy samples were directionally
solidified under both purely diffusive and stimulated convective conditions induced by a Rotating
Magnetic Field (RMF). This contribution gives an overview on recent experimental results and
theoretical modelling of the MICAST team and gives an outlook for the upcoming years of ISS
experimentations by the team and the questions to be addressed with future experiments.
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Abstract

Metal foams are already found in commercial applications, but beside costs there are still other
aspects hindering their breakthrough in the market. The main one is the sometimes unsatisfactory
quality of the foam structure represented by the pore size distribution and density homogeneity. It is
hard to cope with this due to the lack in understanding basic phenomena ruling foaming and in the
availability of data for simulations. To overcome these problems there is a need to understand bubble
nucleation, foam growth and evolution and cell wall stabilization in the liquid state, as they determine
the cellular structure after solidification. For this purpose, non-destructive methods and different
gravity levels are required to measure liquid foam properties in-situ.

X-ray radioscopy is known to be a powerful tool for qualitative and quantitative in-situ analyses in
materials science in general and especially for metal foams. The method was used under microgravity
in the ESA MAP project ‘ug-Foam’ for the first time and enabled studies of liquid foam evolution,
drainage, bubble coarsening, diffusion of alloy constituents, liquid metal imbibition and foam
solidification. We will review the highlights of the 46" and 51% ESA Parabolic Flight Campaigns and
of the ESA Sounding Rocket Maser 11, but concentrate on recent results obtained during the 65 and
67" ESA Parabolic Flight Campaigns.

On Earth, gravitational flow induces changes of foam structure such as liquid metal drainage during
and after the growth process and make fabrication of foams with homogeneously distributed liquid
fractions difficult. The latter influences liquid film thickness and consequently the bubble rupture
rate, bubble size distribution and gas interdiffusion. Liquid drainage under 1 g and 1.8 g followed by
liquid metal imbibition of a foam during pg is evaluated. The imbibition ability of evolving liquid
metal foams is demonstrated at 1.8 g and explained by a balance of capillary and gravitational forces.
The role of liquid foam viscosity of aluminium-based metal foams prepared by the Formgrip method
with 5, 10 and 20 vol% of SiC particles is presented. The resulted density profiles of the foams during
gravity transitions were used to obtain non-destructively quantitative data about properties of liquid
metal foams such as their effective viscosity and surface tension by solving the foam drainage
equation. The foam coalescence rate was analysed during parabolic flights but also for more than 6
minutes microgravity The unexpected conclusion was that not only gravity but also the external
blowing agent contribute to liquid film rupture. This encouraged the MAP team to develop an external
blowing agent free alloy which gives rise to an improved cellular structure and a reduced coalescence
rate as demonstrated recently in a parabolic flight.
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Melting in Microgravity: How crystalline shape changes led to new insights
about interface dynamics

Martin Eden Glicksman

Abstract

Microgravity experiments allowed quantitative measurements on the shape evolution of melting
ellipsoidal-shaped crystals of pivalic anhydride (PVA), an FCC substance. Crystallites of PVA
initially melted self-similarly, maintaining a nearly constant major-to-minor axial ratio. However,
when these crystallites melted to about 5 mm in length and 250-500 microns in diameter, their axial
ratios suddenly fell by an order-of-magnitude, from about 10-20 to unity. Without interference from
sedimentation and convection, needle-like crystals melting under diffusion-controlled conditions
were observed to spheroidize spontaneously.

In the 6 years since these experimental observations were reported, we determined that solid-liquid
microstructures support capillary-mediated fields that redistribute small rates of thermal energy along
curved interfaces. These scalar fields locally modulate an interface’s mean motion, and
deterministically auto-stimulate pattern evolution at spatial scales from 100 nm up to several
millimeters. The presence of capillary energy fields was predicted theoretically by rigorous
application of the Leibniz-Reynolds transport theorem, which imposes omnimetric energy
conservation, i.e., higher-order local energy balance at all continuum length scales. Surprisingly, the
standard paradigm—the Stefan balance— for interfacial energy/mass conservation in solidification
problems excludes capillarity and fails to provide the desired omnimetric balances. Stefan balances,
in fact, prevent identifying what causes microstructure formation in solidification. As a result,
selective amplification of noise, proposed over 40 years ago, is still accepted as the fundamental
microscopic physics for interfacial pattern formation in both natural crystal growth and technical
solidification processes.

Capillary energy fields have recently been “exposed” and measured using phase-field simulation of
solid-liquid grain boundary grooves constrained by a thermal gradient. The presence of energy fields
introduces a small non-linecar component in the groove’s interface thermo-potential. Subtracting the
uniform gradient’s linear potential distribution from the measured interfacial thermo-potential
produces a “residual” that is proportional to the interfacial field strength. The distribution of interface
residuals was measured for a variety of stationary grain boundary grooves to an accuracy of +/-5 ppm
using multiphase-field simulation. Capillary fields so revealed confirm analytic predictions of
persistent capillary “bias fields” derived from sharp-interface thermodynamics. Phase-field
simulations provide the first independent quantitative support for the presence of predicted capillary-
mediated fields along solid-liquid interfaces. These results, prompted by observations made in
microgravity help to answer a long-standing question in materials science: What fundamental
mechanism stimulates dynamic formation of diffusion-limited microstructures, and provides the
relevant physics to improve microstructure-level control in alloy casting and additive
manufacturing?
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Abstract

Low pressure turbine blades (LPT) made by centrifugal casting from titanium aluminides require
demanding process control, as to achieve desired solidification microstructures. The columnar-to-
equiaxed transition (CET) and the related texture are of special interest. In the joint European Project
“GRADECET?” this transition was investigated in pg, 1g and hyper-g conditions. We will present
results for the alloy Ti-46AI-8Nb, (all at.%) gained from experiments in EAS’s Large Diameter
Centrifuge (LDC), and from numerical modelling of melting/solidification coupled with thermo-
solutal convection in both the mushy zone and the melt. We will describe the experimental set-up and
integration into ESA’s LDC and outline the experimental parameters.

We will show that CET sensitively depends on centrifugal forces and Coriolis forces. With increasing
angular velocity the equiaxed grain formation is promoted, while also depending on alloy
composition and the alloy’s solidification pathway. Modelling is an essential contribution to
understanding the hyper-g experiments. Our numerical model handles thermal radiation and
conduction in the entire furnace, the transient steps of melting and the subsequent solidification while
being limited to the columnar solidification region. Furthermore, we used motion of “tracer particles”
to mimic the motion of equiaxed nuclei in the thermo-solutal convective flow under centrifugal
condition. This was done by Lagrange particle models and was one-way coupled with solidification.
Taken together the simulation results reveal that the centrifugal forces and Coriolis forces affect the
flow pattern and the magnitude of the flow thus changing the growth conditions at the columnar front
as well as the undercooling ahead of the columnar front. The CET conditions based on Hunt” model
are met more early, when the angular velocity in the LDC increases. Accordingly the length of the
columnar region decreases when the angular velocity in the LDC increases in good agreement with
experimental observations. Distinct scenarios about the origin of equiaxed grains will be set forth and
discussed.
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Abstract

During solidification of an undercooled melt, the dendrite growth velocity generally shows a
monotonous increase for increasing initial undercoolings. In Al-rich Al-Ni alloys, however, the
opposite behavior, i.e. a decreasing growth velocity for increasing undercoolings has been observed
[1]. Different hypotheses were discussed, and experiments under terrestrial and microgravity
conditions on board the International Space Station (ISS) were carried out to investigate this
anomalous behavior. The experiments reproduced the terrestrial results concerning the reverse trend
of growth velocity and undercooling. Microstructural studies revealed that a different growth
mechanism acts in this type of alloy. It is conjectured that the observed front is a front of multiple
nuclei propagating along the sample surface. From the multiple nucleation sites, dendrites grow
towards the center of the sample, as can be clearly seen by the orientation of the primary dendrites.
The idea of a feedback mechanism is put forward to explain the decreasing velocity for higher
undercoolings: nucleation and growth lead to the release of heat and rejection of solute from the
solid/liquid interface. The increase in temperature and change in composition influence the active
layer of nucleation around the growing dendrite. This apparently leads to a higher nucleation
probability, and the numerous nucleation events slow down the front propagation. Further details and
mechanisms will be discussed.
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Abstract. We review and compare the [Wheeler-Boettinger-McFadden Phys. Rev A 45, 1992]
(WBM), free energy based, phase field formulation of alloy solidification, with the grand potential
energy formulation (GPF) of [Plapp Phys. Rev E 84, 2011] and so, by association, the two phases
approach of [Kim-Kim-Suzuki Phys. Rev. E 60, 1999]. We ask what the effective differences are
between these approaches: are they equivalent? We then advocate an approach that lies within the
WBM scheme, yet remains consistent with the GPF. This has the flexibility to apply, with some
modification, to arbitrary bulk free energies, including CALPHAD-type descriptions such as Redlich-
Kister relations for solution phases and sub-lattice models for non-stoichiometric intermetallics. The
proposed model avoids some inherent complications implicit in the grand potential formulation, e.g.
inverting the relation between chemical potential and solute concentration.

Introduction

The phase field modelling of binary alloy solidification involves the specification of a free energy
functional, F = [ f(¢,Ve,c,T)dV of the independent variables: phase,¢, concentration c, and
temperature T. Then, by specifying diffusion parameters the functional is optimally minimised to
give the dynamic equations for ¢, c and T. The free energy density, f, consists of a surface bulk
contribution: f = fourr + fpu. However, this paper is largely concerned with the bulk free energy
density construction, which we abbreviate: f,.x = f5-

Databases such as SGTE [1] provide free energy densities of particular phases of matter as a
function of ¢ and T. Phase field modelling combines these bulk densities with the phase parameter to
give the bulk free energy of the combined mixture, so that just as ¢ provides the alloy concentration,
¢ provides the proportion of the two phases at any point in the domain.

In phase field the interface may be formally identified at the value of ¢ = 0.5 intermediate
between the bulk values, here solid at 0, and liquid at 1. To maintain a finite and slowly varying value
of ¢ at the interface, a gradient V¢ and potential well are introduced, and in doing so the phase field
model can accommodate measured surface energy parameters.

This paper concerns the phase field modelling advocated by [2] as an improvement on [3] on the
construction of bulk free energy rather than surface energy. In turn [2] shows that their formulation
is equivalent to that of [4] and so gives that model a firmer theoretic foundation.

Let us assume that we have two free energy densities for the liquid and solid phases:

=0T, fs=f(cT). 1)
A natural way to combine these densities into a bulk free energy density, fz, using ¢ as a weight is:
fo=fe(@cT)=¢f, (. T+ A —-P)fs (c.T). )
The driving force for phase change is then
= f~ fs. ®3)

This is independent of ¢ and thus also, by implication, there is a force in the bulk. But we know
that the driving force for phase change can only originate at the surface (the bulk states are
metastable). The standard way to address this issue, e.g. [3], is to introduce an interpolation
function, g(¢) with gradients, g'(¢), that vanish at the extreme values ¢ = 0,1 and write

fo =9(@)f(c,T)+ 91— P)fs(c,T), (4)
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where it is assumed g(0) = 0, g(1) = 1. A cubic interpolation function, g(¢), can be found such
that given, ¢ = 1/2 [1 + tanh (X_Tw) ] we have ¢ « g'(¢). The driving force, %‘f =

g’ (®)(fi — f5), where, for pure metals f; — fs =~ const, and at equilibrium (melting temperature),
vanishes, but the WBM model does not have an analogous feature. This led Plapp [2] to explore the

use of the chemical potential, u = % as a variable in order to define the bulk grand potential term
(dropping T from hereon):
wp (P, 1) = g(@lw, (W) + g(1 — Plws(w), ®)

where the chemical potentials, w;, ws, have the property w;(1e ) = ws(pe) for equilibrium
chemical potential i.. Similar to the bulk free energy density, the grand potential energy density,
wg, forms the bulk part of the grand potential energy density, w = w (¢, ©).

dwp(¢.1)

CL I P =0 ©

we have a model which resembles the pure metal,
dfp(¢.T) -0 .
o¢ lp_p @

There is a major stumbling block with this approach: databases do not routinely give energy
densities in terms of chemical potential. However, this problem can easily be overcome in situations
where the free energy densities, f; and fs are quadratic in ¢, and indeed most if not all applications
of the grand potential formulation use quadratic approximation about the equilibrium concentrations
of the true free energy densities.
The key to understanding the approach of [2] is that, for each phase

w, = fi —uLC (8)

ws = fs — UsCs
where the chemical potentials are

_ 9f(en) _ 9fs(cm)

L= dc c:cL'#S - dc c:csl (9)
Their idea is to set
Hi, = HUs, (10)

and refer to this as the chemical potential, u. These last equations allow us to find solutions, ¢, =
c.(u),cs = cs(u), and so allow us to write w as a function of ¢, p. There is a subtlety here in that it
appears, w # f — uc, the true Legendre transformation from f to w. But we can, in principle,
construct f from w by using f = w + u c to find the equivalent free energy construction. What we
find is that the value of f intermediate between the pure phases interpolate (as a function of ¢) in
such a way as to have a common tangent throughout. If we can show, therefore, that the Legendre
transformation from free energy to grand potential leaves the underlying system unchanged, it
follows that using the approach of [2] is equivalent to a specific manner of interpolation of the pure
phases.

