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Abstract: Despite being well established phenomena, solidification principles are experiencing
tough challenges in their application to explain microscale transport phenomena in additive
manufacturing melt pool. The problem becomes even more complicated when applied to
multicomponent bulk metallic glass matrix composites (BMGMC) whose behavior is dubious and
still not fully understood. The aim of the present study is to highlight pathways to overcome these
challenges. A comprehensive nucleation and growth model based on original KGT theory and
Rappaz modification is proposed encompassing actual transient thermophysical BMGMC data to
predict evolving microstructure during additive manufacturing. The model is aimed at pictorial
representation of in-situ ductile phase dendrite evolution from melt pool during solidification using
two-dimensional cellular automaton (CA) methods. It is proposed to be coded in MATLAB® using
commercial simulation code ABAQUS® at back end for macroscopic heat transfer model. The
results will be compared with experimental values for validation.

Keywords: transport phenomena; melt pool; dendrite; cellular automaton; MATLAB®, ABAQUS®

1. Introduction

Solidification phenomena has been comprehensively studied since long (Dantzig and Rappaz
2016; Campbell 2004, 2003; Beeley 2001; Flemings 1974; Chalmers 1964; Kurz and Fisher 1986). In
literature, various well-established theories (Vehkamédki 2006; Kalikmanov 2012; Karthika,
Radhakrishnan, and Kalaichelvi 2016; Katz 1992) and their experimental verifications exist which
explains nucleation and growth mechanisms during solidification of metals, alloys and compounds.
These have been successfully applied on various systems (Coquerel 2014; Jones, Evans, and Galvin
1999; Frank et al. 2007; Martin 2000; Pruppacher, Klett, and Wang 1998) and in various processes
(Venables, Spiller, and Hanbucken 1984; Baumgartner et al. 2013; Sagui and Grant 1999; Thanh,
Maclean, and Mahiddine 2014; Browne, Kovacs, and Mirihanage 2009) to effectively explain their
development (CHRISTIAN, J.W' 2002; Granasy et al. 2006). These range from simple one component
pure metals to multicomponent complex alloys ('Front Matter A2 - CHRISTIAN, J.W' 2002; Neilson
and Weinberg 1979; Erdemir, Lee, and Myerson 2009). However, their application on new bulk
metallic glass matrix composites and additive manufacturing process has faced severe challenges
(Cordero et al. 2017; Weissmayer et al. 2015, Smith et al. 2016). Fundamental principles of
solidification become difficult to apply on an extremely narrow melt pool region in additive
manufacturing (Yap et al. 2015; Cunningham et al. 2017). Various multiphysics and multiscale
phenomena simultaneously happening (Dunbar 2016; Lavery et al. 2014) such as convection
(Pengpeng and Dongdong 2015), conduction (Buchbinder et al. 2014; Manvatkar, De, and DebRoy
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2014; King et al. 2014), radiation (King et al. 2014), fluid flow (Qiu et al. 2015; Panwisawas et al. 2015;
Lee and Zhang 2015; Khairallah and Anderson 2014), solute diffusion (Roehling et al. 2017; Thijs et
al. 2010), thermocapillary effect (Khairallah et al. 2016), and surface tension (Khairallah et al. 2016;
Schoinochoritis, Chantzis, and Salonitis 2017) collectively contribute and create a synergic effect
which is difficult to model at very small scale (Dunbar 2016; King, Anderson, Ferencz, Hodge,
Kamath, and Khairallah 2015; Markl and Korner 2016; Liou et al. 2015; Ganeriwala and Zohdi 2014;
