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Abstract

The Artemis I mission is considered to be a notable advance in the direction of
the reinitiation of the exploration of space outside of the low earth orbit. Post mis-
sion observations made by NASA during the course of the Orion spacecraft flight
have sparked academic interest due to their connection to the behavior of mate-
rial under thermal stress. The current project examines the connections between
the structure of the crystals, material properties, and heat transfer phenomena in
relation to the performance of the thermal protection systems.

This research includes an examination of fundamental notions associated with
solid-state physics such as different types of crystal structure, crystalline lattices,
thermal conductivity, heat conduction via phonons, material defects and porosity,
and high temperature material stability. Analysis of a synthetic dataset which
included structural, thermal, and mechanical characteristics of materials was con-
ducted using data visualization techniques in order to find correlations among var-
ious material properties and heat shield applicability.

Such methods as thermal conductivity histogram analysis, comparisons between
crystal system type and melting point, analysis of phonon mean free paths, anal-
ysis of the material porosity, heat shield applicability determination, and crystal
structure investigation using X-Ray Diffraction were used.
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1 Introduction

Traveling far beyond Earth brings tough challenges for engineers, especially keeping cap-
sules safe when coming back through our planet’s air. Reentering at extreme velocities -
after trips to the Moon, Mars, or farther - causes intense heat buildup because of friction
with the upper atmosphere. During this phase, surrounding temps can spike past 2000°C.
Without proper shielding, such conditions risk destroying vital parts of the vehicle. For
that reason, specialized materials are fitted onto the outer shell. These shields absorb,
reflect, or carry away excess energy before it damages internal components. Known as
Thermal Protection Systems (TPS), they serve a critical role during atmospheric reentry.

Progress in space exploration has shifted attention toward developing and studying
materials that withstand high temperatures. Take the Artemis initiative: it marks a
major step forward in establishing long-term human activity past low orbit. During its
first flight, key aspects of deep-space navigation and re-entry were successfully tested.
Yet, after examining the Orion capsule’s heat shield, researchers faced new questions
about material responses under intense stress. Odd behavior detected in the shielding
points directly to gaps in understanding physical processes during extreme heating events.

Material choices shape how well a thermal shield works, depending on their makeup
and structure. Because each trait matters - like how easily heat passes through, when
it melts, weight, response to temperature shifts, tolerance to oxygen damage, tiny holes
inside, or ability to resist breaking - engineers weigh many features at once. Survival
under intense heat hinges not just on single properties but how they interact overall.
To grasp these interactions requires insight from several fields: studying solids, atomic
arrangements, substances’ behavior, plus ways energy moves. Understanding stems from
connecting dots across disciplines rather than focusing narrowly.

How heat moves through a material up close ties closely to how its crystals are built,
how atoms line up, the number of flaws present, where grains meet, along with how
phonons travel. What shapes atomic layout inside matter stems directly from crystal
frameworks, influencing numerous traits beyond just thermal behavior. Ordered patterns
mark crystalline substances, whereas disordered setups define amorphous ones. Because
of this contrast, phonon-based conduction shifts significantly between types. Vibrations
within a lattice, when viewed quantum mechanically, earn the name phonons.

Heat transfer can change when tiny holes or small grains form inside a material. Air
trapped in these pores slows down energy movement, acting like a barrier to warmth.
Instead of moving freely, vibrations carrying heat bump into crystal edges, losing mo-
mentum along the way. Looking at how both features work together reveals insights
engineers might otherwise miss. Without understanding such interactions, progress in
spacecraft shielding would stall. Better control over structure leads naturally to smarter
choices in high-performance material development.

This study looks into those connections using methods from materials science com-
bined with data analysis. Built around physical traits - ranging from structural features
to thermal and mechanical behaviors - a custom dataset covers many material types.
Computational techniques process the information, while visual tools help reveal pat-
terns hiding within. Properties tracked include crystal arrangements, lattice forms, how
well heat moves through them, melting temperatures, phonon travel distances, pore den-
sity, resistance when exposed to oxygen, and performance ratings for shielding against
high heat. Patterns emerge when comparing these factors, pointing toward consistent
tendencies in how materials resist temperature shifts.



Examining the data involved various methods, such as mapping how thermal conduc-
tivity spreads across samples. One path looked at differences between crystal types along-
side their melting behaviors. Instead of grouping everything together, attention shifted
toward how vibrations move through materials. Another angle focused on tiny voids
within structures - those pockets mattered more than expected. Testing whether certain
forms work well as barriers against high temperatures became a separate thread. Mean-
while, atomic arrangements got explored using X Ray signals captured during diffraction
experiments.

Beginning with how atoms arrange themselves, this work explores connections among
crystalline patterns, behaviors in solids, and shields against extreme heat in flight vehi-
cles. Instead of relying solely on experiments, models and simulations support analysis
alongside visual forms of data. Understanding how energy moves through matter emerges
more clearly when structure and physical laws are studied together. Insights gained might
influence future choices in engineering durable substances. What results could shape ways
researchers think about performance under stress.

2 Research Objectives

Study the relationship between crystal structure and thermal transport.

Investigate the role of phonons in heat conduction.

Examine the influence of porosity, defects, and grain structure on thermal behavior.

Analyze material properties relevant to aerospace thermal protection systems.

Explore the connection between crystal physics and heat shield performance.

Develop visualization based insights using a materials dataset.

3 Background Theory

3.1 Artemis I Orion Heat Shield Anomaly

Artemis I Mission was one of the key highlights in NASA’s endeavors towards taking man
back into deep space missions. In this particular mission, the Orion spacecraft orbited the
moon and returned back to Earth successfully. Nevertheless, inspection after the mission
showed that there was unusual wear in some parts of the heat shield during atmospheric
re-entry process. While the Orion spacecraft functioned well and accomplished all the
intended mission, the findings raised interesting scientific questions in relation to how the
materials behave under such conditions.

The surface of any returning spacecraft is exposed to very high levels of aerodynamic
heating during atmospheric re-entry as a result of gas compression and friction during
movement through the atmosphere. Such temperatures are very high, sometimes ex-
ceeding several thousand degrees Celsius, with an ability to damage any surface without
proper protection against the same.

