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Abstract

Effect of Post-Annealing on the Microstructure and
Properties of Low temperature Chemical-Vapor-

Deposited Carbides (TaC, HfC, SiC)

Jangwon Han
Department of Materials Science & Engineering
Graduate school

Seoul National University

To investigate the effect of post-annealing on the microstructure and properties of
low temperature chemical-vapor-deposited carbides (TaC, HfC, SiC), carbide films
were deposited on graphite substrates by CVD and post-annealed at different
conditions, and the relation between the deposition/post-annealing conditions and

the microstructure/mechanical properties were studied.

Tantalum carbide (TaC) coating layers were deposited on graphite substrates using
I



the TaCls-CsHs-H> CVD system under various deposition conditions. The deposited
TaC coating layers exhibited crystallographic preferred orientation, with (111) and
(200) orientations being dominant. As the deposition temperature was increased, the
preferred orientation changed to random orientations. Subsequent post-annealing
significantly improved the crystallinity of the coating layers. When deposited at
1100°C to 1300°C, the microstructure exhibited columnar structures and columnar-
equiaxed mixed structures. However, subsequent post-annealing resulted in grain
growth, causing the transformation of the microstructure from columnar to equiaxed
form. These findings highlight the ability of post-annealing to enhance crystallinity

and induce mechanical property changes of up to 10% increase in TaC coating layers.

Hafnium carbide (HfC) coating layers were deposited on graphite substrates using
the HfCls—C3Hs—H, CVD system at 1200°C. The as-deposited coating layers
exhibited high crystallinity and dense microstructures (columnar-like structure).
Post-annealing further affected the microstructures, transforming columnar
structures into equiaxed structures and causing the coalescence of pores. The nano
hardness of the coating layer was also improved during the post-annealing process.
These results demonstrate that HfC coating layers deposited at 1200°C possess dense
microstructures, and their crystallinity and nano hardness can be enhanced through

post-annealing.

Silicon carbide (SiC) coating layers were deposited on graphite substrates using the
CVD method at various deposition temperatures. X-ray diffraction (XRD) analyses
revealed changes in crystallinity depending on the deposition temperature. When

II



layers were deposited at 900°Cs, peaks of free silicon (Si) were observed, while they
were absent at layers deposited at high temperatures due to the complete reaction of
the precursor. The microstructure showed a tendency for increased thickness at
higher deposition temperatures. Post-annealing improved the crystallinity of the
deposited coating layers. The nano hardness of the coating layers also exhibited
temperature-dependent variations. These findings suggest that post-annealing can

modify the crystallinity, microstructure, and nano hardness of SiC coating layers.

Furthermore, although TaC, HfC, and SiC are carbide-based coating layers, their
growth mechanisms of the microstructure are slightly different. Therefore, the
changes in the microstructure during the post-annealing process vary. In particular,
TaC, HfC, and SiC exhibited partial differences after the post-annealing process,

which were briefly discussed.

This study provides comprehensive and detailed insights into the properties of high-
temperature ceramic carbides (TaC, HfC, SiC) through the investigation of their
crystallinity, microstructure, and the effects of post-annealing on the
microstructure/mechanical properties. The findings contribute to a better
understanding of the superior properties exhibited by these high-temperature

ceramic carbides.

Key words: Chemical vapor deposition, Low temperature, Tantalum carbide,

Hafnium carbide, Silicon carbide, Post-annealing, nano-indentation,
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Chapter 1. General introduction

1. Introduction

Refractory transition metal borides, nitrides, and carbides are known as ultra-high-
temperature ceramics (UHTCs) due to their extremely high melting points exceeding
3000°C!-, In the early era of high-temperature ceramics, UHTC material selection
was based on melting temperature, but the oxidation temperature and melting points
of oxides are actually more crucial!'?l. However, limited manufacturing techniques
have posed challenges in material development.*>! These materials have garnered
interest as potential candidates for applications such as thermal protection systems

461 gas nozzles ¥, and ceramic

(TPS) for hypersonic vehicles 7], turbine blades [
susceptors ¥1. Among refractory transition metal borides, nitrides, and carbides,

research on carbide materials is still challenging .

Depending on the bonding mechanism of carbide materials, they can be classified
into interstitial carbides and covalent carbides!'”.. The melting point of the material
can be considered as influenced by the bonding mechanism. Most interstitial
carbides have melting points above 3000°C, while covalent carbides have melting
points lower than 3000°C. Tantalum carbide (3983°C) and Hafnium carbide (3930°C)
are classified as interstitial carbides, while Silicon carbide (2730°C) can be classified
as a covalent carbide!'>!!). Due to their high melting points, they can achieve high
density when manufactured using sintering methods. However, when manufactured

using the chemical vapor deposition (CVD) method, it is possible to produce them
1



at lower temperatures compared to sintering. Despite some similarities in CVD
microstructure growth mechanisms due to their high melting points, ultimately,
differences are observed in microstructure and properties.

Carbides produced by CVD are known to exhibit high crystallinity and mechanical
properties when manufactured at high temperatures, particularly around 1400°C.
However, when produced at high temperatures, issues such as pore structures
existing within the microstructure and damage of fiber in the process of
manufacturing fiber-reinforced composites can arise.

Despite exhibiting excellent mechanical properties and oxidation resistance at high
temperatures, carbides such as TaC and HfC, which are interstitial carbides,
consistently face issues such as microstructural problems occurring during high-
temperature manufacturing and thermal stability problems after usage, resulting in
coating layer detachment or fracture. Additionally, manufacturing a dense coating

layer with a sufficient thickness at low temperatures remains a challenging issue.

In the case of TaC, various methods, including Filament CVD, have been applied

13-14

to achieve low temperature manufacturing 34, However, the presence of secondary

phases, including Ta,C, within the microstructure has been identified as a cause of

decreased mechanical properties!!* 14,

Therefore, it is necessary to control the
secondary phases while depositing at low temperatures to ensure both the deposition
of the coating layer and the desired mechanical properties!"!. In this dissertation,

TaC coating layers were deposited at relatively low temperatures, and their

microstructure was controlled through post-annealing processes to achieve similar



values of crystallinity and mechanical properties as those obtained from high-

temperature manufacturing.

In contrast to TaC, depositing HfC at relatively low temperatures poses a
significantly tricky challenge in obtaining a dense microstructure. Changing the
precursor of carbon to lower the temperature is an option; however, this introduces
issues such as the presence of carbon soot within the microstructure and a decrease
in crystallinity. Thus, research is needed to address these problems and manufacture
HfC coating layers. In this dissertation, dense microstructures were deposited at low
temperatures, and their mechanical properties were improved through post-

annealing processes.

SiC, a covalent carbide, has been extensively studied and applied, even in fiber-
reinforced composite forms!'®2", However, delamination issues after usage at high
temperatures are still observed!'*). In this dissertation, the changes in crystallinity
due to post-annealing of SiC coating layers deposited at low temperatures and their

correlation with microstructure were investigated.

While TaC and HfC are interstitial carbides and SiC is a covalent carbide, all
belonging to the same carbide category, they exhibit differences in the deposition
mechanisms of coating layers. Therefore, slight differences in microstructural
changes can be observed between the initial manufacturing process and subsequent
post-annealing. In particular, interstitial carbides follow models such as Van der
Drift!?!) and Structural Zone Modeling (SZM) for their growth ['?!, whereas SiC has

a unique microstructure growth model?!. The microstructures of interstitial carbides
3



manufactured through conventional high-temperature processes were prone to
delamination due to adhering to models like Van der Drift. Hence, it is crucial to
control such microstructures to maintain integrity even at high temperatures. To
address these issues, manufacturing dense microstructures at low temperatures and
inducing equiaxed microstructure changes through post-annealing via epitaxial

growth is recommended

In this dissertation, to establish the correlation of characteristics of crystallinity,
microstructure, and relative orientation of carbide coating layers, ceramic carbide
(TaC, HfC, SiC) coating layers were deposited on a graphite substrate at
temperatures similar to or relatively lower than previous ones by modifying the
deposition parameters, and their characteristics were analyzed (Chapter 5). Post-
annealing was performed for observing changes in the crystallinity and
microstructure of the deposited coating, followed by characterization (Chapter 6).
The influence of the changed crystallinity and microstructure of the deposited
coating layer through the effect of post-annealing on the nano hardness was

investigated (Chapter 7).

Rest of the thesis is organized into the following chapters:

Chapter 2: Background knowledge pertinent to this dissertation is presented.

Chapter 3: Reviews of previously reported literatures related with this study are

introduced.

