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Abstract

This thesis describes the development of an experimental facility in combination with

image processing and computer vision techniques for the visualisation and characteri-

sation of dendritic growth structures in the transparent model alloy Neopentyl Glycol-

35wt.%(D)Camphor. The facility enables the control of the mushy zone growth rate

and the imposed temperature gradient during solidification and provides in-situ optical

video data of the solidification process. A suite of image processing and computer-vision

techniques facilitate quantitative data extraction from the in-situ video data. The first

is a front-tracking technique for automated tracking of the solidification front position

and growth rates during directional solidification. The technique is validated against

manual measurement and compared with the traditional liquidus isotherm speed mea-

surement technique, which is widely used for estimating growth rates in directional

solidification. Next, the development of a computer vision algorithm for multiple den-

drite tip tracking is described. In combination with a thermally calibrated experimental

facility, the tracker provides tip velocity and undercooling data for comparison with

similar data obtained in microgravity. The data are compared to the traditional LGK

model, and a modified LGK model adapted with a finite diffusional boundary layer

theory to account for convection effects. Finally, mechanisms of competitive growth

are investigated in the 〈111〉 transparent alloy. Multiple scenarios that obey and dis-

obey the classical Walton-Chalmers rule are described and provide the first examples of

competitive crystal growth with associated tip velocity vectors in directionally solidified

〈111〉 crystals.

v



Chapter 0 vi Turlough Hughes



Publications and Conferences

Journal publications

• T. Hughes, S. McFadden, A.J. Robinson, “A front-tracking measurement tech-

nique for in-situ columnar and equiaxed structure growth with controlled solidi-

fication,” Meas. Sci. Technol., vol. 32, no. 4, p. 045903, 2020.

• T. Hughes, A.J. Robinson, S. McFadden, “Multiple Dendrite Tip Tracking for In-

Situ Directional Solidification: Experiments and Comparisons to Theory,” Mater.

Today Commun., vol. 29, p. 102807, 2021.

• T. Hughes, A.J. Robinson, S. McFadden, “Competitive Growth during Direc-

tional Solidification of ⟨111⟩ Columnar Dendrites,” Under Preparation

Conference papers

• T. Hughes, S. McFadden, A.J. Robinson, “In-situ observation of the effects

of gravity direction on directional solidification of the transparent alloy NPG-
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Chapter 1

Introduction

1.1 Background and Context

Solidification is a critical processing route for many materials, particularly for metals

and alloys. The micro-macro structures and textures that form during solidification

both depend on the solidification process and strongly influence the solidified part’s

material properties. Approximately 113 million tonnes of metal is cast in over 45000

foundries worldwide each year [1]. In consumer electronics, solidification techniques

such as the Czochralski method and zone refining are essential for manufacturing semi-

conductor grade silicon. For the gas-turbine engine, Bridgman solidified single crystal

turbine blades have facilitated elevated operating temperatures and higher fuel efficien-

cies. In the automotive industry, casting is essential for the economical manufacturing

of complex metal geometries such as engine blocks. It follows that the science of solid-

ification, specifically metal solidification, is critical to modern civilisation.

Dendrites are the most regularly observed microstructure feature during metal so-

lidification. From lightweight aluminium alloys to high-temperature nickel-base super-

alloys, their importance is demonstrated by the fact that every second, approximately

1010 metal dendrites are produced globally [2]. The word dendrite derives from the

Greek word “δένρδoν” for “tree”, owing to their tree-like, ramified structure. A den-

drite grows with a single primary arm, and secondary dendrite arms regularly form

behind the primary tip. If secondary dendrite arms grow unobstructed, tertiary den-

drite arms may also grow behind the secondary dendrite tip, with successful tertiary

3



Figure 1.1: Schematic illustration of directional solidification setup showing mushy zone,
isotherm speed, and columnar and equiaxed morphologies.

arms typically growing in the same direction as the primary dendrite arm. Conse-

quentially, a single crystal growing in the melt may comprise a colony of dendrites

from a single initial nucleus. Hence, the dendrite features (e.g. primary and secondary

dendrite arms spacing, average grain size) and the competition between neighbouring

crystals produce a diverse range of patterns. Experiments to study the mechanisms

and physics of pattern formation during solidification are both crucial for validating

theoretical and numerical solidification models and for advancing related technologies

such as casting, welding, and additive manufacturing.

1.1.1 Directional Solidification

Controlled directional solidification experiments are routinely employed to study the

effect that thermal processing parameters (e.g. temperature gradient, cooling rate, or

isotherm speed) have on the micro – macro structure features that form during solidi-

fication. Directional solidification may occur due to an imposed or naturally occurring

temperature gradient in the liquid melt at the macro-scale and causes preferential

growth in the direction opposite to the heat flux direction. Temperature gradients fre-

quently occur in casting, welding, and metal 3D printing due to a temperature differ-

ence between the molten liquid metal and the ambient environment. Thus, directional

solidification is pertinent to many industrial scenarios.
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Figure 1.1 schematically illustrates an experimental setup for directional solidifi-

cation. Here, a heater and heat sink maintains a temperature difference along the

vertical y-direction of a crucible containing the alloy (or metal). The heat sink is set

below the alloy’s solidus temperature, while the heater is set above the alloy’s liquidus

temperature. Before directional solidification, the heater and heat sink temperatures

are maintained such that material in the crucible’s heater and heat sink zones are in

fully liquid and fully solid states, respectively. Additionally, as figure 1.1 shows, the

binary alloy forms a region called the mushy zone, where solid and liquid coexist. If

enough time is provided, the top of the mushy zone aligns with the liquidus isotherm.

At this point, the methods to initiate directional solidification vary. One approach

is the Bridgman-Stockbarger technique [3], which involves translating the crucible ver-

tically downwards through the heater and heat sink, causing the liquidus isotherm to

advance vertically upwards along the crucible’s y-axis. Following an initial transient,

the growth rate and liquidus isotherm speed, vL, match the pulling rate (assuming a

constant pulling rate), and directional solidification occurs upwards along the crucible’s

positive y-direction. In this scenario, thermocouples in the heater and heat sink pro-

vide an estimate of the temperature gradient during solidification. Another approach

to initiate directional solidification is simultaneously cooling the heater and heat sink,

causing the liquidus isotherm to advance directionally upwards through the crucible.

If the cooling rates are maintained (and following an initial transient), the growth rate

and liquidus isotherm speed eventually match. Here, the liquidus isotherm speed, and

hence the growth rate, are provided by vL = Ṫ /G, where Ṫ is the cooling rate, and

G is the temperature gradient. One advantage of the second approach is that, with a

stationary crucible, thermocouples may be inserted in fixed positions on the crucible

wall and provide local temperature gradient measurements.

As noted, two crystal morphologies arise in dendritic solidification termed equiaxed

and columnar crystals. Figure 1.2 shows how solidification processing parameters of

growth rate and temperature gradient typically influence the solidification process,

leading to different grain textures in the solid (see also reviews [4–6]). The different

textures (and hence the different processing conditions) influence the material proper-
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Figure 1.2: Hunt map showing the classical dendritic textures that arise due to different so-
lidification processing conditions; (a) fully equiaxed growth (b) mixed columnar and equiaxed
growth and (c) fully columnar growth.

ties of solidified materials. For example, a fine equiaxed texture consists of small ran-

domly oriented equiaxed grains, resulting in isotropic material properties and higher

yield strength [7, 8]. A columnar texture comprises elongated grains with a preferred

orientation [3,9,10], resulting in anisotropic material properties. In this scenario, grain

boundaries tend to align parallel to the preferred growth direction and result in im-

proved creep resistance along the solidification direction [11]. The improved creep

resistance is particularly beneficial for components of gas-turbine assemblies, which

operate under high temperature and axial stress.

1.1.2 In-situ Solidification Research Methods

Due to metals’ opaque nature, it was not possible to make an experimental observation

of solidification mechanisms such as nucleation, growth and impingement of crystalline

grains. Traditionally, solidification research consisted of experiments with controlled

solidification processing parameters, followed by post-mortem metallographic analysis,

i.e. the sectioning, polishing, and viewing of a sample under a microscope after the so-

lidification process has occurred. While this approach has been invaluable, it provides

only a single frame of the solidification process. Before the 1960s (with the exception of

Papapetrou [12]), in-situ solidification studies were uncommon. One approach is using

organic transparent crystalline materials that freeze like metals [13]. In 1965 Jackson
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and Hunt proposed the use of transparent crystalline materials that form dendritic

structures as analogues for metal solidification [13]. The materials are appropriately

referred to as transparent analogues, or transparent model alloys. Figure 1.3 shows

an example of in-situ optical micrographs of the solidification process in the trans-

parent analogue material Neopentyl Glycol-35wt.%(D)Camphor. Experiments with

transparent alloys have provided essential validation criteria for numerical and theo-

retical models [14–19] and important insights in mechanisms of solidification, such as

fragmentation [20], primary dendrite arm spacing [21,22], and competitive growth [23].

In-situ observation of the solidification process is also possible in metallic systems

using x-ray radiographic and tomographic imaging [24–29]. Early work by Mathiesen

et al. [30], using x-ray radiography on Al-20wt.%Cu, showed the fragmentation phe-

nomenon during directional solidification. Later, Ruvalcaba et al., [31] showed that

local solute-enrichment at tertiary roots causes fragmentation in the same alloy compo-

sition. Fragmentation mechanisms have been studied in metallic systems with pulsed

ultrasonic [32] and electromagnetic fields [33]. X-ray imaging techniques have been

used to observe the CET [34–37], showing also the formation of elongated equiaxed

grains [35, 36]. In-situ x-ray tomography provide 3D reconstructions of dendrites and

has been used to study grain coarsening mechanisms [38,39].

X-ray radiography has typically been conducted on thin rectangular geometries

(≈100 µm to 200 µm thickness), where sufficient absorption contrast could be achieved

between the solid and the liquid melt. However, thin sample thicknesses can affect the

dendrite growth and microstructure. Bergeon et al. showed that sample thicknesses

comparable to the primary dendrite arm spacing (e.g. 50 µm to 200 µm) alters the

dendrite tip geometry and restricts secondary side branching to 2D [40]. Glicksman

et al. showed that proximity to the crucible wall, as compared with the thermal

diffusion length, alters the dendrite tip kinetics [41, 42]. Hence, bulk solidification

experiments are required for validating theoretical models. The latest generation of

x-ray radiographic imaging now facilitates in-situ observations in metallic systems on

sample thicknesses up to ≈ 1mm, which is less than the typical thermal diffusion length

in metallic alloys. On the other hand, experiments with transparent model alloys
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facilitate sample thicknesses on the order of centimeters with negligible wall effects.

They provide a low-temperature and inexpensive way to study dendritic solidification.

Additionally, thermocouples can easily be placed inside the crucible of bulk samples

for temperature measurement and thermal characterisation of the sample material’s

domain. Internal temperature measurements add confidence to temperature-related

experimental results (e.g. dendrite tip temperature measurement) and provide useful

criteria for numerical model validation.

1.1.3 Image Processing and Computer-Vision Techniques

Experiments with transparent alloys and x-ray imaging techniques have provided, and

continue to provide, deeper knowledge and understanding of the solidification process

than can be obtained ex-situ. Moreover, they have provided fundamental benchmark

data of the physical phenomena that occur during solidification to validate theoreti-

cal and numerical models. Video data provided by the in-situ visualisation techniques

qualitatively shows mechanisms of solidification. Researchers regularly perform manual

measurements of dendrite features to obtain quantitative data from in-situ optical and

radiographic imaging. However, for bulk solidification scenarios, manual tracking may

become infeasible and much data can remain unquantified. Recently, computer vision

techniques have been emerging in solidification research for tracking and measuring

fundamental solidification data from the in-situ footage; Liotti et al. used machine

learning to pinpoint nucleation events and measure nucleation undercooling for thou-

sands of individual crystals [43]; Sturz et al. and Mathiesen et al. developed techniques

to track growth fronts [44, 45]. McFadden et al. and Murphy et al. used thresholding

techniques to track equiaxed volume fractions [46,47]. Ex-situ works have also demon-

strated beneficial use cases for computer vision; Miller et al. and Nenchev et al. used

normalised cross-correlation and skeletonisation techniques to detect dendrite centers

in SEM micrographs automatically [48,49]. 3D reconstructions are routinely performed

using computed tomography [25]. Convolutional neural networks have been used to

perform fast image segmentation in Al-Si [50] and Al-Cu [51, 52] alloys, which can be

a bottleneck in developing 3D reconstructions via x-ray tomography. Deep learning
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Figure 1.3: Optical image sequence of downward directional solidification shows large clus-
ters of equiaxed crystals fragmenting from the mushy network.

methods are also being used for materials microstructure classification, for example,

to classify Ti-6Al-4V [53] and steel [54, 55] microstructures. Computer vision systems

provide quantitative data on the solidification processes and help investigators better

understand and communicate solidification mechanisms.

1.1.4 Microgravity

Gravity effects on the solidification process have been the subject of many experimen-

tal, theoretical and numerical works since the early ’80s. Fundamental investigations on

solidification theory are complicated by gravity-driven phenomena such as thermoso-

lutal flows, buoyancy and sedimentation. For example, Glicksman et al. showed that

dendritic growth is dominated by thermosolutal flow at low undercooling [41,56,57].

So far, directional solidification has only been described in the upwards direction.

A simple inversion of the solidification direction with respect to the gravity vector

demonstrates gravity’s influence. Figure 1.2 provided a schematic of the classical grain

textures observed during upwards directional solidification. In this scenario, the liq-

uid melt is thermally stable; i.e. the imposed temperature profile and liquid thermal

expansion cause a negative density profile along the y-direction, which thermally sta-

bilises the liquid melt. However, for downwards directional solidification, the opposite

happens. The imposed temperature gradient destabilises the liquid melt and results

in buoyancy-driven flow [58–66]. Figure 1.3 shows a significantly different outcome for
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downwards directional solidification with large fragments breaking from the coherent

mush producing clusters of equiaxed crystals. Thus, gravity effects are a crucial topic

in solidification research.

1.1.5 The CETSOL Project

This work is carried out in the context of the European Space Agency Microgravity Ap-

plications Promotion (ESA-MAP) project entitled Columnar-to-Equiaxed Transition

during SOLidification (CETSOL). The overarching objective of the CETSOL project

is to validate and further develop numerical modelling of grain structure formation

in industrially important castings. In particular, to give scientists and industrialists

confidence in the reliability of integrated numerical models of casting, which facilitate

the optimisation of solidification manufacturing processes.

The CETSOL project includes microgravity and terrestrial experimental campaigns

with Al-Si and Al-Cu alloys and NPG-DC transparent model alloys combined with the

development and validation of numerical models capable of predicting the position

or progression of a CET. The NPG-DC model alloy samples will be examined under

microgravity conditions in the Materials Science Glovebox onboard the International

Space Station (ISS). As noted in section 1.1.4, the microgravity environment provides

diffusive conditions without the complicating effects of buoyancy-driven flow and sed-

imentation. The ISS experiments with the NPG-DC alloys will comprise a sample

volume of 6 x 6 mm square cross-section and 100 mm length. The parameters gained

by microgravity experiments will be determined and compared to ground-based exper-

iments and numerical predictions.

The aim of this thesis in the context of the CETSOL project is to provide comple-

mentary terrestrial experiments with the NPG-DC alloy system for both the validation

of numerical models and for comparison to the microgravity experiments conducted in

sounding rocket missions and onboard the ISS. Image processing and computer vision

techniques will aid in the data extraction from video footage captured during terres-

trial experiments with the transparent model alloy allowing for deeper characterisation

of the dendritic growth. The data will be compared with theoretical and numerical
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models as well as microgravity experiments.

1.2 Thesis Objectives and Contribution

The overarching aim of this work is to develop an experimental facility in combination

with image processing and computer-vision techniques for the visualisation and char-

acterisation of dendritic growth structures in the transparent model alloy Neopentyl

Glycol-35wt.%(D)Camphor. In order to achieve this goal, the following objectives are

identified:

1. to develop an experimental facility for directional solidification which facilitates

in-situ visualisation of the solidification process under controlled cooling rate,

temperature gradient and isotherm speed

2. to develop computer vision and image processing techniques for use with the in-

situ optical video data for better visualisation and characterisation of micro and

macro structure development

3. to provide complementary terrestrial data for microgravity investigations with

the NPG-DC system as part of the CETSOL framework

4. to investigate competitive growth mechanisms during directional solidification

in the 〈111〉 transparent alloy NPG-35wt.%DC and apply image processing and

computer vision techniques to further elucidate competitive growth mechanisms.

Directional solidification experiments with a cylindrical sample volume of 8mm di-

ameter cross-section by 450 mm length will be used to study the dendritic growth with

the transparent model alloy NPG-35wt.%DC. The experiments will allow for the visu-

alisation of dendritic forests. At the same time, computer vision and image processing

techniques applied to in-situ video data will aid in the characterisation of columnar

and equiaxed dendritic growth in the transparent model alloy. The experiments and

techniques developed in this work will provide new insights on dendrite growth and

competitive grain growth. This work will provide important validation criteria for nu-

merical and theoretical models of solidification to give confidence in the reliability of
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integrated numerical models of casting, which facilitate the optimisation of solidifica-

tion manufacturing processes.

1.3 Thesis Structure

This thesis is structured so that each chapter can be a standalone publication in a

journal. Accordingly, the upcoming chapters consist of either a journal publication or

work that is under preparation for a journal and a final chapter for conclusions. In gen-

eral, Chapters 2 - 4 comprise a journal publication structure with traditional sections

headings of; Abstract, Introduction, Methodology, Results, Discussion, and Conclu-

sions. The introduction provides a literature review, identifies gaps in the knowledge,

and then closes with the chapters’ aims and objectives. For the methodology section,

Chapter 2 provides a detailed description of the newly developed experimental facil-

ity [67]. Chapter 2 lays the foundation for experiments and analysis techniques that

are described in Chapters 3 and 4. Hence the methodology sections for Chapters 3

and 4 provide a brief description of the experimental facility (citing [67] for a more de-

tailed description). Chapters 3 and 4 then proceed with a detailed description of novel

methodologies pertinent to that chapter, for example, the newly developed computer

vision technique for multiple dendrite tip tracking described in Chapter 3. Finally, the

results, discussion and conclusions, are provided.

