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ABSTRACT

THE EFFECT OF REACTIVE SINTERING ON THE DENSIFICATION OF BORON
CARBIDE ZIRCONIUM DIBORIDE COMPOSITE

Omer YUCEL
Department of Institute of Graduate Programs
Programme in Nanotechnology
Eskisehir Technical University, Institute of Graduate Programs, January 2022
Supervisor: Prof. Dr. Servet TURAN

In this thesis, different additives (Zirconia, Zirconium Silicate, Carbon) are usedto
produce Boron Carbide/Zirconium Diboride (B«C/ZrB:) composite by Spark Plasma
Sintering (SPS). Effects of different additives and sintering parameters (sintering
temperature, sintering time, pressure, heating rate, etc.) on the densification of the
composite are observed. Firstly, B«C/ZrB: composite is produced using B4C and
ZrB: powders via non-reactive sintering. Then, different additives (ZrO:-ZrSiOs)
zirconium (Zr) sources are used to make the same composite by reactive sintering, and
effects of reactive sintering are observed. The relative density of the sample, produced by
B4C and ZrB: powders at 2150 °C by 15.7 MPa pressure, is %99.4734. When reactive
sintering (samples produced by B«C and ZrO: powders) is considered, the highest relative
density (%97.2111) is achieved by sintering 15 minutes at 2000 °C via 31.4 MPa pressure.
For the samples in which ZrSiOs is the zirconium source, the highest relative density
(%96.0524) is achieved by sintering 15 minutes at 2107 °C by 15.7 MPa pressure.
Archimedes Method is used for relative density calculations, Scanning Electron
Microscope (SEM) is used for microstructure observation, and X-ray Diffraction analysis
is used to observe phases in produced parts. The positive effect of reactive sintering on
the densification at lower temperatures is observed, besides the importance of the
contribution of the control on the phases and gases produced during reactive sintering is

observed.

Keywords: Reactive Spark Plasma Sintering, Boron Carbide, Zirconium Diboride
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OZET

REAKTIF SINTERLEMENIN BOR KARBUR ZIRKONYUM DIBORUR
KOMPOZITININ YOGUNLASMASI UZERINDEKI ETKISI

Omer YUCEL
Lisansiistli Egitim Enstitiisii Anabilim Dali
Nanoteknoloji Bilim Dal1
Eskisehir Teknik Universitesi, Lisansiistii Egitim Enstitiisii, Ocak 2022
Danisman: Prof. Dr. Servet TURAN

Bu tez calismasinda Bor Karbiir (B«C) malzemesinin farkli katki tozlariyla
(zirkonyum dioksit, zirkonyum diboriir, zirkonyum silikat ve karbon) Bor
Karbiir/Zirkonyum diboriir (B«C/ZrB:) kompozitinin {iretimi spark plazma sinterleme
(SPS) yontemi ile yapilmistir. B«C/ZrB: kompozitinin iiretiminde farkli katkilarin ve
sinterleme parametrelerinin (Sinterleme sicakligi, sinterleme siiresi, basing, 1sitma hizi
vb.) iiretilen Orneklerin yogunlasmasi iizerindeki etkileri gdzlemlenmistir. Oncelikle
B4C/ZrB2 kompoziti B«C ve ZrB: tozlariyla tiretilmistir daha sonra ZrO:-ZrSiOa gibi farkli
Zitkonyum (Zr) kaynaklari kullanilarak reaktif sinterleme yonteminin yogunlasma
tizerindeki etkileri gézlemlenmistir. B«C ve ZrB: tozlartyla 2150 °C sicaklikta ve 15.7
MPa basing altinda iiretilen 6rnek %99.4734 nispi yogunluk gostermistir. ZrO:-B4C
tozlariyla (reaktif sinterleme ile) iiretilen 6rneklerde 2000 °C de 15 dakika ve 31.4 MPa
basing altinda sinterlenen ornek ise (%97.2111) nispi yogunlugu gdstermistir. Zirkonyum
silikat katkili malzemelerde en yiiksek nispi yogunluk, 2110 °C sicaklikta 15.7 MPa
basingla 15 dakika sinterlenen 6rnekle elde edilmistir (%96.0524). Uretilen 6rneklerin
nispi yogunlugu Arsimet Metoduyla, i¢ yapisi tarayici elektron mikroskopu, faz analizleri
X-1s1m1 kirinim analizi ile karakterize edilmistir. Reaktif sinterlemenin daha diisiik
sicakliklarda daha iyi sonuglar verdigi gozlemlenmis ve reaksiyonlar sonucu olusan

fazlarin ve gazlarin kontroliiniin yogunlastirma {izerindeki etkisinin 6nemi saptanmaistir.

Anahtar Sozciikler: Reaktif Spark Plazma Sinterleme, Bor Karbiir, Zirkonyum Dibortir.
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1. INTRODUCTION

Materials are either produced, by raw materials or collected from nature to use for
a variety of purposes. To fulfill the desired properties, suitable kinds of materials should
be used. Figure 0.1. shows a basic classification for materials (G. Heinrich et all, 1977).
Besides using one material kind for meeting the requirements of an application,
composite materials can be used when one kind does not meet desired properties. Natural
materials and synthetic materials are classified by natural occurrence. Metals,
semiconductors, and non-metallic materials are used for their conductivities. While
metals are conductive materials and non-metallic materials are insulators, the
conductivity of semiconductors stands between those two. Organic materials are carbon-

based compounds. Ceramic materials are a sub-group of non-metallic, inorganic

materials.
MATERIALS
‘ Natural Materials ‘ ‘ Synthetic Materials ‘
- Wood I
- Leather

- Minerals '///r\

l \ - Traditional Metals

- - - - - Light Weight Construction Alloys
Inorganic Materials: Organic Materials: - High Temperature Metals
Ceramics and Glasses Polymers - Functional Metals

Silicate Ceramics - Standard Polymers

Oxidic Ceramics - Technical Polymers

Non-oxidic Ceramics - Special Polymers

Glasses

I I
Composites

- Polymer matrix composites
- Metal matrix composites
- Ceramic matrix composites

Figure 1.1. Classification of Materials



1. BORON CARBIDE AND CERAMIC MATERIALS

Ceramic materials are one of the main groups of solid materials, along with metals
and polymers. This classification is based on chemical makeup and atomic structure
(William D. Callister, 2007). Ceramics contain both metallic and non-metallic elements;
oxides, nitrides, and carbides are the most common examples. SiOz, Al:Os, SiC, B4C, Si:Na4
are some examples of ceramic materials. While the stiffness and strength of ceramics are
comparable to those of metals, their brittle nature makes them susceptible to fracture

(William D. Callister, 2007).

1.1. Carbides

Refractory carbides can be considered as a group of carbide ceramics that have high
hardness, wear resistance, high melting point, and chemical inertness which is why they
are used as a variety of industrial materials. Cutting and grinding tools, lightweight
armors, high-temperature thermoelectric conversions are some of the examples of as

mentioned industrial materials (Hugh O. Pierson, 1996).
There are two types of refractory carbides.

I. Interstitial Refractory Carbides: TiC, ZrC, HfC.
II. Covalent Refractory Carbides: SiC, B4C.

There are two members in this group, namely SiC and B.C. The difference in
electronegativity and atomic radius difference between B-C or Si-C are small compared
to interstitial refractory carbides. The strength of the short covalent bond between these
atoms is the reason for the high melting temperature of B«C and SiC (Hugh O. Pierson,
1996).

1.1.1. Boron carbide
Boron carbide is discovered in 1858, but the B«C formula is identified in 1934

(Lafayette, 1991). Boron Carbide is a member of covalent refractory carbide ceramic

materials. Low density (2.52 g/cm®), high melting point, excellent hardness, great
resistance to chemical agents, and high neutron absorption are significant properties of
boron carbide (Thévenot, 1990). However low sinterability, caused by strong covalent
bonding, requires high temperatures and/or sintering additives to achieve complete
densification. As with other ceramic materials, low fracture toughness is a problem of

boron carbide.



The molecular composition of boron carbide involves four boron and one carbon
atom. A high boron percent of this substant makes it suitable for use as a boron source

for powder production of some ceramic materials (e.g., reactive sintering of ZrB., HfB:).

The useful mechanical properties of Boron Carbide are highly dependent on the
densification of the product. Besides machining problems due to its brittle nature, pure

boron carbide is hard to sinter completely which restricts the application of this material.

Table 1.1. Relative densities of pressureless sintered B«C with different additives.

Additive Name Additive (wt%) Sintering Max Relative Density
Temperature (C°) (%)

Al 4 2050-2150 94

Carbon Black - 2150 96

Phenolic Resin - 2150 95

TiC - 2150-2200 >93

Si 5-10 2100 99.2-100

Ti - 2190 87

Al20O3 3 2150 96

TiO: 40 2190 95

ZrOz2+ C 30 1900-2000 97<

Boron Carbide densification analysis is made in Table 2.1 (W. Zhang et al., 2019.
Even though full relative densities are achieved, many other factors affect relative

density( Oleg O. Vasylkiv et al, 2016).

1. Raw material properties; particle size, shape, boron to carbon ratio, etc.
2. Micro-Nano structure.

3. Processing types; Pressure assistance, liquid phase, or solid-state sintering.
4. Processing routes chosen for secondary phases.

To understand raw material-processing-properties connection, these factors should
be considered. When one-factor changes, the whole process, and properties may be

completely different.

In the early years after the discovery of boron carbide, processing routes were not
able to produce stock with low impurity percent. There are eight routes for boron carbide

production (Suri et al., 2010).



Carbothermic reaction
Magnesiothermic reaction
Synthesis from elements

Vapor phase reactions

Synthesis from polymer precursors
Liquid phase reactions

Ion beam synthesis

Vapor Liquid Solid (VLS) growth

o A U S e

Different raw materials as boron and carbon source are used in these methods. Some

examples of reactions take place are (Suri et al., 2010):

4H:BOx(s) + 7C(s) — BaC(s) + 6CO(g) + 6H:0(g) @2.1)
2B:0s + 6Mg (5) + C (s) — BiC (5) + 6MgO(s) 2.2)
4BCli(s)+ CCli(s) + 8Hx(g) — BiC(s)+ 16HCI(1) (2.3)
4BCls (g) + CH«(g) + Ha(g) — 4BiC(s) + 12HCI (g) (2.4)

Carbothermic synthesis has become the industrial route for boron carbide
production. Sol-gel method and vapor phase synthesis are promising to produce fine
powders which are important to reduce the sintering temperature of the final product (O.

Oleg O. Vasylkiv et al, 2016).

1.1.2. Silicon carbide

Although silicon carbide was first reported by Berzelius in 1810 and 1821, Acheson
was the person who found it by mistake and understood the potential of silicon carbide as
an abrasive material. Besides the synthetic occurrence of silicon carbide, it also naturally

exists in the world and space, which is observed in a sample of moon rock (Iethschmidt

etal., 1974).

Silicon carbide, which is a non-oxide ceramic material, has been an industrial
material for over a hundred years yet it does not lose attention (Aizat et al., 2017). As
boron carbide, silicon carbide has been on the focus of attention due to being lightweight,
resistant to chemically and thermally severe environments. Silicon carbide is the fourth
hardest material known after diamond, cubic boron nitride, and boron carbide (Iii et al.,

2015).



There are three main production methods for silicon carbide besides others

(Iethschmidt et al., 1974).

a) The Acheson process.

b) The Elektroschmelzwerk Kempten (ESK) process.

There is a complex and stepwise formation of silicon carbide from silica, quartz,

and carbon source (carbon black, charcoal, etc.).
SiOx(1) + 3C(s) — SiC(s) +2CO(g) (2.5)

Besides this overall reaction, there are many steps listed below (Biernacki et all,

1989).