Chapter 4: Experimental techniques and characterization method used in this

4



dissertation are introduced.

Chapter 5: High temperature ceramic carbides (TaC, HfC, SiC) deposited using

chemical vapor deposition are presented.

Chapter 6: Effects of post-annealing on property enhancement of high temperature

ceramic carbide (TaC, HfC, SiC) coating layers are presented.

Chapter 7: Changes in mechanical properties of ceramic carbides during post-

annealing are presented.

Chapter 8: A brief summary of the present work is provided.



1.2 Aim and objective

The processing temperature for carbides (TaC, HfC, SiC) manufactured by CVD
is typically above 1300°C. However, when manufactured at high temperatures,
issues such as microstructure and thermal stability may arise. Therefore, in this study,
we aimed to improve the properties of TaC, HfC, and SiC materials by depositing
them at relatively low temperatures using the CVD method on graphite substrates,

followed by a post-annealing process.

i ) We deposited carbide (TaC, HfC, SiC) ceramics at relatively low temperatures

on a graphite substrate using the chemical vapor deposition method.

ii) We applied a post-annealing process to the deposited coating layers to improve
properties such as microstructure, crystallinity, and nano hardness.

To study the effect of the post-annealing process on the crystallinity, microstructure,
and mechanical properties of high-temperature carbide ceramics fabricated by a low-
temperature CVD process. Additionally, we explained the microstructural growth
behavior of TaC and HfC, which had not been previously presented, using the growth
mechanism of the Drift model and provided a morphological map. Ultimately, we

induced property improvement through post-annealing.
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Chapter 2. General backgrounds

2.1. High temperature ceramics and applications

High temperature ceramic materials are materials with high melting points,

primarily composed of refractory metals from groups IV-V of the periodic table,

as shown in Figure 2-1, combined with elements such as C, B, and N.!'"%) Ceramics
combined with refractory metals can be classified as interstitial carbides and covalent
carbides combined with B and Si.”®] These materials exhibit characteristics such as
high chemical stability, mechanical properties, and oxidation resistance in high

temperature environments.

The history of high temperature ceramics is shown in Figure 2-2. High temperature
ceramic materials were discovered in the late 1800s, but their practical use began in
the 1960s. During this time, limited fabricating technologies and materials led to the
predominant use of Si-based substances such as SiC and Si3N4. Subsequently, with
advancements in fabricating technology and expanded material selection, various
materials started to be utilized, and the demand increased from high temperature
aerospace applications to the energy sector. Until the 2010s, the emphasis was
primarily on fabricating techniques. However, since then, the focus has shifted
towards developing improved ceramic materials, considering factors such as
material quality, changes in properties based on chemical stoichiometry, variations

in fabricating temperature, increased oxidation resistance, and fabricating based on
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design forms.

High temperature ceramic materials are primarily used in fields where excellent
properties in terms of nuclear, high-temperature, chemical, and mechanical
characteristics are required. Due to their outstanding high temperature performance
and durability, they are utilized in a wide range of temperatures, starting from low

temperatures around 300°C to high temperatures exceeding 2000°C.
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Figure 2-1. The main materials for high-temperature ceramics include refractory

transition metals along with B, C, and N.
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2.2 High temperature carbide ceramics

Refractory transition metal carbides (ZrC, HfC, TaC, NbC, etc.) show good
performance (thermal/mechanical properties) in ultra-high temperature regions.
They are commonly manufactured in the form of compacts and widely used in tools
requiring high wear resistancel’®). TaC, HfC, SiC, and other carbides are utilized in
compact form, coating layers, and composite structures. They are particularly
prevalent in fields that demand high-temperature oxidation resistance, such as

aerospace applications.

Chemical vapor deposition (CVD) processes are widely used to produce materials
in their finished form, which cannot be easily manufactured through conventional
methods. Most elements can be deposited by either electroplating or physical vapor
deposition (including sputtering, ion plating, and vacuum deposition)®.. However,
the latter process cannot deposit high-melting-point elements such as tungsten,
tantalum, or carbon. Electroplating techniques cannot be used to deposit specific
elements of commercial importance, such as molybdenum, tungsten, and silicon.
CVD processes offer the additional advantage of being able to deposit compounds,

including oxides, nitrides, and carbides, as well as many alloys.

During the deposition process for thin films using the CVD method, films acquire
orientation. At this point, the growth mechanism of the deposited thin films can be
classified into two different theories: one based on the growth process and the other

based on the driving forces.
15



Distinguished by the growth process, it can be divided into two stages: the initial
stage and the later stage, as proposed by Bauer for the initial stage!!'"!?). The thin film
growth mechanism at this stage is primarily influenced by the driving force of
surface energy and substrate effects. Four main considerations are essential. Firstly,
the adatom-adatom energy should exceed the adatom-substrate energy. Secondly, a
low nucleation rate is crucial. Additionally, maintaining a super-saturation
unaffected by substrate defects is important. Finally, the presence of well-grown
nuclei displaying a crystallographic phase is significant!!!"!?, Furthermore, to
minimize the substrate's influence, an amorphous substrate is considered most

suitable.

In the later stage, the growth mechanism is mostly explained by Drift (Figure 2-4),

(13151 This means that the growth

following an evolutionary selection process
direction is determined by the stress applied to the film during the growth process or
favoring growth in the direction of higher thermal conductivity. Consequently, at low
temperatures, growth occurs predominantly in the vertical direction, while
increasing the deposition temperature leads to horizontal growth!'*. The initial

growth process under Drift exhibits a microstructure similar to the columnar

structure discussed in the vapor deposition mechanism's structural zone modeling.

Normally, the deposition of thin films shows typical thermodynamic growth
involving nuclei gathering to grow in a spherical form, although it may vary
depending on the shape of the nuclei. The theory proposed by Walton-Rhodin is

16-17

based on an atomistic theory where nuclei form clusters!!*!”), Unlike the preceding
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growth process, the growth mechanism is influenced by the shape of the nuclei and
surface energy. Thus, nuclei with different shapes such as line, L-shaped, triangular,
or square can cluster together and grow!'?). In cases where the growth is influenced

by surface energy, which is based on Pelleg's theory!'*!"!

, it is known that the driving
force for growth is determined by the atom (or vapor) concentration. To control the

growth of thin films, it is affected by reducing surface energy and the density of

ledges formed by atom concentration.

Coating layers deposited using the CVD method typically exhibit a columnar
growth microstructure!!®”’. However, carbides show slightly different microstructural
growth tendencies. While carbides generally follow columnar growth, there are
subtle differences in the microstructure growth depending on whether they are
classified as interstitial carbides or covalent carbides, which are influenced by the
deposition temperature. Materials like TaC and HfC exhibit a mixed microstructure
following the models of Van der Drift!'3'! and Structural Zone Model (SZM)!%,
while SiCP although similar to columnar growth, has its own unique growth
structure. Examining these growth structures in detail, depicted on Figure 2-7, the

behavior following Van der Drift occurs in the following sequence:

1. In the early stages of nuclei formation, seed grains generate nuclei in arbitrary

directions on the substrate (Incubation period).

2.The next stage is dominated by competitive growth among grains with random

orientations.
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3. As the film thickens, an increasing number of crystal nuclei become buried by

adjacent crystal nuclei.

4. Only crystals with the fastest-growth-direction perpendicular to the substrate

surface survive.

5. Formation of fibrous textures (Columnar-like structure).

and microstructural growth occurs in a pattern similar to Figure 2-7 and 2-8. In
contrast, for SiC, as shown in Figure 2-9 and proposed by Chin et al'?"l, the growth
model is followed, and the morphological changes in the microstructure are known

to be significantly influenced by the deposition temperature.
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Figure 2-4. Growth model following Van der Drift model. a) initial single grain
growth following Drift model (cross-section view), b) initial single grain growth
following Drift model (Top view), ¢) Grain coalescence during deposition process.
O—0
— A [
0—
a) b) c)

Figure 2-5. Nuclei types for atomistic growth. a) line-type nuclei, b) triangle-type

nuclei, ¢) square-type nuclei.
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Figure 2-7. Film growth sequence following Drift model. a) initial nucleation state,
seed crystal formation on the substrate, b) competitive growth of random oriented

grains, c¢) columnar-like growth getting thicker, d) Fibrous texture structure.
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2.2.1 Tantalum carbide (TaC)

Tantalum carbide (TaC) is one of the refractory metal carbides with good
performance in ultra-high temperature regions by their good thermomechanical
properties. TaC is a one of the interstitial carbides with face-centered cubic (FCC)
structure with complex phase diagram (Figure2-10) and extremely high melting
point (approximately 3900°C)®!, high modulus (537 GPa), high hardness (15-
19GPa), flexural strength (689GPa), and good resistance to chemical attack!?!-2*,
Normally, TaC coating layers show brown to gold colors by the difference on carbon

deficiency!®!.