The relation between Grand potential and Free energy formulation in phase field
Assume the free energy is a functional of ¢, ¢

F=[f(¢,V¢,c)dv, (11)
and the grand potential is a functional of a phase field v and chemical potentaial , u

Q= [ 0@, Vy,wav. (12)
The relation between the two potentials is given by

w=f—uc, (13)
where

SF of 5Q dw

e P T (14)
As a consequence the functionals are related

QO=F—[pucdv (15)

or
48



F=Q+[pucdv (16)
The transformation between the two potentials assumes that ¢ = 1, but we find it clearer to keep
the notation for the phase distinct because

d

% 3 1p| a7

In fact, by the chaln rule
0 o0Ya oud 9 0ud

56— apov " 9pon oy ' 0g o 1)
we also have
9 9 _opd 19
Ve vy | avpop (19)
which implies
00 _ov_ . ow
5¢ d¢p = oV
dw Jdudw Jw Jdu Oow
(aq; * 3¢ au) (awp *ve av;) 2
o 0o dudw ((’m 6w) (20)
=y " avep  apon Ve I
_ 60 a_ya_w ( au 6w)
“5v agon " \avgon
Applying this to Eq. (16) (in the second line below) gives
SF 60 6f uc
5p 5¢> 5¢
(6Q+6_y6_w_ au aw) 6&
8y Y ou Ve o 8¢
60 0udéQ adu 6Q 6u 6u
&p*@a—v' w500 te 39 Vo &
_ 60 au [ ] Ly, 6;1
&p e v © C “ove
&ﬁ
where we have assumed no gradient of u in w (as is the case in [2]) so that
60 OJw
However, we have allowed that u = u(¢, V¢, c). The above calculation infers that
SF
¢ =— M% (23)
is identical to
=-M o0 24
W= 50 (24)
since, ¢ =1 = ¢ = 1 . If we can show that the field equation for u appearing in [2] is
indistinguishable from the standard equation for solute
. of
¢=V-DV—, (25)

then we will have established that the GPF gives identical physics, and so an identical phase profile

to WBM. The construction of the equation for u in [2] is achieved by using the chain rule

. oc . ac p

¢ = %1'[} (26)
plus Eq. (25). Since there is no freedom to choose the coefficients of y) and ¢  the resulting
equation for 4 must be equivalent to the equation for c. This might appear to counter the claim, in
[2], that the equilibrium phase profile is different in the two formalisms. This apparently

paradoxical statement is resolved in the next section by a simple worked example.
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The paradox resolved by example
We have seen that the GPF is formally identical to WBM, and yet clearly the model in [2] is different.
The resolution of this is seen in the examples given in [2] where the chemical potential, p is not

defined via u = % where f is defined as in WBM. The definition of u in [2] can be made compatible
with u = % by changing the definition of f in WBM. When this is done, we see that GPF is identical
with WBM. To illustrate this, define example free energies:

f, = (c — 0.25)? @
fs = (c —0.75)? + 0.1c
For this toy example we find using Eq. (8) that

w, = 0.0625 — c?

g = 0.5625 — ¢2 (28)
By setting u = u;, = ug, we can invert these to give two values of ¢ (the two points where the
tangents on each curve are equal to u):

¢, =025+0.5

=07+ 0.5,1“ (29)
These are then inserted into Eqgs. (28) as follows

wp(c, (W) = 0.0625 — c? = —0.25u — 0.25u2 30)

ws(cs(w)) = 0.5625 — ¢ = 0.0725 — 0.7 — 0.2542
We can solve w; (c 1)) = wg(cgp) to obtain, for example, the slope of the common tangent at
equilibrium, p, = 0.16111. The solute concentration is given by the relation Eq. (14) and Eq. (5),
with g = 3¢p% — 2¢3, giving: ¢ = 0.7 + 0.9¢3 — 1.35¢2 + 0.5u. This may be inverted to give

pw=-18¢p%+2.7¢%— 1.4 + 2c. (31)
Now using the Legendre transformation, f = w + uc, we obtain
f=.81¢° — 2.43¢° + 1.8225¢* — 1.8¢% ¢ + 2.7d%c + c? + 1.405¢* — 2.1075¢2 + .5625 — 1.4c. (32)

It is instructive to examine this as a series of 11 superimposed plots at fixed values of ¢ € [0,1],
shown below Fig. 1 in blue, and to be compared with the equivalent WBM curves in red. We see
that GPF preserves the common tangent but not the point of intersection. This illustrates that the
GPF method in [2] is effectively a method of interpolating the free energy curve for each phase,
which keeps a common tangent, and thus suggests that the same result can be achieved directly.

GPF WBM
05 0.5
/
/
04 04
03 03
02 02
0.1 , / 0.1
2255
L —
\ Z===
0 0
0 02 04 0.6 0.8 1 0 02 04 0.6 0.8 1

c 4

Figure 1. lllustration of the way the two methods interpolate between the pure phases: (a) GPF
keeps the common tangent and (b) WBM keeps the common point. The GPF keeps a common
tangent for all intermediate free energy curves
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A direct approach to bulk free energy construction

We end with a more direct way of defining the free energy that is equivalent to the above for this
example. The idea is to translate the pure phase curve, f; such that the point (c7, f; (cf)) moves in a
straight line, to a point (c§, f5(c¢)) as a function of ¢, where cf, c€are the common tangent
equilibrium concentrations. We denote this function by f; (¢, c)and thus, by design, it has the
property that f; (¢ = 0,c = c&) = f5(c&), and also f,'(¢ = 0,c = c&) = f;'(c&). Similarly with
fs(¢, c). Thus the barred functions are given by

fs(¢, ) = fsle = g(P)(cf — eI + g(@If (cf) — £ (5], 33)

fu(d,0) = fule =91 = p)(c§ — D] + 91— P)([fs(c) — £ (D]
Since these two functions both have a common tangent with f;, f it follows that an interpolation of
the two will also have a common tangent. Thus the function

f@,0) =g@®f(dc) +3g1—P)fs(d,c), (34)
creates a set of interpolating curves with a common tangent as in the above figure in blue. We find
that the functional gradients are

9

6_]; =gf/(c—gAc+Ac) + (1 — g)fs(c — gAc),

of of (35)
3¢ = 9'(i(0) — gAc +40) — fi(c — gAc) ~ Ac 5,

where Ac = ¢; — c¢¢. These relations are valid for any functions, f;, fs, and there is no need for
function inversion. However, the database functions f;, fs are not defined outside the interval c €
[0,1] and so the above construction only works if these functions are extended beyond this interval,
for example, by constructing a quadratic function about the equilibrium point with a common
tangent and second derivative.

Conclusions

We have shown the equivalence of GPF and WBM phase field models, and that the apparent
difference lies with free energy construction. GPF modelling inevitably involves compromise of the
database function in the metastable regions. Despite this, GPF modelling has many attractive
features and explains its adoption in many multiphase models, e.g. [5], which extends the idea to a
multiphase context.
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Abstract. A two-dimensional model to simulate the dendritic growth in pure melt is developed. Phase
field model is used to derive the system of partial differential equations describing the temporal
evolution of the solid-liquid interface and temperature field. Quantitative simulations are assured by
the use of model parameters obtained by the thin-interface limit of the phase field model. Meshless
local radial basis function collocation method and explicit Euler scheme are used for the spatial and
temporal discretization of the phase field equations, respectively. The spatial convergence of the
method is verified on the regular node arrangement. Dendrite morphologies at different preferential
growth directions are compared among each other in order to assess the directional independence of
the numerical approach. Advantages and shortcomings of the novel numerical method as well as
further developments are discussed.

Introduction

The dendritic growth is one of the most commonly observed phenomena in the solidification of
metals. The dendritic morphology has large impact on the material properties of the solidified material
[1-3], consequently, it is very important to understand the key physical mechanisms, determining the
final microstructure.

Theoretical studies represent a powerful tool for the prediction of microstructure evolution in the
solidifying material. In 1980s phase field (PF) method [4,5] was introduced in the field of modeling
free boundary problems in materials science for the purpose of studying dendritic growth from a pure
melt [6-8]. The method introduces an order parameter or PF, a continuous field representing phases.
For example, PF=1 and PF=-1 represent the solid and the liquid phase, respectively, as PF
continuously varies between these two values in the thin solid-liquid boundary layer, while the
position of the solid-liquid interface is determined by PF=0. A link between PF and other
thermodynamic variables is given by a free energy functional. A system of partial differential
equations, determining the spatial-temporal evolution of PF and other thermodynamic variables, is
obtained by a dissipative minimization of the functional [9-11].

Numerical implementations [12—14] of first PF models for dendritic growth in pure materials [6—
8] are straightforward, since PF models do not require explicit tracking of the solid-liquid interface.
First models are, however, unable to simulate the important physical limit, where the attachment
kinetics undercooling can be neglected. Another limitation of first PF models is the requirement of
very thin interface widths and consequently time consuming simulations on large computational
domains. The derivation of thin-interface limit of PF model [15,16] removed both limitations,
allowing quantitative simulations of dendritic growth in pure materials, however, experimentally
relevant situations were still difficult to simulate, due to the large stiffness of non-linear PF equations.
To overcome this problem, a large number of different computational approaches have been
developed in the last twenty years [17,18].

In this paper, meshless local radial basis function collocation method (LRBFCM) [19] is used for
the spatial discretization of PF equations, while simple explicit Euler scheme is used for the temporal
discretization. Considering transient problems, LRBFCM was first applied for the diffusion problems
[19] and was later successfully used for studying many different scientific and engineering problems
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[20-24]. The simulation of dendritic growth from a pure melt by using LRBFCM is, to the best of
our knowledge, reported for the first time in this study.

Governing equations

Phase field model. PF model for dendritic solidification from a pure melt is given by a set of two
coupled partial differential equations for PF ¢ and the temperature T . Generally, the temperature at
the solid-liquid interface depends on the capillary length d(n) and the interface kinetic coefficient
B(n), where n is the normal to the solid-liquid interface in the direction of the liquid phase. In this
paper, the case with zero interface kinetics B(n) =0 is studied, hence only the anisotropic capillary
length d(n) =d,a(n) has to be considered, where d, is constant capillary length and a(n) stands for
the anisotropy function. In case of the solid phase with cubic crystal structure it is usually given as

a(n) = (1—3134)(1+1ff;4m (A4 + ﬁ;‘)j, 1)

v

where #, stands for the anisotropy strength. n=(fi,,n,) is calculated as n=R(0,)n, where

R(6,) s the rotation matrix and n, =(cos6,,sin6,),0, €[0,n/2) is one of the preferential growth

directions.
The interface width W is according to the thin interface limit of PF model [16] with B(n)=0

given as W(n) =W,a(n). W, =d,\/a, is the constant interface width, where A =pL*/ (He,T,) is
a constant, determining ¢—T coupling where p, L, H, and c, stand for the density, the latent heat

of fusion, the energy jump in the free energy between the two stable phases at the melting temperature
T,., and the specific heat at constant pressure, respectively. The characteristic time of attachment of

atoms at the interface is in the thin interface limit [16] with B(n)=0 given as t(n) = t,a*(n), where
1, =2,AWZ / o, where a is the thermal diffusivity. The constants a, and a, depend on the functions

g(9), p(¢) and h(d), determining the two stable phases at the melting temperature, —T coupling,

and excess heat production during solidification, respectively.
It is convenient to write PF model in a non-dimensional form by introducing dimensionless
temperature u=(T-T_ )/(L/c,) and rescaling spatial and temporal coordinates as

t=t/7,,Xx=x/W,,y=y/W,. The governing equations for the dendritic solidification from a pure
melt with zero interface kinetics are finally given as

(02=-4(©) -1 6) (& I+ T2 [| Vol a(n) 5(2(:43)} @

0.u = DV2u + ()00, 3)
where V =(0/0%,0/0y) and D = art, / W/ . The choice of functions

g =-0-0"  P@O-0-)  N@=-3, @
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yields a, =0.8839, a, =0.6267 [16] and operating window for PF ¢ €[-1,1].

Initial and boundary conditions. The systems of PF equations is solved in the computational
domain Q with boundary I'. Initial condition for the temperature field is given as

ur,t=0)=-A, r=(X,y)eQ+rT, (5)

where A stand for the initial undercooling, and for PF

2 2
|r_ro| _Ro

o(r, t =O)=—tanh(Tj, r=(X,y)eQ+r, (6)

where r, and R, stand for the position of nuclei and the initial size of the solid phase, respectively.
Zero flux Neumann boundary conditions are used for PF and temperature field.
Numerical methods

The equations are solved on a regular node distribution with the constant spacing between two
neighboring computational points equal to h . A simple explicit Euler scheme is used for the temporal
discretization of PF equations. The time step of integration is set to [25]

hZ
max(D,1/a(n))’

AT=0.7AT, A =% (7

Meshless LRBFCM [19] is used for the spatial discretization of PF equations. The method is finite-
difference-like, meaning that the differential operator is approximated by the weighted sum of field
values from a local sub-domain. The method however employs nodes that are not necessary confined
to the coordinate lines. The general procedure for the calculation of the weights is formulated in the
following section.