The upcoming contents of the thesis are outlined as follows:

Chapter 2: reports the work entitled, “A front-tracking measurement technique

for in-situ columnar and equiaxed structure growth with controlled solidification”, Ac-

cepted for publication in: Measurement Science and Technology. This chapter provides

a detailed description and introduction to the experimental facility and describes the

development of an automatic image processing technique to track the solidification

front position and calculate growth rates. The growth rate measurements using the

new technique and the traditional method (liquidus isotherm speed) are benchmarked

against manual measurements of position and growth rate. Results show that auto-
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matically tracked growth rate compares well throughout experiments with errors less

than 2.7%. Contrastingly, isotherm speed was in error up to 19%.

Chapter 3: reports the work entitled, “Multiple dendrite tip tracking for in-situ

directional solidification: experiments and comparisons to theory,” Accepted for pub-

lication in: Materials Today Communications. This chapter presents a novel computer

vision algorithm for automatically detecting and tracking multiple columnar dendrite

tips from in-situ video data of directional solidification. Instead of selecting a few

dendrites for manual analysis from video data, the technique facilitates growth rate

analysis of dendritic forests. Terrestrial measurements for the dendrite tip velocity and

undercooling relationship are thus provided and are compared with the available mi-

crogravity data. Comparisons are made to the classical Lipton-Glicksman-Kurz (LGK)

model and to a modified LGK model adapted with a finite diffusional boundary layer

theory to account for convection effects. The chapter also describes an oscillatory

component to the tip velocity between adjacent columnar dendrites. The tip tracking

algorithm is beneficial as it allows for the tracking of hundreds of dendrite tips, hence

providing statistical and qualitative insights that are otherwise difficult to reconcile

using traditional methods.

Chapter 4: reports the work entitled, “Competitive growth during directional so-

lidification of 〈111〉 columnar dendrites”, Under Preparation. This chapter explores

competitive growth mechanisms in the transparent model alloy, NPG-35wt.%DC. The

alloy in question grows along 〈111〉 crystallographic directions [68]. Presently, there are

no in-situ investigations on competitive growth in 〈111〉 alloys. This chapter compares

competitive growth mechanisms for 〈111〉 dendrites to the widely accepted Walton-

Chalmers rule and finds multiple scenarios that obey and disobey the Walton-Chalmers

rule. Unfavourably oriented crystal colonies at diverging grain boundaries are shown

to compete with and outgrow favourably oriented colonies via tertiary branching. It is

proposed that the deviation from the Walton-Chalmers rule of competitive growth is

probabilistic and likely depends on the initial seeding.
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Chapter 5: Summarises the thesis’ major findings and contributions to knowledge,

with suggestions for future work.
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Chapter 2

A Front-Tracking Measurement

Technique for In-Situ Columnar

and Equiaxed Structure Growth

with Controlled Solidification

Abstract

Growth rate is an important consideration in solidification as it influences features

of the micro and macrostructure such as morphology and the columnar to equiaxed

transition. Thus, accurately quantifying the growth rate is key to understanding the

solidification process as well as verifying numerical simulations. In this work, an ex-

perimental apparatus has been developed to investigate in-situ directional solidifica-

tion using a transparent analogue material; neopentyl glycol-35wt%(d)camphor. The

facility enables the control of the mushy zone growth rate as well as the imposed

temperature gradient during solidification, similar to Bridgman type furnaces. Image

processing techniques were developed for automated tracking of position and growth

rate of the solidification front using background subtraction on photographic image se-

quences captured in experiments. Growth rate measurements using this technique and

the traditional method (liquidus isotherm speed) have been benchmarked against man-

ual measurements of position and growth rate. Results show that automatically tracked
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growth rate compares well throughout experiments with errors less than 2.7%. Con-

trastingly, isotherm speed was in error up to 19%. Three columnar and two equiaxed

morphologies were investigated and solidification fronts were characterised for their

growth rates and thermal conditions.

2.1 Introduction

Control of the solidification process, the development of microstructures during so-

lidification, and the impact upon the resulting material properties continue to be an

essential yet technologically challenging task for developing high-quality cast, welded

and additively manufactured parts. Solidification conditions, such as temperature gra-

dient and cooling rate, directly influence the microstructure and grain texture in the

as-cast solid and therefore have a direct effect on the quality and mechanical proper-

ties [69, 70].

Directional solidification refers to the case where the solidification occurs along a

known or preferred direction. Under laboratory conditions involving cylindrical cru-

cibles, the solidification is controlled by managing the thermal conditions so that the

growth direction is aligned with the crucible axis. Different crystal morphologies can

arise depending on the process parameters imposed during the solidification process.

The different crystal morphologies lead to different crystal textures and properties at

the macroscale of the casting. One such texture is called a columnar grain structure

(see figure 2.1) where elongated grains (i.e. with high aspect ratio) are aligned in a

common direction. Another texture is called an equiaxed grain structure where grains

have a lower aspect ratio (typically less than two) and random orientation. Columnar

structures have been shown to provide superior creep resistance in metal alloys oper-

ating at elevated operating temperatures [11] while fine equiaxed structures provide a

higher yield strength as described by the Hall-Petch relationship [7, 8].

A Columnar to Equiaxed Transition (CET) can occur during solidification when

transient thermal conditions exist. For example, casting conditions that initially favour

columnar growth (high temperature gradient or low growth rate) can change to favour

equiaxed growth (low temperature gradient or high growth rate) giving rise to a CET.
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Growth rate and temperature gradient are therefore important considerations in studies

on CET.

In particular, numerical models that attempt to simulate the thermal conditions

for CET require deeper information about the process from experiments [5, 6, 71, 72].

However, the validation of numerical simulations can be problematic due to a lack of

detail regarding boundary conditions in the experimental work. Furthermore, tradi-

tional metallographic analysis of experimental samples is termed ex-situ or post mortem

analysis; that is, the analysis takes place after the sample has been processed and has

cooled to room temperature. In-situ analysis of the solidification as it occurs is prefer-

able for model validation. In-situ experiments are, however, difficult to achieve due

to the opaque nature of metals in the visible spectrum as well as the opaque ceramic

furnaces that are used for metal processing. One approach is to use x-ray technology

to observe crystal growth [24,73–77], but this approach is limited to thin samples and

alloys that have sufficiently different x-ray absorption rates to give good image contrast.

Another approach to in-situ analysis is the use of transparent organic materials

that solidify in a similar way to metals [13] and which form columnar and equiaxed mi-

crostructures. These materials are referred to as transparent model alloys or transpar-

ent analogues. Provided that transparent crucibles are used, they facilitate real-time

visualisation of solidification processes using optical video microscopy. Experiments

with these analogues have advanced knowledge and understanding in solidification

research (see reviews [78–80]). One such transparent analogue is the binary system

of Neopentyl Glycol and (d)Camphor (NPG-DC). Recently, microgravity experiments

with this system provided benchmark data for numerical models independent of the

gravity-driven phenomena such as buoyancy-driven flow and sedimentation [47,81–83].

Future work on NPG-DC alloys is planned onboard the International Space Station for

investigating CET [84].

Figure 2.1 shows a schematic of directional solidification for columnar growth (left)

and equiaxed growth (right). The schematic shows the liquid zone and the mushy zone

(mix of liquid and solid), denoted L and M, respectively. Additionally, for the case

of equiaxed growth, figure 2.1 delineates the equiaxed mushy zone into coherent and
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Figure 2.1: Graphical representation of directional solidification defining important posi-
tions and regions for columnar growth (left) and equiaxed growth (right). L, Liquid zone;
MC , Columnar mushy zone; ME , Equiaxed mushy zone; ME,I , Incoherent equiaxed mush;
ME,C , Coherent equiaxed mush; TL, equilibrium liquidus isotherm; SF, solidification front;
vI , equilibrium liquidus isotherm speed; vSF , growth rate.

incoherent zones, ME,C and ME,I , respectively. In equiaxed dendritic solidification, the

nucleated equiaxed crystals can move freely in the melt and this is called the incoherent

mushy zone. When the free-to-move dendrites sediment and grow to impinge on one

another, the dendritic network becomes coherent (i.e. the dendrites’ motion becomes

restricted). Figure 2.1 shows the solidification front (SF) of interest in this study at the

top of the columnar mushy zone (left) and at the top of the coherent equiaxed mushy

zone (right). The SF proceeds upwards with a growth rate, vSF . The equilibrium

liquidus isotherm, TL, advances with a velocity, vI , called the equilibrium liquidus

isotherm velocity.

Relationships between growth rate, morphological transitions and dendrite charac-

teristics are well documented for transparent analogues [80, 85, 86]. Figure 2.2 shows

how controlling the temperature gradient, and the cooling rate facilitates growth rate

control in a static crucible. Two heaters either side of the adiabatic baffle zone (some-

times a heater and heat exchanger) maintain a hot and cold side thus providing a

temperature gradient, G (shown in figure 2.2). By subsequently applying a cooling

rate equally throughout the baffle zone the solidification front grows upwards and, fol-

lowing an initial transient period, the isotherm speed, vI , provides an estimate of the

growth rate as follows:

∆z

∆t
= (∆T

∆t
)( ∆z

∆T
) (2.1)
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Figure 2.2: Graphical representation of the assumed alignment of the mushy zone. Tem-
perature profiles assumed during isotherm speed measurement at two time instants; t1 and
t2, and schematic of the adiabatic baffle zone (right) corresponding to time t2.

vI = −Ṫ ( 1

G
) (2.2)

Additionally, the temperature profile can be used to give a basic estimate of the

position of the mushy zone. Based on equilibrium conditions, the mushy zone may

be assumed to exist between the liquidus and solidus or eutectic isotherms, as ap-

propriate. In this case, the bounding isotherms (i.e. the liquidus and solidus) are

typically calculated based on the original composition of the alloy. However, under

steady growth conditions, even when the liquidus isotherm speed and the growth rate

are well-matched, the liquidus isotherm position and the boundary of the mushy zone

may not match. This mismatch may arise due to the crystal tips, which define the

extent of the mushy zone, growing at temperatures below the equilibrium liquidus

temperature (i.e. a tip undercooling must exist). Partitioning of solute at the inter-

face and diffusion into the liquid melt ahead of the dendrite tips causes constitutional

undercooling [87]. Misalignment between the growth direction of columnar tips and

the heat flow direction typically causes a greater mismatch between liquidus isotherm

position and the crystal tips. In the case of an equiaxed mushy zone, nucleation of

crystals occurs at some finite level of undercooling deeper within the mushy zone and

the resulting coherent equiaxed growth front does not align with the moving liquidus

isotherm. If the growth conditions are nonsteady due to transient thermal conditions,

then the growth may deviate further from the set conditions. Mota et al. [19] have
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shown that after initial pulling in a Bridgman furnace, the growth rate can take 40 min-

utes to 2 hours to reach a steady state with a succinonitrile and camphor transparent

analogue. It is clear that the application of the equilibrium liquidus isotherms to define

the extent of the mushy zone can be problematic. This has implications regarding the

interpretation of the physics as well as for validating simulations.

An experimental apparatus has been developed in this investigation that imple-

ments directional solidification using the NPG-DC transparent analogue in a trans-

parent sapphire crucible. This allows for visualisation and videography of the mushy

zone development as well as the grain textures. An image processing technique has

been developed to track the position and speed of the solidification front with time,

providing an averaged position and velocity of columnar tips in the bulk direction of

growth. The image processing technique also tracks the growth rate for fully equiaxed

growth by tracking the top of the coherent mushy zone. The results are compared with

liquidus isotherm speed measurements and manual reference measurements of position

and growth rate. Importantly, the growth rate measurements are obtained with well-

defined and accurately quantified experimental boundary conditions. The experiments

thus provide accurate thermal input data for simulation research in the form of mea-

sured boundary conditions and output data related to the crystal morphology. This

data will allow for code validation to take place.

This contribution aims to describe the application of a unique directional solidifi-

cation test rig that includes thermal instrumentation and control in combination with

automatic image processing to track position and calculate growth rates for columnar

and equiaxed crystal growth fronts. The objectives are:

• To provide technical details on the development of the new experimental facility

and to provide thermal calibration data.

• To describe the development of a new image processing technique for tracking

the position and growth rate of the solidification front.

• To benchmark the newly developed automated tracking technique against man-

ually assigned growth rate and front positions.
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• To compare the automatically calculated growth rates to the manually assigned

growth rates and traditional isotherm speed estimation.

2.2 Description of Materials & Methods

2.2.1 Apparatus

Figure 2.3 shows a technical illustration of the experimental apparatus. It consists of a

vertical sapphire tube of 450 mm length, with an inner diameter of 8 mm and an outer

diameter of 10mm. Sapphire was chosen as the crucible material because it is optically

transparent, allowing visualisation of the top of the mushy zone and, due to its high

thermal conductivity (40 W/mK), facilitates heat transfer to and from the material

with low (< 1 K) temperature difference across the crucible wall.

A resistively heated coiled nichrome wire is wrapped tightly around the outer tube

wall with a layer of thermally conductive silicone to provide adequate thermal contact

and electrical isolation. This region acts as the heat source in the upper section of

the crucible. Electrical power is supplied to the resistive coil with an Automatik EA-

PSI 8360-10 T DC power supply. The power supply is controlled with a dedicated

computer (see figure 2.4), which is connected with an EA-IF-U1 interface card. Heat is

extracted from the lower section with a 170mm-long tube and shell type heat exchanger.

A precision chiller (Julabo A40) in series with a pump supplies chilled water to the

tube and shell heat exchanger with initial setpoint temperatures followed by controlled

cooling rates ranging 0.2 - 1 K/min.

Figure 2.3 shows the baffle zone between the heater and the chiller. A camera

(Canon EOS 1100D, 12 Megapixel sensor) with a variable lens (Navitar 1.4 x – 13 x

zoom) mounted perpendicularly to the sample vertical axis records image sequences of

the solidification process within the dashed region of the baffle zone shown in figure

2.3. Thermocouples on the wall of the sapphire tube in the baffle zone monitor the

temperature and are used to determine the thermal gradient, G, and cooling rate, Ṫ

in the region.

Temperatures on the wall of the sapphire crucible, TH , TA1, TA2 and TC all denote
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Figure 2.3: Technical illustration of apparatus with highlighted view of an acquired image.
In the upper right, the baffle zone is shown up close with solid growing directionally upwards.
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the average of two thermocouples at the given height. TH and TC are controlled to set

the thermal gradient and cooling rate in the baffle zone while thermocouples on the

wall of the sapphire tube in the baffle zone, TA1 and TA2, monitor the thermal gradient,

G, and cooling rate, Ṫ , on the crucible wall in the region where solidification occurs.

End caps at either end of the sapphire crucible, shown in figure 2.3, serve both as

fixtures of the test section to an aluminium frame (not shown) as well as providing a

pass-through seal to and from the crucible. This facilitates an air-tight connection of a

pressure transducer along with conduit piping; one for adding and removing the model

alloy and one to allow outflow when filling the crucible. At different heights along

the wall of the sapphire tube, pairs of 0.5 mm diameter blind holes have been drilled,

diametrically opposed to one another, into which T-type thermocouples have been

inserted with a small amount of thermal adhesive for non-invasive wall temperature

measurement. Two thermocouples embedded in the wall of the crucible in the cooled

region provides the temperature, denoted TC , indicated in figure 2.3 and 2.4. For

internal temperature measurements, an 80 µm diameter T-type thermocouple with

Teflon sheath and exposed junction is optionally traversed into the crucible from the

top of the rig through an O-ring seal. The internal thermocouple is housed in a 3mm

outer diameter stainless steel tube which is used for positioning and extends 30 mm

from the end of the tube into the baffle zone. A clamp fixture, shown in figure 2.3,

holds the thermocouple in place and allows for accurate positioning of the probe in the

baffle zone.

2.2.2 Materials

The transparent model alloy, NPG-35wt.%DC, was prepared from organic crystalline

materials, Neopentyl Glycol and (D)Camphor, supplied by Sigma Aldrich. Since NPG

is hygroscopic, the sample was prepared in a sealed glovebox under Argon atmosphere

with H2O < 5ppm. Liquid NPG-35wt.%DC was then transferred from the glovebox via

a high-temperature gas-tight glass syringe and injected into the experimental facility at

the lower end cap via a Leur Lok valve. The transparent model alloy under investigation

is a hypoeutectic composition with a 〈111〉 dendritic orientation and is a CET former.
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2.2.3 Experimental Control

Control of the temperatures of the heater and chiller, TH and TC respectively, facilitate

the application of nominal temperature gradient, G, and cooling rate Ṫ in the baffle

zone, and hence isotherm speed can be calculated via Eq. 2.2. When the heater and

chiller temperatures are decreased at the same rate, the cooling rates ṪA1 and ṪA2 in

the baffle zone reach steady-state after which averaged values for cooling rate, isotherm

speed, and temperature gradient are recorded.