TaC is fabricated in the form of a sintered body!*!??! or deposited as a coating layer
using high temperature CVD method (above 2000°C)!"). However, there are many

ongoing studies to change the precursor and lower the process temperature(?3-26],

aiming to fabricate the coating layer in the form of fiber-reinforced composites!?*/.
TaC is widely applied in high temperature applications that are sensitive to chemical
attack rather than requiring high oxidation resistance since oxidation starts rapidly
from 800°C when exposed to airl”). Particularly, recently it is used in the coating

layer of ceramic susceptors used in wafer processing for semiconductor fabrication

(Figure 2-11).

During the deposition process or consolidation using powders, there is a high
probability of secondary phases such as Ta,C and TasCs forming!**2%!. The crystal
structure in such cases is known to have forms like hexagonal close-packed (HCP)

or tetragonall’®!,
23



The microstructure and orientation are significantly influenced by TaCls partial
pressure and temperature during the deposition process!?*. Increase of deposition
temperature leads to random orientations!*2%), Also, with the higher TaCls partial
pressures orientation seems to be random with columnar-like microstructure on the

cross section and pyramidal structures on the surface!®!.

Figure 2-10. Phase diagram of Tantalum carbide (TaC)!"8,
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Figure 2-11. Ceramic susceptors for semiconductor process. (a) Instrument for
semiconductor process; https://www.mersenkorea.co.kr (b) Graphite susceptor; TCK,

susceptor, (¢) TaC coated susceptor; TCK, susceptor.
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2.2.2 Hafnium carbide (HfC)

Hafnium carbide (HfC) is a transition metal carbide in which the large metal atoms
of hafnium form an FCC structure with small carbon ions occupying interstitial
positions!”!. HfC exhibits certain characteristics typical of ceramics, as well as some
characteristics more commonly associated with metals. The phase diagram of Hf-C
is relatively simple (Figure 2-12). In this experiment, the HfC coating layers
displayed a metallic silver-gray appearance and demonstrated good adhesion to

graphite and carbon/SiC fiber preforms!”.

When HfC is produced as a sintered body, it exhibits high density, crystallinity, and

29301 However, most applications require HfC to be

excellent mechanical properties!
manufactured in the form of fiber-reinforced composites®®'-**. HfC demonstrates
high crystallinity and mechanical properties when deposited at temperatures above
1400°C. It is challenging to produce a dense microstructure coating layer even at low
deposition temperatures. Additionally, variations in reaction temperature, reaction
equation, and residual substances occur depending on the carbon source precursor,
either C3Hg or CH4P!"31. To address these issues, there have been numerous studies

which reported co-deposition of HfC with ZrC or TaC, among others32-3%,
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2.2.3 Silicon carbide (SiC)

Silicon carbide (SiC) is a material that has been studied for decades, and as a result,
there is a significant amount of research being conducted. However, challenges still
persist when applying SiC to fiber-reinforced type composites, such as fiber damage,
residual stress at interfaces of interphase layer and coating layers, and variations in

mechanical strength due to crystallinity?®37),

SiC is a chemically and thermally stable material with strong covalent bonding,

720361 Figure 2-13 shows the Si-C phase diagram**.

especially at high temperatures!
It can be divided into two main crystallographic structures: hexagonal in the form of
type a-SiC, which includes 4H (Hexagonal), 6H (Hexagonal) and 15R
(Rhombohedral), and cubic in the form of type S-SiC, as 3C (Cubic). 3C, 4H, 6H,

and 15R being the most commonly used. The preferred form used as a structural

material is type f-SiC with a 3C structurel*®),

SiC has been widely used as a refractory material due to its excellent mechanical
and thermal stability, including high hardness, flexural strength, compressive
strength, nuclear properties, and oxidation resistance. It is extensively studied and
developed as a structural material for ceramic engines, nozzles, and turbine blades,

primarily due to its exceptional wear resistance and chemical stability.

Among them, chemical vapor deposition (CVD) is a technique that allows for the
deposition of dense and high purity SiC, closely matching the theoretical density of

3.21g/cm?. CVD enables uniform deposition over a large area, making it a commonly
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used technique in coating processes. The microstructure of CVD SiC is influenced
by process variables such as deposition temperature, process pressure, and gas ratio.
The microstructure of CVD SiC is found to vary significantly depending on the
deposition temperature, rather than the process pressure and input-gas-ratio.
Therefore, by adjusting the process pressure and input-gas-ratio at a fixed deposition

temperature, it is possible to predict the changes in microstructure.
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2.3 Post-annealing process

The post-annealing process is commonly employed to relieve residual stress?®”,

[40-41

mitigate thermal stress™*’), reduce porosity to achieve densification**4!!, promote

41-44 39-40,44,47

grain growth*!*¥], enhance bonding strength! 1, and induce crystallization in

amorphous phases of the deposited thin films*>*3%], As a result, various outcomes

40-47] microstructural evolution, and

such as increased peak intensity in XRD results!
improved mechanical properties can be obtained. In cases where the film contains
amorphous phases, the crystallization and XRD peak intensity lead to an increase in
the I/I0 ratio compared to the as-deposited state. Additionally, in certain material
states, post-annealing may trigger atomic migration or diffusion*>#*47] leading to

phase transitions!*”!, where the post-annealing temperature serves as the driving force

for the migration.

However, if the post-annealing temperature becomes excessively high, severe grain
growth can occur, leading to rapid pore closure. This phenomenon can affect the
bonding strength of the material™*’, resulting in a decrease in mechanical properties
due to microstructural changes!**#3], Therefore, to improve the material properties, it

is important to set a certain temperature range for the post-annealing process.
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Chapter 3. Current issues of high temperature carbides

Research efforts are focusing on synthesis, processing, improving the oxidation
resistance, design for extreme environments, adoption on fiber-reinforced composite

types, computational simulations, and new materials development.

3.1 Processing temperature adjustment

Figure 3-1 shows the current issues of high temperature ceramic carbides. When
examining the current issues, there appear to be four major issues. These include
methods to enhance the properties of the coating layer or bulk by manipulating
variables in the manufacturing process, methods to improve oxidation resistance,
simulations for designing shapes and structures suitable for extreme environments,
and issues related to developing new materials. In particular, controlling the process
temperature is a significant consideration due to its economic impact. There are three
main approaches to adjusting the process temperature: modifying the carbon source
gas used in carbide materials to vary the process temperature, controlling the
substrate temperature using the filament method, and simply adjusting the process

temperature.
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Figure 3-1. Current issues for high temperature ceramic carbides!'-!
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3.1.1 Effect of the carbon source gas

The process temperature can be adjusted by controlling the carbon source gas. As
shown in Figure 3-2, it is possible to lower the temperature by replacing CH4 gas,
which decomposes above 1400°C, with Cs;Hs, which can decompose below
1300°C¢71, However, reducing the temperature also reduces crystallinity, and
complete decomposition of C3Hs can leave residual carbon in the fine structure of
the coating layer, compromising its mechanical properties. Additionally, as shown in
Figure 3-3, changing the carbon source gas can lead to the differentiation of fine
structures into mixed and columnar structures!®”), This indicates that the deposition
mechanism is influenced by temperature, ultimately affecting the changes in the fine

structure.
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Figure 3-2. XRD results of HfC coating layers with different carbon source gas. (a)

C;Hp gas, (b) CH4 gas!®”
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3.1.2 Effect of the deposition temperature

When the process temperature is lowered during manufacturing, regardless of the
type of carbon source material, the crystallinity decreases, and carbon XRD peaks
can be detected due to incomplete reactions. Furthermore, the influence of low

temperature and partial pressure results in random orientation even at low deposition

temperatures'®!,
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Figure 3-4. Changes in XRD patterns of high-temperature ceramic carbide coating

layers at different deposition temperatures!®!
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3.1.3 Filament CVD method

The Filament method using metal contributes to lowering the substrate
temperature during the process, thus reducing the process temperature '), However,
it has drawbacks such as the need to heat the metal filament at temperatures higher
than those used in the CVD process, which can raise concerns regarding cost and

safety.

— Ta filament CVD system
ﬁ—cu,«,/mm,

(b)

Ta filament

Tantalum
Filament

Alumina Tuby sl I

Thermocouple = "
A Plume of Active radical(s) 7
""""""" around the substrate. ..~

<—PUMP

Figure 3-5. Schematic of filament CVD method!'!!

