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ABSTRACT

OPTIMIZATION OF OXIDE ADDITIVES IN BORON CARBIDE
POWDERS USING PRECIPITATION METHOD

This study aims to precipitate oxides to boron carbide powders to achieve
homogeneous dispersion of additive which is essential for sintering. Fine boron carbide
powders were suspended in distilled water, then nitrate salts were solved in alcohol.
Solved nitrate salts were fed to mixture in high pH levels. Mixing stage of the
precipitation was done with both magnetic stirrer and ultrasonic treatment to investigate
the effect of the mixing method. After the precipitation, synthesized powders were
calcined under various atmospheres to eliminate the inorganic residues from the
precipitation process. The examination of the XRD graphs showed that the calcination
atmosphere is important for the oxide layer of the boron carbide powders. Inert
atmosphere restrained the formation of the boron oxide layer due to the lack of oxygen.
Methanol washing also eliminated the boron oxide layer. According to the zeta potential
analysis, surface characteristics were obtained better when the ultrasonic treatment was
applied during the precipitation. Ultrasonic treatment increased the dispersion of the
additives between the particles during the suspension stage of the precipitation.
Calcination time also affected the dispersion of the yttrium oxide at the sintered compacts
when the SEM images were observed. When the calcination time increased, dispersion

of the yttria was getting more agglomerated.



OZET

COKELTME YONTEMIi KULLANILARAK BOR KARBUR
TOZLARININ ICINDEK]I OKSIT KATKILARININ OPTIMiZASYONU

Bu c¢alismada, bor karbiir tozlar1 tane sinirlar1 arasinda sivi faz sinterlemesi
sayesinde homojen dagilim elde etmek amaciyla oksit sinterleme katkilar1 kullanilarak
cokeltme yontemi ile katkilanmistir. Cokeltme yontemi sirasinda mikro 6l¢ekli bor karbiir
tozlar1 s1v1 igerisinde oksit katkilarin nitrat tuzlari ile askida birakilmistir. Bu yontemin
karigtirma asamast hem manyetik karistirici ile hem de ultrasonik karistiric1 ile
gerceklestirilmistir. Cokeltmeden sonra elde edilen tozlar farkli atmosferlerde kalsine
edilecek inorganik kalintilarin giderilmesi amaglanmistir. XRD grafikleri gozlendiginde
kalsinasyon atmosferinin bor karbiir lizerindeki oksit tabakasi i¢in 6nemli oldugu
gorlilmiistiir. Asal gazdan olusan atmosferdeki oksijen azligi sebebiyle boron oksit
tabakasi gozlenmemistir. Metanol ile yikama islemi de ayrica oksit tabakasini
gidermektedir. Zeta potansiyel analizine gore, ¢okeltme sirasindaki ultrasonik karigtirma
islemi daha 1yi bir yiizey karakteristigi gostermistir. Ultrasonik karigtirma askida kalma
esnasinda pargaciklar arasindaki dagilimin daha homojen olmasini saglamistir. Ayrica
SEM goriintiilerine bakildiginda kalsinasyon siiresi sinterlenen peletlerdeki itriyum oksit
dagiliminm1 da etkilemektedir. Kalsinasyon siiresi arttik¢a itriyum oksidin bor karbiir

icerisinde 6beklendigi goriilmiistiir.
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CHAPTER 1

INTRODUCTION

Carbide ceramics are important materials because of their low densities, high
hardness and high elastic modulus. Boron carbide is also an important ceramic material
because of the desired characteristics such as high hardness and high melting point. While
the boron carbide is useful for different scenarios such as armor plating, neutron absorber
or nozzles, its production is not as easy as most of the metals.

Powder metallurgy method which is called as sintering is needed for producing
boron carbide products. Sintering includes a heating cycle for bonding the particles
together as a solid block and sintering of the boron carbide is not easy because of the high
melting point of the material. Sintering additives are the main factor for both keeping
characteristic properties stable and decreasing the sintering temperature of the boron
carbide.

While the conventional method is mixing the sintering additives and the ceramic
powder mechanically, precipitation method offers more homogeneous dispersion of the
additives with the help of chemical processes. Better dispersion leads to better mechanical
properties while the sintering temperature is getting lower.

The main purpose of this study is advancing the dispersion of the sintering
additives through the precipitation method while the powders are kept oxide-free and

coated with enough additives.



CHAPTER 2

BORON CARBIDE AND ITS ADDITIVES

General background information about boron carbide such as the general
properties, literature survey about pressureless sintering of B4C, sintering methods and

sintering types are explained.

2.1. Boron Carbide

Boron carbide has an important place among the other non-metallic hard materials
as alumina, silica, silicon nitride and diamond. It was firstly discovered in 1858, then, in
1883 by Joly and in 1894 by Moissan. Even if it was discovered at the late 19" century,
its 4:1 stoichiometric ratio was identified in 1934 by Ridgway [1].

Boron carbide is a ceramic material which has covalent bonds at its crystal
structure. It is also known as the third hardest material after cubic boron nitride and
diamond [1]. B4C has a relatively low density than most of the engineering materials (2,52
g/cm?), high Young’s Modulus (450-470 GPa) and fracture toughness (450-470 MPa.m-
). It has a good nuclear property as a high neutron absorption cross section. Beside the
advantages, it has a high melting point (2450 °C) and needs a high sintering temperature
for >95% relative densities [2]. It is hard to densify because of the low self-diffusion
coefficient, low plasticity and high resistance to grain boundary sliding [4]. B4C has a
limited moldability of the final products due to the production methods [5].

Most common synthesis method of the boron carbide is the carbothermic
reduction of the boric acid. Boron oxide and water are obtained as a result of the heated
boric acid. Boron oxide and carbon monoxide react and boron and carbon dioxide occur
as a result of the reaction. This reaction is feasible when the temperature is higher than
1400 C. Electric arc furnace, Acheson type furnace and tubular furnace are the main
furnace types to synthesize boron carbide with carbothermic reaction. Chemical reactions

of the carbothermic reduction are demonstrated below [2].

4H3BO3+7C —» B4C+6CO+6H0;



4H;BO3; —» 2B>,05+6H,O
B>03+3CO —» 2B+3CO»
4B+C —» B4C

Boron carbide has a complex crystal structure which can be proven by the nuclear
magnetic resonance, IR absorption spectroscopy and XRD analysis. Even though the
chemical formula of the boron carbide is known as B4C because of its stoichiometric ratio,
the ideal formula is B12Cs. It has a rhombohedral crystal structure and rhombohedral unit
cell of the boron carbide consists of 15 atoms. Early studies show that the rhombohedral
geometry occurred by the 12 boron atoms of icosahedras at the corner of the unit cell and
each icosahedras bonded with covalent bonds. As seen in Figure 1, recent studies claimed
that the crystal structure of the boron carbide consists C-B-C chain and icosahedras with

11 boron and a carbon atom [1,2,3].
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Figure 1. Crystal structure of Boron Carbide [3]

2.1.1. Sintering of Boron Carbide

Powder metallurgy is the main production method to produce boron carbide
products. Due to the high melting point of B4C, melting and casting methods are not
convenient to produce desired components. In order to produce boron carbide products,
sintering method is the only option to manufacture at the desired geometries. Because of
the low self-diffusion coefficient, low plasticity and high resistance to grain boundary

sliding, it is hard to apply pressureless sintering to the B4C [4]. Grain boundary diffusion,
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bulk diffusion, shrinkage, capillarity force, void growth and densification are the main
micro-level mechanisms of the sintering [6].

Before the sintering, powders need to be formed in a mold with the certain
pressure, which is called as a powder compaction. After the compaction, powders are
ready to sinter at the furnace.

There are three main stages of the sintering.

- Neck Growth: When the powders are heated externally, neck growth occurs
between the particles. There are internal micro-level normal and tangential
stresses at the contact points of the particles. Bonding between particles are weak
[6].