SiOx(1) + C(s) — SiO(s) + CO(g) (2.6)
SiO(s) + C(s) — Si(l) + CO(g) 2.7)
Si(1) + C(s) — SiC(s) 2.8)

Furthermore, formed SiC may cover carbon sources and prevent further SiC

formation. In this case, SiC reacts with SiO:by reactions 2.9-2.10 (Suri et al., 2010).
SiC(s) + 2510200 — 3S10(s) + CO(g) (2.9)
SiC(s) + SiO(s) <> 2Si(l) + CO(g) (2.10)
Reacties the equilibrium case.

1.2. Zirconium Diboride

Boride ceramic materials include many members: Aluminum Diboride, Tantalum
Diboride, Cerium Hexaboride, Zirconium Diboride, etc. A special group of borides
consists of Ultra High-Temperature Ceramics (UHTCs) which are Hafnium Diboride,
Zirconium Diboride, Titanium Diboride, Niobium Diboride and Tantalum Diboride
(Telle et al., 2000). This group is expected to preserve their functionality above2000 °C.
Compared to other ceramic materials, UHTCs consist of properties as high melting point
(above 3000 °C), hardness, elastic modulus, good wear resistance, thermal conductivity,
and chemical stability (Raju et al., 2020). The densities of Boride UHTCs vary between
(4.5-12.5 g/cm?3) and fracture toughness between (4-5 MPa. m3) (Raju et al., 2020).



Zirconium Diboride is a member of Ultra High-Temperature Ceramics which have

the second-lowest density (6.1 g/em?) after Titanium Diboride. Besides having a high
melting point, hardness, electrical and thermal conductivity, corrosion against molten iron
makes it a candidate for many applications (Monteverde et al., 2002). The high price of
Zirconium diboride-based ceramics results in usage in the aerospace industry as

hypersonic re-entry vehicles, leading edges, nose craps, etc (Balak et al., 2017).

There are several routes for Zirconium Diboride powder production. Powder
properties such as purity, morphology, defects, and particle size are strongly related to
sinterability. Synthesis conditions are connected to the powder property. Desired
properties may be accomplished by some methods (production of ZrB: powder from
elements) yet economic issues do not let them become an industrial selection. Three
methods below are most chosen, due to simplicity and cheap raw material, for ZrB:

powder production.

Boron carbide reduction of zirconia is the most common production method of
ZrB2 among others due to relatively cheap raw materials. The method involves boron

carbide and carbon besides zirconia (ZrOz).
2710s(s) + B4C(s) + 3C(s) — 2ZrBs(s) + 4CO(g) (2.11)

ZrB: powder is formed by reaction 2.11, which causes some boron loss as boron
trioxide (B:0s), needs an excessive amount of boron source. An insufficient amount of
boron source may yield the production of the Zirconium Carbide (ZrC) phase due to B:0s
evaporation. Production of pure ZrB: requires a temperature over 1800 °C, lower
temperatures introduce both carbon and oxygen impurities into powder (Sonber & Suri,

2011).

Metallothermic reduction of ZrO2 and B:Os method is cheap due to relatively cheap
raw materials. A reduction agent, mostly magnesium (Mg), is used to remove oxides from
the system. The powder is produced by reaction 2.12. Besides the excess amount of B20s,
to affirm the complete formation of ZrB., an excess amount of Mg is required too (Sonber

etall, 2011).

Z1Ox(s) + B:20s(s) + SMg(s) — ZrBa(s) + SMgO(s) (2.12)



1.3. Production Of Ceramic Materials by Powder Methods

Powder methods involve three steps: production of powders (mentioned some of
them in earlier sections), consolidation of the powder into a shape, and elimination of
voids between powders. After the densification process, additional methods can be used

to get desired microstructure that affects the properties of materials.

The main disadvantages of the powder method are maintaining homogeneous
products and the negative effect of agglomerates on densification (B.J. et all, 1990).
Milling is accepted as a method to eliminate agglomerates, yet the introduction of

impurities makes it unfavorable for some applications in which purity plays a vital role.

Modification of particle size of powders may be needed to improve the
densification process by decreasing void sizes between particles. This step of ceramic

material production depends on the wanted outcome of the properties of the product.

Powder properties such as particle size, particle shape, particle size distribution play
a key role in the control of microstructure. Besides the effect on the densification of
product, fine particle size is vital for chemical reactivity which is a very important issue
in reactive sintering cases. Particle sizes below 1 pm are desirable for both chemical

reactivity and densification (Rahaman, 2017).

As well as particle size, its distribution is a key factor in packing and densification.
While broad particle size distribution improves packing and sintering, it has a negative

effect (large grain size) on microstructure due to larger particles.

Desirable properties of powders for advanced ceramic production are listed in Table

2.2.

Table 1.1. Desired properties of powders for advanced ceramic production

Powder Characteristic Desired Property

Particle size Fine (< 1pm)

Particle size distribution Narrow or monodisperse

Particle shape Spherical or equiaxial

State of agglomeration No agglomeration or soft agglomerates
Chemical composition High purity

Phase composition Single-phase




Forming techniques are used to create green bodies with a defined shape, size,
density, and reproducible tolerances from deflocculated slurries, plasticized materials, or
granules (G. Heinrich et all, 1977). Geometrical changes should be considered in this
section to avoid unchangeable tolerances after firing. There are numerous additives used

to control parameters of ceramic production shown in Table 2.3.

Table 1.2. Additives in ceramics and their functions (G. Heinrich et all, 1977).

Additive Function

Ceramic powder Matrix

Sintering additive Densification aid

Solvent Dispersion

Deflocculant Control of surface charges and pH, Dispersion
Dispersing agent Deagglomeration

Wetting agent Reduce the surface tension of the solvent
Antifoaming agent Avoidance of bubbles

Preservative Avoidance of bacteria cultures

Binder Green strength

Plasticizer Flexibility

Softener Flexibility

Lubricant Reduce die and internal friction, mold release

Another important side of forming process is to produce near net shape stocks to
prevent machining costs, especially for the harder structural materials that cause high-

cost output.

There are three typical members of casting processes such as slip casting, pressure
casting, and tape casting. Each process can be used for different advantages such as time

and shape.

The slip casting process involves a porous mold that absorbs water, mostly made of
gypsum, which is used to dry aqueous suspensions to create a solid green body. The cast
thickness can be calculated by equation 2.1 which depends on the square root of material

constant (c) and time (G. Heinrich et all, 1977).

x?=ct 2.1



Pressure casting has a more complex setup compared to slip casting which is more
suitable for the industry that decreases time by using pressure. Another difference in this

method is the use of plastic molds (G. Heinrich et all, 1977).

The last member of casting processes is the tape casting process which enhances

the production of very thin ceramic substrates with a large area.

Important parameters for casting can be listed as solid loading which changes
properties of the green body, the liquid choice may differ due to reaction between solid
and water, also other additives listed in Table 2.3 should be used carefully to create

suitable suspensions for each casting process (Rahaman, 2017).

Roller tool forming, extrusion, and injection molding are some plastic deformation
forming techniques. Both conventional and structural ceramics can be shaped by these

methods by producing suitable suspensions(Blackburn & Wilson, 2008).

Roller tool forming has two parts. The first one is the stationary plaster mold that
holds the ceramic body and the second one is the mobile roller tool which enhances

shaping (G. Heinrich et all, 1977).

Extrusion is a well-known technique in which a suspension prepared by ceramic
powders and additives (plasticizer, solvent, dispersant, etc.) is forced to pass through a

cross-section that decides the final form of the green body (J. P. Singh et all, 2012).

The injection molding method has similar steps to other shaping techniques such as
selection of powder and additive, producing a homogeneous feeding material (Rahaman
et all, 2017). The difference of this method is to inject feed to a mold which has more

flexibility on three dimensions compared to slip casting or extrusion.

Pressing can be performed in either dry or wet conditions. Uniaxial pressing and

isostatic pressing are examples of shaping by pressing.

Uniaxial dry pressing which is shown in Figure 1.1 is a method to compact powders
into a relatively simple shape by pressure. This method is widely used for refractories,
cutting tools, grinding disks, etc. The process involves three steps: the first one is to fill
the mold, the second is to densification and the third one is to evacuate the as produced

compact (G. Heinrich et all, 1977).
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Figure 1.1. Uniaxial Dry Pressing

The densification step can be described by three steps on a pressure-density curve.
The first step involves sliding and re-arrangement of particles by pressure and slight
densification. The second region starts after the end of re-arrangement in which granules
start to fracture and fill the voids between particles. Most of the densification percentage
is obtained in the second step. In the third step, plastic deformation occurs slightly and

densification reaches a peak which is mostly above 50% (Imran et al., 2009).

The relative density of the powder compact after densification is not
homogeneously distributed. The upper mobile punch region shows higher densification
yet densification negatively varies from up to bottom. This variation is the result of non-

uniform friction of powders, powder, and mold as well (Zipse, 1997).

Another pressing method is isostatic pressing, also called cold isostatic pressing
(CIP), which has sub-groups as, isostatic wet bag pressing and isostatic dry bag sintering.
For samples that have complex shapes or bigger volumes can not be dry pressed. In
isostatic processes, pressure is uniformly applied nearly from all directions that is why it

1s more suitable for complex shapes (Francis, 2016a).
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Figure 1.2. Wet Bag Isostatic Pressing

Isostatic wet bag pressing is the first sub-group of isostatic pressing that is shown
in Figure 1.2. The process starts via loading elastomeric mold, which is separated from
the system, and submerged into the system. After pressing is over, mold is taken from the
vessel, the product is retrieved then the whole process can be repeated. An advantage of
the system is multiple molds can be pressurized at the same time (Francis, 2016). Besides
using a mold, uniaxial pressing is performed before isostatic wet bag pressing in some

cases and mold usage becomes unnecessary.

The dry bag version is used for relatively small pieces with axisymmetric shapes.
As illustrated in Figure 1.3, the process has three parts which are mandrel mold and
pressure vessel. The method is used for high-quality ceramic parts for spark plugs yet,
due to size and shapes limitations, they need to be green machining after production.
Integration of rubber tooling into apparatus, performing of immersion and removal

separately is not needed, enhances fast production (Rahaman, 2017).
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Figure 1.3. Dry Bag Isostatic Pressing

Additive manufacturing (AM) can be classified as both production and/or shaping
techniques for ceramic materials. Direct production, which includes the densification step
too, is used for some ceramic materials with relatively low melting temperatures. The
utility of direct additive manufacturing depends on the melting temperature of the ceramic

powder and the power limit of the system(Amit Bandyopadhyay, 2016).

A general approach for additive manufacturing is illustrated in Figure 1.4. In the
first step a virtual shape is designed for production then this shape is sliced into pieces
for additive manufacturing. In the third step, black parts show produced parts of the
sample and blue ones are to be added on top of others. Finally, a three-dimensional (3D)

product is produced via printing layers one by one.
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Virtual CAD model of the desired
shape on the computer

Contour information obtained by
slicing desired shape into layers

Final shape of product

Producing the shape layer by layer
and connect layers

Figure 1.4. Process steps of Additive Manufacturing

The advantages and disadvantages of additive manufacturing are shown in table

2.4. Design freedom is the most important property of additive manufacturing.

Manufacturing ceramic materials with complex shapes have been an issue and additive

manufacturing enhances to overcome this problem. Furthermore, near-net-shape samples

can be produced via additive manufacturing.

Table 1.3. Advantages and disadvantages of Additive Manufacturing

Advantages

Disadvantages

Design freedom: AM is suitable to produce
any shape

No tooling: Without any tooling, production
can be done from start to finish

Saving Material: Due to near-net-shape
production, saves material

Versatility: Easy to change the design and its
complexity

Part optimization: Design freedom enhance
to produce parts with higher strength and/or

lower weight

Surface Finish: Optimal surface require post-processing

Susceptible for high-volume production due to slow
production rate

High printer cost: Large capital need for high-end
printers

Production is 3D printer dependent (e.g., different

volumes may require different tool formation)

Besides the limitations of AM, it provides developments (e.g. complex shape

production, design freedom) that are hard to achieve with conventional shaping methods.
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While it is used broadly for polymer material production, its value will be noted better in

the future for ceramic materials too.