To investigate such phenomena necessitates the use of information from various disci-
plines of science, including aerospace engineering, materials engineering, crystallography,
and solid-state physics. To be able to understand how microscopic material properties



affect the thermal behavior of these materials at macroscopic levels is necessary for de-
signing efficient thermal protection systems in the future.

In the process of atmospheric entry, the Orion capsule faced very high levels of aero-
dynamic heating caused by the interaction between the capsule and Earth’s atmosphere
at high speeds. The performance of the heat shield is influenced not only by the heat
shield’s general design but also by its microscopic physical properties including the crystal
structure, level of defects, porosity, thermal conductivity, and phonon transport. These
features determine the way thermal energy interacts with the material. Hence, knowledge
of crystal structure principles and solid-state physics is necessary in order to describe the
thermal phenomena occurring in heat shield materials during Artemis I reentry.

3.2 Thermal Protection Systems in Aerospace Engineering

The term thermal protection systems (TPS) is used to refer to special materials that are
incorporated into special structural designs to protect spacecrafts against excessive heat-
ing during entry into atmospheres, descent, and landing of spacecrafts. The fundamental
principle behind TPS is that of minimizing the rate of transfer of thermal energy from
the surroundings to the spacecraft structure.

There are three basic modes of heat transfer:

e Conduction
e Convection
e Radiation

The total heat transfer rate can often be expressed using Fourier’s Law for conduction:
[q=-kVT]

where:

e ¢ is the heat flux

e k is the thermal conductivity

e VT is the temperature gradient

For the effective functioning of a TPS, there are certain properties that the materials
should have. They include low thermal conductivity, high melting point, strong oxidation
resistance, thermal stability, and mechanical strength. Materials suitable for making TPS
include carbon composites, ceramic materials, silica insulators, and ultrahigh temperature
ceramics.

The effectiveness of the thermal protection system depends not only on the chemical
composition of the material but also on its crystalline structure, microstructure, porosity,
and defectiveness.

3.3 Introduction to Materials Science

Materials science is the interdisciplinary branch of knowledge about the interconnection
between structural, physical, and chemical characteristics of materials, their manufac-
turing technology, and their behavior. The science integrates the methods of physics,
chemistry, engineering, and mathematics.



The basic concept of materials science is the structure-property relationship. The
organization of atoms in the material has a great impact on its physical and mechanical
properties including thermal conductivity, electrical conductivity, strength, and stability
at elevated temperatures.

e Metals

e Ceramics
e Polymers

e Composites

Advanced functional materials

Materials can be classified at an atomic scale as crystalline or amorphous. While
crystalline materials have long-range atomic order, amorphous materials show atomic
disorder. Such differences greatly affect thermal conductivity and mechanical strength of
materials, in addition to their behavior at high temperatures.

Since the operating conditions in aerospace systems are very harsh, understanding the
importance of atomic structure on the performance of the material is vital in designing
effective thermal protection systems.

3.4 Importance of High Temperature Materials

High temperature materials play crucial roles in aerospace vehicles, gas turbines, rockets,
and thermal protection systems. Such materials are developed to withstand heat without
any degradation in performance.

Selection of high temperature materials is based on the following important factors:

High melting point

Low thermal conductivity

Good oxidation resistance

Low thermal expansion
e High mechanical strength
e Thermal shock resistance

Resistance of a material to high temperature conditions is directly associated with the
strength of atomic bonding inside the crystal. Higher bond strength means that more
energy is needed to dissociate atoms, resulting in higher melting point and better thermal
stability.

From the practical perspective of designing heat shields for aerospace purposes, such
material should have high heat resistance properties and retain its mechanical proper-
ties at the high temperatures reached during spacecraft re-entry into the atmosphere.
Therefore, knowledge of crystal physics and heat conduction mechanisms are essential
prerequisites for creating new materials with improved properties for use in thermal pro-
tection systems of future aircrafts.

Apart from practical applications, research on thermal conductivity of such materials
makes important contributions to science.



4 Crystal Structure Fundamentals

4.1 Crystalline and Amorphous Solids

The solid state materials could be broadly divided into two groups, namely crystalline
solids and amorphous solids. The classification of solid state materials depends upon
their atomic arrangement.

A highly ordered atomic arrangement of atoms makes crystalline solids, where the
atoms are arranged in an ordered manner and form periodic arrangement throughout
the solid. Such materials are silicon carbide, alumina, metals, ceramics, etc. These have
definite properties, owing to their structured arrangement of atoms.

In case of amorphous solids, there is no ordered atomic arrangement. In amorphous
solids, the atoms are not arranged periodically, but are tightly bound to each other. Ex-
amples include glass, silica aerogels, some polymers, etc. The unordered atomic structure
increases phonon scattering in amorphous solids, resulting in lower thermal conductivity
than crystalline solids.

This difference in crystalline and amorphous structure greatly influences the thermal
transport process in such materials.

4.2 Crystal Systems

Crystal systems provide a way to describe the geometric structure of atoms in crystalline
solids. A crystal system is the symmetry and dimensions of the repeating unit forming
the crystal structure.

Seven basic crystal systems exist:

1. Cubic
Tetragonal
Orthorhombic
Hexagonal
Trigonal

Monoclinic

Ne ok W

Triclinic

They are classified based on the dimensions of lattice parameters and angles between
them.

For instance, a cubic crystal system is determined by:

[ a=b=c |

and

a, B, v

where a, b, and ¢ represent the lattice dimensions, while «, 3, and 7 represent the
angles between the lattice vectors.

Various crystal systems affect the properties of materials, including density, heat
conductivity, elasticity, and melting point. Thus, crystal symmetry is an essential factor
in material selection for aerospace engineering.



4.3 Lattice Structures

A crystal lattice is a three-dimensional pattern of points, which represents the repetitive
locations of atoms, ions, or molecules that constitute a crystal structure.
Various lattice structures occur frequently in engineering materials:

Face Centered Cubic (FCC)

Body Centered Cubic (BCC)

Hexagonal Close Packed (HCP)
Diamond Cubic

Simple Cubic

Each type of lattice structure has unique atomic packing efficiencies and coordination
numbers, which impact the physical characteristics of materials.
For example:

FCC structures generally exhibit high packing density and good mechanical prop-
erties.

