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Synopsis

Title: Studies on the synthesis, densification and oxidation of zirconium diboride based materials

1. Introduction

Zirconium diboride (ZrB) is considered a leading material in the category of ultra high
temperature ceramics (UHTC) due to very high melting point (3245°C), high thermal conductivity
(57.9 Wm™ K ™), good thermal shock resistance, low coefficient of thermal expansion (5.9x10° °C™),
retention of strength at elevated temperatures and stability in extreme environments [1-3]. ZrB, is
considered a candidate material for hypersonic flight, atmospheric re-entry and rocket propulsion [1,
4, 5]. It gets wetted but not attacked by molten metals and hence used for holding molten metal and as
thermo-well tubes in metal processing [6]. Good electrical conductivity makes it suitable for electrode

application in Hall -Heroult cell and electric discharge machining [7-9].

Zirconium diboride has two major limitations, (1) poor sinterability and (2) low fracture
toughness. Densification of monolithic ZrB; is very difficult due to strong covalent bonding and low
self-diffusion [1, 10]. In this study, efforts were made to overcome these limitations by using suitable
sinter additives. Zirconium diboride can be densified by liquid phase sintering or by solid phase
sintering. Titanium disilicide (TiSi;) and Chromium disilicide (CrSi;) have been selected as sinter
additives for liquid phase sintering process. These silicides have low melting point and thus can be

useful in liquid phase sintering.

For solid state sintering, Europium hexaboride (EuBs) was selected as sinter additive.
EuBg is a boron rich boride and thus can introduce structural defects (interstitial point defects) in ZrB,
lattice on formation of solid solution. Presence of point defects would result in enhanced diffusion and

thus may be helpful in densification.

Additives are also expected to improve fracture toughness by crack deflection which could
be due to presence of second phase. TiSi, and CrSi, are expected to increase the oxidation resistance
of ZrB, by formation of silica based protective layer. Effect of EuBs on oxidation behavior of ZrB; is

not reported till date. In this study, investigations were carried out in this direction.
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Objective:
The first objective of present study is to carry out detailed investigation on synthesis of
ZrB, by boron carbide reduction of ZrO, in presence of carbon according to reaction (1).

71O+ 1/2B4C +3/2C — ZiBy +2CO...ooooeee . (1)

Though this synthesis route has been used by some researchers [11, 12], detailed results are not
available in the open literature. Detailed investigations were therefore planned to study the influence

of process parameters on the product quality.

The second objective is to carry out investigation on densification of ZrB,. Effect of sinter

additives (TiSi,, CrSip, EuBg) on densification of ZrB, was studied.

The third objective of this study is to carry out oxidation study of ZrB, based composites. ZrB,

is candidate for high temperature applications and thus oxidation resistance is of vital importance.
2. Experimental Procedure

Raw materials used for synthesis of ZrB, were ZrO, (99% purity; 8.34 um median
diameter), boron carbide powder (78.5% B, 19.5%C, <1% O, 0.02% Fe, 0.02% Si, 5.34 ym median
diameter; supplied by M/S Boron Carbide India) and petroleum coke (C-99.4%, 13.9 um median dia.,
supplied by M/S Assam Carbon, India). All the raw materials were dried in an oven at 100°C to

remove moisture content before use.

For synthesis of ZrB, powders, weighed quantities of ZrO,, boron carbide and petroleum
coke in various ratios were mixed thoroughly, pelletized and heated in an induction furnace at fixed
temperature between 1200 and 1875 °C. Major phases of powders were identified by XRD and
impurities were analyzed by chemical methods. Similar procedure was used for synthesis of EuBs and

HfB, powder.

For densification, weighed quantities of fine zirconium diboride and sinter additives
(TiSi,/CrSio/EuB¢/HfB;) were mixed thoroughly, filled into a graphite die and hot pressed at
temperatures of 1650 °C to 1850°C under a pressure of 20 to 35 MPa for 60 minutes in a high vacuum
(1x10” mbar) chamber. Hardness was measured on the polished surface at a load of 100 g and dwell
time of 10 sec. The indentation fracture toughness (Kjc) data were evaluated by crack length
measurement of the crack pattern formed around Vickers indents. Fractured surface of dense pellets

was analyzed by scanning electron microscope.
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Oxidation tests were conducted in a resistance heated furnace. The samples were
oxidized for different time intervals (0.5, 1, 2, 4, 8, 16, 32, and 64 h) at 900 -C. The samples were
weighed before and after exposure, to determine the weight change during the oxidation process. The
oxidation products were identified using XRD. The morphology and nature of oxide layer was

elucidated by observing the surface in a scanning electron microscope (SEM).

3. Results and discussion

This chapter summarizes the results obtained during the various experiments giving details of
starting powder preparations till microstructural and mechanical characterization. This chapter is
divided into three major sections representative for the three phases in the research: section-3.1 on
synthesis of boride powders, section-3.2 on densification, mechanical properties and microstructure

and section- 3.3 on oxidation study of prepared composites.
3.1 Synthesis

Experiments were carried out to study the effect of process parameters on synthesis of
boride powders. ZrB,, EuBs, and HfB, powders were synthesized by boron carbide reduction of

respective oxides.
3.1.1 ZrB; synthesis

Studies were carried out to prepare pure ZrB, containing oxygen less than 1.0 wt%. Oxygen is

an impurity in boride powders, which reduces its sinterability.

A stoichiometric charge mixture (according to reaction 1) was heated at various temperatures

from 1200°C to 1800°C and weight loss during the experiment is recorded.
Z1r0; + 12B4C+3/2C - ZrBy +2CO. ..o (1)

Weight loss in the reaction is due to formation of carbon mono-oxide. The theoretical weight
loss after completion of reaction is 33 wt % of charge. The observed weight loss gives indication for

completion of reaction.

The obtained product was analyzed by XRD and chemical analysis. Results on synthesis of

Z1rB, is summarized in Table-1
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Table 1 Effect of temperature and charge composition on ZrB- synthesis

S.No. Molar ratio Temperature | Weight Phases presentin | Carbon | Oxygen

210y BC: C (°C) loss XRD pattern (Wt.%) | (wt.%0)
(wt.%0)

1. 2:1:3 1200 18.47 71B,, 71O, 9.7 5.2

2. 2:1:3 1400 27.15 Z1B,, 7ZrO, 8.2 2.4

3. 2:1:3 1650 30.28 71B,, 7Z1B, 7rO, ,C | 7.3 2.4

4. 2:1:3 1700 31.66 ZrB,, ZrB, C 35 2.0

5. 2:1:3 1800 33.04 71B,, 7Z1B, C 3.2 0.5

6. 2:1.1: 2.7 1800 32.67 ZrB, 1.3 1.5

7. 2:1.1: 2.7 1875 33.01 Z1B; 0.06 0.5

It was found that weight loss is close to theoretical loss (33 wt.%) at 1800 °C but the
product is composed of ZrB,, ZrB and carbon phases. The presence of boron deficient phase (ZrB)
even after the treatment at 1800 °C indicates the loss of boron from the charge, which could occur by

following reaction.
71Oy + 3/4B4C =ZrBy + 1/2B203 + 1/2CO +1/4C ..o )

Single phase ZrB, was obtained by modifying the charge composition by increasing the
B4C content and reducing the carbon content in the charge. To further reduce the carbon and oxygen

content in the product, the synthesis temperature was increased to 1875 °C.
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3.1.2 EuBg synthesis

In this study, EuBs was used as sinter additive to ZrB,. It was synthesized by reduction

of Eu,03 by B4C according to reaction (3).

Euy03 +3B4C— 2EuB +3CO......ooo 3)

Stochiometric mixture as per reaction (3) was heated between 1200 to 1400°C in vacuum for 2
hours and then the product was analyzed by XRD and chemical analysis. At 1200°C, weight loss is
only 2.65% and product is composed of both EuBs and Eu,0; phases. At 1300 °C, loss in weight is
19.56 %, which is higher than the theoretical loss of 16.23%. Though the product contains only EuBg,
its carbon and oxygen content is high at 3.8 and 2.1% respectively. On increasing synthesis temperature
to 1400 °C, oxygen content of the product was decreased to 0.4% and relatively pure EuBs has been
formed. Product obtained at 1400 °C contains 2.6% carbon. The higher carbon content and higher
weight loss could be due to the formation of volatile boron oxide during reaction. To reduce carbon in
the product, the charge was modified by adding elemental boron and lowering B4C addition. Carbon

content was reduced to 0.7 % by using modified charge.
3.1.3 HfB; synthesis

In this study, HfB, was used as sinter additive to ZrB,. It was synthesized by reduction

of HfO, by B4C in presence of carbon according to reaction (4).
HfO,+ 1/2B4C +3/2C 5 HfBy +2CO..c.iiiiiiiicie e 4)

The synthesis was carried out at 1875 °C in vacuum. The product obtained was found to

be pure HfB; containing 0.5% Oxygen and 0.4 % Carbon.
3.2 Densification, mechanical properties and microstructure

This section describes the results on densification, mechanical properties and microstructural
characterization of prepared composites. Densification studies were carried out on monolithic ZrB, by
pressureless sintering and hot pressing. Effect of sinter additives on densification, mechanical

properties and microstructure were investigated.
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3.2.1 Monolithic ZrB,

Pressureless sintering experiments were carried out in vacuum induction furnace in the
temperature range of 1800-2000°C. Pressureless sintering has resulted in maximum density of 78%
only. In Hot pressing ZrB, was densified to near theoretical density at 1850°C and 35 MPa pressure.
Hardness and fracture toughness values were measured as 23.95 GPa and 3.31 MPa.m"” respectively.
Fractured surface of the dense bodies revealed that intergranular fracture is predominant mechanism.

Regular faceted grains of 4-6 micron are visible.

3.2.2 Effect of TiSi, addition

Effect of TiSi, on densification of ZrB, was investigated. Addition of 10% TiSi,
lowered the hot pressing temperature to 1650°C from 1850°C, which was required for monolithic ZrB.
The enhanced sintering is attributed to liquid phase sintering resulted by formation of ZrSi, which
forms during hot pressing. Formation of ZrSi, phase was observed by XRD analysis and SEM —EDS
analysis of hot pressed sample. ZrSi, has low melting point (1620 °C) and hence results in liquid phase
sintering. XRD pattern of the dense pellets indicated the presence of crystalline ZrB, and ZrSi,.

Zirconium disilicide is formed during sintering by the following reaction.
7B, +TiSi2 - ZI‘Siz + TiBz ................................................ (6)

The reaction is thermodynamically feasible at temperatures higher than 1100 K. TiB;
was not observed as separate phase as it formed solid solution with ZrB,. The formation of solid

solution was confirmed by elemental analysis of different phases observed in microstructure.

Hardness of ZrB; + 10%TiSi, sample is measured as 19.5 GPa which is lower than that
of monolithic ZrB; (23.91 GPa). The lower hardness is due to the presence of relatively soft phase
ZrSi; which was formed during hot pressing. To compensate the hardness reduction, HfB, was added
and two more samples of composition (a) ZrB,+10%TiSi,+10%HfB, and (b)
ZrB,+10%TiSi,+20%HfB, were also prepared. Near theoretical density was obtained in both the
samples at 1650 °C and 20 MPa. Hardness of ZrB,+10%TiSi,+10%HfB, was measured as 23.08 GPa,

which is comparable to that of monolithic ZrB,.
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Fracture toughness of ZrB, + 10%TiSi, was measured as 6.36 MPa.m'? which is higher
than that of the monolithic ZrB,. The increased fracture toughness is due to crack deflection. Thermal
expansion mismatch between the matrix and second phase results in residual stresses which causes

crack deflection. Crack deflections were found in the microstructure.
3.2.3 Effect of CrSi, addition

Effect of CrSi, addition on densification and properties of ZrB, was studied. It
was observed that CrSi, has similar effects as TiSi, on densification and properties of ZrB,. Addition
of CrSi, lowered the densification temperature, lowered the hardness and increased the fracture

toughness.
3.2.4 Effect of EuBg addition

Effect of EuB¢ addition on densification and properties of ZrB, was investigated. EuBg is
a boron rich additive, which is expected to create structural defects (interstitial point defects) in ZrB,
lattice on formation of solid solution and thus can enhance the densification. Addition of 2.5 weight%
EuBg resulted in densification of 98.3% py at a temperature of 1750 °C and a pressure of 35 MPa.
Composites with 5% EuBs was also hot pressed up to 98.1% density at similar processing conditions. A
density of 96.0% was achieved in ZrB,+10%EuB¢ composite. In case of monolithic ZrB,, a near full
density (99.8% TD) was obtained at a higher temperature and pressure of 1850 °C and 35 MPa
respectively. In this case, the hot pressing temperature was lower by 100°C. Addition of EuBg to ZrB,
results in the formation of solid solution of ZrB, and EuBs. On the formation of ZrB,-EuBg solid
solution, Eu will go to Zr site and Boron will go to boron site. Due to large number of boron atoms from
EuBg, there will be formation of point defects in ZrB,. The point defects are known to enhance the
diffusional mass transfer and thus assist in densification at slightly lower temperature. Formation of
solid solution was confirmed by elemental analysis (EDS) of phases present in microstructure and
change in lattice parameter measured by XRD.BSE image of ZrB, + 10%EuBs sample (Fig.1) has
shown the presence of light gray matrix in which dark gray phase is dispersed. In EDS spectra, dark gray
phase was analyzed to contain only Zr and B indicating that it is ZrB,. The light gray matrix was
analyzed to contain Zr, Eu and B indicating the formation of ZrB,-EuBg solid solution. XRD pattern of
the dense pellet of ZrB,+10%EuBs indicates the presence of crystalline ZrB,, EuBs and carbon.
Presence of EuBg¢ in XRD pattern indicates that the ZrB, and EuB¢ does not form complete solid

solution and so EuBg is also present as second phase in the composite.
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Hardness of monolithic sample was measured as 23.91 GPa, which increased to 24.8 GPa with

the addition of 2.5wt% EuBg. The increase in hardness is due to the formation of solid solution.

(A) (B)

ull Scale 91131 ctz Curzor: 0.000

(©) (D)

ull Scale 75049 cts Cursor: 0000 ull Scale 75049 cts Cursor: 0.000

Fig.1 (A) BSE image of ZrB,+ 5%EuBg (B) EDS spectra of phase marked as 1 in (A), (C)
EDS spectra of phase marked as 2 in (A), and (D) EDS spectra of phase marked as 3 in
(A),
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3.3 Oxidation study

Non oxide ceramics are susceptible to oxidation at high temperatures. For any high
temperature application in air, the material must be resistant to oxidation. In this study, oxidation test
were carried out at 900 °C in air for different time interval. Following sub-sections will describe the

results obtained by oxidation test of different composites.
3.3.1 Monolithic ZrB;

The weight gain data obtained during oxidation at 900 °C as a function of time for
monolithic ZrB; is presented in Fig 2. It shows that weight gain is linear indicating non-protective

nature of oxide. The test was stopped after 32 hours as the oxide layer was broken and spalled off from

the sample.
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Fig. 2 Specific weight gain vs. time plot for monolithic ZrB; at 900 °C in air

3.3.2 Effect of TiSi, and HfB, addition

The weight gain data obtained during oxidation at 900 °C as a function of time for ZrB,
composites containing TiSi; and HfB, are presented in Fig.3. Continuous weight gain with time is

observed in all the samples. In case of composites, the rate of oxidation was found to decrease with
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increase in time which indicates the formation of protective layer. In monolithic ZrB,, oxidation rate was

found to be constant. Samples containing HfB, has shown highest oxidation resistance.

—a— 718,

—— ZrB +10% TiSi,

—A— ZrB +10% TiSi,+10% HfB,
—y— ZrBz+10% TiSiZ+20% HfBz

0.05 |

o

[=]

B
)

0.03 +

0.02 1

Specific weight gain (kg!mz)

o

[=]

-
1

Time {hour)

Fig. 3 Specific weight gain vs time plot for ZrB, based composites.

Better oxidation resistance of the composite samples is attributed to the formation of silica based
glassy layer. SEM microstructures of oxidized surfaces evidently showed the formation of protective
glassy phase. The glassy phase was analysed by EDS to contain mainly silicon (~ 46 at%) and oxygen

(~52 at%). Zirconium (~ 0.8 at%) and titanium (~0.2 at%) are also present in very small quantity.
3.3.3 Effect of CrSi, and HfB; addition

Oxidation study of ZrB, +10%CrSi; and ZrB,+10%CrSi;+10%HfB, samples were
carried out at 900 °C for 64 hour. Both the samples have shown continuous weight gain with time.
However, the rate of oxidation is found to decrease with increase in time which indicates the formation of
protective layer. The final weight gain in ZrB,+10%CrSi, sample is 0.0397 kg/m” after 64 hours whereas
in ZrB;+10%CrSi,+10%H{B, sample is 0.0171 kg/m2 which is lower. The lower weight gain in the HfB,
containing sample could be attributed to lower diffusivity of oxygen ion through HfO, [13,14].
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3.3.5 Effect of EuBg addition

Oxidation study of ZrB, +2.5%EuBs, ZrB, +5%EuBs and ZrB, +10%EuBs samples
were carried out at 900 °C for 64 hour. All the three samples have shown continuous weight gain with
time (Fig.4). In the initial 8 hours, the weight gain is very small which increases during the exposure at 8-
16 hour and then the rate of oxidation gets decreased. The decrease in rate of oxidation after 16 hour is
due to the formation of a protective layer. The oxidized layer was analyzed by EDS to contain mainly

zirconium (~21.67 at%) Europium (6.49 at %) and oxygen (~71.84 at%).
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Fig. 4 Specific weight gain vs time in ZrB, based composite samples oxidized at 900°C
4. Conclusion
The major findings of the present thesis have been summarized below.

= Heating of stoichiometric charge for synthesis of ZrB, by boron carbide reduction of zirconia in
presence of carbon results in formation of ZrB phase along with ZrB,. This boron deficient phase
is formed due to loss of boron in the form of its volatile oxides.

. The boron deficient phase ZrB can be avoided and single phase ZrB, can be obtained by adjusting

the molar ratio of charge by increasing B4C and reducing carbon.
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Synthesis of pure ZrB; by this method requires a temperature of 1875 °C. The High temperature is
required due to low diffusivity of all the elements through boride phase which is predominantly
covalently bonded.

Synthesis of single phase EuBg¢ is possible by using the stoichiometric charge but the product
contains around 2% carbon which can be reduced by addition of elemental boron in the charge
mixture.

Synthesis of pure EuBg is possible at temperature of 1400 °C, which is relatively lower than that
required for ZrB;.

Pressureless sintering of Monolithic ZrB, results in maximum density of 78% at 2000 °C. Near
theoretical density of Monolithic ZrB, can be obtained by hot pressing at 1850 °C and 35 MPa
pressure for 2 hour

Addition of TiSi, or CrSi, lowers the hot pressing temperature by 200 °C. This decrease is
attributed to liquid phase sintering caused by reaction product ZrSi, which forms during hot
pressing.

Addition of EuBg lowers the hot pressing temperature by 100 °C. This is due to the formation of
solid solution of ZrB, and EuBg which in turn results in the formation of point defects and
diffusion is enhanced.

TiSi, and CrSi, addition results in formation of ZrSi, which is responsible of liquid phase
sintering.