1.4. Sintering

Ceramic materials are widely produced by sintering, especially medium and high-
technology materials. Actual densification can only be maintained by bulk diffusion in
pure systems. Other mechanisms contribute to sintering, providing bonding and neck

formation such as evaporation-condensation and surface diffusion (R.Rice, 1999).

Figure 1.5. Sintering steps: a) powder compact, b) initial step, c) intermediate step, d) final step

Ceramic parts that are produced at room temperature have a porous structure. A
sintering step is needed to decrease or eliminate voids between particles in a ceramic
structure. A schematic diagram for illustrating changes during sintering is shown in
Figure 1.5. At first, there is only powder and powder-powder contacts. While temperature
increases, neck formations occur between particles. Diffusion to this neck region from
grain boundaries (white arrows show this phenomenon) (Figure 1.6) decreases void sizes
and enhance densification. Black arrows show the diffusion from particle surface to neck
regions which contribute to coarsening but not to densification. A non-porous structure
can be achieved when densification surpasses coarsening (Rahaman, 2017). Further

increase in temperature enhances higher diffusion rate and voids between particles
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shrinks and particles evolve to grains. At the final stage voids between grains shrink

further and become grain boundaries (Francis, 2016).

o~

Grains

Figure 1.6. The chemical formula of paracetamol

Liquid phase and solid-state sintering are classified as two main types of sintering.
In the solid-state sintering: there is not any liquid phase and by the movement of atoms
from one vacant site to the next, in the lattice, a massive change in dimensions and
microstructure occur. Solid-vapour interfaces are eliminated by diffusion (Figure 1.5 a-

b) and grain boundaries are formed (Figure 1.5 c-d) (Francis, 2016).

Sintering is a process in which discrete particles in contact with pores evolve to a
microstructure that contains grains, grain boundaries, and residual pores (if full
densification is not achieved). This evaluation cause shrinkage of the sample in three
dimensions. Because of the reasons mentioned above, densification can be tracked either
by observing microstructure via microscopy techniques or monitoring part dimensions

(density changes).
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Figure 1.7. Spark Plasma Sintering graph of B+C-ZrB2 composite.

Figure 1.7 shows an example of densification of the B.«C-ZrB: sample by spark
plasma sintering (SPS). Densification is separated into three regions (Initial, intermediate
and final steps) due to the movement of the piston over time. In the first region, there is
relatively low densification this region can be defined by evaluation of Figure 1.5-a to
Figure 1.5-b. An increase in temperature results in a higher densification rate which is the
result of enhancing driving force to particles. At the end of the second step, pore
percentage and size are decreased and pores become isolated from each other. Besides

densification, grain growth occurs in this step.

In the final stage, pores are enclosed by grains and a small amount of densification
(as seen in the third step of Figure 1.7) is observed. Longer holding time can serve to

grain growth rather than densification.

Formation of liquid phase on sintering of a powder enhances to have both higher
densification with the same sintering regime and similar densification rates at lower peak
temperatures (Francis, 2016b). The key point is the well wetting of powder particles by
liquid phase and dissolution of powders in the liquid phase is preferable. There are several
roles of the liquid phase during sintering. To begin with, if the liquid phase forms before
significant solid-state diffusion then it will improve particle rearrangement to a denser
state. Secondly, in the low diffusion pathway that the liquid phase provides to solid

particles, powder dissolves and reprecipitates in other surfaces to serve densification. The
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effect of the liquid phase on densification is limited with a range of densification that is

why further densification is again obtained by solid-state sintering (German et al., 2009).

There are two downsides of liquid phase sintering. The first one is the effect on pore

coarsening and the second one is the degradation of the properties of the product.

Reactive sintering, also referred to as reaction sintering, is a particular sintering
method in which the reaction of starting powders yields another phase that is not involved

in starting powders, and sintering is both achieved in single heat treatment.

This system can be divided into two sub-groups which are single-phase or
composite systems (Rahaman, 2017). While boron carbide production from starting
powders of boron trioxide and carbon (Reaction 2.13) is an example of single-phase
reactive sintering, reaction 2.14 is an example of the production of B4«C/ZrB: composite
production by starting powders of B«C, ZrO:, and C. Beside two sub-groups mentioned
above, reactive sintering can be varied by liquid phase or solid-state sintering. Some
powders have a eutectic temperature (e.g. ZrSiOs) which is below the formation
temperature of the final phase (e.g. ZrB:) because of that a liquid phase sintering should
be considered. Reaction 2.15 is an example of this issue. While the sintering temperature
of ZrB:1s over 2000 °C, the eutectic point of ZrSiOais at 1677 °C (Kaiser et al., 2008),
(Chamberlain et al., 2006). While reactive sintering of ZrB:at temperatures above 2000

°C, SiO:enhances liquid phase sintering.

2B:0: + 7C — B«C + 6CO (2.13)
27r0: + 2B4C + 4C — 2ZrB: + BiC + 4CO (2.14)
3ZrSiOs + 2B.C + C — 3ZrBa(s) + B20s(1) + 3Si0x(1) + 3CO(g) (2.15)

Reactive sintering provides a new strategy for densification of ceramics which
includes producing expected phases and sintering in a process. The reaction takes place,
during reactive sintering, promoting densification by releasing heat and promoting the
diffusion of interfacial particles. Another advantage is interfacial products improve
interfacial binding energy by changing bonding from physical to metallurgical (Wu et al.,
2020).

Reactive sintering can be performed by a variety of sintering methods: SPS, Hot

Isostatic Pressing (HIP), Hot Pressing (HP), Pressureless Sintering (PS) and Self-
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propagating High-Temperature Synthesis (SHS) are some of them. These techniques will
be mentioned in the next section with the basics of reactive sintering to understand the

effects of reactive sintering on each system.

There are several reactive systems for production either monolithic B«C or B.C
composite. Reaction 2.13 can be an example of monolithic B«C production via reactive

sintering.

Cobalt (Co) addition is another system for producing B«C-Co composite in which
CoB and Co:B phases are produced during sintering (Ortiz et al., 2017). TiO:is another
additive for reactive sintering and production of B4«C-TiB:composite (Saeedi Heydari et
al., 2015). Si infiltration is another system in which Si reacts with C, SiC phase is
produced by reactive sintering and B+«C-SiC composite is produced (Song et al., 2016).
Also, three phases can be produced in some systems: reaction between B4C and TiSizis a

method to produce B«C-TiB:-SiC composite (Wang et al., 2020).

There are many different sintering techniques and different application areas for
each of them. To compare the composite material produced in this thesis via SPS with
other works that used different sintering techniques, the basics of five different sintering
techniques are going to be mentioned. These techniques are Pressureless sintering, Hot
pressing, Hot Isostatic Pressing, Spark plasma Sintering, and Microwave Sintering. To
understand the effect of each technique on densification, source of heat, and the way of

conducting it, pressure directions should be considered carefully.

Pressureless sintering has taken the attention of industry due to lower cost and
enhancing complexity to samples. Pressure-assisted sintering techniques have the
advantage of better densification yet limits sample size and shape. The disadvantage of
pressureless sintering is the need for a relatively higher temperature compared to
pressure-assisted techniques. Researchers working on this drawback mostly use sintering
aids to promote densification. There are many sintering aids but carbon shows the highest

effectiveness compared to others (W. Zhang et al., 2019).

Pressureless sintering involves graphite heaters which are the source of heat
generated during sintering (Figure 1.8-a). Generated heat warms the chamber and the

sample inside the graphite die up. Many set-ups for this sintering type can be done and

18



some parts may differ. Even spark plasma sintering is used for creating a pressureless

sintering system (Cai et al., 2021).

Three issues need to be considered while pressureless reactive sintering has been
chosen. Firstly, sintering additives cause second phases in a matrix material which
deteriorates some properties of the product. Second, despite the positive effect on
densification, a higher sintering aid content is needed for higher relative densities which
promote a negative effect in the first case above. The last case is the homogeneous
distribution of the second phase in the microstructure which is especially hard for carbon

(W. Zhang et al., 2019).

While pressureless reactive sintering shows a value for producing complex shapes
at lower temperatures than non-reactive PS, there are many disadvantages when
compared with pressure-assisted sintering techniques. Higher sintering temperature,
longer sintering time, grain growth, and relatively low mechanical properties are some of

the drawbacks of PS.

Graphite
Heater

' Pressure

a)

Sample
Juawe|y uaysbung

{ HG#l\{

' Powder] Graphite Die
—~—
Sand or

. Graphite Die Sands or Carbon

‘ Pressure  Water Cooling and Vacuum Chamber ‘ Pressure

Upper -
Electrode

DC Pulse
Generator

Graphite Heater
=]

Powder i
aig ayders

RRRRRRRAL

——

fttittttt

Lower
Electrode

f Pressure

Figure 1.8. Simplified views of; a) Pressureless Sintering, b) Hot Pressure Sintering, ¢) Self-propagating
High-Temperature Sintering, d) Spark Plasma Sintering.

Pressure-assisted sintering methods are used especially for materials with high
melting temperature, decreasing sintering temperature, and/or sintering time. For

pressureless sintering without additives, the driving force for sintering is the temperature.
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When reactive sintering is involved, reactions enhance the driving force for densification.

Besides these two driving forces, pressure is another parameter that eases sintering.

Due to pressure application, driving force increases in highly stressed regions where
particles contact more. The driving force for sintering can be increased by more than 20%
via pressure assistance(Kuang et al., 1997). Mainly four effects of pressure assistance on

the production are:

1) Reduction in sintering time.

2) Reduction in sintering temperature. Less grain growth compared to PS.

3) Minimization of the percentage of the residual porosity.

4) Better mechanical properties because of the effects mentioned in the

second and third effects of pressure on production.

The setup of HP is very similar to PS as seen in Figure 1.8-b. The only difference
is the application of pressure from the upper side. Like PS, the heat source is the graphite
heaters at the sides of the chamber. Heat is conducted to powder through graphite die and

punches.

Pressure-assisted techniques are not used on an industrial scale due to higher costs

yet they enhance a great time saving for research areas.

SHS also mentioned as combustion synthesis is a recent technology for material
science that emerged in the twentieth century. The system setup is shown in Figure 1.8-c
may differ from machine to machine, it involves a tungsten filament that produces heat
for sintering. Sample stands in an area filled with carbon or sand. Pressure is applied by
a mobile upper punch. Besides producing a dense ceramic body this method is widely
used to produce starting powders for other sintering techniques (e.g., SPS) (Orru & Cao,

2013) or porous structures (Wu et al., 2020).

The mechanism of reactive-SHS can be divided into three parts. In the first part, the
exothermic reaction of raw materials is started via external energy which is produced by
tungsten filament for the system in Figure 1.8-c. Second, the combustion wave produced
by reactions covers the whole system and enhances the continuity of started reactions. In
the end, the heat released by reaction in the system provides the driving force for sintering

and the sample is densified by that(Wu et al., 2020).
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The main advantage of this method is, no external energy need once raw materials
are ignited. The cost of sintering can be reduced dramatically by this method. Other
advantages of the method are high heating and cooling rates, improved purity of the

product, and simplicity of equipment (Group & Metallurgical, 1992).

As an example, boric acid (Hs:BOs) and Al powders are used to produce B«C/AlL:Os
composite via reactive-SHS process (Ebrahimi & Torabi, 2012). Reactions 2.16 and 2.17
show the changes during the sintering process. The reaction between Al and B:Os releases

heat to complete sintering.
2HsBOs(s) — B20s(s) + 3H20(g) (2.16)
4A1(s) + 2B:20s(s) + C(s) — 2AL0s(s) + B«C(s) (2.17)

Hot isostatic pressing is a technique that takes advantage of gas pressure at the high
temperatures to produce dense materials. Setup of the system is like PS, yet the
atmosphere of the HIP enhances to create high pressure (50-300 MPa) (Atkinson &
Davies, 2000).

