MISSOURI

S&l

Library and

Learning Resources Scholars' Mine
Masters Theses Student Theses and Dissertations
Summer 2024

Theoretical Modeling And Experimental Investigation Of Phase
Selection During Rapid Solidification Of Alloys

Azeez Aremu Akinbo
Missouri University of Science and Technology

Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses

b Part of the Metallurgy Commons
Department:

Recommended Citation

Akinbo, Azeez Aremu, "Theoretical Modeling And Experimental Investigation Of Phase Selection During
Rapid Solidification Of Alloys" (2024). Masters Theses. 8218.
https://scholarsmine.mst.edu/masters_theses/8218

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


https://library.mst.edu/
https://library.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/masters_theses
https://scholarsmine.mst.edu/student-tds
https://scholarsmine.mst.edu/masters_theses?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F8218&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/288?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F8218&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/masters_theses/8218?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F8218&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu

THEORETICAL MODELING AND EXPERIMENTAL INVESTIGATION OF PHASE
SELECTION DURING RAPID SOLIDIFICATION OF ALLOYS
by
AZEEZ AREMU AKINBO
A THESIS
Presented to the Graduate Faculty of the
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY
In Partial Fulfillment of the Requirements for the Degree
MASTER OF SCIENCE
in
MATERIALS SCIENCE AND ENGINEERING
2024
Approved by:

Yijia Gu, Advisor

Joseph Newkirk
Mario Buchely



© 2024
Azeez Aremu Akinbo

All Rights Reserved



PUBLICATION THESIS OPTION

This thesis consists of the following article, formatted in the style used by the
Missouri University of Science and Technology:

Paper I, found on pages 12-38, has been submitted for publication by Azeez,
Akinbo & Yijia Gu (2023). Modeling of Phase Selection and Extended Solubility in

Rapidly Solidified Alloys.



ABSTRACT

A novel model, rooted in time-dependent nucleation theory, has been created to
explore how rapid solidification affects the extended solubility in metal alloys. This model
was used to forecast solubility concerning undercooling in multiple binary aluminum (Al)
alloys, and its predictions for both eutectic and peritectic systems closely match
experimental data. It was demonstrated that this developed model surpasses the TO line
method, which does not consider the kinetic aspects of nucleation. Furthermore, the model
can be extended to ternary and multicomponent phases by assuming that the scarcest
element or the slowest diffusing component restricts nucleation. Al-Cu and Al-Cr, vital for
aerospace and automobile applications, were investigated experimentally. Fiber Bragg
Grating Sensors (FBGs) and K-type thermocouples were used to study the solidification
characteristics of the alloys by measuring cooling rates at various positions in the cavity of
a copper wedge mold. The result could be more consistent and reliable but can be
improved upon in the future for further study. This new model's practicality and
dependability make it a valuable tool for innovating alloy design in rapid solidification

processes, such as additive manufacturing.
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1. INTRODUCTION

For the past few years, additive manufacturing (AM), which involves joining
materials to make parts or objects from 3D model data, usually in a layer-by-layer
fashion, has contributed immensely to the success of the manufacturing industry. AM
processes produce a near-net-shape component used in various sectors with controlled
microstructure and properties. Fusion-based metal AM processes such as powder bed
fusion utilize a rapid solidification process to enhance the development of new
microstructure, with refined grain structures, extended solubility, and reduced partition of
solute[1]. Rapid solidification is a non-equilibrium process widely known to increase
solid solubility and the formation of nanocrystalline materials, metastable phases, quasi-
crystalline phases, and bulk metallic glasses. How the microstructures evolve as a
function of the solidification velocity has been a subject of intense investigation over the
past few years. Specifically, the prediction of the phase selection during this process
needs to be more conclusive. Rapid solidification processes such as melt spinning, liquid
metal atomization, electromagnetic levitation, etc., also face the challenges of
understanding the phase selection of various materials[2].

Additively manufactured parts undergo a rapid solidification process, which
involves the quick extraction of heat ranging from 100 K/s to 106 K/s from the molten
melt because of different energy sources such as laser [1]. Rapid solidification (RS)
processes are known for producing materials with metastable and refined microstructures
and improved properties. In RS, the constitutional change is highly system-specific and is

associated with significant departures from equilibrium due to the large undercoolings
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applicable at the rapidly advancing solidification front. The microstructural refinement is
less system-specific and results from the short diffusion distances associated with the
rapidly advancing solidification front [2][3]. Constitutional effects of rapid solidification
include the extension of solid solubility and the formation of metastable phases due to
nucleation and growth competition between the candidate phases, whether equilibrium or
not, in the undercooled melt [1][4]. The effect includes extended solubilities of alloying
elements in alloys, increased chemical homogeneity, and produce metastable phases
[6][7]. For example, the solubility of scandium in aluminum increases from 0.01wt% to
0.23wt% after solidification[3], [4].

RS of aluminum alloys has been reported to increase the mechanical properties of
aluminum alloys through solid solution strengthening because of the alloying element
going into solid solution with the a-Al. Aluminum alloys have been studied for decades.
They are an excellent choice in the aerospace and automobile industries due to their
various mechanical properties, such as lightweight, high strength, low density, etc.
However, improving the stability of aluminum alloys for use at above 425°C (0.75Tm) is
a primary concern and has been studied for decades [8]. It is known that over the last
decades, there has been an increasing demand for lightweight materials from multiple
industrial applications. Due to low solubility in aluminum, elements such as scandium
with a concentration of 0.01wt% during solidification fill the crystal lattice to form an
interstitial solid solution a-Al and thereby increase the strength of Al-Sc to around
400Mpa to 500Mpa. Alloying elements, such as Mg, Mn, Fe, Si, and so on, are known to
form a solid solution that strengthens with aluminum during rapid solidification. VVarious

compositions of main alloying elements were investigated, and Mn was reported to have



the highest tensile strength of approximately 500Mpa and retain elongation as compared
to Mg, which has around 410Mpa [9]. The strengthening effect was predicted due to the
interaction between Mn atoms and trace elements such as Si in a solid solution [10]. Due
to the low solubility and diffusivity exhibited by those alloying elements, their
strengthening effects are limited. Hence, it is essential to understand the phase selection
and know the maximum solubility of the alloy during RS for designing materials with
enhanced properties.

Solid solubility in metallurgy is the extent to which an alloying element dissolves
completely in an element's matrix without forming another new phase. The solid
solubility of an alloy is essential and contributes to the solid solution-strengthening
mechanism of an alloy. Precipitation strengthening or age hardening involves the ability
of a material to withstand elevated temperatures. It is dependent on the solid solubility of
the alloy to be able to form a precipitate with a refined grain structure that will withstand
coarsening and dislocation of motion [3]. We must understand the phase selection for
extended solubility and microstructure development during rapid solidification. The high
cooling rate is known to increase the solid solubility of an alloy. The solute atoms can be
suppressed due to large undercooling; hence, the matrix phase will be the only phase
formed during solidification. The solute atoms may be trapped in the matrix phase during
this process, and the solubility of an alloy will increase.

