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$EVWUDFW
The high melting temperature of ultra-high temperature ceramics (UHTCs)
makes ZrB2-based composites potential candidates for aerospace applications.
Full densification of these composites faces major challenge due to the strong
covalent bonding and the high-melting point, although with additions of SiC,
ZrC, MoSi2, etc. densification can be achieved at reasonable temperatures.
The present work investigates the preparation and analysis of ZrB2/SiC
(20vol %) composites with different polytypes and sizes of SiC starting
powders sintered by Spark Plasma Sintering (SPS). Microstructural analyses
were performed using scanning electron microscopy and X-ray diffraction,
whereas mechanical properties like hardness, toughness, flexural strength,
etc. were measured for a better understanding of the materials. Selfsynthesised ZrB2 powders were prepared and compared against commercial
powders. Property changes due to the addition of MoSi2 instead of SiC were
also studied and documented. For ZrB2/SiC (20vol %) composites, SPS at
1900ºC and 50 MPa with a dwell time of 5 minutes is sufficient to achieve
nearly full densification. SiC polytypes (α and β) showed similar
densification behaviour, whereas the nanometre sized SiC improved the
properties due to better grain growth inhibition. The experimental work
reveals that the finer particle size of self-synthesized submicrometer ZrB2
powders leads to an excellent performance during sintering. Dynamic
Young’s modulus and damping were measured by the Impulse Excitation
Technique (IET) at elevated temperature in vacuum (10-5mbar) under
resonance free vibration conditions. The Young’s modulus decreases linearly
with temperature by 12 % up to 1250°C and two damping peaks, presumably
due to the presence of B2O3 and an amorphous grain boundary phase were
observed in the ZrB2/SiC composites. The room temperature stiffness of the
ZrB2/SiC composites was higher than for the ZrB2/MoSi2 composites.
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ZrB2-MoSi2 (20 vol %)

UHTC

Ultra High Temperature Ceramics

XRD

X ray diffraction

SEM

Scanning electron microscopy

IET

Impulse Excitation Technique
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Field Assisted Sintering Technology

HP

Hot Pressing

EDX

Energy Dispersive X-ray spectroscopy
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Reactive Hot Pressing
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Pulsed Electric Current Sintering or
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Spark Plasma Sintering
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Pressureless Sintering
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Introduction

,QWURGXFWLRQ
The design of structures for wings and noses of vehicle that have to fly through
the earth’ s atmosphere, either to and from space or in sustained flight, poses
severe challenges to structural designers. The main problem is the aerodynamic
heating, as illustrated in Fig 1.1 (a and b), which is the principal structural load,
because the induced very high temperatures can affect the structural behaviour in
several detrimental ways. First of all, high temperatures reduce noticeably elastic
properties such as Young'
s modulus; moreover, allowable stresses are reduced and
time-dependent material behaviour such as creep, which comes into play. In
addition thermal stresses are introduced because of impeded thermal expansions
or contractions. Such stresses increase deformation, change buckling loads and
alter flutter behaviour. A third major problem is the oxidation resistance needed,
especially during re-entering the earth'
s atmosphere. The currently used carboncarbon composites, shown in Fig 1.1 (c,d), are protected by a SiC coating to
guarantee a certain oxidation resistance at high temperature. Due to the limited
thickness of the SiC coatings that can be applied, these carbon-carbon composites
can only be used once.

a)

c)

b)



d)

)LJ: Temperature distribution on an aerospace vehicle (a), Discovery spacecraft
forces in the re-entry (b), Discovery spacecraft (c) and nose of SiC-coated carbon-carbon
composite (d). [12]
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Introduction
Much effort in the aerospace community is currently dedicated to study the future
vehicles for re-entering the earth atmosphere. The space agency and industries are
trying to GHYHORS IXOO\UHXVDEOH VSDFH WUDQVSRUWDWLRQV\VWHPV able to perform
multiple launches in a safe, cost-effective manner. Advanced technological
projects are therefore moving towards ceramic protection systems based on
hafnium, zirconium and titaniumboride systems. These materials, known as 8OWUD
+LJK7HPSHUDWXUH&HUDPLFV 8+7& V , are characterized by very high melting
point and, when blended with a proper reinforcing phase such as ZrC, SiC, MoSi2,
etc., they also exhibit good oxidation resistance. UHTC’s are a family of
composites with extremely high melting temperatures (about 3000°C) and stable
in reactive atmospheres. The group involves different nitrides, borides and
carbides and their based composites [1, 3, 4, 11, 12].
The diborides of the group ,9%PHWDOV, titanium, zirconium and hafnium exhibit
the highest degree of refractoriness and oxidation resistance [1]. Zirconium
diboride is among one of the ultra-refractory ceramics with a unique property
combination including high electrical and thermal conductivity, chemical
inertness against molten metals or non-basic slag and good oxidation resistance.
[1-9] Applications that take advantage of these properties include refractory
linings, electrodes, microelectronics and cutting tools [2-10].