King, Anderson, Ferencz, Hodge, Kamath, Khairallah, et al. 2015; Francois et al. 2017). Bulk metallic
glass matrix composites (BMGMC) have emerged as new competitive material possessing
combination of enormous strength, hardness and elastic strain limit which is not exhibited by any
other material known till date (Hofmann 2013; Wu et al. 2014; Ferry et al. 2013). However, they
manifest brittleness due to parent glassy structure and suffer from lack of ductility and little or no
toughness and fail catastrophically under the action of applied load (Wu et al. 2014; Wu et al. 2011).
Various theories and mechanisms have been proposed to counter this effect such as introduction of
external foreign particles as obstacle to the motion of shear bands (Siegrist 2007; Siegrist, Amstad,
and Loffler 2007; Siegrist and Loffler 2007; Siegrist, Steinlin, and Loffler 2007; Conner, Dandliker, and
Johnson 1998), self-multiplication of shear bands at junctions or points of their intersection (Greer,
Cheng, and Ma 2013), “in-situ” nucleation and growth of ductile phase dendrites from melt in glassy
matrix (Hays, Kim, and Johnson 2000) as a result of solute partitioning (Hofmann, Suh, Wiest, Duan,
et al. 2008; Jiang et al. 2017; Kim, Kim, and Lee 2003; Cheng et al. 2013; Hofmann, Suh, Wiest, Lind,
et al. 2008; Launey et al. 2009; Sarac 2015) but none have proved out to be satisfactory. An effective
way to overcome this problem is to utilize one of their intrinsic properties, known as “devitrification”.
This is structural relaxation in supercooled strained structure of bulk metallic glass upon heating
below their glass transition temperature (Tg). This structural relaxation (Hammond, Houtz, and
O'Reilly 2003; Li et al. 2003) as well as rejuvenation (Dmowski et al. 2010; Zhang et al. 2017; Ketov et
al. 2015) imparts toughness without sacrificing strength. This effect intrinsically exists inside additive
manufacturing process. Bulk metallic glass matrix composites (BMGMC) of appropriate composition,
if manufactured by additive manufacturing (AM), form in layer — by — layer (LBL) fashion (Li et al.
2016; Sun and Flores 2013, 2011). In this formation, layer preceding fusion layer gets heated
automatically to a temperature below glass transition (T;) thus devitrification occurs. However, the
biggest challenge is to tailor the process in such a way as to avoid complete crystallization of glassy
structure. This can happen only if the laser scan speed, power, width (spot size) and angle of
incidence are controlled in such a way that partial crystallization happens only. This is very big
challenge and till date no reported attempt have been witnessed which have successfully produced
bulk metallic glass matrix composite components using additive manufacturing. An effective
pathway to achieve this is to predict the evolution of microstructure in melt pool during additive
manufacturing. Various rigorous multiphysics and multiscale modelling techniques combine the
power to do this. Out of these, two main fundamental techniques namely, phase field (Granasy et al.
2014) and cellular automation (Laurentiu and Doru 1997; Nastac 1999; Lee and Hong 1997; Charbon
and Rappaz 1993; Reuther and Rettenmayr 2014) have successfully predicted the microstructure
evolution in various alloys systems in various processes such as welding (Wei et al. 2007), joining,
rolling (Zhou et al. 2016), batch and continuous casting. Since majority of theory of additive
manufacturing comes from welding, same underlying principles can explain microstructural
evolution in this unique new technique.