- Densification and Grain Growth: Necks between the particles intersect with each
other. Capillary and diffusion mechanisms increase the necking and the density
of the material. As a result of these mechanisms, porosity decreases [6].

- Closed Pore Stage: After the simultancous necking, pores are decreased and
isolated from the environment. Recrystallization occurs at the final stage of the
sintering. For the ceramics, recrystallization takes a few hours in contrary to the

metals. Relative density does not change at the final stage of the sintering [6].

All sintering methods need common parameters as micron sized powders (~1
micron), high temperatures, sintering additives or external pressure to obtain relative
density higher than 90%. When the sintering aids are used, required sintering temperature,
relative density and the mechanical properties of final product change. Even though the
actual behavior of the sintering additive decreases the mechanical properties of the final
product at the same relative density with the pure B4C, mechanical properties of the
material with sintering additive are higher than the pure B4C due to the low sintering

temperatures and low relative density of pure B4C [8].

2.1.2. Sintering Methods

There are three methods of sintering B4C.
Sintering Methods of B4C without additives:
- Pressureless Sintering
- Hot Pressing

- Spark Plasma Sintering



2.1.2.1. Pressureless Sintering

Pressureless sintering is the hardest method to sinter the B4C because of the lack
of the external pressure. Very high temperatures (~2200 °C), long sintering times and
micron sized powders are needed to sinter the B4C. The sintering additives have to be
used to achieve high densities, good mechanical properties and low sintering temperatures
[8]. While the pressureless sintering is mainly established on solid-state sintering,
sintering additives activate the liquid phase sintering with the presence of the liquid
phases and secondary phases of the additives at the sintering temperature [2,9]. Most
complex product shapes can be obtained with the pressureless sintering among the other

sintering methods [7].

2.1.2.2. Hot Pressing

Hot pressing method has a uniaxial external pressure during the sintering as an
additional parameter to the pressureless sintering. High temperatures (~2000 °C),
relatively short sintering times than pressureless sintering, micron sized powders and
external pressure are the main parameters to sinter the B4C. Sintering additives affect the
sintering parameters as same as the pressuless sintering. Due to the conventional molds,
most of the components produced from the hot press is in cylindrical shape. Because the
heating elements are placed around the mold and it prevents the geometry of the mold

other than cylindrical [10].
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Figure 2. Schematic of hot pressing [10]
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2.1.2.3. Spark Plasma Sintering

Spark plasma sintering method is the easiest way to sinter the B4C. Lower
temperatures (1800-1900 °C) than the temperatures of the hot-pressing method are
necessary to sinter B4C in spark plasma sintering. Although it has a uniaxial external
pressure like hot pressing, it generates Joule heating inside the particles with the help of
the pulsed current. Extremely high heating rates (up to 100-300 C/min) and very low
dwell times (5-10 minutes) can be achieved in addition to fine grains and high
densification [12]. Like the hot pressing, moldability of the material is very limited due

to the geometric limitations of the graphite die.

Pyrometer/
Thermocouple

Electrode

Graphite
Mold

Pistons

Hydraulﬂ EP)%Ised
=D Current

Pyrometer/
Thermocouple

Vacuum
chamber

Electrode

Figure 3. Schematic of spark plasma sintering [11]

2.1.3. Solid State Sintering

As discussed in the section 2.1.1, solid state sintering has 3 main stages as neck
growth, densification and grain growth and close pore stage. After the necking and
densification, while the pores at the grain boundaries can be eliminated with the grain
boundary diffusion mechanism, fully eliminated pores inside the grains are almost

impossible to sustain after solid state sintering [13].



. /
closed pore

open pore network of
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Stage I: before sintering Stage II: formation of necks Stage III: evolution of necks and GBs Stage IV: isolation of pores
and elimination of pores

Figure 4. Schematic of solid-state sintering [13]

2.1.4. Liquid Phase Sintering

Existence of the liquid phase of the sintering additives takes a role at the liquid
phase sintering. At the sintering temperature of the matrix material, additives change their
phase from the solid phase to liquid phase. Liquid phase boosts the bonding rate between
the particles with the capillary forces of the liquid on the surface of the particles [14]. As
discussed before, solid state sintering cannot eliminate the pores 100%. During the liquid
phase sintering, liquid phase of the additives leaks through the pores and eliminates the

residual pores and solid grains start to coarsen due to the accelerated diffusion [15].
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rearrangement
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Figure 5. Schematic of the liquid phase sintering [15]



Wetting is another important factor for the liquid phase sintering. An additive with
the higher wettability characteristic has to be chosen to activate the liquid phase sintering

of the matrix material [15].

good solid poor
wetting wetting

Figure 6. Wetting behavior of the liquid [15]

2.2. Literature Survey about the Effects of Additives on B4C

Pressureless sintering of the B4C is a well-studied topic. Due to the oxidation
tendency of the boron carbide, inert atmosphere or the vacuum must be provided to sinter
and densify the green compacts. While the high sintering temperatures like 2200-2300 °C
are necessary to obtain high relative densities, different sintering additives are used to
reduce the sintering temperatures at nearly all studies about pressureless sintering of B4C.

A series of studies show that the pure B4C is tried to sinter in the range of 2200-
2300 °C. 65% relative density is achieved at the 2250 °C by the pioneering study about
B4C which is done by Dole et al [16]. Same study states that 70-72% relative density is
obtained at 2300 °C. Lee et al. achieved better results as 92% relative density at 2250 °C
[5]. Another study claimed that 78,6% relative density achieved at 2200 °C while 82,5%
relative density is obtained at 2250 °C [17].

Owing to the low relative densities, mechanical properties of the final products
are lower than the capacity of the B4C. Sintering additives are the most conventional
option to increase the relative densities. While the most common sintering additive is
carbon, B, SiC, TiB,, ZrO;, Ti, TiO, Y203, Al,Os, TiC, BeC, CrB», Zr, Cr, Y, La, Al, Si,
La>Os are the examples of the used sintering additives in the literature. By means of the
sintering additives, secondary phases occur at the microstructure and liquid phase

sintering can be activated at the sufficient temperature.



Study of Dole et al. shows that the addition of 6 wt. % C increased the density to
95% at 2300 °C [16]. Lee et al. achieved 98% relative density at 2250 °C with 3 wt. % C
addition [5]. Increment of the C amount up to 5% increased the relative density up to 93%
at 2250 °C but further increment of the C starts to decrease the relative density at the same
parameters [17]. Flexural strength increased with the addition of 3% C from 174 MPa to
350 MPa.

According to the Baharvandi et al., addition of 5-30% TiB: increased the relative
density from 86% to 98,5% at 2150 °C [18]. Optimum amount of the TiB>is 15% for the
Vickers hardness and flexural strength values because the higher addition amounts
decrease the mechanical properties with one exception. Fracture toughness is the
exception because it shows stable increase with the increment of the addition.

Study of Subramanian et al. claims that the 2,5-30% ZrO> addition at 2275 °C for
1 hour increased the relative densities from 86,63% to 95,82% [19]. Vickers hardness
values are approximately same at all amounts of ZrO as 30-31 GPa. ZrB; is observed as
a secondary phase at the microstructure.

Another study about ZrO> addition is done by the Baharvandi et al. which is
increased the relative density from 75% to 98% at the range of 5-30 wt.% ZrO> addition
at 2150 °C for 1 hour [20]. Highest Vickers hardness value is obtained at the 20% ZrO»
while the highest fracture toughness and flexural strength are achieved at the 30% ZrO..

Levin et al. studied the 5-20% Ti at 2190 °C and 5-20% TiO; at 2160 °C as
sintering additives and increased the relative densities from 62% to 86% with Ti, from
72% to 95% with TiO2 [21]. Flexural strength increased continuously from 200 MPa to
420 MPa at the 5-20% TiO: addition. Their another study with the coarser B4C powder
at 2190 °C claimed that the relative density is increased from 73% to 93% with the 10-40
wt.% Ti0O; addition [22]. Flexural strength also increased from 120 MPa to 400 MPa.