Several authors have published papers on different theories and models to study
the phase selection and extended solubility of rapidly solidified alloys[5], [6], [7]. Shao et
al. developed a phase selection model based on the time-dependent nucleation theory[2].

The model introduced incubation time T, the transient period before the nuclei reach their
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steady state[8]. However, their studies suffer some setbacks, such as the outdated entropy
of fusion and difficulty in calculating diffusivity, which makes the model incapable of
correctly predicting the phase selection and the extended solubility. Extended solubility
was also modeled by[4] using the To concept. The To temperature curve corresponds to
the temperature where the free energies of an alloy's liquid and solid phases are the same.
The curve corresponds to the maximum thermodynamical solubility possible for an
alloy's composition.

The research aims to develop a new mathematical model to predict rapidly
solidified alloys' phase selection and extended solubility. Ingot casting using a copper
mold was performed to validate our model and study the microstructure of the phases
resulting from the rapid solidification process.

The thesis consists of four sections. Section 1 presents the Introduction, which
includes the background of the study, knowledge gap, problem statement, and scope of
the study. Section 2, the literature review, reviews past studies such as modeling using
Time-dependent nucleation theory (TDNT) and To curve. The chapter discusses
experimental procedures such as using the wedge mold to capture different cooling rates
at other positions, which can be used to validate modeling of rapidly solidified alloys, etc.
The section also contains a research paper titled “Modeling of Phase Selection and
Extended Solubility in Rapidly Solidified Alloys,” which was accepted and published by
the Journal of Metallurgical and Materials Transactions A. Section 3 consists of the
experimental procedures, results, and discussion of the aluminum alloys (Al-4.5wt%Cu
and Al-1wt%Cr) used in the study. Section 4 consists of the conclusion and

recommendations for future research.



2. LITERATURE REVIEW

This section reviews the different theoretical models that can be utilized to study
the prediction of phase selection and experimental investigation. The nucleation model
using the Time-Dependent Nucleation Theory and the TO curve are explained in detail. In
addition, the experimental method using a copper wedge mold to obtain a temperature
value to obtain a cooling rate is reviewed, which can be used to investigate extended

solubilities of different alloying elements in the matrix compound.

2.1. PHASE SELECTION AND NUCLEATION

Nucleation involves the appearance of small particles, or nuclei of the new phase
(often consisting of only a few hundred atoms), which can grow. During the growth
stage, these nuclei increase in size, which results in the disappearance of some (or all) of
the parent phase. The transformation reaches completion if the growth of these new-
phase particles is allowed to proceed until the equilibrium fraction is attained. There are
two types of nucleation: homogeneous and heterogeneous.[2] The distinction between
them is made according to the site at which nucleating events occur. For the
homogeneous type, nuclei of the new phase form uniformly throughout the parent phase,
whereas for the heterogeneous type, nuclei form preferentially at structural
inhomogeneities, such as container surfaces, insoluble impurities, grain boundaries, and
dislocations. Nucleation undercooling is of prime importance in determining the

microstructure of the RS product. Calculations based on steady-state classical nucleation



theory have suggested that phase selection is determined by nucleation, especially at
large melt undercoolings [3, 4].

Interpretations of nucleation experiments and formulations of most nucleation
theories, including those used in alloy design, often assume a constant nucleation rate.
While frequently true, this assumption needs to be corrected in many cases. For example,
time-dependent nucleation theory is essential in many first-order phase changes,
including vapor condensation, liquid phase separation, crystallization of undercooled
liquids, glass formation, and devitrification of glasses. The problem of nucleation in
undercooled melts is still unresolved regarding the operating nucleation mechanisms and
the role of different types of nucleates in phase selection and subsequent growth and

solidification.

.
>

Steady state .

Nucleation Rate (J)

v

Time (t)

Figure 2.1: Steady-state and incubation time for thermal nucleation.

Many researchers have tried different theories and models to predict phase
selection and the extent of solubility. The steady-state nucleation theory treatment is

adequate during solidification, provided the cluster population evolves sufficiently



rapidly as the temperature changes. This may only be sometimes true during
solidification at significant cooling rates, as shown for some glass-forming systems. As
shown in Figure 2.1 above, the nucleation rate J is nearly zero when t< 1, and only when t
reaches 1, the incubation time, can nucleation start with a rate Js. Shaos et al. were one of
the few papers using Time-Dependent Nucleation Theory (TDNT) to predict the
competing phases of aluminum alloys such as Al-Cr, Al-Ti, and Al-Zr, respectively [3].
However, thermodynamic properties such as entropy of fusion used during the evaluation
of undercooling are outdated, and the viscosity coefficient is hard to obtain, resulting in
errors in their model. (The current thermodynamic database shows improved accuracy
due to a large number of experiment data.) Investigation on the phase selection and
extended solid solubility of the ternary and quaternary systems with little or no data are

available yet [7].

2.2. MODELING EXTENDED SOLUBILITY USING To

The extended solubility of several eutectic systems of aluminum alloys such as
Al-Si, Al-Fe, and Al-Mg was modeled using the so-called To curve [4]. The To concept
was used to extrapolate the liquidus and solidus lines to be able to calculate the To curve
for lower temperature below the eutectic temperature. The To curve is the locus of
compositions and temperatures at which the free Gibbs energy of the liquid and solid
phases is equal. Hence, the maximum solid solubility thermodynamically possible for a
given composition at a given temperature can be determined if the Gibbs free energy of
both phases is known. This method does not work for the peritectic system, as the To

curve lies on the left side of the solidus (lower solute concentration). The peritectic
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system is different because the alloying element's low solid solubility in aluminum means
the maximum solubility is always better than the peritectic reaction composition.
However, the To curve can only be obtained analytically using a thermodynamics
database.

Several scholars worked together to formulate equations for different ranges of
temperatures for other alloys. Their equations can be utilized and solved analytically to
calculate the To curve[9]. Figure 2.2 shows a typical phase diagram with phase
composition at Co, liquidus temperature line Ty, solidus line Ts, and To line, respectively.
The shaded portion of the phase diagram shows the range of possible solid compositions

that can form from a liquid of composition CO at various temperatures.

Temperature

Composition

Figure 2.2: The thermodynamically allowed maximum solid solubility during
solidification at composition Co.

2.3. RAPID SOLIDIFICATION EXPERIMENT USING A WEDGE MOLD
Ichikawa et al. investigated the effect of cooling rate on aluminum alloys (Al-Cr,

Al-Mn, Al-Zr) during rapid solidification. They deduced that the square of undercooling



is proportional to the cooling rate of different alloys, and the undercooling degree
increases with increasing alloying elements [10]. The experimental setup using
thermocouple design efficiently alloys with desired improved properties are shown in
figure (3) below[11]. The aluminum alloys were melted in a furnace at around 850°C to
dissolve all the intermetallic phases thoroughly and then poured into the copper wedge
mold with the mold wall covered with ice water at 0°C for rapid solidification. A
thermocouple was inserted into the mold, and an oscilloscope was used to record the
temperature change, solidification time during solidification, and the data used to

calculate the cooling rate of different alloy compositions.