2. Mathematical Model

Model will consist of two parts. first part shall comprise of deterministic modeling (Rafique, Qiu,
and Easton; Rafique 2018b; Musaddique Ali Rafique 2018) which is backed by macroscopic heat
transfer model for predicting melt pool shape and associated heat transfer (Rafique and Igbal 2009;
Rafique 2015). This will be coupled with a probabilistic model (Rafique 2018c, 2018d) to predict
solidification microstructure evolution in these versatile and important class of materials. This aim is
to predict microstructure evolution at part scale level in additive manufacturing melt pool. Heat
transfer model used to predict melt pool shape is achieved at after application of various point, line
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and plane source models. Overall, objectives of this research are to investigate and utilize rigor,
versatility and power of modeling and simulation techniques to probe into and investigate the effect
of different processing techniques on the final microstructure and properties of bulk metallic glass
matrix composites (BMGMC). It aims to employ transient nature multiphysics transport processes
and arrive at near experimental real values at microscale. These will be applied to predict
microstructure evolution in bulk metallic glass matrix composites (BMGMC). Following research
objectives are aimed to be achieved during research;

OBJECTIVE 1

Macroscopic transient heat transfer model: This consist of development of macroscopic non-
linear transient heat transfer model to explain heat flow process during laser matter interaction. The
model is based on well-established Beer Lambert Law of light (laser) matter interaction (Khairallah
et al. 2016; Gusarov and Kruth 2005; Pengpeng and Dongdong 2015; Zohdi 2014; Chen et al. 2016;
Yuan 2013). It is aimed to be programmed in commercial finite element (FE) simulation code
ABAQUS® with moving heat source and varying boundary conditions. It is expected to yield
temperature profile data at each node of mesh. It is aimed to be simulated with medium size mesh to
keep a balance between size of mesh and resulting values. An output of incidence of laser on thin
plate and its traverse is represented in Figure 1 below.

Figure 1. Track of incidence of laser on the surface of sample.

1. Hypothesis: Null hypothesis is heat transfer process is difficult to model due to transient nature
of process and unavailability of temperature dependent thermophysical data related to bulk
metallic glass matrix composites (BMGMC).

2. Experimental procedure: It will consist of use of commerecial finite element code ABAQUS® 6.14-
3 with the application of user defined subroutines (UTEMP and DFLUX) to simulate moving
heat source.

3. Protocols: Step-by-step standard approach of the use of ABAQUS® with user defined
subroutines linked in Intel Parallel Studio XE (consisting of Microsoft Visual FORTRAN®) and
Microsoft® Visual Studio will be adopted to generate part drawing, property assignment,
meshing, optimisation and running of simulation to arrive at results. Special care will be taken
in the use of CFD module rather than thermal module. ABAQUS® explicit mode alongside
implicit mode with the extraction of thermal data and its usage in third party softwares e-g
JAVA® or MATLAB will also be considered (Liu, Kouadri-Henni, and Gavrus 2016).

4. Facilities: A dedicated IBM ThinkPad® P 51 machine with Intel Xeon E3-1505M v6 (Quad Core,
3.0 GHz on the base / up to 4.0 GHz with Intel Turbo, 8MB cache, 2400MHz speed), 32GB DDR4
Memory (upgraded, maximum memory capacity is 64 GB), 512 GB PCle NVMe M.2 Solid State
Drive (SSD), 15.6 Inch IPS FHD (1920x1080) Screen, Anti-glare, NVIDIA Quadro M2200 (4GB)
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graphics, 6 Cell Battery and Windows 10 Pro 64-bit is aimed to be employed. Average time taken
to run one simulation is expected to be 2 to 2.5 hours.

5. Techniques of analysing data: Parallel processing available as “in built” function in linked Intel®
Parallel studio XE, MS visual studio and ABAQUS 6.14-3 will be used to carefully model and
simulate heat transfer phenomena occurring during laser matter interaction in additive
manufacturing. Use of loops with standard low to medium iteration will be used to arrive at
convergence and refined results.

6. Expected results and impact: It is expected that with the use of this protocol a moving heat source
with real time temperature dependent data will be generated simulating actual thermofluidic
conditions in additive manufacturing melt pool. This will be a value-added contribution
towards efforts made to model simultaneous heat and mass transfer phenomena in additive
manufacturing melt pool in bulk metallic glass matrix composite (BMGMC) in which, still there
is a gap in literature as well as in practice.

As an extended approach, this methodology and code will be employed towards development
of commercial software dedicated to solving additive manufacturing problems.

OBJECTIVE 2

Microscopic deterministic microstructure model: This will consist of development of
microstructure model which are combination of deterministic and probabilistic models to arrive at
physical representation of microstructure in evolving domain. Fundamentally, deterministic model
is non-linear one dimensional (1D) open boundary conditions problem solving evolution of
microstructure in terms of nuclei of certain density as function of undercooling. This undercooling is
measured at three specific locations. (a) bulk liquid (homogeneous nucleation), (b) potent nuclei
(heterogeneous nucleation) and (c) mold wall (heterogeneous nucleation). The “growth” of these
nucleation sites of certain density is expressed in terms of supersaturation. A unique feature of
present approach will be, it expresses supersaturation of individual elements in multicomponent
alloy system not adopted previously (Kurz, Giovanola, and Trivedi 1986; Zhang et al. 2013). It will
give more accurate and precise measure of dendrite tip radius, its velocity and temperature as a result
of contribution from individual elements (Rafique, Qiu, and Easton 2017).