Figure 2.4 shows a schematic of the control setup for the experiment. For each

experiment, TH and TC were initially kept constant at a pre-set value. TC was kept

constant by controlling the coolant temperature of the chiller and subsequently ramped

down at a given cooling rate between 0.2 and 1 K/min for the duration of the exper-

iment using the controls on the precision chiller. The power supplied to the electrical

heater was modulated with a Proportional and Integral (PI) feedback control loop us-

ing the heater temperature, TH , as the process variable. The feedback control was run

with LabView® triggering the power supply using an Automatik EA-IF-U1 interface

card to signal the electrical power supply. In this way, TH could then be ramped down

at the same cooling rate as ṪC = dTC/dt in order to maintain a constant temperature

gradient G = (TH − TC)/z, with zHC being the axial distance between thermocouples

TH and TC . Thus, for a fixed G specified by the user, the setpoint TH for the controller

is calculated as:

TH = TC +GzHC (2.3)

2.2.4 Experimental Procedure

This work investigated directional solidification occurring vertically upward from the

cooled solid zone following initiation of a controlled ramp down change of TC and TH .

To investigate conditions leading to a columnar to equiaxed transition, the cooling rate

Ṫ and hence liquidus isotherm speed, vI , were varied, and the temperature gradient,

G was kept constant for all experiments. In a given test the morphologies were char-
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Figure 2.4: Schematic diagram of experimental facility

acterised as being either fully columnar or fully equiaxed after review of the optical

camera footage. Subsequent tests were then performed for different values of applied

cooling rate Ṫ , and hence isotherm speeds. For the present experiments, the test ma-

terial above the cooled heat sink region was initially heated such that the material in

the heated section and the baffle zone region was in the liquid phase. TH and TC were

then adjusted such that the solidification front was just below the camera’s Field of

View (FoV) and was maintained constant for a period of at least 40 minutes to allow

the solidification front to reach the liquidus isotherm. At this point in the experiments,

ramp down cooling was initiated, and optical imaging was commenced. Image process-

ing techniques to track the solidification front, described in section 2.2.5, confirmed if

the growth rate had achieved steady state. As mentioned, TC was set by controlling

the precision chiller. Simultaneously, TH was computer-controlled to decrease at the

identical rate so as to maintain a constant axial temperature gradient, G, in the baffle

zone (see Eq. 2.3). The camera clock, being synchronised with the computer clock,

facilitated direct visual correlation of the observed solidification morphology with the

instantaneous thermal environment. As this was a relatively slow process, the frame
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Table 2.1: A list of the thermal processing parameters during experiments

Test Number Cooling Rates (K/min) Temp. Gradient (K/cm) Isotherm Speed (µm/s)

I 0.2 18 1.9

II 0.4 18 3.7

III 0.6 18 5.6

IV 1.0 18 9.3

IV 1.0 18 9.3

rate of the camera was set to capture images continuously at 0.5 fps. Table 2.1 lists

the imposed process parameters implemented for TH and TC while tabulated results

for temperature gradient, cooling rate and isotherm speed measurement have been de-

termined using thermocouples seated in the wall of the sapphire tube adjacent to the

solidification front and in the baffle zone (TA1 and TA2). Eq. 2.2 was used to estimate

that the isotherm speeds were between 1.9 and 9.3 µm/s.

2.2.5 Automatic Front Tracking Algorithm

An image processing technique has been developed for automatically tracking position

and growth rate of the advancing solidification front using the photographic image

sequences captured during the experiments. The technique employs background sub-

traction where the grayscale pixel intensities of a frame under evaluation deviating

significantly from those of the background model are selected for further processing

steps. Several background models have been established in the literature for computer

vision applications [88–91]. In the current application, the scene is controlled under

laboratory conditions, and the camera is static relative to the crucible with limited

background motion. Frame differencing background subtraction is used to threshold

for any newly formed solid between two input frames. Figure 2.1 shows a schematic of

the baffle zone with the solidification front (SF) and reference coordinates. The auto-

matically tracked position and speed at time t1 are denoted, zt1 and vf,t1 respectively.

The SF and tracked position zt1 is located at the top of the coherent mushy zone, also

referred to as the coherency point.

The flow chart in figure 2.5 summarises the algorithm used by the tracker to deter-
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Figure 2.6: Images illustrating steps in the tracker algorithm; (a) 725 x 800 binary image
Bt1 from image subtraction and thresholding, (b) vertical pixel distribution of binary image
(after 11 point moving average), and (c) tracker position overlaid onto image in between
original input images.

mine the position of the SF. Firstly, high-resolution images are cropped to the width

of the sapphire crucible and downsampled by 80% resulting in 6000 x 4000 rgb images

being converted to 725 x 800 grayscale images. An anti-shake algorithm is used to

preclude any vibrations arising in the microscopic video sequence due to vibrating lab

equipment or general lab activity. This is an important step to ensure that the mea-

sured growth rate is independent of camera disturbances. To that end, all images in

a given sequence are registered to the first image of the sequence. Feature points are

detected using the minimum eigenvalue algorithm developed by Shi and Tomasi [92]

and matched with the first image in the video sequence to determine any translation or

rotation that needs to be applied to the image. Following these pre-processing steps,

the tracker algorithm is implemented. First, two sequential grayscale images (725 x

800 pixels) corresponding to times t and t + ∆t are loaded and denoted It and It+∆t,

respectively. Frame differencing background subtraction is then applied according to

Eq. 2.4 as follows:

∣ It+∆t − It ∣> b (2.4)

The inequality holds true if, at a given pixel, the absolute value of the difference

between the two images is greater than the threshold value, b. Figure 2.6 (a) shows an

example of the binary image, B, resulting from the inequality in Eq. 2.4. Summation
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of pixels in each row of the binary image is then calculated and smoothed with an

unweighted 11 point moving average to provide a vertical distribution of change between

the original input images. An example of the resulting smoothed distribution, dk, is

shown in figure 2.6 (b). The index k, where dk is a maximum, selects the exact vertical

pixel location of the solidification front for the image between the two original input

images corresponding to time t1 = t + ∆t/2. Figure 2.6 (c) illustrates the SF position

superimposed on the image in between, i.e. It1.

The position corresponds to the middle row of the block of 725 x 11 pixels with the

highest number of pixels passing the threshold. The pixel resolutions for each experi-

ment are measured using ImageJ software and, knowing the diameter of the crucible,

original images give a resolution of approximately 2.8 µm/px and correspondingly 13.9

µm/px for downsampled images.

Depending on the value of the threshold, b, unwanted pixels may appear in the

foreground if the threshold is too low. Contrastingly, an insufficient amount of pixels

may pass the threshold if the value, b, is too high. As detailed in figure 2.5, the

algorithm implements two simple criteria to select the threshold at a given time: (i) if

the minimum value of the distribution, d, is not 0 the threshold, b, increments by 0.01

and the algorithm returns to the image subtraction step with an increased threshold.

This ensures that a region of at least 11 rows in the foreground mask consists entirely

of pixels failing the threshold b; (ii) the maximum value of the smoothed distribution

dk must be greater than 100 to ensure that a prominent peak has been obtained. If the

second condition is also satisfied, the location of the maximum value of the smoothed

distribution then passes as the position of the solidification front. In the scenario where

the second condition is false, the algorithm assigns a placeholder value to the position

for that iteration and continues to the next timestep of the video sequence. The

position determined directly from the image sequence, zt1,is subsequently smoothed

using a Savitsky-Golay filter with a window of length Nk/4. The resulting filtered data

denoted zf,t1, then used to determine the tracker growth rate, vT , using Eq. 2.5.

vT = zf,t1+1 − zf,t1−1

tt1+1 − tt1−1

(2.5)
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Figure 2.7: Close up of manual trace and tracker position; (a) fully columnar growth, (b)
full equiaxed growth.

The tracker algorithm has been implemented in the MATLAB® 2020a environment.

Additionally, the anti-shake algorithm has been employed using the MATLAB® im-

plementation of the minimum eigenvalue algorithm and feature matching algorithm.

2.2.6 Reference Position and Growth Rate Measurements

Manual position and growth rate measurements were used as a reference to assess

the accuracy of the tracker as well as isotherm speed. A total of 40 images, equally

spaced in time throughout each experiment, were selected. For each of the 40 images

in a given experiment, the boundary of the top of the coherent mushy zone or the

top of the columnar mushy zone was drawn manually. Figure 2.7 shows a close-up

example of the manually drawn boundary for (a) fully columnar growth and (b) fully

equiaxed growth. The boundary was first defined by a series of manually placed vertices

connected by straight lines. A second set of vertices were generated with equal spacing

along the length of the boundary and the mean height of the second set of vertices was

used for determining the average height. The manual growth rate measurements were

then determined by central differencing of the manual position and time data.
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Table 2.2: Summary of sensitivity coefficients and standard variances for propagation of
uncertainty in thermal measurements.

Measurement Input Functional Relationship Sensitivity Coefficients Standard Variance
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2.2.7 Thermal Calibration

The propagation of uncertainty in measurement is detailed in this section. Expanded

measurement uncertainties have been established with a normal distribution and a

coverage factor k = 2. All T-type thermocouples have been calibrated using a refer-

ence Platinum RTD which has a standard uncertainty traceable to national standards

of 0.025 ○C For onvenience, the maximum temperature measurement uncertainty es-

tablished during calibration of T-type thermocouples has been applied as a suitable

uncertainty for all thermocouple measurements. Summation in quadrature of the in-

dependent sources of uncertainty has provided a standard uncertainty of uT = 0.065○C

with expanded uncertainty UT = 0.13○C. The propagation of measurement uncertainty

has been determined as standard using Eq. 2.6 as follows:

uc(y) =
¿
ÁÁÀ N

∑
i=1

( δf
δxi

)
2

u2(xi) (2.6)

where there are N input measurements xi, each having a standard uncertainty

u(xi) and sensitivity coefficient δf/δxi. The output measurement is denoted y with

combined uncertainty uc(y). Table 2.2 summarises the sensitivity coefficients and

standard variances for each measurement. This includes standard variance for mean

temperature measurements by two opposing thermocouples at a given height along

the crucible wall (see figure 2.3); the uncertainty for a temperature difference ∆T ; the

uncertainty of the temperature gradient measurements from thermocouples seated on

the wall of the sapphire tube; and uncertainty of liquidus isotherm speed.
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The thermal environment of the adiabatic baffle zone has been further characterised

using internal temperature measurements. The apparatus in figure 2.3 shows an in-

ternal thermocouple which is optionally inserted into the crucible via an O-ring seal

(not shown) on the upper end-cap. Axial temperature profiles have been measured by

traversing the internal thermocouple along the centerline axis of the adiabatic baffle

zone providing temperature and position data. Before taking a temperature profile,

the setpoints of the heater and heat exchanger, TH and TC , were adjusted to achieve a

given temperature gradient and maintained for 40 minutes such that the SF was just

below the camera FoV. For each externally applied temperature gradient, the inter-

nal thermocouple was traversed to 5 discrete heights in the adiabatic baffle zone, and

corresponding positions for the thermocouple bead were determined in ImageJ.

Additionally, a range of internal temperature gradients, Gi,were compared with the

temperature gradient measurement on the crucible wall, Ge, for providing calibration

data in the form of Gi = b0 + b1(Ge), where the intercept and slope are denoted b0

and b1, respectively. The linear relationship provides a noninvasive measurement of

the temperature gradient in the liquid melt with associated measurement uncertainty

during tests. The average cooling rate was determined by a linear regression curve fit

of time-temperature data acquired during experiments on the wall of the sapphire tube

and is denoted Ṫ . The standard error of the slope of the curve fit yielded a standard

uncertainty uṪ . Finally, the standard uncertainty of isotherm speed, uvI , is determined

using Eq. 2.7.

uvI =

¿
ÁÁÀ( δv

δG
uGi)

2

+ ( δv
δṪ

uṪ)
2

(2.7)

2.3 Results and Discussion

Figure 2.8 shows the internal temperature profiles acquired for thermal calibration.

Linear regression fitting shows the temperature profiles in the adiabatic baffle zone

approximate well to a linear model with coefficients of determination in the range

of 0.977 to 0.999. A range of internal temperature gradients, Gi, and corresponding

temperature gradient measurement on the crucible wall, Ge, provide output and input
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Figure 2.8: Plot of position vs internal temperature for cases of external temperature
gradient (details in the legend). Includes overlaid image of the baffle zone with scale and 0
reference corresponding to the z-axis.

variables to the calibration equation, respectively. Figure 2.9 shows the results of the

linear regression fit for the internal temperature gradient as a function of external

temperature gradient measurement. The calibration curve provided corrected internal

temperature gradient measurements with a standard uncertainty, denoted uGi, of 0.64

K/cm.

Figure 2.10 shows the results of the growth rate and position measurements for two

tests using the tracker and manual measurements. The corresponding experimental

conditions; cooling rates, thermal gradients and average isotherm speed, are presented

in table 2.3. The first row in figure 2.10 shows results for fully columnar growth while

the second row show results for a case of fully equiaxed growth. In distinguishing the

different growth morphologies, an initially equiaxed crystal is deemed columnar if the

length of a primary arm has grown to 4 times that of the other arms. The results

show good agreement between the automatic tracking position/speed and the manual

reference measurements.

Microscopic videography allowed for the observation of growth morphology and,

combined with automatic tracking, temporal measurements of the vertical growth rate.
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Figure 2.9: Plot of internal vs. external temperature gradient measurements, Gi and Ge,
respectively and associated line of best fit by linear regression.

Table 2.3: Experimental results of growth rate measurements (manual reference, vM ,
tracker, vT , and isotherm speed vI), % difference with respect to reference manual mea-
surement, measured processing conditions and observed macrostructures, denoted S being
either, (C) fully columnar or (E) fully equiaxed.

Test vM(µm/s) vT (µm/s) diff (%) vI(µm/s) diff (%) Ṫ (K/min) G(K/cm) Structure

I 1.16 ± 0.12 1.14 ± 0.15 0.80% 0.96 ± 0.11 16.70% 0.14 ± 0.01 23.46 ± 1.75 C

II 2.31 ± 0.26 2.26 ± 0.27 1.80% 1.96 ± 0.24 15.30% 0.28 ± 0.01 23.53 ± 1.80 C

III 3.47 ± 0.32 3.45 ± 0.26 0.60% 2.88 ± 0.33 16.90% 0.42 ± 0.01 23.57 ± 1.71 C

IV 6.03 ± 1.39 5.88 ± 0.84 2.70% 4.91 ± 0.62 18.70% 0.71 ± 0.01 23.34 ± 1.84 E

V 5.78 ± 1.83 5.75 ± 1.43 0.60% 4.68 ± 0.54 18.90% 0.69 ± 0.02 23.60 ± 1.69 E

Chapter 2 34 Turlough Hughes



0 20 40 60 80
Time, t / (mins)

0

2

4

6

8

Po
si

tio
n,

 z
 / 

(m
m

)

Tracker
Manual

0 20 40 60 80
Time, t / (mins)

0

0.5

1

1.5

G
ro

w
th

 ra
te

, v
 / 

(
m

/s
)

0 5 10 15 20 25
Time, t / (mins)

-2

0

2

4

6

8

Po
si

tio
n,

 z
 / 

(m
m

)

0 5 10 15 20 25
Time, t / (mins)

0

2

4

6

8

G
ro

w
th

 ra
te

, v
 / 

(
m

/s
)

(a) (b) (c)

(d) (e) (f )

Figure 2.10: Results of tracker and manual measurements for test number I (a - c) and IV (d
- f). (a, d) graphs of position measurements, zT and zM against time (b, e) graphs of growth
rate measurements, vT and vM , against time, (c, f) close up images of the solidification front
with manual trace and tracker position overlaid

In order to assess the efficacy of different growth rate measurement techniques, the

new automatic tracking technique developed here and the traditional isotherm speed

measurement technique have been compared with manually measured position/growth

rate. The advantages and disadvantages are discussed.

Isotherm speed measurement is useful particularly for ex-situ experiments where

liquid melt and the mould walls are opaque. The accuracy of the isotherm speed

measurement will depend on the particular experimental setup. When taking isotherm

speed measurement, the following is assumed: (i) temperature profile between the

thermocouples is linear (ii) cooling rate is uniform in the baffle zone (iii) growth rate

is steady. In this work, figure 2.8 shows that the temperature profiles are initially

linear within the liquid zone but it should be noted that the temperature profiles were

obtained during steady-state conditions in a fully liquid zone. Since cooling rates

measured at TA1 and TA2 are closely matched we assume that cooling in the baffle zone

is uniform. Figure 2.10 (b, e) show a steady growth rate for the majority of the period

that the solidification front was tracked.

As table 2.3 shows, the isotherm method does not provide accurate temporal mea-
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surements and averaged results of the method were between 15.3 to 18.9 % different

from the manual reference measurement of growth rate, vM . All isotherm speed mea-

surements were in fact lower than vM . One possible cause is that the relationship for

the internal temperature gradient as a function of the temperature gradient measured

on the crucible wall; Gi = 1.27Ge − 0.22, is limited in that it does not account for tran-

sient thermal conditions after commencing cooling or the phase change that occurs

during experiments; all profiles were obtained by traversing the internal thermocouple

along a fully liquid region as it is not possible to traverse the thermocouple through a

mushy or solid region.

In contrast, the averaged tracker speed measurements deviated between 0.6 to 2.7

% from the reference. Importantly, temporal speed measurements with the automated

tracker compared well for cases of fully columnar and fully equiaxed growth (see fig-

ure 2.10 (b, e)), showing robustness of the image processing technique for different

morphologies. A key advantage of automatically tracking the growth rate of the solidi-

fication front with this technique is it being repeatable and easily implemented over all

frames, whereas manual position and hence growth rate measurements for each of the

thousands of frames captured during experiments would be impractical, not to mention

susceptible to human error.

2.4 Conclusions

An experimental facility and methodology have been developed for investigating in-situ

directional solidification of transparent alloys of neopentyl-glycol and (d)camphor. The

apparatus, consisting of a transparent sapphire crucible, facilitates optical visualisation

of the solidification process in transparent alloys with controlled cooling rate, temper-

ature gradient and isotherm speed, is described in detail and quantifiable experimental

uncertainties are provided.