—

YT YTy
- N x
4 <t - N

A/{

&)

Figure 2.3: Schematic of copper mold and apparatus for casting and cooling rate[12].
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The experiment setup includes:

1. Wedge-type mold, holding at 0°C;

2. Crucible;

3. Thermo-couple;

4. Guide;

5. Recorder,;

6. Controller for dropping thermos-couple;

7. Crucible used for melting and as ladle.

2.4. RESEARCH IMPACTS

a) Novel Alloys: The capability to understand the phases that can be developed
during non-equilibrium rapid solidification enhances the ability to design novel materials
for specific applications such as aerospace, automobile, and other engineering industries.
Extending the solid solubility and being able to calculate the maximum solid solubility of
an alloy enhance industries to be able to produce materials with specific mechanical
properties depending on the application[9][4]. Aluminum can be alloyed with elements
such as Zr and Ti to improve the overall creep resistance, which would make it more
readily available for elevated temperature applications (above 300°C), a limitation of the
current aluminum alloys [3]. The research outcome will make aluminum alloy selection a
favorable material due to its high strength-to-weight ratio. Understanding solubility in
aluminum during Additive manufacturing processes can produce attractive fusion-based

metal AM with unique properties and microstructure.
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b) Recycling and tolerance of impurities: Recycling can improve public welfare
with lower emissions than new material processing. Improving the recyclability reduces
the amount of new aluminum manufactured from bauxite. Producing aluminum from
bauxite requires massive amounts of energy and mines to supply the bauxite. Mines cause
erosion, carbon emissions, and habitat loss to local areas. Refining processes can
contaminate water and air around a production site[13]. Reducing the demand for this
process can improve public welfare and health. Aluminum is already a very recyclable
material, which is advantageous because it saves energy costs and reduces potentially
harmful waste to the environment. By understanding the extended solubility of various
elements in aluminum, engineers can recycle even more aluminum without removing
impurity elements. Also, improving the solid solution strengthening of aluminum alloys
allows them to move into higher-strength applications where less recyclable materials are
dominant. The application of aluminum alloys in the industry can also save energy costs,

such as improving the fuel efficiency of vehicles since it is a lighter-weight material.
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PAPER

I. MODELING PHASE SELECTION AND EXTENDED SOLUBILITY IN RAPID
SOLIDIFIED ALLOYS

Azeez Akinbo, and Yijia Gu*

Department of Material Science and Engineering, Missouri University of Science and
Technology, Rolla, Missouri, 65409, USA

*Corresponding Author: yijia.gu@mst.edu

ABSTRACT

A new phase selection model based on the time-dependent nucleation theory was
developed to investigate the effect of rapid solidification on extended solubility. The
model was applied to predict the solubility as a function of undercooling for several
binary Al alloys. The predictions of both eutectic and peritectic systems show good
agreement with experimental data. It was demonstrated that the developed model is better
than the To line method, which neglected the kinetic process of nucleation. Furthermore,
the model can also be applied to ternary and multicomponent phases assuming the
nucleation is limited by the scarcest species or the slowest diffuser. The feasibility and
reliability of the new model make it a useful tool for novel alloy design for rapid

solidification processes such as additive manufacturing.
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1. INTRODUCTION

In recent years, the manufacturing community has witnessed a blossom in the
research field of 3D printing or additive manufacturing (AM). AM integrates the
microscopical material structure synthesis and macroscopic component shaping into one
single operation, which promises the direct production of a near-net-shape component
with controlled microstructures and properties. In addition, the fusion-based metal AM,
which exploited the non-equilibrium process of rapid solidification, enables the
development of novel microstructures with extended solubility, reduced partitioning of
solute, and refined structures[14], and opens up a new horizon of microstructure synthesis
to achieve exotic properties in alloys. However, due to the large undercooling at the
rapidly advancing solidification front, the phase selection in rapid solidification deviates
from the equilibrium phase diagram, imposing a significant challenge in the
understanding of microstructure development during AM. Even in other well-studied
rapid solidification processes, such as liquid metal atomization and melt spinning,
understanding the phase selection is still challenging[15].

One major benefit of the deviated phase selection due to the rapid solidification is
the extended solubility. Solid solubility describes the extent of an alloying element
dissolved in the matrix solid solution phase without forming another solid phase. It is an
important property for alloy development, as it is related to the two major strengthening
mechanisms. First, it defines the ceiling of solid solution strengthening. Second, it
determines the potential of precipitation strengthening or age hardening, which is one of

the most effective strengthening mechanisms for non-ferrous alloys. The maximum solid
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solubility is found to increase with the cooling rate as well as the undercooling. If all the
other solid phases are suppressed by rapid solidification, the matrix phase will become
the first to solidify. Thus, the solute atoms that may form other primary solid phases
during equilibrium solidification will stay in the matrix phase, and hence the solid
solubility of the alloying element is increased. Therefore, rapid solidification processes,
including levitation, atomization, melt spinning, and AM, have the potential to extend the
maximum solid solubility and fabricate components with unprecedented properties.
However, the experimental data on supersaturation is limited to a few alloy systems, and
only the maximum solubility is listed[16], [17]. Furthermore, the extended solubility is
not a fixed value but a function of interface temperature (or undercooling), and it is also
affected by the interface velocity[15]. On the experimental side, systematic studies on the
dependence of extended solubility on undercooling are very scarce[15], [18], as most
recent rapid solidification studies focused on the microstructure formation or phase
selection for a given solidification condition (one single undercooling or cooling rate),
including levitation[19], [20], [21], [22], [23], [24], [25], [26], atomization[27], melt
spinning[28], [29], [30], and AM[31], [32], [33], [34], [35], [36], [37], [38], [39].
Theoretical models of extended solubility are also very scarce, although much progress
has been made regarding modeling rapid solidification processes[40], [41], [42]. In the
following, we briefly discuss the existing models of extended solubility.

To predict the extension of solid solubility in rapid solidification, understanding
the mechanism of phase selection is the key. There have been many attempts to model
phase selection and extended solubility in the past few decades. The phase selection

under non-equilibrium conditions was first modeled using the so-called To line. The To
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temperature is defined by the thermodynamic condition that for a given composition c,
the free energy of the solid phase eq liquid, G”s (c,To )=G”\l (c,To), as shown in Figure 1.
Therefore, the To line describes when the diffusionless solidification is
thermodynamically allowed[43]. If the Gibbs free energies of the liquid and solid phases
of an alloy are known, one can determine the maximum solid composition (maximum
solid solubility) thermodynamically possible for a given composition at a given
temperature[44]. This method determines the maximum possible solid solubility, which
can be achieved by complete solute trapping at high enough interfacial velocity.
However, this method does not work for pthe peritectic system since the cap To line lies
on the left side of the solidus illustrated in Figure 1(b). Later, based on the time-
dependent nucleation theory (TDNT), Shao and Tsakiropoulos[45] developed a phase
selection model for rapid solidification, which can be used to calculate the extended
solubility for both eutectic and peritectic systems. This model was adopted to investigate
phase selection and to explain experimental observations in recent AM studies such as
selective laser melting (SLM) and electron beam melting (EBM) [31], [32], [33], [34],
[35], [36], [37], [38], [39]. However, this model estimates the diffusivity using viscosity,
which may introduce large uncertainty. Additionally, the entropy of fusion used in their
work needs to be updated. Hence, this model has limited capability in predicting the
extended solubility for a given composition and undercooling/cooling rate. In addition,
how this model is related to the To line method has yet to be studied, except we know
that it is from kinetic theory and the other one is purely from thermodynamics.