BCC structures often provide high strength but lower packing efficiency.

HCP structures exhibit strong directional behavior and high structural stability.

Diamond cubic structures are commonly associated with semiconductor materials.

The arrangement of atoms in these lattice structures plays a crucial role in controlling
the phonon transport, heat conduction, and strength of materials.

4.4 Unit Cells

The unit cell is the fundamental building block of the crystal lattice structure. It is
possible to construct the entire crystal structure from the repetitive stacking of the unit
cell in all three dimensions.

The unit cell is specified by three lattice parameters:

[a;b,;c]

and three interaxial angles:

a, B,y

These parameters fully describe the geometry of the crystal.
The volume of a simple cubic unit cell can be calculated using:

V=ad

where V' is the unit cell volume and a is the lattice constant.

Unit cells offer useful insights into the packing efficiency, density, crystalline symmetry,
and stability of structures. It is essential to understand unit cells for the evaluation of
material properties and interpretation of crystallographic data gathered using analytical
techniques, such as X Ray Diffraction (XRD).
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4.5 Miller Indices

Miller indices are an analytical approach used to describe the orientation of crystallo-
graphic planes in a crystal structure. The use of Miller indices is common in crystallog-
raphy, materials science, and analysis of X Ray Diffraction results.

A crystallographic plane can be described through three integers:

[ (hkl) ]
where:

e h represents the intercept along the x axis
e k represents the intercept along the y axis

e [ represents the intercept along the z axis

Common examples include:
[ (100), (110), (111), (200)]

The procedure for determining Miller indices involves:

1. Determining the intercepts of the plane with the crystal axes.
2. Taking the reciprocals of the intercept values.
3. Simplifying the values to the smallest set of integers.

4. Writing the indices in parentheses.

Miller indices are vital since they enable scientists to identify the specific crystal planes
that result in diffraction. This is because varying planes will produce various diffraction
peaks, making Miller indices essential in determining crystal orientation and changes in
lattice structures.

In relation to this research project, Miller indices help in establishing the relationship
between crystal structure and diffraction results.

5 Solid State Physics Concepts

5.1 Atomic Bonding

The basic mechanism of holding atoms together inside a material is called atomic bond-
ing. Properties of these bonds have a great impact on solid’s mechanical, electrical, and
thermal characteristics. There are four main types of atomic bonding found in materials
science: ionic bonding, covalent bonding, metallic bonding, and van der Waals forces.

While ionic bonding is based on electrostatic forces between ions of opposite charge,
covalent bonds occur due to the sharing of electrons between atoms. Meanwhile, metallic
bonds form when electrons get delocalized between metal atoms in a crystal lattice. The
bond strength defines several material characteristics, including its melting temperature
and hardness.

Materials characterized by high bond strength need a lot of energy to break their
atomic structure, which results in increased melting temperature and better performance
at elevated temperature conditions. This makes atomic bonding highly important for the
application of aerospace materials.

10



5.2 Lattice Vibrations

Atoms in a crystal structure do not remain fixed; even at low temperatures, there are
vibrations that happen due to thermal energy in the form of atomic motion. As temper-
ature rises, the vibrations of atoms increase.

This phenomenon of vibrations in all atoms of a crystal structure is known as lattice
vibrations. Lattice vibrations affect many physical properties such as thermal conductiv-
ity, heat capacity, thermal expansion, and electrical characteristics.

The higher the temperature, the greater are the lattice vibrations. Lattice vibrations
cause atoms to interact more and scatter heat carrier particles more efficiently. So, lattice
vibrations are very important while discussing thermal conduction through solids.

5.3 Phonons and Heat Transfer

While discussing the topic of solid-state physics, phonons are used to describe lattice
vibrations. Phonons can be described as a quantum of vibrational energy in a crystal
lattice.

Similar to electrons carrying electricity through solid materials, phonons are respon-
sible for transferring heat energy through solid materials. In many cases, especially when
dealing with insulators and ceramics, phonons are the main carriers of thermal energy.

Thermal conductivity can be approximately estimated by:

1
k= ngvl

where:

k is the thermal conductivity,

C, is the volumetric heat capacity,

v is the average phonon velocity,

[ is the phonon mean free path.

This equation indicates that thermal conductivity strongly depends on the distance
over which phonons can propagate without scattering. Phonons that can propagate freely
throughout the material often have high thermal conductivities, while materials with high
scattering usually serve as insulators.

5.4 Mean Free Path for Phonons

Mean free path refers to the average distance that a phonon propagates without ex-
periencing a scattering process. This value is perhaps the most important factor that
determines the thermal transport property in crystalline solids.

There are several factors that can cause the decrease of mean free paths, such as:

e Crystal defects
e Impurities

e Grain boundaries

11



e Structural disorder
e Porosity

e High temperature lattice vibrations

An increased mean free path results in higher thermal conductivity since phonons are
able to convey energy over a larger distance. On the other hand, a smaller mean free
path increases resistance to heat transfer.

For this research, analysis of the phonon mean free path is performed alongside the
thermal conductivity to identify the effect of microstructural features of aerospace mate-
rials on their thermal transport.

5.5 Defects and Impurities in Crystals

The real-life material is never completely defect-free. All materials include various kinds
of defects and impurities that break the regular atomic structure inside the crystal.
Defects in crystals include:

e Vacancy defects

Interstitial defects

Substitutional defects

Dislocations

Grain boundaries

Vacancy defects exist when there is no atom in a specific place on the lattice, whereas
interstitial defects result when additional atoms occupy the spaces between lattice sites.
Line defects include dislocations, which are line defects that occur in the crystal. Grain
boundaries arise from different crystal orientations in the material.

The impact of crystal defects is also noticeable from the point of view of thermally
induced phenomena. For instance, the impact of such defects on the heat transport
properties of materials can be analyzed from a thermal perspective. In such a scenario,
the increased defect concentration results in more collisions between phonons and reduces
the phonon mean free path.