EuBg is only partially soluble in ZrB; and also exist as a distinct phase in the material.

TiSi, and CrSi, addition has resulted in lower hardness whereas EuB¢ addition has increased the
hardness.

Fracture toughness values of all composite samples are higher than the monolithic sample. This is
due to crack deflection caused by the presence of second phase in microstructure.

Monolithic ZrB, does not have good oxidation resistance at 900 °C. Linear oxidation kinetics was
observed in case of monolithic ZrB,.

TiSi,, CrSi, addition as well as EuBg addition has improved the oxidation resistance of ZrB, at the
temperature of 900 °C. The good oxidation resistance is due to the formation of protective oxide

layer.
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Chapter-1

Introduction

Zirconium diboride (ZrB;) is considered a leading material in the category of ultra high
temperature ceramics (UHTC) due to very high melting point (3245°C), high thermal
conductivity (57.9 Wm™K™), good thermal shock resistance, low coefficient of thermal
expansion (5.9x10° K™), retention of strength at elevated temperatures and stability in extreme
environments [1-3]. ZrB; is considered a candidate material for hypersonic vehicle, atmospheric
re-entry and rocket propulsion [1, 4, 5]. It gets wetted but not attacked by molten metals and
hence used for holding molten metal and as thermo-well tubes in metal processing [6]. Good
electrical conductivity makes it suitable for electrode application in Hall -Heroult cell and
electric discharge machining [7-9].

ZrB, crystallizes into a hexagonal crystal structure of the AIB, type. This crystal
structure consists of alternating layers of hexagonally closed packed metal atoms (M) and
graphite-like boron (B). This structure results in strong covalent bonding between boron—boron
and metal-boron atoms, while the close packed metal layers exhibit characteristics consistent
with metallic bonding. The combination of covalent and metallic bonding gives ZrB, an unusual
combination of properties. The strong covalent bonding leads to a
high melting temperature, high hardness and strength. The metallic bonding leads to high

electrical and thermal conductivity.

ZrB, can be synthesized by (a) reaction between Zr and B [10] (b) borothermic reduction
of ZrO, [11], (c) carbothermic reduction of ZrO, in presence of B,C [12], (d) carbothermic
reduction of ZrO, and B,03[1] (¢) Metallothermic reduction of ZrO, and B,0O3 [13-15] and
(F) chemical vapour deposition [16-18]. Synthesis of ZrB, from its elements is uneconomical
due to the high cost of both Zr and B powders. Borothermic reduction of ZrO, to obtain ZrB,
also involves use of expensive boron powder. In carbothermic reduction of ZrO, and B,03, loss
of boron occurs due to evaporation of boron oxides during the reaction and the product is not
pure ZrB, but a mixture of borides of different B/Zr atom ratio. In case of metallothermic

reduction of ZrO, and B,03 the product gets contaminated with the metal borides of reductant
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metal. ZrB, powder can also be synthesized by SHS reaction between ZrO,, B,O3; and Mg.
Chemical vapor deposition techniques are suitable for coating and not for bulk production of

powders.

Preparation of ZrB, by carbothermic reduction of ZrO, in presence of B,C [12]
according to reaction (1) seems to be an attractive route since it involves use of easily available

raw materials and may results in pure boride with minimum boron loss.
ZrOz + 1/2B4C +3/2C — ZrB, + 2COT ..., Q)

In this study, this route was used for synthesis of ZrB, powder. Detailed studies were
carried out on synthesis process and the influence of process parameters on the yield and the

product quality was investigated.

Zirconium diboride has two major limitations, (1) poor sinterability and (2) low fracture
toughness. Densification of monolithic ZrB; is very difficult due to strong covalent bonding and
low self-diffusion [1, 10]. In this study, efforts were made to overcome these limitations by
using suitable sinter additives. Zirconium diboride can be densified by liquid phase sintering or
by solid phase sintering. Titanium disilicide (TiSi,) and Chromium disilicide (CrSi,) have been
selected as sinter additives for liquid phase sintering process. These silicides have low melting
point and thus can be useful in liquid phase sintering. For solid state sintering, Europium
hexaboride (EuBg) was selected as sinter additive. EuBg is a boron rich boride and thus can
introduce point defects in ZrB, lattice on formation of solid solution. Presence of point defects
would result in enhanced diffusion and thus may be helpful in densification. Additives are also
expected to improve fracture toughness by crack deflection which could be due to presence of
second phase. TiSi, and CrSi, are expected to increase the oxidation resistance of ZrB, by
formation of silica based protective layer. Effect of EuBg on oxidation behavior of ZrB, is not
reported till date, which has been one of the objectives of the present investigation. In this study,

investigations were carried out in this direction.

ZrB, is a non oxide ceramic material and hence is susceptible to oxidation in air
at high temperature. For any application in air atmosphere at high temperature, material must
have sufficient oxidation resistance. In this study, investigations were carried out on oxidation of

ZrB, based materials in air at 900 °C.



Objectives and workplan of present study

The objectives of this study can be divided in three categories. (1) Studies on synthesis

(2) studies on densification and (3) studies on oxidation behavior of ZrB, based material.

Studies on synthesis:

The objective is to carry out a detailed investigation on synthesis of ZrB, by
carbothermic reduction of ZrO, in presence of boron carbide. It was planned to carry out
different experiments by varying temperature and charge composition and analyze the product by
XRD and chemical analysis. Based on XRD and chemical analysis results the process parameters

were fixed to produce pure powder which is used in densification studies.

Studies on densification

The objectives of densification studies are listed below.

e Study on densification of ZrB, with and without additive by hot pressing
e Study the effect of silicide (TiSi,, CrSi,) addition on densification and
properties of ZrB,

® Study the effect of hexaboride (EuBg) addition on densification and
properties of ZrB,

It was planned to carry out hot pressing experiments by varying the additive content and
characterizing the densified pellets by measuring the density, hardness and fracture toughness. It
was planned to analyze the sintering mechanism with the help of XRD analysis and
microstructural characterization. It was also planned to analyze the effect of sinter additives on

oxidation resistance of developed composites.



Studies on oxidation behavior

The objective is to carry out a study on oxidation of ZrB, based materials at high
temperature in air atmosphere. It was planned to carry out isothermal oxidation study at certain
temperature for different time interval. It was planned to analyze the oxidation mechanism by
analyzing the specific weight gain in the sample with holding time and by characterizing the

oxidized surface by X-Ray diffraction and scanning electron microscopy.
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Chapter —2
Background Literature

A detailed literature survey on the synthesis, densification and oxidation of ZrB, is
presented. ZrB, can be synthesized by various routes. This chapter gives the details of different
methods used for ZrB, synthesis. Merits and demerits of different process routes have been
described. Issues related with densification of ZrB, were discussed in the chapter. Literature
available on densification of ZrB, is discussed in details. Effect of sintering additives on
densification and properties was discussed. Literature review on oxidation behaviour of ZrB,

based materialsis also presented.

2.1 Synthesis of Zirconium Diboride:

The powder characteristics such as purity, morphology, surface area, defects
concentration strongly influence the sinterability of powder. All these properties are determined
by the synthesis conditions. Thus selection of synthesis route and processing parameters are of
vital importance in the actual application of the powder. In this section different routes of ZrB,
synthesis will be discussed. ZrB, can be synthesized by (@) synthesis from elements [10] (b)
borothermic reduction of zirconia [11], (c) carbothermic reduction of zirconia in presence of
boron carbide [12], (d) carbothermic reduction of ZrO, and B,O3[1](€) Metallothermic reduction
of ZrO, and B,O3 [13-15] and (f) molten salt electrolysis [19] (g) solution based techniques [20]
(h) synthesis from polymer precursors [21] (i) chemical vapor deposition [16-18].

2.1.1 Synthesisfrom elements:

Reaction between elemental boron and zirconium can have excellent control on the
stoichiometry of the resultant zirconium diboride. This route gives pure ZrB, but cannot be
considered for commercia production as it involves expensive charge materials. This route can



give dense bodies by hot pressing of mixed powder if the reaction with die is avoided. To avoid
any reaction with the die, the graphite die is coated with boron nitride.

As the formation of ZrB, ceramic from elemental powders is thermodynamically
favorable (AG® 00k = -279.6 kJ /mol), this route can also be used to produce ZrB, by self
propagating high temperature synthesis. SHS is a technique that takes advantage of the high
exothermic energy of chemical reactions to generate high-temperature and fast combustion
reactions. Some of the advantages of SHS, with respect to many traditional solid state synthesis
routes, are the high purity of the products, short process times (typicaly on the order of few
second or less), and the low energy consumption (limited to the ignition step), as well aslow cost
of the experimental apparatus. ZrB, powders formed using SHS have exhibited increased
sinterability, which has been attributed to the presence of lattice defects. These defects were
attributed to the rapid heating and cooling rates (~200,000 K/min) associated with SHS.
However, rapid heating rates can aso result in incomplete reaction, the formation of non-
equilibrium phases, the formation of stable oxides, or the retention of large amounts of porosity
(>50%).

In the last decade, there has been a growing interest on the production of nanosized
ceramic particles. Exceptional properties such as excellent sinterability of nano-powder and
improved mechanical properties of the formed nano-grained materials are the motivation for this
appeal. Camrulu et al.[22] have prepared nano size ZrB, powder via SHS by using Zr and B as
starting material. Addition of 5-10% NaCl decreases adiabatic temperature of the reactions,
reaction wave velocity, average crystalite size and particle size of the formed ZrB.,.
Chamberlain et al. [23] reported the formation of ZrB, by reaction of attrition milled Zr and
boron powder on heating at 600 °C for 6 hours. Nanoscale ZrB, particles were formed using
elemental Zr and B. The Zr and B precursors, with average crystalite sizes of ~10 nm, were
produced by attrition milling and then reacted to produce nanosized ZrB; crystallites. Because of
the fine precursor particle size and the intimate mixing, the reaction of Zr and B to ZrB, went to
completion at 600 -C. Tsuchida et al.[24] have prepared ZrB,-ZrC composite by Mechanical
activation assisted SHS using a mixture of Zr, B and C powder. Table 2.1 summarizes the work
reported on synthesis of ZrB, from its elements [ 22-26].



Table 2.1 Synthesis of ZrB, by reaction between its elements

Reactant Processing conditions Product quality Reference
Zr+B SHS, 30%NaCl, Ar <200 nm 22
Zr+B 600, 6 hours Fine particles 23
Zr+B SHS, Ar Zr =80.7% B =19.1% 25
Zr+B 2000, 1 hour 72% dense pellet 26
Zr+B+C SHS, Air ZrB, + ZrC 24

2.1.2 Borothermic reduction of ZrO,:

Borothermic reduction of ZrO, gives pure ZrB, at temperature higher than 1600°C. This
method is not economical for commercial production as it involves the loss of expensive boron
in the form of boron oxide. Excess boron is required to be added to get stoichiometric ZrB..
Peshev et al.[11] have reported the preparation of ZrB, by borothermic reduction of ZrO, in
vacuum at 1750°C for 1 hour. It is noticed that boron content in the product is less than
theoretical value which could be due to the loss of boron in the form of oxide. Millet et al.[27]
have prepared ZrB, by reaction of ZrO, and boron (milled for 70 hours) at 1100°C in vacuum.
XRD results had shown the presence of ZrO, aong with ZrB, product. The use of mechanical
milling enhanced the reactivity of powder and thus the reaction temperature is brought down
considerably. Such activation is due to two main effects: (i) intimate mixing at the chemical level
as a result of particle size reduction and impacts, and (ii) introduction of lattice imperfections
into ZrO, grains during milling [27].

Ran et al.[28] have studied the borothermic reduction process by using nanometric ZrO,

powder. B,O3; was identified as a possible intermediate reaction product. ZrO, completely




converted to ZrB, when thermally treated at 1000°C for 2 h in vacuum, but the removal of
residual boron-related species required a temperature above 1500°C. ZrB, powders obtained at
1000-1200 °C showed a faceted morphology, whereas those prepared above 1500 °C had a
nearly spherical morphology. The particle size that was calculated from the measured surface
areaincreased with the increasing synthesis temperature from 0.15 um at 1000 °C to 0.66 pm at
1650 °C. The oxygen content of the ZrB, powders synthesized at 1650 °C was as low as 0.43

wit%.

2.1.3 Carbothermic reduction of ZrO, in presence of boron carbide

This is another interesting method for synthesis of ZrB,, as it involves relatively less
expensive charge material. ZrB, powder is prepared by reaction (2.1) at a temperature of higher

than 1800°C and holding time of more than 1 hour.
ZrO; + 1/2B4,C+3/2C - ZrB2 ++4CO......ccociiiiie e (2.2)

Guo et al.[29-30] have studied the boron carbide reduction of ZrO, for synthesis of ZrB..
Another phase, ZrC was observed alongwith ZrB,. The presence of the ZrC phase in the
synthesized powder was mainly attributed to the vaporization and removal of the intermediate
B,O3 product. With the increase of B4C, ZrC phase gradually decreased. When B,C was in a
20-25 wt% excess, the ZrC phase disappeared and only ZrB, phase existed in powder. In the

present work, investigation has been carried out on synthesis of ZrB, using this route.
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2.1.4 Metallothermic reduction of ZrO, and B,O4

Metallothermic reduction of ZrO, and B,O3 involves cheap raw material and are self
sustainable due to their exothermic nature. Mostly magnesium is used as reducing agent
and ZrB, powder is prepared by using reaction (2.2).

ZrOp + B203 + 5BMQ — ZIB +5MGO. ..o e oo ee el (2.2)

The use of magnesium as the reductant instead of aluminum allowed acid leaching of the
unwanted oxide product leaving behind a pure boride phase. In any process for the formation of
ZrB,, it would be necessary to ensure that al of the ZrO, is consumed by reaction as ZrO; is
difficult to remove by dissolution. This could be achieved by using a stoichiometric excess of
both Mg and B,0O3. Mechanical aloying technique can be exploited in this route to reduce the
reaction temperature and time. The loss of B,O3 and the formation of non stoichiometric powder
are some issues in this route. As the reactions are exothermic, this synthesis route can utilize
SHS process. It is predicted that, due to high rate of heating and cooling the SHS process will
introduce higher concentration of defect structures in the raw powder. These defects play an
important role in various physical and chemica phenomena, particularly at high temperatures.
For example, the high defect concentration in the SHS produced powders is expected to enhance
the mass transfer processes during sintering, which may lower the sintering temperatures. As
production of ZrB, powder through self-propagating high-temperature synthesis (SHS) from
ZrO,, Mg and H3BO3; mixture often leads to incomplete conversion, Khanra et al.[31] have
developed a new technique, called DSHS (double SHS), wherein the reaction product of the first
SHS is mixed with calculated amounts of Mg and H3BO3 powder and subjected to a second
SHS.

The ZrB, powder produced by DSHS technique yields increased conversion. The NaCl is used
as a diluent during SHS to control the particle size of the product. The average particle size of
SHS ZrB, powder found to be 75-125nm in range, which decrease to 2540 nm after DSHS.

Nishiyama et al.[14] have synthesized ZrB, by magnesiothermic reduction of ZrO, and

B,O3 at 800 °C. Setoudeh et al.[13] have prepared pure ZrB, by mechanical aloying of ZrO,,
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B,O3 and Mg for 15 hours. After milling, separation of the ZrB, from the co-product MgO was
easily achieved by a mild acid leaching leaving essentially pure ZrB, with a crystallite size of
~75 nm. Mishraet al.[15,32,33] have used SHS process to produce submicron ZrB, powder by
magnesi othermic reduction. Aluminum was also reported to be used as reducing agent and ZrB -
Al,0O3 composite was made by this technique [34, 35]. Lee et al.[36] have prepared ZrB, by
SHS using ZrO,, B,0O3 and Al as reactants. Fe,O3 and excess Al were added to produce molten
product. The resulting ZrB, particles exhibited hexagonal or disk plate-like shapes on
solidification.

Table 2.2 summarizes the work reported on metallothermic reduction route for

ZrB; synthesis[13-15, 33-34].

Table 2.2 Synthesis of ZrB, by Metallother mic reduction of ZrO, and B,O3

Reactant Processing conditions Product quality Reference
Mechanical alloying,
ZrO; + B,0O3; + Mg Pure ZrB, 13
15 hour, Ar
ZrO, peaks are also present
ZrO, + B,0; + Mg 800,1 hour, Ar with ZrB, Dep : 0.2um 14
ZrO, + H3BO3; + Mg SHS process Submicron size 33
ZrO; + B,0O3; + Mg SHS process 200-1000 nm 15
Z2r0, + B,O5 + Al SHS process, Ar ZrB,+ Al,O3 composite 34

2.1.5 Carbothermic reduction of ZrO, and B,0O;

Carbothermic reduction of ZrO, and B,O3 involves cheap raw material but results in the
loss of B,O3 and the formation of non stoichiometric powder. The resultant powder aso
contains some residual carbon. Mishra et al.[15,33] have reported the synthesis of micron sized
ZrB, powder by carbothermic reduction of ZrO, and B,O3 at 1800 °C in vacuum. Minor peaks
of ZrO, were observed in the XRD pattern. Khanra et al.[37] have prepared ZrB, whiskers by

reaction between zirconia, boric acid and carbon black. The synthesized product contains B,C
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and ZrC as minor phases along with ZrB,. The whisker yield is low at lower pyrolysis
temperature and maximum whisker yield is found at 1500-1700°C. It was confirmed that, the
whisker is grown by combined V—-S and V—L—S mechanism. The different whisker morphologies
are found with the use of different catalysts. The Ni addition seems more effective as a catalyst
than Co or Fe. Shorter length whiskers are found in the case of Co catalyst, whereas use of Fe
catalyst shows whisker with rod shape and a specia bird' s nest type whiskers. The electron

microscope study of whisker reveals the presence of various defects.

2.1.6 Solution based methods

The solution based methods are effective for low-temperature synthesis of ultra-fine
powders because of the formation of amorphous phases and the intimate contact of the reactants.
However, very limited studies were conducted on the synthesis of metal borides using solution-
phase reactions. Yan et al. [20] have synthesized ultra-fine zirconium diboride (ZrB,) powders
using inorganic—organic hybrid precursors of zirconium oxychloride (ZrOCl, .8H,0), boric acid,
and phenolic resin as sources of zirconia, boron oxide, and carbon, respectively. The
reactions were substantially completed at arelatively low temperature (1500°C). The synthesized
powders had a smaller average crystalite size (=200 nm), a larger specific surface
area (32 m?/g), and a lower oxygen content (~1.0 wt%), which were superior to some
commercialy available ZrB, powders. Xie et al. [38] have studied the synthesis of zirconium
diboride by solution-based processing. Zirconium n-propoxide was refluxed with 2,4-
pentanedione to form zirconium diketonate. This compound hydrolyzed in a controllable fashion
to form a zirconia precursor. B,O3 and carbon precursors were formed via solution additions of
boric acid and phenol—formaldehyde, respectively. Solution was concentrated, dried, pyrolyzed
(800-1100°C, 2 h, flowing argon), and exposed to carbothermal reduction heat treatments
(1150-1800°C, 2 h, flowing argon). Spherical particles of 200-600 nm for pure ZrB, and ZrB,—

TaB», mixtures were formed.
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2.1.7 Molten salt Electrolysis

From literature it is known that borides of various metas (Ti, Mg, Gd, Ta, Mo W ) can be
prepared by molten salt electrolysis. In case of ZrB,, only two articles are cited. Frazer et al.
[19] have deposited ZrB, from ZrO, and B,Os dissolved in molten NazAlFg at 1020°C. Nickel
was used as cathode. The graphite crucible was used as anode. A series of nickel boride diffusion
compounds were also identified by electron microprobe analysis. The compounds Ni3B, Ni2B,
Ni4Bs and NiB were formed quite readily at lower current densities. The ZrB, deposit was
mainly scaly or dendritic and was usually non-adherent. Devyatkin [39] has aso reported the
electrosynthesis of ZrB, on nickel cathode from cryolite- alumina melts containing zirconium

and boron oxide.