The system is heated via heating coils from two sides of the specimen and the gas
pumping system ensures desired pressure (Figure 1.9). The process starts with filling the
tank, closing, and venting it. After heating and increasing the pressure, the sample is
soaked under constant pressure then cooling is the final step of the process (Dobrzanski

etal., 2017).
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Gas Inlet End Cap

Figure 1.9. Schematic representation of HIP.
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Spark plasma sintering also called (Field Assisted Sintering Technology) is one of
the most broadly used sintering techniques recently. Figure 1.10 shows yearly
publications involving SPS which illustrates the improving importance of the technique
in the world. When the effect of the pandemic is considered in 2020 and 2021, it can be
said that publications about SPS increased every year. The first patent that involved
sintering via electric current was in 1913 in the US patent and the spark plasma sintering
technique was first developed in 1930. Due to the lack of scientific development, the
technique could not be used efficiently up to the 1980s. Via new developments variety of
laboratories have begun to use the technique. After the 1990s, the patent of Inoue’s
expired, several companies started to produce the device, and usage in research increased
dramatically (Cavaliere, 2019).
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Figure 1.10. Yearly analysis of publications have (Spark Plasma Sintering) in their title (adapted from
www.webofscience.com)

Spark Plasma Sintering is most widely used in material science, as seen in Figure
1.11, when compared to other fields it almost has half of the publications. Besides ceramic
materials, SPS can be used for metals, alloys, and composites. During sintering, a DC
Pulse generator (Figure 1.8-d) creates a current that goes through material and carbon die.
Pressure and electric field that are produced by applied voltage produce the driving force
for sintering(Cavaliere, 2019). The difference of SPS compared to HP, HIP or PS is the
heating sources. While for those pressure-assisted techniques, mentioned above, an
external heat source is used and the chamber is heated by them. SPS heats both chamber

and material at the same time. The mechanisms lie upon a different heating system of
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SPS is connected to a created electric field, via pulsed direct current, that passes through

conductive die and sample (Kessel et al, 2006).
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Figure 1.11. Fields of publications that have SPS in their title. (adapted from www.webofscience.com)

Device parameters can be both controlled from the device interface or a computer
connected to the device. Controlling the sintering regime carefully is the key to getting a

product with desired properties.

The pressing chamber is the place where the sintering of material is performed. This
part should be capable of withstanding 1x10™* mbar vacuum condition and 2200 °C
temperature. The size of the chamber depends on the mold set that is planned to

use(Cavaliere, 2019). Parts of the chamber are:

- Stainless steel chamber

- Water-cooled, double-walled vacuum chamber

- Front-loading type

- Ports of loading and weaving pyrometer

- Two additional blind flanges to install additional devices and gauges
- Inert gas inlet and air admittance

- An additional glass window for positioning lamp outside the chamber

The power supply to the furnace should be proportionate for reaching peak
temperature (2200 °C) in three-atmosphere conditions (vacuum, nitrogen, or argon
atmosphere). Another limit of the device 0000000is the heating rate (800 °C/min) and the

power supply should be sufficient for it. The current needed to reach to set temperature
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varies due to the size of the die and sometimes it may differ with dies from different
suppliers due to the properties of the die. Even heating rate can be increased to peak value,
it is not recommended to prevent heterogeneities especially for dies with higher

volumes(Tib & Nbo, 2010).

The vacuum pumping system is the part of the device that control atmospheric
condition inside the chamber. The vacuum of the chamber should be between 5x1072 -

1x10™*mbar.

The temperature of the device is controlled by two systems: an infrared (IR)
pyrometer and a thermocouple. IR pyrometer is expected to measure temperatures
between 700-2200°C. Accuracy of the temperature measurement is one of the important
parameters to become sure about the application of the planned sintering regime. The

accuracy of the system depends on the distance (between spot and device) to spot area

(Lowe & Owen, 2007).

When SPS is compared to other sintering techniques (e.g., HIP, HP, PS), the most
important difference is the source of the heat. While many techniques use an external heat
source to create a driving force for sintering, SPS creates heat both inside the sample and
in the chamber by an electric field that moves through the die and sample (Figure 1.8-d).
In conventional techniques, the heat of the sample and chamber shows differences due to
distance to a heat source. Compared to those techniques, the sintering temperature maybe
a few hundred degrees lower in SPS (Cavaliere, 2019). There is a temperature gradient in
the system containing chamber, dies, and sample. Measured temperature via IR pyrometer
from the die is less than the temperature of the sample. Heterogeneity of the temperature
gradient depends on properties of the sample, heating rate, thermal and electrical
conductivity of the die (Tib & Nbo, 2010). As an example, the conductivity of the sample
completely changes the generation of heat. While conductive powders are heated by Joule
Effect, non-conductive powders are heated via their resistance (Groza & Zavaliangos,
2000). Also, the difference between real and pyrometer measured temperature can vary
by the properties of the sample. The difference in temperature for non-conductive

powders varies 10-15% when compared to conductive powders (Mcwilliams et al., 2006).
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Figure 1.12. Movement of pulsed current between powder particles.

In addition to the three stages of sintering mentioned before, cooling can be
considered as another stage for SPS. The initial stage of SPS starts with discharge
production by ON-OFF pulse generation. Within the dies, pulsed current moves along the
surfaces of the particles, and discharge is produced in the void between them (Figure
1.12). Electric discharge produced by DC current and pressure assistance are the main

sources of driving
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Figure 1.13. The first and second stages of SPS, a) Initial step (spark discharging), b) generation of
spark and ionization

force during sintering. Spark is generated during discharge, on the contact points of
powder particles or space. Spark generation increases temperature locally, first ionization

starts and electron-ion flow between cathode and anode starts (Figure 1.13-b).
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Figure 1.14. Third and Fourth stages of SPS, a) Surface of particles start to melt and vaporize, b)
Sputtering of vaporized-melted particles via generated spark impact pressure

In the third step, the temperature generated by the spark melts the surfaces of
powder particles (Figure 1.14-a). The movement of vaporized particles from the molten
region to the outer region can be considered as preparing for neck formation. The intense
movement of vaporized particles is further supported by Spark Impact Pressure and
particles push toward outer regions (Fig 1.14-b). Finally neck forms between particles

(Figure 1.15).
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Figure 1.15. V. stage of SPS (Neck formation).

In addition to the effect of sparks on densification, another important point is
pressure assistance. Especially at the start of the process, pressure application increases
the contacts between particles and enhances better packing of powder. Besides increasing
contact points and area, possible agglomerates may break via pressure. All these effects
of pressure improve the densification of material and help to eliminate pores at lower
steps of sintering. Densification at lower temperatures creates a greater value than at

higher temperatures due to low contribution to grain coarsening (Ya, 2006).

While positive effects of pressure on the densification in the initial stages are
obvious, it may create a problem in the evacuation of gaseous products during reactive
sintering (Huang et al., 2014). Densification on reactive sintering has a relatively different
mechanism. Firstly, expected phases should be formed then densification of the ceramic
material needs to be achieved. Reaction 1.14 shows that the formation of ZrB: from B.C
and ZrO: starting powders also generates a gaseous product (CO). On one hand, high
pressure and rapid increase in temperature enhance densification at lower steps which is
a desirable case as mentioned before. On the other hand, this early densification may
cause entrapment of the voids filled with gaseous products, which is called bloating(Fang,
2010). The elimination of bloating is more difficult due to pressure created by gas which

increases with the shrinkage of the void which entraps it.

The first advantage of SPS is the ability to sinter at lower temperatures compared
to conventional methods. Furthermore, the process is rapid and enhances control of the

microstructure (Kessel et al., 2006).
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Another advantage is to maintain high relative densities by, spark impact pressure,

applied pressure(Cavaliere, 2019).

SPS is an efficient technique to produce composites by dissimilar materials. Rapid
heating and microstructure control enhance nanomaterial production as well as

functionally graded materials (FGM)(Gok, 2021).

High production rate, high heating rate, and low sintering time make SPS a cost-
effective method. Comparison of the costs shows that SPS is 50-80% cheaper than
traditional techniques(Cavaliere, 2019).

All advantages mentioned above made SPS a widespread method, especially for
laboratories, to produce dense materials via sintering. Figure 1.10 can be considered as

evidence of the increasing value of the method.
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2. SCOPE OF THE THESIS

Boron Carbide is a widespread material, in various applications (Lightweight armor,
neutron absorber, etc.), due to its excellent mechanical properties (Solodkyi et al.,2019).
Boron Carbide has excellent hardness (the highest after diamond and cubic boron nitride),
low density, high melting point, good wear resistance, and chemical inertness (Li et al.,
2020). Strong covalent bonds between the boron and carbon atoms obstruct the
densification of the boron carbide. To overcome this obstacle, sintering aids are used for
the densification of the boron carbide. There are numerous additives used to densify the
boron carbide. Some of the sintering additives are Carbon, Aluminum, Silicon, Titanium

Dioxide, and Zirconium Dioxide (Zhang et al., 2019).

In this thesis, Zirconium Dioxide and Zirconium Silicate are chosen as sintering
additives to produce Boron Carbide-Zirconium Diboride composite. To reduce the price
(by using ZrO: and ZrSiOsinstead of ZrB:) and increase densification, by using reactive
sintering, oxide additives are used. The main differences between ZrO: and ZrSiOs are
the presence of Si in the Zirconium Silicate and the price. Both Zirconium sources are

used to produce the ZrB:phase in the Boron Carbide matrix.

Zirconium silicate is a natural mineral that is used, as a zirconium source, to compare
with zirconia. The effects of both additives on the densification and properties are
examined. The problem with the usage of ZrSiOais to evacuate the Si from the samples.
Due to the presence of Oxygen Silicon forms SiO:which is a phase that deteriorates the
properties of the composite. By changing the parameters (e.g., dwelling time pressure) of
the sintering process, the SiO: phase is forced to move towards the side of the samples.
In this way, B4«C-ZrB:composite without Si0:is produced in the interior part. By using a
machining process B4«C-ZrSiOs can be a path to be used to produce B«C-ZrB: composite

instead of the B4«C-ZrO:route. In this way, the price of raw materials is decreased.
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3. EXPERIMENTS
Four different commercial powders (ZrB:, ZrSiO4, Z1rO:, C) are used to produce
B.C/ZrB: composite by reactive sintering. To compare reactive sintering and non-reactive

sintering methods first, B«C and ZrB:powders are sintered.

The First route, as reactive sintering, is to use ZrO: as an additive without carbon
to produce B«C/ZrB: composite and the second route is to use ZrSiOs and carbon powders.
The effects of both reactive and non-reactive sintering routes on the densification of

samples are going to be analyzed in section 10.

Five different kinds of powders are used in experiments. The first one is B:«C which
is the matrix phase of samples (d50 = 1.2+0.3um). The other four additives are used for
improving the sintering of B«C. The percentages of each sintering additive are listed in
Table 3.1. Percentages of second phases are chosen as thirty weight percent of total
powder mixture to enhance better comparison. While the final amount of the ZrB:phase
is changing by the kind of additive (ZrB:, ZrO:, and ZrSiOs), the difference of the effect
of this second phase on densification is going to be expressed in section 10a. ZrO: powder
has relatively high particle size (d50 = 5pm) which results in lower densification of parts
that involve ZrO.. The particle size difference during three hours of ball milling is in
Figure 3.1. The ball milling time of the powder mixtures involving ZrSiOsis three hours.
After three hours of milling d50 of the powder becomes 0.679 um. The surface area of
the carbon black is 42 + 6 parent). Surface area of carbon black improves its chemical

reactivity.