LRBFCM. The spatial discretization of Q+1I" is given by node distribution ,re Q+I",1=1,...,N

, Where N is the number of computational points. For each r, a local sub-domain €2 is generated,
containing ,r and its N —1 nearest neighbors. For a point r closest to ,r, a general scalar field n(r)
is approximated as

yN+m

n(r) = IZ: o @ (r) + i 0P () = Z o, (), (8)

where m is the number of augmentation monomials p,(r) and ,®,(r) is multiquadric (MQ) radial
basis function, defined as

|CDi(r):\/%|r_|ri|2 +1, |h: Zv’ 9)
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where |1 stands for the shape parameter. If r €I", linear boundary condition is applied to Eq. 8.
By evaluating Eq. 8 in each node r, from Q one obtains a system of linear equations for the
interpolation weights | a.

yN+m

Z Ao = Y (10)

where | A is either MQ, monomial or on MQ applied operator of boundary condition. ,y; is either
the field value or the value of the boundary condition. The shape parameter 11 in each sub-domain is
choosen according to the targeted value of the condition number c,,, =10% of matrix ,A from Eq.
10. An arbitrary differential operator D in the computational point ,r is evaluated as

yN+m

Dn(r) = IZN: Y Wi Wy = z |A&1D\Pi (1) (11)

Numerical results

Numerical simulations are performed on a regular distribution of N=MxM computational
points. Each local sub-domain consists of considered node ,r =, r,, four nearest nodes r;, j=2,3,4,5

with |, r— r;|= h, and randomly chosen next nearest node ,r, with | r— ry|= J2h . Non-dimensional

spacing is setto h =0.3 in Figs. 1, 2 and 3, while three different values of h are used in Fig. 4, where
the spatial convergence of LRBFCM is verified. M is setto M =400 in Figs. 1 and 2, to M =500
in Fig. 3, while different values of M are used in Fig. 4, according to the limitation hM = const. The
center of initial circular nuclei with radius R, =10h and preferential growth direction angle,
respectively, are set to r, =(0,0) and 6, =0 in Figs. 1, 2 and 4, while r, =(250h,250h) is used in
Fig. 3, where the dendritic morphology at three different 6, is studied. Time is discretized as t =nAt
, Where n is the iteration number.

no= 4000
s n = 8000
100 \‘. no= 12000

0506 ' no= 16000
n = 20000
\ no= 24000
oo n = 28000
n = 32000
ol ':.‘ 1= 36000
' n = 40000

0 i) ] ] 7 B 0 0 o
x T

Figure 1. Phase field at n =40000. Figure 2. Solid-liquid interface evolution.

The spatial and temporal coordinates are scaled with W, =1 and t, =1, leaving D as the only

free parameter in the thin interface limit of PF model [16]. In Figs. 1, 2 and 3 parameters D =6.267
, 1, =0.06 and A =0.55 are used, while parameters D=1, 1§, =0.05 and A =0.65 are used in Fig.
4, where the spatial convergence of LRBFCM is verified. One can see in Fig. 1 how phase field is
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equal to PF=1 and PF=-1, respectively, in the solid and liquid phase, while the solid-liquid
interface is determined by the contour PF =0. The temporal evolution of the solid-liquid interface is
shown in Fig. 2. The initial circular shape of nuclei eventually becomes unstable due to the anisotropic
interfacial energy, yielding evolution of the dendrite. The dendrite tip velocity decreases with time
and approaches the steady state solution as seen in Fig. 4. The velocity is rescaled as \7tip =V;,dy /o
in order to obtain a numerical solution independent of PF parameters [16]. The analytical steady state

solution \7&{*“ is obtained by the Green function method [26]. The numerical growth velocity is
calculated at different values of h in order to assess the spatial convergence of LRBFCM. A very
good agreement between analytical and numerical solution is observed at h =0.4, where the relative
error is equal to A\_/tip / \7tip ~1%. The solid-liquid interface at different values of the preferential
growth direction, determined by 6,, is shown in Fig. 3, where one can see, how the dendrite
morphology is independent of crystal orientation 6, .
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Figure 3. Solid-liquid interface at three different Figure 4. Dendrite’s tip velocity as a function of
values of 6, . time at different values of h .

Summary

A two dimensional meshless PF model for the simulation of dendritic growth from a pure melt has
been developed. Meshless solver is capable of solving highly non-linear PF equations and obtaining
accurate results in comparison with the analytical steady state solution of dendritic growth. Also,
dendritic morphology is independent of the preferential growth direction. The node arrangement can
be arbitrary as can be seen in the choice of only ;N =6 nodes in non-symmetric local sub-domain.

The main disadvantage of the numerical model is the requirement for the computationally expensive
search of the optimal shape parameter in each local sub-domain.

In our further work, the random noise will be firstly added to PF equations in order to analyze the
evolution of the secondary dendrite arms. Also, the dendritic growth in binary and multi-component
alloys will be considered. An h-adaptive framework adjacent to the previously developed r-adaptive
framework [27] will be developed in order to assure a high density of computational points only in
the regions where the phase field varies. Computationally efficient and accurate results will be assured
in that way.
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Phase-field modeling of complex polycrystalline structures

Laszl6 Granasy, Tamas Pusztai
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Abstract

Results from an orientation-field-based phase-field model will be reviewed. First | briefly present a
phase-field model developed during the past decade that incorporates homogeneous and
heterogeneous nucleation of growth centers, and several mechanisms for the formation of new grains
at the perimeter of growing crystals, a phenomenon termed as growth front nucleation (GFN). This
approach enables the modeling of complex polycrystalline structures including disordered (“dizzy")
dendrites, crystal sheaves, spherulites, and fractallike aggregates. Possible control of solidification
patterns via external fields, confined geometry, particle additives, scratching/piercing thin films, etc.
via phase-field modeling will also be addressed. Microscopic aspects of GFN, quantitative
simulations, and possible future directions will also be discussed briefly.

Equiaxed growth of Al-Cu dendrites : 3D phase-field simulations
Ahmed Kaci BOUKELLAL, Jean-Marc DEBIERRE

Keywords: Al-Cu, solidification, 3D simulations, phase-field, dendrites.

Abstract

We report on equiaxed solidification of Al-Cu dendrites under isothermal conditions. The sample is
cooled down at zero temperature gradient. The study focuses on the dendrite growth and the
interaction between two primary arms growing toward each other [1]. A 3D phase-field code taking
into account the experimental conditions is developped to study these phenomena [2]. As the chemical
capillary length dO scales as the inverse of the nominal concentration of the alloy, the experimental
concentrations studied in [1] cannot be simulated because of large memory and time costs. For this
reason, the growth and interactions of dendrites at lower concentrations have been simulated and
scaling laws obtained. The simulation results have been extrapolated to the experimental
concentrations [2]. Comparison between the extrapolated numerical results [2] and the experimental
ones [1] gives a good quantitative agreement.
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Abstract

Contradictory results have been published in the literature regarding the form of the limiting grain
size distribution (LGSD) that characterises the late stage grain coarsening in (quasi-)two dimensional
polycrystalline systems. While experiments and the phase-field crystal (PFC) model provide a
lognormal distribution, other works including theoretical studies and the multi-phase-field (MPF)
models yield significantly different LGSD. We show that while the distribution predicted by the
orientation-field based phase-field models are very similar to the theoretical and MPF results, the
partial detection of the small angle grain boundaries leads to a lognormal distribution close to those
seen in the experiments and the PFC simulations. This indicates that the LGSD is critically sensitive
to the details of the evaluation process, and raises the possibility that the differences among the LGSD
results from different sources may originate from differences in the detection of small angle grain
boundaries.
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Abstract. Directional solidification scenarios that are in-line with gravity but in different directions
(solidifying upwards or downwards) provide two qualitatively different scenarios for the study of
microstructure formation. The approach has been used to investigate the influence of thermosolutal
convection on dendrite arm spacing while the role of solute and thermal distributions on the
mechanisms of nucleation and growth are well documented. Here, an experimental setup consisting
of a long cylindrical crucible of 8mm inner diameter, which facilitates control of temperature
gradient, cooling rate and, hence, isotherm velocity, was used to study directional solidification in the
transparent model alloy neopentyl glycol-35wt.%(d)camphor. The rig was initially aligned vertically
in-line with gravity and then inverted to study solidification in the opposing direction. In the case of
upwards direction (defined as solidification in opposition to the gravity vector), classical Columnar
to Equiaxed Transition behaviour was observed. In the downwards direction (solidification aligned
with gravity), the situation changed considerably with copious amounts of dendrite-arm
fragmentation producing single equiaxed crystals; but, moreover, with large fragments breaking from
the coherent mush producing clusters of equiaxed crystals. Some crystals growing from the sidewall
also provided mechanical support structure for fragments and clusters that should have tended to
settle as sediment at the bottom of the sample. This fragmentation as clusters may have important
consequences on macrosegregation formation in castings. This presentation will show these distinct
differences that the gravity direction made to the directional solidification behaviour of the NPG-
35wt%-DC alloy observed in-situ.

Introduction

In-situ experiments using transparent analogues have helped to further knowledge on the
fundamental laws and mechanisms of dendritic solidification since they were first used by Jackson
et. al. in 1965 [1]. Early experimental results had been used to validate the dendrite tip radius and
undercooling relationship as well as the relationship between dendrite growth wvelocity and
undercooling [2]. One important phenomenon first observed in transparent analogues [3] and
subsequently confirmed using x-ray synchrotron radiography with Al-20wt.%Cu [4], was
fragmentation. Ruvalcaba [5] later demonstrated the fragmentation mechanism with XRSM, showing
solute enriched liquid that partitioned at the solid liquid interface accumulating in pockets between
tertiary arms, and initiating solute-enrichment-driven remelting at the base of the arm which leads to
detachment.

Upwards and downwards directional solidification experiments provide two qualitatively different
scenarios for a comparative study of how microstructure forms under different thermosolutal
conditions. Figure 1 depicts how in one scenario, solute enriched interdendritic liquid of lower
density, being more buoyant, tends to float out of the mushy zone during directional solidification
upwards. A second scenario depicts the same alloy directionally solidifying downwards, where more
buoyant solute enriched liquid floats upwards and accumulates in the mushy zone. Buoyancy driven
thermosolutal flow and the direction of solidification with respect to gravity, therefore, play an
important role in fragmentation. Fig. 1 also depicts a positive temperature gradient imposed along the
z-axis during directional solidification upwards which has a stabilizing effect on the liquid flow,
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where thermal expansion results in lighter liquid above heavier colder liquid. In contrast a negative

temperature gradient destabilizes the fluid flow and gives rise to gravity-driven convection.
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Figure 1. Schematic representation of thermosolutal flow at the front of the mushy zone during
directional solidification upwards (left) and downward (right), in an alloy where the solute is of lower
density than the solvent.

Upwards and downwards directional solidification (DWDS) was first comparatively studied in 1976
by Burden and Hunt, where a clear effect on the primary dendrite arm spacing was demonstrated in
transparent analogue NH4CI/H.O. Since then DWDS experiments in the literature have been scarce.
The different gravity-driven thermosolutal flows have been studied for their effect on primary and
secondary dendrite arm spacings [6]-[12], freckle defects in single crystal castings [13], and potential
application for thin shell castings [14]. Importantly, the recent works cited have all been ex-situ. Here,
a comparative study of microstructure formation for upwards and downwards directional
solidification is conducted in-situ, using transparent analogue neoptenyl-glycol-35wt.%(d)camphor.
The objective of the study is to present the differences in the mechanisms of microstructure formation
for upwards and downwards directional solidification with the same imposed temperature gradients
and for a range imposed liquidus isotherm velocities.
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Experimental Setup & Procedure

The experimental setup, shown in Figure 2, consisted of a cylindrical sapphire crucible of length
500mm, with 8mm inner diameter and 10mm outer diameter. Sapphire, being optically transparent,
allowed visualization of the top of the mushy zone and, due to its high thermal conductivity (~23
W/mK), facilitated heat transfer to and from the material with low (< 1 K) temperature difference
across the crucible wall. A resistively heated coiled nichrome wire, wrapped tightly around the outer
tube, acted as a heat source on the crucible. A power supply was connected at each end and modulated
with a dedicated computer providing Pl temperature control, where the average of TC1 and TC2
provided the control variable. Heat was extracted from the crucible with a 168 mm long water jacket
and shell type heat exchanger using a precision chiller which facilitated controlled cooling rates of
0.1, 0.2 and 1 K/min.

(a) Pressure «— Gas (b)

Transducer inlet/outlet

Coiled
<+— nichrome
wire heater

TC6
Baffle
Zone

egion of (d) )
Rlnscn-sl‘ r‘“

<+— Water Jacket

TC slots” i

Alloy o
inlet/outlet

Figure 2. (a) Schematic of experimental setup (dimensions in mm) and orientation for upwards DS
(b) Image capture of the region of interest during experiments. (c)-(d) Configurations and reference
coordinates for directional solidification experiments upwards and downwards, respectively.