Therefore, controlling the process temperature in the manufacturing of high-
temperature ceramic carbide coatings has an impact on the crystallinity and fine
structure of the resulting coatings. Moreover, these effects can influence the integrity
of the coatings when applied in various applications, making it a crucial task to

address.
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4. Experiments

In this chapter, experimental methods employed for the successful deposition and
for the modification and characterization of high temperature carbide ceramics are
presented. The coating layers in this study were deposited by chemical vapor
deposition method, and to improve the crystallinity, microstructure, and evaluate the
mechanical properties of the deposited coating layers, post-annealing process was
performed. The characteristics of deposited coating layers were analyzed by X-ray
diffractometer (XRD), microstructural evolutions of the deposited coating layers
were observed by field-emission scanning electron microscopy (FE-SEM), and to
evaluate the mechanical property of coating layer, nano-indentation method was

carried out.

4.1 Chemical vapor deposition (CVD) methods

Chemical vapor deposition (CVD) is a method for depositing materials in which
chemical components in vapor phase react to form a film or coating structures at
various type of substrate surface. During the deposition process, it is necessary to
maintain laminar flow in order for the deposition behavior to occur properly. If
turbulent flow is maintained during the process, the deposition behavior will not

occur properly, and a coating layer will not form on the substrate or fiber preform!!-
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In order for the chemical reaction to initiate the deposition process, the reactants
need to be in a vapor state. Therefore, precursors used at this stage are typically
subjected to evaporation processes if they are in powder form, or converted into
vapor state if they are in liquid form. This is considered as a main factor for the

chemical vapor deposition process?!.

The process sequence of CVD begins when the vapor state reactants start flowing
into the furnace, initiating a series of processes. The reactants at this stage undergo
a series of steps, eventually leading to the formation of a solid deposition through
the process in a quasi-steady state. This sequence is illustrated schematically in

Figure 4-1 with the following orders.

1. Diffusions of gaseous reactants by main flowing region

2. Adsorption of the reacting gas phase species on to surface region, often transport

to surface area.

3. Surface chemical reactions occur by surface diffusion process.

4. Readsorption of the reaction by-products

5. Diffusion of the by-products away from the surface.

6. Incorporation of the condensed solid product into the microstructure of the

growing film.
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In this study, high temperature carbide ceramic coating layers (TaC, HfC and SiC)

were deposited by CVD method.
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Figure 4-1. Gas phase reactions of precursors in the CVD furnace
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4.2 Post-annealing process

Typically, operating temperatures higher than the temperature at which the material
is used are harmful because it degrades the mechanical properties of the material®.
Therefore, when the temperature of the heat treatment process performed on the
material is higher than a certain reference point, the mechanical properties tend to
decrease. However, if the material is heat-treated at a temperature suitable for
diffusion, its mechanical properties can be improved without causing damage to the
material. A heat treatment process with sufficient process time and temperature is
called an annealing process. During annealing, materials tend to show changes in
mechanical properties. This change is not a phase transition, but mainly a
microstructural change. In addition, through annealing, the energy state of a material
is changed from a metastable state to a stable state. When the post-annealing process
is performed at an appropriate temperature rather than simply at an arbitrary high
temperature, damage to the material can be reduced and mechanical properties will
be effectively improved®7!. For that reason, finding an effective post-annealing
temperature and conditions is very important for long-term use and the improvement
of properties such as high-temperature stability and mechanical properties which are

closely related to microstructure, crystallinity, residual stress, etc.

In this study we have performed post-annealing process on deposited coating layers.

Detailed post-annealing conditions are presented on Table 4.1.
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Table 4-1. Post-annealing conditions for coating layers.

Temperature (°C) Time (h) Conditions
TaC 1850 5 Ar flowing
1600 10 Ar flowing
HfC
1800 10 Ar flowing
800 10 Ar flowing
SiC 1200 10 Ar flowing
1500 10 Ar flowing
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4.3 X-ray diffraction analysis

X-Ray diffraction analysis was performed to identify the original phases,
orientation, and crystallinity change of the deposited coating layers after post-
annealing. This method provides information about phase composition, lattice
parameter, grain size, and lattice strain based on Bragg's law!®, where diffraction
occurs when waves interact with a periodic structure. X-rays, with wavelengths
similar to inter-atomic distances, are used to investigate crystals. Bragg's law is

satisfied when waves interfere constructively under specific conditions.
nA = 2d sind

Where n is an integer indicating the order of reflection, A is the wavelength of the
X-ray beam, d is the inter-planar spacing and 0 is the incident angle. In the present
work 0-20 scans were performed using Bruker D8 discover (Bruker), SmartLab
(Rigaku) diffractometer with Cu Ka radiation. In this geometry, the detector is at 20
and the sample surface is at 0 angle to the incident beam. The incident beam, normal
to sample surface and detector are in the same plane (Figure 4-2). Since the diffracted
beam always lies in the plane containing the incident beam and plane normal, and
due to the restricted rotation of the sample only along 0-axis, this diffractometer can
be used to access diffraction information only from the planes which are parallel to
surface of the sample.

In the present study the Bruker D8 discover (Bruker), SmartLab (Rigaku) system
was used to perform 6-26 scans for phase identification and qualitative analysis of
preferred orientation.
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Figure 4-2. Schematic of typical X-ray diffraction instrument.
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4.4 Microstructural observation

To observe the morphology of sintered bulk specimens or deposited thin film
specimens, it is difficult to do so with the naked eye. Therefore, microscopy
techniques such as scanning electron microscopy (SEM) using an electron beam are
employed to detect the scattered electrons and observe the microstructure of the
surface or cross-section. Various information about the specimen can be obtained
through the incident electron beam, including Auger electrons, backscattered

electrons, and cathode luminescence!®.

However, in conventional scanning electron microscopy, high-magnification
observation is difficult due to the scattering of the electron beam during its
interaction with the specimen. To improve the resolution of the electron beam,
applying an electric field such as field-emission scanning electron microscopy to
focus the electron beam at a single point can be more conveniently applied to observe

the morphology of the surface.

In this study, we have observed the cross-section and surface microstructures of the
deposited coating layers using a Field-Emission Scanning Electron Microscope (FE-

SEM, FEI, Netherland) to examine the microstructure.
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4.5 Nano-indentation measurements

Hardness is an important mechanical property that represents the resistance of a
material to localized deformation. Hardness testing was developed as a method to
assess the indentation depth of materials, particularly natural minerals. It involves
applying a small load with a controlled rate of loading on the surface of a specimen
using an indenter, in order to obtain quantitative measurements!®). The depth or size
of the indentation is inversely related to the hardness value, meaning that larger and
deeper indentations correspond to lower hardness values. However, it should be
noted that hardness measurements are relative rather than absolute, and caution
should be exercised when comparing measurements obtained using different

methods. The general advantages of hardness testing are as follows:

1. Compared to other mechanical property measurements, hardness testing is
relatively simple and does not require a separate specimen preparation
process.

2. It is a non-destructive testing method, meaning that the specimen is not
destroyed or excessively deformed. However, surface or localized
deformation in the form of indents may be observed.

3. Hardness values can be used to estimate other mechanical properties such
as tensile strength through approximate formulas and calculations. However,
these values are not exact and should be considered as calculated
approximations.

These hardness values are easily measured when dealing with bulk specimens.
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However, with the miniaturization of components and the inability to measure local
areas, the demand for measurements such as nanoindentation has arisen®. In the case
of macro hardness, a specified load is applied to the indenter in contact with the
specimen, and after removing the load, the area of the residual impression is
measured. The hardness value is obtained by dividing the load by the area. On the
other hand, in the case of nano hardness, the depth of penetration is measured when
a load is applied. The contact area within the total load is determined by the depth
and known angle or radius of the indenter. Hardness is calculated by dividing the
load by the contact area. The shape of the unloading curve provides a measure of the

elastic modulus.

In this study we have used nano indentation method to measure the nano hardness
of deposited coating layers by nano-indenter (CSM Instruments, U.S.A) with 10

points.
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Chapter 5. Chemical vapor deposition of ceramic carbides

High temperature ceramic carbides (TaC, HfC, SiC) were deposited by chemical
vapor deposition with different deposition parameters. Carbide materials are
identified by interstitial carbide and covalent carbide by its bonding structures.
Tantalum carbide (TaC) and hafnium carbide (HfC) are referred as interstitial
carbides, and silicon carbide (SiC) is referred as a covalent carbide. Deposited
coating layers were characterized with X-ray diffraction (XRD) and cross-section

microstructure observation.