A new image processing technique for in-situ tracking of the position and speed

of the solidification front was developed in MATLAB. Growth rates have been mea-

sured with the new automatic tracking technique and the traditional isotherm speed

technique, and have been compared against manual measurements for five directional
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solidification experiments. In all cases, the tracker speed was significantly more reliable

than isotherm speed and showed good temporal agreement with manual measurements

for cases of fully columnar and fully equiaxed growth. Historically, the isotherm speed

measurement technique is accepted as a reasonable approximation for growth rates and

is necessarily used for ex-situ experiments, where visual access to the solidification front

is not possible. This work, which is capable of assessing the accuracy of the isotherm

technique, shows that it can be in error up to 19%, which is significant. In contrast,

the new measurement technology developed here compares better than 3% error from

manual measurements.

Two growth morphologies were observed for transparent model alloy NPG-35wt%-

DC, namely fully columnar, and fully equiaxed. The auto tracked growth rate not only

compared well for cases of fully columnar and fully equiaxed growth morphologies but

also showed the robustness of the tracker for variation in growth patterns.

The model alloy used in this manuscript has been studied in microgravity conditions

on sounding rockets missions [82], and in hypergravity conditions [93] and future work

is planned onboard the International Space Station (ISS) with the NPG DC system

where buoyancy-driven flow and sedimentation of equiaxed crystals is precluded. Ex-

periments conducted in this manuscript and future work with this experimental facility

will serve to provide complementary terrestrial data for future investigations on the ISS.

Additionally, by inverting the experimental apparatus, the effect of solidification in the

direction of and in opposition to the gravity vector has been investigated [66].
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Chapter 3

Multiple Dendrite Tip Tracking for

In-Situ Directional Solidification:

Experiments and Comparisons to

Theory

Abstract

Directional solidification experiments of transparent alloy systems typically show mul-

tiple dendrites, a forest of dendrites, growing with preferential alignment. At the length

scale of centimetres, an experiment could have hundreds of observable dendrites. Anal-

ysis of every dendrite would be laborious and practically difficult to implement. Hence,

low numbers of dendrites are routinely selected for analysis as they are assumed to be

representative of the growth conditions. Hence, many dendrites go without being anal-

ysed. Here, a bespoke experimental apparatus with a novel computer vision algorithm

is presented that automatically detects and simultaneously tracks multiple columnar

dendrite tips from in-situ video data of directional solidification. The benefits of the

algorithm are demonstrated with an application to an experimental test case with

the transparent alloy system Neopentyl Glycol-35wt.%D-Camphor (NPG-35wt.%DC).

Comparisons of dendrite tip velocity and undercooling measurements with micrograv-

ity experimental results from the literature showed notable differences. The current
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terrestrial data showed similar growth rates but at lower undercoolings (by factors in

the range of 0.41 to 0.68) to that measured in the microgravity experiments. Com-

parisons were made to the classical Lipton-Glicksman-Kurz (LGK) model and to a

modified LGK model adapted with a finite diffusional boundary layer theory to ac-

count for convection effects. The modified LGK model showed good agreement for

boundary layers between 2.5 and 7.0 µm. An oscillatory component to the tip velocity

was observed between adjacent columnar dendrites. Video data of columnar dendritic

growth augmented with tip velocity vectors are presented. The tip tracking algorithm

is beneficial as, with 385 dendrite tips tracked, it provides statistical and qualitative

insights that are otherwise difficult to reconcile using traditional methods.

3.1 Introduction

Dendrites are one of the most common crystal growth morphologies found in technolog-

ically important alloys. The evolution of dendritic morphologies during solidification

play an important role in the quality and material properties of as-cast components.

In-situ optical and x-ray radiographic investigations have deepened knowledge and

understanding of the fundamental physical phenomena of solidification processes and

have provided benchmark data for model validation (see reviews [28,80,86,94]). How-

ever, quantitative data extraction from in-situ video sequences is laborious and time-

consuming. Moreover, manual tracking of crystals during solidification experiments,

which can consist of thousands of frames with hundreds of columnar or equiaxed crys-

tals, makes manual tracking practically difficult. Thus, much information available in

the video data can remain unquantified. Several investigators have integrated com-

puter vision and image processing methodologies into their experimental workflows

for extracting quantitative data. Examples include the characterisation of nucleation

events [43], the measurement of equiaxed volume fractions [46, 47], the tracking of

growth fronts [44,67,95], the measurement of solute profiles [31,96–99], and the detec-

tion of dendrite centres [48, 49, 100]. While there are methodologies to track equiaxed

crystal nucleation, volume fraction and position, there is no equivalent automatic

method for columnar dendrite tip tracking within in-situ video data. This manuscript
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presents a newly developed computer vision algorithm for automatically detecting and

tracking multiple columnar dendrite tips simultaneously using in-situ video data of

directional solidification obtained from a bespoke experimental apparatus. The algo-

rithm works by defining a contour of the columnar front for a given frame, similar to

the envelope used in mesoscopic modelling and then clustering local maxima of con-

tours into data groups associated with individual dendrites. In this investigation, up

to 97 tips have been tracked in a given video sequence and, in total, 385 dendrites were

tracked over 6 experiments. The data gathered here will be useful for analytical and

numerical model validation.

The Ivantsov solution for steady-state thermal diffusion of an isothermal parabolic

dendrite underpins classical dendrite growth theory [101]. Lipton, Glicksman and

Kurz [102] coupled Ivantasov’s transport solution with marginal stability theory [103],

providing a fully determined solution and accounting for constitutional undercooling.

The LGK model, which assumes a low Peclet number, was shown to agree well with

microgravity experiments (dendritic growth in succinonitrile) [16] and has since been

widely accepted. Nevertheless, the LGK diffusion-based solution is not consistent

with terrestrial experimental data at low undercooling due to buoyancy-driven con-

vection [16, 41]. Several models have been developed to account for thermosolutal

convection [104–109]; however, the well-documented effects of melt convection on den-

drite growth [110,111] remains a challenge [86]. Recent microgravity experiments with

transparent alloys of Neopentyl-Glycol and (D)Camphor (NPG-DC) provided in-situ

data for diffusion-dominated dendritic growth in a transparent binary alloy [44, 83].

In light of the recent microgravity experiments conducted in the NPG-DC system,

this contribution aims to provide complementary terrestrial data for the NPG-DC sys-

tem combined with a new computer vision algorithm for automatic identification and

tracking of columnar dendrite tips.

The objectives are as follows:

• to present a new computer vision algorithm for tracking columnar dendrite tip

velocities from in-situ footage of directional solidification

• to provide complementary terrestrial data for the columnar dendrite tip velocity

Chapter 3 41 Turlough Hughes



Figure 3.1: An image from an in-situ video sequence of directional solidification showing a
representative result from the automatic tracking algorithm (velocity vectors). The columnar
front is shown crossing an internal thermocouple used for tip undercooling measurements.

versus undercooling relationship (especially for low undercooling, data which is

currently lacking), and

• to compare the terrestrial results of columnar dendrite tip velocity and undercool-

ing with microgravity data and with theoretical models found in the literature.

3.2 Methods

An overview of the experimental apparatus and procedure is provided, followed by

detailed descriptions of the tip tracking algorithm. Readers may refer to [67] for more

information on the experimental setup, control and measurement. The tip tracking

algorithm is used to process the in-situ image and video data to detect and track the

position, velocity, and orientation of multiple columnar dendrite tips as shown, by way

of example, in figure 3.1.

3.2.1 Apparatus

The experimental apparatus is comprised of a transparent sapphire crucible combined

with a thermal regulation system to give hot and cold regions. The thermal regulation

facilitates controlled temperature gradient, G, cooling rate, Ṫ and, hence, liquidus

isotherm speed, vL. Sapphire was chosen as the crucible material because it is optically
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Figure 3.2: Technical illustration of apparatus with the observation window shown in the
centre

transparent, allowing optical visualisation of the top of the mushy zone and, due to

its high thermal conductivity (40 W/mK), facilitates heat transfer to and from the

material with low temperature difference (< 1 K) across the crucible wall.

Figure 3.2 shows a technical illustration of the experimental facility. It consists of

a vertical sapphire crucible of 450mm length, with an inner diameter of 8mm and an

outer diameter of 10mm. An Ohmic heater in the upper section consists of a coiled

nichrome wire connected with a power supply (Automatik EA-PSI-8360-10T DC).

The nichrome wire is wrapped tightly around the outer tube wall with a thermally

conductive silicone layer to provide adequate thermal contact and electrical isolation.

A dedicated computer system controls TH using a power supply with an EA-IF-U1
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interface card and proportional-integral control loop in LabView®. Heat is extracted

from the lower section with a 170mm long tube-and-shell type heat exchanger. A

Julabo A40 precision chiller in series with a pump supplies chilled water to the heat

exchanger with initial controlled setpoints followed by controlled cooling at a rate of

TC within the range of 0.2 to 0.6 K/min being possible. Two thermocouples that pass

into the heat exchanger are embedded into the wall of the sapphire crucible. These

two thermocouples provide temperature measurements of the crucible wall inside the

heat exchanger, the average of which is designated as TC . TH is controlled to be

ramped down at the same cooling rate as ṪC = dT /dt in order to maintain a constant

temperature gradient G = (TH − TC)/zHC , with zHC being the axial distance between

thermocouples, TH and TC . Thus, for a fixed G specified by the user, the setpoint TH

for the controller is calculated as:

TH = TC +GzHC (3.1)

Pairs of 0.5mm diameter blind holes have been drilled at several heights along the

crucible wall into which T-type thermocouples have been inserted with an essential

amount of thermal adhesive. Figure 3.2 shows four temperature measurement loca-

tions designated as TH , TA1, TA2, and TC . Each location has a pair of thermocouples at

the given height where the average temperatures of each diametrically-opposed ther-

mocouples pair are used. TC and TH are controlled to set the temperature gradient

and cooling rate in the baffle zone (as described previously) while TA1 and TA2 are

used to provide the measured temperature gradient, G, and measured cooling rate, Ṫ ,

in the observation window. An optional temperature probe can be passed vertically

downwards into the crucible through an O-ring seal on the upper end-cap. The tem-

perature probe consists of 3mm diameter stainless steel tube housing with an 80 µm

T-type thermocouple with Teflon® sheath that extends 30mm from the stainless steel

tube.

A Canon EOS 200D camera with a Navitar 3x – 10x zoom lens is mounted with

its optical axis orthogonal to the observation window. The synchronisation of the

camera and computer clocks facilitates simultaneous measurement of the temperatures
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Figure 3.3: Phase diagram of the NPG-DC system [112,113].

and solidification parameters combined with in-situ microscopic videography of the

solidification. As solidification at low undercooling is a relatively slow process, images

are captured at a frame rate of 0.5 fps and stored with a lossless png file format.

3.2.2 Materials

The alloy materials, NPG and DC, were supplied by Sigma Aldrich. Figure 3.3 shows

the alloy system’s phase diagram (from [112,113]); the alloy system has a eutectic com-

position at CE=45.3wt.% and is a CET former. The present work investigates columnar

growth using a hypoeutectic composition of C0=35wt.%. As NPG is hygroscopic, the

transparent alloy was prepared in a sealed glove box under Argon atmosphere (<5ppm

H2O). The batch consisted of 40.02g of neopentyl glycol, and 21.53g of (d)Camphor

weighed using a KERN Analytical balance (0.1mg uncertainty). The materials were

heated and mixed in an Erlenmeyer flask with a perforated subaseal® septum on top

to contain sublimated materials and provide pressure compensation. The alloy was

transferred from the glovebox in a high-temperature gas-tight glass syringe. The sap-

phire crucible was flushed with dry air, and the liquid NPG-35wt.%DC was injected
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through a Leur Lok valve on the lower end-cap (not shown). The crucible was then

filled to the upper level of the Ohmic heater with an excess of argon from the glove

box filling the remaining volume of the crucible above the heater.

3.2.3 Growth Experiment Procedure

This work investigated directional solidification occurring vertically upward from the

cooled solid zone following initiation of a controlled ramp-down of set point temper-

atures TC and TH . To investigate the relationship between columnar dendrite tip

velocity and undercooling, a total of six tests were conducted with different isotherm

velocities by varying the setpoint cooling rates, ṪH and ṪC , and temperature gradient,

G. In each test, the newly developed computer vision algorithm automatically tracked

the columnar dendrite tips and, when dendrites crossed the internal thermocouple,

this provided instantaneous measurement of the columnar dendrite tip velocity with

undercooling.

For the present experiments, the test material in the crucible above the cooled

heat sink region was brought into the liquid phase by increasing the Ohmic heater’s

temperature to 120oC. To ensure a homogenous initial composition in the liquid melt

before any given test, the baffle zone was heated with a heat gun and the Ohmic heater

was temporarily turned off to induce convective mixing for a period of 5 minutes. The

set points on the thermocouple pairs TH and TC were then adjusted such that the

solidification front was just below the observation window and maintained for at least

40 minutes to allow the solidification front to reach the liquidus isotherm, just inside

the observation window. Two images of the solidification front were routinely captured

five minutes apart and compared to confirm that the solidification front position was

stationary. The adjustable internal thermocouple was manually traversed vertically

downwards to the columnar front and clamped at the solidification front for two minutes

to confirm the liquidus temperature recording. The probe was then brought back to

the top of the observation window before commencing with directional solidification.

At this point in any of the experiments, ramp down cooling was initiated, and optical

imaging commenced. Progression of the mean dendrite tip velocity for each test was
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Table 3.1: Imposed processing parameters

Test Number Cooling Rates (K/min) Temperature Gradient (K/cm)

I 0.16 23.3 ± 1.80

II 0.30 23.58 ± 1.83

III 0.45 23.64 ± 1.83

IV 0.16 16.79 ± 1.80

V 0.30 16.55 ± 1.80

VI 0.45 16.57 ± 1.41

Figure 3.4: Plot of temperature versus time from test number 1 showing representative
cooling curves obtained during experiments.

provided by the computer vision algorithm and was used to confirm if the growth rate

had achieved a steady state.

Two temperature gradients of 16.6 K/cm and 23.5 K/cm, and three cooling rates of

0.16 K/min, 0.30 K/min and 0.45 K/min were applied during experiments. The range

of temperature gradient, Gi, reflects some limitations of the experimental facility; at

Gi < 15K/cm, the imposed temperature gradient starts to destabilise, whereas Gi >

24K/cm leads to boiling in the heater section. Additionally, a maximum cooling rate

of Ṫ = 0.45K/min was used because equiaxed growth typically dominates at higher

cooling rates. The range of cooling rates was selected to study dendrite growth over a

range of dendrite tip velocities and undercoolings. Table 3.1 lists the thermal processing
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parameters for the six experiments, which provided a corresponding range of isotherm

speeds between 1.13 and 4.53 µm/s. The measured cooling rate, Ṫ , being the average of

ṪA1 and ṪA2, was recorded. The internal temperature gradient, Gi, was provided after

a calibration correction as detailed in previous work [67]. The calibration correction

equation used was Gi = 1.27Ge − 0.22, where Ge is the measured temperature gradient

on the wall of the sapphire crucible calculated using information from TA1 and TA2 and

based on the spacing between the thermocouples.

3.2.4 Columnar Tip Tracking

The computer vision algorithm works by generating a contour at the top of the mushy

zone for a given image of the video sequence (see figure 3.6 (c)). The contours consist of

peaks and valleys around the columnar dendrites at the top of the mushy zone, similar

to a grain envelope used in mesoscopic solidification modelling. Determination of local

maxima from each contour yields a set of points, pppik(x, y, ti), which includes columnar

tip positions. Figure 3.5 summarises the sequence of steps in the columnar tip tracking

algorithm. They comprise three main stages (i) pre-processing, (ii) contouring and (iii)

tip-data extraction. Each stage is described next.

Pre-processing

At a given time, t, two high-resolution 8-bit grayscale images, denoted It and It+∆t

(separated by a nominal time ∆t), are selected for analysis. To preclude any vibrations

arising in the video data, It and It+∆t are passed through an antishake algorithm

that registers each frame to the first frame in the video sequence It0. The antishake

algorithm detects feature points in a given frame using the MATLAB® implementation

of the minimum eigenvalue algorithm developed by Shi and Tomasi [92] and then

matches them with feature points in It0 to provide Euclidean image transformations

when necessary. Automatic front-tracking (see previous work [67]) provides an average

position of the columnar front, yf . Using yf , the algorithm crops input images to a

height of yf ±h and a width of approximately 6mm centred on the crucible vertical axis.

The user nominally defines h based on experience or using trial and error for optimum
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Figure 3.5: Flow chart of columnar tip tracking algorithm

results, typically 5% of the image height (rounded to the nearest integer pixel position).

For test No. VI, h was set to 7% to capture the solidification front’s broader range.

When yf ±h exceeds the image domain; the exceeding bound is reassigned at the top or

bottom of the image as required. The cropped images, Ic,t and Ic,t+∆t, are then passed

onto the contouring stage of the algorithm.

Positions pppik use two frames of reference, the intrinsic image coordinates and the

world coordinates, which are indicated with subscripts p and w, respectively. The

intrinsic image coordinates are defined by discrete pixel indices with column and row

numbers corresponding to the x and y positions, respectively. Thus, the pixel position

(1,1) is located at the centre of the image’s upper-leftmost pixel with the y-axis pointing

downwards [114]. A single reference on the first image, pppref,p and known width of the

crucible, ww = 1 × 10−2m facilitated conversions from intrinsic image coordinates to

world coordinates as follows:

pppw = ww
wp

[(xp − xref,p)iii − (yp − yref,p)jjj] (3.2)

pppref,p was manually selected at the height of TA1, with x position corresponding to
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Figure 3.6: Images illustrating steps in the contouring phase of the tip tracking algorithm:
(a) absolute difference between two successive images, denoted Idiff , (b) binary image out-
put from column-wise Otsu thresholding of Idiff , and (c) cropped input image Ic,t+∆t with
resulting contour overlay (yellow) delineating the liquid and mushy zones. Local maxima are
shown as red dots.

a 2mm inset from the left wall of the sapphire crucible (in line with the first column

of the cropped images). Eq. 3.2 gives the position in the world reference frame from

the ratio of the known width, ww, in the world frame to the pixel width, wp, in the

image frame. Position data are nominally stored as intrinsic coordinates of original

input images and converted using Eq. 3.2 as required. For clarity, references to the

position are herein described in world coordinates, i.e. with origin corresponding to

pppref and the y-axis pointing vertically upwards.