2.1.8 Synthesis by polymer precursor route:

A processable precursor to ZrB, can be obtained by dispersing a ZrO, in a boron
carbide polymeric precursor. Heating the mixture then results in either the in situ generation of
boron carbide and carbon followed by reaction to produce the boride or direct reaction of the
polymer with the ZrO, to give the final boride product [21, 40]. The key requirements of the
polymer component are that, it is stable, processable and contain both the boron needed to
form the metal boride and carbon to aid in the removal of the oxygen. One series of polymers
satisfying these criteria are the dinitrile polymers, which can be prepared in good yield from
the condensation polymerization of deca-borane with dinitriles.

Su et al.[21,40] have obtained the polymer precursor by dispersing ZrO, into
decaborane dicyanopentane polymer, (-B1oH12-NC-(CH3)s-CN-). Subsequent pyrolysis of the
precursor at 1450°C resulted in the formation of crystalline ZrB..

2.1.9 Chemical vapor deposition
Chemical vapor deposition gives coating of ZrB, by vapor phase reaction of zirconium

and boron containing gaseous precursors. ZrCl, and BCl; are the most commonly used
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precursors and hydrogen is generally used as reducing agent. Thisis alow temperature route and
gives good purity. This technique is more suitable for thin films and involves complex setup. In

general researchers have used following reaction.
ZrCl; +2BCl3 +5H,; —» ZrBo + 10HCH ... (23)

Temperature, pressure and flow rate of reactants are the maor processing parameters,
which influences the composition and structure of the product formed. Deposition rate generally
increases with increase in temperature and hydrogen concentration. The deposition rate is more
influenced by the hydrogen concentration in the gas mixture than by the temperature.

Motojima et al.[16] have obtained adherent ZrB, coating on Cu substrate at 700-900 °C
using above reaction. Wang et al. [17] have prepared ZrB, coating on graphite substrate by low
pressure CVD using above reaction at 1200°C. Chen et al.[18] have prepared nanosized ZrB,
powder (20 nm) by reacting ZrCl, and NaBH, in an autoclave at 700 °C under 1 bar pressure of
Argon.

Plasma enhanced CVD has aso been reported for the formation of ZrB,. In PECVD
chemical reaction takes place after the creation of plasma of reacting gases. The plasma is
generdly created by RF (AC) frequency or DC discharge between two electrodes, the space
between which isfilled with the reacting gases. The necessary energy for the chemical reactionis
not introduced by heating the whole reaction chamber but just by heated gas or plasma. The
deposition takes place at lower temperature as compared to traditional CVD. Since the formation
of the reactive and energetic species in the gas phase occurs by collision in the gas phase, the
substrate can be maintained at a low temperature. Hence, film formation can occur on substrates
at a lower temperature than is possible in the conventiona CVD process, which is a maor
advantage of PECVD. Piersion et al.[41] have used plasma enhanced CVD to obtain ZrB,
coating on zircalloy-4 at 580°C. The coating consists of ZrB, nanograins dispersed in amorphous
solid solution of boron and zirconium oxides. Oxygen mainly comes by etching of the quartz
discharge tube by Ar-BCl3; plasma. Vapour phase reaction can also be used to form ceramic
matrix composite by chemical vapor infiltration in three dimensional porous perform. Berthon et
al.[42] have deposited ZrB, into carbon fiberous perform at 800 °C. Dilution of the reactants
(BCl3, ZrCly4, H2 ) by helium improvesin infiltration quality.
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Zirconium borohydride (Zr(BH),4) is a useful single precursor for vapor phase synthesis

of ZrB,. Thermal decomposition of this compound results in ZrB, coating at very low

temperature (100-270 °C). The ease of deposition of the films and their favorable mechanical

and electronic properties suggest that Zr(BH),4 is excellent precursor complex for ZrB, films

useful in electronic applications. Wayda et al. [43] have prepared ZrB, coating on various

substrate (quartz, sapphire and silicon) by thermal decomposition of Zr(BH)4. The films were

amorphous and conductive. Reich et al.[44] have prepared amorphous ZrB, coating by using

Zr(BH), as asingle precursor at temperature of 150-400 °C.

Table 2.3 gives the comparative summary of studies reported on the synthesis of ZrB, by

vapour phase reaction [38-41, 43-45].

Table 2.3 Synthesisof ZrB, by vapor phase reaction

Technique Reactants Process parameters Product quality Reference
Reaction in ZrCl, + NaBH, T: 700 Argon: 1 bar Nanosized powder ,20 nm 18
autoclave
T:580°C
PECVD ZrCl, + BCl; +H>» Crystalline, nanograins 41
Substrate; zircalloy 4
CvD ZrCl, + BCl3 +H>» T: 700-900 Sub: Cu Single phase ZrB,, adherent 16
PECVD Zr(BH), T: 150-400, RF power: 80 W | amorphous 44
Crystalline, pure
LPCVD ZrCl, + BCl; +H, T: 1050-1200 Sub; graphite 17
Hy = 21.5-26 GPa
CvD ZrCl, + BCl; +H>» T: 952 Sub; graphite Thickness: 15-30 um 45
Therma Zr(BH), T:100-270 °C, Sub: Si, quartz | Amorphous and conductive 43

decomposition

T: Temperature
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2.2. Dendification of zirconium diboride:

Densification of monolithic ZrB; is extremely difficult due to high melting point, strong
covalent bonding and low self-diffusion rates. ZrB, powder surface is always covered with
B,O3; and ZrO, which leads to evaporation condensation mechanism that causes mass transfer
without densification. At lower temperature surface diffusion and evaporation condensation
mechanism are favored which results in mass transfer without densification. At higher
temperature exaggerated grain growth takes place which results in poor mechanica properties.
High temperature and external pressure are required to densify monolithic ZrB, [1, 10]
Densification is achieved only above 1800°C, when grain boundary diffusion and volume
diffusson mechanisms become active. Basically there are three ways to achieve better

densification in borides at low temperature and pressure.

(1) Use an additive which forms aliquid phase at sintering temperature
(2) Increase the surface energy of powder by removing the surface oxide layer

(3) Increase the defect concentration by mechanical activation

Severa additives have been tried to improve the sinterability and properties of ZrB.,
Metallic additives assist in densification by liquid phase sintering but they deteriorate high
temperature properties. Room temperature mechanical properties also degrade due to lower
hardness of metals. Carbon and carbides (such as SiC) reacts with oxide layer on ZrB, and
provide fresh surface of ZrB, which has higher surface energy. Mechanical activation results in

increase in point defects which help in densification.

Sintering behavior and final properties of dense bodies are influenced by powder
characteristics such as particle morphology, surface purity, particle size distribution and
processing parameters such as temperature, external pressure, time, environment, heating rate
etc. Unintentional impurities or processing additives, which affect both the sintering behavior

and high temperature performance, are often incorporated during processing. Additives or
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impurities can form low melting eutectics with UHTCs that have a deleterious effect on high

temperature performance.

The consolidation processes are classified as; (i) pressureless sintering (ii) hot pressing

(iii) spark plasmasintering (iv) microwave sintering and (v) laser sintering
2.2.1 Pressureless Sintering:

Pressureless sintering is a simple and economic process to produce dense compacts. This
operation is carried out in two steps. In the first step green compacts with sufficient handling
strength are prepared by uniaxial die compaction. These green pellets are then fired at chosen high
temperatures in controlled atmosphere. Pressureless sintering is required to fabricate near-net-
shape components, which will drastically reduce subsequent needs for diamond machining. The
properties obtained are slightly lower than that for the hot-pressed sample and were attributed to
their larger grain size. One of the crucial problems faced during sintering of borides is the
exaggerated grain growth during sintering, which hinders the densification process. Following the
initial stage of rapid shrinkage, excessive coarsening is induced by the partial predominance of
evaporation—condensation mechanism at the densification temperatures and results in a rapid

diminution of the driving force for sintering.

Despite the low-intrinsic sinterability, which is attributed to highly covalent bonds and low
volume and grain boundary diffusion rates, significant advances in pressureless sintering of ZrB.
have been made. Some applications for thermal protection systems may not require very high-
mechanical strengths of fully dense materials. Lower cost processing techniques that can produce
large parts in complex shapes with some porosity may find application for thermal protection, as
long as the material meets some threshold strength criterion for the particular design. The material
porosity may even provide some benefit by lowering the stiffness and the thermal conductivity of

the part.

Full densification of monolithic ZrB, requires very high temperature and longer duration.
Farehnholtz et al.[46] have reported only 78% densification of monolithic ZrB, by sintering at
2050°C for 2 hour. Chamberlain et al.[47] have obtained a density of ~98%py, by pressure less
sintering ZrB, at 2150°C for 9 hours. Khanra et al.[31] have obtained 97.5% density on sintering
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at 1950°C using ZrB, powder prepared by SHS. The activation energy for sintering was
estimated at 43 kJ for coarse and 37 kJ for fine SHS powder.

Various additives have been tried to improve the densification of ZrB,. Metds, carbon,
carbides and silicides were used to enhance the densification. Zhu et al.[48] have used 1.7%
carbon and obtained 99% dense ZrB, at 1900°C for 2 hours. Farehnholtz et al.[46] have added
4% B4C to get 94 % density at 2050°C for 2 hour. Zhang et al.[49] have added 4%WC and 2%
B4C and reported a density of 98% on pressureless sintering at 2050 for 3 hour. Zhang et al.[50]
have used 3% carbon and 0.5%B,C to ZrB,+20% SiC and densified the composite to 99.3%
density by pressureless sintering at 2100°C for 2 hr. Sciti et al.[51] have obtained 99% dense
ZrB, at 1850°C with the help of 20% MoSi, addition. Mishra et al.[32, 33] has studied the effect
of carbon and TiC addition on pressureless sintering of ZrB,. Both the additive react with
surface oxide layer and result in enhanced densification.The density was found to increase with
the addition of C only upto 5 wt.%. Further increase in C content led to decrease in densification.
The addition of TiC above 5 wt.% was found to be detrimental for the sintering of ZrB,. The
densification rates decreased due to increased volume fraction of second phase that acted as
diffusion barrier.  Wang et al.[52] have studied the effect of boron content as sintering aid for
densification of ZrB,. It was found that boron is an effective additive for the pressureless
densification of ZrB,— 20 vol.% SiC ceramics. Addition of 0.5 wt.% boron was not enough to
effectively remove the surface oxide impurities and complete densification could not be
achieved. However, due to the appearance of liquid phase, a boron content higher than 2 wt.%
would lead to a densification deterioration and microstructure coarsening at temperature higher
than 2100 °C. To obtain dense ZrB,-SiC ceramics with a fine and stable microstructure, the
content of the boron addition should be about 1 wt.%.

Mishra et al.[53] have studied the effect of Fe and Cr addition on sintering of ZrB,. It was
observed that Fe addition helps to enhance the density of ZrB, only up to 10 wt%. Further
addition of Fe degrades the sintering by segregation of Fe-rich phases. The addition of Cr to a
ZrB, matrix was found to result in swelling of the samples, leading to several cracks. Cheng et
al. [54] have studied the effect of Mo and Cu addition on densification of ZrB,. Addition of
22.1%M o resulted in 88% of theoretical density on firing at 2100°C for 30 min. Yan et al.[55]
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have reported that 4% Mo addition to ZrB2 + 20% SiC results in 97.7 % dense composite by
pressureless sintering at 2250°C for 2 hr. Addition of Cu did not help in sintering as high vapour
pressure of Cu resulted higher porosity in the samples during firing. Khanra et al.[56] have
studied the effect of Ni addition on pressureless sintering of ZrB, over a temperature range of
1300-1600 °C. Sintered density was found to increase with sintering temperature and Ni content.
This could be due to liquid phase sintering and the densification rate increase with sintering
temperature. A maximum density of around 88% was achieved for the 50 wt-%Ni sample at
1600 °C. The XRD pattern showed formation of NisZr phase during pressureless sintering. The
coefficient of thermal expansion increased with Ni addition.

Reported work on pressureless sintering of ZrB, based materials are summarized
in Table 2.4. [32-33, 46-60]

2.2.1.1 Reactive sintering

Pressureless reactive processing offers the possibility of reduced processing time and
temperature and is therefore an attractive aternative to conventional pressureless sintering of
ZrB, powders. Reactive processing possesses advantages, such as lower processing temperatures
and time, improvement in the cleanness of the grain boundaries etc. Among the controllable
parameters, the initial density of the compact plays an important role. Independent of the sintering
schedule, use of a green body with a porosity as low as possible maximizes the chance of
obtaining the highest final density. Shock consolidation process generates defects and other
features that can enhance the solid-solid diffusivity, such as dislocations, shorter diffusion
distances, subgrain size structures, and clean/fresh interfaces, which could improve the
densification behavior [61].

Brochu et a [61] have shock compacted Zr and B mixture to a density of 95% and then
reacted the powder at 1600-2000 °C. Preparation of bulk ZrB, ceramic has been reported [26] by
pressureless reactive sintering of elemental powder mixtures. After reaction, the samples had
relative densities ranging between 58 and 79%. Results showed that reaction by itself does not

provide sufficient driving force to produce fully dense ZrB, from the elementa powders.
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Table2.4: Pressurelesssintering of ZrB, based materials

Additive Temp. (°C) Time(min) Density Hardness Fracture Reference
(%) (GPa) Toughness
(MPa.m*?)

monolithic 2150 540 98% - - 47
20%Mo0Si , 1850 30 2.1 16 23 51
20% MoSi, 1830 30 99.5 - - 57
20%SiC+5%V C 2000-2100 120 100 154 49 58
monolithic 1800 30 87 - -
5%C 1800 30 96.1 - - 32,33
5%TiC 1800 30 94.2 - -
20%ZrSi, 1650 60 99.5 - - 59
monolithic 2100 120 70 - -

48
1.7%C 1900 120 99 155 28
Monolithic 2050 120 78 - -
4%B,C 2050 120 94 17.9 33
1%C 2100 120 96 - - 46
2%B ,C + 1%C 1900 120 100 19 35
8% WC +4%B,C 1850 60 100 18 31
polycarbosilane 1900 120 95 - - 60
20%SiC +3%C+0.5%B,C | 2100 120 99.3 14.7 4 50
4%WC + 2%B.,C 2050 180 98% - - 49
20%SiC + 4%Mo 2250 120 97.7 14.8 54 55
10% Fe 1800 120 93.5 - - 53
22.1%Mo 2100 30 88 - - 54
50% Ni 1600 60 88 115 - 56
20%SiC + 1% B 2100 120 99 16 - 52
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2.2.2 Hot Pressing:

As pressure less sintering of ZrB, without additive is extremely difficult, hot
pressing is the most popular method for obtaining densified compacts. Pressure assisted sintering
involves heating a powder compact, with the simultaneous application of pressure. The powder
compacts are typically heated externally using graphite heating elements and the pressure is
applied hydraulically. Particle size influences the density and microstructure of the hot pressed
compacts. Before hot pressing, ZrB, powder is milled by ball milling or attrition milling to
obtain a powder of < 2um size. The milled powder is filled in the graphite die and then heated to
required temperature in vacuum or argon atmosphere. When the die temperature is reached at
required temperature, uniaxial pressure of around 30-40 MPa is applied. Hot pressing
temperature, pressure, heating rate, atmosphere and holding time affect the density and
microstructure of the densified pellets. Hot pressing method is limited to simple shapes and
complex geometry cannot be fabricated using this technique.

In general a temperature around 1800-2000°C and pressure of 30 MPa is reported for
achieving greater than 99% density in ZrB, based materials. For monolithic ZrB,, hot pressing
temperature of 1900°C and pressure of 32 MPa is reported by chamberlain et al.[62].
Monteverde [63] has obtained 98% density at 1850 °C and 30 MPa by the addition of 5% Ni.
Sciti et al.[64] have added 15% TaSi, and obtained 99% density at 1850°C. The most important
microstructural features were the partial decomposition of TaSi, and the formation of solid
solutions (Zr,Ta)B,. Guo et al.[65] have densified ZrB,+ 20%MoSi,+ 5% SiC to 100% of
theoretical density at 1800°C and 30 MPa. Monteverde et al.[66] have added 5% SisN,4 and
obtained 98% density at 1700°C and 30 MPa. Han et al.[67] have studied the effect of AIN as
sinter additive and 97.7 % dense ceramic was obtained by 5% AIN addition. Aluminum nitride
improves the sinterability of ZrB, powder by eliminating the oxide layer according to following
reaction[67].

AIN + B203— BN + AloO3...cocvvvieeiiiiec e 1)

Effect of SIC addition on processing and properties of ZrB, has been studied by many
researchers. SIC reacts with surface oxides according to following reaction and thus enhances

densification by removing B,O3 from particle surfaces. Furthermore, the addition of SIC also
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limits the grain growth during densification. Monteverde et al.[68] have added 10% SiC and
obtained 100% density by hot pressing at 1900 and 50 MPa. Onset of densification takes place at
1260 °C but a marked increase in densification rate was observed only at temperature above
1500°C. Guo et al.[69] have studied the effect of nanosize SiC addition to ZrB,. The strength of
ZrB, with nano-sized SIC particles is higher than that with micron-sized SIC particles. This is
attributed to a more uniform dispersion of nano-sized SIC particles at grain boundaries and
within the grains, whereas the micron-sized SiC particles are located at multiple grain pockets.
Zhou et al.[70] have added 5% carbon black to ZrB, + 20% SiC and obtained near theoretical
density by hot pressing at 1900°C. Tian et al.[71] have added 2% carbon nanotube into ZrB,-SiC
composite and obtained near theoretical density by hot pressing at 1900 °C and 30 MPafor 1 hr.
Yang et al.[72] have obtained near theoretical density of ZrB, +20%SIC +20%Csine by hot
pressing at 2000°C and 30MPa. Carbon fiber reinforcement resulted in remarkable increase in
fracture toughness

Zhu et al.[73] have studied the effect of Al,O3 plus Y O3 addition on hot pressing of
ZrB,—SiCw composites at 1800 °C. Analysis revealed that additives may react with impurities
(i.e. surface oxygen impurities and residual metallic impurities) to form a transient liquid phase,
thus promote the sintering and densification of ZrB,—SiC,, composites. The content of additives
was found to have a significant influence on the sinterability, microstructure and mechanical
properties of ZrB,—SIC,, composites. ZrB,—SIC,, composite prepared with a small amount of
additives (3 vol.%) provided the optima combination of microstructure (relative density of
98.3%) and excellent properties, including flexural strength of 783M Pa and fracture toughness of
6.7 MPa m*. With further addition of additives, SiC whiskers were inclined to gather together
and be enveloped by excessive liquids to form core-rim-like structures, which lead to little
decrease in mechanical properties. Li et al.[74] have densified ZrB,—ZrO, ceramics, with ZrO,
content ranged from 15 to 30 vol.%, by hot pressing at 1860under a pressure of 30MPa.
Higher content of ZrO, was beneficia to decrease the grain size, which was aso advantageous
for the strength. Zhang et al.[75] have hot pressed ZrB, +10%SiC + (10-30%) ZrO, composite
to 98% density at 1850C and 30MPa. Addition of ZrO , was found to increase the fracture
toughness to 6.0 MPa m*2. Addition of rare earth oxides such as Y03 Yb,0s, La,Os, and

Nd,O3 lowers the densification temperature. Zhang et al.[76] have aso reported that small
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addition (3 vol%) of Y ,03 reacts with surface oxides and help in densification. Near theoretical
density was obtained at 1900°C.