It should be noted that although defects typically have a negative impact on thermal
transport properties of materials, they could be used beneficially in thermal protection
materials due to the reduced thermal conductivity of defective materials. Hence, it is
important to understand how crystal defects impact the thermal characteristics of mate-
rials.

In conclusion, atomic bonding, lattice vibration, phonons, phonon mean free path, and
crystal defects are fundamental terms associated with the theory of thermal transport
processes in solids. All these terms are directly related to the analysis conducted during
the project.
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6 Thermal Transport Mechanisms

6.1 Thermal Conductivity

Heat conductivity is defined as the heat transfer capability of a material. It is a measure
of how well thermal energy is conducted through the substance due to the presence
of a temperature gradient in its two regions. Heat conductivity is among the essential
parameters for thermal protection system design, as the parameter significantly influences
the speed at which thermal energy passes through a material.

The faster a material conducts heat, the higher its thermal conductivity, and vice
versa. Solids with lower thermal conductivities behave like thermal insulators. The
factors that affect the heat conductivity of a solid include atomic structure, crystallinity,
chemical bonds, defect density, porosity, and temperature.

The heat transfer rate is determined using Fourier’s Law:

dT
= —k‘—
4 dx

where:
e ¢ is the heat flux,

e [ is the thermal conductivity,

° fl—: is the temperature gradient.

The negative sign implies that heat always transfers from higher temperature areas
to lower temperature areas.

In terms of thermal protection systems for aerospace applications, the material must
have a relatively low thermal conductivity since less heat will transfer into the spacecraft
structure.

6.2 Heat Transfer in Solids

Heat transfer in solids is predominantly by conduction. This means that at a microscopic
level, heat transfer happens due to vibration of atoms and energy carriers.
Heat transfer in solids can take place via three main mechanisms:

e Conduction
e Convection
e Radiation

Conduction, however, becomes the preferred mode of energy transportation in solid
substances.

For metallic materials, electrons and phonons are responsible for heat transfer. For
ceramic, composite, and insulating materials, phonons become the main heat carriers.
Efficiency of heat transfer depends on the ease with which carriers can be transported
inside the material.

Thus, thermal conductivity in solids is highly dependent on the type of crystal struc-
ture and bonding between atoms and on other microstructure properties. The importance
of heat transfer in solids cannot be underestimated because it helps predict the thermal
behavior of materials applied to aerospace heat shields and protection systems.

13



6.3 Phonon Scattering Mechanisms

In many solid materials, phonons play the role of the major heat carriers. Phonons
transfer heat based on their mobility throughout the material. Several mechanisms can
cause phonons to scatter, thus reducing thermal conductivity.

The main mechanisms causing phonon scattering include:

e Defect scattering

Impurity scattering

Grain boundary scattering

Porosity scattering

Phonon-phonon scattering

However, defects and impurities create imperfections and scattering centers for phonons
in addition to disturbing the lattice structure. Additionally, grain boundaries, which are
surfaces between different lattice alignments, scatter and reflect phonons. Higher tem-
peratures cause an increase in vibrational motion in the lattice, and phonon collisions
with each other become more common.

When there is more scattering, the phonon mean free path is shorter, restricting the
distance over which the energy can travel easily. The correlation is the basis behind low
thermal conductivity in materials that have many defects or structural irregularities.

6.4 Effect of Porosity

Porosity relates to the amount of pores, voids, and empty space in a material. Porosity
can be measured by the volume fraction of a material that is made up of pores.

The effect of porosity on thermal transport is large due to the fact that it breaks
continuous conductive paths in a material. Moreover, the air or gas contained in the
pores typically exhibits lower thermal conductivity than the material.

When there is greater porosity:

e Thermal conductivity decreases.
e Thermal insulation improves.
e Material density decreases.

e Phonon scattering increases.

The consequence of this correlation allows making porous materials an attractive
choice for applications requiring good thermal insulation. Materials like silica aerogels
find extensive application due to their very low value of thermal conductivity due to high
porosity.

The field of aerospace engineering utilizes the principle of porosity to minimize heat
transfer processes in order to increase thermal protection.
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6.5 Effect of Grain Size

By definition, grain size denotes the average size of a crystal in a polycrystalline material.
The area between the grains is referred to as the grain boundary.

The presence of the grain boundary affects thermal conduction due to the fact that
phonons experience scattering on the interface.

With the decreasing grain size of a material, the number of grain boundaries increases
per unit volume. Therefore:

e Phonon scattering increases.
e Phonon mean free path decreases.
e Thermal conductivity is reduced.

In contrast, increasing the grain size enables phonons to have longer distances to travel
before scattering, thus making thermal conductivity more efficient.

This phenomenon between grain size and thermal conductivity is especially signifi-
cant in aerospace materials because it enables the use of microstructure engineering for
customizing thermal properties for specific uses through the manipulation of grain size.
The balance between thermal insulation, mechanical properties, and structural stability
can be achieved by optimizing grain size.

In conclusion, it is safe to say that all the above-mentioned parameters play critical
roles in determining thermal properties in materials. It is imperative to consider these pa-
rameters when developing effective thermal protection materials that work under extreme
conditions such as spacecraft reentry.

7 Dataset Description

7.1 Dataset Generation Methodology

To explore the connection between crystal structure, thermal conductivity, and the ef-
fectiveness of heat shields, we have prepared a synthetic database using Python. This
dataset attempts to reflect properties of materials that are typically researched in such
scientific fields as materials science, solid-state physics, and aerospace engineering. A
total of 1000 records were created; each record reflects some hypothetical material with
unique combinations of structural, thermal, mechanical, and crystalline properties.

All values were randomly generated within plausible limits that reflect a realistic
variety of engineering materials. The dataset consists of both categorical and numeric
variables and can be used for analysis and visualization purposes. Although all data points
in this dataset are purely random and do not represent any experimental measurements,
it still can be considered a good example for finding connections between the material
properties.

The resulting database was saved as CSV file, which was later analyzed using the
techniques of data analysis and visualization in Python.