In this work, we developed a new model based on Shao and Tsakiropoulos’s

TDNT model by eliminating the kinetic parameters. The new model can be used to
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predict the phase selection and the associated extended solubility for a given
undercooling for both eutectic and peritectic systems. The thermodynamic parameters
used in the model can be easily accessed from thermodynamic databases via CALPHAD
packages, such as Thermo-Calc[46] and Pandat [47]. The model predictions were
validated by experimental data. In addition, the model was also extended to ternary
system. For eutectic systems, the extended solid solubility was also calculated using the
To line and compared with the predictions of the developed model. The result of this
work can help explain the appearance of non-equilibrium phases as well as the
phenomena related to the extended solubility in rapid solidification processes. In
addition, it can be easily adopted to design novel alloys for rapid solidification processes

such as fusion-based metal AM.
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Figure 1. Schematic phase diagrams and corresponding molar free energies of solid
solution a phase and liquid phase at T = Tp for eutectic (a) and peritectic system (b).
c<%and ¢ are equilibrium solid composition and liquid composition at T = Tp,
respectively.
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2. MODEL

Since our new model is developed based on Shao and Tsakiropoulos’s model
[45], let us review their work first. Based on the time-dependent nucleation theory
(TDNT), Shao and Tsakiropoulos derived the incubation time t as follows (Eq. 14 in the
original paper [45]).

7.2Rf(8) a* Ty

T = . 1)

1-cos8  xpeffds DASpy AT?

where R is the gas constant, f(0) = %(2 — 3 cos @ + cos? 0), 0 is the contact angle for
heterogeneous nucleation, T,, = T /Ty, , T is the temperature, Ty, is the melting
temperature of the solid phase, AT, = 1 — T,, AS,, is the molar entropy of fusion, a is
the atomic jump distance, d,, is the average atomic diameter of the solid phase, and x;, ¢
is the effective alloy concentration[45]. For a binary A-B system, x|, .¢ is taken as
x1,a/%s,n When the composition of the nucleus is rich in A, where x;, , and xg  stand for
molar fraction of A in liquid and solid phase respectively. The average atomic diameter

d, can be calculated from molar weight w,,, and density p of the solid phase via

g = (2m)" @

PNy

where Nyis the Avogadro’s number. To calculate the diffusivity D, Shao and

Tsakiropoulos [45] applied the Stokes-Einstein relationship[48],

2 3)
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where 7 is the viscosity of the melt and d,, ; is the average distance between the liquid
atoms and can be taken the same as d, approximately. The above is the original model
developed by Shao and Tsakiropoulos in 1994. The model has remained the same since.
The viscosity n and diffusivity D are kinetic parameters that are not easily accessible.
(Although the CALPHAD mobility databases of the major alloy systems are available,
they are much less popular than thermodynamic databases and costly.) In the following,
we derive our new model that is not dependent on any kinetic parameters.

As 7 is a function of temperature T only, Eq. (3) gives Dd, = kT /6n, which can

be regarded the same for all the nucleating phases. Thus, Eg. (1) can be simplified as

T=c¢r—— I 4)

XLeffda ASm ATrZ

43.2f(0)a*n

where ¢ = (1—-cos@)NyT

is the same constant for all the phases.
At the critical temperature T (or the critical undercooling AT) when two
competing nucleating phases have the same incubation time, we have 7; = 1, i.e.

1 Tn 1 Ty (5)
XL‘l dal A.S‘ml ATrzl .X'L’z daz Asz ATT?Z

where subscripts 1 and 2 stand for the matrix phase and the first solidifying intermetallic
phase, respectively, x;, ; and xi, , are the effective alloying concentration for each phase.
The constant ¢ containing viscosity 7 is now cancelled out. Hence, the model only has
the thermodynamic parameters for both competing phases. The thermodynamic
parameters, such as Tyq, Ty, AS;,1, and AS,,,, can be assessed from CALPHAD
databases. As the density of the solid phase is generally available[49], the average atomic

diameter d,, is also accessible using Eq. (2). Thus, by solving Eq. (5), the critical
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composition (x4, or solubility limit for the case of a eutectic system) is calculated as a
function of temperature T. In other words, for any given temperature T, there is a
composition x, when the two competing phases have the same incubation time z. So, this
composition x, is the solubility for this temperature T. Then, the undercooling AT is
calculated as the difference between the equilibrium liquidus of the alloys system of
composition x,4,T;, and T, i.e., AT = T; — T. Since each x4 corresponds to one AT, a
diagram of solubility vs. undercooling (or a phase diagram of undercooling and
composition) can be established. This model is derived based on Shao and
Tsakiropoulos’s TDNT model [45], but it does not contain any ambiguous kinetic
parameters anymore, which makes the model more feasible and reliable for explaining
phase selection in AM and other rapid solidification processes. In APPENDIX, we use
Al-Cr as an example to show how to use this model to calculate the solubility as a

function of undercooling step by step.

3. RESULTS AND DISCUSSION

In this study, we chose Al alloys to test the model considering the availability of
experimental data and the importance of extended solubility for strengthening Al alloys.
The thermodynamic data obtained from the CALPHAD Al databases, including the
entropy of fusion and transition temperature of competing phase, are shown in Table 1. It
should be noted that the values of entropy of fusion A4S, assessed from commercial
CALPHAD packages are different from Shao and Tsakiropoulos’s original work [45]. As

the CALPHAD method becomes much more developed over the last a few decades, the
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thermodynamic data we used here should be more reliable. In the following we apply the
developed model to calculate the phase selection and extended solid solubility for binary
eutectic systems (Section 3.1), binary peritectic systems (Section 3.2), and a ternary

system (Section 3.3).

Table 1. Typical values of thermodynamics property of a-Al and Intermetallic phases
from Thermo-Calc (TCALY7), Pandat (PanAl), and Al-Ta database[50].