1. Hypothesis: Null hypothesis is measurement of individual elements and their supersaturation
is ineffective means of arriving at quantitative prediction of microstructure parameters of
multicomponent bulk metallic glass matrix composites (BMGMC).

2. Experimental procedure: Procedure adopted to achieve this objective will employ modifications
in original 35 years old solidification theory for rapid solidification (Kurz, Giovanola, and
Trivedi 1986) and simulate the resulting model in MATLAB® with open boundary conditions.
Aim is to employ temperature dependent thermophysical properties with well-established
dimensionless numbers for mass transfer at microscale yielding accurate solidification
parameters. MATLAB® programming will be assimilated with use of loops to account for
iteration.

3. Protocols: Step-by-step standard approach of the use of MATLAB® with user defined functions
which lead to generation of vectors, loops and outputs will be adopted. No inbuilt MATLAB®
function will be employed; rather all programming will be done as a standalone code. However,
use of its linking with inbuilt libraries in Simulink® will be employed to arrive at refined results.
Use of third party software and plug — ins (e-g. Abaqus2Matlab (Papazafeiropoulos, Muiiiz-
Calvente, and Martinez-Pafieda 2017)) for integration with previous heat transfer model as and
when needed will also be employed.

4. Facilities: A dedicated IBM ThinkPad® P 51 machine with Intel Xeon E3-1505M v6 (Quad Core,
3.0 GHz on the base / up to 4.0 GHz with Intel Turbo, 8MB cache, 2400MHz speed), 32GB DDR4
Memory (upgraded to maximum 64 GB), 512 GB PCle NVMe M.2 Solid State Drive (SSD), 15.6
Inch IPS FHD (1920x1080) Screen, Anti-glare, NVIDIA Quadro M2200 (4GB) graphics, 6 Cell
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Battery and Windows 10 Pro 64-bit is aimed to be employed. Average time taken to run one
simulation is expected to be few minutes as the length of code is compensated for by its
bifurcation in parts which ease out processing and decrease computational cost.

5. Techniques of analysing data: Output results will be plotted in various forms using in built
graphical functions of MATLAB as well as external software e-g Minitab®, Prism® which will
be employed for performing various statistical analysis on generated data. These include, but
not limited to ANOVA, standard deviation, standard error, 95% confidence and curve fitting.

6. Expected results and impact: It is expected that with the use of this protocol, a modified
solidification microstructure model accounting for numerical determination of solidification
parameters will be obtained. This will give quantitative results rather than qualitative output.
Its validity will be comprehensively tested for accuracy of simulation results by performing
various simulations on different independent computing platforms and comparing results. It
will also be tested for various alloys systems for a set of thermophysical properties which are
expected to generate different but comparable results.

The robustness of code will also be tested by varying number of iterations and their effect on
resulting outputs.

OBJECTIVE 3

Microscopic probabilistic microstructure model: This part will consist of development of
probabilistic model which gives physical representation of microstructure in evolving domain. This
involve use of well-defined 2D Cellular Automaton (CA) theory (Shiffman 2012; Wei et al. 2007; Gu
et al. 2017; Wei et al. 2011; Zhou et al. 2016) to describe evolution of solid fraction in a carefully
selected cellular domain as a function of time. This method relies on selection of cellular automaton
domain typically defined by number of cells selected for performing analysis and generating output.
This number, which typically ranges from 30,000 — 50,000 (Rafique, Qiu, and Easton 2017) gives a
measure of refined outputs. After selection of number of cells to define simulation domain, a random
number (pr) (Jabbareh and Assadi 2013; Dezfoli et al. 2017; Charbon and Rappaz 1993) will be
assigned which determines the probability of selection of next cell after first cell as its solid content is
achieved and its phase state changes. This is very important and must be determined with care. As
with the previous case, grain growth will be determined at three separate locations, (a) bulk liquid
(homogeneous nucleation), (b) potent nuclei (heterogeneous nucleation) and (c) mold wall
(heterogeneous nucleation). A detailed model accounting for application of this cellular automaton
(CA) theory to explain evolution of solid fraction of ductile phase dendrites in BMGMC during
solidification in additive manufacturing melt pool is described. Another feature of this model will be;
it is computationally less expensive as compared to its counterpart phase field models (Granasy et al.
2006; Granasy et al. 2014), gives quick results and easy to apply to evolution of dendrites, their
branching, spacing (DAS) and multiplication as compared to single dendrite growth in phase field
approach.