Table 3.1. Weight percentages of four different powder mixtures.

Powder Powder-1 (wt%) Powder-2 Powder-3 Powder-4 Powder-5
Mixture (Wt%) (wt%) (Wt%) (Wt%)
Name

B4«C Zr0: ZrxSiO4 C ZrB:
B-Zr 70 - - - 30
B-O 70 30 - - -
B-Si 70 - 30 - -
B-Si-C 68 - 30 2 -
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Figure 3.1. Particle size distribution of ZrSiO+powder during three hours of ball milling.

The production procedure starts with mixing powders to create a homogeneous
mixture before sintering. B«C/ZrO: and B4C/ZrB: powder mixtures are the first balls
milled for 60 minutes in absolute 2-propanol media at a rotational speed of 300 rpm. To
improve chemical reactions, ZrSiOspowder is the first ball milled for 1 hour to decrease
average particle size. Then B«C powder is added to ZrSiOsand milling is performed one
more hour. Carbon addition to B4«C/ZrSiOsmixture is done after two hours of millingand
to create a homogeneous slurry milling is performed one hour too. Details of the mixing

process are listed in table 3.2.

Table 3.2. Parameters of the mixing process of powders.

Name of Rotational Speed (rpm) Time (hour) Number of sections
Powder

Mixture

B4C/ZrB2 300 1 1

B4C/ZrO: 300 1 1

B4C/ZrSi04 300 2 2

B4C/ZrSi04/C 300 3 3

The slurries are dried by a rotary evaporator for 1 hour and waited on a stove at
90°C for one day. Dried powder ball milled for 15 minutes and then sieved under 250 pm

to break agglomerates.
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Sintering of B4C/ZrB. composites carried out under vacuum in an SPS furnace.
Powder mixture covered with carbon foil (Image 3.1) (20 mm to roll powder and 4
spheres, 2 for top and 2 for bottom) to inhibit die-powder reactions and put into a graphite

die.

Image 3.1. Carbon foils are used to cover powder samples inside carbon dies.

Before observing the effect of pressure on the densification, sintering of samplesis
done with minimum pressure that the device allows (5 kN = 15.7 MPa). After examining
the XRD, SEM, and relative density results, pressure is doubled (31.4 MPa) to observe
the effect of pressure on the densification. The pressure increase is not applied at the
beginning of the process. The reason for this application is not to prevent gas evacuation
produced by the reactions. Bloating is observed in the SEM image of the B.«C-ZrO:
powder mixture. To eliminate bloating defects, the pressure increase is applied at peak
temperature for B:«C-ZrO:. mixtures. During sintering at peak temperature, the gas
pressure of the vessel is observed, and minor points are enhanced after five minutes at
sintering temperature. Because of these reasons, pressure increased five minutes later than

reaching 2000 °C.

The sintering regime of the B«C-ZrSi0s powder has some differences from the B.C-

ZrO:powder mixture. The first difference is the dwelling temperature whose reasons are
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explained in detail in section 10.1. Another difference is the point where pressure is
applied. Unlike the B«C-ZrO: powder mixture, the problem is not to evacuate gaseous
products but to eliminate a secondary phase. Because of this reason pressure is applied at

the beginning of the dwelling temperature (1500 °C).

Samples are cut into three pieces and these pieces are used to measure weights for

Archimedes Method, XRD, and SEM analysis.

After cutting carbon foil is removed from the surface of the sample then milled to
create a powder of samples. Reason for preparing powders after sintering is to prohibit
miss-analysis of the phases in different regions of samples. Another important property

for this thesis is achieved higher relative density at the produced materials.

Theoretical density is calculated by the rule of mixtures. Archimedes Method is

used to calculate the relative density of the samples.

The last part of the characterization is the microstructure analysis. Before the
analysis sample preparation is needed. Sample preparation has two steps: the first one is
mounting which enhances grinding and polishing of the sample automatically. After

polishing, samples are characterized by SEM.
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4. RESULTS OF EXPERIMENTS
Results of the experiments are evaluated in four subtitles which are needed to be
examined separately. After this evaluation, results are going to be discussed as a whole,

and suggestions for future works are going to be made.

4.1. Analysis Of X-ray Diffraction Results

XRD analysis of the composites, produced via reactive sintering method, has
significant importance. After applying this method, it can be understood whether the
complete formation of desired phases is done or not. To evaluate the sintering regime,
SPS is used to form a phase map for Bs«C-ZrO: powder. Powder mixtures are heated to
temperatures; 1000, 1100, 1200, 1300, 1400, 1500, and 1600 °C. Samples were held at
those temperatures for one minute to observe the evaluation of reactions. This phase map
formation is done to detect the phase changes to evaluate the sintering regime.
Consumption of ZrO: phase in B«C-ZrO: powder mixture is nearly completed at 1600°C.
Although the formation of ZrB: is started at 1200 °C, the complete formation of the phase
is retarded due to a high particle size of ZrO: powder (5 pm). Any residual ZrO: phase is
observed in the XRD analysis of the sintered sample (Figure 4.1). While the complete
formation of ZrB: is achieved, the residual carbon phase is observed as the result of
reaction 5.1. Besides residual carbon, there are unnamed peaks at 44.7 ° which is
contamination caused by the grinding process. The purpose of the grinding process is to
prevent possible misleading data of bulk samples because of non-homogeneous samples.
The B:Os; phase formed during ZrB. formation leaves the system as a gaseous side

product.

To restrict boron loss and remove residual carbon (e.g., Reaction 5.2), two steps
sintering route is applied after the first sample. Even though a complete formation of ZrB:
is not achieved at 1600 °C, considering the positive effect of longer dwelling time
(5,10,15 minutes for sintered samples) at 1600 °C on ZrB. formation, this temperature is

agreed as an acceptable point for two-step sintering.
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Figure 4.1. XRD analysis of B-O: composites heated to 1200,1500 1600 °C and raw powder

As a result of two-step sintering residual carbon phase is not observed in XRD
analyses (e.g., Figure 4.2-d). Besides the elimination of carbon peaks, contamination

during grinding is prevented by decreasing the grinding time.

The second route to produce B+«C-ZrB: composite by reactive sintering is to use
ZrSiOspowder as a Zr source. While the price of this raw material is much cheaper than
ZrO., silicon existence stands as a problem. Before preparing a sintering regime for this
production route, the B«C-ZrSiO: powder mixture is heated to 1000, 1100, 1200, 1300,
1400, 1500, and 1600 °C. Powders are held for a minute at peak temperatures.
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Figure 4.2. XRD analysis of B-O samples: a) one step sintered sample at 2090 °C (15.7 MPa), b) Two-
step sintered sample at 2090 °C (15.7 MPa), c) Two-step sintered sample at 2000 °C (15.7 MPa), d) Two-
step sintered sample at 2000 °C (31.4 MPa).

5B4C(s) + 6Z1rO:(s) — 6ZrBa(s) + 4B:0s(s) + 5C(s) (5.1)
2B:0s(s) + 7C(s) — B4C(s) + 6CO(g) (5.2)

Figure 4.3 shows critical phase changes at temperatures mentioned above. While
ZrB: formation is observed at 1200 °C like B«C-ZrO: powder mixture, SiO: or C phases
are not seen. When the amount of SiO:and C phases are increased, by the dissolution of

ZrSiOsphase and ZrB: formation, they are seen at 1400 °C.

When the temperature increased to 1500 °C complete dissolution of ZrSiOs and
formation of ZrB: is achieved. While there is Carbon in the system any SiC phase is
observed at 1500 °C. The aim of this thesis for the B4«C-ZrSiO:+-C powder mixture is to
evacuate Si0O:to the surface of the sample and produce a B«C-ZrB: ceramic composite in
the core. Si0: flow is observed in SEM images and going to be analyzed in detail in the

next sections.
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Figure 4.3. XRD analysis of B-Si-C: composites heated to 1200,1500 1600 °C and raw powder

The first sample is sintered at 2093 °C for 15 minutes and XRD analysis (Figure
4.4-a) shows the complete formation of ZrB:. Besides the SiO: phase, there is a significant
amount of C in the system. SiO: phase forms SiC at temperatures above 1500 °C yet an
uncomplete formation of SiC with residual carbon is the result of heterogeneous

distribution of SiO:(Biernacki & Wotzak, 1989).

The reason for the heterogeneous distribution of SiO: is the flow towards the surface
of the sample. Due to the overflow of SiO: through the surface carbon die becomes
unusable. To overcome this situation sintering temperature is lowered to 2010 °C. There
is no significant change in the XRD analysis of the second experiment, yet SiO: overflow
leads to a decrease in sintering temperature. At 1930 °C SiO:phase is vanished and SiC

formation is relatively low which is the result of SiO: flow towards the surface and staying
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in a small region. During removal of carbon paper from the surface of the sample, most

of the SiO:phase is removed and XRD analysis did not show a SiO:peak.
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Figure 4.4. XRD analysis of one-step sintered B-Si-C samples at a) 2093 °C, b) 2012 °C, c) 1930 °C

To inhibit SiC formation, two-step sintering is performed after three experiments.
The second step aims to enhance the flow of the SiO:phase before the formation of SiC.
To achieve this purpose second step is chosen as 1500 °C. The reason for choosing 1500
°C 1is, complete dissolution of ZrSiOs and this temperature is below the formation

temperature of SiC.

Results of different dwelling time at 1500 °C is shown in Figure 4.5. There is a
slight increase in the peaks of SiC with higher dwelling time which shows that the SiC
phase forms at 1500 °C. Similar to one-step sintering there is not any SiO: peak in the
XRD analysis of sample dwelled 5 minutes at 1500 °C. After dwelling time increased to
10-15 minutes, the SiO:phase is observed.
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Figure 4.5. B-Si-C powder mixture sintered at 1930 °C and dwelled at 1500 °C for; a) 5 minutes, b) 10
minutes, c) 15 minute

After cutting of samples and removal of carbon paper from the surface to prepare
for characterization, an oxide layer is formed on the surface. Image 4.1 shows the oxide
layer formed on the surface of samples waited for one day after cutting. During cutting,
samples are exposed to water which improves oxide formation. After the oxide layer is
removed from the surface, there is slight oxidation is observed which is related to water

existence.
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Image 4.1. Oxide layers on the surface of the B-Si-C samples.

Figure 4.6 shows the XRD analysis of the oxidized layer which is characterized as
the SiO: phase. The formation of SiO: is related to the formation of Si or SiO phases
which create an oxide layer on the surface at room temperature. Reactions 5.3 and 5.4

show the formation of Si and SiO phases (Biernacki & Wotzak, 1989).
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Figure 4.6. XRD analysis of the oxidized layer of B4C-ZrSiOssample
SiC + 2Si0» — 3Si0 + CO (5.3)

28iC + Si0: — 3Si +2CO (5.4)
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4.2. Analysis of Spark Plasma Sintering Results

Graphs of Spark Plasma Sintering devices provide many parameters (e.g.,
Temperature, Piston Displacement, Force, etc.). Graphs of these parameters can be used
to understand the changes during experiments, relate them with properties of a material,

and compare these changes between experiments.

Pressure and heating rate effects on the sintering of B-O samples are illustrated in
Figure 5.8. After the heating rate is lowered to 50 °C/min from 100 °C/min, the
displacement between 1600-2000 °C is increased by around 14.7%. The purpose of this
parameter change at those temperatures is to enhance easier gaseous side-product
evacuation before achieving higher densification rates. This parameter is both related to
higher time at elevated temperatures where intense densification is happening and
promotes the elimination of pores that do not keep gaseous side-product inside them.
Achieving higher densification rates before elimination of gaseous products results in

bloating which is going to be examined with SEM images in the next sections.