5.1 Interstitial carbides

5.1.1 Tantalum carbide (TaC)

Tantalum carbide (TaC) was deposited on 2-inch diameter graphite substrate by
using TaCls-C3He-Hz chemical vapor deposition method. Deposition was carried out
at different temperatures (1100 — 1300 °C). TaCls (>99.99%, STREM CHEMICALS,
U.S.A) powder and CsHg gas (99.99%) were used as the source of Ta and carbon,
respectively. The temperature of sublimation chamber and mixing heater was 240 °C
and 400 °C, respectively for the complete reaction of TaCls powders. Detailed

deposition parameters are shown on Table 5.1

Figure 5-1 shows the XRD results of TaC coating layers deposited by the CVD
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method at different deposition temperatures. The TaC coating layers exhibited
different orientations depending on the deposition temperature. The coating layer
deposited at 1100°C showed a highly oriented (111) TaC peak, while at 1200°C, it
exhibited a highly oriented (200) TaC peak. Lastly, the XRD result at 1300°C
indicated random orientation of TaC. The reason why the (111) peak appears first is
that, at lower deposition temperatures, it preferentially grows to reduce the surface
energy of the forming coating layer. Similar results were observed in commercially
available specimens deposited at temperatures above 2000°C using the CVD method
(1-2] Tt was also reported that during the deposition process, variations in the partial
pressure of TaCls resulted in the formation of randomly oriented TaCPl. The
deposited coating layers generally exhibit a texture with respect to the film
orientation. When deposited at low temperatures, the orientation of the peak changes
from (111) to (200) due to the predominant influence of surface reaction kinetics and
the lower surface energy on (111) 4],

TaC coating layers, deposited with different deposition temperatures, showed
changes in the observed microstructure in cross-sectional SEM analysis as the
deposition temperature was increased (Figure 5-2). The TaC coating layer deposited
at 1100°C (Figure 5-2 (a)) exhibited a microstructure similar to Zone 1, which has
columnar structures, the microstructure of the low temperature region, as seen in the
initial stated of Van der Drift model*° and structural zone modeling (SZM)*l,
When the deposition temperature was increased, a mixed microstructure (or wave-
like structure) with a combination of Zone 1 and Zone T which is similar to Van der

drift model grown microstructures was observed (Figure 5-2 (b), (c)). The zone
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modeling structure sequence works as Zone 1 (Columnar with pore structures)-Zone
T (Fiber textured columnar structure)-Zone 2 (Dense columnar structures). This
occurred as the mixed microstructure filled the region of pores that would typically
be present in the low-temperature deposition microstructure, which is similar to a
Zone 1 microstructure. In the microstructure of TaC coating layer deposited at
1300°C, this mixed microstructure was more pronounced, and the structure that
resembled columnar structure was not observed. Similar observations of mixed
microstructures of this nature were also reported in the results of Chen et al.®®l (Figure
5-3). The cross-sectional microstructure seems to be similar to the Zone 2 model,
which is deposited at a relatively higher temperature than in this study. Also, the
surface microstructures showed pyramidal structures, which follow the VVan der Drift
morphology%. These changes in the microstructure can be attributed to the
formation of a mixed microstructure where equiaxed grains are located within the

porous columnar structure that can be formed during low temperature deposition.
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Table 5.1. Deposition conditions for chemical vapor deposited TaC coating layers

(TaCls-CsHg-H> was used)

Deposition temperature (°C)

Deposition time (h)

Gas flow rate (sccm)

H, CsHs
1100 0.5 4900 100
1200 0.5 4900 100
1300 0.5 4900 100
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Figure 5-1. XRD results of TaC coating layers deposited at different temperatures

show that as the deposition temperature increases, the peak orientation changes from

(111) to (200) and becomes random.
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Figure 5-3. SEM images of TaC deposited at 1200°C which shows a mixed
microstructure on the cross-section and a pyramidal shape on the surface (Chen et

al)l’!
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5.1.2 Hafnium carbide (HfC)

Hafnium carbide (TaC) was deposited on 2-inch diameter graphite substrate by
HfCl4-CsHe-H» chemical vapor deposition system. Deposition was carried out with
different partial pressures at 1200°C. HfCls (>99.99%, STREM CHEMICALS,
U.S.A) powder and C3Hs gas (99.99%) were used as the source of Hf and carbon,
respectively. The temperature of both the sublimation chamber and the mixing heater
was 300°C for the complete reaction of HfCls powders. The detailed deposition
condition is shown in Table 5.2.

The X-ray diffraction (XRD) results of the HfC coating layer, deposited via the
chemical vapor deposition (CVD) method, are presented in Figure 5-4. The XRD
analysis confirmed the deposition of a single-phase HfC with random orientations.
However, a significant amount of free carbon was observed. Such free carbon can
have detrimental effects on the microstructure, mechanical behavior, and oxidation
resistance. Therefore, it is necessary to control its presence. Consequently, by
adjusting the partial pressure of Ho/(HfCl4+C3Hs) during the deposition process, the
peak attributed to free carbon was eliminated; however, it resulted in relatively low
crystallinity. To enhance crystallinity and achieve a denser microstructure, the partial
pressure was adjusted by reducing the amount of diluent gas, H,. As a result, the
XRD intensity values showed improvements in crystallinity compared to the
previous results!'?!3l, However, in the previous results, HfC coatings using CH4 as
carbon source gas seems to show higher XRD intensity in the results!?.

When observing the microstructure of HfC with a significant amount of detected
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free carbon, the microstructure on the cross-section appeared dense (Figure 5-5).
However, on the surface, a cauliflower-like microstructure was observed. By
adjusting the partial pressure of H,/(HfCl4+CsHg) during the deposition, a
transformation of the microstructure from a cauliflower-like morphology to a nano-
rod-like structure was observed. To achieve a dense microstructure diluent gas
amount was adjusted, both the cross-section and the surface exhibited dense
microstructures. Furthermore, the surface microstructure exhibited a pyramidal
shape similar to the typical surface microstructure of the Drift model. The
microstructure exhibited a similar pattern to the microstructure of TaC in SZM,
where the microstructures of Zone 1 and Zone T were mixed, resembling the
microstructure of Van der Drift modelt’-'%\. As seen in Figure 5-6, at low deposition
temperatures, the microstructure appears to be columnar-like. However, as the
deposition temperature increases, the structure seems to transition into mixed
microstructures. Furthermore, by applying the temperature-dependent Van der Drift
model 'Y, we can anticipate the following changes. At high partial pressures, the
initial grain nuclei are expected to exhibit a shape close to cauliflower, but as the

partial pressure changes, they gradually adopt a dense form.
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Table 5.2 Deposition conditions for chemical vapor deposited HfC coating layers

(HfCl4-C3Hs-H> was used)

Deposition Gas flow rate (sccm)
Deposition time
Specimen temperature
(h) H C:H
°C) 2 36
H1 1200 0.5 3200 50
H2 1200 0.5 3200 10
H3 1200 0.5 800 10
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Figure 5-4. XRD results were obtained for HfC coating layers deposited under

different deposition parameters.
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| Cross section

Needle-like structlire

Figure 5-5. Microstructure analysis of HfC coating layers with different deposition
parameters. H1: Needle-like structure (Cauliflower structure on surface), H2:
Columnar-like structure (Nano-rod structure on surface), H3: Columnar-like

structure (Dense faceted structure on surface).
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C;H; for carbon source

CH, for carbon source

Graphite
substrate

Figure 5-6. Cross-sectional microstructures of HfC coating layers deposited using

different carbon sources (Ren et al, Wang et al)
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5.1.3 Growth mechanism of TaC and HfC coating layers based on Drift model

Unlike SiC, which has established CVD growth mechanisms and morphology
maps 71, TaC and HfC, do not have proposed morphology maps. However, they can
be explained using models such as Van der Drift's model %! or the Structural Zone
Model (SZM) 1171 which exhibit similar growth behavior. The growth initiation,
where reactants adsorb onto the substrate, resembles the island growth model.
However, it then shows a growth pattern similar to the coexistence of Zone 1 and
Zone T suggested by SZM. This can be more accurately depicted as the growth
model shown in Figure 5-7. In contrast, SiC is mainly influenced by temperature
among factors like partial pressure and input-gas ratio, and in most cases, the
microstructure of the cross-section remains mostly columnar, with surface

morphology changing according to temperature 7],

At the initial nucleation stage, seed crystals nucleate on the substrate with random
orientation. The following stage is governed by the competitive growth between
crystals with random orientation. As the film gets thicker, more and more grains are
buried by adjacent grains. Only the crystals with the fastest growth direction normal

to the substrate surface survive, resulting in the formation of a fiber texture.