1. Hypothesis: Null hypothesis is measurement of solid fraction of individual elements is
ineffective means of arriving at physical microstructure which is true representation of actual
solidification process in multicomponent bulk metallic glass matrix composites (BMGMC).

2. Experimental procedure: Procedure adopted to achieve this objective will consist of use of
cellular automaton theory to account for measurement of solid faction caused by individual
elements rather than measurement of solid fraction of predetermined simulation-based phases
from pseudo binary phase diagrams. Then solid fraction of individual elements will be grouped
into different categories to give an estimate of evolved phases. The resulting microstructure will
also depend on cellular automata transition rules. Various previously tested rules will be
employed to arrive at highly optimised rule which gives physical picture resembling actual
microstructure of alloy cross section under optical light microscopy. Again, temperature based
thermophysical properties with well-established dimensionless numbers for mass transfer at
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microscale will be employed yielding best possible picture of physical processes happening at
microscale for multicomponent alloys. MATLAB® programming will be assimilated with use of
loops to account for iteration.

3. Protocols: Step-by-step standard approach of the use of MATLAB® with user defined functions
which lead to generation of vectors, loops and outputs will be adopted as was done for previous
objective. Inbuilt MATLAB® functions which assign colour to evolving domain will be
employed to represent microstructure consisting of different elements. Programming itself will
be done as standalone code on a dedicated machine. Its linking with inbuilt libraries in
Simulink® will also be employed. Use of third party softwares and plug — ins (e-g.
Abaqus2Matlab (Papazafeiropoulos, Muniz-Calvente, and Martinez-Paneda 2017)) for
integration with previous heat transfer model as and when needed will also be employed to
explain real time additive manufacturing process.

4. Facilities: A dedicated IBM ThinkPad® P 51 machine with Intel Xeon E3-1505M v6 (Quad Core,
3.0 GHz on the base / up to 4.0 GHz with Intel Turbo, 8MB cache, 2400MHz speed), 32GB DDR4
Memory (upgraded to maximum 64 GB), 512 GB PCle NVMe M.2 Solid State Drive (SSD), 15.6
Inch IPS FHD (1920x1080) Screen, Anti-glare, NVIDIA Quadro M2200 (4GB) graphics, 6 Cell
Battery and Windows 10 Pro 64-bit is aimed to be employed.. Average time taken to run one
simulation was observed to be few minutes as the length of code is compensated for by its
divisions in parts which make it computationally inexpensive.

5. Techniques of analysing data: Output results will be plotted in the form of evolving dendrite
using inbuilt plot and surf functions of MATLAB®. Their input will be based on matrix values.

6. Expected results and impact: It is expected that with the use of this protocol a detailed 2D
physical solidification microstructure of bulk metallic glass matrix composites will be obtained.
It will be tested by varying (a) composition, (b) thermophysical properties and (c) iteration
cycles. It is expected that variation in these values will result in varied microstructures which
will yield a detailed and in depth understanding of solidification phenomena of BMGMC.

4. Research Approach and Methods

Quantitative research methodology will be adopted for solving this problem which consists of
(1) formulation of hypothesis / research questions, (2) defining of variables for addressing research
questions and (3) using quantitative / analytical techniques employing variables to solve problems.
Here, the problem is sought after by modelling and simulation. The model is combined deterministic
and probabilistic model. Below some of the salient features and significant points of research
approach are enlisted;

1. Quantitative / Deterministic part: Model is significant modification of existing KGT theory of
alloy solidification. It consists of nucleation and growth of ductile phase dendrites.