Lee et al. studied with 1-5 wt.% Al>O3 addition and increased the relative density
from 85% to 96% at 3% Al>O3 at 2150 °C [23]. Higher than 3% addition decreased the
relative densities.

Study of Sigl shows the different effect of TiC addition at increased sintering
temperature. When the sintering temperature increases from 2150 °C to 2200 °C, fracture
toughness and flexural strength decrease [24]. His study claims that the increased TiC
amount from 1,5% to 6% decreased the Vickers hardness value even though the relative

densities are increased.



Table 1. Effects of the sintering additives on B4C

Sintered
Material
Sintering Conditions Relative Mechanical Properties References
Composition
Density
Bs«C + 5 wt. % 2275 °C, under a dynamic 5508 Knoop hardness of sintered samples are 8]
0
71O, vacuum, | hour, pressureless increased from 24-25 GPa to 32 GPa.
B4C + 5-30 wt. % = 2275 °C, under a dynamic 93.96 % Knoop hardness of sintered samples are [19]
- 0
71O, vacuum, | hour, pressureless increased from 27 GPa to 30-31.5 GPa.
2250 °C, 0.5L/min He gas Reduced the grain size from 2,8 micron
B4sC+3 wt. % C 98.65 % . [5]
flow, pressureless to 2,34 micron.
2050-2150 °C, Ar
Hardness, fracture strength and elastic
B4sC+4 wt. % Al = atmosphere, 1 hour, 94 % . [4]
modulus increased up to 4 % Al.
pressureless
2000 °C, 1 hour, Ar Relative density, hardness and flexural
B4sC + up to 10 .
atmosphere, 1 hour, 30 MPa = Almost 100 % strength increased up to 2.5 vol. %  [9]
VO]. % A1203
hot press Al Os.
2150 °C, under Ar Flexural strength decreases with the
BsC + 5 — 30 wt. ) o . o
atmosphere, 1 hour, = 95% increased grain size at high sintering = [25]
% C1‘3C2
pressureless temperatures.
B4«C + 18 wt. %
1960-2160 °C, Ar ) o
PF + 4 wt. % Rare earth oxide additives increased the
atmosphere, 2 hours, = 91.6-96.6 % [26]
Dy,0;,  Ew0;, flexural strength.
pressureless
Sm;O;
While the Y,0; addition decrease the
strength of the material, TiO, and ZrO,
B,C + Metal 2180 °C, Ar atmosphere, 2 o o
. 97.5-99 % additives maintained the strength of the = [27]
Oxides hours, pressureless
B,4C. Hardness values are lower than the
B4C.
2226 °C, under vacuum and o
) Grain sizes of both B4C and secondary
B,C + Al + Si Ar atmosphere, 4 hours, 97.4% [28]
phases are larger at loose compacts.
pressureless
Bs«C + 30 wt. % 2160 °C, Ar atmosphere, 1 Vickers hardness values are varied
97.5% [29]

YTZP

hour, pressureless

between 30-33 GPa.

Table 1 shows the effect of the different sintering additives. Most of the case,
mechanical properties and relative densities increase with the optimum amount of
sintering additives.

Common effects of the oxide additives like ZrO», Al,O3, rare earth oxide additives
and TiO; are increased hardness and increased relative density while the strength of the
material is found to be both increased and decreased depending on the additive. The main
reason of the increased relative density is liquid phase sintering of the oxide additives

with the help of homogeneous dispersion of the additive.
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CHAPTER 3

MATERIALS AND EXPERIMENTAL PROCEDURES

Boron carbide was the matrix material of this study due to its advantages.
Additives were used in order to reduce sintering temperatures for pressureless sintering.
Different methods such as precipitation method, sintering, metallographic procedures and

characterization techniques were followed to accomplish this goal.

3.1. Selected Additives and Their Ratio
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Figure 7. Phase diagram of AlbO; — Y203 [35]
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While the matrix material was chosen as boron carbide, alumina and yttria are the
main sintering additives of this study. At some studies, Y203 - Al,O3 ratio of 5:2 was
chosen to preserve the glassy phase at grain boundaries [30, 31]. In order to deflect the
growing crack in a material, brittle intergranular layer was needed and yttrium aluminum
garnet (YAG, Y3Als012) was the needed phase for that intergranular layer [32]. Yttrium
aluminum monoclinic (YAM, Y4AL2Oy) and yttrium aluminum perovskite (YAP, YAIO3)
are the other phases of the Al2O3 - Y203 system [33]. Al2Os - Y203 additives cause a
liquid phase with a low viscosity and encourages a rapid diffusion [34]. 60 wt. % ALOs
—40 wt. % Y205 ratios were selected because of their lowest eutectic point at their phase
diagram. Activation of the liquid phase sintering was attained at the 1760°C with the help

of the lowest eutectic point.

3.2. Precipitation Method as an Improved Processing

Precipitation method was used to distribute the additives as homogeneous as
possible. Well distributed additives increase the possibility of activating the liquid phase

sintering to reduce the sintering temperature which increases the relative density and

improve mechanical properties.

Figure 8. Example of the heterogeneous distribution of the additives and their
interphases [37]
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Horizontal section

ALO

Movement of the
supporting disc

Centrifugal
force

Rotation of the milling bowl

B,C

Figure 9. Synthesized powders via the traditional milling method (left) and precipitation
method (right)

Insoluble solid additives were nucleated from their metal hydroxides by solving
their salt precursors at the solvent. In order to obtain fully homogeneous distribution of
the additives, mixture had to be well mixed and supersaturated. Supersaturated mixture
could be achieved with the low temperatures, evaporation or increasing pH. Liquid
mixing/supersaturation, nucleation, crystal growth and aggregation were the main stages
of the precipitation method [36]. During the precipitation process, additives attached to
the surface of the suspended material. Another important factor about precipitation

method was that it can provide nano sized additive particles.

3.2.1. Procedures of the Precipitation

In order to obtain the most possible homogeneous distribution, all mixtures had
to be mixed and stirred for an adequate time. The main requirements for the precipitation

of the Y(NO,), and AI(NO,), with the B4C powders were the well-calculated amounts of

the additives, non-ionic surfactant, solvents, pH equalizer, magnetic stirrer and the

ultrasonication.
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B,C powders dispersed in distilled

water

Y(NO,); and AI(NO,), in Ammonia solution in
first burette second burette

Simultaneous addition of two burettes to the B £C-
water beaker at desired pH level

Aging of mixture for 1 hour

l

Draining the surplus liquid from the top of the mixture
and washing with alcohol

Drying the Co-precipitated
powders at 100 °C

Calcination at tube furnace

Powders are ready for cold-
press and sintering

Figure 10. Procedures of the synthesizing of B4C via the precipitation method
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3.2.2. Raw Materials

Boron Carbide: B4C was chosen because of its high mechanical properties even though
it has high sintering temperature. Fine grained powders were selected to sinter at
relatively lower temperatures due to the high specific surface area. The properties of the

B4C powder used in this study were shown below;

- B4C Grade HS (Product of H.C. Starck GmbH)
- Product No: AB134566

- Molecular Weight: 55,26 g/mol

- Density: 2,510 g/ml

- Melting Point: 2450°C

- Boiling Point: 3500°C

- Specific Surface Area: 15-20 m?/g

- Particle Size by Laser Diffraction: 0,6-1,2 um

Aluminum Nitrate Nonahydrate: Aluminum nitrate was used to obtain the aluminum
oxide as a sintering additive. Precipitation process needs nitrate salts to obtain the oxide

additives.