In the case of TaC and HfC, the directionality of growth and the particle shape of
the microstructure can be determined through two variables: temperature and
precursor distribution. As the deposition temperature is increased, the growth
direction is influenced by thermal conductivity (Figure 5-8), resulting in a growth

direction closer to the vertical at lower temperatures. In this case, the growth
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direction of the deposited coating layer or film is determined by the thermal stress
applied during the process. Therefore, columnar-like microstructures are observed at
lower temperatures. However, as the deposition temperature is increased, the growth
direction becomes predominantly horizontal, following the direction of thermal
conductivity or reducing surface energy 8], When the precursor pressure is low, the
particles on the surface exhibit a cauliflower-like shape or a nano-rod-like structure.
On the other hand, as the precursor concentration is increased, particle growth occurs,

and the microstructure of the coating layer becomes denser

Figure 5-9 and Figure 5-10 represent a morphological map that allows for growth
prediction based on temperature and precursor pressure variables for the
corresponding microstructures. By controlling the indicated variables, the shape and

density of the microstructure can be adjusted.

As mentioned above, when TaC deposition process occurs at low temperatures, it
tends to form a columnar structure with (111) orientation to reduce surface energy.
However, as the process temperature increases, it follows the Drift model, and the
growth direction is influenced by the major factor, evolutionary selection, or thermal
conductivity. Consequently, the coating layer, which was growing perpendicular to
the substrate, transitions to a horizontal growth direction due to the increase in

deposition temperature.

In the case of HfC, when depositing the coating layer, the flow rate change, which
alters the concentration of the precursor and diluent gas, had more influence on the

density rather than the shape of the microstructure, compared to the variable of
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deposition temperature. If temperature is considered as a variable, it is anticipated
that, similar to the microstructure change in TaC following the Drift model, the

columnar structure could evolve into a mixed structure.
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Figure 5-7. Growth model for interstitial carbide coating layers. The growth of this
coating layer is determined by two variables, namely the deposition temperature and
partial pressure (precursor concentration), and these two variables influence the

growth of the coating layer.
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Figure 5-8. The effect of process temperature on the growth direction of the film is
as follows: at low temperatures, the growth direction is vertical, while at high

temperatures, the growth direction is horizontal.

74



“ Columnar like structure region 4 Mixed structure region

TaC deposited at 1166°C i “tac deposited at 13005 * -

30

Partial pressure (H,/(Precursor + Carbon source gas))

Deposition temperature (°C)

Figure 5-9. A morphological map based on the Drift model for the TaC coating layer

with different deposition temperatures.
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Figure 5-10. A morphological map based on the Drift model for the HfC coating
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5.2 Covalent carbide
5.2.1 Silicon carbide (SiC)

Silicon carbide (SiC) was deposited on 2-inch diameter graphite substrate by
chemical vapor deposition method. Deposition was carried out at different
temperatures (900 — 1100 °C). Methyltrichlorosilane (MTS : CH3SiCls, KCC, Korea)
was used as the source material for SiC. H, gas (99.999%) was utilized as the carrier
and diluent gas. The input gas ratio (a: Hc+Hp/MTS) of the deposition process was
set to 10.

XRD analyses of SiC layers deposited at different deposition temperatures
revealed peaks corresponding to the substrate, carbon (C), and free silicon (Si) for
the SiC deposited at 900°C (the lowest deposition temperature used in this study)
(Figure 5-11). The presence of Si and C can result from the incomplete reaction of
the SiC precursor (MTS), leading to the deposition of a thin layer. Even when
deposited at the typical temperature of 1000°C, peaks related to free Si were
observed, while at 1100°C (the highest deposition temperature used in this study),
peaks other than SiC were not observed.

As anticipated from the XRD results, the layer deposited at 900°C showed the
presence of the substrate phase C, indicating that the deposited layer is very thin.
However, microstructure observation revealed that the coating layers deposited at
900°C had a thickness of approximately 26-30 um. Remarkably, even at such low
temperatures, the typical dome-shaped microstructure commonly observed during
SiC deposition was observed (Figure 5-12). As the deposition temperature increased,

the deposition thickness also increased, reaching a thickness of 100 pm. SiC, being
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a covalent carbide, exhibited a microstructure trend similar to that demonstrated by
Chin et al. '), rather than closely resembling the microstructure observed in SZM.
At low deposition temperatures, dome-shaped microstructures were primarily
observed on the surface. However, as the deposition temperature increased, faceted
microstructures were reported (Figure 5-13) 16191,

This behavior of microstructure evolution is well depicted in Figure 5-14. When
compared to Chin's morphology map, where temperature acts as a significant
variable, the SiC coating layer deposited at 900°C exhibited a columnar structure.
However, upon changing the deposition temperature to 1100°C, a microstructure
similar to the angular form observed in Chin's model was evident. Therefore, it is

anticipated that increasing the deposition temperature beyond 1100°C will result in

a faceted structure.
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Table 5.3 Deposition conditions for SiC coating layers by CVD system.

Gas flow rate (sccm)

Deposition Deposition time
temperature (°C) (C) (D) MTS (h)
900 73 654 73 10
1000 73 654 73 10
1100 73 654 73 10
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Figure 5-13. Depending on the deposition temperature of SiC, the microstructure of
the surface is formed differently. In other words, the type of microstructure observed
on the surface of the SiC coating layer varies with changes in the deposition

temperature (Han et al, Cheng et al)[!®!!
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Figure 5-14. When comparing the microstructure of the as-deposited SiC coating
layer with the Chin model, similarities were observed. The coating layer deposited
at 900°C exhibited a columnar shape, while the one deposited at 1100°C showed an

angular form U7,
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Chapter 6. Post-annealing behaviors of chemical vapor

deposited ceramic carbide coatings

The post-annealing processes were applied to the high-temperature ceramic carbide
(TaC, HfC, and SiC) coating layers deposited by the chemical vapor deposition
(CVD) method. However, enhancement of the properties of TaC and HfC coatings
through post-annealing, deposited via the CVD process at relatively low

temperatures, has not been previously reported.

6.1 Interstitial carbides

6.1.1 Tantalum carbide (TaC)

In the case of the Tantalum carbide (TaC) coating layer deposited using the CVD
with temperature as a variable, post-annealing resulted in a substantial improvement
in crystallinity compared to the as-deposited TaC coating layers deposited at 1200°C
and 1300°C (Figure 6-1). This improvement in crystallinity is a typical effect of post-
annealing, leading to enhanced grain growth and structural development U4, Similar
phenomena have been observed in other material systems as well. Although
quantitative analysis of the enhancement of crystallinity is challenging, the

comparison of the intensity ratio of the main peak (111) before and after post-
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annealing provides indirect verification.

Figure 6-2 illustrates the influence of post-annealing on microstructure and grain
growth, as evident from the increase in XRD intensity. The microstructure underwent
a transition from a mixed microstructure observed in the as-deposited state to the
growth of equiaxed grain-shaped larger particles due to grain growth %), Detailed
examination of the extent of grain growth revealed that the average grain size, which
ranged from 800 nm to 2 um before post-annealing, increased to size of 3-15 um
(Figure 6-3). The grain size determination was based on the EBSD results. During
the post-annealing process, some pores that were not initially observed during

deposition were revealed due to grain growth and atom migrations !4,

However, the specimens deposited at 1200°C and 1300°C without post-annealing
and the commercial product exhibited delamination of the coating layer, leading to
the exposure of the graphite substrate, as observed by the naked eye (Figure 6-4). In
contrast, the specimens deposited at 1200°C and 1300°C followed by post-annealing
demonstrated the integrity of the coating layer, indicating the importance of post-

annealing in enhancing the structural integrity of the coating layers.
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Figure 6-1. XRD results of TaC coating layers after post-annealing.

Deposition-1300°C

Figure 6-2. The effect of post-annealing on the microstructure of TaC coating layers

deposited at 1200°C and 1300°C
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Figure 6-3. The effect of post-annealing on the grain growth of TaC coating layer

deposited at 1300°C
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Figure 6-4. Comparing the thermal stability of specimens deposited at 1200°C and
1300°C and post-annealed commercial products, the integrity of the as-deposited

coating layers was observed to be maintained.
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6.1.2 Hafnium carbide (HfC)

The results of the post-annealing and XRD analysis of the Hafnium carbide (HfC)
coating layer deposited using the CVD are presented in Figure 6-5. Upon post-
annealing at 1600°C and 1800°C, an improvement in crystallinity was observed
compared to the as-deposited coating layer. However, no additional changes, such as
phase transitions or orientation shifts, were observed apart from the increase in peak
intensity. This enhancement in crystallinity is consistent with the findings of Wang
et al. in their study of the coating layer deposited at 1400°C 1% The increase in
peak intensity signifies improved ordering and structural development within the

HfC coating layer.