7.2 Material Categories

The material database comprises several categories that are known for their use in high-
temperature environments and aerospace engineering applications.
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The following materials are used in the material database:

e Silicon Carbide

e Hafnium Carbide

e Zirconium Diboride
e Carbon Composite
e Graphite

e Silica Aerogel

e Alumina

e Titanium Carbide

They are diverse with regard to physical properties such as thermal properties, struc-
ture, and mechanical behavior. There are those that have been proven to be extremely
stable in terms of heat and can withstand high melting temperatures. There are also
materials that do not conduct heat well.

7.3 Structural Parameters

Structural parameters refer to the crystalline and microscopic features associated with
the materials under consideration. They affect the behavior of the materials in question.
Structural parameters contained in the dataset include:

e Structure Type

e Crystal System

e Lattice Type

e Lattice Constant A
e Lattice Constant B
e Lattice Constant C
e Miller Index

e Grain Size

e Defect Density

e Porosity

Type of structure defines crystalline versus amorphous structures. Crystal systems
and lattice types indicate the geometrical formation of atoms whereas lattice parameters
indicate the unit cell dimensions. The grain size, number of defects, and porosity give
information on the microstructure which affects the thermal behavior and mechanical
performance.

16



7.4 Thermal Parameters

Thermal parameters describe the response of materials to heat or thermal energy. It is
highly significant for analysis of materials for acrospace thermal protection systems.
The thermal parameters included in the dataset are:

Thermal Conductivity

Specific Heat Capacity

Melting Point

Thermal Expansion

Phonon Mean Free Path

Oxidation Resistance

Thermal conductivity determines the heat transfer capability of the material, whereas
specific heat capacity determines the amount of heat needed to increase its temperature.
The melting point determines its thermal stability under high-temperature conditions.
Thermal expansion is used for evaluating dimension changes due to heating, while phonon
mean free path describes atomic-level processes associated with heat flow. Oxidation
resistance determines the material’s resistance to chemical decomposition under high-
temperature conditions.

7.5 Mechanical Parameters

Mechanical parameters characterize the structural durability and physical stability of
materials under external and thermal loads.
The following mechanical properties have been considered:

e Density

e Young’s Modulus

Density affects weight, heat capacity, and structural design. The Young’s Modulus of
a material reflects the rigidity and elasticity of a material. These parameters play a vital
role in the choice of materials with respect to their mechanical and thermal performance
in thermal protection systems.

7.6 Parameters for Heat Shield Applicability

Assessing the applicability of materials for thermal protection systems is one of the major
purposes of the project. In order to achieve this goal, the provided dataset has included
a parameter, Heat Shield Applicability Score.

The parameters for assessing the applicability of the heat shields include:

e Thermal Conductivity

e Melting Point

17



Oxidation Resistance

Thermal Expansion

Mechanical Stability

Structural Characteristics

The Heat Shield Applicability Score can be considered a simple gauge of the general
suitability of the materials for use in aerospace thermal protection systems. The more
favorable the thermal and structural characteristics of materials, the higher the Heat
Shield Applicability Score. Conversely, materials exhibiting unfavorable thermal stability
and resistance get a relatively low Heat Shield Applicability Score.

The integration of structural, thermal, mechanical, and crystallographic data within
one database allows for a thorough analysis of parameters influencing the efficiency of
heat shields in aerospace applications.

8 Mathematical Framework

In this section, the mathematical formulations related to thermal transport, crystalline
structure, phonon effects, diffraction process, and heat flow are introduced. These math-
ematical formulations give the theory behind the materials studied in this project.

8.1 Models of Thermal Conductivity

Thermal conductivity represents the capability of materials to conduct heat. The simplest
model for describing thermal conductivity is Fourier’s law of heat conduction.

Let us consider a material where a temperature difference exists in the x direction.
Through experimental studies, it was observed that heat flows from high-temperature
zones to low-temperature zones.

The heat flow is related to the temperature gradient according to:

qox ——

dx
Introducing the proportionality constant k, known as thermal conductivity:

dT
fry —k—
4 dx

where:
e ¢ = heat flux (W/m?)

e k = thermal conductivity (W/mK)

° % = temperature gradient

Heat flow in a material of cross-sectional area A becomes:

dT
— _kAT
@ K dz

This equation forms the basis for analyzing thermal transport within solid materials.
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8.2 Phonon Transport Equations

In insulating and ceramic materials, heat is transported primarily by phonons, which are
quantized lattice vibrations.

According to kinetic theory, thermal conductivity can be expressed as:

1
k= §O“Ul
where:
e (', = volumetric heat capacity
e v = average phonon velocity
e [ = phonon mean free path

Derivation
The thermal energy density in a material is:

U=0Cc,T
Energy transported through phonons is directly proportional to:

Energy Transport o< C,vl

To take into account random three dimensional movement of phonons, we introduce
geometrical factor:

W

leading to:

1
k= ng’Ul

Thermal conductivity becomes higher as the distance between successive scattering is
greater.

Mean free path of the phonon depends on the number of scattering:

| =wvT1

where:

e [ = mean free path
e v = phonon velocity

e 7 = relaxation time
Inserting this expression into the thermal conductivity equation:

1
k= gOvUQT

This equation makes it clear how thermal conductivity is connected with phonon
scattering.
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8.3 Bragg’s Law

Bragg’s law explains the X ray scattering by crystal planes, and it constitutes the foun-
dation of X-Ray Diffraction analysis.

Let us consider a set of parallel crystal planes whose separation distance is equal to
d.

On being subjected to an incoming beam of X rays at angle 6, constructive interference
results only when:

2d sin 6

Counstructive interference is achieved when:

2dsin§ = n\

where:

e d = spacing between crystal planes
e ¢ = diffraction angle
e n = diffraction order

e )\ = X ray wavelength

This equation makes it possible to derive crystal spacing from diffraction data obtained
experimentally.

8.4 Crystal Geometry Formulas

Crystals can be described in terms of lattice parameters and unit cells.
Cubic Crystal System:

and

Volume of a cubic unit cell:

where:

e IV = unit cell volume

e o = lattice constant

The density of a crystal may be expressed with the following equation:

B nM
P= NV

where:
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p = density
e n = number of atoms per unit cell

M = molar mass

N4 = Avogadro’s number

e IV = unit cell volume

The interplanar distance for cubic crystal with Miller indices (hkl) is:
a
h? + k2 + 12
These equations relate crystal geometry to the diffraction properties seen in the XRD
measurements.