Nucleation: Nucleation is based on Oldfield’s theory of heterogeneous nucleation which
describes a relationship between undercooling and grain density at each segment of interest. Two
parameters namely, maximum nucleation density (nmax) and grain density (n(AT) are sought after to
be determined. Maximum nucleation density may be determined by

_ (% dn ’

Nmax; = Jg dAT 1

while grain density is given by

© 1 (AT’ — AT,
n(AT) = f MmAX_ o [——(—”)] dAT’ 2
(AT) \ AT P|=3 AT, )

where ATn and ATs are mean undercooling and standard deviation of grain density distribution
respectively.

With this, probability of happening of one event (nucleation) is given by nucleation probability
(pe) as described by Prof. Rappaz in his famous article (Rappaz and Gandin 1993).

doi:10.20944/preprints202302.0179.v1
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i-e if at any instant of time t, p» exceeds r, nucleation will occur. po = 6110.Vca where 6no = grain
density increases and Vca = one cell volume (measure by noting all dimensions of cell assuming it to
have square shape).

Growth: This section concerns the determination of supersaturation of individual elements in
multicomponent alloy (BMGMC) systems. This supersaturation Qi is a function of Peclet number, Pei

Q = I,(Pe) (4)

Solving a set of equations yields relationships for R = Dendrite tip radius, V = Dendrite tip
velocity and Dendrite tip temperature. A schematic flow chart describing the working of model and
interdependence of parameters is presented in Figure 1 below.

Initiation
Read input parameters

v

1=0 Select a nucleation site (bulk liquid,
» potent nuclei and mald wall)

v

Calculate maximum nuceation
density

v

Calculate grain density n{AT) {—b Qutput

t=0 =P Calculate supersaturation

!

Calculate Solutal
Peclet Number

v

Diffusion Coefficients

4

Dendrite tip
temperature ‘

I [~ Output

Dendrite tip rad’ .n‘

v

Calculate
Undercooling

= lterations < 100

Figure 1. Schematic flow chart describing working of model.
Its salient features are;

a. Supersaturation of individual elements is aimed to be measured to account for overall behavior
of multicomponent system — an approach missing previously.

b. It comprises of effort to remove / reduce error by use of iteration-based approach for model
refinement.

c.  Programming of model will be done in MATLAB® — not done elsewhere previously.
Temperature dependent properties (transient heat and mass transfer conditions) will be used.

e. A unique approach based on segregation coefficient (k) as a function of temperature was
adopted (Previously (Kurz, Giovanola, and Trivedi 1986), it was only velocity dependent).

f.  Slope of liquids (m) is taken to be concentration (C*) dependent.

g. Peclet number (Pe) & £ are not taken as constant like previous studies [Bobadilla, M., J. Lacaze,
and G. Lesoult, Journal of Crystal Growth, 1988. 89(4): p. 531-544] in which it is assumed;
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i. £=1 (low growth rate) (low Pe)
ii. &=0 (very fast cooling rate — typical Additive Manufacturing conditions)
iii. 2I'/R=1 (high velocity AM conditions).

h. New relation for dendrite tip temperature was developed.

In summary, KGT model is aimed to be extended for multicomponent systems beyond BLL
model employing real time temperature dependent conditions in Additive Manufacturing. One step
towards this approach has already been established by principle investigator (Rafique, Qiu, and
Easton 2017).

2. Probabilistic Part: It consists of making a detailed probabilistic model explaining two
dimensional (2D) evolution of dendritic microstructure (e-g. B2 in CuZrAlCo and (-Zr in
CuZrAlINi alloys) in a carefully selected simulation domain based on cellular automaton (CA)
method (Wei et al. 2007; Gu et al. 2017; Dezfoli et al. 2017).

Method consists of discretising simulated area into finite cells while time into small time steps.
Then at a particular time state of a cell is determined. Mostly it depends on (a) temperature and (b)
solute concentration. State of cell is determined by state of its nearest neighbours by a transition rule
known as neighbourhood transition rule. Two types of rules are used which are Moore’s law (8
neighbourhood) and Von Neuman’s Law (4 neighbourhood). Solute diffusion happens in two steps
(a) Solute diffusion in a single cell and (b) Solute diffusion between cells. Most important steps are
determination of fraction solid in a single cell, calculation of solid fraction increment, solute diffusion
between cells, interpolation and calculation of nucleation density of new cells and assigning p
number (Rafique 2018¢, 2018d).