Figure 4.7. SPS graph of B-O samples; a) Heating rate constant (100 */min), pressure constant
(15.7 MPa), b) Heating rate is lowered to 50 °/min between 1600-2000 °C and 31.4 MPa pressure is

applied after 39th minute to the end of the process.

While there is a relatively similar displacement speed between the temperatures of

0-1600 °C after dwelling displacement speed is higher on a sample that has a high heating
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rate (Figure 5.8). When reactive sintering is considered, lower displacement speed before
peak temperature is an advantage for the elimination of gaseous side-products. Having a
relatively porous structure before this elimination prevents bloating formation. As
mentioned above displacement is increased by 14.7%, this displacement is achieved while
dwelling time is doubled. The effect of this lower displacement speed is positive yet it
also has the potential to promote grain growth which affects properties of material

diversely.
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Figure 4.8. SPS graph of B-O samples: a) Heating rate constant (100 °C/min), pressure
constant (15.7 MPa), b) Heating rate is lowered to 50 °C/min between 1600-2000 °C, 31.4 MPa pressure

is applied after 39th minute to the end of the process.

Another parameter that affects the displacement is pressure. As seen in Figure 5.9-
b, there is an abrupt change in the 39th minute where pressure is increased. Despite
lowering the heating rate, pressure provides rapid displacement which means higher
displacement speed in a smaller ti. As mentioned before lower displacement speed at
lower temperatures is desired for reactive sintering which is adversely affected by

pressure. As a result, a lower pressure (15.7 MPa) is preferred at lower temperatures to
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evacuate gaseous side-products, yet it should be noted that increasing pressure is very
effective on densification. The final displacement of the B-O sample (Figure 5.8) is
improved by 12.1% by increasing pressure and decreasing the heating rate. Details of

displacement of these two samples are shown in Table 5.1.

Table 4.1. Displacement data of the B-O samples: a) with the constant Heating rate (100 °C/min), pressure
constant (15.7 MPa), b) Heating rate is lowered to 50 °C/min between 1600-2000 °C, pressure increased
to 31.4 MPa at 39th minute.

Sample  Piston Position  Piston Position Piston Position Piston Position Piston Position

Name  at(0°C) at (1600 °C) at (1600 °C) at (2000 °C)  at (2000 °C)
A 0.31 0.30 15 3.57 485
B 0.26 0.27 1.48 4.02 5.35
a)
1
b)

Figure 4.9. SPS graphics of B-Si-C samples; a) 5 minutes held at 1500 °C, b) 15 minutes held at 1500 °C

The effect of dwelling time on the densification of the B-Si-C samples is illustrated
in Figure 5.10. The pressure of both samples is increased from 15.7 MPa to 31.4 MPa at
the beginning of the dwelling at 1500°. By increasing the pressure at dwelling
temperature, both evacuation of gaseous side-products and removing SiO: phase is aimed.

Figure 5.10 shows that there is 87% higher displacement when dwelling time increased
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from 5 minutes to 15 minutes. The effect of dwelling time on the final displacement is

relatively low when compared with displacement on the dwelling.

Table 4.2. Header styles

Sample  Piston Position at 0 Piston Piston Piston Piston

Name °C Position at  Position at Position at  Position at
1500 °C 1500 °C 1930 °C 1930 °C

A 0.26 0.12 1.31 4.37 5.02

b 0.23 0.19 2.42 4.68 5.06

As mentioned before dwelling time is in the second stage of sintering which

explains the reason for a small effect on final displacement.

An important point that should be considered in Figure 5.10 is there is only a 1.47%
change on the final displacement yet, the distribution of the displacement varies. While
dwelling time is increased from 5 minutes to 15 minutes, displacement is increased 87%
of sample a (Table 5.2). Another critical data is the decrease in displacement during
heating after dwelling. There is a 26% decrease in displacement between 1500 °C and
2000 °C, which is both related to densification and evacuation of gaseous side-product in
the longer dwelling section instead of the heating section. The most important part ofthe
densification of the sample is performed at peak temperature which decreased 41.5% with
higher dwelling time. As a result, two different mechanisms contribute to displacement
which is the removal of gas and densification. Achieving the removal of gas at lower

temperatures contribute to the elimination of pores and improves densification.

4.3. Analysis of Secondary Electron Microscope Analysis

Scanning electron microscope images provide plenty of data (e.g., grain size,
distribution of phases, pore size and distribution, etc.) about the microstructure of
samples. To make accurate comments on the images, the device user should know the
exact location of the images on the sample. To explain the locations of the SEM images,
Figure 5.11 is used to separate the sample into regions. After SPS production, samples
are cut into three pieces to use for characterization (Figure 5.11-a). The first part is used
for Archimedes Method to calculate relative density. The second and third parts, which
have equal sizes, are used for SEM and XRD analysis. There is not any difference

between the second and third parts. SEM samples are divided into four regions to
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distinguish the differences related to their position. Surface-1 and Surface-2 are separated
to understand the effect of the pressure applied direction. The side of the sample and
surfaces are covered by carbon foil which affects these regions by carbon diffusion.

‘Centre’ is the only region that does not have a connection with carbon foil.

Pressure

1 1

Figure 4.10. SPS samples: a) Sections created by cutting, b) Sections named to identify the

locations of SEM images

SEM analyses are used to observe the microstructures of the samples. Figure 5.12
shows the difference in the microstructures of the B-Zr sample and B-O samples with
three different sintering regimes. Reactive sintering has a positive effect on producing
samples with low grain sizes. While the sizes of the ZrB: grains exceed 20 pm, ZrB: grains
in B-O samples mostly have a size of a few um. The positive effect of two-step sintering
on densification can be seen in Figure 5.12 (b-c). Despite the positive effect on
densification, two-step sintering increased the ZrB: grain sizes. When peak temperature
is lowered from 2140 to 2000, there is not a visible effect on either densification or grain
sizes. The effect of these parameters on densification is going to be analyzed in the next

sections in detail.
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Figure 4.11. SEM images of the center of samples: a) B-Zr sample sintered at 2150 °C, b) B-O sample
one step sintered at 2139 °C, c) Two-step sintered B-O sample at 2140 °C and dwelled at 1600 °C, d) B-
O sample two-step sintered at 2000 °C and dwelled at 1600 °C

Figure 4.12. SEM images of B-O samples: a, b, and d images taken from sides of samples, c is taken from
Surface-2
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SEM images of B-O samples show two different defects which are illustrated in
Figure 5.13. B.C particles evaporate and condensate and move from region to region
during SPS production yet, they are moving towards the sides of the sample which is the
first defect. Figure 5.13-b shows that there is a black line between the mold and material
which is B4C particles moved from the inner sides of the specimen. Another issue is, as a
result of B.«C particle flow, ZrB: cluster formation (Figure 5.13-d). Both clusters of ZrB:
and B.C particle flow are deteriorating the homogeneous microstructure of B-O samples.
Besides the negative effects of B4«C flow, there is relatively higher densification in the
region that B«C flowed (Figure 5.13-a). The second defect is bloating which is the result
of early densification around the pores before the evacuation of gaseous side-products.
Gaseous side-products are trapped in pores which obstruct the elimination of this kind of

pores (bloating).

Pressure (MPa)

Dt: 5(m)

Dt: 10(m)

Dt: 15(m)

Figure 4.13. SEM images of B-O samples with 5,10,15 minutes of dwelling time and 15.7-31.4 MPa
pressures
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To solve the bloating defect of the B-O samples and improve densification, the
dwelling step is introduced. To observe the positive or negative effects, different dwelling
times have been performed. While the dwelling time increases bloating line is first
divided into two lines then approached the surface Figure (5.14-a, b, ¢). Even 15 minutes
of pressure was not efficient enough to remove bloating, longer time is needed with the
same conditions. Short sintering time is one of the most important advantages of SPS
which can be deteriorated with longer dwelling time. Because of this reason, instead of
increasing dwelling time, the same dwelling times performed with a higher-pressure rate.
Similar to the lower pressure case, the first bloating line approached the surface and by

15 minutes of dwelling, bloating is removed from the system.

The amount of ZrB: phases in the images of the B-Si-C sample is lower compared
to B-Zr and B-O samples which are connected to starting powder ZrSiOs that contains
less Zr. Starting powders of B-Si-C samples contain a higher amount of Oxygen
compared to B-O samples. While 34.7% of the weight of ZrSiO:is Oxygen, 26% of the
weight of the B-O sample is Oxygen.

Figure 4.14. SEM images of Z-Si-C samples: a) Surface-1, b) Surface-2, c) Surface-2, d) Surface-2
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This difference results in a higher amount of gaseous side-product during sintering
which deteriorates the densification. As mentioned before pressure direction of the SPS
lead the liquid and gas phases in the opposite direction. The result of this property of the
device is illustrated in Figure 5.15 a-b. While the densification of Surface-1 has a higher
densification image, Surface-2 has a more porous structure. Not only the pressure but also
temperature gradient and gas-liquid phase flow direction affect this densification
difference. Besides the non-homogeneous densification, bloating is an issue for B-Si-C
samples like B-O specimens. As mentioned before Oxygen content of the B-Si-C samples
is higher which causes a severe bloating effect (Figure 5.15 c-d). In addition to a more

severe bloating effect, there is not a line of pores near Surface-2. Pores can be seen inner

parts of the specimen which led this work to two-step sintering.

Figure 4.15. SEM images of B-Si-C samples: a) Centre of the sample, b) Inner part of the Side region, c)
Middle part of Side region, d) Middle part of Side region

As mentioned before, for ZrSiOs containing powder mixture, this work aims to
eliminate the SiO:phase and produce B+«C-ZrB:composite with a cheaper Zr source. But
SiO: phase stands as a problem for the usage of ZrSiOa. Figure 5.16 shows the result of

the flowing SiO:phase toward the sides of the specimen.
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Besides the flow of SiO: toward the sides, it also flows from inner regions to
Surface-2. While SiO: flows from center to side, it leaves pores behind and worsens
densification (Figure 5.16-a). On the other hand, the sides of the sample have better
densification due to the flow of SiO:. There are two reasons for better densification at the
sides and Surface-2: the first one is the SiO: phase fills the pores and provides liquid-
phase sintering (Figure 5.16 c-d), the second one is the formation of SiC from SiO:
enhances driving force for densification. While there is not any sign of SiC on the inner
parts of the sample, the SiC population increases near to sides (Figure 5.16-b, black
spheres point to SiC grains). There are two reasons for higher SiC population on the sides:
first, the flow of SiO: starts before the formation of SiC (which is deliberately created the
effect by a dwelling), the second one is there is a carbon diffusion on the surfaces and

sides of the powder which provides carbon source for SiC formation.

:Silicon
:Carbon
———:Oxygen
:Boron
:Zirconium

Figure 4.16. SEM images of B-Si-C samples: a) Side region (dwelling time 5 minute), b) Surface-2 of the
sample (dwelling time 5 minute), c) Side region (dwelling time 15 minute

To observe the SiC formation that is detected in XRD analysis, SEM images of the
samples are investigated and the majority of the SiC grains are found in the Side and
Surface-2 regions. EDS analysis is done to identify these lines and line analysis shows
the distribution of elements in that region (Figure 5.17-a). Pressure leads the liquid phase

to move from center to side yet it does not affect the Carbon phase. Transformation of the

51



Si0: phase to SiC is strongly dependent on the diffusion of carbon from carbon foil.
Observation of a thinner SiC lane on the Surface-2, compared to Surface-1, can be
analyzed as the result of the temperature gradient of SPS Figure 5.17-b). There is a
decrease in temperature from top to bottom which can affect the diffusion of carbon.
Dwelling time increases the flow of the SiO: phase toward sides and impacts the

densification of liquid phase sintering becomes effective in a smaller region.