Akt =

8.5 Heat Transfer Equations

In engineering processes, heat transfer takes place by conduction, convection, and radia-
tion.

Conduction

According to Fourier’s law:

dT
— LA
@ dx

Convection

According to Newton’s law of cooling:

Q=hA(T, —T)
where:
e h = convective heat transfer coefficient
e T, = surface temperature

e T, = surrounding fluid temperature

Radiation

According to Stefan—Boltzmann Law:

Q=coA(T} —T,,)

sur

where:
® ¢ = emissivity

e o = Stefan—Boltzmann constant
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Distribution of Thermal Conductivity
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Figure 1: KDE Distribution of Thermal Conductivity for Crystalline and Amorphous
Materials

o T, = surface temperature
o T, = surrounding temperature

In relation to aerospace thermal protection systems, the above mechanisms all play
important roles in the thermal environment. But conduction through the material and

radiation upon atmospheric entry are often the most important aspects affecting the heat
shields.

9 Data Visualization and Analysis

This part highlights the visualization and analysis of the generated dataset on the ma-
terials. Different methods for visualization have been used to examine the correlation
between the properties, including structure, thermal, and mechanical properties, associ-
ated with the materials used in aerospace thermal protection systems.

9.1 Thermal Conductivity Distribution

As the first type of analysis, the distribution of the values of thermal conductivities has
been analyzed using the visualization method. For this purpose, a histogram plot was
created to understand how the values are distributed among the samples of different
materials.

The plot displays variation in the thermal conductivity values of different materials.

Research Question:

Why do amorphous materials typically show lower thermal conductivity?

Answer:

Due to its unordered nature, amorphous materials cause a lot of phonon scattering,
which makes them less conductive because the carriers of thermal energy cannot move
easily through such a material.
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Distribution of Thermal Conductivity
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Figure 2: Histogram Showing the Distribution of Thermal Conductivity Values Across
the Dataset

9.2 Crystal System vs Melting Point

In order to evaluate the effect of crystal structure geometry on the stability of materials,
a box plot has been constructed to compare crystal structures according to their melting

points.

Melting Point vs Crystal System
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Figure 3: Box Plot of Melting Point Distribution Across Different Crystal Systems
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Figure 4: Violin Plot Illustrating Melting Point Variations Among Crystal Systems

It is possible to draw conclusions about the thermal stability features of various crys-
tals using this chart.

Research Question:

Which crystal systems show highest thermal resistance?

Answer:

Thermal resistance in materials is usually higher when there are stronger atomic
bonds and more ordered lattice structures. However, the thermal resistance does not
only depend on the type of crystal structure; it also depends on other variables such as
the melting point of the material, bonding energy, defect concentration, and material
composition. The optimal material choice is one that exhibits good performance at high
temperatures.

9.3 Phonon Mean Free Path vs Thermal Conductivity

A scatter plot was created for exploring the correlation between phonon mean free path
and thermal conductivity.
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Phonon Mean Free Path vs Thermal Conductivity

Thermal Conductivity (W/mK)

<
g
S
>
£
S
-
(9]
>
©
C
]
O
©
E
—
]
c
'_

Figure 6: Regression Analysis of Phonon Mean Free Path and Thermal Conductivity

It makes it possible to understand whether there is a connection between the increase
in phonon mean free path and thermal conductivity.
It may be expressed as follows:

1
k = ngvl

the increase in the phonon mean free path leads to an increase in thermal conductivity.

In addition, a correlation analysis was done to determine the connection between the
mean free path and the thermal conductivity of the material. The Pearson correlation
coefficient calculated in this case was as follows:
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r = 0.076

This indicates that there is only a very weak positive correlation between the two
variables in the synthesized data. As it is seen from theory, the thermal conductivity
must be positively proportional to the mean free path; however, this is not observed in
the artificial data.

Research Question:

How does phonon scattering reduce thermal transport?

Answer:

Phonon scattering happens when the vibrations in the lattice encounter defects, im-
purities, grain boundaries, or even atoms that do not follow the expected order of a lattice
structure. This interaction hinders phonon movement, which reduces the mean free path
and thus, thermal conductivity.

9.4 Porosity vs Thermal Conductivity

A scatter plot was created in order to study the influence of porosity on thermal conduc-
tivity.

Porosity vs Thermal Conductivity

Porosity (%)

Figure 7: Scatter Plot Showing the Relationship Between Porosity and Thermal Conduc-
tivity
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Figure 8: Regression Analysis of Porosity versus Thermal Conductivity

This visualization makes it possible to explore the influence of increasing porosity on
heat conduction.

Moreover, the connection between the porosity and thermal conductivity has been
evaluated. The Pearson correlation coefficient in this case was as follows:

r =0.030

This shows that there is only a very weak positive correlation between the two variables
in the synthetic data. In practice, porosity always decreases thermal conductivity since
it interrupts the flow of heat.

Research Question:

Why does increasing porosity improve thermal insulation?

Answer:

Porosity increases the presence of voids and air spaces in the material. The fact that
air is not a good conductor of heat means that these spaces hinder the heat conduction
process in the material and reduce its thermal conductivity. Highly porous materials are
generally good insulators against heat.

9.5 Heat Shield Applicability Analysis

Using a correlation heatmap and ranking analysis, it was possible to find out what prop-
erties influence the effectiveness of heat shields the most.
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Correlation Heatmap of Material Properties
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Figure 9: Correlation Heatmap of Material Properties Relevant to Heat Shield Perfor-
mance
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Figure 10: Focused Correlation Heatmap of Key Heat Shield Performance Parameters

The heatmap highlights relationships among material properties and helps identify
factors contributing to heat shield effectiveness.

28



9.5.1 Top Ranked Material Samples

Aside from the correlation heatmaps, ranking analysis was performed to determine ma-
terial samples with the highest Heat Shield Applicability Scores. The ranking was made
using the Heat Shield Applicability feature present in the dataset, which acts as an indi-
cator of material suitability for aerospace thermal protection purposes.