4 Cellular automata cell

Finite element cell — O

Figure 2. Representation of interpolation in one cell.
Its features are;

a. It accounts for transient thermal parameters (temperature, density, specific heat capacity (Cp),
thermal conductivity (k)) from detailed heat transfer model in ABAQUS® (Zhou et al. 2016;
Hussein et al. 2013; Dong et al. 2009). CA process adopted is;

i.  Determine phases to be evolved in a typical selected alloy system (based on literature).

ii. Determine their volume fraction (Vf) (based on literature).

iii. Select Representative Volume Element (RVE) in a test piece / coupon (in mm).

iv. Select simulation domain (cartesian or point based grid) (e-g. 300 x 300). This will be done
in MATLAB®.

v. Select cell shape (square, hexagon, rectangle (based on literature)). This will be done in
MATLAB®.

vi. Select parameters to account for mesh anisotropy. This can be done by any of following;

1. Selection of modified square cell (decentred square algorithm (DCSA) (Zhang et al.
2013; Chen, Xu, and Liu 2014; Tan and Shin 2015)) (most popular approach).

doi:10.20944/preprints202302.0179.v1
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2. Refining of square cells e.g. limited angle method (Chen, Xu, and Liu 2015).
3. Refining of mesh (by decreasing it physical size from micron to nm) (computationally
inefficient).

vii. Select neighborhood transition rules based on well-established CA pattern selected in step
v above (These rules are well defined in literature e.g. Von Numen rules, Moore rules
(popular, accurate but computationally expensive) (Wei et al. 2011), Solid / Liquid Interface
generation and energy at tip (Sharifi and Larouche 2014; Hamid and Daniel 2015)).

viii. Scan whole simulation domain for n number of cells and assign a random number r (0 <r <
1) to each cell.

ix. Select physical appearance of next cells based on neighborhood transition rules of step vii
above.

NOTE: Cellular Automaton model is a physical model as it gives interface curvature physically
and plot it in a cell in terms of solid fraction in a 2D simulation domain / grid thus a visual / physical
picture is obtained, and it depends on previous deterministic and heat transfer model.

5. Research Significance

Present project has its significance stemmed from the fact that a comprehensive solidification
model specially tailored to multicomponent bulk metallic glass matrix composites (BMGMC) is need
of the hour to predict microstructure and properties of these diversified class of materials without
recurring to expensive, exhaustive and time-consuming experimentation. Although, accurate and
reliable way to understand the properties, experimental approach has its biggest drawbacks in being
time consuming and expensive. Modelling and simulation approach on the other hand, if done
properly, yields same results in much quicker time, with higher accuracy and versatility. Thus, not
only path is shortened but researcher also has more control, flexibility and power in his hands to
manoeuvre the values to generate a range of simulation results without labour and fatigue which is
significant advancement in field.

6. Enhancement of Career Development

Mr. Rafique believes, inclusion in this research program will be a great asset for him to improve
his skills and develop a better and deeper understanding of subject. His research work, under the
directions of Prof. Stephen Niezgoda will focus on studying nucleation and growth of ductile phase
dendrites from melt of bulk metallic glass matrix composites (BMGMC) during solidification in
additive manufacturing as affected by intrinsic (alloy chemistry and thermophysical properties) and
extrinsic (melt pool velocity, depth, width and temperature) parameters. This work will allow him to
apply the research & analytical techniques developed in both materials sciences and engineering
classes, laboratories, research organizations and practical training to find a solution of a practical
problem. His duties in this research project will include devising a scheme for identifying problematic
factors in processing and alloy development, formulation of model, gathering of thermophysical
properties, their insertion, simulation of model, generation of results, applying different model
refinement techniques, testing to quantify and recheck results, examining & evaluating the results for
reaching conclusion and suggesting remedies to problems. These duties will help him a great deal in
improving his skills and knowledge to an advanced degree. In addition to this, working in
internationally renowned laboratories of The Ohio State University, collaborative national
laboratories, private laboratories, participation in training courses, conferences, symposia,
workshops and meetings with peers, experts and researchers will help him improve his skills and
knowledge, develop contacts and research network which will be great valuable platform to flourish
future research and cultivate infant minds.
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7. Relationship to The Ohio State University