Entropy of fusion, Melting Temperature, Density, p
Phase
AS,, (Jmol1K™1) Ty (K) (g/cm?)

a-Al 11.47 933.47 2.70
AlssCry 18.13 1203.56 3.22
AlsMn 15.62 1111.95 3.32
Al12Mn 15.62 992.44 3.02
AlsZr (D023) 15.52 1892.32 4.17
AlsTi(D02) 13.74 1669.07 3.36
AlsSc(D0z22) 15.57 1477.81 3.03
AlisFeq 17.16 1427.85 3.84
AlsTa 17.90 1814.51 6.85
AlgFe;Sio 15.59 1089.07 3.69
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3.1. BINARY EUTECTIC SYSTEMS

The binary eutectic systems evaluated in this study include Al-Mn, Al-Sc, and Al-
Fe. Using the thermodynamic properties of each alloy obtained from CALPHAD
packages (Table 1), the dependence of the solubility of different alloying elements on
undercooling was evaluated using the new model. As shown in Figure 2, depending on
the undercooling and the alloy composition, the solid solution a phase is stable on the
upper left of the diagram with higher undercooling and lower alloy composition. In
contrast, the intermetallic phase is stable with higher composition and lower
undercooling. The phase boundary between o and the intermetallic phase defines the
maximum solubility of the alloying element in the solid solution for a given
undercooling. It can be seen from the diagrams that the critical undercooling required to
suppress the nucleation of the primary intermetallic phase increases with the alloying
composition. To achieve higher solid solubility, larger undercooling is required. In the
modeling process, several intermetallic phases may be stable and need to be evaluated
individually to determine the most stable intermetallic phase. For instance, in Al-Mn
systems, AlsMn, Al12Mn, and other Al-Mn compounds may solidify directly from the
liquid. We evaluated the most stable two, AlsMn and Al:2Mn, and plotted them in Figure
2(a). As the AlsMn phase boundary lies higher than the Al:2Mn phase boundary, AlsMn
requires more undercooling to suppress from formation the liquid than Al:2Mn for any
given composition. Therefore, AlsMn is the stable intermetallic phase for the binary Al-
Mn system. The model predictions of the Al-Mn system were compared with
experimental data [51], which indicates good agreement. The kinks on the calculated

phase boundaries correspond to the equilibrium eutectic composition. The Al-Sc binary
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system, as another eutectic example, was explored. The calculated solid solubility versus

undercooling is shown in Figure 2(b).
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Figure 2. (a) Critical undercooling of the competing phase in Al-Mn binary system,
(b) Critical undercooling of the competing phase in Al-Sc binary system.

The maximum solid solubility for a given undercooling in the Al-Mn alloy system
was also calculated using the T, line method. As shown in Figure 2(a), the solubility
calculated using this method shows a similar trend of the solubility dependence on
undercooling. However, the predicted solubility is much higher than our model
predictions as well as the experimental measurements. This is due to the T, line approach
being a thermodynamic model in nature, which fails to consider the kinetic nucleation
process. Therefore, it defines the theoretical maximum solid solubility that may be

impossible to achieve.
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3.2. BINARY PERITECTIC SYSTEMS

The peritectic forming elements such as Cr and Zr are important dispersoid
formers to control the grain structures of Al alloys. However, their solubilities are
exceptionally low, which significantly limits the operation window in casting and the
following heat treatment. The formation of large primary intermetallic phases such as
AlssCr7 and AlsZr in casting is extremely deleterious to mechanical properties such as
elongation and fracture toughness. Therefore, increasing the solid solubility of those

peritectic forming elements is of great importance to the development of Al alloys.

The binary peritectic systems modeled in this study include Al-Cr, Al-Ti, Al-Zr, and Al-
Ta. The diagrams of undercooling against the mass concentration of alloying elements Cr
and Zr are shown in Figure 3(a) and (b), respectively. Similar to eutectic systems, the
extended solid solubility in peritectic systems is found to increase monotonically with
undercooling. In the Al-Cr system, it is found that AlssCr is the stable intermetallic
phase, which is consistent with Shao and Tsakiropoulos’s work (Al13Cr2) [45]. As shown
in Figure 3(a and b), the model predictions agree well with experimental data by
Ichikawa et al [51]. It should be emphasized that the parameters used in this work were
taken from CALPHAD packages (Table 1), and lattice parameters from the literature.
None of the parameters are from fitting. Therefore, such good agreements indicate that
the developed new model grasps the essence of phase selection and is reliable in the

predictions of extended solid solubilities under large undercoolings.
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Figure 3. (a) Critical undercooling of the competing phase in Al-Cr binary system,
(b) Critical undercooling of the competing phase in Al-Zr binary system.

To further understand the dependence of the solid solubility on undercooling, the

relationship between the degree of supersaturation(c/ce) and undercooling of various

alloying elements in Al is shown in Figure 4. Supersaturation of the alloying element in

the solid solution can be evaluated by comparing each supersaturated solubility ¢ with the

maximum solubility of the alloy at equilibrium (ce) [51]. The degree of supersaturation

determines the potential of solute species in the matrix phase (a-Al solid solution) to

form intermetallic phases. Therefore, it is closely related to the potential of precipitation

strengthening. It is also related to the impurity tolerance for elements like Fe and Mn.

The plot shows that the supersaturation degree of eutectic forming elements (Fe, Sc, and

Mn) tend to increase faster with undercooling than the peritectic forming elements (Ti, Zr,

and Cr). Atundercooling temperature of 100K, almost all the eutectic alloys have doubled
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their supersaturation, while the peritectic alloys still need to be saturated in the solid

solution phase.
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Figure 4. Degree of supersaturation (c/ce) as a function of undercooling (AT) for Fe, Sc,
Mn, Cr, Zr, Ta, and Ti.

3.3. TERNARY SYSTEMS

The developed model can also be applied to predict the phase selection of ternary
compounds (or compounds containing even more elements) in the undercooled melt
assuming the nucleation process is limited by only one element for a given composition.
In this subsection, we use the B-AlFeSi intermetallic phase (AloFe,Si2) as an example to

demonstrate the applicability of the developed model.
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Al-Si alloys are among the most widely used aluminum alloys, especially in the
automobile industry, due to their excellent castability and mechanical properties[52],
[53]. Al-Si-based alloys such as AlSi10Mg have also been adopted in the AM thanks to
their outstanding resistance to cracking. Due to the presence of impurity iron, which is a
result of the Bayer refining process [54], Al-Si alloys tend to form Al-Fe-Si ternary
compounds. Among those complex compounds, the B-AlFeSi intermetallic phase is
reported as one of the most deleterious phases in Al-Si alloys [55]. For instance, the
formation of brittle -AlFeSi due to high Fe contents in recycled alloys limits the use of
secondary aluminum for structural components in the automotive industry. It was found
that rates B-AlFeSi can be suppressed in casting by adding Mn and changing cooling
[56], [57]. However, the mechanism is still not well understood. In addition, the increased
tolerance of impurity Fe in rapid solidification can significantly reduce the raw material
cost for AM processes and improve the reusability of AM powders. Therefore, it is
crucial to understand the phase stability for different undercoolings and extended
solubility of Fe in Al-Si-Fe alloys for both recycling aluminum alloys and AM. Although
several researchers have worked on the Al-Fe-Si ternary system[58], [59], none of them
have explored the dependence of phase selection on undercooling.