Figure 6-6 illustrates the observed microstructure of the cross-section after post-
annealing. The microstructure, which initially exhibited a mixed microstructure
similar to that of as-deposited TaC, underwent a similar transformation after post-
annealing. This transformation resulted in the growth of equiaxed grains within the

microstructure.
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Figure 6-5. XRD results of HfC coating layers after post-annealing show that an

increase in post-annealing temperature enhances the peak intensity of HfC coating

layers.
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Figure 6-6. Effect of post-annealing on the microstructure of HfC coating layers:
Post-annealing at 1600°C showed a fine grain structure, while post-annealing at

1800°C showed obscure grain structures by grain growth
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6.1.3 Post-annealing process of TaC and HfC coating layers

Research aiming to enhance the properties of TaC and HfC coatings through post-
annealing, deposited via CVD process at relatively low temperatures, has not been
previously reported. Consequently, conducting direct comparisons with existing
literature was challenging. However, we conducted an indirect analysis by
comparing the results with those of general carbide materials or other materials

subjected to post-annealing processes.

The deposition of TaC and HfC using the CVD method at lower temperatures than
those typically used in manufacturing resulted in microstructures that followed the
Drift model **. As discussed in the as-deposited results in Chapter 5, the
microstructures at this stage exhibited columnar-like or mixed structure. A
comparative analysis of the schematic and actual microstructures before and after
post-annealing is presented in Figures 6-7 and 6-8. For TaC, the columnar-like
structure transformed into an equiaxed microstructure after post-annealing,
indicating significant microstructural evolution due to grain growth and atom
migration. Similarly, the HfC coating layer exhibited a columnar-like structure,
resembling TaC, but with a relatively denser microstructure. However, post-
annealing revealed the presence of pores in the cross-section microstructure,

attributed to the atom migration of residual pores during the process -4,
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Figure 6-7. Microstructural changes on the TaC coating layer during the post-
annealing. a) As-deposited TaC microstructure following the Drift model. b)

Microstructural changes of TaC coating layers after the post-annealing,.
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Figure 6-8. Microstructural changes on the HfC coating layer during the post-
annealing. a) As-deposited HfC microstructure following the Drift model. b)

Microstructural changes of HfC coating layers after the post-annealing.
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6.2 Covalent carbide

6.2.1 Silicon carbide (SiC)

The X-ray diffraction (XRD) results of the post-annealed Silicon carbide (SiC)
coating layer, deposited using the CVD at different temperatures, are presented in
Figure 6-9. The analysis revealed that the coating layers deposited at 900°C and
1000°C exhibited improved crystallinity with increased intensity. Furthermore, the
intensities of the peaks corresponding to free silicon (Si) observed in the coating
layers deposited at 900°C and 1000°C were increased due to the crystallization of
the free Si phase induced by post-annealing. In contrast, the XRD result of the SiC
deposited at 1100°C exhibited an increased intensity only in the SiC peaks, without

any other remaining phases such as Si or C.

Figure 6-10 illustrates the microstructure of the cross-sections of the SiC coating
layers after post-annealing. While significant changes were not observed in the
microstructure, delamination was detected in the coating layers deposited at 900°C
followed by post-annealing at 1500°C. This phenomenon has been reported in
various studies. For instance, Han et al. ['1 demonstrated delamination in SiC
composites fabricated at 1000°C and heat treated at 1500°C, which was attributed to
the decomposition of the SiC matrix phase during the heat treatment. Similarly, Dong
et al. " reported microstructural changes during a 1200°C heat treatment, leading
to delamination in SiC coatings. The decrease in interfacial shear strength due to
chemical instability and removal of the fiber/matrix interface during high-
temperature heat treatment under vacuum was observed by Udayakumar et al. ' and
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Reynaud et al. ) in SiC composites. Furthermore, Mei et al. ['! found that
appropriate heat treatment at 1200°C improved the mechanical properties of SiC
coatings by eliminating residual thermal stresses between the matrix and fibers

generated during the deposition/infiltration process.

The problem of delamination in SiC coatings can be attributed to the grain growth
induced by high post-annealing temperatures, which causes shrinkage of boundaries
or grooves within the coating layer and compromises its structural integrity [1°-16],
This phenomenon is exemplified in Figure 6-11, where the delamination is observed
in the matrix and coating layer of SiC fiber-reinforced composites after heat
treatment at 1500°C 2], The likelihood of such delamination is higher in the

temperature region near the decomposition of the fibers.

Additionally, even at heat treatment temperature of 1200°C (Figure 6-12) 3],
delamination was observed in SiC coated layers. To achieve the desired crystallinity
and microstructure in the deposited SiC coating layer, conducting a post-annealing
process at 1200°C is deemed most suitable. At this temperature, it is possible to attain
improved crystallinity without promoting excessive grain growth and the associated

delamination.
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Figure 6-9. XRD results of the SiC coating layer after the post-annealing: The

coating layers deposited at 900°C and 1000°C showed increased Si and SiC peaks.

At 1100°C, only the SiC peak was observed with enhanced crystallinity.
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Figure 6-10. Effect of post-annealing on the microstructure of the SiC coating layer:
Increasing the annealing temperature shows no significant changes in the cross-
sectional microstructures. Only the coating layers deposited at 900°C and annealed

at 1500°C exhibit delamination.

99



Deposited@ 1000°C- Annealed@1500 °C

\lll’ .‘7

N

Decomposition
of matrix

S pm

Figure 6-11. Decomposition of SiC Matrix/SiC coating layer (Han et al)!'?!

Annealed at 972 °C . f Annealed at 1200 °C

7

-

W

Figure 6-12. After post-annealing, the SiC composite fabricated at 972°C shows no
significant change. However, the composites fabricated at 1200°C showed

delamination in their microstructure during post-annealing (Dong et al)!'*!
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Chapter 7. Effect of post-annealing on the nano hardness

of carbide coating layers

The nano hardness of the deposited coating layer was measured both in the as-
deposited state and after post-annealing to assess changes in mechanical properties.
Notably, interstitial carbides exhibited significant changes microstructure changes
and crystallinity improvement after post-annealing, indicating a considerable impact

on their mechanical properties compared to covalent carbides.

7.1 Interstitial carbide

7.1.1 Tantalum carbide (TaC)

TaC in the as-deposited state exhibits the highest hardness value of 28 GPa when
deposited at 1100°C (Figure 7-1). This is due to twinning caused by a columnar
microstructure with (111) orientation!'2!. However, as the deposition temperature is
increased, the hardness value is gradually decreased. This can be attributed to the
transformation of the microstructure from columnar to a structure following the Van
der Drift model™, resulting in a reduction of twin planes and relatively less
occurrence of internal strain deformation. As shown in Figure 5-2, TaC deposited at
1100°C exhibits a columnar structure. However, as the deposition temperature is
increased, the columnar structure disappears and transforms into a ball-like structure

suggested by the Van der Drift model, which influences the decrease in nano
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hardness. Nevertheless, it is noteworthy that the TaC coating layer deposited at
1300°C shows a higher hardness value compared to commercially produced TaC
prepared at high temperatures;_near 2000°C*-), Furthermore, when compared to a
coating layer consisting of a mixture of TaC and Ta,C, this mixed phase coating layer
exhibits low hardness values due to the brittle nature of Ta,C (average hardness: 10-

12 GPa).

Figure 7-2 represents the measured nano hardness values of the CVD TaC coating
layer after post-annealing. After post-annealing, an approximate 10% increase in
hardness was observed for both commercially produced TaC and coating layers
deposited at 1200°C and 1300°C. This improvement in hardness can be attributed to
the transformation of the mixed microstructures into equiaxed structures and the
enhancement of crystallinity during the post-annealing. Additionally, the
improvement in commercial TaC can be attributed to the alleviation of thermal stress
that was originally present within the coating layer due to high-temperature
deposition, which was resolved through post-annealing and other processes. In
comparison to other research findings, it was difficult to make quantitative
comparisons as there have been no previous results of post-annealing processes
conducted on TaC coating layers deposited using the CVD method at low
temperatures. Therefore, resorting to comparing with commercially available

samples was the only feasible approach.
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Figure 7-1. Nano hardness of as-deposited CVD TaC coating layers: Lowering the
deposition temperature results in a decrease in hardness value. The TaC coating layer

deposited at 1300°C has a higher hardness value than the commercial product.
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Figure 7-2. Nano hardness of CVD TaC coating layers showed changes by post-

annealing.
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7.1.2 Hafnium carbide (HfC)