Guo et al.[77] have observed that addition of rare earth oxide decreases hot pressing
temperature by 50°C (from 1950 to 1900 °C). The addition of Re,O3 (Re =Y and Yb) resulted in

the formation of Re,Zr,07 according to the following reaction:

272105 +RE03— REZI07. i i i (24)

Available literature on hot pressing of ZrB, based materia is summarized in Table 2.5.
[51, 62-70, 72-89].

2.2.2.1 Reactive hot pressing:

Reactive hot pressing (RHP) is another method that relies on thermodynamically
favorable reactions to form intermetallics, non-oxide ceramics, and metals. Unlike SHS, RHP
relies on a controlled (i.e., non-self-propagating) reaction in which the products are formed
relatively slowly by a solid-state diffusion-controlled process. The use of controlled reactions
ensures that the reactants are completely converted to the products. In addition, the combination
of controlled reaction and the simultaneous application of pressure may produce dense bodies in
a combined in situ synthesis and densification process, thereby eliminating the need for further
powder processing after the reaction is complete.

ZrB, ceramics can be densified at temperatures that are 200-300 ‘C lower than
conventional processing. This reduction in processing temperature may be related to the
minimization of oxide impurities (B.O3 and ZrO,) that are thought to promote coarsening and
inhibit densification of the boride ceramics. The use of high energy milling to reduce the size of
the metallic precursors may also result in the development of large defect concentrations in the
precursors, which, in turn, may enhance densification of the resulting ceramics. In reactive hot
pressing the graphite die must be coated with boron nitride to avoid any reaction with die.

Chamberlain et al.[23] have obtained 99% dense ZrB, by reactive hot pressing at
2100°C. Dense ZrB, produced by the reactive hot pressing process had mechanical properties
that were comparable to ceramics produced by conventional processes. The four-point flexure
strength of ZrB, produced in this study was 434M Pa.
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Table 2.5 Hot Pressing of ZrB, based materials

Additive Temp. (°C) | Pressure | Time Density (%) | Hardness | Fracture Reference
(MPa) (min) Toughness
(GPa)
(MPa.m?
20vol%SiC 2000 30 60 100 - 4.2
20v0l%Si C+20%Criper 2000 30 60 98.4 - 6.3 "
15% MoSi, 1750 30 20 97.7 149 -
20%MoSi, 1800 30 5 98.1 15 - 51
20%Mo0Si,+ 2.3%C 1780 30 12 99.2 17 -
10-40% MoSi , 1800 30 30 99.8 13-15 2.8-3.7
20%Mo0Si, +5%SiC 1800 30 30 100 16.1 34 %
15% TaSi, 1850 30 10 99 17.8 3.8 64
20%SiC 1900 30 60 97.5 18.0 3.6
20%SiC +3%Nd,03 1900 30 60 99.9 191 3.7
20%SiC +3%La,04 1900 30 60 99.9 194 34 77
20%SiC +3%Y ,03 1900 30 60 99.1 19.8 4.7
20%SiC +3%Y b,03 1900 30 60 99.7 20.1 49
5%Ni 1850 30 30 98 144 2.8
13%B4C+ 4%Ni 1870 30 10 99.6 19.2 45 %
Monolithic 1900 30 30 87 8.7 2.3
5% Si3zN, 1700 30 30 98 134 37
20% SIC +4% Si;N, | 1870 30 30 98 14.6 : 8
Monolithic 1900 30 30 86.5 8.7 35
4%Ni 1850 30 30 98 144 2.8 "
Monolithic 1870 30 30 90 - -
2.5%Si3Ny 1700 30 15 98 - - %
10%ZrO,+10%SiC 1950 30 60 99.6 20.5 45 80
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20%SC +10% LaBs | 2000 30 60 99.2 ; ; 81
25% Nb 1800 30 60 97.2 163 6.7 82
fo\:/‘foig)w + SW(AIZ03 | g 30 60 983 - 6.7 73
10%Mo 1950 30 60 %9 ; 6.7 83
Monolithic 2000 30 60 90.4 - -

20%SC 2000 30 60 %2 § § >
Monolithic 1900 2 45 %98 23 35

20%SC 1900 2 45 99.7 2 44 *
10%SC 1900 50 20 100 48 68
20%SC + 10% LaBs | 2000 30 60 % 171 57 89
25% SIC + 35% BN 1800 23 60 926 5.2 41 84
30% 210, 1850 30 60 9%8.9 2 79 74
10%SIC + 10%210, 1850 30 60 %2 193 6.0 75
20%M0Si, + 20%2r0, | 1850 30 60 %5 19.9 65 85
30% SIC 1850 2 45 995 2 3.9 86
30% SIC 1900 2 45 100% 24 5 87
20% SIC+ 5%C 1900 30 60 100 123 6.6 70
20%SiC + 5% AIN 1850 30 60 100 § 53 67
20% SIC +3%Y,0; | 1900 30 60 993 176 56 76
20% SiC + 20% 1950 30 60 % § § 88
Graphite

26




2.2.3 Spark plasma sintering:

Spark plasma sintering (SPS) makes it possible to densify ZrB, based materials at a
lower temperature and in a shorter time compared with conventiona techniques. In the SPS
technique, a pulsed direct current passes through graphite punch rods and dies simultaneously
with a uniaxial pressure. Thus, the grain growth can be suppressed by rapid heating and the
densification is accelerated at high temperature. Furthermore, the microstructure can be
controlled by a fast heating rate and shorter processing times. Higher densities, refined
microstructures, clean grain boundaries, elimination of surface impurities as well as an overall
improvement in the materials performance have been reported in the literature for severa
ceramic materials densified by spark plasma sintering. In SPS, the actual temperature inside the
specimens is significantly higher than that recorded on the surface of the die. The temperature
mismatch depends on many factors such as the size of the die, the quality of vacuum, the level of
insulation of the die, thermal and electrical conductivity of the die, etc.

It is well known that oxygen contamination, in the form of B,O3 and ZrO, is present on
the surface of the ZrB, starting powders, and this limits the densification. During SPS, the use of
a pulsed current may generate an electrical discharge and the local spark discharge cleans the
surface oxides of the powder, and possibly enhances grain-boundary diffusion and migration,
which is assumed to promote transfer of material and aso enhance densification. The high
heating rate increases the current, enhances spark discharge and further promotes grain-boundary
diffusion for rapid densification. Due to the high densification rate, some gaseous B,O3 has no
time to escape and is encapsulated into the ceramics. Of the surface oxides (B,O3, ZrO,) present
on the raw materias, B,Oj3 is considered the most important factor in promoting coarsening of
boride-based ceramics through evaporation—condensation kinetics. The rapid heating through the
range 1500-1900 °C minimizes the time over which coarsening could occur by evaporation and
condensation of B,0O3. Therefore fine microstructure is obtained by SPS. In other words, the fast
heating rate is effective in reducing the adverse effect of B,O3 for grain coarsening. Under
electric field grain boundary migration is enhanced which in turn reduces the closed porosity
[90]. Despite the numerous published works on field assisted sintering techniques, it is till very
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difficult to identify which are the critical factors that determine the eventual changes and
improvements in the materials densified by spark plasma sintering. In other words, it is difficult
to assess if these improvements are related to the more favourable sintering parameters (higher
heating rates, lower holding times) or to intrinsic effects related to electric field.

Venktesh et al.[91] have studied the spark plasma sintering of ZrB, + 6 wt% Cu and
obtained a density of 95% at 1500 °C and 15 minute. Akin et al. [92] and Carney et al.[93] have
obtained 99% dense bodies of ZrB, -20% SiC by SPS at 2000°C in 5 minutes only. Song et
al.[94] have densified ZrB, + 10% Y AG composite to 99% density at 1700°C, and 20 MPaand 4
min. Guo et al.[90] have reported the optimum condition of SPS to obtain 100% ZrB, as
1900°C temperature, 3 min holding time and heating rate of 200-300 °C/min. A temperature
higher than 1900°C resultsin rapid grain growth. Most of the densification in the green compacts
occurred during heating and within very short holding time (within 3 min) accompanying neck
formation between the powders. Balbo et al.[95] have prepared ZrB, +15%M0Si, by both SPS
and hot pressing using same sintering conditions. No differences were observed in terms of
microstructural features and mechanical properties when the composite was densified either by
spark plasma sintering or by hot pressing using the same sintering parameters. The spark plasma
sintering technique is effective mainly due to the high heating rate and high efficiency of the
heating process. Sciti et al.[51] have densified ZrB, +15%MoSi, composite by SPS at 1700 °C
in 7 minutes. Sciti et al.[96] have also studied the spark plasma sintering of ZrB, with decreasing
amount of MoSi, as sintering aid. After decreasing the amount of sintering aid, increased
sintering temperatures were necessary to obtain the same level of density. For 9% and 3%
doping, 98% dense samples were obtained at 1700 and 1780 respectively, whilst for 1%
doping, the temperature had to be raised to 1850. Hu et al.[97] have fabricated ZrB,—SiC
composites by spark plasma sintering (SPS) using TaSi, as sintering additive. The composites
could be densified at1600 -C and the core-shell structure with the core being ZrB, and the shell
containing both Ta and Zr as (Zr, TaB, appeared in the samples. When the sintering
temperature was increased up t01800 °C, only (Zr,Ta)B , and SIC phases could be detected in the
samples and the core-shell structure disappeared. Generally, the composites with core-shell
structure and fine- grained microstructure showed the high eectrical conductivity and Vickers

hardness.
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Zhao et al.[98] have prepared ZrB,-SiC composite by spark plasma sintering reactive
synthesis method. Zr, Si and B4C powder was taken as starting material and the composite was
made at 1400 °C and 9 min. It was discovered that density increases with holding time but
hardness decreases slightly due to grain growth.

SPS is suitable technique for the preparation of nanocomposites as no grain growth takes
place in this process. Nanocomposite ceramics have superior mechanical properties and good
application prospects. Cao et al.[99] have used nanosized SIC as additive and prepared
nanocomposite using spark plasmasintering. Available literature on SPS of ZrB, is summarized
in Table 2.6 [51, 90-93, 95-96, 98, 100-103].
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Table 2.6 Spark plasma sintering of ZrB, based materials

Additive Temp. (°C) Pressure Time Density Hardness Fracture reference

(MPa) (%) Toughness

(minute) (GPa)
(MPa.m*?)

15% MoSi, 1750 30 7 98.1 16.2 2.6 51
15% MoSi, 1750 30 8 98 16.2 35 95
15% MoSi, 1750 30 7 97.7 16.2 4.4
iiﬁirsicc 1750 30 20 99 188 35 10
Zr+Si+B,C 1400 30 9 98.3 18.1 43 98
20t060% SIC 2000-2100 20 3 99 26.8 2541 92
20% SiC 2000 32 5 >09 - - 93
monolithic 1900-1950 50 3 >97 - - 90
monolithic 2300 75 3 98 15.6 <2
9% MoSi, 1700 100 5 100 18.2 3.3 %
6% Cu 1500 40 15 94.8 191 7.4 91
20% SiC + 5% 1900 30 4 - - - 101
Yb,0;
0.1% SiC 1900 40 30 99.4 102
25% SiC 1800 20 30 99.6 16.7 5.0 103
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2.2.4 Microwave sintering:

Microwave sintering is another aternative to hot pressing and conventional sintering.
Microwave sintering has the advantages of uniform and rapid heating since the energy is directly
coupled into the specimen rather than being conducted into the specimen from an external heat
source. Generally, enhanced densification and finer microstructures have been reported for
microwave sintered materials. However, only one literature was cited on microwave sintering
of ZrB,, probably because ZrB, is €electricaly conductive and has limited coupling with
microwave energy.

Zhu et al.[104] have studied the microwave sintering of ZrB, — 4%B,C particulate
composites. B,C particles contributed to the densification of ZrB, by reacting with surface
oxides and acting as a microwave absorber for heating of the ZrB, matrix. Compared to
conventional sintering, microwave sintering promoted the densification of the composite at lower
temperatures without significant grain growth. Relative densities of >98% were achieved at
microwave sintering temperature as low as 1720 °C. The ZrB, matrix grain size increased from 2
to 15.9 um when the microwave sintering temperature increased from 1630 to 1920°C. The
composite fabricated by microwave sintering at 1820 °C had a Vickers' hardness of 17.5 GPa
and a fracture toughness of 2.8 MPam®?, which were comparable to specimens with the same

composition produced by conventional sintering.

2.2.5 Laser sintering

Laser sintering is a rapid prototyping technique that builds objects layer by layer from
powders. It offers a promising direction to fabricate cladding layers as well as free standing 3-
dimensional structures for UHTC. When the laser beam irradiates the powder surface, it absorbs
light energy and the temperature rises, giving rise to necking, grain growth, partial, or full
melting in some cases, and eventually densification. Moreover, it is a non-contact process, so
contamination is minimized. However, due to the small beam size, this technique is limited to
manufacturing of small to medium scale objects. Recent research has shown that laser sintering

holds great promise in processing high temperature, high performance materias into functional
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components. Laser power, beam spot size and scan speed are major processing parameters in
laser sintering. Sun et al.[105] have obtained ZrB, sintered layer with uniform surface
morphology. In addition, the rapid cooling rate of laser sintering enabled the formation of
needle-like nanostructures at the sintered surface. They have also prepared 3-D structures of
ZrB,-Zr composite by a combination of laser sintering and induction heating technique [106].
Sintered objects have densities >95% of theoretical values and have microhardness values up to
16.0 GPa. This technique seems capable to create complex structures or repair UHTC objects

and thus would be especialy beneficial in saving time and reducing overall cost.

In literature survey it was found that studies on synthesis of ZrB, by boron carbide
reduction method is very limited and hence it was planned to carry out detailed investigation on
synthesis of ZrB, by this route. In literature it was found that several additives have been used
for enhancement of densification and properties of ZrB,. As per my knowledge there is no report
on the use of TiSi,, CrSi, as sinter additive. These additives have potential for improving the
densification as well as properties of ZrB, and hence study was carried out on the effect of these
sinter additives on densification and properties of ZrB,. In literature, it was seen that there is no
effort on improving densification of ZrB, by solid solution formation. Effect of rare earth
borides on densification and properties were also not studied. In this study, effect of rare earth

boride (EuBg) on densification and properties of ZrB, were studied.

2.3 Oxidation behavior of ZrB, based materials

ZrB, is a candidate material for many applications which involve oxidizing
conditions. So its oxidation behaviour at different temperatures and different partial pressure of
oxygen is of vital interest. Several researchers have carried out studies on oxidation behaviour of
ZrB, based materials. Pure ZrB, oxidises in air at elevated temperatures and gives ZrO, and
B,O3 according to following reaction (reaction (1)). The reaction is thermodynamically feasible
at all temperatures with AG® =-1977 + 0.361T (kJ). [1]

ZrBo +5/2 O —> ZrOs + BoO3guuuiiiiiiiiie et (1)
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Below 700 °C, the mass gain is negligible. At temperatures below1100 °C, ZrO, and
B,O3; form a continuous layer that provides passive oxidation protection.[ 1,114]. The rate
limiting step for oxidation is the transport of oxygen through B,O3, which results in parabolic
(diffusion-limited growth) kinetics for mass gain. Between 1100 and 1400 °C, the weight change
reflects a combination of mass loss due to B,O3 evaporation and mass gain due to the formation
of condensed oxide (ZrO;). Specimens continue to gain mass as the mass of oxide (ZrO,)
formed is greater than the mass of diboride reacted plus the mass of B,O3 lost. As B,03
evaporates, a porous ZrO,, layer remains, athough a small amount of B,O3 may be retained.
Above 1400 °C, the oxide layer is not protective and rapid linear mass gain takes place. .[ 1,107]

Additives which change the composition of the oxide scale improve the oxidation
resistance of ZrB,. The most common additive used is SIC, which reduces the oxidation rate of
ZrB; by forming a silica-rich scale 1,108]. Below 1100 °C, the addition of SiC does not alter
the oxidation behavior of the diborides. In this temperature regime, the oxidation rate of SIC is
several orders of magnitude slower than that of the diborides. Consequently, the oxide scale on
ZrB,— SiC below 1100 °C consists of ZrO, and B,Os, as it was for pure ZrB,. Above 1100 °C,
two factors affect oxidation. First, the rate of SIC oxidation increases and the SIC particles are
converted to SiIO, and CO. Second, the rate of B,O3 evaporation becomes significant. Oxidation
of ZrB,-SiC results in a mass loss between 1200 and 1300 °C due to B,Os evaporation. The
silica-rich layer provides protective behavior, which results in mass gain with parabolic kinetics
from room temperature to 1600°C [1, 4]. Above 1600°C, active oxidation of SiC takes place and
results in formation of SIO which is not protective [109]. Besides SiC, additives such as MoSi,
[110], TaSi,, [111], AIB, [112], improve the oxidation resistance of diborides. Results of some
of the studies on oxidation of ZrB, based material is discussed below.