Contouring

Figure 3.6 (a) to (c) illustrate the steps involved in contouring the solidification front.

Firstly, background removal by frame differencing equation 3.3 provides an image that

highlights newly formed solid between two frames:
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Idiff =∣ Ic,t+∆t − Ic,t ∣ (3.3)

Figure 3.6 (a) shows an example of the resulting 8-bit grayscale image Idiff (contrast

stretched for visualisation). Taking smaller fixed Δt reduces the presence of unwanted

artefacts and improves the detail of the columnar front in Idiff for use in contouring.

Column-wise Otsu thresholding of Idiff generates a binary image used to determine

the solidification front’s contour (see figure 3.6 (b)). The Otsu algorithm automatically

selects an optimal threshold grey-level for separating input pixels into two classes by

minimising the weighted sum of within-class variances [115]. Otsu thresholding works

well for input images with a bimodal histogram; however, it is susceptible to noise and

non-uniform illumination [116]. As Figure 3.6 (a) shows, pixel intensities in Idiff are

spatially dependent with dendrites having higher intensity at the centre as compared

with the edges. The subroutine implements column-wise Otsu thresholding, ensuring

that the threshold captures as much detail of the columnar front as possible. The

threshold’s output is a binary image representing the newly formed solid between the

two input frames. Figure 3.6 (b) shows the resulting binary image with pixels that

passed the Otsu threshold shown in white (i.e., with a binary value of 1) and pixels

failing the threshold are shown in black (i.e., with a binary value of 0). The algorithm

filters white areas in figure 3.6 (b) with less than 2000 connected pixels (8-connected)

to remove small defects or spurious features from the threshold. The first pixel in

each column of the binary image (figure 3.6 (b)) that passes the threshold defines the

location of the contour, cij, where i indexes over the timesteps of the video sequence

and where each timestep has j points, one for each column of the cropped image. Figure

3.6 (c) shows the resulting contour overlaid on Ic,t+∆t. The figure includes the local

maxima of the contour, which are used for further processing steps.

Tip-Data Extraction

Local maxima of the contours at a given timestep can indicate tip positions of columnar

dendrites. However, the initial data consists of numerous false positives, and further

elimination processing is needed. A subroutine extracts and groups the data in pppik
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Figure 3.7: Close up view of contour (black) and loci of the local maxima from both the
current timestep and a selection of previous timesteps.

into separate clusters associated with each columnar dendrite. Since primary colum-

nar dendrites grow uniaxially, the subroutine classifies data points by approximating

straight lines through the locus of tip positions of a given primary columnar dendrite.

Figure 3.7 shows a close up of the contour at a time ti, and loci of the local maxima,

pppik, from the current timestep (in black) and a selection of previous timesteps (in red).

Input points, pppik, can consist of over 100 dendrites requiring classification, with up

to half of the points being outliers. Classical parameter estimation methods, such as

least-squares optimisation, are susceptible to outliers and have insufficient robustness.

More robust line-estimation techniques such as the Hough transform or an iterative

RANSAC approach were evaluated. However, while both methods were adapted to

classify multiple dendrites in pppik, most dendrites were only partially classified, and

these methods resulted in significant false-positive groupings. A bespoke subroutine

has been developed which block processes subsets of pppik with a RANSAC-type algo-

rithm. After associating each subset’s points with a dendrite (or not, as the case

arises), the subroutine merges overlapping groups related to a single dendrite. Similar

to RANSAC, the bespoke subroutine uses as small an initial data set as feasible and

enlarges this set with consistent data when possible. Outliers are points falling outside

an error threshold, d, where d defines the maximum deviation attributable to noise.

Here, we set the threshold to approximately one-tenth of the observed primary dendrite
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Figure 3.8: Schematic illustration of grouping algorithm showing a subsection of pppik with
two contours cccij and 7 Hypothetical Seed Nodes (HSN’s). Group 1 shows a hypothetical linear
model with direction vector, ûuu(θ), hypothetical seed node nnnqr and theshold perpendicular
distance d for accepting data. θ is optimised to obtain the max number of inliers over the
set θεN[1,180]. Subgroups 2a and 2b combine into one compound group as Noverlap < N .

arm spacing.

The subroutine selects initial nodes from nnnik at intervals separated by m timesteps.

These nodes provide a hypothetical starting point from which a group of data may

be classified as being associated with a dendrite or not. A sample point is then

termed a Hypothetical Seed Node (HSN), and denoted, nnnqr (see figure 3.8) where

nnnqr = ppp(η(i−1)+1,k), i.e., HSNs occur at multiples of η timesteps.

For each HSN, the subroutine operates on a subset of points ahead of the node as

defined in Eq. (6). The function fqrs in Eq. (4) returns the sum of inliers for a given

hypothetical straight-line model. By iterating through θ, the hypothetical model with

the largest number of inliers for a given node is obtained. If a threshold number of

points fall within the threshold perpendicular distance, d, from the hypothetical model,

the inlier points are then accepted as being associated with a dendrite. The sum of

points within a threshold perpendicular distance, d, to a given theoretical straight-line

model and HSN is defined as follows:
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fqrs(x) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

1, if ∣∣ (pppik −nnnqr) × ûuu(θs) ∣∣ ≤ d

0, otherwise

(3.4)

where ûuu(θ) is a direction vector for a hypothetical straight-line model given by:

ûuu(θ) = Cos(θs)iii + Sin(θs)jjj (3.5)

The algorithm operates on a subset of points defined relative to the current HSN.

Equation 3.5 defines indices i and k for the current HSN (nnnqr) such that all points of pppik

are: (i) within a radial distance, r, from nnnqr; (ii) have a greater or equal jjj component,

and (iii) exist for all values of t in the interval ti ≤ t ≤ ti+2η

i, k = {nnnqr(t) ∣ ∀(i ∧ k)(∣∣ pppik −nnnqr ∣∣≤ r) ∧ (pppik ⋅ jjj ≥ nnnqr ⋅ jjj) ∧ (ti ≤ t ≤ ti+2η)} (3.6)

Figure 3.8 shows seven HSNs (circled in red) and illustrates the subsets of data

for the hypothetical nodes nnnqr, nnnq+1,r, nnnq,r+1, nnnq+1,r+1, and nnnq+1,r+2 which, in combi-

nation with ûuu, define the hypothetical straight-line models. HSNs occur at every η

timesteps, while (subject to equation 3.6) subsets of pppik associated with a given HSN

spans 2η timesteps providing an overlap between groups. The subroutine crosschecks

the accepted data from time-adjacent groups for overlap, thus providing a criterion for

merging the groups. Figure 3.8 shows merging of two subgroups, 2a and 2b, where a

threshold number of points overlap. Dendrite clusters consisting of 50 points or less

are omitted from further processing steps. Position data clusters are sorted according

to time, smoothed with a second-order Savitsky-Golay filter with a 50-point window,

and linear interpolation of x and y with respect to time is used to fill any missing

data points. Finally, dendrite orientation, α, is obtained by orthogonal least squares

regression of the x and y coordinates for a given dendrite cluster, while the magnitude

of the dendrite tip velocity is determined by

vi+2,k =
∣∣ ppp(ti+4) − ppp(ti) ∣∣

ti+4 − ti
(3.7)
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In summary, the grouping process works as follows:

(i) Select a seed node, nnn, at time ti

(ii) Select a subset of points in pppik near the seed node, i.e., points within a radial dis-

tance r from nnn, with j components greater than or equal to that of nnn, and over a time

interval ti ≤ t ≤ ti+2m

(iii) Maximise f(nnnqr, θs) by iterating through θ, ∀θ ε N[1,180].

(iv) Check time-adjacent groups for the merging criterion.

The pre-processing, contouring and tip-data extraction algorithm allows tips to be

tracked with their velocity and orientation being measured. Growth vectors are applied

to the moving tips within the video data on a frame-by-frame basis, as shown in the

supplementary material. These videos give a clear visual reference for the growth rate of

each identified dendrite tip. Given that a stationary thermocouple was inserted inside

the crucible (and within the observation window) to measure the melt temperature,

it was possible to observe the moment that the tips crossed over the thermocouple.

Hence, this feature facilitated the instantaneous tip temperature measurement as the

solidification front crossed the thermocouple.

3.3 Results

Six directional solidification test scenarios are presented using a transparent alloy NPG-

35wt.%DC. The apparatus facilitated directional solidification with a controlled tem-

perature gradient, cooling rate and equilibrium liquidus isotherm speed (for a more

detailed description of the apparatus, see [67]). Table 3.1 lists the thermal processing

parameters for all six experiments covering a range of isotherm speeds between 1.13

and 4.53 µm/s. In-situ microscopic video sequences of all six test cases were processed

with the newly developed computer vision algorithm. To appreciate the advantage of

an automatic detection system, a total of 385 columnar dendrite tips were tracked over

all six tests. Table 3.2 summarises the processed results for each test, including the

total number of tips tracked (Ntotal), the number of tips crossing the internal thermo-

couple (Ncrossing), the mean tip velocity (v̄t), the mean undercooling (∆T̄ ) for tips that
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Figure 3.9: Mean dendrite tip velocity, v̄t, and number of tips, N, tracked versus time
for tests I to VI. The graphs show mean velocities with two standard errors applied over
the interval, The vertical dashed lines indicating average time, tcrossing, when dendrite tips
crossed the internal thermocouple.

crossed the internal thermocouple, and their standard uncertainties (uv̄t and u∆T̄ ).

As mentioned, the NPG-DC eutectic alloy has been in microgravity investigations

to study columnar growth structures and columnar to equiaxed transitions [44]. Figure

3.11 shows results of dendrite tip velocity and undercooling from the present work from

a total of 95 dendrite tips crossing the internal thermocouple. Test numbers I to III are

shown with triangle, circle, and square markers with white marker face colour, while

test numbers IV to VI are shown with triangle, circle, and square markers with grey

marker face colours. Figure 3.11 also compares the present work with the TRACE

experiment conducted in microgravity with otherwise similar processing parameters
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Table 3.2: Summary of columnar dendrite tips tracked during each test detailing the average
tip velocities and undercoolings, and their associated standard uncertainties.

Test no. Ntotal Ncrossing v̄t uv̄t ∆T̄ u∆T̄

# # µm/s µm/s K K

I 47 6 1.18 0.03 0.95 0.04

II 56 21 2.38 0.02 2.29 0.02

III 42 11 3.62 0.09 2.95 0.05

IV 62 14 1.98 0.03 3.43 0.07

V 97 27 3.54 0.05 5.61 0.03

VI 81 16 5.40 0.14 5.53 0.05

(NPG-37.5wt.%DC and G = 16.5 K/cm). Solidification studies on sounding rocket

missions are typically performed under transient conditions and higher undercooling to

allow appreciable growth during the 4-5 minute microgravity window. Due to relaxed

time constraints in terrestrial experimentation, the current test cases cover the low

undercooling range to fill this knowledge gap. In addition to the experimental data,

figure 3.11 shows the results of the Lipton Glicksman-Kurz(LGK) dendrite model but

with the stability parameter, σ∗, adjusted after a data-fitting exercise. As described in

the methodology section, the LGK model, which is derived on a solutal diffusion basis,

is fitted to the microgravity datasets. Figure 3.9 shows the mean dendrite tip velocity,

v̄ ± kuv̄t). The experimental standard deviation of the mean, (uv̄t), is defined by

uv̄t =
¿
ÁÁÀ 1

N(N − 1)
N

∑
i=1

(v̄t − vi)2 (3.8)

and is determined for N dendrite tips tracked at a given time. Expanded uncertainty

intervals are provided with a coverage factor of k=1.96 and hence 95% confidence

interval. Figure 3.9 shows the progression of the number of tips tracked, N, over time

for the six tests. A vertical dashed line indicates the mean time, t̄crossing, that dendrite

tips crossed the internal thermocouple.

Chapter 3 57 Turlough Hughes



Figure 3.10: Image sequence from test VI shows competitive interplay between two neigh-
bouring dendrites. Tip A slows down falling behind tip B, then B slows down and A speeds
up until they are side by side.

3.4 Discussion

Results are presented using a new computer vision algorithm giving the growth rates

and undercooling levels of multiple columnar dendrite tips during directional solidifica-

tion of bulk transparent alloy NPG-35wt.%DC. Six directional solidification tests were

conducted with a controlled temperature gradient, cooling rate, and hence isotherm

speed. The computer vision algorithm tracked a total of 385 columnar dendrite tips.

In the following section, key points are discussed: (i) the performance and general

results of the computer vision algorithm, (ii) the comparison of current tip velocity

and undercooling data to relevant microgravity data, and (iii) and the comparison

of experimental data to theoretical LGK and modified LGK models of dendrite tip

velocity.

Figure 3.9 provides a summary overview of all the dendrite tip tracking data with

mean dendrite tip velocity, v̄t (±2SEM) and the total number of tips tracked, N, at

any given time, t. Generally, the tip tracking shows an initial transient phase, with

v̄t tending to increase until quasi-steady growth conditions are attained with v̄t be-

coming approximately fixed. Figure 3.11 shows the instantaneous dendrite tip velocity

and associated undercooling measured at the moment when the dendrite tips crossed

the internal thermocouple, Ti. Figure 3.9 shows the average time that dendrite tips

crossed the internal thermocouple, tcrossing. In all cases, dendrite tip and undercooling

measurements were captured during the quasi-steady growth phase. The numbers of
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Figure 3.11: Dendrite tip velocity versus undercooling for the present work (test cases I
to VI, C0 = 35wt.%, (Tests I to VI, respectively) compared with measurements from the
TRACE microgravity experiment (C0 = 37.5wt.%, C- columnar, E - equiaxed) and the LGK
growth law.

dendrite tips involved at the thermocouple crossing stage in all cases are within the

range from 15 to 30 tips. Hence, reasonable statistical information is expected.

Velocity vectors in the in-situ video data (refer to the supplementary materials)

show oscillations of individual dendrite tip velocities; in some cases, there is an interplay

between neighbouring dendrite tips where one races out ahead, and then the other

catches up. In general, the fluctuations in dendrite tip velocity are out of phase. Figure

3.10 clearly shows the interplay between adjacent columnar dendrites (annotated A and

B). Initially, dendrite A fell behind (frames 2 - 3) then increased in growth rate (frame

4) while B simultaneously slowed down (frames 4 – 5), allowing dendrite A to catch up

to dendrite B. Since there is an imposed temperature gradient, upwards solidification

is usually deemed thermally stable. This is because density typically decreases with

temperature, and temperature increases in the vertical direction. The effect of gravity

on a fluid with its highest density liquid at the solid-liquid interface suppresses thermal

convection ahead of the front. The out-of-phase growth oscillation between dendrites is

likely due to the solutal interaction and alternating changes in the composition gradient

in liquid, GC , ahead of the tips. The solute, D-camphor, is less dense than NPG, so the
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partitioning (rejection) of solute into the liquid causes the density to be lower ahead of

the tips and this leads to convection due to solutal instability. Hence, the solidification

is thermally stable but solutally unstable, and this could lead to fluctuations in the

solute field ahead of the dendrite tips. It has been shown elsewhere [117] that unsteady

or oscillatory growth can occur because of changes in the solute field ahead of the

dendrite even though thermal conditions are stable. Even though evidence shows that

the dendrite growth has periods of acceleration followed by deceleration, the net effect

is growth at the average rate as given by v̄t. Since the solutal diffusion length (17.4

µm), is much less than the distance between dendrites A and B (approx. 145 um based

on measurement in ImageJ), the interaction which resulted in a significant variation in

dendrite tip velocity, was most likely related to thermosolutal flow.

However, figure 3.9 III shows periodic variations in the mean tip velocity in excess of

the measurement uncertainty. The periodicity in v̄t is evidence of competitive growth

between neighbouring dendrites; impingement of the faster misaligned tips which are

subsequently not being tracked and thus decrease v̄tt. Dendrite tip velocity may de-

crease on the scale of the solidification front due to solute piling at the dendrite tips.

Subsequent thermosolutal convection may replace the solute enriched liquid with a

lower composition liquid causing dendrite tip velocity to accelerate again. In test III,

the effect could be occurring across the scale of the solidification front, thus affecting

the mean tip velocity.

3.4.1 Theoretical Models

The Lipton-Glicksman-Kurz model of dendrite growth is based on the Ivantsov for-

mulation for the solute field around a parabolic dendrite tip. Taking into account the

diffusion field around a dendrite tip, the dimensionless supersaturation, Ω = C∗−C0

C∗(1−k0) ,

is defined as:

Ω = Pexp(P )E1(P ) ≡ Iv(P ) (3.9)

where P is the solutal Péclet number given as Pc = V R/2D, and E1 is the exponential

integral function. A solution to this equation requires a stability criterion which is given
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by:

R = { Γ

σ∗(mGC −G)}
1
2

(3.10)

The solutal gradient in the liquid at the tip interface is given as:

Gc =
2PCC∗(1 − k0)

R
(3.11)

The LGK model requires an iterative solution to the preceding set of equations,

and the undercooling at the tip is taken as the sum of the solutal and curvature

undercooling terms. The stability parameter, σ∗, determines the operating point for

the dendrite tip. Originally, the LGK model used a general parameter of 1/4π2 =

0.025; however,experimental evidence is needed to determine the alloy system’s actual

parameter in question [118]. Sturz and Zimmermann [44] determined the stability

parameter for NPG-37.5wt.%DC by fitting the LGK model to microgravity data. New

information has come to light on the diffusivity of D-Camphor in NPG [113] (with

DL = 9.7 × 10−11m2/s). Applying the same fitting exercise as Sturz and Zimmermann

but with the updated diffusivity gives a stability parameter of σ∗ = 4.15 × 10−3.