To simulate the competing nucleation of the ternary -AlFeSi phase and the
matrix o-Al phase, we assume the slower diffuser (Fe in this system) is the limiting
element. Therefore, although the model is developed for binary, it can be extended to
ternary and multi-component phases. By applying Eqg. (5), we calculated the phase
selection diagram of B-AlFeSi and a-Al phase as a function of undercooling. It can be

seen from the contour plot (Figure 5a) that the undercooling required to suppress the
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nucleation of B-AlFeSi shows different dependence on Fe and Si—the required
undercooling increases dramatically with Fe. At the same time, it slowly decreases with
the increasing Si concentration. Hence, for a given undercooling, increasing the Si
content can increase the impurity tolerance of Fe. Our calculation also indicates that even
a small undercooling can effectively suppress the formation of B-AlFeSi. For instance, for
an undercooling of 100K, the Fe concentration can reach as high as 5wt%.

Additionally, the nucleation may also be limited by the scarcest species (Fe or Si
depending on the given composition). As shown in the calculated diagram in Figure 5b,
in the region above the dashed line, the nucleation is limited by Si concentration as it is
less than Fe. Under the dashed line, the nucleation is limited by Fe concentration, which
is the same as Figure 5a. However, experiments are needed to validate the models for
ternary systems. The applicability of the model to quaternary and multicomponent alloy

system needs further investigation.

Mass% Fe
-

2 4 6 8 2 4 6 8
(a) Mass% Si (b) Mass% Si

Figure 5. Calculated critical undercooling as a function of Fe and Si concentration (wt%)

by assuming the nucleation is limited by (a) slower diffuser (Fe) or limited by (b) scarcest
species. The dashed line indicates the change of limiting elements.
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3.4. PRECIPITATION STRENGTHENING

One of the current directions of Al alloy development is the creep-resistant Al
alloys for elevated temperature applications. Developing Al alloys to replace Ti alloys or
superalloys for applications of around 300 °C may dramatically reduce the material and
related processing costs. To achieve creep resistance at elevated temperatures, a large
volume fraction of coherent precipitate phases is required. For instance, nickel-based
superalloys that can withstand temperatures exceeding 75% of their melting point contain
a high-volume fraction (f = 0.5) of precipitation phase y’, which is coherent with the
matrix phase y. According to the investigations by Knipling et al [60], AlsM phase (L12-
structure) formers, such as Ti, Hf, Zr, and Sc, are found to be the best candidates for
developing creep-resistant Al alloys. However, the biggest hurdle for developing such
types of Al alloys is their limited solubilities. For example, Ti, Zr, and Hf have liquid
solubility less than 0.01at%, which significantly restricts the volume fraction of
strengthening AlzM phase one can achieve by casting.

Since rapid solidifications can significantly extend the solubility, we apply 200K
undercooling to see how strong the Al alloys may become using those AlzM phase
formers. By applying the model, we found the volume fraction of AlsM phases that may
form under 200K undercooling is 0.04, 0.007, and 0.005 for Sc, Ti, and Zr, respectively.
To evaluate the creep resistance, we calculate the Orowan stress [61] as a function of the
size of the precipitate phase. The formula for calculating Orowan stress and the
parameters can be found in the literature [60]. As shown in Figure 6, for the precipitates
of 10 nm in radius, the Orowan stress for AlsSc (f = 0.04) is about 250 MPa,

comparable to the yield strength of AA6061. Even for AlsTi (f = 0.007) and AlsZr (f =
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0.005) the calculated Orowan stresses are nearly 100 MPa if the precipitate can be
controlled to be around 10 nm in radius. Hence, in rapid solidification processes such as
AM, the creep resistance can be dramatically improved by incorporating those elements.
It should be noted that the resistance to coarsening is also critical for elevated
temperature applications. It was found that the diffusivity of Ti and Zr at 400 °C are on
the magnitude of 10%! and 102° m? s [60], indicating strong resistance to coarsening.
Even for Sc, which has a diffusivity on the magnitude of 101" m?s™ at 400 °C, recent
studies have shown remarkably high coarsening and creep resistance at
300°C[62][63][64]. Therefore, rapid solidification promises a new route for developing
novel creep-resistant Al alloys by extending the solubility of AlsM forming elements to

achieve a high-volume fraction of strengthening precipitate phases.
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Figure 6. The Orowan stress as a function of the mean precipitate radius for various
volume fraction for dispersed phases.
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4. CONCLUSIONS

In this work, the phase selection model based on the time-dependent nucleation
theory was modified to eliminate the dependence on diffusivity. The parameters needed
by the new model can be easily accessed from CALPHAD packages and the physical
property (density) database, which significantly improved the applicability and reliability
of the model. The new model was applied to predict the extended solubility as a function
of undercooling for various binary Al alloys. The predictions show good agreement with
experiments. The T, line method, which is purely based on thermodynamics, neglected
the kinetics of nucleation and hence overpredicts the solubilities. We demonstrated that
the new model is also applicable to ternary and multicomponent phases, the solubility of
which has never been theoretically studied before. This is very important since real alloys
typically contain more than three elements. Lastly, the model was used to explore the
possibility of developing creep-resistant Al alloys. It was found that 200 °C undercooling
is sufficient to achieve decent high temperature strength by extending the solubility of
AlzM phase formers such as Ti, Zr, and Sc. This simple analytical model can be quickly
adopted for analyzing the phase selection in rapid solidification experiments. It will also

shed light on new alloy designs for rapid solidification processes like AM.

APPENDIX

In the following, we use Al-Cr binary system as an example to illustrate how to

obtain the relationship between extended solid solubility and undercooling.
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Identifying the first intermetallic phase (AlssCr7) appearing in the Al-rich side of
the equilibrium Al-Cr binary phase diagram.

Calculating d,, of both Al4sCr7 and a-Al from the density data[49] using Eq. (2).

Evaluating the melting temperature Ty, and molar entropy of fusion AS,,, for both
Al4sCr7 and a-Al using Thermo-Calc. To simplify, we assume Al-x wt%Cr has the same
melting temperature and entropy as pure Al. For low solute concentration, it is an
acceptable assumption.

For each solubility value x, evaluating xy, o, i.€., x1,; = 1.0 (for small x), and

Substituting all the parameters in and solving Eg. (5) to obtain the critical
temperature T.
Calculating undercooling corresponding AT for each solubility value x, using the

liquidus temperature of Al-xwt%Cr obtained from Thermo-Calc (with database TCAL7).
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SECTION

3. EXPERIMENT

This section explains the experiments using a wedge copper mold to obtain
different cooling rates. However, capturing the temperatures during rapid cooling is
challenging. Therefore, two different methods were employed: fiber grating sensors
(FBGs) and a K-type thermocouple. However, both methods have their issues. Also, the
microstructure of the thinner section was analyzed for the different phases and the

secondary dendrite arm spacing of dendrites.

3.1. EXPERIMENTAL PROCEDURE

Copper mold was selected for the experiment due to its excellent thermal
conductivity. The copper mold with dimensions 3” x 3” x 6” for the experiment was
fabricated at the departmental machine shop laboratory. The wedge shape of the cast and
the mold cavity are represented in Figure 3.1. The mold cavity was wedged to capture
changes in temperature, cooling rate, and the microstructure at various positions in the
mold. The bottom of the wedge has the thinnest section and extracts heat quickly due to
the small surface area, and the thickness of the mold is highest at this point. A small
passage of air is allowed to avoid shrinkage defects. The experimental procedure for
casting the aluminum alloy ingots consists of a box furnace, a 25 mL alumina crucible, ~50
g of charge material, a graphite stir rod, a graphite skimming tool, the copper wedge mold,

a bucket of water, a water pump and four rubber hoses. The pump was inserted into the
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bucket of water, and the hoses were attached to the pump and water-cooling channels.