A series of 0.5mm diameter wells were drilled along the wall of the sapphire tube in diametrically
opposed pairs where T-type thermocouples, shown in Figure 2, were seated with thermal paste.
Differential thermocouples signals were acquired at 1 Hz via LabView and subsequently exported to
MatLab for processing. End caps on the sapphire tube provided sealed inlet and outlet valves for
filling the transparent analogue and for pressure compensation. These were fixed to an aluminium
frame not shown in Figure 2. A camera (with variable 1.4x to 13x zoom lens) was fixed to the
aluminium frame with its optical axis orthogonal to the region of interest and captured images
continuously during experiments at a nominal frequency of 0.6Hz. Camera and computer clocks were
synchronised in order to correlate the temperature data with a given image. Ty, the average of TC1
and TC2, was set to maintain a constant temperature difference between Ty, and the temperature of
the sapphire tube wall at the water jacket, which was controlled by the precision chiller. The
temperature gradient, dT/dz, that was recorded for experiments was then measured locally in the
baffle zone using thermocouples TC3 - TC6. Constant temperature gradient and cooling rates were
applied for each round of directional solidification which resulted in a constant liquidus isotherm
velocity V;, = T(dT/dz), where T is the cooling rate. For DWDS, the sapphire crucible was removed
from the end caps and inverted, and the rig was filled with a fresh sample of transparent analogue. In
each case, the alloy was prepared in a sealed glovebox under argon atmosphere and transferred to the
rig and a gas tight glass syringe. Initially, temperatures of the heater and chiller were set to bring the
solidification front near the region of interest, then constant ramp down cooling was implemented to
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start directional solidification and a period of >10 mins was allowed before imaging to ensure for
quasi-steady state directional solidification.
Table 1. List of experiments with temperature gradient and isotherm velocities

Experiment Number dT/dz [K/cm] V, [um/s] Direction
1 8.8+0.4 1.55+0.07 up
2 8.7+0.4 3.41+0.30 up
3 92+0.3 14.17 £ 0.56 up
4 -92+09 -1.75+0.17 down
5 -10.2+1.2 -3.7+0.43 down
6 -95+1.3 -16.2+2.3 down
Results

Six rounds of directional solidification were conducted, three upwards and three downwards. Details
of the tempearture gradient and liquidus isotherm velocities are provided in Table 1. For directional
solidification upwards, with increasing V; and relatively constant dT /dz, morphology progressed
from fully columnar, mixed columnar and equiaxed, to fully equiaxed. For DWDS, exp 4 which had
lowest magnitude V, downwards, exhibited columnar dendritic growth, see Figure 4. However
compared with its upwards counterpart the individual columnar grains were misaligned. Copious
fragmentation was also observed in this experiment. A small increase in isotherm velocity from -1.75
to -3.7 um/s resulted in large clusters of equiaxed crystals fragmenting from the coherent mushy
network during DWDS with clusters up to 7mm in length, see Fig. 5. While crystals which nucleated
on the crucible wall provided mechanical support and prevented fragments and clusters from
sedimenting, see Figure. 5 and Figure. 6.

4 IS .
9 B -

Figure 3 (Exp. 1 - 3, see table 1.) Upward directional solidification shows a transition from columnar
to equiaxed growth morphologies for increasing isotherm growth velocity

Figure 4 (Exp. 4) shows columnar growth similar to exp 1, however the columnar grains are
not well aligned with each other. A fragment (~35um) is shown detaching in the image
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(b)

Figure. 5 (Exp. 5) (a) shows a 7mm cluster fragmenting from the mushy zone while (b)
highlights some of the large amounts of fragmentation seen in experiments. (c) Sequence of 4
images; here crystal ‘A’, which nucleated on the crucible wall provided support for ‘B’ (image
1-2). ‘C’, however, had no support and continued down into the heater section following it’s
fragmentation from the mushy network. Most fragments continued down into the heater in the
same way as C, whereas B crystals survived and formed part of the final solid structure

Figure. 6 (Exp. 6) Large clusters fragmenting from the mushy network. Mechanical support is
provided by crystals which nucleated on the wall of the crucible. The clusters that sedimented on the
support structures can be seen growing from t = 0 to t=26s until support A fragmented. A second
cluster can be seen getting mechanical support at t=74 seconds.
Conclusions

A marked difference in the mechanisms of microstructure formation during directional
solidification upwards compared with DWDS was observed. The most notable was the copious
amounts of fragmentation (Figure. 5 (a)) with fragments of from 35um to large clusters of equiaxed
crystals (Figure. 5 and Figure. 6) up to 7mm in length breaking from the mushy zone. This mass break
up of the mushy zone could have important consequences for macrosegregation in castings.
Thermosolutal flow will have caused solute enriched liquid to accumulate in the mushy zone for
DWDS, as described in Figure 1, and the mass fragmentation observed during DWDS and not
upwards, particularly that shown in Figure. 5 (b), is likely resulting from this. This proposed as the
dominant cause for enhanced fragmentation. The different solidification directions could be studied
further as a method for grain refinement for example in high purity castings where seed ceramic
particles may not be used. The experiment highlights the effect of thermosolutal flow and in turn,
solidification direction with respect to gravity, on fragmentation and the mechanisms of
microstructure formation during solidification.
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Abstract. In solidification, the thermal and compositional gradients simultaneously arise from
externally imposed boundary conditions as well as from the solidification characteristics such as
latent heat and solute rejection at the solidifying interfaces. These gradients lead to interacting flow
behavior due to thermal and solutal buoyancy in the liquid. The buoyancy-driven flow in the fluid not
only leads to complex flow patterns such as double-diffusive convection but also results in the
formation of defects such as freckles, and other kinds of non-homogeneity in the system. The aim of
this study is to understand the influence of gravity-driven convection on the solidification
characteristics and the transport phenomena in the liquid. Bottom-cooled solidification of pure water
and aqueous ammonium chloride solutions was performed to investigate the evolution of solidifying
front and flow behavior.

During in situ experimental observations of bottom-cooled (maintained at a constant temperature -
21°C) solidification, the plumes were originated at microstructural length scales and later developed
into freckle defects. The measurement of whole-field temperature and velocity in the liquid phase
during solidification of Water-NH4CI mixture was performed using a Mach-Zehnder interferometer
and Particle image velocimetry (P1V) respectively. The composition of NH4ClI in the mixture has
been varied between 0-25 wt%. Mach-Zehnder interferometer is a refractive index based optical
technique which works on the principle of relative change in the path length of the two coherent light
beams and provides temperature and/or concentration field after extraction from the images. The PIV
gives the velocity field of the plume and the bulk fluid. In the present work, a brief analysis of the
temperature distribution has been discussed. The results show, how gravity plays a role in forming
the convective patterns at different regimes of solidification, namely (i) convection in pure water
between 0-4°C, (ii) conduction during hypo-eutectic solidification of Water-NH4Cl alloy (iii)
convection during hyper-eutectic solidification of Water-NH4Cl alloy.

Introduction

The density of the multi-component liquid depends on the temperature and concentration of
the alloying elements. Convective motions occur in a fluid during solidification either by a localized
density variation caused due to the rejection of solute and by established thermal boundary conditions
[1-3]. The process of solidification of pure materials is influenced by temperature or heat diffusion
[4]. Bottom cooled solidification of water leads to convection due to the anomalous expansion
behaviour of water (maximum density at 4°C) between 4°C and 0°C. Tankin and Farhadieh reported
interferometric study of bottom cooled solidification of water and employed dye to visualize the
convective flow during the process [5]. Kowalewski and Cybulski reported temperature and flow
fields during top-cooled solidification of water by using thermochromic liquid crystal (TLC) and
particle image velocimetry (PIV) respectively [6]. Large and Andereck observed different convective
profile from different planes of view using schlieren [7].
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Solidification of multi-component materials is controlled by implemented thermal condition and
solute rejection during the process. Flow and heat transfer phenomena during bottom cooled
solidification depend on the density of the residual liquid. Baraga and Viskanta reported temperature
and concentration profiles, interface positions in conduction dominated regime for the aqueous salt
system [8]. Copely et al. reported that the fragmentation in the hyper-eutectic salt system by the
plumes increases with decreasing thermal gradient and decreasing growth rate [9]. They also reported
that the freckle formation is more susceptible to higher Lewis number and low viscous fluid. Magirl
and Incropera [10] reported the formation of the plume and double-diffusive layer in hyper-eutectic
bottom cooled salt solution solidification. They also reported experimentally plume velocity, the
wavelength of plumes and suggested that channels develop due to initial perturbation on liquid
interface cause re-melting on the interface. Chen [11] reported the dependency of the number of
plumes and double-diffusive layers with the bottom cooled temperature in 29 wt% NH4Cl salt
solutions.

From the literature, it is to be seen that a lot of research has been carried out to understand the
phenomenon of solidification experimentally as well as through numerical approaches. However,
there is a paucity of in situ study using interferometry and flow visualization techniques during
solidification. The intended objective of the present work is to experimentally visualize the transport
phenomena during bottom cooled solidification of pure material (water), hypo-eutectic and hyper-
eutectic of water-NH4CIl mixture. The anomalous density behaviour of water and rejection of less
dense solute in hyper-eutectic salt solution leads to convective flow in the form of rolls and plumes
respectively. The convective and conductive regime in solidification was observed by the
interferometer for temperature/concentration study. The flow field was captured using particle
imaging velocimetry (PIV) techniques.

Experimental setup and instrumentation

For in situ studies of the bottom-cooled solidification, rectangular solidification cell was used.
The experimental system consists of a Mach-Zehnder interferometer (He-Ne laser with a wavelength
of 632.8 nm), solidification cell, cooling system (peltier with their TEC controller and heat
exchanger), and data acquisition system. The schematic diagram of the experimental system is shown
in Fig. 1. The solidification cell (110 mm in height and 50 mm in width, shown in the inset of Fig. 1)
was made of 8 mm thick acrylic. A cover cell was placed on it to avoid heat loss and condensation
during the experiment. For interferometry experiments, transparent high-quality optical glasses (50
mmx50 mm) were fixed in the center of the two opposite walls of the cell. The solidification cell was
mounted on a copper plate which was maintained at -21°C using the peltier module. The hot side of
peltier was attached to a heat exchanger to extract the heat. Uniform salt-solution was filled in the
solidification cell at an initial temperature of 25.5°C.
Mach-Zehnder interferometer (one of the refractive index base optical techniques) was employed for
the evaluation of temperature/concentration field. The collimated laser beam was arranged in a
rectangular configuration using beam splitters and mirrors, as shown in Fig. 1. Change in thermal or
concentration gradient from initial condition led to relative change in the path lengths of beams BS1-
M1-BS2 and BS1-M2-BS2. Change in path length led to creating interference patterns, which contain
information about the temperature/concentration. In this work, the method of obtaining two-
dimensional concentration distribution in the liquid field from the recorded interferograms is
discussed in the references [12-16].
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Figure 1. Schematic of experimental setup consisting Mach-Zehnder interferometer, Solidification
cell, and data-acquisition system.

For flow visualization, Particle image velocimetry (P1V) technique was employed and consists of a
DPSS laser (4 = 532nm) to illuminate the flow. Hollow glass bead particles (mean diameter of 10um)
were incorporated into the salt solution and were assumed to be effectively neutrally buoyant. The
fluid flow was recorded using a CCD camera (resolution 2456 x 2048) and more details were reported
in reference [17]. Both PIV and interferometric experiments were performed separately while
ensuring similar experimental conditions.

Results and discussions
Interferometry-based measurements

The bottom-cooled solidification of Water-0 wt% NH4Cl leads to convective flow in 0-4°C due

to anomalous density expansion behaviour of water. Fig. 2a shows the interferogram for water
solidification at 245 min. Black curve/lines represent isotherms or iso-concentration or iso-refractive
index and named as fringes. In water experiment, interferogram indicates the convective flow in the
form of a pair of the roll. Convective rolls oriented in the downward direction at center leads to an
interpretation of dense fluid (4°C) moving downward and rises from the sides after mixing with cold
fluid (0°C). Above the 4°C isotherm, straight fringes were observed, which indicates the conduction
dominated heat transfer mode in the fluid.
The similar interferometric experiment was conducted with water-5 wt% NH4Cl. From phase diagram
of salt solutions, the partition coefficient is zero in hypo-eutectic regime which means pure water-ice
forms in solid. It is important to note here that interferogram fields contain coupled information
regarding temperature and concentration. However, on/oC (change of refractive index with
concentration) is ~ 40 times higher than on/dT (change of refractive index with temperature) for the
water-salt system. In view of this, it can be reasonably inferred that these interferograms are more
sensitive to concentration map rather than temperature.The process of rejection of solute as salt
(higher density than bulk fluid) led to conductive heat transfer mode in liquid during bottom cooled
solidification. Fringes near the interface are very closely spaced due to the accumulation of heavier
solute that leads to the higher gradient, as observed in Fig, 2b. The change in the composition of the
bulk fluid is very less so it has low gradient region (higher spaced fringes) in bulk fluids, as shown in
Fig.2b. Higher gradient regime is termed as mushy zone.
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Water-enriched (less dense) liquid was rejected during bottom cooled solidification of the water-25
wt% NH4Cl system (Fig. 2c). As time progressed, the amount of residual solute increased which led
to the formation of convective plumes that clearly be seen in Fig.2c. Plumes transported water
enriched salt solution to the top of the cell and reduced the concentration of bulk fluid at the top. The
plume was originated from cold solid, during its movement in bulk fluid, the plume gained heat from
surroundings, which in turn result into the development of thermal gradient in the horizontal direction.
Location of plumes in the solid-mushy zone was observed as known defect generally termed as
freckle. The interferogram contains path integrated information of temperature or concentration in
the direction of cell depth (along the direction of the probe beam), hence the local plume concentration
information can’t be evaluated from interferograms.

1

(a) t=245min (b) t =360min (c) t=50min

Figure 2. Interferograms during bottom cooled solidification of (a) Water-0 wt% NH4Cl at 245min
(b) water-5 wt% NH4Cl at 360 min (c) water-25 wt% NH4Cl at 50min.