Voitovich et al. [113] have reported that at 600-800 °C, ZrB. is virtually immune against
oxidtation. At 900-1000° C, barely perceptible oxidation begins and at 1100°C-1200°C, the rate
of the oxidation grows allittle. At 1400 °C, amarked increase is observed in the intensity of
oxidation in theinitia stage of oxidation. However in the later stage the scale layer undergoes
sintering and protects the base material. At lower temperature (upto 1000 °C) oxidation product
was ZrO, and B,Os. At 1200 and 1300 °C, zirconium borate was observed and at higher
temperatures (1400 °C) only ZrO, was found.
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Opeka et a. [114] have reported that ZrB, ceramics did not oxidize significantly even
after 2 h heating at 1200 °C. The ceramic was protected by liquid boria. Above 1200 °C, pure
ZrB, oxidized very actively due to the intensive evaporation of B,Os. It was also reported that
thickness of the oxide layer increases with temperature which indicates that boria alone does not
prevent oxidation. ZrB, ceramic containing SiC was reported to have good oxidation resistance
due to formation of borosilicate glassy layer which has higher viscosity, higher melting point,
lower oxygen diffusivity and lower vapour pressure. Monteverde et a [107] have reported that
oxidation of monolithic ZrB, takes place rapidly due to the weak ability of B,O3 to hinder
intensive oxidation. ZrO, has a semi-protective action at elevated temperatures due to its anion-
deficit structure permitting inward transport of oxygen via lattice vacancies. The introduction of
SiC particles markedly improved the oxidation resistance of the ZrB,-SiC -based composites in
comparison to the monolithic ZrB,. An adherent and protective borosilicate glassy layer coats
the sample surface, greatly limiting the inward diffusion of oxygen into the unreacted bulk. Opila
et d . [111] have studied the oxidation behaviour of ZrB,+20%SiC and ZrB,+20%SiC+20%
TaSi, at 1627 °C and at 1927 °C. Both the sample have shown parabolic kinetics at 1627 °C due
to formation of protective layer. Addition of 20% TaSi, was found to improve the oxidation
resistance of ZrB, at 1627 °C. Sample containing 20%TaSi, has shown poor oxidation
resistance at 1927 °C due to melting of Ta,Os. Han et al.[115] have studied the oxidation
behaviour of ZrB, containing 20% and 30% SiC at 1800 °C in different partial pressure of
oxygen. ZrB, containing 30 vol.% SIC particulates exhibited higher oxidation resistance at
1800 °C under an oxygen partial pressure of 0.2 atm compared with ZrB, + 20 vol.% SiC. High
SiC content is beneficial for oxidation resistance at 1800 °C in air due to alarge amount of silica
glass formation. However, this trend is reversed at a reduced oxygen partial pressure (2x10
atm) due to rapid active oxidation of SiC resulting in little formation of silica glass. Han et a
[116] have carried out oxidation test of ZrB,+20%SiC composite at 2200 °C for 10 minutes. The
composites exhibited excellent oxidation resistance at 2200 °C.. No macro-cracks or spallation
were detected after oxidation. SiC was no longer responsible for the improvement in oxidation
resistance of the composites in this case. ZrO, recrystallized into a dense coherent subscale,
which protected the underlying ceramic from catastrophic oxidation. Rezaie et a. [108] have
studied the isothermal oxidation behavior of ZrB, +20%SIiC in air at temperature range from
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800 °C to 1500 °C for a holding time of 30 minutes. Below 1200 °C, a protective B,Os rich scale
was observed on the surface. At 1200 °C and above, the B,O3 evaporated and the SiO,-rich
scale that formed was stable up to at least 1500 -C. Thermogravimetric study revealed that
oxidation starts at 800 °C. . Hwang et al. [117] have studied the effect of particle size of SiC on
oxidation of ZrB,-SiC composite at 1500 °C. It was found that SiC size reduction results in a
dramatic reduction in the thicknesses of the oxide layers. The largest improvement in oxidation
resistance occurs by going from a SIC grain size of 1.8 um —0.8 um. With further decrease in the
SiC grain size, the decrease in the oxide layer thicknesses is marginal. Seong et al. [144] have
carried out TEM study of oxidation of ZrB,-SiC material at 1500 °C at different partial pressure
of oxygen (10* and 10 Pa). Based on TEM results, the three layers (surface SiO, layer, ZrO
layer, and unreacted layers) were observed at high partia pressure and the two layers (ZrO,
layer, and unreacted layer) were observed at low partial pressure. No surface SIO, layer was
observed at low partial pressure due to active oxidation.

Sciti et a. [110] have carried out oxidation study of ZrB, + 20%MoSi, materia in the
temperature range of 700 to 1400 °C for exposure time of 30 hour. At 700°C, the extent of
oxidation at is very limited. The sample surface after oxidation at 700 appears covered with
small crystals belonging to zirconia, but the oxide layer is porous. At 800 and 1000 °C also the
surface oxide is porous and traversed by big cracks. A subsurface oxidation was noticed during
the treatment at 1000 °C. Samples oxidized at temperature range 1200-1400 °C was found to be
covered by a continuous silica-rich glassy layer, in which small zirconia and/or zircon grains are
embedded. Sciti et a [57] have aso studied the long term oxidation behaviour of ZrB, +
20%Mo0Si, material. Oxidation tests carried out between 700 and 1400 °C for 100 h showed that
this material was heavily oxidized at temperatures >1200 °C. Peng et al. [118] have studied the
oxidation behaviour of ZrB, ceramic containing B4,C SIC,TaB, and TaSi, by scanning
thermogravimetry in the temperature range of 1150 to 1550 °C. SiC additions improved
oxidation resistance over a broadening range of temperatures. Tantalum additions to ZrB,—B4C—
SiC in the form of TaB, and/or TaSi, increased oxidation resistance over the entire evaluated
spectrum of temperatures. TaSi, proved to be a more effective additive than TaB,. Silicon-
containing compositions formed a glassy surface layer, covering an interior oxide layer.
Dehdashti et al. [119] have studied the effect of tungsten addition on oxidation of ZrB,. For pure
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ZrB,, the protective liquid/glassy layer covering the surface as a result of oxidation was
evaporated above 1500°C. For (Zr,W)B, specimens, the liquid/glassy layer was present after
exposure up to 1600°C. The higher stability of the liquid/glassy phase in the W-containing
compositions was attributed to the presence of tungsten in the liquid/glassy phase, resulting in
improved oxidation resistance for ZrB, samples containing tungsten. Zhao et al [112] studied the
effect of AIB, addition on oxidation of ZrB, at 1500 °C. The oxidation tests revealed that the
AlB; phase improved the oxidation resistance for the ZrB, based ceramics, owing to the AI-B-O
liquid phase formed on the surface of the oxidized specimen, which slows down the oxygen
transportation velocity.

Effects of TiSi,, CrSi, and EuBg on oxidation behavior of ZrB, have not been reported
so far. In this study, effects of these additives were investigated at 900 °C for long duration of 64

hour in air atmosphere.
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Chapter -3
Experimental Procedure

This chapter gives the detail of experimental procedure employed in this study. It consists
of three parts (1) Synthesis (2) Densification and characterization (3) Mechanical properties and
(4) oxidation study.

3.1. Synthesis

Raw materials used for synthesis of ZrB, were ZrO; (99% purity; 8.34 um median
diameter), boron carbide powder (78.5% B, 19.5%C, <1% O, 0.02% Fe, 0.02% Si, 5.34 um
median diameter; supplied by M/S Boron Carbide India) and petroleum coke (C-99.4%, 13.9
pum median dia., supplied by M/S Assam carbon, India). All the raw materials were dried in an
oven at 100°C to remove moisture content before use. XRD pattern of the raw materials are
presented in Fig.3.1. It shows that all the raw materias (ZrO,, B,C and carbon) are pure. No
peaks of impurity phases are detected. For synthesis of ZrB,, weighed quantities of zirconium
dioxide, boron carbide and petroleum coke in various ratios were mixed thoroughly in
motorized mortar and pestle. The powder mixture was then pelletized under pressure of about
280 MPa to obtain pellets of 20 mm dia. Mortar pestle and die sets used for powder
processing was made of tungsten carbide to avoid contaminations. The pellets were then
charged in a graphite crucible and heated in an induction furnace under a dynamic vacuum of
2x10° mbar and at fixed temperature between 1200 and 1875 °C for 2 h. Temperature of the
charge was measured using a two-color pyrometer with an accuracy of +22 °C. After
completion of reaction, the furnace was cooled to room temperature in vacuum and the
reacted pellets taken out, crushed and ground to fine size using high-energy cup grinding mill
with tungsten carbide lining. Mgor phases of powders were identified by XRD (Cu Ka, A =
1.5404 A) radiation in an Inel make, X-ray diffractometer). Oxygen was measured by inert
gas fuson method. Carbon was measured by combustion and IR detection method. The
median particle diameter and particle size distribution were measured using laser particle size
analyzer (CILAS PSA 1064L). Scanning Electron Microscope (20 kV, Cam Scan
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MV 2300CT/100) was used to anayze the morphology of the powders. Similar procedure was
used for synthesis of EuBg and HfB, powder.

3.2 Densification and characterization

Raw materials used for densification were ZrB,, HfB, and EuBes powder which were
synthesized in Lab. Silicides of Ti and Cr were used as sinter additives. Aldrich make silicides
(TiSi, and CrSi,) were procured from market and used in present study. For densification,
weighed quantities of fine zirconium diboride and sinter additives (TiSi,/CrSi o/EuBs/HfB>)
were mixed thoroughly using a motorized mortar and pestle in dry condition for 1 h to obtain
powder mixture of different composition.

Titanium disilicide (TiSi2) and Chromium disilicide (CrSi,) have been selected as sinter
additives for liquid phase sintering process. These silicides have low melting point and thus
can be useful in liquid phase sintering. For solid state sintering, Europium hexaboride (EuBsg)
was selected as sinter additive. EuBg is a boron rich boride and thus can introduce point
defectsin ZrB; lattice on formation of solid solution. Presence of point defects would result in
enhanced diffusion and thus may be helpful in densification. Additives are also expected to
improve fracture toughness by crack deflection which could be due to presence of second
phase. TiSi, and CrSi, are expected to increase the oxidation resistance of ZrB, by formation
of silica based protective layer. Effect of EuBg on oxidation behavior of ZrB is not reported
till date, which has been one of the objectives of the present investigation. In this study,

investigations were carried out in this direction.
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Compositions of samples prepared for densification islisted in Table 3.1.

Table 3.1: Sample composition of powders used for densifications

TiSi, addition ZrB, +10%TiSi,
ZrB, +10%HfB, +10%TiSi,
ZrB, +20%HfB, +10%TiSi,

CrSi, addition ZrB> +10%CrSi,
ZrB, +10%HfB, +10%CrSi,
EuBg addition ZrB, +2.5%EuBg

ZrB, +5%EuBsg
ZrB, +10%EuBg

The mixed powders were loaded in a high density graphite die (12 mm diameter hole)
and hot pressed at temperatures of 1650 °C to 1850°C under a pressure of 20 to 35 MPa for
60 minutes in a high vacuum (1x10° mbar) chamber. The pellets were gjected from the die
after cooling and the density was measured by Archimedes' principle. Densified samples were
polished to mirror finish using diamond powder of various grades from 15 to 0.25 pm in an
auto polisher (Laboforce-3, Struers). The phases present in the densified samples were
examined by XRD. Scanning electron microscope with energy dispersive spectroscopy was

used to analyze the composition and distribution of different phases.

3.3 Mechanical propertiesand fractography:

Microhardness was measured on the polished surface at a load of 100 g and dwell time of
10 sec. The indentation fracture toughness (K,c) data were evaluated by crack length
measurement of the crack pattern formed around Vickers indents (using 10 kg load), adopting
the model formulation proposed by Anstis et al.[120]

K c = 0.016(E/H)“?P/c¥?, where

E = Young s modulus,
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H = Vickers's hardness,

P = applied indentation load, and

¢ = the half crack length.

The reported value of hardness and fracture toughness are the average of five measured

values. Fractured surfaces of dense pellets were analyzed by scanning electron microscope.

3.4 Oxidation study

Hot pressed pellet of diameter 12 mm was cut into thin slice of 3 mm thickness by
high speed diamond cutter. All the surfaces of the cut samples were polished with emery
papers (1/0, 2/0, 3/0, 4/0) and finally with diamond paste up to 1um finish. Oxidation tests
were conducted in a resistance heated furnace. In order to avoid oxidation during heating, the
sample was directly inserted into the furnace after the furnace temperature reached 900°C.
Samples were placed in an alumina crucible kept into the furnace. The samples were
oxidized for different time intervals (0.5, 1, 2, 4, 8, 16, 32, and 64 h) at 900-C. The samples
were carefully weighed before and after exposure to high temperature in order to determine
the weight change during the oxidation process. The oxidation products were identified using
XRD. The morphology and nature of oxide layer was investigated by observing the surface

in a scanning electron microscope (SEM).
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Chapter -4

Results and discussion

This chapter summarizes the results obtained during the various experiments giving a
detalled overview from starting powder preparations till microstructural and mechanical
characterization. This chapter is divided into three magjor sections representative for the three
phases in the research: phase 1 on synthesis of boride powders, phase 2 on densification,
mechanical properties and microstructure and phase 3 on oxidation study of prepared

composites.

4.1 Synthesis of borides

Experiments were carried out to study the effect of process parameters on synthesis of
boride powders. ZrB,, EuBg, and HfB, powder was synthesized by boron carbide reduction of

respective oxides.

4.1.1ZrB, synthesis

ZrB; was used as a base material for preparation of advanced composites. Studies were
carried out on synthesis of ZrB, by carbothermic reduction of ZrO, in presence of boron carbide
(reaction -4.1).

ZrOp + 1/2B4C +3/2C — ZrBa + 2C0T ..o, (4.1)

Raw materials used for synthesis of ZrB, were ZrO, (99% purity; 8.34 um median
diameter), boron carbide powder (78.5% B, 19.5%C, <1% O, 0.02% Fe, 0.02% Si, 5.34 pum
median diameter; supplied by M/S Boron Carbide India) and petroleum coke (C-99.4%, 13.9 um
median dia., supplied by M/S Assam carbon, India). All the raw materials were dried in an oven

at 100°C to remove moisture content before use. XRD pattern of the raw materials are presented
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in Fig.4.1. It showsthat all the raw materials (ZrO,, B4C and carbon) are pure. No peaks of

impurity phases are detected
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Fig.4.1 XRD pattern of raw materials

Thermogravimetric analysis was carried out to analyze the progress of reaction. Fig.4.2
presents the weight loss vs. time curve obtained by thermogravimetric experiment of
stoichiometric charge mixture as per reaction 4.1. The reaction starts at 1200°C and results in a
total weight loss of ~ 27.5 %. The weight loss observed is lower than the theoretical weight loss
of 33.0 %. The XRD pattern revealed the presence of ZrB,, ZrB and graphite phases (Fig.4.3).
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Fig.4.3 XRD Pattern of ZrB, powder obtained in thermogravimetry experiment
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Results of synthesis experiments carried out in vacuum induction furnace is summarized

inTable4.1.

Table 4.1 Effect of temperature and char ge composition on Zr B, synthesis

SNo. | Molar ratio Temperature | Weight Phases present Carbon | Oxygen
ZrO,: B4C: C (°C) loss (%) (%) (%)

1. 2:1:3 1200 18.47 ZrB,, ZrO, 9.7 522
2:1:3 1400 27.15 ZrB», ZrO, 8.2 24

3. 2:1:3 1650 30.28 ZrB,, ZrB, ZrO, | 7.3 24

,C

4, 2:1:3 1700 31.66 ZrB,, ZrB, C 35 2

5. 2:1:3 1800 33.04 ZrB,, ZrB, C 3.2 0.57

6. 2:1.1:27 1800 32.67 ZrB, 1.3 15

7. 2:1.1: 2.7 1875 33.01 ZrB, 0.06 0.5

It is seen that synthesis at 1200 °C results in the weight loss of only 18.47% and the

product was impure, containing ZrB, and ZrO, phases. The carbon and oxygen content were 9.7
and 5.22 % respectively. At 1400 °C, the weight loss increased to 27.15 % and carbon and
oxygen contents decreased to 8.2 and 2.9 % respectively. At 1600°C, weight loss increases to
30.28 % but the product contained ZrB,, ZrB, ZrO, and C. At temperatures of 1700 °C and

above, ZrO, was absent in the product but ZrB was seen. At 1800°C the weight loss was close to

theoretical value of 33.0%, however the product was composed of ZrB,, ZrB, and Carbon. The

presence of boron deficient phase (ZrB) even after the treatment at 1800 °C indicates the loss of

boron from the charge, which could occur in the form of boron oxides. The following reactions

may result in loss of boron during ZrB, synthesis.

ZrO, + 3/4B,C + 1/4C— ZrB, + CO + BO

ZrO; + 3/4B4C — ZrB, + 1/2B,03 + 1/2CO + 1/4C
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Zr0O2 + B4C > ZrBo + BoO + CO i e e (53)
ZrO, +3/4B4C — ZrBo + 3/[4C +BOs v (5.9

Gibb’'s free energy change with temperature for al the above reaction in vacuum
atmosphere (1x10™° mbar) is calculated and presented in Fig.4.4. It shows that all the above
reactions are thermodynamically feasible at high temperatures and thus results in formation of
boron oxides. Boron oxides are in gaseous state at high temperature and thus get removed from
the reaction zone by vacuum pump and hence result in loss of boron in the final product. Due to
loss of boron, the product contains ZrB as additional phase. Free energy of ZrB formation could
not be calculated as datafor ZrB is not available.

To carry out study on ZrB,, it is necessary to form a single phase of ZrB,. In order to
achieve that, the charge composition was modified by adding excess B,C. Addition of B,C is
supposed to compensate the loss of boron but at the same time it increases the carbon content so
carbon in the charge was decreased and modified charge containing excess B,C and less carbon
was used to obtain single phase ZrB,. Guo et a.[29] have also reported the loss of boron in the
form of B, O3 and used excess boron in the charge to obtain pure ZrB,. Zhao et a. [12] have
also reported that excess boron needs to be added to compensate the loss of boron in the form of
B,0O:s.

Fig.4.5 presents the XRD patterns of product obtained by stoichiometric and modified
charge mixture. It is evident that ZrB and graphite phase are not present and single phase ZrB; is
obtained by reacting the modified charge mixture (molar ratio, ZrO,: B4C: C, 2:.1.1:2.7) at
1800 °C.
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Fig.4.4 Free energy change with temperature for reactions resulting in boron loss

(Calculated by using Factsage software)

49



o o 7rB,
MR:2:1.1: 2.7 o ZrB
o V Graphite
®
Z o o
‘w ° ® °
5 o Lo
=
r °
-
S |MR:2:1:3
L °
<
o
T ¢ o, ®
r‘|| ® |
4}& ?_JL I ?_}\ o
20 30 40 50 60 ' 70 80
20 angle (degrees)

Fig. 4.5. XRD pattern of the products obtained by varying charge composition.
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Single phase ZrB, was formed by heating modified charge at 1825 °C but its carbon and
oxygen content was still higher The oxygen and carbon content was found to be 1.5 and 1.3%
respectively. This product was further purified to low levels of oxygen (0.06 wt%) and carbon
(0.5 wt%) by heating to 1875°C and soaking at this temperature in vacuum for 30 minutes. The
progressive remova of carbon and oxygen from the product with reaction temperature and the
fina purification using modified charge is presented in Fig. 4.6. Oxygen may be present in
powder in the form of ZrO,. Presence of ZrO, on powder surface is extremely deleterious for
densification as it decreases the specific surface energy of powder particles and thus decreases
the driving force of sintering. It also prevents the direct contact between ZrB, particles during
sintering and thus decreases diffusion rate. Presence of carbon in the final product is deleterious
for high temperature properties and should be minimized. Higher oxygen content in the ZrB,
produced at 1800 °C is due to incomplete reaction. Reaction kinetics is very slow as it is a solid
state diffusion controlled reaction. High temperature enhanced the kinetics of synthesis reaction
and decreased the oxygen and carbon content in the ZrB, powder. Guo et a. [29] have prepared
ZrB, powder by same route at a slightly lower temperature of 1750 °C but oxygen content of the
powder was higher (0.7 wt.%) compared to present study (<0.5 wt.%).