The effect of the dwelling on the B-Si-C samples is shown in Figure 5.17 (a-d).
When dwelling temperature is increased from 5 minutes to 10 minutes, the thickness of
the region of SiC is increased which means that less SiO: phase is left inside the sample.
The lower effect of higher temperatures on the densification of B-Si-C samples is affected
by this phenomenon. While the SiO: phase amount reducing, the liquid-phase sintered
region is reduced too. Both change on densification mechanism (liquid-phase to solid-

state) and the pores that SiO: phase left behind decrease the amount of densification.

o — — e —— - o ———

Figure 4.17. SEM images of B-Si-C sample sintered at 2107 °C, by 15.7 MPa pressure, with 10 minutes
of dwelling at 1500 °C: a) Side of the sample, b) Surface-2 of the sample, c) Smashed piece of the sample
(Surface-2), d) Centre of the sample

Figure 5.18 shows the SEM images of the sample have 96.1% relative density.
While the sintering temperature of the sample is increased from 1930 °C to 2107 °C, there

is only a 3.0% increase in the relative density which is related to both pores created by
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severe Si0. movement to the surface and absence of liquid phase sintering enhanced by
Si0:. Even the center of the sample shows a small amount of pore compared to samples
sintered at a lower temperature (Figure 5.18-d). There is a more homogeneous
densification distribution when almost the whole of the SiO: phase is moved to the
surface. Besides the temperature, elimination of the bloating has a positive effect on
densification (Figure 5.18-b). To see the morphology of the sample before cutting and

polishing, a sample is smashed and pieces are observed by SEM Images.

There is a certain difference in the texture and properties of the materials as seen in
Figure 5.18-c. While the surface of the material shows a metal-like texture, inner parts
are more related to a ceramic figure. As mentioned before oxidation of these samples after

sintering can be connected to either Si or SiO phases.

The presence of metallic S1 may cause a change between the inner part and the
surface of the sample. Although the presence of the Si or SiO phases is not observed in
the XRD analysis, the existence of these phases in the smaller regions may prevent

observation on the XRD due to the low weight percentage.

4.4. Analysis of Relative Density Results

Densification is the main purpose of this thesis which affects all properties of
materials. Several parameters that affect densification: sintering temperature, pressure
assistance, raw powder properties (e.g., particle size, particle size distribution, impurities,
pre-operations like pressure, etc.) are some of them. To make an accurate comparison,
many parameters should be considered. Especially for systems like SPS, even changing
the die used for sintering can change the result while everything else is the same. It is
always better to compare systems with as least a possible change in a single step. In this
thesis, many different dies had to be used because reactive sintering caused die loss many

times. Some of the data may be misleading because of this case.

Using different additives to densify Bs«C has been a widespread solution to
difficulties in the compaction of monolithic B:C. Table 2.1 represents many examples

that are used for this purpose.

There are not many works on the B«C/ZrB. composite in the literature, which is one
of the reasons for this thesis. Mostly ZrO: with or without carbon addition is used to

produce B«C/ZrB.composite(Murthy et al., 2018) (Xiong et al., 2018), yet there are
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different routes used (e.g., using B, C, and Zr as raw powders) (Shcherbakov et al., 2017).
Although the final composites consist of the same phases, percentages of these phases
and methods create a difference in the final properties of the samples. Table 5.3 illustrates
different samples for B«C/ZrB: composites as well as monolithic B«C (example 5). While
monolithic B«C(Goldstein et al., 2001) have only 87% of relative density, the addition of
30 wt% ZrO: in this thesis (Table 5.3, example 1) resulted in more than 10%
improvement. In addition to the similarities, it should be noted that the particle size of the
monolithic B«C is bigger which worsens final density. Besides particle size applied

pressures show a big difference which is also decisive on relative density.

Table 4.3. Comparison of B4C sintering with and without additives.

Number Powder Types Sintering Parameters

s of
Example
s
B4«C ZrO: Time Dwelling  Temperatur Pressure Pre- Relat
(Wt%) (wt% (min) Time and e (MPa) Pressu ive
) Temperat (°C) re Densi
ure (MPa) ty
(%)
1 70 30 15 1600 (°C) 2000 15.7 15 97.2
(1.2pm  (Spm 5 (min)
) )
2 70 30 60 1500 2160 - 250 975
(1.2pm  (30- (°C)
) 70 30 (min)
nm)
3 70 15 60 - 2100 - 180 96.7
(1 pm) (0.5
pm)
4 100 - 10 1800(°C) 2000 40 159 87
(3.68 10(min)
pm)

Another comparison can be done with the second example(Lin et al., 2017) in which
15 wt% phenolic resin is used besides ZrO: additive. Carbon source differs from the route

of reactive sintering, without carbon addition boron loss by B-Osevaporation happens.
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With a suitable sintering regime, some part of B:Os can be transformed to B:«C by
the reaction with in-situ formed C during ZrB: formation. One of the purposes of two-
step sintering used in this work was to decrease B:O; evaporation. While the second
example is sintered without pressure assistance there is a 160 °C temperature change
compared to this work. While B«C powders have the same particle size, particle sizes of
ZrO: powders show an enormous difference which affects both densification and
reactions.
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Figure 4.18. Effect of dwelling time and heating rate on the relative density of B-O samples

By producing many samples, the effects of different sintering parameters are
observed. The dwelling step is one of the parameters added after observing bloating
defects in a single step. sintered samples. The Effect of different dwelling times on the
relative density is shown in Figure 5.19. Besides dwelling time effect of the heating rate
is also evaluated in the figure. All samples shown in Figure .19 are heated by 100 °C/min
up to 1600 °C. 50 °C/min heating rate is applied between 1600-200 °C to improve
evacuation of gaseous side products and improve densification. For the samples that have
a heating rate of 100 °C/min for the whole process, there is a positive effect of increasing
dwelling time from 5 to 10 minutes and a slight decrease on densification when dwelling
time is increased to 15 minutes. When the heating rate is decreased to 50 °C/min after
1600 °C, there is an improvement in the relative densities. For the dwelling times 10 and

15 minutes, the evolvement of relative density is similar. The highest relative density
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(97.211) among B-O samples is achieved by applying 15.7 MPa pressure, with 5 minutes
of dwelling, decreasing heating rate to 50 °C/min (between 1600-2000 °C) and sintering
at 2000 °C for 15 minutes.
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Figure 4.19. Effect of dwelling time and pressure on the relative density of B-O samples

After applying two steps of sintering, another parameter changed to improve
densification is pressure. The pressure of samples increased from 15.7 to 31.4 MPa and
an increase in pressure is applied 5 minutes after reaching 2000 °C. The purpose of the
increase of pressure at 2000 °C is not to prevent gas evacuation and waiting 5 minutes
before increase has the same purpose. For both pressures, relative density showed an
increase from 5 to 10 minutes. Although the relative density of the sample kept increasing
after raising the dwelling time to 15 minutes for sample sintered by 15.7 MPa, there is a
drop in the relative density for the sample sintered by 31.4 MPa with 15 minutes of
dwelling (Figure 5.20).

The effect of sintering time on the relative density is shown in Figure 5.21. The
sintering parameters of samples in Figure 5.21 are 31.4 MPa pressure, dwelling for 15
minutes, decreasing the heating rate to 50°C/dk after 1600 °C, and sintering 15 minutes
at 2000 °C. While one minute of sintering has a relatively low relative density (91.0%),
increasing sintering time to 5 minutes resulted in a change of more than 2 percentage. The

highest relative density is achieved with 15 minutes of sintering (95.3%).
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Figure 4.20. Effect of dwelling time and pressure on the relative density of B-O samples

Analysis of the B-O samples produced by SPS shows that reactive sintering of
these samples requires a second step to solve bloating defects. Besides removing the
bloating defect, dwelling improves the densification of the samples. Another issue is the
flow of the B:C toward surfaces which is remained in all samples that are sintered with

different parameters. Improvement on the densification that lower heating rate ensured
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Figure 4.21. Effect of Sintering Time on the relative density of B-O samples

can be used as an alternative to the dwelling. Lower heating rates over 1200 °C where

reactions start can enhance the time to eliminate gasses and prevent bloating.

As B-O samples, different parameters of sintering are changed to improve the
densification of the B-Si-C samples. Figure 5.13 shows the important phase changes
while heating the specimen from 1000°C to 1500 °C. Dissolution of ZrSiOa1is finished at
1500 °C that is why this temperature is chosen as dwelling temperature. The dwelling
step has the advantage to complete the reaction in lower temperatures and give time to
gaseous side-products to leave the system. In addition to these advantages, another reason
for adding a dwelling step for the B-Si-C sample is to transport to SiO: phase to the
surface. Using ZrS10:as a Zr source is a reasonable solution to decrease the expenses of
the project. There is not an example of usage ZrSiOsas an additive for reactive sintering
of B«C/ZrB: that is why data of this thesis carries great importance for other possible

works on this area.

The Dwelling section has great importance for reactive sintering which enhances to
control of phase changes and gas evacuation. With this control on the specimen, defects
(bloating) can be prevented and densification can be promoted. To understand the role of
the dwelling on the densification of B-Si-C samples, different dwelling times (5, 10, 15
minutes) are applied with different pressures (15.7 and 31.4 MPa).
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Another difference in the sintering regime of B-Si-C samples compared to B-O
specimens is the point where pressure is increased. As mentioned before the increase in
the pressures is not applied at the beginning of the SPS. For the B-Si-C specimens, the
starting point of the dwelling temperature (1500 C°) is chosen. The reason for increasing
the pressure at the starting point of the dwelling is to promote SiO: movement toward
surfaces. The important point here is not to form SiC from the SiO:phase before leading
Si0:to the surface. As mentioned before the aim of this thesis is to produce a B«C/ZrB:

composite.

While reaction 5.6 transforms the SiO: phases that came from ZrSiOs into SiC,
Reactions 5.5 and 5.7 are more favorable for this work. While reaction 5.5 produces more
B:0; phase which is a loss for a BsC matrix composite, Reaction 5.7 is desired for
producing ZrB: and removing SiO: by the movement to surfaces and removing Oxygen

as CO instead of B:0s.
S5B4C(s) + 7ZrSi04(s) — 7ZrBa(s) + 3B20s(g) + SCO(g) + 7S10x(1) (5.5
27rSi04(s) + B4C(s) + 9C(s) — 2ZrBa(s) + 2SiC(s) + 8CO(g) (5.6)

3ZrSiOu(s) + 2B4C(s) + C(s) — 3ZrBx(s) + 3Si0x(1) + B:0s(g) + 3CO(g)  (5.7)
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Figure 4.22. Effect of pressure and dwelling time on relative densities of B-Si-C samples
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As Figure 5.22 shows, increasing dwelling time has a positive effect on the
densification of B-Si-C samples, yet there is a higher contribution of dwelling time for
lower pressure when it is 15 minutes. Sintering of the samples in Figure 5.22 is carried at

1930 °C which is not high enough for densification above 95%.

It is shown that to improve the relative density of B-Si-C samples over 95%,
increasing the temperature is crucial. While B.«C-ZrSiOs powder mixtures cause loss of
dies in one experiment, even 2 wt% of carbon addition made a more stable system. The
importance of the dies for this thesis is not only related to cost but also a comparison of

different specimens is affected by changing the die.

To achieve further improvement on relative density, the effect of temperature is
observed with 10 minutes of dwelling time and without pressure increasing. The effect of
the dwelling time on the formation of SiC is illustrated in Figure 4.5 because an increase
in SiC content of 10 minutes of dwelling is chosen for further experiments. Effect of
dwelling time on the formation of SiC also observed in SEM images (Figure 5.17). While
there is a sharp increase in the relative density from 1930 °C to 1988 °C, there is a smaller
change after increasing temperature to 2107 °C. The relative density of the B-Si-C sample
is reached 96.1% which is the highest relative density for this specimen (Figure 5.23).