To account for the effect of fluid flow around a dendrite tip, Cantor and Vogel [104]

proposed the existence of a diffusional boundary layer of finite length, δ, around the

tip. The approach of assuming a finite boundary later is comprehensively reviewed by

McFadden and Browne [108], and adaptation to the LGK model is the new term in the

supersaturation equation that accounts for the boundary layer thickness as follows:

Ω = PeP [E1(p) −E1(P(1 + 2δ

R
))] (3.12)

Hence, different boundary layer thickness values can be assumed a priori and in-

cluded in the version of the LGK model adapted for fluid flow.

Figure 3.11 compares the terrestrial tip velocity and undercooling measurements

on binary alloy NPG-35wt.%DC with similar microgravity data from the TRACE

campaign [44]. The TRACE experiment used a temperature gradient of 16.5 K/cm,

an initial cooling rate of 0.2K/min (columnar growth) followed by a cooling rate of
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2K/min to induce a CET. In the TRACE campaign, Sturz et al. compared micro-

gravity results of dendrite tip velocity and undercooling with the theoretical models

of Lu-Hunt [119], Burden-Hunt [120], Lipton-Glicksman-Kurz [102, 121] and Kurz-

Giovanola-Trivedi [122]. In general, the models were not capable of predicting the

experimental results; however, the LGK model (see Figure 3.11) showed good agree-

ment with the experimental data [44]. For this reason, the present work only considers

the LGK model given parameter values obtained in the TRACE experiment and with

the adaptation for fluid flow (LGK-CV). The boundary layer thickness, δ, is used as a

fitting parameter.

Three out of the six tests presented in this manuscript (see Table 3.1 for test

no. IV-VI) were conducted at a temperature gradient of 16.5 – 16.8 K/cm, thus

providing the best comparison to TRACE (16.5 K/cm with 37.5wt.% composition).

Figure 3.11 shows a notable difference in tip velocity and undercooling relationship

for the terrestrial case as compared with TRACE. Dendrite tip undercooling in the

diffusive microgravity conditions were between 1.48 and 2.42 times that of terrestrial

conditions for the same tip velocity (datapoints within 0.05 µm/s). As mentioned,

the solidification conditions are expected to be thermally stable but solutally unstable,

i.e. the solute partitioned at the solid-liquid interface is lower density than the bulk

liquid, and therefore more buoyant. Hence, even with the positive vertical temperature

gradient, convective instabilities can occur even if the liquid’s net density decreases

with height. The significant difference between the results in this study and TRACE

is attributed to buoyancy-driven thermosolutal convection. Glicksman et al. showed

similar findings for free dendritic growth in microgravity and terrestrial conditions

with the transparent alloy succinonitrile [16,41]; the authors reported that tip velocity

increased by a factor of two at lower undercooling and that the LGK diffusion solution

to the dendrite problem was not consistent with the terrestrial experimental data.

Additionally, Cantor and Vogel’s theoretical modelling indicates that the effect of fluid

flow on tip velocity undercooling relationship is more significant for a constitutional

dendrite versus a thermal dendrite.

Several models have been developed to account for the effect of thermosolutal flow
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Figure 3.12: Experimental results with comparisons to the LGK model and modified LGK
model at two values of δ: 2.5 µm and 7.0 µm.

on dendrite tip velocity. The modified LGK model, which assumes diffusive transport

inside a boundary layer of length δ and infinite mixing outside the boundary layer,

was applied with finite boundaries of thickness 2.5 and 7 µm. Figure 3.12 shows the

LGK model based on DL = 9.7 × 10−11m2/s, C0 = 35, and σ∗ = 4.15 × 10−3, which is

representative of microgravity or diffusional conditions. The two corresponding fits

with the modified-LGK show good agreement with the terrestrial experimental data

where solutal convection is assumed. For comparison purposes, the diffusional solutal

lengths with no convection present (ls =DL/vt) in the range of 1.0 to 6.0 µm/s growth

rate would give diffusional solute boundaries of between 17 – 98 µm.

Interestingly, figure 3.12 shows two trends for the dendrite tip velocity as a func-

tion of undercooling. At G ≈ 23.5K/cm (open triangle, circle and square markers), the

LGK-CV model predicts a boundary layer thickness of 2.5 µm, whereas at G ≈ 16.6

K/cm (triangle, circle and square markers with grey face colour), the LGK-CV model

predicts a boundary layer thickness of 7.0 µm. Temperature gradient affects both the

mushy zone’s depth and permeability, and this likely influences both the fluid flow and
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composition fields ahead of the dendrite tips. For example, Wu et al., observed four

different flow regimes ahead of the columnar mushy zone corresponding to different

mushy zone depths [123]. Buoyancy-driven thermosolutal flow in the solute-enriched

mushy-zone, and the resulting flow and compositions field ahead of the dendrite tips,

needs to be considered in the context of the mushy zone permeability. Further exper-

iments and numerical modelling are required to fully understand the relationship of

temperature gradient on the dendrite tip kinetics.

3.5 Conclusions

A bespoke solidification apparatus and a new experimental procedure has been devel-

oped that uses a novel computer vision algorithm to automatically track the position

and velocity of multiple columnar dendrites during in-situ observation. In this study,

the computer vision algorithm was used to track a total of 385 dendrite tips. A total

of 95 dendrite tips were observed to cross an internal thermocouple in the melt; hence,

instantaneous measurement of tip velocity and undercooling was provided. The results

have been compared with similar microgravity experimental results, and a marked dif-

ference is reported between the terrestrial and microgravity data. Comparison was

made to the classical LGK growth law based on solute diffusion without convection.

At the same growth rates, terrestrial undercoolings were between 0.41 and 0.68 times

the predicted growth rates. However, when modifications were made to the theo-

retical LGK to compensate for the effect of convection, results gave good agreement

for finite boundary layers of lengths in the range 2.5 to 7.0 µm. Other effects that

were observed and attributed to convection were oscillations of the growth rate (i.e.,

acceleration-deceleration cycles). Nevertheless, even with undulations of the growth

rate, the observed net effect in all cases was growth at an average velocity under ther-

mally steady conditions. The new computer vision algorithm was demonstrated to be

highly beneficial since, with 385 dendrite tip tracked, it provides statistical and quan-

titative data otherwise too laborious to capture manually. In addition to the scaling

up of quantitative data analysis, the visual results from the algorithm enhanced the

ability to make qualitative observations. For example, velocity vectors shown in videos
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for test no. V and VI illustrate the classic Walton-Chalmers predicted behaviour [9],

i.e. misaligned dendrites lag the aligned dendrites and have a y-component of velocity

close to that of the aligned dendrites. Further work with the computer vision algorithm

may provide deeper insights into competitive growth and the Walton-Chalmers model.

The results from this study and the application of this new procedure to other sce-

narios will be of interest to the modelling community who are interested in modelling

competitive columnar growth, for example, the work of [124–128].
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Chapter 4

Competitive Growth during

Directional Solidification

Experiments of 〈111〉 Dendrites

Abstract

Competitive growth is a key topic in directional solidification. However, to the authors’

best knowledge, there are no experimental or numerical studies on competitive growth

for 〈111〉 dendrites. Compared with classical 〈100〉 dendrites, which can grow in six

directions orthogonal to one another, 〈111〉 dendrites can grow in eight directions. Con-

sequentially, secondary arms in 〈111〉 dendrites are more favourably oriented than the

corresponding secondary arms in 〈100〉 dendrites and this has implications for the com-

petitive growth mechanism during directional solidification. An experimental appara-

tus was developed for in-situ directional solidification with a transparent model alloy,

Neopentyl Glycol-35wt.% (D)Camphor (NPG-35wt.%DC), which has 〈111〉 dendrite

orientation. Seven tests scenarios were investigated with different temperature gradi-

ents and isotherm speeds. Each scenario was investigated for its competitive growth

behaviour from randomly oriented seed crystals to the final observed macrostructure.

Multiple grains were identified in each test with examples of competition at converg-

ing and diverging grain boundaries as well as obedience and disobedience with the

widely accepted Walton-Chalmers rule for predicting preferential growth orientations.
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Unfavourably oriented crystal colonies at diverging grain boundaries competed with

and were able to outgrow favourably oriented colonies via tertiary branching. Over-

growth by the unfavourably oriented crystal was linked to the advantageous growth

directions of secondary arms in 〈111〉 dendrites. A newly developed computer vision

algorithm for dendrite tip velocity tracking further elucidated the tertiary branching

mechanism that allowed the unfavourably oriented crystal colonies to stabilise along

the growth direction. It is proposed that the deviation from the Walton-Chalmers rule

of competitive growth is probabilistic and depends on the initial seeding.

4.1 Introduction

Competitive dendritic growth is a key topic in directional solidification as it influences

the grain structure or crystallographic texture, and hence the material properties of

as-cast parts. Preferred growth directions arise due to temperature gradients at the

macro scale, where crystals with differing orientations compete to outgrow one another.

Crystal arms that are well-aligned with but growing in the opposite direction to the heat

flow have preferential orientation. The Walton-Chalmers rule [9,10], depicted in figure

4.1, is a well-accepted description of how preferred orientations arise in directional

solidification of crystals with 〈100〉 morphology [129, 130]. The figure shows three

neighbouring colonies of dendrites; colonies A and C with favourable orientations have

their growth direction aligned with the direction of heat flux, while colony B has an

unfavourable orientation and grows at some offset, α1, to the preferred direction. Under

steady-state conditions, the liquidus isotherm advances with speed vL and well-aligned

dendrites will grow at some distance behind it by matching their growth rate to the

liquidus isotherm speed, v1 = vL. To maintain the required speed, the dendrite tips

grow at some finite distance behind the liquidus isotherm where it can experience

the required level of undercooling, ∆T1. To remain competitive, misaligned dendrites

have to maintain higher tip growth rates (v2 > v1) such that their vector component

in the favourable direction, v2’, matches the isotherm speed (i.e., v2 = vL/Cosα1).

To maintain higher growth rates, the misaligned dendrites must grow at a higher

undercooling, ∆T2, which is found at a distance further behind the liquidus isotherm
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Figure 4.1: Schematic illustration of Walton-Chalmers rule. In order to have a vertical
component of velocity equal to its neighbour, the unfavourably oriented dendrite colony (B)
lags the favourably oriented colonies (A and C) and grows at greater undercooling and tip
velocity. Colony B impinges on colony C at the converging boundary, while colony A tends
to outgrow colony B via tertiary branching at the diverging grain boundary.

than the tips of the favourably-orientated dendrites. Consequentially, neighbouring

misaligned dendrites lag behind and get outgrown or blocked by their more favourably

orientated counterparts. Figure 4.1 shows Colony B’s primary dendrite tips impinge on

colony C at the grain boundary. At the AB boundary, colonies A and B compete via

tertiary branching, and favourably oriented crystals A and C overgrow and eliminate

the unfavourably oriented crystal, B. Thus, the Walton-Chalmers model explains the

origin of preferred orientation in directional solidification, i.e., the decreased average

misalignment [9] and reduced spread of the misalignment [10], which occurs due to

competitive growth. The model was later validated by in-situ experiments with the

SCN-ACE transparent alloy system [23,131].

In metal casting, a chill zone typically forms beside the mould wall in contact with

the liquid melt with an initially homogenous temperature and composition. The chill

zone consists of a thin layer of fine equiaxed dendrites with random orientation. Heat

exits through the mould wall as the temperature gradient forms and favourably orien-
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tated arms of primary equiaxed dendrites grow directionally in opposition to the heat

flux direction via the competitive mechanism described by Walton and Chalmers. Af-

ter reaching a sufficient aspect ratio (typically greater than two [132]), the crystals are

classified as columnar. This process is termed the Equiaxed-to-Columnar Transition

(ECT). As solidification continues in the casting, temperature gradients may decrease

such that the columnar dendrites lose their competitive advantage, and equiaxed so-

lidification (with no preferential orientation) can replace the columnar structure. The

process is termed the Columnar-to-Equiaxed Transition (CET). An increase in liquidus

isotherm speed or a decrease in temperature gradient (or both) causes the Columnar-

Equiaxed Transition (CET). In the CET scenario, constitutional undercooling in the

liquid ahead of the columnar front exceeds the heterogeneous nucleation and free growth

undercooling levels. Nucleation and growth of equiaxed crystals occur in sufficient num-

bers and then block the columnar front. Recent investigations have shown that the

CET can be sharp or progressive [133, 134]. In a sharp CET, equiaxed growth occurs

in sufficient numbers, and this results in an abrupt transition from aligned columnar

crystals to randomly oriented equiaxed crystals with an aspect ratio close to unity. Pro-

gressive CETs have an intermediate region where, after partial columnar blocking, the

favourably oriented arms of equiaxed crystals that become embedded into the growth

structure may proceed to grow competitively and reach elongation factors greater than

two [135]. Competitive crystal growth is, therefore, an important mechanism in both

ECT and progressive CET. Several reviews of this CET are available [5, 6] and stud-

ies are ongoing within this topic [136]. If the growth rate and temperature gradient

can be maintained (as in the Bridgman-Stockbarger process), well-aligned columnar

structures can be produced consistently.

Dendritic growth in Face Centred Cubic alloys typically occurs along 〈100〉 crys-

tallographic directions. However, atypical growth directions are being observed in

technologically important alloys, from lightweight aluminium alloys to Ni-base super-

alloys [137]. Examples include 〈111〉 growth in Al-Fe [138] and 〈110〉 growth in cer-

tain compositions of Al-Zn [139, 140] and Al-Ge [141]. Recently, unexpected 〈111〉

growth in Al-Cu [142–145] was reported. The different growth directions are linked
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Figure 4.2: Unit cells for 〈100〉 and 〈111〉 dendrite patterns: (a) Classical 〈100〉 pattern
with six growth directions (all orthogonal to each other) (b) 〈111〉 dendrite pattern with
eight growth directions (c) 〈111〉 pattern viewed orthogonal to the [111] direction; a primary
columnar dendrite aligned with [111] has six secondary dendrite arms; three arms subtend
70.5o from the primary growth axis, and the other three subtend 109.5o.

to composition-related changes in the surface-tension anisotropy distribution [139] and

are likely to be influenced by the surface attachment kinetics [142]. Since crystals’ ori-

entation and hence the growth direction of primary dendrite tips are key in determining

the competitive growth, the family of crystallographic directions along which dendrite

tips can grow should undoubtedly be an important consideration. Figure 4.2 shows the

growth directions arising in 〈100〉 and 〈111〉 dendrites. Classical 〈100〉 dendrites can

grow in six directions where secondary or higher-order dendrite arms grow orthogonally

to the parent arm. With 〈111〉 patterns, dendrite arms can grow in eight directions

towards each corner of a unit cell. In this case, secondary or higher-order dendrite

arms can grow at either 70.53 or 109.47 degrees from the parent arm. The implications

for modelling and theory of pattern formation during solidification are not yet fully

understood. However, it will be argued that three secondary dendrite arm directions

of the 〈111〉 dendrites should have a 19.53 degree angular advantage compared with

the secondary arms of 〈100〉 dendrites. This difference in secondary arm alignment

will be shown to have consequences on the directional solidification of 〈111〉 colum-

nar structures - this is a point that has not yet been characterised or realised. The

purpose of this study is to investigate the competitive growth mechanisms for 〈111〉

growth morphologies. An experimental setup was developed to study macrostructure

structure formation during directional solidification using a binary transparent alloy

Neopentyl-Glycol-35wt.%(D)-camphor (NPG-35wt.%DC) [67]. The transparent alloy
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in question has been shown to solidify with 〈111〉 dendritic structures [68] when the

alloy composition is higher than 30 wt.%. Optical microscopic imaging allowed for

in-situ observation and real-time visualisation of competitive columnar growth in the

〈111〉 transparent alloy of NPG-35wt.%DC. The newly developed multiple dendrite

tip tracking algorithm, described in Chapter 3, augmented the in-situ footage with

velocity vectors on the dendrite tips, which aided in elucidating competitive growth

mechanisms. The objectives of the investigation were as follows:

• To investigate competitive crystal growth mechanisms in directionally solidified

〈111〉 crystals.

• To apply the recently-developed dendrite tip tracking algorithm to further eluci-

date on the mechanisms of competitive crystal growth.

• To assess the competitive crystal growth mechanisms in 〈111〉 dendritic patterns

against the classic Walton-Chalmers mechanism.

Competitive crystal growth mechanisms are of particular interest to the aerospace

industry for the manufacture of turbine blade and they are of fundamental interest

for further modelling activity [94]. Competitive growth models have been integrated

into several numerical models of directional solidification. Hence, the experimental

data provided from the study proposed here will be useful for model elucidation and

validation.
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4.2 Methods

4.2.1 Materials

The transparent model alloy NPG-35wt.%DC was prepared from organic crystalline

materials NPG and DC at commercial purity provided by Sigma Aldrich. At the 20 to

30wt.% composition range, the NPG-DC alloy system undergoes a dendrite orientation

transition from 〈100〉 to 〈111〉. The present experiments use a hypoeutectic composition

of C0=35wt.%, with 〈111〉 dendrite orientation. The alloy was prepared in a sealed

glove box under Argon atmosphere (<5ppm H2O), as described in section 3.2.2, and

liquid NPG-35wt.%DC was then transferred from the glovebox in a high-temperature

gas-tight glass syringe.