The obtained ZrB, powder was in the form of loosely sintered pellets, which were
crushed and ground to obtain powder of desired characteristics. By grinding the powder the
specific surface area gets increased which is the driving force for sintering. Properties of
densified pellets are a strong function of powder characteristics. To have good mechanical
properties the particle shapes should be equiaxed and particle size distribution should be
uniform, so that uniform grain size is obtained in the microstructure. To obtain these desired
characteristics, ZrB, was ground to 2-3 um range. Longer grinding result in contamination from
milling media (Tungsten carbide), which is undesirable. Zirconium diboride is harder than
tungsten carbide but there is no other aternate milling media which can be used for grinding
ZrB,. Fig.4.7 presents the particle size distribution of ZrB, after grinding. It is seen that
particle size distribution is trimodal with peaks around 0.5 um, 2 um and 7 um. Median diameter
was determined as 2.7 um. Fig. 4.8 presents the morphology of the ZrB, powder observed in
SEM. It is seen that the average particle sizeis 2.0 -3.0 um.
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In literature, various methods have been reported for synthesis of zirconium diboride.
carbothermic reduction in presence of B4C is indeed an excellent method for producing ZrB,
powder as it involves the use of easily available raw materials. This study enhances the
knowledge available on the understanding of this synthesis route. It was observed that reaction
starts at 1200 °C, but pure ZrB, was obtained at a much higher temperature of 1875 °C. Itisa
solid state reaction in which the product ZrB, forms on the surface of reactants and then
reactants diffuse through product layer for further reaction. ZrB, is a covaently bonded
compound and hence diffusion through it is very slow. Therefore high temperature is required to
enhance the diffusion kinetics and carry out complete reaction. Subramanian et al.[121] have
reported similar observation in case of TiB, synthesis by the same route. Thermogravimetry
experiment indicated that reaction started at 1092 °C itself but the pure TiB could be obtained at
much higher temperature (>1800 °C).

Furnace atmosphere has a strong influence on progress of reaction. Gibbs free
energy change with temperature for ZrB, synthesis reaction is calculated for both standard state
(1 bar) and vacuum (1x10° mbar) conditions. The results are presented in Fig.4.9. It shows that
free energy change becomes negative at temperature higher than 1700 K (1427 °C) when the
surrounding pressure is 1 bar whereas at 1x10™ mbar, the reaction becomes feasible at 900 K
(627°C). Presence of vacuum decreases the activity (partial pressure) of CO and so free energy
change becomes negative at lower temperature. In simple terms, vacuum accel erates the removal
of carbon mono-oxide (CO) from reaction zone and according to Le Chatelier’s principle the
reaction moves faster in forward direction.

One important finding of this study is formation of ZrB phase due to evaporation losses
of boron in the form of its oxides. As per author’s knowledge there is no report on formation of
ZrB during this reaction. Haggerty et a. [122] have noticed the presence of ZrB phase along with
ZrB, which was prepared by floating zone method. Champian et al. [123] have observed ZrB
phase on the interface of Zr - ZrB, system.
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4.1.2 EuBg synthesis

EuB; was used as sinter additive to ZrB,. EuBg is aboron rich boride and thus can
introduce point defectsin ZrB lattice on formation of solid solution. Presence of point defects
would result in enhanced diffusion and thus may be helpful in densification. EuBg was

synthesized by reduction of Eu,O3 by B4C according to reaction 4.2.

EuyO03 +3B4C — 2EuBg +3CO To.oi it (4.2)

Table 4.2 presents the processing parameters and results of EuBg synthesis experiments
carried out in vacuum induction furnace. At 1200°C, weight loss is only 2.65% and product is
composed of both EuBg and Eu,O3 phases. Weight loss gradually increases to 4.26 % at 1250°C.
At 1300 °C, loss in weight is 19.56 %, which is higher than the theoretical loss of 16.23%.
Though the product contains only EuBg, its carbon and oxygen content is high at 3.8 and 2.1%
respectively. On increasing synthesis temperature to 1400 °C, weight loss also increased to
21.62% (Fig.4.10), with decrease in carbon and oxygen content of the product (Fig.4.11) and
relatively pure EuBg is obtained.

Table 4.2: Effect of temper atur e on synthesis of Europium hexaboride (holding time: 2 hr)

Temperature | Weight loss Phaseg Carbon Oxygen
°C) (%) present in (Wt.%) (Wt.%)
XRD Pattern '
1200 2.65 EuBsg, Eu,0O3 1.4 114
1250 4.26 EuBsg 59 7.3
1300 19.56 EuBe 3.8 2.1
1400 21.62 EuBg 2.6 04
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Fig. 4.12 presents the XRD pattern indicating changes in the product as a function of
temperature. It reveals that intensity of EuBg peaks increases with increase in temperature.
Product obtained at 1400 °C contains 2.6% carbon. The higher carbon content and higher weight
loss could be due to the formation of volatile boron oxide during reaction. To reduce carbon in
the product, the charge was modified by adding elemental boron and lowering B,C addition.
Table 4.3 presents the effect of charge composition on carbon and oxygen content of the product
obtained. Carbon content was reduced to 0.7 % by using modified charge.

Table 4.3 Effect of charge composition on carbon and oxygen content

(Temp.; 1400 °C, holding time ; 2 hour)

Char ge composition Phases Carbon Oxygen
present (Wt.%) (Wt.%)
Eu,O; + 3B4,C EuBe 2.6 04
Eu,O; + 2.85B,C +0.77B EuBe 13 0.9
Eu,O; +2.7B,C+ 15B EuBe 0.7 0.6

Though the reaction starts at a lower temperature, pure EuBg is obtained only at 1400°C.
At the start of the reaction, EuBg forms on the surface of starting powders. For completion of
reaction, the reactants have to diffuse through EuBg surface layer. The diffusion through boride
is a slow process and requires high temperature and longer time. Liu et a.[124] have reported
that NdBe powder is prepared by boron carbide reduction of Nd,O3 at 1500°C in vacuum. Xu et
al.[125] have prepared LaBg by this route at 1650°C at atmospheric pressure. Fig. 4.13 presents
the morphology of the EuBg powder observed in SEM. It shows the particles are of 1-3 um in
size.
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4.1.3 HfB; synthesis

HfB, was used as additive to ZrB.. It is expected to enhance the mechanical properties
by formation of solid solution. It was synthesized by reduction of HfO, by carbon in presence of

B4C according to reaction (4.3).

HfO, + 1/2B4C +3/2C — HfBo + 2COT ... oo i, (4.3)

Fig.4.14, 4.15 and 4.16 present the effect of temperature on weight loss, phases present
and impurity (O and C) content of the product from synthesis experiments carried out in vacuum
induction furnace. At 1200 °C weight loss is very low at 6.2% and the product is composed of
both HfB, and HfO, phases. Carbon and oxygen content is also high at 7.8 and 9.8 respectively.
With increase in temperature, the weight loss increases and the impurity contents decrease. At
1600 °C, though only HfB, phase is present in the product, weight loss is still less than
theoretical value, indicating the reaction to be incomplete. At 1875°C, weight loss recorded was
26.51% and the carbon and oxygen contents was 0.4 and 0.5 wt.% respectively. Effect of
synthesis parameters on weight loss, phase composition and impurity contents are summarized in
Table 4.4.

Fig. 4.17 presents the particle size distribution of the HfB, powder after grinding in
vibratory cup mill. It shows that particle size distribution is di-modal with peaks at 0.8 pm and 2
um. Fig. 4.18 presents the SEM image of HfB, powder.
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Table 4.4 : Effect of temperature on weight loss, phases present and impurity content on

synthesis of HfB, (charge composition: stoichiometric, time : 2 hour)

S.No. Temp. (°C) Weight loss (%) Phases present 0% C%
1. 1200 6.20 HfB, HfO, 9.8 7.8
2. 1600 13.94 HfB, 4.8 3.8
2. 1700 18.25 HfB, 34 33
3. 1800 20.02 HfB- 3.2 12
4. 1825 21.35 HfB- 24 12
5. 1875 26.51 HfB- 0.5 0.4
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4.2 Densification, mechanical properties and microstructure

This section describes the results on densification, mechanical properties and
microstructural characterization of prepared composites. ZrB, was used as base material.
Densification studies were carried out on mololithic ZrB, by pressureless sintering and hot

pressing. Effects of sinter additives on densification, mechanical properties were investigated.
4.2.1 Monolithic ZrB»

Pressureless sintering experiments were carried out in vacuum induction furnace in the
temperature range of 1800-2000°C. Pressureless sintering has resulted in maximum density of
78% only. By Hot pressing ZrB, was densified to nearly theoretical density at 1850°C and under
35 MPa pressure using graphite die. ZrB, has high melting point and low intrinsic self
diffusivity, so pressure less sintering of ZrB, results in porous bodies [1]. Simultaneous
application of pressure and temperature results in better contact between powder particles during
the process and thus enhanced diffusion at the particle contact points which in turn helps in
densification. At high temperature and pressure diffusional creep takes place which assist in
better densification.

Microhardness was measured on the polished surface at aload of 100 gm and dwell time
of 10 sec. The indentation fracture toughness (K,c) data were evaluated by crack length
measurement of the crack pattern form around Vickers indents (using 10 Kg load). Hardness and
fracture toughness val ues were measured as 23.9 GPa and 3.3 MPam®? respectively. The values
obtained are in agreement with values reported in literature [2] Fractured surface of the dense
bodies revealed that intergranular fracture is predominant mechanism (Fig. 4.19). Regular
faceted grains of 4-6 micron are visible. ZrB, has hexagona crystal structure, which has
anisotropic properties in different crystal directions. This may lead to residual stress which in

turn causes intergranular fracture.
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4.2.2 Effect of TiSi, addition on densification and propertiesof ZrB,

4.2.2.1 Densification

Effect of TiSi, on densification of ZrB, was investigated. Table 4.5 presents the

comparison of processing conditions and density obtained in monolithic ZrB, and composites.

Table 4.5 effect of sinter additiveson densification and propertiesof ZrB,

sample Temp. Pressure Bulk Theoretical Relative
(°C) (MPa) density density Density
(gm/cc) (gm/cc) (%)
ZrB,; 1850 35 6.09 6.10 99.8
ZrB,; 1650 35 5.07 6.1 83.1
ZrB, + 10 wt.% TiSi, 1650 20 5.76 5.82 98.9
ZrB, + 10 wt.% TiSi, 1550 20 5.02 5.82 86.2
ZrB, + 10 wt.% TiSi, + 10% HfB, 1650 20 6.06 6.09 99.6
ZrB, + 10 wt.% TiSi, + 20% HfB, | 1650 20 6.28 6.38 98.4

Addition of 10% TiSi, enhanced the density of ZrB, pellet from 83.1% to 98.9% at
1650°C and 20 MPa. The enhanced sintering is probably due to liquid phase sintering caused by
ZrSi, which forms by reaction between ZrB, and TiSi,. Formation of ZrSi, phase was observed
by XRD analysis (Fig. 4.20) and SEM —EDS analysis (Fig. 4.21) of hot pressed sample. ZrSi,
has low melting point (1620 °C) and hence results in liquid phase sintering. At 1550 °C, the
density achieved in ZrB, + 10%TiSi, sample was only 86.25 of theoretical value. Thisis due to
the absence of liquid phase ZrSi, which has a melting point of 1620 °C. During hot pressing
TiSi, first reacts with ZrB, and results in the formation of ZrSi,, which helpsin densification by
liquid phase sintering. Application of less than 20 MPa pressure also resulted in poor density

(less than 90% ). Samples with lower than 90% density were not characterized further.
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Theoretical density was measured by applying rule of mixture without considering the reaction
products as the quantity of reaction product was not known and density difference between
reactants (ZrB, and TiSi,) and products ((ZrogTio1) B2) were very less. An effort was made to
calculate the theoretical density of ZrB,+ 10%TiSi, considering densities of reaction product
and assuming that all the TiSi, gets converted to ZrSi, and TiB, and thus product contains 90%
((ZrogTiga) B2) and 10% ZrSi,. The calculated density was found 5.76 gm/cc which differes by
merely 1% from the density calculated based on the initial raw powders (ZrB, + 10% TiSiy).
Moreover, If theoretical density is considered to be 5.76 gm/cc then the relative density of the
sample is 100% of theoretical which aso confirms that TiSi, addition is very helpful in

densification of ZrB, at lower temperature.

4.2.2.2 Mechanical properties:

Table 4.6 summarizes the mechanica properties of ZrB, based composites. Hardness of
ZrB, + 10%TiSi, is measured as 19.5 GPa (at 100 gm load) which is lower than that of
monolithic ZrB, (23.9 GPa). The lower hardness is due to the presence of relatively soft ZrSi,
phase. To compensate for the reduction in hardness, HfB, was added and two more samples of
composition (a) ZrB;+10%TiSi,+10%HfB, and (b) ZrB,+10%TiSi,+20%HfB, were aso
prepared. Near theoretical density was obtained in both the sample at 1650 °C and 20 MPa.
Hardness of ZrB,+10%TiSi,+10%HfB, was measured as 23.1 GPa, which is comparable to that

of monolithic ZrB,.

Fracture toughness of ZrB, + 10%TiSi, was measured as 6.4 MPam? which is 50%
higher than that of the monolithic ZrB,. Similar values were obtained in case of
ZrB,+10%TiSi,+10%HfB, and ZrB,+10%TiSi,+20%HfB, samples. The increased fracture
toughness is attributed to crack deflection. Thermal expansion mismatch between the matrix and
second phase results in residual stresses which causes crack deflection. ZrSi, is having higher
thermal expansion coefficient (~9x10° °C™* ) compared to boride (5.9x10° °C?) . When therma
expansion coefficient of particulate phase is higher than that of the matrix phase, compressive

stress is generated in matrix which increases the fracture toughness.

73



Table4.6 Effect of TiSi, and HfB, addition on mechanical properties of ZrB»

Additive Hardness Kic
(GPa) (MPam*?

(100 gm load)

nil 23.9+15 3.3+0.2

10wWt.% TiSi, 19.4+1.9 6.4+1.0

10% HfB, +10 wt.% TiSi, 23.1+1.3 6.4+1.1
20% HfB, +10wt.% TiSi, 23.7+1.8 6.6+0.7

4.2.2.3 Phase analysis and microstructure

XRD pattern of the dense pellets are shown in Fig. 4.20. All the three samples indicate
the presence of crystalline ZrB, and ZrSi,. ZrSi; isformed dur  ing sintering by the following
reaction.

ZrB, + XTiSi, — xZrSi, + (ZI’(]_.X)TiX )Bz ............................................ (44)

TiB> is not seen in the XRD pattern of sintered product due to the formation of ZrB,-
TiB, solid solution. Formation of ZrB,-TiB, solid solution was verified by peak shift observed
in XRD pattern of ZrB, +10%TiSi, sample. Interplanar spacing of ZrB, phase was found to
decrease by TiSi, addition. Thisis due to lower atomic radius of Ti (14.5 nm) compared to that
of Zr (15.5 nm). HfB, also forms solid solution with ZrB, and hence not seen as distinct phase
in XRD pattern. Post et al. [126] have reported that, these borides have complete mutual
solubility. ZrSi, assists in densification by liquid phase sintering as it has low melting point
(1620 °C).
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Fig.4.21 presents the secondary electron image of ZrB,+10%TiSi,+20%HfB,
composites. It shows the presence of dark phase in the gray matrix. EDS pattern of the phases are
also inserted into the picture. Gray matrix is essentially ZrB, in which Ti and Hf have diffused
whereas dark phase contains mainly Si with some Zr. Fig.4.22 presents the elemental mapping

for Zr, Ti and Si. It shows that Zr and Ti are distributed uniformly whereas Si is present only in

the black phase.
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Fig. 4.20 XRD pattern of ZrB, based composites
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Fig. 4.21 EDS pattern of different phases present in ZrB, +10% TiSi, + 20% HfB, composite
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Fig.4.22 Elemental mapping of, Zr, Ti and Si in ZrB, +10% TiSi, + 20% HfB, composite
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Fig.4.23 present the fracture surfaces of monolithic ZrB,, ZrB,+10% TiSi, and
ZrB,+10%TiSi,+10% HfB, composites. The mode of fracture is seen to be
predominantly intergranular in al the samples. Regular faceted grains are visible. Fig.
4.24 (&) presents the features of indentation crack in monolithic ZrB, and Fig.4.24 (b-d)
in composites. The crack propagation in monolithic ZrB, shows very few deflections
which could be due to intergranular mode of fracture. However deflections are not much
due to presence of fine grains. Considerable deflections are observed in the composite
samples, which explain the high fracture toughness. These deflections could be due to

presence of residual stressin the composite sample.
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4.2.3 Effect of CrS, addition on densification and propertiesof ZrB,

4.2.3.1 Densification and char acterization

Hot pressing conditions and density obtained in composite as well as monolithic sample
is presented in Table.4.7. Addition of 10 weight% CrSi, resulted in densification of 98.9 % p
at a temperature of 1650 °C and a pressure of 20 MPa. In case of monolithic ZrB,, a near full
density (99.8% py,) was obtained at a higher temperature and pressure of 1850 °C and 35 MPa.
The enhanced sintering at lower hot pressing temperature and pressure is probably due to the
liquid phase sintering with low melting reaction product (1620°C). ZrSi, forms by reaction
between ZrB, and CrSi,.

Table4.7: Effect of Sinter additives on densification of ZrB,

Starting material T (°C) Pressure | Bulk | Theoretical | Relative
(MPa) density density density
(gm/cc) (gm/cc) (%)
ZrB; 1850 35 6.09 6.10 99.8
ZrB; 1650 35 5.07 6.10 83.1
ZrB,+10 wt.% CrSi, 1650 20 5.84 5.91 98.9

4.2.3.2 Mechanical properties

Hardness of ZrB, + 10%CrSi, is measured as 19.8 GPa which is lower than that of
monolithic ZrB, (23.9 GPa). The lower hardness is due to the presence of relatively soft phase
ZrSi;. To compensate the hardness reduction, HfB, was added and one more sample of
composition ZrB,+10%CrSi,+10%HfB, was prepared. Near theoretical density was obtained
for this sample at 1650 °C and 20 MPa. Hardness of ZrB,+10%CrSi,+10%HfB, was measured
as 23.8 GPa, which is comparable to that of monolithic ZrB-.

Fracture toughness of ZrB, + 10%CrSi, was measured as 4.1 MPam? which is

relatively higher than that of the monolithic ZrB,. Similar values were obtained in case of

81



ZrB,+10%CrSi»,+10%HfB, sample. Table 4.8 summarizes the mechanical properties of ZrB,
based composites. The increased fracture toughness is due to crack deflection as seenin Fig. 4.25
(@) & (b). Thermal expansion mismatch between the matrix and second phase results in residual
stresses which causes crack deflection.

Table 4.8 Effect of CrSi, and HfB, addition on mechanical propertiesof ZrB,

Additive Hardness Kic
(GPa) (MPamY?)

nil 23.9+15 3.3+0.2
10 wt.% CrSi, 19.8+2 4.1+0.5
10% HfB, +10 wt.% TiSi, 23.8+2 4.2+0.5
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Fig. 4.25 Crack propagation in ZrB, based composites (a) ZrB, +10% Cr Si,
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4.2.3.3 Phase analysis and microstructure

XRD pattern of the dense pellet of ZrB,+10% HfB, +10% CrSi, sampleis shown
in Fig. 4.26. It indicates the presence of crystalline ZrB, and ZrSi,. ZrSi, is formed during

sintering by the following reaction.
ZrB, + XCrSi, — XZrSi, + (Zr(l.x)Crx) Boi (45)

Formation of ZrSi, with a melting point of 1620°C would help in densification by liquid
phase sintering. Fig.4.27 presents the back scattered image of ZrB,+10%CrSi, sample. It shows
the presence of black phase, dark gray phase and light gray phase. EDS pattern of the phases are
also inserted into the picture. Light gray matrix is essentially ZrB, Dark gray phase shows the
presence of Zr, Cr and boron which indicates the formation of solid solution of ZrB, and CrB..