When the 10 minutes of stirring was complete, the pump was turned on to circulate water

around the copper mold. The aluminum alloy was depressed with the graphite stir rod to
remove the oxides before being poured into the copper mold. The water-cooled system
surrounding the mold consists of a small hand centrifugal pump, hose, and clips. The
water-cooled system was installed appropriately to ensure no water leakage or moisture

in contact with the liquid aluminum alloy, as it is volatile, and for fast heat removal

during the pouring of molten aluminum alloys.

6"

v

1 5

Figure 3.1: The copper wedge mold consists of two halves joined to make a block.

The furnace was first used for preheating the tongs, stir rod, and mold at 130 °C

for 30 minutes to drive off water because molten aluminum alloy explodes in contact

with moisture. It was then ramped up to the melting temperature set to 100°C above the
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liquidus temperature of the evaluated composition. The alumina crucible with the charge
material was inserted into the melting furnace. A thermocouple was used to periodically
check the melting temperature during the alloy's melting inside the crucible. Once the
thermocouple reads the target temperature, the crucible was regularly stirred with the
graphite stir rod for 10 minutes to homogenize the chemistry and ensure complete
melting of the intermetallic phases.

The solidified poured samples were cut into sections using the slow band saw
with an appropriate cutting disc. The solidified wedge alloy shown in Figure 3.1 was
typically sectioned into slices, with each slice having a possibly different microstructure
and grain size due to the thickness and position of the slice. The polishing and etching
procedures were obtained from ASTM E407, which gives general polishing and etching
procedures for several materials. A method for Al alloy was chosen, and this required very
dilute HF (ImL HF / 200 mL water) swabbed with cotton wool along the surface for 15s
but varies with regards to the alloys; for example, Al-4.5wt% Cu wedges may be etched
for the 30s, whereas the Al-Cr samples were etched for about 1 minute (and they still
appeared under-etched). These times were based on the appearance of the expected
microstructure, i.e., if dendrites were visible in the Al-Cu samples, they were considered
etched. Al-Cr was swabbed for over 1 minute until we achieved a clear visible dendrite
and a better microstructure from the different pour of aluminum alloys.

Optical Microscopy was used to study the microstructure of the phases present in
all the solidified aluminum alloys for every slice we sectioned. Image J software

measured the dendritic structure's secondary dendrite arm spacing. The cooling rate of
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different solidified alloy sections was estimated by subtracting measured temperatures for
various positions.

3.1.1. Using Fiber Bragg Grating Sensors (Fbgs). Numerous approaches have
been used to study the solidification characteristics of different alloys during mold
casting. Thermal analysis techniques, X-ray Microtomography, and other techniques have
been used in past studies to capture the solidification characteristics during casting.
Cooling rates at various positions inside the mold during casting are known to be
different; hence, the solidification characteristics at other positions are different during
the casting process. This limits the process mentioned above as they focus on a one-point
measurement rather than a multi-point one. Fiber Bragg Grating Sensors (FBGS) as an
optic-fiber method have been widely used to study the strain behavior during casting.
FBGs are an example of grating-based devices whose basic principle of operation is to
monitor the change in wavelength of the returned Bragg signal with the changes in the
strain or temperature measured. Several authors explained explicitly the experimental
preparation of the FBGs, which consist of a supercontinuum laser source (SC-5, Wuhan
Yangtze Soton Laser) with a wavelength range of 400-2200nm, a Bayspec multimode
interrogator integrated with a laptop, and a 3 dB multimode coupler to acquire the
reflection spectra of the FBG array. The schematic diagram of the multi-mode FBGs is
shown in Figure 3.2a below. FBG 7 corresponds to the thinnest part of the solidified
alloy, while FBG 1 represents the thickest section. Each sensor is placed 5mm apart to
capture the temperature inside the copper mold at different positions. The fiber is placed
in a stainless tube dipped into the mold cavity's center to capture the temperature changes

during solidification. The solidified aluminum alloys with fiber embedded in a stainless
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tube are shown in Figure 3.2b below, which gives an overview of the experimental setup

using FBGs.
FBG
[Top Removed Excess
FBG 1 Slice 1
FBG 2 Slice 2
FBG 3 Slice 3
FBG 4 Slice 4
FBG S Slice 5
FBG 6 Slice 6
FBG 7 Tip) ' Slice 7

(@)

Figure 3.2: a) Front and side profiles of the wedge with indicated cut lines b) Half copper
mold section with solidified alloy sample and FBG.

3.1.2. Using Data Acquisition and Oscilloscope. The data acquisition system
consists of a transducer amplifier, thermocouple wire, male and female connectors, cold
junction at 0°C for reference temperature point, and oscilloscope. The schematic
experimental setup is shown in Figure 3.3. The K-type thermocouple has an exposed tip
to respond quickly to changes in temperature compared to the grounded type. The k-type
thermocouple was connected through a k-type thermocouple wire to the cold junction
containing ice water at 0°C. The cold junction compensates for the missing thermoelectric
voltage because the thermocouple end is not at 0°C. The cold junction is connected to the
amplifier transducer through a 7-way pin circular connector. The BNC-type connector

was used to connect the oscilloscope with the amplifier transducer with predefined
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configurations. The amplifier increases the amplitude of the signal captured by the
thermocouple, producing a proportionally greater amplitude signal at its output. The
oscilloscope acquires the amplified voltage and converts it to digital data and a
waveform. The amplifier transducer is, in turn, connected to the oscilloscope, which
captures the amplified voltage, converts it to digital data and a waveform through the
trigger mode, and later saves it on a computer as a CSV file for conversion into
temperature values using the standard temperature table and MATLAB software. Figure
3.4 depicts the redesigned copper mold with holes bored into it for four different K-type
thermocouples to capture the solidification temperature of molten alloys. The K-type
thermocouple is made to fit into the hole with the tip at the center of the mold cavity.
Cooling rate and undercooling can be deduced from the data obtained from the

experiment, which will be used to validate our model.

Copper Cold Transducer

Oscill
mold junction Amplifier scitioscope

Figure 3.3: Schematic of my proposed experimental setup.
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Figure 3.4: Copper mold with machined K-type thermocouple hollow.