Despite having strong back ground, history (Fullwood et al. 2010) and infrastructure (Palma et
al. 2008) for applied research on modelling and simulation of alloy solidification (Fullwood et al.
2008), microstructure modelling (Niezgoda, Yabansu, and Kalidindi 2011; Niezgoda et al. 2010;
Fullwood, Niezgoda, and Kalidindi 2008), welding engineering, additive manufacturing and
physical and transport phenomena (Niezgoda et al. 2014; Arul Kumar et al. 2015; Zong et al. 2014),
The Ohio State University still lacks a comprehensive program in the part scale thermal and CFD
modelling to describe melt pool and probabilistic simulation to describe microstructure evolution in
bulk metallic glass matrix composites (BMGMC). Despite efforts of years, still there is dearth of
knowledge about these alloy systems especially in context to how they form and solidify? No real
effort exists to address this problem by modelling and simulation approach. Present project aims to
address this gap by making certain fundamental mathematical modifications to original well
established alloy solidification KGT (Kurz, Giovanola, and Trivedi 1986) / LGK (Lipton, Glicksman,
and Kurz 1984) theories to account for the effect of multicomponent alloy systems under transient
conditions. The biggest gap in this field exists in terms of unavailability of actual thermophysical data
pertinent to BMGMCs. Present project aims to bridge this gap by not relying on prior simulation
generated input values for another simulation, but rigorously using experimental data already
present in Center for Information and Numerical Data Analysis and Synthesis (CINDAS), Purdue
University (Valencia and Quested 2001; Ho and Li 1986; Ho and Li 1993), University of Michigan
(Pehlke, Jeyarajan, and Wada 1982) and Thermodynamic Research Centre (TRC), National Institute
of Standards and Technology (NIST) (Wilthan et al. 2017; Pfeif and Kroenlein 2016) which will also
help in resource development at department of Materials Science and Engineering..

8. Broader Impact of Proposed Activities

Establishment of well-defined refined theorems and their simulation results will serve as source
of inspiration for future research activities. It will not only fuel but trigger new research in scientific
community, academia, laboratories and industry. It will also provide and ready-made source of
properties pertinent to these metal matrix composites. An inset of activities in this material will also
serve as tool for economic prosperity and growth. A quick and efficient way of handling varied alloy
systems in complicated additive manufacturing will generate tools which will provide base of market
development in literature, software, hardware and machinery for robotics.

a. Year—by—year deliverables

Year by year deliverables for whole three-year project are described in detailed Gantt chart
which gives

Gantt chart\

Activity Year 1 Year 2 Year 3
Year 1 1]2[3[a]s]6[ 7] 8 11]12[1] 2[3]a]s] 6] 7] 8] o]10] 12]22[2] 2[ 3] 4] 5] 6] 7[ 8] 0] 10] 12] 22

w0
3

Literature survey

Problem statement

Devel of startegies for problem solving

Resource allocation

Heat transfer model formulation and its setting in ABAQUS
Optimisation and simulation test run

Full scale model run with user subroutines

Cutput generation

Year2
Deterministic model parameter settings
Boundary conditions
Code development
Optimisation and simulation test run
Full scale code run and debugging
Solidification parameter determination and plotting
Linking with previous thermal model and experimental observations
Year 3
Probablistic model parameter setting inluding phase selection
Selection of Representative Volume Element (RVE}in a part
Selection of simulation domain including number of cells and cell size
‘Generation of Pr value for a scan of cells after first event
Calculation of solid fraction for second event and its coding
Index for mesh anisotropy removal
Code running, debugging and optimisation I
Linking of final 2D results with experimental ebservations 111
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