According to the results of the ranking analysis, the ten highest rated material sam-
ples received applicability scores within the range of approximately 9.92-9.99. These
material samples indicate materials with excellent thermal protection characteristics in
the produced data set.

Based on the results obtained, it can be concluded that materials possessing high
applicability scores usually have balanced features of high oxidation resistance, thermal
stability, appropriate phonon transport properties, low porosity, and good structural
parameters. High applicability scores in aerospace materials are critical due to the need
for heat shields to withstand extremely high temperatures and retain their structural
stability during atmospheric re-entry.

Material Ranking Chart
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Figure 11: Material Ranking Based on Heat Shield Applicability Score
The ranking analysis has demonstrated the efficiency of multiparameter assessment in
material choice. Instead of using just one parameter as, for example, melting temperature

or thermal conductivity, aerospace materials usually undergo evaluation using several
parameters related to thermal, mechanical, and structural material characteristics.
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Table 1: Top 10 Material Samples Based on Heat Shield Applicability Score
Rank Material ID Heat Shield Applicability Score

1 674 9.99
2 383 9.99
3 947 9.98
4 49 9.97
) 441 9.96
6 848 9.96
7 166 9.94
8 217 9.93
9 201 9.92
10 337 9.92

Research Question:

Which combination of properties produces optimal heat shield performance?

Answer:

Heat shield materials require some specific properties like high melting point, good
oxidation resistance, low thermal expansion, and thermal stability among other factors.
These ensure that the material performs well in the harsh conditions of heat shielding.

9.6 XRD Peak Analysis

X-Ray Diffraction analysis is conducted to understand crystallographic behavior via
diffraction peak distribution.
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Figure 12: Distribution of XRD Peak Angles in the Generated Materials Dataset
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Angle Frequency Analysis by Crystal System
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Figure 13: Angle Frequency Analysis of XRD Peaks Across Different Crystal Systems
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Figure 14: Relationship Between XRD Peak Angle and Bragg Spacing
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Miller Index Frequency Plot
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Figure 15: Frequency Distribution of Miller Indices Within the Dataset

Diffraction peak angles and Brag spacing values are the two key areas that this analysis
is concerned with.
Bragg’s Law is given by:

2dsin§ = n\

Research Question:

How can XRD reveal crystal structure changes after thermal exposure?

Answer:

X ray diffraction (XRD) is able to determine any change in the crystal structure of
the material due to changes in the intensity, position, and width of the peaks in the XRD
patterns. This method will give useful information after the sample is exposed to high
temperatures.

10 Results and Discussion

This section will deal with the major findings that have been achieved through visual-
ization and analysis of the materials database. The relationships between the physical
properties of the materials will provide information on the factors that affect thermal
conductivity and heat shielding capabilities. Analysis of the data will be done using
materials science, solid state physics, and thermal engineering principles.

10.1 Trends Observed

The following trends were found upon analysis of the materials database.
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A huge variation in the values of thermal conductivity means that heat transfer heavily
depends not only on the structure but also on the composition of materials. It is found
that thermal conductivities of ordered atomic lattices are higher than those of materials
with unordered atomic lattices.

Upon analysis of the crystal system and melting points of the materials, it became
apparent that the thermal stability of materials depends to a large extent on the bonding
of atoms within the lattice and their arrangement. Materials with high melting points
are more capable of handling high temperatures and can be used for space-related appli-
cations.

The phonon mean free path analysis in relation to thermal conductivity illustrated
the importance of the function that phonons have in the determination of heat transfer
capability of materials. Materials that had relatively high phonon mean free paths had
relatively high thermal conductivities because the phonons were able to travel further
without scattering.

The analysis on the porosity in relation to thermal conductivity highlighted the fact
that there was a negative correlation between these two factors. High porosity meant low
thermal conductivity due to the presence of insulation material in form of air pockets.

In terms of the use of heat shields, the results illustrated the importance of considering
some aspects of materials in assessing their suitability. The combination of high melting
point, oxidation resistance, stability and mechanical strength made heat shields more
suitable.

Lastly, the XRD analysis highlighted the importance of considering diffraction analysis
in the study of crystal structures.

10.2 Physical Interpretation

Physical principles allow explaining observable trends.

Heat transfer in most engineering materials occurs primarily through phonon motion.
The high level of organization of the crystal lattice facilitates phonon motion and increases
thermal conductivity. On the contrary, the disorganized structure, defects, and grain
boundaries cause scattering of phonons, reducing the efficiency of heat transfer.

The correlation between porosity and thermal conductivity is explained by the insu-
lating properties of air. The thermal conductivity of air is significantly lower than that
of solids; hence, increasing the number of pores influences the thermal conductivity by
interrupting its flow path.

Thermal stability is based on the interatomic bond strength and the crystal structure.
The stronger is the interatomic bond strength, the more energy is required to break the
bond. Thus, this causes the increase in thermal stability.

Moreover, it should be noted that the X-ray diffraction pattern proves once again
that crystal structure plays an important role in the properties of materials. Changes in
the positions of diffraction peaks usually indicate changes in the structure of the crystal
lattice.

In general, we may say that high temperature properties of materials depend on some
different factors, including crystal structure, interatomic bonds, lattice vibrations, and
others.
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10.3 Relation to Aerospace Thermal Protection System Mate-
rials

The results obtained from the current research can be utilized in the process of selection
of the most suitable material for spacecraft heat shield design.

Spacecraft heat shields should have the capability to operate effectively in conditions
of very high temperatures, which appear during the spacecraft’s return to Earth. There-
fore, the materials of heat shields should have some features related to thermophysical,
mechanical, and structural characteristics.

A high melting point is one of such characteristics that make materials resistant to
destruction under very high temperatures. In addition, oxidation resistance can prove
useful in protecting the materials from chemical damage caused by temperature changes.
Low thermal expansion coefficient is desirable to reduce thermal stresses, while thermal
conductivity is needed to control heat flow.

Furthermore, materials’ microstructure with respect to porosity and grain size should
also be considered.

These concepts can also have a wide variety of applications in other practices asso-
ciated with aerospace technology. The results obtained in this research concerning the
impact of crystal structures and heat transfer on materials can be applied to designing
more effective heat shields in the future.