4.2.2 Apparatus and Processing Conditions

Figure 4.3 shows a schematic overview of the experimental facility used. The appara-

tus consisted of an optically transparent annular sapphire crucible with temperature

controlled hot and cold zones for directional solidification. Setpoint control of tem-

peratures, TH and TC , provided controlled temperature gradient, G, cooling rate, Ṫ ,

and hence isotherm speed, vL, in the baffle zone. A camera and variable lens (1.4x–13x

zoom) mounted perpendicularly to the crucible’s vertical axis recorded video sequences

of the directional solidification in the baffle zone. For a more detailed description of

the experimental apparatus and control, the reader may refer to [67].

The test material in the crucible above the cooler was brought into the liquid

phase by increasing the heater’s temperature to 120oC. To ensure a homogenous initial

composition in the liquid melt before any given test, the baffle zone was heated with a

heat gun and the heater was temporarily turned off to induce convective mixing for a

period of 5 minutes. The heat gun was then turned off and setpoint temperatures of TH

and TC were adjusted to prepare the initial temperature gradient and to position the

equilibrium liquidus isotherm just inside the camera’s field of view. After deactivating

the heat gun, equiaxed crystals nucleated in the liquid melt and sedimented on the

top of the mushy zone providing initial seed crystals with random orientations. The
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Figure 4.3: Schematic illustration of experimental facility (a) test apparatus and magnified
view of the baffle zone (b) graphical illustration of temperature control showing position of
the liquidus isotherm yL at time t1. Equal cooling rates of the heater and cooler advances
the liquidus isotherm with velocity, vL, where vL = (∆T /∆t)(∆y/∆T ), or simply vL = Ṫ /G.

initial conditions for TH and TC were then held for a period of at least 40 minutes

and this allowed the solidification front to align with the liquidus isotherm. At that

point, ramp down cooling was initiated and optical imaging commenced. The in-situ

optical footage was processed with a newly developed computer vision algorithm for

automated tracking of columnar dendrite tip velocities. Additionally, a novel image-

processing technique, described in the following subsection, was used to provide a

detailed post-mortem image of the micro-macro structure.

Table 4.1: A list of solidification processing parameters

Test Scenario Cooling Rate (K/min) Temperature Gradient (K/cm)

1 0.16 23.30 ± 1.80

2 0.30 23.58 ± 1.83

3 0.45 23.64 ± 1.83

4 0.16 16.79 ± 1.80

5 0.30 16.55 ± 1.80

6 0.45 16.57 ± 1.41

7 0.15 23.45 ± 1.83
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4.2.3 Image Processing and Analysis

Due to the reduced opacity of the solidified structure, especially in the main bulk of the

sample, microstructure detail and crystallographic features were difficult to distinguish.

Microstructure detail was more discernible at the top of the mushy zone. Hence, a sin-

gle, in-situ optical image of the solidifying mushy zone lacked underlying microstructure

detail. To capture the columnar network development, other investigators have used

manual overlay methods of images from the top of the mushy zone captured during so-

lidification [22,130]. Here, an automatic image processing technique was developed to

automate the process to show more detail of the underlying microstructure. Figure 4.4

shows a schematic illustration of the image processing technique. Automatic tracking

(as outlined in [67]) was used to provide the average vertical position of the top of the

mushy zone, yf . The image processing technique then automatically cropped a rectan-

gular window from the given input image with the rectangle’s upper left corner located

at (0, yw). A window height, hw, was defined. The first image for any given sequence

was selected based on the earliest position data provided by the tracker and subsequent

images were selected corresponding to the solidification front advancing by a distance

approximately equal to height of the window (within one pixel). For the first and last

input images, the size of the cropped window extended to the bottom or top of the

respective input image. Vertical concatenation of the cropped images then provided

a single output image that facilitated assessment of the underlying microstructure.

Figure 4.5 shows an example of a Vertically Concatenated (VC) micrograph from test

scenario 5 with manually overlaid lines to assess the misalignment of the dendrites.

Dendrites arms greater than 1mm in length were deemed to have sufficient direction-

ality to be considered in the analysis; hence secondary and tertiary arms greater than

1mm were included in the analysis. Average and mean absolute deviation of dendrite

misalignment were recorded at 30 evenly spaced vertical positions along the y-axis.
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Figure 4.4: Schematic illustration of image processing technique for developing detailed
image of the microstructure (a) input image at time ti with coordinates of the cropped window
(b) output image from vertically concatenating windows of the selected input images.

Figure 4.5: Vertically concatenated micrograph of test scenario 5 showing manual assess-
ment of dendrite orientation
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Figure 4.6: VC micrographs showing macro-micro structure for tests 1 – 6, listed as (a)
– (f), respectively. Red arrowheads show impingement, while the red/black lines highlight
dendrite arm origins and the ladder structure. Grain boundaries are shown with solid black
lines.
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Figure 4.7: Average misalignment ± one mean absolute deviation (as a descriptive statistic),
versus y position for test scenarios 1 to 6.

4.3 Results

As mentioned, seven directional solidification tests scenarios were conducted to inves-

tigate competitive growth in the 〈111〉 transparent alloy NPG-35wt.%DC. Figure 4.6

shows the VC micrographs for test scenarios 1 to 6 with details of the thermal pro-

cessing conditions on the border, while figure 4.7 shows the graphs of average dendrite

misalignment, ∣ᾱ1∣, versus the vertical position, y. The graphs include intervals of one

mean absolute deviation as a descriptive statistic of the spread of dendrite arm mis-

alignment. Additionally, figure 4.8 (a) and (b) shows a VC micrograph and graphed

results of ∣ᾱ1∣ versus y, corresponding to test scenario 7. In general, ∣ᾱ1∣ decreased with

increasing, y, and is evidence that well-oriented crystals can outgrow unfavourably

oriented neighbouring crystals in agreement with the Walton-Chalmers rule. In par-

ticular, test scenarios 1, 2, 4, and 5 showed obedience to the Walton-Chalmers rule

with average misalignment, ∣ᾱ1∣, shown to decrease with increasing y. Test scenario 3

initially disobeyed then obeyed the Walton-Chalmers rule with average misalignment

increasing from 7.6o to 13o but then at the 4 mm position decreasing to 10.4o. Test 6
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also showed an increase in ∣ᾱ1∣ but this is attributed to the presence of an embedded

equiaxed grain. Contrastingly, test scenario 7 (figure 4.8) showed a steady increase in

average misalignment throughout the recorded growth from 14.3 to 26.5o. This result

is evidence of disobedience with the Walton-Chalmers rule.

While the graphs of average misalignment against the vertical position, shown in fig-

ure 4.7 and figure 4.8 (b), provide a macroscopic average of competitive crystal growth,

it was necessary to assess competitive crystal growth mechanisms along the individual

grain boundaries. The competition occurred between multiple dendritic colonies in all

seven test scenarios with examples of both diverging and converging colonies, and ex-

amples of obedience and disobedience with the Walton-Chalmers rule. A pair of crystal

colonies are deemed diverging when the crystals’ primary growth directions point away

from each other in the image plane whereas two crystal colonies are deemed converging

when the primary growth directions point towards each other in image plane. Figure

4.6 and figure 4.8 (a) show the colonies and grain boundaries identified in each test

scenario (annotated A, B, C, etc.). Black contours indicate the grain boundaries be-

tween colonies of directionally aligned dendrites and yellow/black arrowheads highlight

dendrite impingement points. The list of dendritic colonies for each test scenario, their

primary growth direction, α1 and competitive secondary directions, α2, are listed in

table 4.2. Orientations α1 and α2 are provided with respect to the vertical axis (see ref-

erence axis and convention in figure 4.6 (a)). Table 4.2 also lists the grain boundaries;

the relative orientation of the neighbouring crystals (i.e., whether they were converging

or diverging from one another); and whether they displayed obedience or disobedience

to the Walton-Chalmers rule. Grain boundaries with orientations greater than 45o

were omitted because the competition was assumed to occur predominantly due to

misalignment about the x-axis. Descriptions of the outcomes from each test scenario

are provided in the following paragraphs.

Test scenario 1, shown in figures 4.6 (a) and 4.7 (a), showed a small decrease

in average misalignment, ∣ᾱ1∣, from 16.7o to 12.2o. Two grain-boundaries formed in

this test with converging growth at the AB boundary and diverging growth at the BC

boundary. Competition at grain boundary AB obeyed the Walton-Chalmers rule where
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the favourably oriented colony, B, tended to outgrow colony A. However, competition

at boundary BC disobeyed the Walton-Chalmers rule since the less favourably oriented

colony C tended to outgrow colony B by forming a ladder of tertiary branches at the

grain boundary. The success of C at the diverging boundary was due to the orientation

compared with B, α1,C = −16o and α1,B = 7o, which allowed secondary arms of C to

be more favourably oriented and better able to compete with the secondary arms of

crystal colony B. The favourably oriented crystal colony B was consistently overgrown

by this mechanism.

Figure 4.6 (b) shows test scenario 2. Most grain boundaries that formed in this

scenario obeyed the Walton-Chalmers rule. For example, colony B, with α1,B = 0o,

tended to overgrow unfavourably oriented colonies A (α1,A = 18o) and C (α1,C = −22o).

Colony C, was less favourably oriented compared with neighbouring colonies B and D

(α1,D = −8o); at the diverging boundary between B and C, colony C was overgrown by B.

At the converging CD boundary, colony C tended to overgrow the favourably oriented

colony D. A higher overgrowth rate by B on C compared with C on D ultimately led

to C’s elimination. The CD boundary was the only case in test scenario 2 that showed

disobedience with the Walton-Chalmers rule. Figure 4.7 (b) shows that test scenario 2

generally obeyed the Walton-Chalmers rule, where misalignment decreased throughout

and, in general, the mean absolute deviation also reduced.

Test scenario 3, shown in figures 4.6 (c) and 4.7 (c), shows colony C (α1,C = 3o) with

favourable orientation initially overgrown by its neighbour B (α1,B = −15o) causing the

average misalignment to increase, but then C begins to overgrow B again. Colony B,

diverging from colony A (α1,A = 13o), also tended to outgrow colony A with periodic

tertiary branching.

Test scenario 4 showed a decreasing ∣ᾱ1∣ and a decreasing mean absolute deviation.

In general, the trends obeyed the Walton-Chalmers rule, with unfavourably oriented

colonies B and E being overgrown. However, colony A with α1,A = 0o, was overgrown

by colony B.

Test scenario 5, shown in figures 4.6 and 4.7 (e), shows obedience to the Walton-

Chalmers rule with decreased average misalignment and mean absolute deviation show-
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Figure 4.8: Results of test scenario 7 processed with temperature gradient, G = 23.45 ± 1.83
K/cm, and cooling rate Ṫ = 0.15 K/min (a) vertical concatenation image showing underlying
micro – macro structure (b) average dendrite misalignment versus position

ing convergence to a single preferential orientation. A single colony of dendrites, B,

with a misalignment of α1,B = 7o tended to overgrow colonies A and C (α1,A = 33o and

α1,C = −17o). Correspondingly, the graph in figure 4.6 (e) shows an average misorien-

tation converging on 7o.

In test scenario 6 (figures 4.6 and 4.7 (f)), colony D tended to outgrow its neighbours

B and A. An equiaxed crystal (C) nucleated ahead of the columnar front and blocked

growth in this area as it settled into and became embedded into the columnar structure.

The more favourably oriented arms of the equiaxed crystal (α1,C = −19o) continued to

grow and competed with colonies B (α1,B = −1o) and D (α1,D = 10o) but were shortly

outgrown by the more favourably oriented colony B. Correspondingly, Figure 4.7 (f)

shows the increase in average dendrite misalignment between 5mm and 7mm in the

vicinity of the elongated equiaxed grain.

In contrast to the trends observed in tests 1 to 6, test scenario 7, under similar

processing conditions as test 1, showed that dendrite alignment did not follow the

Walton-Chalmers rule. Figure 4.8 (a) shows the average dendrite misalignment, which

tended to increase throughout the experiment. The increase was partly due to the
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competitive secondary arms of colony B where α1,B = 24o and α2,B = −53o, and colony

E where α1,E = 1o and α2,E = −30o, but also colony C which emerged further up with

α1,C = −40o. At the diverging BD boundary where α1,B = 24o and α1,D = −3o, colony D

tended to overgrow colony B, but B was largely stabilised due to competitive secondary

arms. Consequentially, the average misalignment increased from 14o to 27o.

Figure 4.9 shows a close-up image sequence from test 5 in the upper right area

of colony D (see figure 4.6 (f)) with a primary growth direction of α1,D = −19o and

primary dendrite tip velocities that ranged from 4.5 to 5 µm/s. The secondary arms

with α2,D = 48 grew at approximately 7µm/s. A new colony emerged (figure 4.9 (d))

with favourable alignment (α1 = −10o) with tip velocities between 5 and 5.5 µm/s.

Supplementary video data is available on the journal website. The observed trends

between the growth vectors and the resulting final grain textures are discussed in

greater detail in the next section.

Figure 4.10 shows the development of the grain boundary in test 5 between di-

verging colonies A and C. Colony C periodically formed tertiary branches and ladder

structures with alternating success between arms growing along with the primary [111]

and secondary [11̄1] directions. Video evidence (provided as supplementary data on

the journal’s website) shows that an opening formed between the diverging colonies

A and C, and secondary arms grew into the open region. Figure 4.10 (d)-(e), show

a tertiary arm extending along the crystals [111] direction was able to break out and

block the newer secondary dendrite arms, which were further up the primary trunk.

As solidification proceeded, the [111] tertiary arms eventually became primary arms

themselves. The secondary arms of the initial primary dendrite did not compete any

further as their pathways were blocked by its neighbour’s successful tertiary arms.
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Table 4.2: Summary of crystal misalignment and observations of obedience or disobedience
with the Walton-Chalmers rule at each grain boundary.

Grain Boundary and comments

α1 α2 Boundary Comments

Units degree degree

Test Scenario 1

Colony A -20 40 AB converging obeys

Colony B 7 BC diverging disobeys

Colony C -16 44

Test Scenario 2

Colony A 18 AB diverging obeys

Colony B 0 BC diverging obeys

Colony C -22 BD diverging obeys

Colony D -8 CD converging disobeys

Test Scenario 3

Colony A 13 AB diverging disobeys

Colony B -15 BC converging disobeys then obeys

Colony C 3

Test Scenario 4

Colony A 0 AB converging disobeys

Colony B 10 BC diverging obeys

Colony C 4

Colony D 1

Colony E 17

Colony F -2

Test Scenario 5

Colony A 33 AB diverging obeys

Colony B 7 BC converging/diverging obeys

Colony C -17 58 CD converging obeys

Colony D 24

Test Scenario 6

Colony A -19 AB converging disobeys

Colony B -1 BD converging disobeys

Colony C -19

Colony D 10

Test Scenario 7

Colony A 17 AB converging disobeys

Colony B 24 -53 BD diverging obeys

Colony C 40

Colony D -3

Colony E 1 -30
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Figure 4.9: Optical image sequence showing dendrite tip tracking on crystal D, test 6.
The image sequence shows a colony of secondary dendrite arms from crystal D growing with
higher misalignment and tip velocity.

Figure 4.10: Optical image sequence from test 5 with dendrite tip tracking showing grain
boundary formation for diverging crystals colonies A and C. Colony C’s secondary arms grow
into and fill the space between the diverging grains and repeated tertiary branching forms a
ladder structure in colony C.
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4.4 Discussion

Competitive directional crystal growth mechanisms emanating from randomly oriented

seed crystals have been investigated with seven directional solidification tests. Multiple

colonies formed in each test scenario with examples of both diverging and converging

boundaries, as well as obedience and disobedience with the Walton-Chalmers rule.

The analyses were aided by a newly developed computer vision algorithm that pro-

vided automatic tracking of the positions and velocity vectors for multiple columnar

dendrite tips observed within each experiment. The results indicate that scenarios

that disobeyed the classical Walton-Chalmers rule, that is, by the unfavourably orien-

tated crystals tending to overgrow the favourably orientated crystals, occurred due to

preferential tertiary branching from the unfavourably orientated crystal colonies.

Tertiary branching occurs in single-crystal directional solidification when the pri-

mary growth direction is not aligned with the direction of heat flow [146,147] or when

columnar crystals pass a re-entrant corner in a mould [130]. Gandin et al. [148] ex-

amined tertiary branching as a competition mechanism for a divergent bicrystal using

the 〈100〉 succinonitrile-acetone system. They demonstrated that with higher mis-

alignment, the unfavourably oriented crystal could compete with a favourably oriented

crystal via tertiary branching. However, with reduced misalignment, the unfavourably

oriented crystal’s secondary arms became suppressed, preventing tertiary branching

in the unfavourably oriented crystal and instead allowed successful tertiary branch-

ing in the favourably orientated crystal. Wagner et al. also showed the unfavourably

orientated crystal stabilising against the favourably orientated crystal by the same

mechanism [149]. In all of these examples with 〈100〉 dendrites, the unfavourably ori-

entated crystals were misaligned by more than 33o. This manuscript highlights multiple

instances where the misaligned crystals competed by periodic tertiary branching (see

colony C in test scenario 1, colony B in test scenario 3, colony C in test scenario 5, and

colony B in test scenario 7). However, in contrast to other examples [148,149], tertiary

branching was favoured in the unfavourably orientated crystals with a misalignment

as low as 16o (colony C, test 1). It is likely that this behaviour is a consequence of the

〈111〉 structure where secondary arms have a 19.5o advantage compared with the 〈100〉
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Figure 4.11: Schematic illustration of divergent boundary with 〈111〉 dendrites showing
competition between favourably oriented colony, A, and unfavourably oriented colony, B,
with α1,A = 0o and α1,B = −20o. Competitive secondary arms and branching by colony B
allow it to maintain a grain boundary parallel to the primary growth direction of A.

configuration.