- Product of Carlo Erba (Aluminum nitrate nonahydrate RE, 312007)
- Chemical Formula: AI(NO3)3.9H>O

- Molecular Weight: 375,13 g/mole

- CAS No: 7784-27-2

Yttrium Nitrate Hexahydrate: Yttrium nitrate was used to obtain the yttrium oxide as

a sintering additive, similar to aluminum nitrate.

- Product of aber (Yttrium(II) nitrate hexahydrate; (99.9% Y), AB122290)
- Chemical Formula: Y(NO3)3.6H,O

- Molecular Weight: 383,01 g/mole

- Density: 2,682 g/cm®

- CAS No: 13494-98-9

Methanol: Methanol was used for washing the samples to eliminate the oxidation of the

powders and the residues of the precipitation process.

- Product of Tekkim (Methanol Extra Pure, TK.120320)
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Chemical Formula: CH3;0H
Purity: >=99,8%
Density: 0,790-0,793 g/cm?
CAS No: 67-56-1

Isopropanol: Isopropanol (2-Propanol) was used as a solvent of the nitrate salts.

Product of Carlo Erba (Propan-2-ol RPE - For analysis - ACS - Reag. Ph.Eur. -
Reag. USP, 415156)

Chemical Formula: CH3;CHOHCHj;

Density: 0,785-0,789 g/cm?

CAS No: 67-63-0

Ammonia Solution: 25% ammonia solution was used to regulate the pH of the mixture

during the precipitation.

Product of Carlo Erba (Ammonia solution 25% RPE - For analysis, 419993)
Chemical Formula: NH;OH

Density at 20° C: 0,901-0,907 g/cm?

CAS No: 1336-21-6

Triton X-100: Triton which is a nonionic surfactant was used to increase the suspension

time of the precipitation process.

Product of Merk (Triton X-100 for analysis, 1.08603.1000)
Chemical Formula: CsH17C¢H4(OCH2CH»),OH

Density at 20° C: 1,064-1,067 g/cm?

pH: 6-8

Cloud Point: 63-69° C

CAS No: 9036-19-5

Distilled Water: Distilled water was also used as a solvent like isopropanol and supplied

from the laboratory water distiller of TYTE.

3.2.3. Initial pH Studies

Precipitation process needed stable pH value to keep the surface characteristics of

the B4C powders balanced. Solubility of the nitrate salts was an important factor for the
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precipitation of the oxides and pH increase eases the precipitation with the help of
supersaturation [36]. pH value of the precipitation was determined by drawing the
titration curves of the B4C and nitrate salts and finding the equivalence point of all of
them.

HCI and KOH were used to regulate the pH of the solutions.

2 different 200 ml 0,01 vol.% B4C-H2O solution were prepared with the help of

magnetic stirrer at 200 rpm. (0,05 g B4C — 200 ml distilled water)

- 0,1 M HCI was prepared. (0,828 ml HCI- 100 ml distilled water)

- 0,1 M KOH was prepared. (0,561 gr KOH pellets — 100 ml distilled water)

- HCI was dropped to first beaker to decrease the pH (increase the acidity) of the
solution while the magnetic stirrer is continuously working.

- KOH was dropped to second beaker to increase the pH (increase the basicity) of

the solution while the magnetic stirrer is continuously working.

- pH meter was continuously measured the pH value of the solution.

3.2.4. Calculations of the Precipitation Method

Molar Weights of the Nitrate Salts:
Y(NO3)3.6H20 = 383,01 g/mole
Al(NO3)3.9H20 = 375,13 g/mole
Molar Weights of the Expected Additives:
AlbO3 =101,96 g/mole
Y203 = 225,81 g/mole
Chemical Formula of the Reactions:
2(AI(NO3)3.9H,0) + Solvents => A0z + Side Products;
2 x 375,13 g/mole AI(NO3):.9H20 => 101,56 g/mole Al>O;
2(Y(NO3)3.6H20) + Solvents => Y203 + Side Products;
2 x 383,01 g/mole Y(NO3)3.6H,0 => 225,81 g/mole Y>03
Necessary Aluminum Nitrate Amount to Obtain Alumina:
10 g B4C - Al,0O3; Mixture with 3 wt. % ALOg3;
2,208 g - 0,006 mole AI(NO3)3.9H>0 is necessary to obtain 0,3 g Al,O3
10 g B4C - Al,O3 Mixture with 6 wt. % Al>Os;
4,416 g - 0,012 mole A1(NO3)3.9H>0 is necessary to obtain 0,6 g Al,O3
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Necessary Yttrium Nitrate Amount to Obtain Yttria:
10 g B4C - Y203 Mixture with 2 wt. % Y203;

0,68 g - 0,00176 mol Y(NO3)3.6H>O is necessary to obtain 0,2 g Y203
10 g B4C - Y203 Mixture with 4 wt. % Y203;

1,356 g - 0,00352 mol Y(NO3)3.6H20 is necessary to obtain 0,4 g Y203

3.3. Characterization Techniques

Zeta potential, XRD, cutting, grinding, polishing of the specimen, SEM analysis
and porosity analysis via ImageJ software were the main characterization techniques of

this study.

3.3.1. Zeta Potential

The principle of zeta potential method was to analyze the surface charge of the
particle. Zeta potential values of the pure B4C and the precipitated powders were
compared to observe the success of the process. [soelectric point was the point where the
surface charge of the particle equals to 0. Additives and oxide layers changed the
1soelectric point of the pure powders due to the coating characteristic. Isoelectric points

of the powders were compared to understand the success of the process.

Figure 11. Zetasizer Nano device [38]

HCI and KOH were used to regulate the pH of the solutions.
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- 2 different 200 ml 0,01 vol.% B4C-H>O solution were prepared with the help of
magnetic stirrer at 200 rpm. (0,05 g B4C — 200 ml distilled water)

- 0,1 M HCI was prepared. (0,828 ml HCI- 100 ml distilled water)

- 0,1 M KOH was prepared. (0,561 gr KOH pellets — 100 ml distilled water)

- HCI was dropped to first beaker to decrease the pH (increase the acidity) of the
solution while the magnetic stirrer is continuously working.

- KOH was dropped to second beaker to increase the pH (increase the basicity) of
the solution while the magnetic stirrer is continuously working.

- 10 milliliters of solutions with different pH values as 4-5-6-7-8-9 pHs were
collected for zeta potential analysis.

- Zetasizer Nano Series Disposable Folded Capillary Cell (DTS 1070) was used to
drop the prepared solutions into it. Cell was placed inside the device for analysis.

- Analysis was done with Zetasizer Nano device at the Chemical Lab of the IYTE.
(All standard parameters were used except the test cycle number. Cycle number
was increased from 3 to 6.)

- Zetasizer software was used to investigate the results and Origin software was

used to draw a graph from collected data.

3.3.2. X-Ray Diffractometry

Figure 12. X-Ray Diffraction device [39]
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X-Ray diffraction (XRD) method used the crystal structure of the elements and
compounds by diffracting the x-ray beams. All crystals had different XRD patterns and
XRD method used these patterns to identify the unknown powders. Count numbers of the
peaks showed the intensity of the elements and compounds in the powder. Pure and
precipitated powders were analyzed to examine the oxidation. All analyses were done
along 1 hour between 10-80° (2 theta). Obtained data was examined by X’Pert Highscore
Plus software. Philips X Pert Pro device was used for all XRD analyses at the IYTE
MAM.

3.3.3. Sintering, Cutting, Grinding, Polishing

Processed and commercial powders were pressed to form pellets. 12 mm diameter
mold was used for cold press. 1 gr of powder was pressed with 22700 kg (50000 pounds)
force equals to 2 GPa pellet pressure. Prepared samples were put into the alumina crucible
in order and crucible was placed inside an alumina tube. Tube was placed in front of the
gas outlet of the high temperature furnace to sustain the inert atmosphere. Ramping stages
of the furnace were room temperature to 1500 °C with 10 °C/min increment and 1500 °C
to 1750 °C with 5°C/min increment. Dwell time was 3 hours at 1750 °C and cooling cycle
was ramped to -10 °C/min to room temperature. Valve of the Argon gas was opened at

100 °C manually with 2 1/min flow rate to keep the atmosphere inert.