In conclusion, it is safe to say that the design of heat shields requires taking into
account aspects of materials science, solid-state physics, and thermodynamics.

11 Limitations

Even though the project has yielded some valuable findings regarding the correlation
between crystal structure, thermal conductivity, and heat shielding properties, there are
a number of shortcomings that cannot be ignored. Most of them can be attributed to
the nature of the dataset used, the underlying assumptions, and the scope of the study
itself.

11.1 Synthetic Dataset Considerations

Another limitation of this study is that the materials have been created using a synthetic
dataset. This means that the properties of the materials studied were calculated artifi-
cially within certain limits and were not measured or extracted from reliable materials
databases.

Although the artificial dataset was made similar to real engineering materials, the
values in the dataset might not actually represent any physical materials or material
behavior. Therefore, the findings must be considered more like ideas than scientific
results.

Finally, there might be some complicated correlations between different characteristics
of engineering materials that could not have been included in the artificially created
dataset. For instance, in practice, such characteristics as thermal conductivity, grains
size, crystal structure, and number of defects tend to correlate based on the way they
were manufactured.

However, despite the mentioned limitations, this artificial dataset was helpful for
acquiring knowledge in terms of materials’ analysis, visualization, and application of
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solid-state physics principles to engineering.

11.2 Model Assumptions

A number of assumptions have been made during the analysis for ease of analysis.
First, the generated material properties are considered to be independent unless spec-
ified differently by the data set. This is despite the fact that most material properties
have strong relationships with each other due to physical laws governing them.
Secondly, the analysis of thermal transport properties only concentrated on heat trans-
port by phonons. There were no considerations of the contribution by the electrons to
thermal conductivity, which may be significant in some cases such as metallic materials.
Thirdly, the Heat Shield Applicability Score was used as a proxy for material effective-
ness. However, real-life application of heat shields is a much more complicated process
with more factors such as manufacturing constraints, environment, temperature changes,
mechanical forces, ablation, among others.
Finally, the XRD analysis was done theoretically as opposed to experimentally. As
a result, the findings are for learning purposes only and do not constitute a complete
structural characterization.

11.3 Future Improvements

There are several ways in which improvements may be made for the future development
of this project.

First, experimentally determined materials properties could be used to conduct anal-
ysis based on data found in scientific publications, in databases, or through laboratory
measurements. Such approach would add to the scientific value of conclusions drawn
during this project.

Machine learning algorithms may also be applied to reveal relations existing between
material properties and predict the effectiveness of heat shields based on these relations.

In order to improve heat transfer analysis, more complex models could be considered,
which include temperature-dependent material properties, heat transfer due to the motion
of electrons, as well as heat transfer caused by complex phonon scattering mechanisms.

Derivation from statistical mechanics and solid-state physics could help explain some
of the theoretical principles underlying this topic, while XRD simulations could assist in
applying crystal structure analysis in engineering applications.

Future versions of the project could include more advanced thermal transport models
that account for temperature dependent material properties, electronic heat conduction,
and complex phonon scattering mechanisms.

The mathematical framework could be expanded to include detailed derivations from
statistical mechanics, solid state physics, and crystallography. Similarly, more sophisti-
cated XRD simulations and crystal structure analyses could be incorporated to strengthen
the connection between theoretical concepts and experimental observations.

In addition, there could have been further extensions in terms of application to ex-
amine actual aerospace materials for thermal protection applications, such as carbon
composite materials, ultra-high temperature ceramics, and other insulators. This would
make the link between the theoretical discussion in the paper and the practical aspects
of aerospace
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12 Conclusion

The purpose of this project was to investigate the relation between crystal structure,
principles of solid-state physics, and processes of heat conduction in the context of thermal
protection of space shuttles. This research is based on scientific curiosity about the
unusual phenomenon in the heat shield of the Artemis I Orion module.

There is a long list of theoretical concepts investigated within this research project.
They include crystal structures, lattice types, cell units, Miller indices, atomic bonds,
phonons, phonon mean free path, defects, thermal conductivity, heat transfer, and many
others. Understanding of these concepts made possible an in-depth analysis of how
materials behave in high-temperature regimes.

To investigate the relation between material properties, a synthetic set of materials
was created and analyzed through multiple visualization procedures. The main analyses
performed included thermal conductivity distribution maps, crystal type vs melting point
relations, phonon mean free path vs thermal conductivity relation, effects of porosity,
applicability for heat shields, and X-ray diffraction analyses.

It was found that the thermal properties depend on the interplay between various
characteristics such as crystal structure, phonon conductivity, porosity, grain size, and
structural stability. It is usually true that materials having high melting temperatures,
strong oxidation resistance, good thermal properties, and stable crystal structures have
desired qualities for applications in aerospace thermal protection systems.

In general, this study managed to successfully apply theoretical notions from materials
science, crystallography, solid state physics, thermal engineering, and data visualizations.
Apart from the scientific results, this study provided important skills that will be useful
in future scientific endeavors. These include scientific research, computer calculations,
documentation, and solving interdisciplinary problems. The knowledge acquired during
this project will be valuable for aerospace engineering applications.

13 Future Work

There are many possibilities for extending and building on this study in the future.

For example, one could employ the use of experimentally derived data sets from
literature papers or from lab experiments to enhance the validity of this study by applying
data from the real world rather than the hypothetical cases presented herein.

Another possibility lies in the use of data-driven modeling techniques like machine
learning in order to make predictions about which materials have the best performance
capabilities and thermal protection potential.

There are a wide variety of mathematical methods and derivations that could be im-
plemented in the context of solid-state physics, statistical mechanics, crystallography, and
heat transfer. In addition to mathematical modeling, there are other types of simulations
that might prove useful.

Lastly, studying the thermal protection material currently utilized in real-life space-
craft would give this theoretical study some additional practical context. These types
of materials include things such as carbon composites, ultra-high temperature ceramics,
reinforced carbon carbon, and insulative materials.

Lastly, research can be undertaken on the impact of factors such as thermal cycling,
oxidation, mechanical loads, and degradation of structure on the heat shield materials.
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This would add to the knowledge base concerning the performance of these materials
under prolonged spaceflight and atmospheric entry conditions.
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