PIV-based measurements of velocity field

Fig. 3a shows the streamlines and velocity contours during solidification of water at 245min.
Streamlines show a pair of rolls in the downward direction at the center of the cell, which is similar
to the phenomena observed in 0-4°C region from the corresponding interferograms. Two different
flows, one being the plume and other being bulk fluid, was observed in bottom-cooled solidification
of water-25 wt% NH4Cl using Particle image velocimetry (PIV) technique as shown in Fig.3b. At t
= 50 min (correspond to Fig. 2c), maximum upward velocity was observed in the plume region
(greenish region of Fig. 3b) and low downward velocity (bluish region in Fig. 3b) in the bulk field.
A circulation zones was observed near the bending of the plume as shown in Fig. 3b. Due to the local
mixing of the plume with the bulk fluid, temperature of the plume eventually reached the bulk
temperature at the top of solidification cell.
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Figure 3. Streamline and velocity contours during the bottom-cooled solidification of (a) Water-0
wt% NH4Cl at 245min (b) water-25 wt% NH4Cl at 50min.

Conclusions

Experimental investigation using Mach Zehnder interferometer and particle image velocimetry
techniques were conducted to investigate the bottom-cooled solidification process in pure water,
hypo-eutectic and hyper-eutectic salt solutions. The convection and conduction dominated heat
transfer modes in liquid were clearly observed with deformation of fringes in interferograms. Closely
spaced straight fringes near the solid interface indication of accumulation of rejection of heavier salt
solution in stable thermal and solutal condition for water-5 wt% NH4CI. In the stabilized thermal
field, convective flow field was observed in multi-component alloys in case (i) due to anomalous
density behaviour of water in pure material solidification and (ii) due to the rejection of less dense
solute and form convective plumes in water-25 wt% NH4Cl. This work will set-up the basis for
validating the solute and thermal field in fluid zone and will be extended to ternary system
solidification.
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Abstract. Time-resolved tomography were performed during solidification in a conventional carbon
steel (Fe-0.45mass%C-0.6mass%Mn-2mass%Si) at a cooling rate of 0.17 K/s. A monochromatized
X-ray of 37.7 keV was used. The specimen with dimension of 0.8 mm in diameter and 3-5 mm in
height was rotated at 0.25 rps (4 s/rotation) in a vacuum furnace and transmission images (edge length
of pixel is 6.5 um) were acquired at a frame of 100 fps. Reconstruction was performed using 200
projections over 180 deg rotation. Although dendrite morphology was recognized on the
reconstructed images, the images were degraded by noise. The reconstructed images were
significantly improved by filtering procedures, which smooth images with simultaneous edge-
enhancement. Development of dendrites and coarsening of the secondary arms were clearly observed
even in the carbon steel. This study showed that the time-resolved tomography could be used for
characterizing dendrite morphology in conventional alloys such Fe-C alloys.

Introduction

In-situ observations of solidification and related phenomena help us to understand microstructural
evolution, defect formation, and to build physical models for numerical simulations. In the third-
generation facilities such as SPring-8 (Hyogo, Japan) [1], time-resolved and in-situ observations
using hard X-rays were performed for low-melting-temperature alloys (Sn, Zn, Al) [2-6] and high-
melting-temperature alloys (Fe-based alloys) [7-11].

In Fe-C system, it has been considered that y phase (FCC) was produced by the peritectic reaction
between 6 phase (BCC) and liquid phase. According to the time-resolved and in-situ observations of
Fe-C alloys [10,11], the massive-like transformation was dominantly selected, in which the & phase
transformed to y phase in the solid state. In addition to the radiography, laser-scanning confocal
microscopy also showed the massive-like transformation [12]. It is valuable to understand the &/y
transformation during / after solidification for controlling solidification structure and coarsening of y
grains.

There are some limitations in the time-resolve and in-situ observations (X-ray transmission imaging).
For example, solute diffusion and development of dendrites are constrained in the thin specimen. The
limited space can influence curvature of S/L interface. Thus, it is rather difficult to characterize
solidification structure.

Ultrafast X-ray tomography using synchrotron radiation X-rays at ESRF was applied to observe
evolution of microstructure in Al-4mass%Cu alloys [13]. A white beam (Max 40 keV) was used to
increase transmission X-ray intensity. A specimen (1 mm in diameter and 3 mm in height) was cooled
at 0.1K/s and 500 projections were taken over 180 deg rotation (interval between reconstruction: 10s).
The study showed formation of solid grains isolated by liquid phase, change in solid fraction during
cooling, shrinkage due to solidification and S/L area (fs>0.7). The results successfully proved that the
time-resolved X-ray tomography was a powerful tool to investigate solidification phenomena.
Coarsening of dendrite arms was also observed by time-resolved tomography (monochromatized X-
ray: 30keV, 721 projections over 180 deg, edge length of voxel: 1.4 um) and the results were
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compared with Phase-Filed simulations [14]. Recently, dendrite morphology at the early stage of
solidification in Al-24mass%Cu alloys (1 mm in diameter) was also observed by time-resolved
tomography (interlaced view sampling, interval between reconstruction: 1.8 s, edge length of voxel:
0.65 um) [15]. Morphology of the primary and the secondary dendrite arms were well reconstructed
by the TIMBIR method. Time-resolved CT was also applied to investigate semi-solid deformation of
Al-15mass%Cu alloys (3 mm in diameter, 720 projections over 180 deg, interval between
reconstruction: 4s) [16]. The study showed that the transgranular liquation cracking of grains isolated
by remaining liquid phase could occur even at low stress (1-40 MPa) [CTO06].

Time-resolved CT was also used to observe solidification structure in high-temperature alloys
(1.8mm in diameter) such as Ni-14mass%Hf, Fe-11mass%Hf and Co-18mass%Hf [17]. Higher
contrast between the solid and the liquid phases on transmission images were achieved using high
energy X-rays (65-80 keV) due to Hf rejection to the liquid phase at the S/L interface and the
absorption edge of Hf (65.351 keV).

To the best of the author’s knowledge, however, there are still limitations for the time-resolved CT.
For example, time-resolved tomography was not performed for conventional carbon steel (Fe-C-Mn-
Si alloy), because of high X-ray absorption coefficient and small difference in the X-ray absorption
between the solid and the liquid phase. It is of great interest to develop time-resolved tomography
technique for carbon steel, stainless steel and Ni-based superalloys. This paper demonstrates time-
resolved tomography for observing dendrite morphology in Fe-0.45mass%C-0.6mass%Mn-
2mass%Si alloys.

Experiments
Time-resolved tomography experiments were performed at a beamline BL20XU of SPring-8
(synchrotron radiation facility, Hyogo, Japan). The light source of BL20XU was hybrid-type "in-
vacuum" planar undulator. X-rays were monochromatized by the double crystal monochromator of
Si (111), which was placed at 46 m from the source point. The experimental hatch was located at
about 200 m from the light source. X-ray energy was selected at 37.7keV. An X-ray beam monitor at
a pixel size of 6.5 um was used for transmission images. Fig. 1 shows an outlook of time-resolved
tomography apparatus and setup of specimen. The specimen was rotated at 0.25rps (4s / rotation) and
the transmission images were obtained at 100 fps. 200 projections over 180deg rotation were used
for reconstruction.

Conventional carbon steel (Fe-0.45mass%C-0.6mass%Mn-2mass%Si) was chosen for time-
resolved tomography. Dimension of specimen was 0.8 mm in diameter and about 5 mm in height.

Beam monitor

) Sample
g <-ray window X-ray I

(Wi’ Al 7a i B Rotation stage
(a) PP BRI . (b)
Figure 1. (a) Outlook of time-resolved tomography apparatus and (b) setup of specimen. Graphite
heater and specimen inserted into Al,Oz pipe were placed in the vacuum chamber (approximately
1 Pa). Rotation of specimen was controlled by a rotation stage placed outside the chamber.
Distance between specimen and beam monitor was approximately 0.5 m.
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Figure 2. Examples of transmission images during time-resolved tomography experiments.

The specimen rod was inserted into sintered Al,Oz pipe (inner and outer diameters were 1 mm and
3mm, respectively). The specimen was heated in a vacuum atmosphere (about 1 Pa). The
temperature gradient at the specimen was less than 1 K/mm. The melt was cooled at a cooling rate
of 0.17K/s. A series of X-ray tomographic images were obtained during the cooling procedure.

Results

Fig. 2 shows examples of X-ray transmission images during the time-resolved tomography
experiments at a cooling rate of 0.17 K/s. The transmission images were processed and the intensity
(brightness) in the figure was proportional to the product of X-ray linear absorption coefficient and
thickness. Due to the high X-ray absorption and low contrast between solid and liquid phases, it was
rather difficult to identify dendrite arms / solidification structure in the specimen from the

Z=+65um z=0um

Figure 3. Reconstructed slice images and the filtered slice images at 200 s. The original images
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transmission images. However, the dendrite arms were still recognizable on the transmission images
at 80.57 s of solidification time.

Reconstruction was performed using the conventional Convolution Back-Projection (CBP) method.
200 projections were used for the reconstruction. The upper images in Fig. 3 are the examples of slice
images reconstructed from 200 projections at 200 s. The dendrite arms (bright region) could be
somehow detected on the slice images. However, it was rather difficult to trace the solid / liquid
interface precisely. Thus, image processing was required to trace the S/L interface and to reconstruct
3D microstructure. The followings are the procedures performed in this study.

The solid fraction was estimated from the distribution of X-ray absorption coefficient before the
image processing. The absorption coefficients of solid and liquid phases were determined by the
reconstructed data before and after solidification, respectively. Fig. 4 shows the distribution of
absorption coefficient normalized by that of the liquid phase before solidification (200 s). The
obtained distribution was fitted by using two Gaussian functions (solid and liquid phases), as shown
in Fig.4. The solid fraction was simply evaluated from the areas of the two Gaussian functions. Fig.
5 shows the estimated solid fraction as a function of solidification time. The solid fraction follows
the square-root law. The solid fraction was used as a condition of constraint for the filtering
procedures.

Although one recognizes typical dendrite morphology on the cross-sections as shown in the upper
images of Fig. 3, the reconstructed images were largely degraded by noise. Thus, it is required to
perform image processing for restoring growing dendrite morphology. In this study, two filtering
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Figure 6. 3D images of dendrites in Fe-0.45mass%C-0.6mass%Mn-2mass%Si at a cooling rate of
0.17K/s. The images were constructed from the filtered slice images as shown in Fig. 3.

techniques were used to reduce noise. One is Gaussian smoothing, which blurs images by a Gaussian
function. It was effective to reduce noise and to smooth pixels / voxels. However, it also blurred
boundary between solid and liquid phases. The other is anisotropic diffusion filter, which smooths
images with simultaneous edge-enhancement [18]. The noise in the original images were significantly
reduced by the filtering procedures, as shown in lower images in Fig. 3.
Fig. 6 shows the 3D images of dendrite structure in Fe-0.45mass%C-0.6mass%Mn-2mass%Si at a
cooling rate of 0.17K/s. In this observation, dendrites grew from the top to the bottom. Development
of dendrite arms was clearly observed even at the low solid fraction region (for example, 54 s).
Coarsening of the secondary dendrite arms was also observed. The present results proved that time-
resolved tomography allowed us to observe solidification structure in conventional carbon steel.
Thus, the 3D time-evolution data on the solidification structure are expected to be used for
characterization of dendrite shape (i.e. permeability of melt in semisolid state, microsegregation
between dendrite arms, coarsening due to curvature effect).
It is to say that there are not a few choices to perform the filtering techniques. In other words, filtering
procedures, which is based on a physical principle, are required for further improvement of
reliability. An image filtering technique, which is developed on the basis of growth principle such as
thermodynamics and kinetics, is examined for characterizing dendrite structure and solidification
phenomena [19].
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Summary

The time-resolved tomography experiments were performed at a beamline BL20XU of Spring-8.
Although the 3D observation of solidification structure in carbon steel is still challenging, the
following results were obtained:

(1) The tomography experiment was performed for Fe-0.45mass%C-0.6mass%Mn-2mass%Si (0.8
mm in diameter and 3 mm in height). The specimen was rotated at 0.25 rps (4 s/rotation) and 200
projections over 180 deg rotation were obtained. X-ray energy was 37.7 keV and edge-length of pixel
was 6.5 um.

(2) The dendrite morphology was recognized on the images reconstructed from 200 projections over
180 deg. However, the images were degraded by noise.

(3) The filtering procedures significantly improved image quality. Time-evolution of 3D dendrite
shape was observed in Fe-0.45mass%C-0.6mass%Mn-2mass%Si at a cooling rate of 0.17 Ki/s.
Development of dendrite arms and coarsening of secondary arms were clearly observed.

(4) This study proved that the time-resolved tomography could be used for characterizing
solidification structure in conventional carbon steel.

(5) Filtering technique, which is based on a physical principle, will be expected to improve the time-
resolved tomography.
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Abstract. To study the impact of growth rate on the grain structure formation, an in-situ study of the
solidification of a refined Al-20wt.%Cu alloy at a fixed temperature gradient and under a wide range
of cooling rates has been carried out using the SFINX (Solidification Furnace with in situ X-
radiography) laboratory facility. A special attention has been paid to the variation of the grain number
density and the dendritic grain morphology. It is revealed that, as the growth rate increases, the
nucleation rate augments and the grain morphology evolve from elongated towards isotropic equiaxed
grain.