CARBOLITE
YCEROEET

Figure 13. High temperature furnace
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Sintered samples were cut with Struers Minitom tabletop precision cutting device.
Diamond cut-off disc was used with varying speeds as 100-200 rpm.

Cut samples were mounted with Struers CitoPress-5 hot press equipment.
Standard parameters were used and samples were mounted at 180° C with black phenolic

powder as Metkon BAK-B 29-001 Hot Mounting Resin.

Figure 14. Grinder-Polisher device

Metkon Forcipol 2V Grinder-Polisher with Dosione and Forcimat specimen
mover were used for the grinding and polishing purpose. All functions of the device were
used to standardize and automate the process.

Metkon DEMPAX 38-040-S SiC paper grinding discs were used for grinding. 600
and 1000 grit papers were used for grinding.

Grinding Parameters for 600 and 1000 Grit Papers:

- Tap water as lubricant and heat distributor

- 10 N specimen load

- Forward motion and 150 rpm paper speed

- Clockwise motion and 75 rpm specimen mover speed

- 3 minutes grinding duration for both papers
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Metkon METAPO-P 39-013-250 Fine Woven Cloth, DIAPAT-M 6m 39-430-M

Water Based 6 micron Diamond Solution, DIAPAT 39-502 Water Based Diamond
Lubricant, FEDO-1S 39-066-250 Flock Polishing Cloth, DIAPAT-M Im 39-410-M
Water Based 1 micron Diamond Solution, COLLO 39-085-250 Chemo-mechanical
Cloth, COL-K 39-600 Colloidal Silica were used for polishing.

Polishing Parameters for 1% Step:

DIAPAT 39-502 Water Based Diamond Lubricant was automatically feeded from
Dosione

Forward motion and 100 rpm METAPO-P 39-013-250 Fine Woven Cloth speed

DIAPAT-M 6m 39-430-M Water Based 6-micron Diamond Solution was sprayed
twice onto the cloth

Counter-clockwise motion and 50 rpm specimen mover speed

15 N specimen load

5 minutes polishing duration

Polishing Parameters for 2" Step:

DIAPAT 39-502 Water Based Diamond Lubricant was automatically feeded from
Dosione

Forward motion and 100 rpm FEDO-1S 39-066-250 Flock Polishing Cloth speed
DIAPAT-M 1m 39-410-M Water Based 1 micron Diamond Solution was sprayed
twice onto the cloth.

Counter-clockwise motion and 50 rpm specimen mover speed

15 N specimen load

5 minutes polishing duration

Polishing Parameters for 3™ Step:

Forward motion and 50 rpm COLLO 39-085-250 Chemo-mechanical Cloth speed
COL-K 39-600 Colloidal Silica was poured until the liquid spread onto the cloth
homogenously

Counter-clockwise motion and 50 rpm specimen mover speed

10 N specimen load

2 minutes polishing duration
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3.3.4. Scanning Electron Microscopy

After the polishing process, samples were taped with aluminum and coated with
gold to increase the reflectivity of the electron beams coming from the Scanning Electron
Microscopy (SEM). All samples were carefully investigated at high magnifications with

both secondary electron mode and back-scatter electron mode.

r

Figure 15. SEM device [39]

Secondary electron mode aimed to analyze the topography of the sample to
correctly obtain the 3D surface information as shapes or pores. Back-scatter electron
mode collected the diffraction data of the sample to differentiate each element by showing
different brightness at different areas. Elements with high molecular weight had high
brightness than the others in the image.

EDS maps were also obtained with back-scatter electron mode to show the
distribution of the elements. All analyses were done by FEI QUANTA 250 FEG
microscope at the [YTE MAM.
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3.3.5. Porosity Analysis via ImageJ Software

Porosity analysis was done with open source ImageJ image processing software.
Even if the Archimedes method was widely accepted way of measuring the density and
porosity of the sintered samples, Imagel] software was used to measure the porosity
because the sintered samples had lots of cracks and could not hold themselves together
under water. Threshold of the SEM images of the samples was adjusted until the pores

are painted in black to form an opinion about the porosity.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Initial Studies

In order to successfully precipitate the additives of boron carbide, stable pH value
of precipitation process has to be found. Equivalence point of all of the additives and
commercial boron carbide was determined to find a common point.

While the equivalence points of B4C and aluminum nitrate are close to each other,
aluminum nitrate is higher than all of them. As seen in Figure 16, 9,5 pH value is chosen
in order to successfully precipitate the additives although the equivalence point of yttrium

nitrate is 8 pH.

) —=—pH (Aluminum Nitrate)
4 ——pH (B4C)
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Added Ammonia Solution (ml)

Figure 16. Titration curves of the raw materials
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X-Ray Diffraction analysis is done to the raw B4C powder to investigate the purity
of the powders and the result can be seen in Figure 17. C peak is observed as expected
because of the residual C left from the production of the B4C. Other unusual peak belongs
to the B20Os due to the oxidation of the powder. That oxide peak has a low intensity and

can be easily eliminated with the methanol washing.
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Figure 17. XRD graph of the unprocessed B4C

Zeta potential analysis is done to find the isoelectric point of the B4C. As shown
in Figure 18, unprocessed powders have a isoelectric point as 5,2 pH while the methanol
washed powders have a lower value of isoelectric point as 4.7 pH. Eliminating the oxide
layer above the surface of the B4C with methanol washing reduces the isoelectric point
and ensures that the correct isoelectric point of pure B4C can be measured.

Sharp and micron sized B4C particles are observed at high magnifications with
the secondary electron mode of the SEM (see Figure 19). Secondary electron mode (ETD)

is used to clearly investigate the surface and morphology of the powders.
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Figure 18. Zeta Potential graph of the B4C
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Figure 19. SEM image of the commercial boron carbide particles at high magnification
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4.2. Precipitation Studies of Boron Carbide

4.2.1. Powder Analysis of Precipitated B4C Powders with the Oxide
Additives Calcined under Ambient Atmosphere

First of all, precipitation studies are performed under ambient atmosphere to
precipitate the additives on boron carbide particles. Al2O3 and Y203 are the additives and
first study conducted to obtain 3% AlO3 and 2% Y>0s. Nitrate salts of the additives and
ammonia solution are simultaneously added to the boron carbide-distilled water beaker
while the pH is kept stable at 9,5. After the precipitation, powders are calcined at the tube
furnace to eliminate the residual inorganics at 400 °C.

All the peaks of B4C were observed in Figure 20 with the high intensity B2O3
peaks. These oxide peaks are the results of the calcination process at 400°C under the
atmosphere of air. Peaks of Al2O3 and Y203 cannot be observed at first glance because of

the low amounts of additives.
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Figure 20. XRD graph of the precipitated B4C powders with the additives of 3% Al,O3
+2% Y203
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Isoelectric point of the synthesized particles is moved further to the right side of
the axis as expected (see Figure 21). The reason behind this change is the attached
additive particles above the surface change the surface charge of the B4C and isoelectric
point of synthesized powders become closer to the isoelectric point of the additives. This

change shows the success of the precipitation method.
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Figure 21. Zeta potential graph of the precipitated B4C powders with the additives of
3% ALOs3; + 2% Y203

Due to the drying process, analyzed powders are agglomerated even the crushing
process is done. B4C powders are significantly apparent in Figure 22 and 23 other than
the precipitated additives. Additives can be seen with the secondary electron mode at the
surface of the B4C powders at the high magnification. Bright areas at the images of the
back-scatter electron mode show that the surface of the B4C is coated with the additives
successfully.