Black phase was analysed to contain Zr and Si indicating it is ZrSi».

Fig. 4.28(a) and (b) present the fracture surfaces of ZrB,+10% CrSi, and
ZrB,+10%CrSi»+10% HfB, composites. The mode of fracture is seen to be intergranular in both

the samples. Regular faceted grains are visible.
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Fig.4.26 XRD Pattern of hot pressed ZrB,+10% CrSi, +10%HfB:



Fig. 4.27 EDS pattern of different phasespresent in ZrB, +10% CrSi, sample hot pressed
at 1650 °C

86



(a)

Fig.4.28 Fracture surfacesof (a) ZrB; +10%CrSi, (b) ZrB, +10% CrSi, +10% HfB,
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4.2.4 Effect of EuBg addition on densification and propertiesof ZrB,

4.2.4.1 Densification

Effect of EuBg addition on densification and properties of ZrB, was investigated. Hot
pressing conditions and properties of the ZrB, composites are presented in Table.4.9. Addition of
2.5 weight% EuBg resulted in densification of 98.3 % py, at a temperature of 1750 °C and a
pressure of 35 MPa. Composites with 5% EuBg was a so hot pressed up to 98.1% density at similar
processing conditions. A density of 96.0% p, was achieved in ZrB,+10%EuBes composite. In case
of monoalithic ZrB», near theoretical density (99.8% py,) was obtained at a higher temperature and
pressure of 1850 °C and 35 MPa. Addition of EuBg to ZrB, may result the formation of solid
solution of ZrB, and EuBg. On the formation of ZrB,-EuBe solid solution, Eu will go to Zr site
and boron will go to boron site. Due to large number of boron atoms from EuBs, there will be
formation of point defects in ZrB,. Point defects could be either interstitials at boron site or
vacancies at Zr sites. In any case, diffusional mass transfer gets increased which assist in improved
densification. The point defects are known to enhance the and thus assist in densification at
dightly lower temperature. Formation of solid solution was confirmed by elemental analysis
(EDS) of phases present in microstructure change in lattice parameter measured by XRD. (see

4.3.4.3).
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Table 4.9: Effect of EuBg addition on densification of ZrB,

Additive | Temp (°C) Pressure Bulk Theoretical | Relative
(MPa) density density Density
(gm/cc) (gm/cc) (%)
Nil 1850 35 6.09 6.10 99.8
2.5% EuBg 1750 35 5.97 6.07 98.3
5% EuBe 1750 35 591 6.03 98.0
10% EuBg 1750 35 5.73 5.97 96.0
2.5%EuBg 1650 35 5.18 6.07 85.3
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4.2.4.2 Mechanical properties

Variation in Vickers hardness and fracture toughness of ZrB, composites are presented in
Table 4.10. Hardness of monolithic sample was measured as 23.9 GPa, which increased to 24.8
GPawith the addition of 2.5wt% EuBs. The increase in hardness is due to the formation of solid
solution. The hardness value of composite with 5 and 10% EuBe addition was measured as 22.6
and 21.9 GPa respectively. The relatively lower hardness is due to the lower density of the hot
pressed composite. Hardness of monolithic ZrB, has been reported to be in the range of 22-
23GPa [1,2, 62]. Chamberlain et a. [62] have reported a hardness of 23 GPa for hot pressed
ZrB,. Akin et a [92] have reported the hardness of ZrB,- 20-60%SiC composite to be 26 GPa.

Table4.10: Hardness and fractur e toughness of Zr B, composite

Additive Hardness | K¢
(GPa) (MPa.m*?)

Nil 23.9t1.5 3.3+0.2

2.5% EuBs | 24.8+1.6 5.9+0.5

5% EuBsg 22.6+1.7 5.4+0.5

10% EuBs | 21.9+1.6 4.4+0.5

Fracture toughness of ZrB, +2.5%EuBg sample was measured as 5.9 MPam2 Similar
value (5.4 MPam®) was obtained for ZrB, + 5%EuBs sample. For ZrB,+10%EuBs the
fracture toughness is dightly lower. The fracture toughness values obtained in the composite
samples are higher than the values reported for monolithic ZrB; in literature. Fracture toughness
of monolithic ZrB, has been reported as 3.5 MPam?[62]. Sun et a [82] have reported the
enhancement of fracture toughness to 6.7 MPam“? by 25% Nb addition.
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4.2.4.3 Phase analysis and microstructure

Fig.4.29 (a) presents the BSE image and EDS spectra of different phases present
in ZrB,+ 5%EuBe. It shows the presence of light gray matrix in which dark gray phase and black
phase is dispersed. In EDS spectra (fig. 4.29(b-d)), the black phase and dark gray phase was
analyzed to contain only Zr and B indicating that it is ZrB,. The light gray matrix was anayzed
to contain Zr, Eu and B indicating the formation of ZrB,-EuBg solid solution.

XRD pattern of the dense pellet of ZrB,+10%EuBs sample is shown in Fig.4.30. It
indicates the presence of crystalline ZrB,, EuBg and carbon. Presence of EuBg in XRD pattern
indicates that the ZrB, and EuB¢ do not form complete solid solution and so EuBg is aso present
as second phase in the composite. ZrB, has hexagonal crystal structure whereas EuBg has cubic
crystal structure which does not allow complete solid solution formation. A small peak shift was
observed in ZrB, peaks towards higher d spacing values compared to d value reported in PCPDF
file (PDF # 00-034-0423) indicating the formation of solid solution of ZrB, and EuBe.

91



ull Scale 91131 cts Cursor; 0.000

d

ull Scale 75049 otz Cursor; 0.000 ull =cale 75049 cte Cursar: 0.000
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Fig. 4.30 XRD pattern of hot pressed ZrB, +10% EuBg
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4.2.5 Discussion on densification and characterization of Zr B, composites:

Densification of Zirconium diboride is extremely difficult due to its highly refractory
nature, and low self diffusivity. Zirconium diboride is a covalently bonded material. Sintering is
a diffusion controlled process and for diffusion to take place bonds need to be broken and
reformed. Since covalent bonds are very strong, diffusion is slow in ZrB,. ZrB; particles are aso
covered with oxide layer which reduces the surface energy and decreases the sinterability of

powder.

Maximum density obtained in pressureless sintering method is 78% of theoretical value
whereas hot pressing resulted in near theoretica density. In hot pressing, simultaneous
application of temperature and pressure causes diffusional creep, which enhances the
densification. [127]

In this study, TiSi,, CrSi; and EuBg were selected as sinter additive. Sinter additives
were chosen by considering the possible effects on densification as well as on mechanica
properties and oxidation resistance. Metal additives can enhance the densification but deteriorate
the mechanical properties and oxidation resistance. Silicides are known high temperature
materials with better properties than metals at high temperatutre. Some of the studies have
reported the use of MoSi; as sinter additives [51, 65] but there is no report on the TiSi, and CrSi,
addition on ZrB,. This study contributes results on the effect of TiSi, and CrSi, on densification
as well as on mechanical properties and oxidation of ZrB, based composites. Europium
hexaboride was selected as another sinter additive. EuBg has high melting point, high hardness
and good oxidation resistance. Since it is aso a covaently bonded boride materia, its high
temperature properties are superior to metals and silicides. Addition of EuBg is supposed to

enhance the densification by solid solution formation.

Silicide (TiSi,, CrSiy) additions were found to assist in densification and lowered the
densification temperature by 200 °C. A decrease in densification temperature by 200 °C is
beneficial in many ways. By decreasing the hot pressing temperature, the grain growth is aso
prevented and finer microstructure is obtained. The reduction in sintering temperature is due to
the liquid phase sintering caused by low melting zirconium silicide phase (1620 °C). ZrSi; is
formed by reaction between ZrB, and TiSi, or CrSi, according to reaction (5.5) and (5.6)
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ZrBs+ xTiSi> — xZrSi, + (Zr(l_x)Tix)Bz ............................................ (55)

ZrB>+ XCrSi; — XZrSi, + (Zr(l_x)CrX Boii (56)

The validation of the formation of liquid phase, resulting in liquid phase sintering, can be
obtained by results obtained at 1650 °C and 1550 °C. At lower temperature, the achieved density
isonly 86.25% due to absence of liquid phase.

Application of pressure results in better contact between ZrB, and TiSi,/CrSi,, thus
promotes reactions between them. During chemical reaction the diffusion is enhanced and helps
in densificaton. After reaction the ZrSi, phase is formed and helps in densification by liquid
phase sintering. Presence of liquid phase assists in rearrangement of particles, enhances the mass

transfer by solution and re-precipitation and fills the remaining pores.

EuBe addition decreased the densification temperature by formation of solid solution.
When EuBg and ZrB, forms solid solution, Eu occupy Zr sites and B occupy boron sites in the
structure of ZrB,. Since EuBg has more number of boron atoms there is a possibility of formation
of point defects in the form of boron interstitials or metal vacancy. Diffusional mass transfer

increases in presence of vacancies and interstitials and thus densification is enhanced.

Literature on effect of other sinter additives is discussed below. Sciti et a [51].
have reported that addition of 20% MoSi, results in 98.1% TD on hot pressing at 1800°C and
30MPa. It was reported that MoSi, phase has ductility at high temperature and thus can be
accommodated among the ZrB, particles by hot pressing process. This process results in filling
the voids left by ZrB, and favors the formation of a porosity free material. Silica present on the
silicide phase also assisted in densification by reacting with surface oxide layer. Guo et a. [77]
have reported that addition of 5% Re,O3 (Re=Y,Yb,La,Nd) to ZrB,-20%SiC resultsin >99%TD
on hot pressing at 1900°C. LaO3 and Nd,Os react with surface oxides to form aliquid phase and
promote densification of ZrB,—SiC ceramics. Wang et a.[83] have reported that 10% Mo
addition gives a density of 98.9%TD on hot pressing at 1950°C and 20MPa.Zhu et al [73] have
reported that addition of 3-10% Al,Oz and Y03 and 20% SiC,, to ZrB, gives a density > 97%
TD on hot pressing at 1800°C.

95



Hardness and fracture toughness are two important mechanical properties for ceramic
materials. Hardness is resistance to indentation damage and thus related to resistance to plastic
deformation. In crystalline material, plastic deformation takes place by movement of
dislocations. In metals, metallic bonds are present which are non directional and thus movement
of didocation is easier and hardness is low (~ 1GPa). In ceramic material, the bonds are either
ionic or covaent which prevents the motion of dislocations and results in high hardness
compared to metals. Hardness of borides is very high (20-30 GPa) compared to oxide ceramic
(10-20 GPa). This high hardnessis due to strong covalent bond present in the boride materials.

In this study, hardness of monolithic ZrB, was found as 23.9 GPa which is in agreement
with literature vaules. Hardness is sensitive to microstructure and gets strongly affected by
presence of pores, second phases or residua stresses. The presence of silicide phase, which is
softer (~ 10GPa) decreased the hardness of composites. Hf B, addition to the composite increased
the hardness. This increase is due to solid solution formation. Addition of EuBg also increases
the hardness by solid solution formation. Hardness values of less dense samples were found less
due to presence of pores. Hardness values reported in literature for ZrB, based materia is

discussed in the next paragraph.

Hardness is strongly affected by processing conditions and by the additive used.
Chamberlain et al. [17] have reported a hardness of 23 GPa for hot pressed ZrB,. Akin et al [92]
have reported the hardness of ZrB,- 20-60%SIC composite to be 26 GPa. Sciti et a. [64] have
reported a hardness of 17.8 GPa for ZrB,+15%TaSi, composite. The lower hardness is due to
presence of silicide phase. Sun et a. [82] have reported the hardness of ZrB, + 25% Nb as 16.3
GPa. It was observed in literature that soft phases such as metals and silicides decrease the

hardness, whereas phases such as SiC increase the hardness.

Fracture toughness is an important property of ceramic materials. Ceramics have cracks
in their microstructure. Under stress, crack propagation takes place and results in fracture of
material. Fracture toughness is a measure of resistance to crack propagation. Fracture toughness
is also a microstructure sensitive property and gets influenced by presence of porosity, second
phase, defects etc. Fracture toughness of ceramics are generaly low (1-5 MPamY?) whereas
metals have high fracture toughness (~50 MPamY?). In this study, fracture toughness of

monolithic ZrB, was measured as 3.3 MPam®?, which gets increased by addition of silicides. In
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composite material, there is a mismatch of thermal expansion coefficient in matrix phase and
dispersed phase. Due to this mismatch, residual stress gets generated during processing of
composites. These residual stresses causes crack deflection which is responsible for increased
fracture toughness. Crack propagation is faster when it progresses normal to the tensile stress.
After crack deflection, the crack is no longer normal to tensile stress and hence stresses intensity
at the crack tips reduced and crack propagation slow down. Fracture toughness values reported

in literature for ZrB, based material is discussed in the next paragraph.

Fracture toughness of monolithic ZrB, has been reported as 3.5 MPamY?[62]. Sciti et 4.
[64] have reported the fracture toughness of ZrB, + 15% composites as 3.8 MPamY?. Rezaie et
al. [86] have reported the fracture toughness of ZrB,+ 30%SiC to be 3.9 MPam*? Zhu et a [73]
have reported the fracture toughness of 6.7 MPam? for ZrB,+20%SiC,+3%YAG. The higher
fracture toughness is due to crack deflection and crack bridging by whiskers. Sun et a. [82] have
reported the fracture toughness value of ZrB, + 25% Nb composite as 6.7MPam*?. The
increase in toughness may be due to the ductile Nb, weak interface bonding and pores, which
could enhance crack deflection and bridging as well as stress relaxation near the crack tip. Table
4.11 presents asummary of mechanical properties of composites prepared in this study as well as
reported in literature. It concludes that TiSi,, CrSi, and EuBg addition helped in development of

boride composites with superior property.
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Table4.11: Mechanical properties of Boride based composites.

Material Density | Hardness Fracture Reference

(%) (GPa) toughness

(MPam??)

ZrB; 99.8 239 3.3 Present study
ZrB,+10%TiSi, 98.9 194 6.4 Present study
ZrB,+10%TiSi, +10%HfB, 99.6 231 6.4 Present study
ZrB,+10%TiSi, +20%HfB, 98.4 23.7 6.6 Present study
ZrB, +2.5% EuBg 98.3 24.8 5.9 Present study
ZrB,+5%EuBg 98.0 22.6 5.4 Present study
ZrB, +4%Ni 98.0 14.4 2.8 79
ZrB; +5%Si3N,4 98.0 134 3.7 78
ZrB, +25%Nb 97.2 16.3 6.7 82
ZrB, +10%Mo 98.9 - 6.7 83
ZrB, +20%SiC 99.7 24.0 4.4 62
ZrB;, +30%ZrO; 98.9 22.0 7.9 74
ZrB; + 20% SiC + 3% Y03 99.3 17.6 5.6 76
ZrB; +20%M0Si, 98.1 15.0 - ol
ZrB; +20v0l %Si C+20%Criper 98.4 - 6.3 72
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4.3 Oxidation study

Non oxide ceramics are susceptible for oxidation at high temperatures. For any
application in air, the material must be resistant to oxidation. Oxidation test were carried out at
900 °C in air for different time intervals. Following sub-sections describe the results obtained by
oxidation test of different composites.

4.3.1 Monolithic ZrB,

The weight gain data obtained during oxidation at 900 °C as a function of time for
monolithic ZrB; is presented in Fig 4.31. It shows that weight gain is linear indicating non-
protective nature of oxide formed. The test was stopped after 32 hours as the oxide layer was

broken and spalled off from the sample.

4.3.2 Effect of TiS, and HfB, addition

The weight gain data obtained during oxidation at 900 °C as a function of time for ZrB,
composites containing TiSi; and HfB, are presented in fig.4.32. Continuous weight gain with
time is observed in all the samples. In case of composites, the rate of oxidation was found to
decrease with increase in time which indicates the formation of protective layer. In monolithic
ZrB,, oxidation rate was high and found to remain constant up to 32 hour. Samples containing

HfB, has shown highest oxidation resistance.

Better oxidation resistance of the composite samples having silicide phase is attributed to
the formation of silica based glassy layer. SEM microstructures (Fig.4.33) of oxidized surfaces
evidently show the formation of protective glassy phase. The glassy phase was analysed by EDS
to contain mainly silicon (~ 46 at%) and oxygen (~52 a%). Zirconium (~ 0.8 at%) and titanium
(~0.2 at%) are aso present in very small quantity. A typical EDS pattern from the oxidized
surface is shown in Fig.4.34. SEM microstructure and elemental analysis of cross section of
oxidized sampleis presented in fig.4.35. It shows presence of oxidized layer which is composed

mainly of silicon and oxygen.
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Fig.4.36 presents the XRD pattern of oxidized surface. The major crystalline phase in al
the composites is confirmed as ZrO,. Peaks of ZrSiO, and TiO, are aso present. Oxidation of
ZrB, +TiSi, +HfB, composite may involve following reactions.

2/5ZrBo+ Oy — 2/57102 4 2/5Bo03 et e e (57)

2/5TiB, + O, — 2/5Ti02 + 2/5B,03

2/5HfB, + Oy — 2/5HTO2 4 2/5B 003, .. et e e e e e e (58)
3TiSio+ Oo =1/3 TiO2 + 2/BS 0 .o e e e e (510)

Free energy change for all the above reactions are calculated and presented in Fig.4.37.
The calculation was done for one mol of oxygen. Thermodynamic calculations were carried out
by considering the species in standard condition (1 atm). It shows that free energy change is
negative for all the above reaction in the temperature range from 300 to 2000 K. In the present
study oxidation test was carried out at 900 °C (1173 K) and hence all these reaction takes place
during oxidation. Free energy change is more negative for oxidation of silicides as compared to
that of borides. It indicates the higher affinity of silicides for oxygen. Silicides react with oxygen
preferentially and forms silica based protective oxide layer on surface of ZrB, composite.
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Fig. 4.31 Specific weight gain vstime plot for monolithic ZrB, at 900 °C in air
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Fig. 4.32 Specific weight gain vstime plot for Zr B, based composites.
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Fig. 4.33 SEM of the oxidized (900 °C, 64 h) surface of ZrB,with (2)10% TiSi,, (b)
10%TiSi,+10%HfB,, and (c) 10% TiSi,+20% HfB,
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Fig. 4.34 Typical EDS pattern of the oxidized surfacein ZrB, + 10%TiSi; + 20% HfB,
composites.
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ZrB,+TiSi; sample.
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Fig.4.37 Free energy change with temperature plot for the reactions involved in oxidation of

ZrB; +TiSi, +HfB, composites (Calculated by using Factsage software)
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4.3.3 Effect of CrSi, and HfB, addition

The weight gain data obtained during oxidation at 900 °C as a function of time for
ZrB; +10%CrSi, and ZrB,+10%CrSi,+10%HfB, samples are presented in Fig 4.38. Single
sample of each composition was used for oxidation study. Both the samples have shown
continuous weight gain with time. However, the rate of oxidation is found to decrease with
increase in time which indicates the formation of protective layer. The fina weight gain in
ZrB,+10%CrSi, sample is 0.0397 kg/m? after 64 hours whereas in ZrB,+10%CrSi,+10%HfB
sample is 0.0171 kg/m? which is lower. The lower weight gain in the HfB, containing sample
could be attributed to lower diffusivity of oxygen ion through HfO, [128, 129]. There was alarge
difference in weight gain of both the samples even after the short exposure time of 30 minutes,
which could be due to the faster formation of protective layer in HfB, containing sample.
Monolithic ZrB, has shown continuous oxidation and higher weight gain of 0.0513 kg/m? even
after ashorter duration of 32 hour at 900°C.(fig. 4.28)

The oxidation products were analyzed by X-ray diffraction and SEM with energy
dispersive spectroscopy (EDS). Fig.4.39 (a) presents the SEM image of oxide layer formed in
ZrB, +10%CrSi, composite at 900°C after 64 hour of exposure. The microstructure consists of
cluster of bright particles in dark matrix. EDS analysis of the phases are presented in Fig.4.39
(b,c). Dark phaseisrich in SiO, whereas bright phaseisrich in ZrOs..