Introduction

The mechanical properties of metal alloys strongly depend on the grain structure forming during the
solidification step, so a precise control of the growth process is crucial in engineering. Two types of
grain structures are commonly obtained during metal alloy solidification: a columnar grain structure
with anisotropic properties, or an equiaxed grain structure with more uniform and isotropic properties
that is required in most applications of aluminum-based alloys. The latter equiaxed grain structure is
usually obtained by adding refining particles acting as preferential sites for heterogeneous nucleation.
The efficiency of the refining particles depends on several characteristics: type, amount, size
distribution. These particles are activated in undercooled liquid regions [1] and then promote the
formation of an equiaxed grain structure.

The present communication reports on the horizontal directional solidification of a refined Al-
20wt.%Cu alloy observed in-situ using the SFINX (Solidification Furnace with IN-situ X-
radiography) laboratory device. The SFINX facility is dedicated to the in-situ observation of the
solidification of aluminum-based alloys by X-radiography. Indeed, As most of the phenomena
involved during solidification are dynamic, in-situ and real-time X-radiography imaging is the
method of choice to follow this phase transition [2]. The solidification of the samples was carried out
under a fixed temperature gradient G, and with different cooling rates R. Quantitative measurements
of the final grain number density were performed. In addition, a quantitative characterization of the
grain shape with respect to the growth velocity was also achieved.

Experimental details

SFINX facility

The SFINX facility is a duplicate of the device used during the MASER-12 sounding rocket mission
[3] and parabolic flight campaigns [4]. These facilities were developed within the framework of the
ESA MAP named XRMON (In-situ X-ray monitoring of advanced metallurgical processes under
micro gravity and terrestrial conditions), devoted to the application of X-radiography during
microgravity experiments [5].
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The X-radiography system figures a micro-focus X-ray source with a molybdenum target (3 um focal
spot), which provides a sufficient photon flux with two peaks of energy 17.4 keV and 19.6 keV that
ensure a good image contrast to study AI-Cu based alloys. The camera system is made of a scintillator
plate and a digital camera with a CCD-sensor. Due to the X-ray beam divergence, a geometric
magnification of the object is observed at the detector, which is the ratio of the source-detector by
source-sample distances (Fig.1). In this work a magnification of approximately 5 was used, for a
Field-of-View (FoV) of about 5 x 5 mm? leading to an effective spatial resolution of ~4 pm. The
acquisition rate was set to 2 frames per second.

The solidification furnace consists of two heaters, separated by a gap, that impose a longitudinal
temperature gradient Gapp (Fig.1). The gradient furnace enables directional solidification with applied
temperature gradient within the range of 5-15 K/mm and cooling rates R within the range of 0.01—
1.5 K/s.

Micro-focus
X-ray source

5mm y \ sample

F \ A
Hot zone

Projected
image

20 mm Cold zone

Fig. 1: Schematic layout of the SFINX device for
horizontal solidification.

In the present work, the studied alloy was Al-20wt%Cu inoculated with 0.1wt.% AITiB. A sheet-
like rectangular sample with dimension of 5 mm x 50 mm in area and about 250 pum in thickness was
used. The sample was placed in the middle of stainless steel spacers sandwiched between two flexible
glassy carbon sheets sewn together with a silica thread. The crucible was enclosed inside the furnace
and meets both sides to achieve the expected thermal profile.

Table 1: parameters applied in the present solidification experiments.

Samples Al-20wt%Cu inoculated with 0.1wt.% AITiB
G (K/mm) 10

R (K/s) 0.05 0.1 0.15 0.3 0.45 0.9 1.35
V (um/s) 4 10 15 30 50 100 140

The furnace was set in a position allowing the horizontal solidification of the sample, with its main
surface perpendicular to the gravity vector g (Fig.1). This configuration was chosen to minimize the
gravity related-phenomena such as buoyancy and thermo-solutal convection [6]. In our experiments,
a fixed temperature gradient was applied between the heaters (Gapp =15 K/mm), which gave an actual
temperature gradient in the sample G of 10 K/mm [3]. Hereafter, this latter value used for our
analyses. The sample was solidified by applying the same cooling rate R (Table 1) to both heaters,
which kept the temperature gradient constant. For each cooling rate R, the average growth rate V of
the equiaxed front (Table 1) was measured from the recorded image sequences.

Image processing and analysis

During the whole solidification experiment, the X-radiography system recorded a stack of raw
images. The grey level variations in the acquired images are related to the attenuation coefficient of
each different parts of the sample. Image legibility is enhanced by applying “flat-field” correction,
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which consists in dividing each frame by a reference image recorded just before solidification. This
procedure reduces the noise and removes defects related to the detector and crucible [7]. After
applying the image processing, the bright regions in the processed radiograph are solid Al-grains
whereas the dark regions are the Cu-rich liquid regions.

Quantitative information were obtained from the radiograph sequences by applying a semi-automatic
image analysis developed with the ImageJ software [8]. Two macros were programmed and used to
characterize quantitatively the effect of the growth rate on the grain structure formation. The first
macro allows to determine the total grain number in the field of view at any time. The second one,
allows to determine two key parameters. Firstly, the aspect ratio ¢ (Fig.2a), defined as the ratio
between the length L of the longest segment inscribed within the grain and the length | of the longest
segment orthogonal to the first one [9]. ¢ can vary from unity for a perfect equiaxed grain, to value
larger than two for elongated grain according to Hunt’s criterion [10]. The second parameter is the
tilt angle & (-90° < 8 < 90°), defined as the angle between the longest segment inscribed within the
grain and the temperature gradient direction G (Fig.2b).

Fig 2: (a) Representation of the two longest
perpendicular segments inscribed within a
grain. (b) Tilt angle 6 of a grain.

Results and discussion

Example of radiograph sequence recorded during a solidification experiment

It has been shown in the framework of the ESA-MAP entitled XRMON [3] that, for a non-refined
Al-20wt.%Cu alloy, the solidification with the same temperature gradient of 10 K/mm and the same
range of growth rate gave columnar microstructures. With the addition of refining particles, we
observed the propagation of an equiaxed front from the cold zone to the hot zone of the sample, as
illustrated in Fig.3. Firstly, grains nucleated first in the cold zone of the field of view where they
formed a compact grain structure and for which it is possible to define an effective front that separates
the upper limit of the equiaxed structure and the bulk liquid phase (dashed yellow line in Fig.3). This
effective front is slightly tilted in the FoV, which is the consequence of a residual transverse
temperature gradient from the right to the left side of the sample. The effect of this transverse
temperature gradient diminished with the increase of the the cooling rate.

As the sample cooling continued, a new layer of equiaxed grains nucleated in the undercooled
liquid ahead of the effective front. This mechanism is repeated over time (Fig.3b), which lead to the
propagation of the effective front until the field of view is full of grains (Fig.3c).

Fig. 3: Sequence of images showing the propagation of the equiaxed front at three different times of
a refined Al-20wt. %Cu solidification experiment (G = 10 K/mmand V = 50 pm/s)
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Impact of growth rate on grain number density

In our experiments, the final grain number density nfinai increases with the measured growth rate
(Fig.4a), which is in agreement with a recent paper of Xu et al. [6]. This variation can be explained
by considering the amplitude of the maximum undercooling in the undercooled region, which is the
zone ahead the solidification front where the actual temperature of the liquid T.(z) is lower than the
equilibrium temperature of the liquid Teq (Z) as represented in (Fig4b). In this figure, the undercooled
liquid regions are drawn for two different growth rates, Vi < V>. The larger the growth rate, the larger
the maximum undercooling. According to the size distribution of refined particles [1], an increase of
the maximum undercooling will promote the activation of smaller refining particles, which augments
the number of nucleated grains [11].

Nfijar (9/MM?)

50 Ta V, <V, T.(2)
o Tl
30 A
20 7
10 ¢ '//AT ATmax1
0 . . Tﬂp y max2 =Z
0 50 100 150 b
(a) V (um/s) (b)

Fig. 4: (a) Variation of the final grain number density with the growth rate V (for a temperature
gradient G = 10 K/mm) and (b) Undercooled liquid regions for two different growth rates.

Impact of growth rate on grain shape

In this section, the analyzes will be focused on the influence of the growth rate on the grain
shape parameters, namely the aspect ratio ¢ and the tilt angle 6. For high cooling rates (R > 0.9 K/s),
accurate measurements of both parameters were difficult because grains were very small and often
superimposed on each other in the sample thickness. Nevertheless, the grains looked equiaxed and
we thus assumed that their aspect ratio is close to unity. For experiments with low cooling rates (R <
0.45 KI/s), the two grain parameters were measurable.

(b)

Fig. 5: (a) Images showing the grain shape changing from elongated grains at low growth rate to
isotropic equiaxed grains for high growth rate. (b) Boundaries of the grains for each experiment.
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Fig.5a confirms visually that the grain number density increased with the growth rate, in agreement
with (Fig.4a). In addition, the significant change of the grain shape is qualitatively perceptible as
growth rate increases, from elongated grains to more and more isotropic equiaxed grains. For a sake
of quantitative comparison, the boundaries of all the grains in the final structure were determined for
each experiment (Fig.5b). Based on these images, we evaluated for each grain its aspect ratio ¢ and
tilt angle 6.

The normalized histograms of ¢ as a function of the growth rate is represented in (Fig.6). The red
dashed line corresponds to ¢ = 2, the threshold between equiaxed and elongated grains. The red
classes at the right side in (Fig.6a) and (Fig.6b) are the sum of all the grains with an aspect ratio ¢ >
4. Indeed, a few grains are very elongated or pass through the FoV (see Fig.5b). For the lowest growth
rate (Fig.6a), a mix of equiaxed and elongated grains was observed. Equiaxed grains nucleated on the
cold zone side of the sample (Fig.5a and Fig. 5b) whereas elongated grains occupied the main part of
the FoV. This in situ observation suggests that the temperature gradient was not uniform in the FoV.
As the growth rate increases, the number of equiaxed grains augments and there is gradually the
formation of a peak with a maximum close to unity.
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Fig. 6: Histograms of aspect ratio ¢ for three increasing growth rates.

For the mean grain orientation, the normalized histograms of 4 as a function of the growth rate is
represented in (Fig.7). The red dashed line corresponds to & = 0°, when the grain growth is perfectly
aligned with the temperature gradient direction. For the three histograms, the grain orientations were
distributed rather evenly on both left and right directions, which confirmed the random process of
nucleation. However, as growth rates increased, the 8— distributions became flatter and flatter, with
a range increasing from [-20°-20°] at low growth rate (Fig. 7a, V= 10 um/s) to nearly all directions
for the highest growth rate (Fig. 7c, V = 50 um/s).
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Fig. 7: Histograms of tilt angle of grains with respect to the temperature gradient G for three growth
rates V.
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Conclusion

A study of equiaxed growth of a refined Al-20wt.%Cu alloy in a horizontal temperature gradient was
successfully carried out using in-situ X-radiography with the SFINX apparatus. Quantitative results
on the impact of growth rate on grain number density, the shape and the orientation of the grains were
determined. A quantitative study of the temperature gradient impact on the grain structure formation
will be the subject of future works.
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Real-time dynamics of rod-like eutectic growth patterns on board the ISS : first
results from TRANSPARENT ALLOYS

Silvere Akamatsu, Sabine Bottin-Rousseau
Keywords: eutectics, in situ experiments, microgravity

Abstract

Directionally solidified rod-like eutectics are self-organized composite materials with controllable
microstructural features. They are typically made of an arrangement of thin fibers (or rods) of a crystal
phase in a continuous matrix of the other phase. In nonfaceted binary eutectic alloys (e.g. Al-Ni),
their formation results from a diffusion controlled dynamics of coupled-growth front patterns that
basically present a hexagonal stacking, at least locally. The average inter-rod spacing varies as V-1/2
with the solidification rate V, in order of magnitude. In practice, however, the hexagonal order rarely
extends over large distances, and small well-ordered domains separated by long-lived stacking defects
are observed. In addition, while rod-like microstructures are clearly favored in alloys such that one
of the solid phases has a volume fraction substantially smaller than the other, rods and lamella, or
more complex shapes, can be observed to coexist in a given sample. In order to investigate the spatio-
temporal phenomena at play, we have developed an in-situ experimentation method that allows one
to follow optically the real-time evolution of coupled-growth front patterns in model transparent
binary-eutectic alloys. In the succinonitrile-camphor system, we could evidence that hexagonal
patterns exist for values of the interrod spacing varying in a finite interval, at given V. We identified
and locate the stability limits of that interval. The lower limit is determined by a rod-elimination
instability. The upper limit corresponds to the threshold of a rod splitting instability, which
approximately follows a VV-1/2 scaling law. We also brought to light the forcing effect of a large-scale
curvature of the isotherms, which is due to the different heat conductivities of the media in contact
(liquid, solid, container walls). This induces a slow global stretching of the pattern, but leads to a
statistical selection of the rod spacing distribution when the pattern stretching is dynamically
counterbalanced by rod splittings. These conclusions could be drawn from laboratory experiments
during which thermo-solutal convection in the liquid was negligible, if not absent. This markedly
limited the range of explorable parameters (composition, thermal field, sample size), and prevented
us to undertake a systematic study of, in particular, the so-called lamellar-to-rod transition.
Circumventing this obstacle is the aim of the ESA science-in-microgravity project TRANSPARENT
ALLOYS (TA). An essentially automatic apparatus for in situ directional solidification experiments
in large samples on board the 1SS (MSG) has been designed, built, and eventually sent to the ISS
(Dec. 2017). The binary-eutectic solidification (SEBA) program of that project is performed in
collaboration with U. Hecht’s group at Access (Aachen, Germany). We will present preliminary
results of the first TA/SEBA campaign (January-March 2018).
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Interface dynamics and microstructure selection during directional solidification
of transparent bulk alloy conducted on DECLIC-DSI

Fatima Mota, Jorge Pereda, Younggil Song, Damien Tourret, Rohit Trivedi,
Alain Karma, Nathalie Bergeon

Keywords: DECLIC, directional solidification, phase field, microstruture formation, alloys
Abstract

The study of solidification microstructure formation is of utmost importance for the design and
processing of materials, as solid-liquid interface patterns largely govern mechanical and physical
properties. Pattern selection occurs under dynamic conditions of growth in which the initial
morphological instability evolves nonlinearly and undergoes a reorganization process. This dynamic
and nonlinear nature renders in situ observation of the solid-liquid interface an invaluable tool to gain
knowledge on the time-evolution of the interface pattern. In this framework, the materials of choice
for direct visualization of interface dynamics are transparent organic analogs that solidify like metallic
alloys. Extensive ground-based studies of both metallic and organic bulk samples have established
the presence of significant convection during solidification processes that alters the formation of
cellular and dendritic microstructures. The reduced-gravity environment of Space is therefore
mandatory for fluid flow elimination in bulk samples.