After the first study, amount of the additives is doubled to analyze the precipitated
powders. Especially the surface characteristic is investigated because of the increment of
additive amount. In theory, when the amount of the additive increases, coating will be

thicker and uncoated areas will be disappeared.
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Figure 22. SEM (secondary electron mode) image of the precipitated B4C powders with
the additives of 3% Al203 + 2% Y203 at high magnification
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Figure 23. SEM (backscatter electron mode) image of the precipitated B4C powders
with the additives of 3% ALO; + 2% Y20; at low magnification
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Peaks of the synthesized powders at the XRD graph seems like almost same as
the powders with additives of 3% ALLO; + 2% Y203. Double amounts of additives do not

change the peak pattern as well as the C and B>O3 peaks which can be seen in Figure 24.
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Figure 24. XRD graph of the precipitated B4C powders with the additives of 6% Al>.O3
+4% Y203

While the graph of the synthesized powders looks similar to the powders with 3%
ADLOs + 2% Y20s additives, isoelectric point of the synthesized powders falls below the
B4C. The probable reason of this situation is the oxide layer above the surface of the
synthesized powders (see Figure 25). The reason behind that oxide layer comes from the
calcination process. Calcination at ambient atmosphere increases the oxidation rate of the
boron carbide powders. Because of that, graph of the precipitated powders is similar to

the graph of the commercial boron carbide powders.
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Figure 25. Zeta potential graph of the precipitated B4C powders with the additives of
6% Al,O3 + 4% Y203

As seen in Figure 26 and 27, SEM images with high magnification show that the
additives are successfully attached to the surface of the B4C powders while the back
scatter electron mode shows some areas bright. These bright areas show the existence of

higher atomic number elements such as yttrium and aluminum.

IYTEMAM

Figure 26. SEM (secondary electron mode) image of the precipitated B4C powders with
the additives of 6% Al,O3 + 4% Y203 at high magnification
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Figure 27. SEM (backscatter electron mode) image of the precipitated B4C powders
with the additives of 6% AlOs + 4% Y20; at low magnification

Oxidation and dispersion are the main problems at this point. According to the
B>0Os3 peaks at the XRD graph and low isoelectric point value at the zeta potential graph,
oxidation problem has to be eliminated at the next studies. SEM images also show the
elements with high atomic numbers and they are not dispersed homogeneously

throughout the images.

4.2.2. Powder Analysis of Precipitated B4C Powders with the Oxide
Additives Synthesized with 2 Burettes Calcined under Ambient
Atmosphere

After the study with double amount of oxide additives, precipitation process
improved with 2 burettes. While the nitrate salt of the Al2O3 poured into the beaker with
one burette, nitrate salt of the Y203 poured with separate burette. Ammonia solution is
added to the mixture with syringe to keep the pH value at 9,5. The reason behind that trial

is improving the dispersion of the additives by adding them to the mixture separately.
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XRD analysis shows that the pattern of the sample is same as the powders
precipitated with conventional method. But the main difference is the oxide peaks have a
low intensity at the powders precipitated with 2 burettes (see Figure 28). The probable
reason behind the oxide peaks is the calcination atmosphere which includes oxygen.

Oxygen reacts with the boron at high temperatures as 400 °C and forms boron oxide as a

result.
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Figure 28. XRD graph of the precipitated B4C powders with the additives of 3% Al2O3
+ 2% Y203 (Precipitated with 2 burettes)

Zeta potential analysis shows that the isoelectric point of the synthesized powders
has a same value as the powders precipitated with conventional method. As shown in
Figure 29, isoelectric point moves further to 8,2 pH as desired after washing with
methanol to eliminate the oxide layer. Fluctuation of the graph may be the reason of

irregular additive coating on the surface of the boron carbide particles. That fluctuation
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can be related with additive amount, stirring duration of mixture or suspension time

during the precipitation process.

——B4C

—&@— 3% AI203 + 2% Y203 (Precipitated with 1 burette)

—A— 39 AI203 + 2% Y203 (Precipitated with 2 burettes)

—W—3% AI203 + 2% Y203 (Precipitated with 2 burettes, \Washed with methanol)
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Figure 29. Zeta potential graph of the precipitated B4C powders with the additives of
3% AlO3 + 2% Y203 (Precipitated with 2 burettes)

As a result of this study, oxidation is still a problem and dispersion is not
homogeneous enough to obtain smooth curve at zeta potential graph. Precipitated and
unwashed powder has an almost same isoelectric point with the sample precipitated with
1 burette. Methanol washing eliminates the oxide layer but washed sample has a

fluctuation at the zeta potential curve.

4.2.3. Powder Analysis of Precipitated B4C Powders with the Oxide
Additives Calcined under Ar Atmosphere

In order to eliminate the observed B,Os peaks of previous studies, calcination

atmosphere was changed to Argon atmosphere from ambient atmosphere. Because Argon
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is an inert gas, boron carbide particles cannot react with oxygen to form B2O3 at high
temperatures.

XRD patterns show that calcination under Ar atmosphere prevents the formation
of the oxide layer. Figure 30 shows that the pattern of synthesized powders is similar to

the powders precipitated with conventional method except the B2O3 peaks.

3% AI203 + 2% Y203 (calcined under Ar atmosphere)\
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Figure 30. XRD graph of the precipitated B4C powders with the additives of 3% Al2O3
+ 2% Y203 (Calcined under Ar atmosphere)

As seen in Figure 31, isoelectric point of the sample is measured as 6 pH as same
as powders synthesized with conventional precipitation method. But, trend of the graph
is generally higher than the conventional method. Even if the XRD analysis cannot
observe the oxide peaks, low level of isoelectric point states the proof of the oxide layer.
Isoelectric point increases to 8,3 pH after the methanol washing of the powders. Methanol
washing eliminates the B>O3 layer and yttria and alumina coated boron carbide surfaces

increases the isoelectric point.
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—¥— 3% AI203 + 2% Y203 (Calcined under Ar atmosphere, washed with methanol)

Figure 31. Zeta potential graph of the precipitated B4C powders with the additives of
3% AlO3 + 2% Y203 (Calcined under Ar atmosphere)

SEM images of back-scatter electron mode demonstrate the precipitated additives
like the other prepared samples. Figure 32 shows the yttria as bright areas, alumina as
semi-bright areas and boron carbide as dark areas. These images still shows the yttria

agglomerations.

Figure 32. SEM (backscatter electron mode) image of the precipitated B4C powders
with the additives of 3% Al,O3 + 2% Y2053 at a) low, b) high magnification
(Calcined under Ar atmosphere)
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4.2.4. Calcination Process under Protective Atmosphere

Another experiment is done to investigate the effect of the duration on the
synthesized powders while the calcination temperature is increased to 500 °C. Figure 33
shows that all powders are taken from the same batch and calcined for 1-3-5 hours to
compare the isoelectric points. While the powders calcined for 1 hour gave improved
result with isoelectric point as 8,4 pH, other powders gave isoelectric point as 8,2 pH.
They have almost same result because of the oxidation.

There is a big fluctuation at the samples calcined for 3 and 5 hours. The reason
behind that can be the heterogeneous additive dispersion above the surface of boron
carbide particles. Uneven dispersion and agglomeration of the yttria causes a fluctuation

at the zeta potential graph, shows more than one intersection.