Relative Density (%)
[1n]
F

1930 1988 2107

Temperature (C)

Figure 4.23. Effect of Temperature on the relative densities of B-Si-C samples, an applied pressure is
15.7 MPa, dwelling time is 10 minutes
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In addition to increasing the temperature, the effect of pressure at higher
temperatures is shown in Figure 5.24. While the higher relative density is achieved at
2080 °C compared to 1930 °C, there is a slight decrease in the densification when the
temperature increased to 2120 °C. To understand the role of the pressure in the
densification of B-Si-C samples better, further experiments are needed which can be a

future work of this thesis.
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1930 2083 2116

Temperature (*C)

Figure 4.24. Effect of temperature on relative densities of B-Si-C specimens, an applied pressure is 31.4
MPa, and dwelling time is 10 minutes.

4.5. Analysis of Electrical and Mechanical Properties of Boron Carbide Zirconium
Diboride Composite

Evaluation of properties of materials is crucial to compare the performances. As
produced Boron Carbide-Zirconium Diboride samples are prepared for hardness and

electrical conductivity tests.

Vickers Indentation test is used to measure the hardness of materials. 10 kg force is
applied with 10 seconds of dwell time. To measure an overall and accurate hardness
value, five indentations were taken. As well as the number of the indentation, the spots
are chosen for measurement carries great importance. As mentioned before there are
density differences between different parts of the samples shown by SEM images (Figure
5.15 a-b).
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Figure 5.25 shows the change in the hardness value of B-O samples as the relative
density of the samples change. While the relative density increases from 95.3% to 97.2%,
hardness rises from 21.1 GPa to 21.8 GPa. There is a considerable decrease in the
hardness while the relative density of the sample increases from 95.3% to 95.4%. This

reverse change is connected to the inhomogeneity of the microstructure of the samples.
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Figure 4.25. Effect of relative density on the Hardness of B-O samples.
The overall hardness calculated from five indentations is 21.8 GPa for the sample
have a relative density of 97.2%. On the other hand, there is a 7 GPa change between the

smallest and the highest indentation value of the sample. This change is directly

connected to the density gradient between the surfaces of the sample.
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Figure 4.26. Crack propagation of B-O sample (97.2% relative density, 21.8 +3.5 GPa Hardness) a)
Propagation and blocking of crack, b) Toughening mechanisms

Figure 5.26-a shows the propagation of the crack during the indentation test. During
the propagation, the energy of the crack is reduced by both deflection and bridging
mechanism enhanced by in situ formed ZrB2 grains (Figure 5.26-b). These mechanisms

reduced the energy of the crack, thinned it, and the crack is blocked by a ZrB2 grain.

Figure 4.27. Crack propagation of a) B-O sample with 97.2% relative density, b) B-Zr sample with
99.5% relative density

Figure 5.27 shows the positive effect of reactive sintering on fracture propagation.
Even with lower relative density (97.2%), the B-O sample has a lower crack length

(11.8pn) compared to the crack length of the B-Zr sample (18.1p). Prohibiting the growth
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of B4C grains is the first reason for better performance during cracking. Besides the B«C
grains, ZrB: grains are smaller when a reactive sintering route is preferred. Pores in the
structure, which decrease the energy of the crack, are another reason for shorter crack

length.
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Figure 4.28. Effect of relative density on the Hardness of B-Si-C samples.

The effect of relative density on the hardness of the B-Si-C samples is shown in
Figure 5.28. Although there is a decrease in the hardness while the relative density
increases from 95% to 96.1%, the highest indentation results are observed in the sample
with a relative density of 96.1%. Like B-O samples, there is a gradient of density on the
B-Si-C samples too. Besides this densification difference, there are phase gradients in B-
Si-C samples as shown in Figure 5.17. The B-Si-C sample with 96,1% relative density
has a hardness of 17.8 £2.5 GPa which showed better performance in the denser regions
compared to the B-Si-C sample with 95% relative density that has a hardness of 17.9 +£2.0

GPame interval.

64



Table 4.4. Comparison of the effect of ZrO2 and ZrSiO4 additives on the mechanical properties of B4C.

Sample Composition (wWt%) Relative Hardness  Fracture
Number Density(%) (GPa) Toughness
(MPam?'?)

B4C ZrO2  ZrSi0s C

This Study 70 30 - - 97.2 21.8+£3.5 -

This Study 68 - 30 2 96.1 17.8£2.5

1 95 5 - - 95.4 3342 3.6 £0.5
2 90 10 - added 98.8 33+£1.3 4.1+0.2

Table 5.4 shows the effect of the ZrSiOs and ZrO: additions on the mechanical
properties of Boron Carbide. ZrB: addition has a negative effect on the hardness of the
Boron Carbide due to the low hardness of Zirconium Diboride. Sample one (Murthy et
al., 2018) shows that 5 wt% addition of ZrO:resulted in a hardness value of 33 +2 GPa
which is the highest value compared to other works in the table. Sample two (Guo et al.,
2015) shows a similar hardness compared to sample one yet the addition of a higher
amount of ZrO: increases fracture toughness as a second phase in the matrix of Boron
Carbide. The addition of 30 wt% ZrOz2 to the Boron Carbide decreased the hardness to
21.8 £3.5. The effect of a variety of different indentation is caused by the non-
homogeneous densification of the samples. When B-O samples are considered,
indentations of sites show better densification are over 25 GPa. On the other hand, B-Si-
C samples showed relatively lower hardness values. Because the relative density of B-Si-
C samples is lower than B-O samples, hardness values showed a worse performance.
Besides the relative density, another effect on lower hardness value is the existence of the
Si0O2 glassy phase. While the more densified parts of B-O samples showed considerably
good performance, this phenomenon could not be observed on the B-Si-C sample due to

the existence of the SiO2 phase.

Porous structures of samples hindered the calculation of fracture toughness.
Because the better-densified parts are close to the edge of the samples, applying an

indentation test on those parts very close to the edge is not safe for the indenter.

Improved electrical conductivity makes ceramics a candidate for high-

temperature electrothermal elements in oxidizing environments, cathodes in high-
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temperature fuel cells, and electrodes for magnetohydrodynamic power generation
(Jingzhe et al., 2020). Besides these usage areas higher electrical conductivity is needed

for the machining (especially the electrical discharge method) process too (Pramanick et

al., 2020).

There are 47 valence electrons and 24 valance bands in the Boron Carbide. The
vacant sites at the valence band make Boron Carbide a metallic conductor (Pramanick et
al., 2020). To understand the effect of the ZrB: phase on the conductivity of Boron
Carbide, the resistance of the samples is measured, and conductivity is calculated from

the equation below.

L
0= —

RA

The conductivity of the material is calculated by the equation where L (m) in

thickness, R (Q) is resistance and, A (m?) is the surface area of the specimens.

The electrical conductivity of monolithic B«C is measured as 47.78 S m™
(Pramanick et al., 2020). The second phase can alter the properties of the matrix phase
dramatically. Adding or in-situ formation of the TiB: phase improves the electrical

conductivity of the material by about 100% (Jingzhe et al., 2020).

An improvement in the resistivity of the Bs«C-ZrB: composite is expected due to
relatively higher resistivity value of ZrBz (0.09 uQ m~") (Muchlinsky et al., 1932). Table
5.5 shows the effect of relative density and in-situ formed phases on the electrical
conductivity of the B«C/ZrB: composite. ZrB: phase decreases the conductivity of the
Boron Carbide by more than 9.8%. Besides the ZrB:, C has a positive effect on the
conductivity for B-O samples as shown in Table 5.5. When the C phase is observed in the
XRD analysis of the sample, conductivity is about two times higher compared to the

sample without C (C was not observed in the XRD analysis).

Table 4.5. Effect of relative density and in-situ formed phases on the electrical conductivity of B4C/ZrB:
composite.

Sample Name Relative Density (%) In-situ Formed Phases Conductivity mS m™'
(except ZrBz2)

B-O 96.9 C 1.1

B-O 95.4 C 0.64

B-O 97.2 - 0.34
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B-Si-C 96.1 Si0z, SiC, C 0.51
B-Si-C 93.5 Si0z, SiC, C 0.5
B-Si-C 94.7 Si02, SiC, C 0.34

Besides the ZrB: phase, another phase that decreases the conductivity is SiO: for
the B-Si-C samples. For some of the samples, resistivity could not be measured by the
device because of the insulating nature of SiO:. Like hardness, resistivity calculations are
affected by the sample prepared for measurement (different regions have different
densification and phase composition). As mentioned before SiO: phase flows towards the
sides of the specimen. When the resistivity calculation is done at the sides of the sample,
resistivity could not be measured. Despite the B-O samples, there is not much difference
between electrical conductivity values of B-Si-C samples. It should be noted that any
value in table 5.5 is from the sides (which consists of the biggest portion of the SiO:
phase). The electrical conductivity of the B-Si-C samples was expected much lower than
B-O samples due to the existence of the SiO: phase. There are two reasons for the
comparable electrical conductivity of B-Si-C samples. The first one is the flow of SiO:
results in a very low SiO:phase in the interior parts of the sample. The second reason is

the higher peak of the C phase which increases electrical conductivity.
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S. CONCLUSION AND FUTURE WORK

Four different powder mixtures produce B«C/ZrB:ceramic matrix composite. Table
3.2 shows these four different powder mixtures. To observe the effect of reactive sintering
on the densification of B4C/ZrB: composite, at first non-reactive path is followed.
Achieving a relative density over 99% at 2150 °C showed the need for improvement on
the process to decrease the sintering temperature. Next, reactive sintering paths are
followed to monitor the densification behavior of the samples. While the B.C-
ZrO: powder mixture showed a relatively better performance than powder mixtures
containing ZrSiOs, relative densities near the non-reactive path could not be achieved.
The first reason for relatively lower densities of reactive sintering paths is problems with
the evacuation of side products of reactions (e.g., SiO2, CO).

To overcome these problems, two steps sintering is preferred. First, the effect of the
dwelling is monitored by three different characterization methods (SEM, XRD, SPS).
With the help of data provided by those techniques, the effect of dwelling is interpreted
on relative densities of samples. Results show that dwelling is a crucial step for reactive
sintering, which is powder production for non-reactive sintering methods.

Dwelling B«C-ZrO: powders at 1600 °C for 15 minutes is observed as a good segment
for eliminating bloating defects. The effect of dwelling on the bloating of B«C-ZrS104 and
B4C-ZrSi0s-C samples is commented as an unclear phenomenon. While bloating is
observed on samples with higher dwelling time, it is not observed which have lower
dwelling time on some samples. This part of the thesis is considered as future work.

Besides bloating, another problem of the samples containing ZrSiOs is eliminating the
Si0:phase and preventing SiC formation. The purpose of using ZrSiOusis to find a much
cheaper raw material for producing B.C/ZrB: composite. SiC is a phase that can
contribute to many properties of the material, yet it is not a part of the scope of this thesis.
Producing B4C/ZrB2/SiC ceramic matrix composite using a reactive sintering route via
ZrS10s powder can be excellent future work. The B4C/ZrB2/SiC composite can be
considered an alternative to the B«C/TiB2/SiC composite.

Even though it does not have many examples in the literature, the B«C-ZrO: powder
route showed a relatively good performance on the densification. Hardness values of
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these samples are within the examples in the literature (when the relative densities are
considered). Electrical resistivities of the samples are increased by the ZrB: phase, which
restricts the application of B4«C/ZrB: composite.

ZrSiOs powder is not used as an additive for B«C. That is why this work can be an
example for others who intended to use ZrSiOs as an additive. For example, this additive's
hardness and electrical conductivity are examined. The hardness of B-Si-C samples is
lower than B-O samples due to the SiO: phase and lower relative density. Due to the poor
densification of inner parts of B-Si-C samples, performance comparison with B-O
samples can be misleading.

Overcoming the non-homogeneous densification and examining the mechanical
properties of the samples can be future work.
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