To study the fundamental physical mechanisms in the dynamical formation of two-dimensional arrays
of cells and dendrites under diffusive growth conditions, several series of microgravity experiments
of directional solidification in a model transparent alloy - succinonitrile — 0.24 wt% camphor - have
been conducted onboard the International Space Station using the Directional Solidification Insert
(DSI) of DECLIC (Device for the Study of Critical Liquids and Crystallization) facility. This facility
was developed by the French Space Agency (CNES) in collaboration with NASA. These experiments
offered the very unique opportunity to in situ observe and characterize the whole development of the
microstructure in extended 3D patterns. In such large samples, the situation of a single crystal ideally
orientated with a perfectly flat interface is out of reach. Moreover, the furnace and crucible
characteristics lead to a quite complex thermal field, far from usual theoretical or modeling
approximations.

A selection of some of the most striking results will be presented regarding the dynamics of primary
spacing selection. We will first see how sub-boundaries may generate noticeable heterogeneities of
primary spacing even if sub-grains misorientations are very low. We will also discuss quantitative
comparisons of the experiments with phase-field simulations that highlight the major influence of the
complexity of the thermal field on the dynamics of primary spacing selection and the resulting
accuracy of numerical simulation results.
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In-situ observation of growth and interaction of equiaxed dendrites in
microgravity

Laszlo Sturz, Martin Hamacher, Janin Eiken, Gerhard Zimmermann
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Abstract

Within the ESA-map CETSOL the experiment MEDI (Multiple equiaxed dendrite interaction) was
performed in 2015 to characterize equiaxed dendritic growth and interaction of multiple equiaxed
grains during solidification. About 6 minutes reduced gravity environment on the sounding rocket
MASER-13 provides conditions with negligible convection and sedimentation to study nucleation,
growth and solutal interaction of equiaxed dendrites in the transparent alloy Neopentylglycol-30wt.-
%(d)Camphor. Applying a constant small thermal gradient and defined cooling conditions to the
homogenized melt we obtain multiple dendritic equiaxed crystals with the primary dendrite arms
growing along the <111> crystallographic orientation, which was confirmed by phase-field
simulations. Results are presented for the dendrite morphology evolution, kinetic law, nucleation
characteristics, evolution of dendrite density and interaction of dendrite pairs. For interpretation of
the results, a new nucleation progenitor function approach was developed by project partners and
applied successfully to the MEDI-experiment. This approach will be presented in a related
contribution entitled "The Nucleation Progenitor Function (NPF) approach: An alternative approach
to modelling equiaxed solidification™.
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Equiaxed dendrite growth in non-refined Al-base alloys in real-time

Florian Kargl, Maike Becker, Joerg Drescher, Mareike Wegener, Christoph
Dreissigacker
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Abstract

Numerical computer simulations of microstructure evolution during dendritic solidification require
reliable experimental data for comparison. In the last two decades X-ray radiography was shown to
be a powerful method to in real-time monitor dendritic solidification in thin samples. Here, we present
data on equiaxed dendritic growth of fcc-Al dendrites in non-grain refined Al-Ge and Al-Cu alloys.
The disc-shaped samples of up to 12 mm diameter and between 200 and 350 pm thickness were
processed in a near-isothermal furnace at constant cooling rates of 1 to 3 K/min. We compare dendrite
tip velocities determined in horizontally aligned samples on ground with data acquired during two
recent microgravity experiments using DLRs X-RISE facility aboard the sounding rocket
MAPHEUS. Furthermore, the evolution of solute concentration field evolution in the interdendritic
liquid is measured and discussed. The velocity data are compared with theoretical dendrite growth
models.

Comparison of x-ray radiography of equiaxed alloy solidification in grain-
refined Al-3.5wt.-%Ni with dendrite needle network modeling.

Laszlo Sturz, Angelos Theofilatos
Keywords: Solidification, equiaxed dendrite growth, dendrite needle network modelling

Abstract

We investigate multiple dendritic equiaxed grain formation during directional solidification of grain-
refined Al-3.5wt.-%Ni at various solidification conditions. This is achieved by comparison of in-situ
x-ray radiographic observations in thin samples reported in literature to multi-scale dendrite needle
network (DNN) modeling. The model takes into account heterogeneous nucleation, branched
dendritic growth and solutal interaction between branches and multiple equiaxed grains in a 2D
modeling approach valid at low Péclet numbers. The decrease in equivalent circular diameter of the
final average grain size with pulling velocity, which is observed in the Bridgman-type experiments,
is well captured by the modeling results, as well as is the ratio of activated nucleation seeds. The
effect of confinement of dendrites in a thin sample is currently investigated using a model extension
to 3D and to higher Péclet number.
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High resolution synchrotron imaging of dendritic coarsening in Ga — In alloys
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Abstract

The dendrite coarsening kinetics and dendrite morphology have been of great interest in the
solidification science and casting industry. A detailed analysis of particular solidification phenomena
(coalescence, fragmentation etc.) requires X-ray techniques with a high spatial and temporal
resolution. High resolution experimental data are also very important for the verification of the
existing microstructural models. The synchrotron radiography experiments with solidifying Ga - In
alloys were performed at BM20 and ID19 (ESRF, Grenoble) at a spatial resolution of < 1 pm. The
temporal dynamics of morphological transitions such as retraction, coalescence and pinch-off of the
sidearms were studied in-situ. Recently, we showed that the combination of numerical modelling [1]
and experiments [2,3] performed at the ESFR synchrotron X-ray source in Grenoble has allowed to
improve the understanding of the pinch-off process of dendritic sidearms and to obtain material
information that is relevant for quantitative modelling.

In this work, a Ga—In alloy was solidified in vertical direction starting from the top of the solidification
cell at a controlled cooling rate of 0.002 K/s and at a vertical temperature gradient of ~2 K/mm. In
general, all fragmentation events are located in the deceleration zone that is formed during the initial
phase of solidification. Behind an advancing growth front, under slow growth conditions that are
almost close to steady state conditions, the coarsening in the mushy zone does not involve a
significant detachment of sidearms.

A detailed and advanced image analysis in combination with the high temporal and spatial resolution
data of the experiment, allowed us to identify an additional migration process that is influenced by
the existing temperature gradient. This Temperature Gradient Zone Melting (TGZM) process is
characterized by a sidearm migration rate of 0.01 pum/s. Interestingly, the results of our analysis
suggest that this process does not play a significant role for the sidearm detachment process itself.
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Roles of Mn in refining the grains of magnesium alloys with SiC inoculations
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Abstract. A homogeneous microstructure of as-cast magnesium alloys is desired to improve the
formability during their subsequent thermomechanical processing. Owing to its similar crystal
structure to Mg, the part of Zr formed by peritectic reaction during solidification was considered to
be the most effective nucleant for alpha-Mg. However, regarding the Al-containing magnesium
alloys, up to now no suitable and effective external nucleants were found for them. Recently, it was
demonstrated that the additions of SiC worked in refining both Mg-Al and Mg-Zn alloys. The present
work investigated the effects of SiC particle additions on the grain refinement of Mg-Zn alloys. The
microstructures were characterized using XRD, SEM and EDS. It was found that the additions of SiC
particles could refine the grains of Mg-Zn alloys. The responsible mechanism is attributed to the
formation of (Mn, Si)-enriched intermetallics by the interactions between SiC and impurity Mn in
alloys. This conclusion was further supported by using the high pure Mg instead of commercial Mg
during preparation of Mg-Zn-SiC alloys. Due to very low amount of impurity Mn in high pure Mg,
the grain refinement in Mg-Zn alloys were not observed after the additions of SiC particles. Under
this situation the formation of (Mn, Si)-intermetallics was suppressed due to the deficiency of Mn.

Introduction

Due to its hcp crystal structure, magnesium has a poor room temperature formability. Previous
investigations indicate that alloying with rare earths elements and microstructural refinement can
improve its formability effectively. Microstructural refinement not only increases its ductility but also
its yield strength. For Al-containing magnesium alloys, carbon inoculation was considered to be one
of the most successful processes to refine the casting microstructure at present [1]. The responsible
refinement mechanism for carbon inoculation is owing to the formation of Al.MgC>, which has a
very close crystal structure to that of magnesium [2]. Regarding the Mg-Zn alloys, the alloying
element Zr with a similar crystal structure to Mg was found to be an effective nucleants for alpha-Mg
during solidification [3]. The part of Zr is formed from Mg-Zr melts by peritectic reaction only acts
as the effective nuclei to improve the nucleation possibility of alpha-Mg. Unfortunately, Zr is an
expensive alloying element.

Recently, it was found when the external SiC particles were added to Mg-Zn alloys their grains
were refined. Interestingly, Cao et al. successfully prepared Mg-Zn/SiC nano-composites by
ultrasonic cavitation-based solidification processing [4, 5]. Their results also showed that the grain
size of Mg—Zn alloy was reduced considerably by the addition of SiC nanoparticles. They attributed
the grain refinement to SiC nanoparticles served as nuclei for heterogeneous nucleation, but no direct
evidence was obtained. Luo studied the heterogeneous nucleation and grain refinement in cast
AZ91/SiCp alloys [6]. A number of SiC particles were found within the primary Mg grains suggesting
a possible heterogeneous nucleation mechanism for grain refinement. Luo also found that some of
the SiC particles were pushed away to the grain boundaries [7]. Therefore, the grain refinement of
SiC may also be attributed to the reduced growth rate of the primary phase since the presence of SiC
particles around the growing Mg crystals. Inem et al. investigated the nucleation and crystallographic
orientation of both the Mg matrix and the eutectic Mg(ZnCu)2 phase at the -SiC particle surface in
ZC63 and ZC71 Mg matrix composites [8, 9]. They found that the eutectic nucleates at the particle
surface with an identical crystallographic orientation, but no distinct crystallographic orientation of
a-Mg with SiC particle has been resolved.
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In summary, previous investigations show that the grain refinement of Mg-Zn alloys caused by
the addition of SiC particles is due to their physical effects. The present work is to investigate the
possible other mechanisms responsible for the grain refining effect of SiC additions in Mg-Zn alloys.

Experimental procedures

Mg—Zn alloys with different Zn contents inoculated with different contents of SiC were prepared
using commercial purity Mg or high purity Mg and Zn (Table 2). SiC particles (supplied by Alfa
Aesar GmbH & Co KG, Germany) with an average size of 2 um were used as refiner. Mg and Zn
ingots were melted at 700 °C in an electrical resistance furnace using a mild steel crucible under a
protective gas mixture of high pure Ar + 0.2% SF6. The melt was manually stirred for 2 min and then
its surface was skimmed. SiC particles preheated to 500 °C under Ar atmosphere were added into the
melt directly. After that the melt was stirred vigorously at 100 rpm for 5 min to ensure a good
dispersion of SiC particles. Before casting the melt was held at 700 °C for 15 min. Each ingot was
cast by pouring the melt into a steel mold preheated to 200 °C with a diameter of 70 mm at the bottom
and 80 mm at the top and a height of 250 mm.

Metallographic samples were transversally sectioned from the same position of 20 mm from the
bottom of the castings. They were prepared according to a standard procedure. The samples for optical
observations were etched with a solution of 8 g picric acid, 5 ml acetic acid, 10 ml distilled water,
and 100 ml ethanol. The average grain size was measured by the linear intercept method from the
micrographs taken using polarized light in an optical microscope. A Zeiss Ultra 55 (Carl Zeiss GmbH,
Oberkochen, Germany) scanning electron microscope (SEM) equipped with energy dispersive
spectroscopy (EDS) was also used to observe the microstructures of selected samples. X-ray
diffraction (XRD) investigations were also carried out using a Siemens diffractometer operating at
40 kV and 40 mA with Cu radiation. Measurements were obtained by step scanning from 20 to 90°
with a step size 0f 0.02°. A count time of 3 seconds per step was used. PANalytical X pert HighSocre
software with the International Center for Diffraction Data (ICDD) PDF2-2004 database was used to
analyze the diffraction peaks of identified phases based on crystal structures.