The as-deposited CVD HfC coating layer exhibited a low hardness value despite
the high intensity of XRD results which showed high crystallinity and a single phase.
This can be attributed to the presence of a mixed microstructure rather than a
complete columnar structure due to the low-temperature deposition process,
resulting in a lack of twin plane structures and consequently lower nano hardness
values. However, it was observed that the hardness value was gradually improved
when the crystallinity was enhanced and the microstructure was controlled to an
equiaxed form through post-annealing. This can be attributed to grain growth and
microstructural evolution occurring during the post-annealing®®). Furthermore, when
compared to the hardness values of coating layers with excess carbon, it was evident
that the influence of carbon, which tends to have a relatively softer nature, resulted
in significantly lower hardness values. Through the post-annealing process, the
hardness value of the HfC coating layer produced at 1200°C was enhanced to a level

similar to that of HfC coating layers known to be produced at high temperatures*-*..
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Figure 7-3. Nano hardness of CVD HfC before and after post-annealing: The as-
deposited HfC coating layer showed a very low hardness compared to the reported
value (Thompson et al)**¥. After post-annealing, the hardness value is improved due

to enhancement of crystallinity.
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7.2 Covalent carbide

7.2.1 Silicon carbide (SiC)

The nano hardness values of SiC coating layers deposited by CVD at different
temperatures are presented in Figure 7-4. SiC deposited at 900°C showed an average
hardness value of 19.93 GPa, which is lower than the average hardness of SiC films
(37-42GPa)l**. As the deposition temperature was increased, the nano hardness was
increased up to 27.75 GPa. This can be attributed to the improved crystallinity with
increasing deposition temperature!®®!. Guicciardi et al.”’) compared the hardness of
SiC based on the particle size. It was observed that SiC with small particle size
exhibited a high hardness value of 35 GPa. However, the measured average hardness
ranged from 30-35 GPa. To enable a more precise comparison, the researchers also
examined the nano hardness of irradiated SiC composites that were subjected to a
treatment akin to heat treatment. In this instance, a declining trend was observed in
comparison to the hardness values measured at room temperature, which ranged

from 38-40 GPal!%l,

Figure 7-5 illustrates the change in nano hardness of SiC coating layers when
subjected to post-annealing at various temperatures. When post-annealing was
performed at 800°C and 1200°C, the nano hardness exhibited an increasing trend
compared to the as-deposited state. However, when post-annealing was conducted at
1500°C, a decreasing trend in nano hardness was observed. Particularly, the coating

layer deposited at 1100°C and post-annealed at 1500°C showed a significant
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decrease in nano hardness. The cause of these changes can be understood from the
observed surface microstructure in Figure 7-6. Numerous cracks were observed in
the surface region after heat treatment at 1500°C, and the presence of these cracks
internally led to a degradation in nano hardness. These cracks can be attributed to
the reduction in surface energy caused by grain growth during the post-annealing

process!!!,
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Figure 7-4. Nano hardness of as-deposited CVD SiC coating layers: The hardness
value increases as the deposition temperature changes due to the high crystallinity of

the deposited coating layer.
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Figure 7-5. Nano hardness of CVD SiC coating layers showed changes after post-
annealing. Post-annealing at 800°C and 1200°C resulted in increased hardness
values. However, coating layers annealed at 1500°C exhibited a significant decrease

in hardness value due to delamination.
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a) Before annealing
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Figure 7-6. The surface microstructure of SiC deposited at 900°C before and after
post-annealing at 1500°C. a) The surface showed a smooth structure. b) Cracks were

observed on the surface.
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Chapter 8. Summary

The effect of post-annealing on the crystallinity, microstructure and mechanical
properties of refractory transition metal carbide (TaC, HfC, SiC) coating layers

deposited by chemical vapor deposition (CVD) at low temperature was investigated.

It was difficult to find prior results on the effect of post-annealing on the
crystallinity, microstructure, and mechanical properties of carbide coating layers
deposited at low temperature. Most CVD coating layers are primarily deposited at
high temperatures to achieve high crystallinity and mechanical properties. However,
fabricating at high temperatures has drawbacks, including damaging the fibers when
producing fiber-reinforced composites and the inability to control the microstructure.
Therefore, unlike previous studies, the aim of this work was to deposit the coating
layers at relatively low temperatures, which can result in decreased crystallinity and
compromised mechanical properties. To address these limitations, we implemented
a post-annealing process to enhance crystallinity and control the microstructure,
ultimately achieving levels of nano hardness and coating layer integrity which are

comparable to those obtained with coating layers deposited at high-temperature.

Specifically, we applied the post-annealing process to the TaC and HfC coating
layers deposited at different temperatures and to the SiC coating layers deposited at
varying precursor pressures. TaC and HfC are categorized as interstitial carbides with
higher melting points and have superior high-temperature characteristics compared

to SiC, which is classified as a covalent carbide. Moreover, the deposition
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mechanism and microstructural changes following post-annealing exhibited distinct
behaviors for TaC, HfC, and SiC. SiC demonstrated a columnar structure in cross-
section, as per Chin's proposed CVD SiC morphology map, while the surface
microstructure varied with deposition temperature. On the other hand, TaC and HfC
were analyzed using the existing structural zone model and Van der Drift's model
since a morphology map specific to them was not available. Both models indicated
an initial growth behavior resembling columnar or similar structures. However, it
was observed that the shape and grain size of the microstructure were influenced by

temperature and precursor pressure.

1. When deposited at low temperatures, TaC and HfC exhibited comparable
growth structures resembling columnar structures. However, after
undergoing post-annealing, this initially similar microstructure transformed
into equiaxed structures due to grain growth. Consequently, this
transformation led to an approximate 10% increase in crystallinity and nano

hardness.

2. SiC, as a covalent carbide, exhibited surface morphology consistent with
the existing models. Post-annealing contributed to improved crystallinity;
however, at 1500°C, excessive grain growth, cracks, and delamination were

observed on the surface.

Hence, the key finding of this study is that by considering the microstructure
growth mechanism based on the specific material when depositing ceramic carbide

coating layers at low temperatures and applying a post-annealing process, it is
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possible to achieve properties similar to those attained through high-temperature

manufacturing.
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Appendix

1. Tantalum carbide deposition with different deposition positions

Hot zone
Deposited at 1200°C Front ast
(110) 25| 30 35| 40
= o11)
- —
= Ta:C (Fronl)(wm
- (111 (200)
’Q. TaC (] ﬂ f‘ (220) @311) 0
E 2207 = Hot zone
‘; raC (2) A1) 5hg) J\ @311 E osp -
S N 1=
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Figure 1. TaC coating layer deposited at 1200°C with different deposition positions.
Due to variations in the flow rate depending on the deposition location, the intensity
of the TaC phase was observed to differ. Additionally, this led to different colorations

being observed in the deposited coating layer.

124

T
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Figure 2. Microstructural observation of TaC coating layer deposited at 1200°C with

different deposition positions.
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Deposited at 1100 °C
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Figure 3. The XRD and microstructural changes of the TaC coating deposited at
1100°C after post-annealing were observed. In the XRD analysis, the orientation
shifted from the (111) peak to the (200) peak, but no changes were observed in the

microstructure, revealing only the presence of pores.
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Figure 4. After heat treatment of the specimen with a TaC coating layer deposited at
1200°C, containing Ta>C phase, XRD and microstructural changes were observed.
The XRD analysis revealed a transformation from Ta,C phase to TaC phase, and the

microstructure also changed from columnar to equiaxed morphology.
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2. Hafnium carbide deposition on carbon preforms with SiC inter

layer

Figure 5. A multi-layer composite was fabricated by sequentially depositing HfC and
SiC onto a carbon preform. During this process, it was observed that the HfC coating

layer was densely deposited on top of the SiC coating layer.
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Table. 1 Deposition condition of HfC-SiC double layer on carbon preform

Deposition Flow rate (sccm)
Pressure
Phase | temperature X
(OC) ( Orr) C3H6 H2 HfC14 CH}SIC13
HfC 1200 50 10 800 91 -
SiC 1000 50 - 74 - 654
129
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