The average misalignment results (figure 4.7 and figure 4.8 (b)) provided a macro-

scopic average of the competitive crystal growth, where decreasing average and reduc-

tion in the variance of the measured misalignment indicates an average agreement with

the Walton-Chalmers rule [9, 10]. In this study, the majority of scenarios ultimately

tended to agree with the Walton-Chalmers rule by showing either a decrease in the

average misalignment or convergence to a single preferential orientation. However, in

test scenario 7, the results were significantly different with the average misalignment

increasing over the solidification length instead of decreasing and with approximately

uniform variance. Moreover, thermal processing conditions of cooling rate and temper-

ature gradient applied in test scenario 7 were the same as test scenario 1. Thus, with

similar parameters applied, the different outcomes that were observed were stochas-

tic in nature. The results showed that some pairs of crystal orientations allow the

unfavourably oriented crystal to overgrow its favourably oriented neighbour. Hence,

depending on the initial seeding, the average misalignment could also increase. The

stochastic nature of the outcome is likely dependent on the initial seeding orientations.

The crystal colonies’ orientation about their primary growth direction could also affect
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obedience or disobedience to the Walton-Chalmers rule at individual grain boundaries.

Further experiments capable of assessing the 3D crystal orientation are required to

fully understand the mechanisms of competition and the outcome in test scenario 7.

4.5 Conclusions

Seven separate scenarios of directional solidification were conducted with controlled

cooling rate and temperature gradient; and hence, isotherm speed in order to investi-

gate competitive growth mechanisms in 〈111〉 crystals. In-situ footage of the columnar

growth was augmented with a bespoke dendrite tip tracking algorithm to provide veloc-

ity vectors at the tips of the dendrites; this provided an improved qualitative insight into

the mechanisms of competitive growth. This work has provided the first examples of

competitive crystal growth with associated tip velocity vectors in directionally solidified

〈111〉 crystals. Specific experimental results generally followed the Walton-Chalmers

predicted growth behaviour, that is, with a decrease in average misalignment due to

favourably oriented crystals outgrowing unfavourably oriented crystal. However, there

were instances when the Walton-Chalmers rule was disobeyed since no convergence

to a single preferred orientation was demonstrated. In contradiction to the Walton-

Chalmers rule, the average misalignment of test scenario 7 increased from 14o to 28o

over the length of the observed solidification. Moreover, test scenario 1, under the same

conditions as test scenario 7 obeyed the Walton-Chalmers rule. It is proposed that the

deviation from the Walton-Chalmers rule of competitive growth is probabilistic and

likely depends on the initial seeding.

Competition mechanisms at 17 grain-boundaries were detailed in table 4.2 with

multiple examples of diverging and converging boundaries provided. Obedience and

disobedience to the Walton-Chalmers rule was highlighted with no clear trend to pre-

dict whether the rule should be obeyed or not. However, a common observation in all

experiments was the ability of secondary and tertiary dendrite arms to compete with

the primary arms of neighbouring colonies. In particular, the unfavourably orientated

crystals were able to maintain their boundaries with the favourably orientated crys-

tals under divergent neighbouring growth scenarios. Moreover, when the favourably
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orientated crystals had some misalignment, the unfavourably oriented crystals could

overgrow the favourably orientated crystals parallel to the primary growth direction

of the favourably orientated crystals, for example, boundary BC in test scenario 1.

A similar mechanism has already been shown in 〈100〉 crystals [148, 149]; however,

in those scenarios, the unfavourably oriented crystals had at least 33o misalignment,

which allowed secondary arms of those 〈100〉 dendrites to achieve sufficiently favourable

growth direction and dominate secondary arms of other favourably orientated crystals.

In contrast, this manuscript’s results showed the same mechanism occurring but with

the unfavourably orientated crystals oriented at 16o. The difference is due to the

favourable crystallographic growth direction of secondary arms in 〈111〉 dendrites, i.e.,

the 19.5o advantage compared with the 〈100〉 dendrites. Hence, directional solidifica-

tion with 〈111〉 crystallographic orientations has a higher probability of disobeying the

Walton-Chalmers rule than 〈100〉 crystals.

It is noted that the Walton-Chalmers rule was initially intended and based on

experiments with 〈100〉 dendritic growth. While several scenarios showed obedience

to the Walton-Chalmers rule, this work contributes to the increasing number of ex-

perimentally observed scenarios [149–153] that, in addition to the Walton-Chalmers

rule, should be addressed in numerical and theoretical models. The results are novel

and provide the first exploration of competitive growth in 〈111〉 dendrites, however,

further experiments are required to study the selection mechanism in depth. Addi-

tionally, further work that compares competitive growth in 〈100〉 and 〈111〉 dendrites

will provide a useful benchmark for validating numerical and theoretical models of

competitive growth. It is hoped that the results will add motivation for continued

numerical and theoretical modelling of the mechanisms of competitive growth, which

are ongoing [126–128,152–155].
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Chapter 5

Conclusions & Future Work

5.1 Conclusions

The overall aim of this thesis was to develop an experimental facility in combination

with image processing and computer-vision techniques for the visualisation and char-

acterisation of dendritic growth structures in the transparent model alloy Neopentyl

Glycol-35wt.%(D)Camphor. From this, four objectives were identified and have been

addressed throughout Chapters 2 to 4. The objectives of the thesis were as follows:

1. to develop an experimental facility for directional solidification which facilitates

in-situ visualisation of the solidification process under controlled cooling rate,

temperature gradient and isotherm speed

2. to develop computer vision and image processing techniques for use with the in-

situ optical video data for better visualisation and characterisation of micro and

macro structure development

3. to provide complementary terrestrial data for microgravity investigations with

the NPG-DC system as part of the CETSOL framework

4. to investigate competitive growth mechanisms during directional solidification

in the 〈111〉 transparent alloy NPG-35wt.%DC and apply image processing and

computer vision techniques to further elucidate competitive growth mechanisms.
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Objective 1 was achieved in Chapter 2. An experimental apparatus was devel-

oped to investigate in-situ directional solidification using a transparent model alloy,

Neopentyl Glycol-35wt.%(D)Camphor. The optical microscopic video data and ther-

mal instrumentation facilitated the characterisation of dendritic structures that formed

with controlled directional solidification.

Objective 2 was achieved throughout Chapters 2, 3 and 4. Chapter 2 described the

development of an image processing technique for in-situ tracking of the solidification

front’s position and speed. Historically, isotherm speed has been widely accepted as

a reasonable approximation for growth rates and is necessarily used for ex-situ exper-

iments, where visual access to the solidification front is not possible. Growth rates

were measured with both the automated front-tracking technique and the traditional

isotherm speed technique and were benchmarked against manual growth rate measure-

ments. In all cases, the tracker speed was significantly more reliable than isotherm

speed and showed good temporal agreement with manual measurements for cases of

fully columnar and fully equiaxed growth. The work showed the isotherm speed to be

in error up to 19%, which is significant. In contrast, the front-tracking technique com-

pared better than 3% error from manual measurements. Chapter 3 described a new

computer vision algorithm to automatically track the position and velocity of multiple

columnar dendrite tips from in-situ video data provided by the experimental facility.

The new computer vision algorithm was demonstrated to be highly beneficial since,

with 385 dendrite tip tracked, it provided statistical and quantitative data otherwise

too laborious to capture manually. In addition to the scaling up of quantitative data

analysis, the algorithm’s visual results enhanced the ability to make qualitative obser-

vations. This was demonstrated in chapter 4, where the multiple dendrite tip tracking

helped describe competitive growth mechanisms in neighbouring columnar grains.

Preparations are currently underway within the CETSOL group to upload hypoeu-

tectic NPG-DC samples to the Materials Science Glovebox onboard the International

Space Station (ISS). Experiments will be conducted under microgravity conditions for

longer durations than could be provided within sounding rocket missions. Hence, the

ISS experiments will facilitate microgravity dendritic growth at a smaller undercooling
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range without complicating buoyancy-driven phenomena such as thermosolutal flow

and sedimentation. In the context of the CETSOL project, objective 3 of this thesis

aimed to provide complementary terrestrial experiments with the NPG-DC alloy sys-

tem for comparison with microgravity experiments conducted both on the ISS and in

microgravity sounding rocket missions such as the TRACE campaign. The terrestrial

and microgravity experimental results with NPG-DC will provide useful benchmark

data for validating numerical and theoretical models of solidification.

Objective 3 was achieved with experimental investigations in Chapter’s 2 and 3.

Chapter 2 described five directional solidification test scenarios with controlled con-

ditions of cooling rate, temperature gradient and isotherm speed. The experiments

produced three scenarios that led to a fully columnar texture and two scenarios that

led to a fully equiaxed texture in the transparent model alloy. The reported processing

conditions will aid in planning experiments with the NPG-DC system onboard the in-

ternational space station, where conditions leading to columnar or equiaxed structures

will be a primary focus [84]. Chapter 3 described a further six directional solidification

scenarios. Each test scenario was predominantly columnar and showed close to steady

growth conditions as columnar tips crossed an internal temperature probe with 50 µm

diameter wire. A total of 95 dendrite tips were observed to cross an internal thermo-

couple in the melt and provided instantaneous measurement of the dendrite tip velocity

and undercooling. Comparison of results with similar microgravity experimental re-

sults [44] showed a marked difference between the terrestrial and microgravity data.

A comparison was made to the classical LGK growth law based on solute diffusion

without convection. At the same growth rates, terrestrial undercoolings were between

0.41 and 0.68 times the predicted growth rates. However, when modifications were

made to the theoretical LGK to compensate for the effect of convection, results gave

good agreement for finite boundary layers of lengths in the range 2.5 to 7.0 µm.

Objective 4 was achieved in Chapter 4. This work provided the first examples of

competitive crystal growth with associated tip velocity vectors in directionally solid-

ified 〈111〉 crystals. Seven test scenarios were conducted to investigate competitive

growth from initially randomly oriented seeding. The change in average misalignment
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and spread of the misalignment versus the growth distance provided a macroscopic

overview of obedience or disobedience to the Walton-Chalmers rule. Specific exper-

imental results generally followed the Walton-Chalmers predicted growth behaviour,

with a decrease in average misalignment due to favourably oriented crystals outgrow-

ing unfavourably oriented crystal. However, test scenario 7 contradicted the Walton-

Chalmers rule, where the average misalignment increased from 14o to 28o over the

length of the observed solidification. Moreover, test scenario 1, under the same con-

ditions as test scenario 7 obeyed the Walton-Chalmers rule. It is proposed that the

deviation from the Walton-Chalmers rule of competitive growth is probabilistic and

likely depends on the initial seeding.

Obedience and disobedience to the Walton-Chalmers rule was highlighted at grain

boundaries with no clear trend to predict whether the rule should be obeyed or not.

However, a common observation in all experiments was secondary and tertiary den-

drite arms’ ability to compete with neighbouring colonies’ primary arms. When the

favourably orientated crystals had some misalignment, the unfavourably oriented crys-

tals could overgrow the favourably orientated crystals parallel to the favourably ori-

ented crystals’ primary growth direction. A similar mechanism in 〈100〉 crystals is

described in the literature [148, 149]; however, in those scenarios, the unfavourably

oriented crystals had at least 33o misalignment. In contrast, this manuscript’s results

showed the same mechanism occurring but with the unfavourably orientated crystals

oriented at 16o. The difference is due to the favourable crystallographic growth di-

rection of secondary arms in 〈111〉 dendrites, i.e., the 19.5o advantage compared with

the 〈100〉 dendrites. Hence, directional solidification with 〈111〉 crystallographic ori-

entations has a higher probability of disobeying the Walton-Chalmers rule than 〈100〉

crystals.

Progress in solidification science requires continuous development of numerical and

theoretical models of solidification combined with well-defined and accurately quan-

tified experiments that allow model validation to take place. This thesis presented a

newly developed experimental facility and methodology for investigating in-situ direc-

tional solidification in transparent model alloys with accurate control of temperature
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gradient, cooling rate and isotherm speed, and a well characterised thermal environ-

ment. Moreover, the experimental results throughout chapters two, three and four

have provided new data which will allow for code verification to take place. The re-

sults have been compared with microgravity data available in the literature and provide

complementary data for the NPG-DC microgravity experiments planned onboard the

ISS. Further progress in solidification science also requires the ability to characterise

bulk directional solidification experiments. The newly developed multiple dendrite tip

tracking algorithm presented in Chapter three will be useful for the broader solidifica-

tion community for scaling up quantitative data extraction from in-situ videography of

directional solidification and for enabling statistical analysis of dendritic forests. This

work has also provided the first known tests of competitive growth in-situ with 〈111〉

dendrites. It was discovered that secondary dendrite arms in 〈111〉 dendrites are more

competitive than secondaries of 〈100〉 dendrites and that this is likely due to the 19.5o

advantage of 〈111〉 secondaries. Results of competitive growth in 〈111〉 dendrites high-

light an opportunity to further investigate mechanisms of competitive growth in the

〈111〉 dendrite orientation.

5.2 Future Work

• The objective of this work in the context of the CETSOL project was to provide

complementary terrestrial data for microgravity investigations with the NPG-DC

system. While this work compared terrestrial results with the TRACE campaign

(TEXUS-47 sounding rocket mission), further comparisons should be made to

future microgravity experiments which are planned for the International Space

Station using the same transparent model alloy system. In particular, results of

dendrite tip velocity and undercooling.

• The newly developed multiple dendrite tip tracking algorithm should be validated

against manually determined dendrite tip position and velocity. The algorithm

should also be applied to other in-situ video data of columnar dendritic growth.

• Results in the present work showed that tip velocity versus undercooling changes
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significantly for a different temperature gradient. Further experimental work

is needed to establish the trend. Future work should investigate the effect of

imposed temperature gradient on dendrite growth.

• Mechanisms of competitive growth should be studied further using two nominally

orientated 〈111〉 dendrites. Dendrites with approximately nominal orientation

could be obtained using stingers as in the work of Glicksman et al. [78, 156].

Here, a stinger would require freedom for axial rotation and angular displacement

to correct for small possible misalignment in a given seeded crystals. The same

study should be implemented with 〈100〉 dendrites using NPG-20wt.%DC. This

would provide valuable insights into mechanisms of competitive growth as well as

important benchmark data for theoretical and numerical models on competitive

growth.

• Preliminary absorption fluorescence spectra indicated that 240 – 250 nm UV ra-

diation fluoresces liquid NPG-35wt.%DC. Further work should examine the pos-

sibility of fluorescing the liquid alloy to visualise thermosolutal flow or potentially

measure composition fields for experiments with rectangular sample geometry.

• Further experimental investigations should compare upwards and downwards di-

rectional solidification extending the work of [66]. The work highlighted the effect

of the solidification direction with respect to gravity on mechanisms of micro- to

macro-structure formation.
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Appendix A

Solidification processing conditions

leading to the

Columnar-to-Equiaxed Transition

Prior to work carried out in Chapter 2, a series of directional solidification tests were

conducted to investigate the conditions of growth rate and temperature gradient leading

to the Columnar-to-Equiaxed Transition. However, due to accidental damage to the

sapphire crucible, a new sapphire crucible was obtained and positions of thermocouples

on the wall of the sapphire crucible were modified to include temperature measurements

at two vertical positions in the baffle zone.

For the present work, figure A.1 shows a technical illustration of the experimental

setup. Temperature in the adiabatic baffle zone was recorded at a single vertical

position. The vertical temperature gradient was measured by, G = (THB − TA)/1.7

K/cm, while cooling rate was obtained from the average cooling rates of ṪHB and

ṪA. The same experimental procedure detailed in section 2.2.3 was used. A total of

23 tests were conducted at different cooling rates and temperature gradients. Hence,

different isotherm speeds were investigated. The growth rate was measured with the

front-tracker decribed in Chapter 2. The textures were identified from in-situ optical

video footage of the solidification process, and categorised as either; (a) fully columnar,

(b) mixed columnar and equiaxed or (c) fully equiaxed (see figure A.2. In determining

the different growth textures, equiaxed grains reaching elongation factors greater than
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Figure A.1: Technical illustration of baffle zone.

two, were deemed columnar.

• A growth rate vs temperature gradient map has been developed identifying condi-

tions for fully columnar, mixed columnar & equiaxed, and fully equiaxed growth.

• Experimental results can be used for validation of numerical models of solidifica-

tion for CET prediction.
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Table A.1: Solidification processing parameters (based on measurements at THB and TA)

Cooling Rate Temperature Gradient Growth Rate Texture

(K/min) (K/cm) (µm/s) (-)

0.41 9.17±0.34 7.52±0.30 E

0.78 9.17±0.34 14.17±0.56 E

1.51 9.23±0.42 27.20±1.50 E

0.39 11.89±0.45 5.44±0.21 E

0.77 12.31±0.33 10.43±0.30 E

1.42 12.32±0.39 19.23±0.73 E

0.43 15.31±0.38 4.73±0.15 E

0.81 15.35±0.40 8.80±0.30 E

1.35 15.63±0.45 14.44±0.49 E

0.66 18.48±0.34 5.95±0.17 E

1.51 18.68±0.27 13.51±0.24 E

0.35 21.29±0.35 2.74±0.05 E

0.68 21.17±0.56 5.37±0.14 E

0.18 8.73±0.40 3.41±0.17 M

0.17 12.02±0.46 2.38±0.10 M

0.44 18.48±0.35 3.95±0.08 M

0.08 8.84±0.39 1.55±0.07 C

0.08 12.26±0.38 1.11±0.04 C

0.05 15.12±0.41 0.55±0.02 C

0.15 15.06±0.43 1.69±0.06 C

0.08 18.14±0.34 0.70±0.02 C

0.17 18.48±0.28 1.57±0.03 C

0.15 20.85±0.42 1.21±0.03 C
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Figure A.2: Cropped optical micrographs showing examples of (a) fully columnar (b) mixed
columnar and equiaxed, and (c) fully equiaxed textures.

Figure A.3: Growth rate and temperature gradient map showing results of fully equiaxed
(E), mixed columnar and equiaxed (M), and fully columnar (C), with hunt criterion (black
line).
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