Table 2. Measured chemical compositions of source materials (Wt%)

Alloys Zn Al Zr Mn Fe Cu Ca Ni Mg
Mg 0.003 0.006 <0.001  0.030 0.007 <0.001  0.0001 <0.0002  Bal.
HP Mg 0.003 0.004 <0.001  0.001 0.005 <0.001 <0.0001 <0.0002 Bal.
HP Zn 99.999 - — — — — - - Bal.
Al - 99.930 - - - - - - Bal.

Results and discussion

Influences of SiC Particles on Grain Refinement of Commercial Mg-Zn Alloys. Figure 7 shows
the optical micrographs of as-cast Mg-3Zn-0.2SiC, Mg-3Zn-0.5SiC and Mg-3Zn-10SiC alloys.
Homogeneous equiaxed grain morphologies were obtained in both Mg-3Zn-0.5SiC and Mg-3Zn-
10SiC alloys. Compared with Mg-3Zn-0.2SiC and Mg-3Zn-0.5SiC alloy, SiC clusters marked with
black arrows in Figure 7(c) were observed in Mg-3Zn-10SiC alloy, indicating that SiC is not well
inoculated in Mg-Zn alloy with high content of SiC. Conversely, SiC can be added into the melt well
and distributed uniformly within the matrix when its content is less than 0.5%. Figure 7(d) clearly
demonstrates a slight decrease of average grain size from 330 + 12 to 285 + 10 um with increasing
the SiC content from 0 to 0.2%. A sharp decrease of average grain size from 285 + 10 to 180 + 9 um
was obtained with increasing SiC content from 0.2% to 0.3%. After that, the average grain size
remains relatively stable with the increase of SiC content, even up to 10% SiC.
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Figure 7. Optical micrographs of as-cast alloys: (a) Mg-3Zn-0.2SiC; (b) Mg-3Zn-0.5SiC; (c) Mg-
3Zn-10SiC; (d) average grain size as a function of SiC content.

(4] o
§ 8

Average grain size (um)
[+
s

g

o,
o

l o sic
‘ L Figure 8. XRD patterns of Mg-3Zn alloys
5 mm____l__'.L,_i_., inoculated with different contents of SiC.
> [ ;_‘_:;J‘__J__ Patterns of pure Mg and SiC powder are
:__JJL J‘ abito Bk s included for comparison. The peaks
_Z_,Jr\_L___MLQ,__ corresponding to Mg were not labeled.
lsceome AL AN NS

20 30 40 5 60 70 8 90
20 (Degree)

Microstructural Characterizations. Figure 8 shows the XRD patterns of as-cast Mg-3Zn alloys
inoculated with different contents of SiC. Two phases Mg matrix and SiC were identified. It is
indicated that after the addition of SiC no other phases were formed except for these two phase. It is
also possible that the other phase has a too low content to be detected by XRD. SEM observations
frequently found that inside the grains some particles with several micrometers exist. They seem to
be the nucleants for the formation of alpha-Mg during solidification. Figure 9 presents such a typical
particle inside the grain in Mg-3Zn-0.5SiC alloy and its EDS line analysis. The grain boundaries were
indicated by the white arrows. Under the back-scattered mode, the black part enriched with Siand C
can be confirmed as a SiC particle. Firstly, this particle has even darker contrast than that of Mg
matrix suggesting that its average atomic number is less than that of Mg matrix. In addition, the length
of black part particle is about 3 um, which is close to the original size 2 um of the SiC particle. The
inside white part is enriched with Fe and Mn, indicating that SiC is likely to associate/react with Fe
and Mn to serve as nuclei for a-Mg grains. In addition, Zn enriched area was also detected by EDS
line-scan analysis at the bottom of the right corner, which is closely attached to the SiC particle.

Influences of SiC Particles on Grain Refinement of High Purity Mg-Zn Alloys. Figure 10
shows the corresponding optical micrographs of the comparison experiments. Compared with the
remarkable grain refining effect of 0.3% SiC in commercial purity Mg-3Zn alloy, its grain refining
effect in HP Mg-3Zn alloys can be neglected. The grain sizes of commercial purity Mg-3Zn alloy
(Figure 10 (a)), HP Mg-3Zn alloy (Figure 10 (b)) and HP Mg-3Zn-0.3SiC alloy (Figure 10 (d)) keep
in the same level. In addition, no such nucleation sites can be observed in HP Mg-3Zn-0.3SiC alloy
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by SEM characterizations. Also, similar results occurred for 0.5% SiC inoculated in commercial
purity Mg-3Zn or HP Mg-3Zn alloys Figure 10 (e) and (f). Therefore, it is reasonable to conclude
that Mn and Fe appeared in the commercial purity alloy are very important for the grain refining
process with SiC inoculant in Mg-Zn alloys.
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Figure 10. Optical micrographs of as-cast alloys: (a) Mg-3Zn; (b) HP Mg-3Zn (c) Mg-3Zn-0.3SiC;
(d) HP Mg-3Zn-0.3SiC; (e) Mg-3Zn-0.5SiC; (f) HP Mg-3Zn-0.5SiC.

Roles of Mn in Grain Refinement. Figure 11 shows the influence of Al addition on the grain size
of Mg-3Zn-0.3SiC alloy. After adding small amount of 0.05%Al, the grain size of Mg-3Zn-0.3SiC
increases. With further increasing the content of Al to 0.1 or 0.2%, the grain size increases to 348 pm
or 319 um, respectively. The above results indicates that the addition of Al may remove or poison
these nucleants formed by the interaction of SiC with those impurities such as Mn and Fe (Figure 9).
As known, Al element has a very strong affinity to Mn. They can form the intermetallics AlsMns
[10]. It can then be concluded that after the addition of small amount of Al the impurity Mn was
removed in the matrix by the formation of AlsMns. Consequently, the remained manganese was not
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enough to interact with SiC to form enough effective nucleants for alpha-Mg. The grain size of alpha-
Mg then increases.

It is proposed that the poisoning effect of small amount addition of Al is due to the formation of
Alg(Mn,Fe)s, which interferes with the reaction between SiC and Mn (Fe) to form potent Fe-Mn-Si
nuclei. The comparative test of HP Mg-3Zn-0.3SiC-0.1Al alloy with no poisoning grain refinement
effect in Figure 10 directly supports this point. Zhang et al. predicted that the Alg(Mn,Fe)s
intermetallic compound has the lowest efficiency as a nucleant for Mg grains based on E2EM model
calculation [11]. In addition, Wang et al. investigated that AlsMns intermetallic particles can be in-
situ formed within the AZ91D alloys with different Mn addition [12]. Their extensive TEM
examinations on the AlsMns/a-Mg interfaces revealed that there is no crystallographic orientation
relationship between the AlsMns and a-Mg crystals. Therefore, they concluded that AlsMns particles
are unlikely to act as effective nucleants for the a-Mg grains during solidification. In the present
study, when small amount of Al addition was added into Mg-3Zn-0.3SiC alloy system, part of the Al
captured the Mn (Fe) elements that originated from commercial purity Mg source to form
Alg(Mn,Fe)s. This prevents the contact between Mn (Fe) elements and SiC inoculants, leading to the
disappearance of the grain refining effect.

It should be also noted that some previous researches also reported that Mn is a grain refiner for
Mg-Al alloy system [13-16], but the grain refining mechanisms are attributed to the formation of &-
AlMn or t-AlMn phase in the Mn-Al alloys, not to the AlsMns phase. Furthermore, Cao et al. verified
that different Mn-containing sources would lead to different grain refining effects [15]. However, no
such phases were detected in the present study. Therefore, the grain coarsening effect is most likely
attributed to a decrease in nucleation potency when effective Fe-Mn-Si intermetallic phase
transformed to lower potent Alg(Mn,Fe)s intermetallic phase.

0.3SiC, AGS; 180 um 0.3SiC-0.05Al, AGS: 253

1.mr

0.3SiC-0.2Al, AGS: 319

0.3SiC-0.1Al, AGS:

Figure 11. Optical micrographs of as-cast Mg-3Zn-0.3SiC-xAl alloys: (a) x = 0.05%; (b) x = 0.1%;
(c) x=0.2%
Summary

SiC particle can be used as a good grain refiner in Al-free Mg-Zn alloys. The responsible grain
refinement mechanism is attributed to the formation of (Si, Mn, Fe)-containing intermetallics caused
by the interaction of SiC particles with impurities Fe and Mn in matrix, which can promote the
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nucleation of alpha-Mg. The grains of Mg-3Zn-0.3SiC alloy system are dramatically coarsened when
the addition of Al is less than 0.1%. The poisoning effect of small amount addition of Al is due to the
formation of low potent Alg(Mn,Fe)s phase, which interferes with the reaction between SiC and Mn
(or Fe) to form potent nuclei. The comparative test of high purity (HP) Mg-3Zn-0.3SiC-0.1Al alloy
with no poisoning grain refinement effect supports this result well. Due to very low amount of
impurity Mn in high pure Mg, the grain refinement in Mg-Zn alloys was not observed after the
additions of SiC particles. Under this situation the formation of (Mn, Si)-intermetallics was
suppressed due to the deficiency of Mn.
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Abstract. Predictive models of equiaxed crystal nucleation and growth are essential for predicting
grain refinement in casting. An alternative method for modelling polycrystalline equiaxed
development during solidification, called the Nucleation Progenitor Function (NPF) approach, was
described in recent literature. The NPF approach attempts to define functional progenitor-progeny
relationships between seed activation and real and phantom nucleation events. The NPF approach
was applied to the microgravity Multiple Equiaxed Dendrite Interaction (MEDI) experiment, which
used a transparent material to observe equiaxed nucleation and growth in real time. The NPF approach
was able to model the evolution of equiaxed solidification during the microgravity phase of the
experiment on a volumetric and an areal basis. The difference between the volumetric and areal
outputs was due to a stereological correction for the bulky transparent sample viewed under
transmitted light conditions. In addition, the NPF approach modelled the thermal evolution of the
MEDI with good agreement and was able to compensate for the temperature gradient and its influence
on the overall statistics for the nucleation data.

Introduction

Predictive models of equiaxed crystal nucleation and growth are essential for predicting grain
refinement in solidification processes such as casting. Grain refinement is a significant topic in
metallurgy because it leads to smaller average grain sizes. Smaller grains give improved mechanical
properties through grain boundary strengthening. During solidification, nucleation and growth are
described as being interdependent upon each other. Nucleation occurs in the first instance, but if
nucleation is delayed or proceeds progressively, then the growth in the initial stages of transformation
can suppress the nucleation rate in the latter stages. This interdependence has been explained in
several literature sources, for example [1-3]. A recent approach to modelling equiaxed solidification
called the Nucleation Progenitor Function (NPF) approach has been established [4] which accounts
for this interdependence between nucleation and growth by defining functional progenitor-progeny
relationships between seed activation rate and real nucleation rate. This manuscript summarizes the
NPF approach and discusses its application to a microgravity solidification experiment called the
Multiple Equiaxed Dendrite Interaction or MEDI experiment. The perceived benefits of the NPF
approach are highlighted and discussed.

Microgravity Experimental Method and Material

A microgravity solidification experiment into polycrystalline equiaxed nucleation and growth was
performed onboard the MASER-13 sounding rocket and was reported in reference [5]. The
experimental alloy used was Neopentylgycol-30wt.%(d)Camphor, which is a hypoeutectic alloy with
face-centred cubic lattice structure in the primary dendritic phase. This alloy is transparent in the
liquid state, whereas, the primary dendritic phase is opaque. The experiment allowed in-situ
observation of polycrystalline equiaxed nucleation and growth under high-quality microgravity
conditions; hence, buoyancy driven effects were negligible. A controller allowed fixed cooling
conditions (0.75 K/min) to be set under a low temperature gradient (approximately 0.3 K/mm). Three
thermocouples recorded temperatures within the sample that were used for thermal validation. A full
thermal characterization of the MEDI experiment was reported in [6]. Thermal boundary conditions
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were investigated using a bespoke model of solidification. The model used in reference [6] was
closely related to the NPF model presented in [4] and used the same input data. Observations of the
solidification were made in-situ and in real-time using optical magnification methods. The MEDI
campaign was conducted as part of the European space agency CETSOL (Columnar-to-Equiaxed
Transition in SOL.idification Processing) programme [7].

Mathematical Method for the NPF Approach
The NPF approach may be described in stepwise fashion as follows.

The first step is to define the progenitor function to describe the collective nucleation potency of
all inoculant particles. This step relies on the fact that a Probability Density Function (PDF) can be
used to describe the nucleation potency. In this case a Gaussian distribution is assumed.

dN N, 1 (&T — &TD):
= —exp|——|—————
d(AT) AT \2m 2 AT,

2N
d (AT}
volumetric nucleation density of all possible nucleation sites; undercooling is given as AT=T.-T
(where Ty is the equilibrium liquidus temperature); AT, is the mean nucleation undercooling for all
potential seeds and AT is the standard deviation of the distribution.
The second step is to apply a co-ordinate transformation that changes the progenitor function from
the undercoolingddomain, AT, to the time domain, t, as follows
. . dN
N(t) T a@an) 2
Equation (2) is described as given a time instance of the progenitor function provided in equation (1).

(1)

is the athermal nucleation density distribution based on undercooling, AT; No is the

The third step is to apply the principles of the Kolmogorov approach, based on probability theory, 