—i— 3% AI203 + 2% Y203 (Calcined under Ar atmosphere for 1 hour)
—@— 3% AI203 + 2% Y203 (Calcined under Ar atmosphere for 3 hours)
20 - —A— 3% AI203 + 2% Y203 (Calcined under Ar atmosphere for 5 hours)
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Figure 33. Zeta potential graph of the precipitated B4C powders with the additives of
3% Al203 + 2% Y203 (Calcined under Ar atmosphere for 1-3-5 hours at
500 °C)
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4.2.5. Ultrasonication Improvement for Optimized Precipitation

In order to compare the effects of different additive amounts, precipitation method
is improved with the use of ultrasonic stirrer addition to the magnetic stirrer. Solution is
mixed with ultrasonic stirrer for 15 minutes after the magnetic stirrer in order to eliminate
the inadequate mixing possibility which can cause heterogeneous dispersion. Ultrasonic
stirrer method uses micro scaled cavitation bubbles to restrain agglomeration of the
additives during the precipitation but results are not successful as samples washed with
methanol due to the oxide layer of the B4C. Powders with the additives of 3% Al,O3 +
2% Y203 and 6% Al,O3 + 4% Y203 are analyzed and results are matches with each other.
Methanol washed samples gave the true zeta potential results of the powders with
isoelectric point as 8,5 pH in Figure 34. Powder with high additive as 6% AlOs + 4%
Y203 gave the best result of the all experiments with smooth curve which is a sign of

successful elimination of the oxide layer of B4C.
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Zeta Potential (mV)
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—B—-B4C

=&— 3% AI203 + 2% Y203 (Co-Precipitated without ultrasonication method, Calcined under ambient atmosphere for 1 hour)

—d— 3% AI203 + 2% Y203 (Co-Precipitated with ultrasonication method, Calcined under Ar atmosphere for 1 hour, mixed with Ultrasonication)
—¥—6% AI203 + 4% Y203 (Co-Precipitated without ultrasonication method, Calcined under ambient atmosphere for 1 hour)

—a—6% AI203 + 4% Y203 (Co-Precipitated with ultrascnication method, Calcined under Ar atmosphere for 1 hour, mixed with Ultrasonication)

Figure 34. Zeta potential graph of the precipitated B4C powders with the additives of
3% Al,O3 + 2% Y203 and 6% Al,O3 + 4% Y20s3 (Calcined under Ar
atmosphere for 1 hour, mixed with ultrasonication method)
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Figure 35 shows that there are yttria rich agglomerations at precipitated powders
calcined for 5 hours. It is seen that when the precipitated powders are compared with the
milled samples, additives of the precipitated powders are dispersed more homogeneously
against the milled powders. It can be said that homogenization of additives is successful
by the help of precipitation method. Layer of the additives are hard to detect at SEM
images of precipitated powders. Particles size of the additives can be discovered as

micron and sub-micron sized according to the SEM images of the milled samples.

Figure 35. SEM (backscatter electron mode) image of the a) precipitated, b) milled B4C
Powders with the additives of 3% AlO3 + 2% Y203

4.2.6. Comparison of the XRD Graphs of Powders

XRD graphs are scaled according to the peak at 24° and stacked for comparison
in Figure 36. Graph below demonstrates the oxide peaks among the samples with different
additive amounts. Even if the amounts of additives are different at three different samples,
patterns are almost same at three of them. While there is also slight difference between

the peaks at 38°, other peaks look same. Same XRD parameters are used for three
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different experiments. Alumina and yttria peaks are not investigated at the XRD graphs

due to the low coating thickness.
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Figure 36. Stacked XRD graph of the precipitated B4C powders with the additives of
3% Al,O3 + 2% Y203 and 6% Al,O3 + 4% Y203

Another comparison is done to investigate the improvements of the precipitated
method below (see Figure 37). Oxide peaks are eliminated with the methanol washing
and calcination under Ar atmosphere. Peak intensities at the 38° are also different like the
graph above which is not expected because of the same additive amounts. Same XRD
parameters are used for these experiments. Specific alumina and yttria peaks are not
investigated at the graphs as before because of the low coating thickness of the additives
as the previous XRD graphs. Existence of the additives are proven with the SEM images
and EDS maps other than the XRD graphs.
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Figure 37. Stacked XRD graph of the precipitated B4C powders with the additives of
3% AlLO3 + 2% Y203

4.3. Sintering Studies

4.3.1. Effect of Precipitation Compared to Commercial Boron Carbide

Porosity of the sintered boron carbide sample is analyzed with ImagelJ software
and SEM image to give an idea of approximate result. Archimedes method is not
applicable for the sintered compacts due to the stability of the sintered samples. Sintered
compacts are easily getting went to pieces during the preparing stage. Sintering is done

at 1750 °C for 1 hour under Ar atmosphere.
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As seen in Figure 38, BSED images shows the elemental analysis of the sintered
compact with the help of backscattered electron mode of SEM. No material other than
the B4C is identified as bright area at the image which can be seen in an image.

As shown in Figure 39, ETD images show the morphology of the sintered
structure with the help of secondary electron mode of SEM. Sharp B4C particles are seen
in the image with low amounts of necking between them. Low sintering temperature and

low atmospheric pressure are the reasons for the low relative density.
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Figure 38. SEM (backscatter electron mode) image of the commercial B4C compact at
a) low, b) high magnification

Figure 39. SEM (secondary electron mode) image of the commercial B4C compact at a)
low, b) high magnification
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As seen in Figure 40 and 41, SEM images show that additives reduce the porosity
with the help of additives. While the bright spots show the place of the yttria clusters,
alumina is seen dispersed more homogeneous.

Figure 42 shows that porosity is lower than the commercial boron carbide
compacts because of the increased necking between particles. Moreover, observable
particles are seen rounded compared to the sharp commercial boron carbide powders. It

can be said that the sintering is started at 1750 °C with the oxide additives.

Figure 40. Elemental mapping images of the precipitated B4C Powders with the Oxide
Additives Calcined under Ambient Atmosphere

Figure 41. SEM (backscatter electron mode) image of the precipitated B4C Powders
with the Oxide Additives Calcined under Ambient Atmosphere at a) low, b)
high magnification
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Figure 42. SEM (secondary electron mode) image of the precipitated B4C Powders with
the Oxide Additives Calcined under Ambient Atmosphere at a) low, b) high
magnification

4.3.2. Effect of Calcination Time on Sintering

In order to advance the study, samples are sintered for different calcination time
under Argon atmosphere to investigate the parameters like porosity of the sintered sample
and the dispersion of the oxide additives. To eliminate residual material, calcination
duration is limited to 1 hour for comparison.

BSED images shows the improved dispersion of the additives in Figure 43. Bright
areas show the additive due to the higher atomic weight of the yttrium and aluminum
which is not observed at the SEM image of the pure B4C. In addition, elemental mapping
of the BSED mode shows the dispersion of each elements which exhibits the oxide
additives. While the aluminum is distributed more homogenously, yttrium seems less
homogeneous because of the high magnification in Figure 44.

ETD images of the sample clarifies the morphology and porosity of the compact
in Figure 45. Necking occurred in the sintered compact more than the pure B4C while the
porosity is lower than that. Densification is improved with the sintering additives
compared to the sintered compact of the commercial boron carbide powder. When the
image taken with secondary electron mode compared to the image taken with backscatter
electron mode, location of some bright particles matches at both images. These bright

particles show the location of the yttria agglomerations.
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Figure 43. SEM (backscatter electron mode) image of the precipitated B4C Powders
with the Oxide Additives Calcined under Ar Atmosphere for 1 Hour at a)
low, b) high magnification

Figure 44. Elemental mapping images of the precipitated B4C Powders with the Oxide
Additives Calcined under Ar Atmosphere for 1 Hour

Figure 45. SEM (secondary electron mode) image of the precipitated B4C Powders with
the Oxide Additives Calcined under Ar Atmosphere for 1 Hour at a) low, b)
high magnification
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Calcination time is increased from 1 hour to 3 hours at this study. In order to
successfully eliminate the residues left from precipitation, calcination time increased and
its effect is observed. Most apparent effect is decreased porosity against pure B4C and
sample with 1 hour calcination.

As seen in Figure 46, BSED images also show successful dispersion of the oxide
additives as a sample calcined for 3 hours. It can be also seen that the precipitated oxide
additives are precipitated at the boundaries of the B4C particles which improves the liquid
phase sintering. Elemental mapping demonstrates the similar results as before in Figure
47. While the aluminum is distributed as optimum as possible, yttrium seems a bit

agglomerated. ETD images at Figure 48 shows the same necking characteristics. These

characteristics are not changed for samples of 1 hour and 3 hours calcined.