3.2. RESULTS AND DISCUSSIONS

The temperature vs. time graph for the aluminum alloy Al-4.5wt%Cu used for the
experiment is shown below in Figure 3.5a. FBG 1 to 7 shown in Figure 3.2a represent
the FBGs on the fiber at different positions during the experiment, which capture the
temperature changes during the rapid solidification process. The FBGs captured the
freezing range from 654°C to 552°C as indicated by the FBG 2 and FBG 7, respectively,
of the alloy, which is approximately the liquids (649°C) and solidus (564°C) temperature,
respectively, as seen in Figure 3.5a. The pouring temperature was around 850°C before
pouring into the rapidly cooled copper mold. However, the curve is inconsistent with the
position of the sensors on the fiber with temperature values. The starting temperature of

each FBG is inconsistent. Also, the fiber sensors should be sequential from FBG 1 to
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FBG 7, as positioned in Figure 3.2a. This suggests that the experimental setup has some
challenges, such as the stainless tube, which houses the fiber sensor, and the sensor's
indirect contact with the copper mold. This can also result from the sensitivity or
calibration of the fiber sensor, the small mold cavity, or the alloy being poured. Also, the
inhomogeneity of the alloy with the presence of intermetallic may be a problem during
the pouring. The cooling rate vs. time graph is also depicted in Figure 3.5b, which is an
equivalent of the temperature vs. time graph and does not give the copper mold's
consequential cooling rate. The thinnest section (FBG 7) is expected to have the fastest
cooling rate. The slowest cooling rate should correspond to FBG 1. However, the highest
cooling rate is 238K/sec and was given by FBG 1. This is evident from the previous plot,
as the cooling rate is calculated by subtracting the temperature difference of each fiber
sensor per second. An optical micrograph of the alloy cast using optical microscopy is
shown below in Figure 3.6, which was obtained after careful metallographic preparation
and using HF etchant. Figure 3.6a, which corresponds to the tip of the Al-Cu alloy, shows
a columnar dendritic microstructure with average secondary dendrite arm spacing
(SDAS) of around 9um to 23um, respectively. A fine microstructure is expected at the
mold wall or boundary, and a smaller columnar dendritic or equiaxed microstructure
further away and to the center of the mold. The dark color at the grain boundaries
suggests either a primary intermetallic compound or an undissolved compound. However,
due to the high solubility of Cu in Al, it's unclear if it's an undissolved intermetallic
compound. Figure 3.6b shows the Al-Cr microstructure, like the previous one. As
suggested in both images, there are no dramatic changes in the microstructure. It seems

the molten alloy has solidified before getting to the bottom of the mold. The
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microstructure indicates that the molten was not in contact with the mold. Undissolved
primary intermetallic compounds in Al-Cr may cause the dark area due to the low

solubility of Crin Al. It can also be a result of undissolved compounds in the alloy.
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Figure 3.5: a) Temperature vs. time graph for Al-4.5wt%Cu with non-uniform data b)
Cooling rate vs. time graph for Al-4.5wt%Cu.

Figure 3.6: a) Micrograph of Al-4.5wt%Cu at the tip of the solidified alloy b) Micrograph
of Al-1wt%Cr at the tip of the solidified alloy.
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Figure 3.7 depicts the result from the experiment using data acquisition, a K-type

thermocouple, and the oscilloscope for fast data acquisition in milliseconds. Figure 3.7a
corresponds to the Al-4.5wt% Cu alloy, which has a more excellent temperature range
than the AI-Cr alloy. The thermocouple successfully captured the solidification
temperature of molten alloy from THC 1 to THC 4, respectively. THC 1 captured a
temperature of around 660°C, which is equivalent to the melting temperature of Al and
approximately liquidous temperature of Al-4.5wt%Cu. However, THC 1 could not
capture the thermal arrest, and the nucleation of other phases is unclear. Despite other
THCs following the predicted pattern from THC 2 to THC 4, the temperatures captured
are irrelevant because they are all lower than the solidus temperature of the alloy. This
result suggests that the sensitivity or calibration of the THC may be problematic. Also,
the design of the experiment may be faulty as the mold cavity is tiny, and the THC is not
insulated before inserting into the copper mold. Figure 3.7b depicts the Al-1wt%Cr alloy,
which exhibits the same behavior as the previous result, which is irrelevant as it is far
from the transition temperatures. THC 1 measured 584°C temperature, which is close to
the solidus temperature of the alloy, while the remaining THC measured temperatures
below the solidus temperatures of the alloy. Figure 3.8 shows the microstructure of the
Al-4.5wWt%Cu and Al-1wt%Cr. The micrograph shows a similar result to Figure 3.6 using
the FBGs to capture solidification temperature. It is suspected that the copper mold
design does not allow the molten alloy to reach the bottom of the mold before complete

solidification.
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Figure 3.7: a) Temperature vs. time graph for Al-4.5wt%Cu b) Temperature vs. time
graph for Al-1wt%Cr.
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Figure 3.8: a) Micrograph of Al-4.5wt%Cu at the tip of the solidified alloy b)
Micrograph of Al-1wt%Cr at the tip of the solidified alloy.

3.3. CONCLUSION

A wedged copper mold solidified Al-Cu and Al-Cr alloys to achieve different

cooling rates at other positions. The solidification temperatures were measured using the
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FBGs and the K-type thermocouple. Each method captured the solidification temperature,
but the experiment was inconsistent and inconsequential.

The microstructure obtained suggests that the molten alloy did not come in
contact with the mold wall, allowing the solidified alloy to cool quickly. The mold needs
to be redesigned, as the cavity is thinner and needs to be enlarged to enhance the

flowability of the molten alloy to the bottom of the mold.
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4. CONCLUSIONS AND RECOMMENDATIONS

4.1. CONCLUSIONS

» A predictive model for phase selection as a function of undercooling during
rapid solidification, which eliminates kinetic parameters, was developed for
binary alloys using aluminum alloys as a case study.

» The phase selection of Al-Zr, Al-Cr, Al-Ti, Al-Mn, Al-Sc, Al-Fe, Al-Ta, and
Al-Fe-Si as a function of undercooling was calculated. The model shows a
good agreement with the experimental study compared to the previous study
and the To curve, which is a thermodynamic parameter.

» The model was extended to multi-component alloys such as ternary alloys and
used to demonstrate its merit during precipitation strengthening of alloys.

» Copper wedge mold was used to capture different cooling rates at different
positions using two methods. Cooling rates were measured using the FBGs
and K-type thermocouple. However, the temperatures measured were
inconsistent and showed contradictory values. This may be due to the
calibration of the FBGs and the K-type thermocouple setup.

» The microstructure of Al-4.5wt%Cu and Al-1wt%Cr poured into a water-
cooled wedge copper mold was analyzed. SDAS ranged from 9um to 23 um,

while the cooling rate was vague.



4.2. RECOMMENDATIONS
The list of my recommendations for future work is as follows:

» Perform experiments to obtain data to validate multi-component alloys
such as Ternary alloys.

» The copper mold cavity must be re-designed to enhance molten alloy
flowability to the bottom of the mold before solidification.

» FBG sensor gives a much better result. However, the calibration and
mounting of FBG sensor inside the mold cavity needs to be adjusted and
redesigned to avoid introducing contaminants or inducing error in the
result, such as using the appropriate size of the stainless tube for the
firmness of the fiber inside the sleeve of the tube, etc.

» Improved experimental procedure regarding the pouring temperature,
holding time of aluminum alloy to allow complete dissolving of
intermetallic, using a controlled environment such as an argon
atmosphere, minimizing oxidation by removing almost all slag before

pouring and stirring with a graphite stir rod.
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