SEM image of ZrB,+ 10%CrSi,+ 10%HfB, sample is shown in Fig. 4.40(a). It shows the
presence of three phases. dark flakes and bright particle agglomerates dispersed in glassy matrix.
EDS analysis of these phases are presented in Fig. 4.40 (b-d). The analysis indicates that the
glassy matrix contains mainly Zirconium, Silicon and Oxygen with some Hafnium and
Chromium content. The flakes were analyzed to be ZrO, rich phase whereas the bright phase
was analyzed to contain Zr, Hf and O, indicating (Zr,Hf)O..
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Fig. 4.38 Specific weight gain vstimein the ZrB, +10% Cr Si, and Zr B, +10% Cr Si; +10%
HfB,sample at 900 °C
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Fig.4.39 (a) BSE image of ZrB, +10% Cr Si, oxidized at 900°C for 64 hours (b) EDS analysis
of phase marked as1in (a), (c) EDS analysis of phase marked as2in (a)
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XRD pattern obtained from the oxide scales of ZrB,+10%HfB,+10%CrSi, sample after
oxidation at 900°C for 64 hour is presented in Fig. 4.41. It showed that ZrO, and Cr,Os are the
only crystalline phases present in the oxide layer. SiO, and B,O3 have not been identified due to

their amorphous nature.

Following reactions are possible during the oxidation process.

2/5Z1By + Op — 2/5Z100 + 2/5B003 ... eveeeeeeeee oo eee e (4.6)
4/9CrB, + Op — 2/9C1303 + HOB2Os. ... oo (4.7)
2/5HfB + Op — 2/SHIO, + 2/5B5003. .. oo (4.8)
13ZrSip + Oy —1/3 Zt0p + 2/3Si0; .o (49)
4J11CrSip + Oy — 2/11Cr205 +8/11SIO. .o ove oo (4.10)

Free energy change with temperature plot for reactions involved in oxidation of ZrB,
+CrSi, +HfB, compositeis presented in Figure 4.42. This shows that al the reactionslisted in
the plot are thermodynamically feasible at the test temperature of 1173 K (900 °C).
Thermodynamic calculations were carried out by considering the species in standard condition (1
am).

112



* ZrO2
o Cr203

Relative intensity

f\jfi I ?\«/’\‘;Jbﬁ Rﬁj\J@‘ijk&w

o
20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80

20 angle (degrees)

Fig.4.41 XRD Pattern of ZrB, +10% CrSi, +10% HfB, after oxidation at 900° C for 64
hour
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4.3.4 Effect of EuBg addition

The weight gain data obtained during oxidation at 900 °C as a function of time for
ZrB, +2.5%EuBs, ZrB, +5%EuBg and ZrB, +10%EuBs samples are presented in Fig 4.43. All
the three samples have shown continuous weight gain with time. In the initial 8 hours, the
weight gain is very small which increases during the exposure at 8-16 hour and then the rate of
oxidation (slope of the curve) gets decreased. The decrease in rate of oxidation after 16 hour is
due to the formation of a protective layer. In case of monolithic ZrB,, oxidation rate was found

to be constant.

There is apossibility of the formation of protective layer by combined effect of Eu,O3 and ZrO,.
ZrO, layer adone is not protective and results in linear weight gain but Eu,O3 may probably help
in stabilizing the layer and making it protective by formation of solid solution between ZrO, and
Eu,03. EuBs has been reported to have good oxidation resistance by formation of protective
layer based on Eu,03[130].

In order to understand the nature of oxidation, the oxidation data was fitted in the general

rate equation for al the composites.
AW/A)"=Knt i (412)

Where Aw- is the change in weight, A- surface area of the sample, t- oxidation time and K- rate
constant. Rate constant values are presented in Table 4.12. The composite samples have shown a
near parabolic pattern of oxidation.

Fig. 4.44 presents the SEM microstructures of the oxidized surface. It shows the presence
of protective layer. The oxidized layer was analyzed by EDS to contain mainly zirconium
(~21.67 at%) Europium (6.49 at %) and oxygen (~71.84 at%). A typical EDS pattern from the

oxidized surface is shown in fig.4.45.
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Fig. 4.43 Specific weight gain vstimein ZrB; based composite samples oxidized at 900°C
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Table 4.12: Rate constants for ZrB, +EuBg composites after 64h of oxidation at 900 °C

Sample Ky (kg?m™s™h) *Km m
ZrB, + 2.5% EuBs 1.1x10"* 6.0x10° 1.79
ZrB,+ 5% EuBs 1.0 x10™ 4.0x10° 1.74
ZrB, + 10% EuBg 2.1x10™* 3.0x10° 1.47

(*Kp — Parabolic rate constant, *K,, — Rate constant of general rate equation,

rate equation)

"m- Slope of general
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Fig.4.44 SEM images of oxidized (900°C, 64 hr) surface of ZrB, with (a) 2.5% EuBs

(b) 5% EuBgs and (c) 10% EuBs
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Fig.4.45 Typical EDS pattern of the oxidized surfacein ZrB,+ 5% EuBg composite

ZrB, is a non-oxide ceramic material and hence is susceptible for oxidation in air at high
temperature. Oxidation of material changes the material properties completely. Chemistry of
materials gets changed and the material is no longer suitable for the high temperature
application. Mechanical and physical property degradation also takes place due to oxidation.
Oxidation behavior of ceramic depends on reaction product obtained during oxidation. The
reaction product can be solid, liquid or gas. Gaseous oxidation product is highly undesirable as it
gets removed from reaction zone and oxidation continues. For good oxidation resistance, the
oxide layer formed should be adherent to material and should act as diffusion barrier for oxygen.

Thus it prevents the further oxidation of material and provides oxidation resistance.

In this study, it was observed that ZrB, is not resistant to oxidation at 900 °C in air. The

oxide layer was not protective and hence the rate of weight gain was constant. Silicide addition
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improved oxidation resistance by formation of borosilicate glassy layer. The glassy layer covers

the compl ete surface of ZrB, composite and prevents further oxidation.

The observations of other researchers on oxidation of ZrB, based materia is discussed
below. Guo et a. [131] have reported that oxidation of ZrB, powder follows para-linear kinetics
in air at 650-800 °C, where the dominating term is the parabolic one which indicates that
oxidation takes place by oxygen diffusion in the oxide scale. Karlsdottir et a. [132] have studied
the oxidation behavior of ZrB,+SiC composite at 1500°C and observed the formation of ZrO,
islands in the borosilicate glass based protective layer. Wang et al. [133] have noticed the
formation of silica rich layer on the top of oxidized surface of ZrB,-SIC-ZrC ceramic on
oxidation at 1750°C. Monteverde et al. [107] have observed that oxidation of monolithic ZrB,
starts at 420°C. Introduction of SiC particles markedly improves oxidation resistance due to the
formation of an adherent and protective borosilicate glass layer that coats the sample surface,
effectively limiting the inward diffusion of oxygen toward the reaction interface. Mallik et al.
[128] have reported that oxidation of ZrB, +20%SiC starts at 740°C. Guo et al. [134] have
observed that addition of Si improves the oxidation resistance of ZrB, at 1500°C whereas Zr

addition decreases the oxidation resistance.

One important finding of this study isimprovement in oxidation resistance with rare earth
additive. Addition of EuBg also improved oxidation resistance by formation of protective layer
based on Eu,0O3; and ZrO,. Europium oxide and zirconium oxide forms solid solution and this
solid solution impart the oxidation resistance to the material. Thermodynamic data for EuBg is
not available and hence free energy calculation for oxidation reaction could not be done for this
system. Table 4.13 compares the oxidation kinetics data of developed composites with the values
reported for other boride composites in literature. It reveas that composites developed in this

study have good oxidation resistance.
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Table: 4.13 Oxidation kinetics parameters of boride based composites

material Temperature | Parabolic rate (m): exponent Reference

(°C) constant valuein general

(Kg? m*s?h rate equation.

ZrB, 900 1.25x10° 0.9 Present study
ZrB,+10%TiSi, 900 1.80x10° 2.5 Present study
ZrB,+10%TiSi, 900 9.53x10™"° 2.4 Present study
+10%HfB,
ZrB,+10%TiSi, 900 2.22x107° 2.0 Present study
+20%HfB,
ZrB,+10%CrSi, 900 6.08x10™° 2.1 Present study
+20%HfB,
ZrB,+2.5%EuBs 900 1.1 x10™ 1.8 Present study
ZrB,+5%EuBg 900 1.0 x10™ 1.7 Present study
ZrB,+10%EuBsg 900 2.1x10™* 15 Present study
TiB, +10%WSi, 850 2.5x10° 1.8 135
TiB, +10% CrB, 850 1.31x10° 2.5 136
TiB, +10%CrSi, 850 6.73x10° 2.7 137
TiB2 +2.5%TiSi, 850 1.38x10° 1.8 138
TiB; + 20%Mo0Si, 850 5.9x107 1.4 139
TiB2 +10%TiSi; 1200 2.9x10° 1.9 140
TiB, +10% MoSi, 1200 2.1x10° 1.8 141
ZrB, + SIC +ZrC 1750 7.8x10 ~2 133
ZrB, + 20% SiC 1627 3x10* ~2 111
ZrB, +20%SiC 1627 8x107 ~2 111
+20%TaSi,
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Chapter -5

Summary and Conclusions

5.1 Summary and Conclusion

In this study, experiments were carried out to investigate the process for synthesis and
densification of borides. Synthesis of pure borides suitable for sintering is a challenge and
requires high temperature, high vacuum operations. For synthesis, solid state reaction of charge
mixture containing oxides, B4C and carbon was chosen. Effect of process parameters were
studied for synthesis of ZrB,. Based on the results the parameters were optimized for synthesis
of these boride powders. Densification of boride materials is extremely difficult due to their
covaent bonding and highly refractory nature. In this study, ZrB, was selected as base material
and EuBg, HfB, and silicides were selected as additives for densification experiments.  Dense
pellets were characterized by XRD and SEM to analyze the possible sintering mechanism. Effect
of sinter additives on densification, microstructure, mechanical properties and oxidation

resistance of ZrB, was investigated.
The major findings of the present study are summarized below.

®. Heating of stoichiometric charge for synthesis of ZrB, by boron carbide reduction of zirconia
in presence of carbon results in formation of ZrB phase aong with ZrB,. This boron

deficient phase is formed due to loss of boron in the form of its volatile oxides.
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@ The boron deficient phase ZrB can be avoided and single phase ZrB, can be obtained by
adjusting the molar ratio of charge by increasing B,4C and reducing carbon.

@ Synthesis of pure ZrB, by this method requires a temperature of 1875 °C. The High
temperature is required due to low diffusivity of all the elements through boride phase which
is predominantly covalently bonded.

2w Synthesis of single phase EuBg is possible by using the stoichiometric charge but the product
contains around 2% carbon which can be reduced by addition of elemental boron in the
charge mixture.

. Synthesis of pure EuBg is possible at temperature of 1400 °C, which is relatively lower than
that required for ZrB..

W Pressureless sintering of Monolithic ZrB, results in maximum density of 78% at 2000 °C.
Near theoretical density of Monolithic ZrB, can be obtained by hot pressing at 1850 °C and
35 MPa pressure for 2 hour.

@ Addition of TiSi, or CrSi, lowers the hot pressing temperature by 200 °C. This decrease is
attributed to liquid phase sintering caused by reaction product ZrSi, which has low melting
point of 1620 °C. Reaction sintering is also responsible for better densification.

@, Addition of EuBg lowers the hot pressing temperature by 100 °C. Thisis due to the formation
of solid solution of ZrB, and EuBg which in turn results in the formation of point defects and
diffusion is enhanced.

w TiSi; and CrSi, addition results in formation of ZrSi, which is also responsible of liquid
phase sintering.

® EuBg isonly partially solublein ZrB, and also exist as adistinct phase in the material.
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. TiSi; and CrSi, addition has resulted in lower hardness whereas EuBg addition has increased
the hardness.

2w Fracture toughness of all the composite samplesis higher than the monolithic sasmple. Thisis
due to crack deflection caused by the presence of second phase in microstructure.

¥ Monolithic ZrB, does not have good oxidation resistance at 900 °C. Linear oxidation
Kinetics was observed in case of monolithic ZrB».

w. Silicide addition as well as EuBg addition has improved the oxidation resistance of ZrB; in
the temperature range of 900 °C. The good oxidation resistance is due to the formation of

protective oxide layer.

5.2 Futur e Scope:

In this study, it was found that EuBg addition helps in densification of ZrB, by formation
of solid solution. In literature phase diagram of ZrB,-EuBg is not available. In future, studies
could be carried out on generation of binary phase diagram on ZrB,-EuBg system. Similarly for
other boride systems, phase diagrams could be generated. In synthesis studies, it was found that
thermodynamic data for Europeum hexaboride (EuBg) and zirconium monoboride (ZrB) is not
available. In future studies, the thermodynamic data for these compounds could be generated
which will be very useful for scientific studies. Till now there is no report on formation of ZrB as
single phase. Efforts could be made to synthesize this compound in the single phase form.
Effects of other rare earth borides could also be studied in future. In this study the oxidation test

was carried out at 900 °C. Future studies may focus on oxidation studies at higher temperatures.
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Annexure -1

Carbon and Oxygen analysis Method

Oxygen analysis

Method : Inert gas fusion:

Instrument : LECO TC -300

Principle:

The sampleis heated to a high temperature in a graphite crucible with or without
nickel flux depending upon the specimen under inert atmosphere. Oxygen is detected as
carbon di-oxide by IR detector .

Carbon analysis

Method: Combustion and IR detection method

Instrument: ELTRA CS 300

Principle:

The sampleis heated to a high temperature in an induction furnace in ceramic crucible
with tungsten flux under oxygen atmosphere. Carbon is converted to carbon dioxide and is
detected by the IR detector.



Annexure -2

Thermodynamic properties of Boron oxides

Boron monoxide, BO (gas)

Temperature Cy’ AH;° AG;°
(K) (cal/moal ) (Kcal /mal) (Kcal /mal)
298 6.978 6.000 -0.765
400 7.068 6.032 -3.085
600 7.427 5.853 -7.614
800 7.810 5.527 -12.053
1000 8.108 5.142 -16.404
1200 8.324 4.719 -20.680
1400 8.480 4.259 -24.872
1600 8.595 3.753 -29.008
1800 8.682 3.198 -33.058
2000 8.749 2.590 -37.065
Boron dioxide, BO, (gas)
Temperature Cp’ AH;° AG°
(K) (cal/mol ) (Kcal /mol) (Kcal /mal)
298 10.343 -71.800 -73.137
400 11.351 -71.739 -73.605
600 12.730 -71.686 -74.552
800 13.501 -71.695 -75.505
1000 13.942 -71.745 -76.452
1200 14.209 -71.838 -77.389
1400 14.381 -71.980 -78.301
1600 14.497 -72.179 -79.200
1800 14.579 -72.439 -80.048
2000 14.639 -72.764 -80.888
Reference:

L.B. Pankratz, J.M. Stuve, N. A. Gokcen. Thermodynamic data for
Mineral technology. Bulletin/ United States Department of Interior Bureau
of mines. (1984)



Annexure-3

Microhardness measurement Data (load: 100 gm)

ZrB, ZrB, +10%TiSi, | ZrB,+ 10%TiSi; +
10%HfB,

25.1 175 24.5

24.6 21.3 23.6

22.2 20.6 21.9

23.1 191 22.6

24.5 18.3 22.9




	Front page
	chapter 1
	chapter 2
	2.2.4  Microwave sintering:

	Chapter 3
	chapter 4
	chapter 5 conclusion
	Chapter 6 New reference 
	A 4TRezaie, 4T, WG 4TFahrenholtz, 4TGE 4THilmas4T: ‘Evolution of structure during the0T 0T5Toxidation0T5T 0Tof zirconium diboride-silicon carbide in air up to 1500  C’, 4TJournal of the European Ceramic Society4T, 2007, 27, (6), 2495-2501.
	XH 4TZhang, 4T  P 4THu, 4T JC 4THan4T:2T 2T ‘Structure evolution of ZrBR2R-5TSiC0T5T 0Tduring the0T 0T5Toxidation0T5T 0Tin air, 4TJournal of Materials Research4T 2008,  23(7),1961-1972.
	E 4TOpila, 4T S 4TLevine, 4TJ 4TLorincz: 4T0T ‘0T5TOxidation0T5T 0Tof ZrBR2R- And HfBR2R-based ultra-high temperature ceramics: Effect of Ta additions”,  4TJournal of Materials Science4T, 2004, 39, (19), 5969-5977.
	J 4TZhao 4T, HT 4TLiu, 4T JX 4TLiu, 4T GJ 4TZhang: 4T ‘ZrBR2R0T 0Tceramics doped with AlBR2R’3T ,0T3T 0T4TCeramics International4T, 2014, 40, (6), 6T8915-8920.
	BF 4TVoitovich, 4T EA 4TPugach: 4T‘High-temperature0T 0T5Toxidation0T5T 0Tof borides of the group IV metals - II.0T 0T5TOxidation5Tof zirconium and hafnium diborides’,0T 0TSoviet Powder Metallurgy and Metal Ceramics, 1975, 14 (3), 231-235.
	MM 4TOpeka, 4T IG 4TTalmy,4T , EJ 4TWuchina, 4TJA 4TZaykoski, 4T SJ 4TCausey, 4TMechanical, Thermal, and0T 0T5TOxidation0T5T 0TProperties of Refractory Hafnium and zirconium Compounds, 4TJournal of the European Ceramic Society4T, 1999, 19, (13-14), 24...
	J Han, P Hu, X Zhang and S Meng:0T ‘0T5TOxidation5T-resistant ZrBR2R-SiC composites at 2200  C’ ,4TComposites Science and Technology4T, 2008, 68,( 3-4), 799-806.
	SS 4THwang, 4T, AL 4TVasiliev, 4T NP 4TPadture,4T  Improved processing and0T 0T5Toxidation5T-resistance of ZrBR2R0T 0Tultra-high temperature ceramics containing SiC nanodispersoids. 4TMaterials Science and Engineering A4T, 2007, 464, 1-2, 216-224.

	Annexure