Figure 46. SEM (backscatter electron mode) image of the precipitated B4C Powders
with the Oxide Additives Calcined under Ar Atmosphere for 3 Hours at a)
low, b) high magnification

Figure 47. Elemental mapping images of the precipitated B4C Powders with the Oxide
Additives Calcined under Ar Atmosphere for 3 Hours
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Figure 48. SEM (secondary electron mode) image of the precipitated B4C Powders with
the Oxide Additives Calcined under Ar Atmosphere for 3 Hours at a) low, b)
high magnification

As seen in Figure 49, 50 and 51, BSED images, elemental mappings and ETD
images show same distributions of the elements and same morphology as before.
Dispersion of yttrium and aluminum is different from each other. While the aluminum is
distributed more homogeneously, yttrium is distributed a bit agglomerated. This yttrium
agglomeration reduces the chance of activating a liquid phase sintering. Due to these
similar results of the samples calcined for 3 and 5 hours, further durations like 7 hours or

more are not studied.

Figure 49. SEM (backscatter electron mode) image of the precipitated B4C Powders
with the Oxide Additives Calcined under Ar Atmosphere for 5 Hours at a)
low, b) high magnification
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Figure 50. Elemental mapping images of the precipitated B4C Powders with the Oxide
Additives Calcined under Ar Atmosphere for 5 Hours

Figure 51. SEM (secondary electron mode) image of the precipitated B4C Powders with
the Oxide Additives Calcined under Ar Atmosphere for 5 Hours at a) low, b)
high magnification

As shown in Figure 52, dispersion of the yttrium is compared between 1,3 and 5
hours of calcination duration. It is seen that the agglomeration is getting bigger when
the calcination time increases to 5 hours which can be related to the oxidation of the
B4C.

In addition, another EDS analysis is also done to observe the result of B4C
powders with the additives of 3% ALO3 + 2% Y203 at low magnification. It shows that

the additive dispersion is homogeneous all over the images while the heterogeneous

49



dispersion is only observable at high magnifications like 5000x according to the former

analyses (see Figure 53).

s

Figure 52. EDS maps of the yttrium in the precipitated and sintered B4C powders with
the additives of 3% Al,O3 + 2% Y203 (a) Calcined for 1 hour, b) Calcined for
3 hours, c¢) Calcined for 5 hours)

Figure 53. Elemental mapping images of the precipitated B4C Powders with the Oxide
Additives Calcined under Ar Atmosphere at 1000x magnification

Figure 54 shows the EDS analysis of precipitated and sintered B4C powders with
the additives of 3% ALOs + 2% Y20s. Two different areas are taken into consideration
for comparing the bright and dark areas. According to the EDS analysis of the sintered
compact, high amount of yttrium is detected at the Spectrum 6 while the Spectrum 7
doesn’t have yttrium peaks. On the other hand, amount of aluminum is almost 20% higher
at the dark area. This analysis demonstrates that the dispersion of both additives is not
evenly distributed while the aluminum is dispersed better. It is also seen that the

precipitated and agglomerated yttrium additive is scaled up to 10 micrometers.
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Figure 54.

EDS graphs of the precipitated and sintered B4C powders with the additives

of 3% AlLO3 + 2% Y203, a) Spectrum 6, b) Spectrum 7
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4.3.3. Sintered Sample of Milled Powders

In order to compare the benefits of the precipitation method, pure B4C is mixed
with the same amount of oxide additives which are equal to 3% Al2O3 and 2% Y203 of
the whole mixture at the mill for 8 hours. Same sintering conditions as precipitated
samples are applied for the milled powders for proper comparison.

BSED images show the yttrium at brightest areas while the aluminum is seen less
bright in Figure 55. It is the fact that both yttrium and aluminum are seen agglomerated
even at 1000x magnification. When the second image is examined at 10000x, cracks and
pores are clearly seen and they are placed beside the yttrium particles. It can be concluded
that the heterogeneous additive dispersion fails to start the liquid phase sintering and to

fill the pores successfully.
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Figure 55. (Cont. on next page)
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Figure 55. SEM (backscatter electron mode) images of the milled B4C Powders with the
Oxide Additives at a) low, b) high magnification (cont.)

As shown in Figure 56, yttrium and oxygen agglomeration is observed at the
milled B4C sample with oxide additives. It can be the reason of heterogeneous mixing
during the milling process. Particles of the oxide additives are not dispersed as
precipitated samples because precipitation process includes coating of the B4C powders

while the oxide particles are distributed separately at the milling process.

Figure 56. Elemental mapping images of the milled B4C Powders with the Oxide
Additives at 2500x magnification
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When densities of the sintered compacts are compared with Image] analyses,

precipitation method gives the best result against the commercial boron carbide and

milled boron carbide powders with oxide additives (see Table 2). The reason is that

additives are dispersed more homogeneously with the precipitation method which leads

to better liquid phase sintering between the particles.

Table 2. Comparison of the porosities of commercial, milled and precipitated boron

carbide powders

Commercial Boron Milled Boron Precipitated Boron
Powder Type Carbide Compact Carbide Compact Carbide Compact
Porosity 16,10 % 17 % 12,44 %
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CHAPTER 5

CONCLUSIONS

Precipitation method is used as an addition method of sintering additives in this
study. Both the nitrate salts of the additives and the boron carbide powder have been
mixed in the water while the ammonia solution is used as a pH equalizer. After aging and
drying stages of the solution, agglomerated powders are crushed with mortar and calcined
in a tube furnace. As a result of these processes, boron carbide powders are coated with

the oxide additives. Below conclusions are obtained as a result of this study.

- Boron carbide powders are prone to oxidize in an ambient atmosphere. Even the
raw boron carbide powders have an oxide peak at the XRD graph. Methanol
washing is a proper method to eliminate the oxide layer above the surface of the
boron carbide powders. Methanol washing moves the isoelectric point of the
boron carbide from 5.2 pH to 4.7 pH in a zeta potential graph.

- Most of the precipitation in this study is done with one burette while the second
burette is used for ammonia solution. Separating the oxide additives to two burette
does not change the surface characteristics of the precipitated powder according
to the zeta potential graph.

- Calcination atmosphere is important for the oxidation of boron carbide powders.
Changing the atmosphere from ambient to Argon changes the oxidation behavior
of the boron carbide powders due to the lack of oxygen. There are no oxide peaks
at the XRD graph of the 3% AlO3 + 2% Y203 and isoelectric point moves from
6 pH to 8 pH with the Argon atmosphere. Methanol washing also translates the
isoelectric point further to 8.3 pH.

- Effect of the calcination is also investigated and it is found that formation of oxide
layer is occurred according to the zeta potential graph. When the calcination time
increases from 1 to 3 and 5, isoelectric point and trend of the graph changes. There
is a slight peak between 5 to 6 pH which is a sign of oxide layer above the surface
of the boron carbide powders. It is also seen that when the zeta potential solutions
are ultrasonicated with methanol for eliminating oxide layer, 3 hours calcined

sample loses the oxide peak while the 5 hours calcined sample stays almost same.
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Ultrasonication with methanol eliminates the oxide layer and increases the
isoelectric point.

When the calcined samples sintered, it is seen that long-time calcined samples like
3 and 5 hours have lower porosity than 1 hour calcined sample but yttrium oxide
dispersion is getting more heterogeneous as a result of increased calcination time.
Oxide formation can be the reason behind this consequence.

Porosity and agglomeration of yttria and alumina are increased at the sintered
samples of milled powders when the SEM images are compared with precipitated
samples. The reason behind that is heterogeneous dispersion of the oxide additives

at the milling process compared to the coating stage of the precipitation.
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