The PDLQREMHFWLYHVRIWKLVWKHVLV are:

• To prepare ZrB2-SiC composites using commercially available powder

sources.
• Optimise the sintering conditions for ZrB2 composites with 20 vol% of SiC

using Pulsed Electric Current Sintering (PECS), also known as Spark
Plasma Sintering (SPS).
• Characterisation of the microstructural and mechanical properties of the

ZrB2/SiC composites.
• Assess the influence of self-synthesised finer ZrB2 starting powder and the

addition of MoSi2.

2
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/LWHUDWXUHUHYLHZ
8OWUDKLJKWHPSHUDWXUHFHUDPLFV 8+7& 
Many systems like ZrB2, HfB2, HfC, ZrC and TaC are presently under
investigation with secondary phases like SiC, MoSi2, TaSi2 for the achievement of
the best properties. The main problem to be solved is the densification of UHTC.
Temperatures higher than 2000ºC are required. New techniques of advanced
sintering and effective aids are being studied to get fine grain microstructures with
good properties [1-5].
Recent literature studies reveals that ZrB2-SiC and HfB2-SiC are most promising
for use at ultrahigh temperatures due to their high melting temperatures, and high
hardness, and chemical stability at elevated temperatures. [1, 9, 11]



%RULGHV6\VWHPV


A lot of compounds are formed when boron reacts with other elements. These
compounds have high melting points, Young'
s moduli and hardness due the strong
covalent bonding [6]. Their thermal conductivity and coefficient of thermal
expansion provides a high thermal shock resistance [1, 6].
Chemical resistance of borides is superior to most ceramics, and oxidation
resistance of group IVB borides at elevated temperatures is excellent. Because
borides have a unique combination of thermal, mechanical, electrical and
chemical properties, it is expected that the further developments of ceramics for
industrial applications will expand the use of these particular compounds.
During the formation of a boride, the outer atomic electrons are shared in
molecular orbitals, which are characteristic for strong covalent bonds. The
greatest number of different boride phases occurs in transition metal and
lanthanide borides, because various valence states linked with overlapping G, I, S
and VRUELWDOV are possible [11]. Some properties like the melting point, hardness
and modulus of elasticity increase with the degree of covalent bonding. Some of
the properties of diborides of group IVB metals are listed in Table 2.1 [6].
7DEOH: Thermal and mechanical properties of selected diborides [6]

TiB2
ZrB2
HfB2

Melting
point
(ºC)

Young
Modulus
(GPa)

Flexural
strength
(MPa)

Hardness
(GPa)

3225
3245
3380

550
500
500

330 ± 40
305 ± 10
350 ± 70

33.0 ± 0.6
22.1 ± 0.2
28.5 ±0.5

Heat
capacity
at 1000K
(J/mol·K)
76.89
71.99
81.67

∆H
(1000K,
kJ/mol)

-327
-327
-335
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=LUFRQLXPGLERULGHEDVHGFHUDPLFV
=LUFRQLXPGLERULGH =U% 
Hardness, bulk modulus, Debye temperature, melting point, coefficient of thermal
expansion and thermal conductivity are properties which are directly related to the

bond strength. The electronic configurations of metal borides are VS and VS ,
which implies a very strong covalent bonding (the enthalpy of formation at 25ºC
is -322.6 kJ) [19].
Figure 2.2a shows schematically the zirconium diborides crystal structure. In this
figure a $O% W\SH structure is shown. The unit cell is composed of layers of
boron. Each Zr atom is surrounded by six Zr atoms and twelve boron atoms. The
boron atoms are surrounded by three boron atoms and 6 zirconium atoms [6].

.
)LJ: Zr-B phase diagram [11]

ZrB2 is the dominant phase in the zirconium-boron system with a melting point of
3244°C. The phase diagram also shows the existence of ZrB12 phase exists
between 1700°C and 2680°C. Phase diagram between B-Zr system (Fig 2.2)
shows a eutectic mixture of ZrB2 and ZrB12 at eutectic temperature of
approximately 2300°C. Phase diagram also suggests a value of 3000°C, which is
400°C less than the melting point of ZrB2. According to /RHKPDQ [11], in cases
where ZrB has been observed, considerable O, C or N might have been present to
stabilize the cubic structure, which is generally assumed to be the ZrB phase. The
ZrB2 phase is shown to have a very limited range of homogeneity and, as
predicted by the phase diagram compounds will contain either free boron or
4
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zirconium below 1500°C and may contain ZrB and ZrB12 in the range of 15002200°C


6LOLFRQFDUELGH
The main importance of SiC in Zirconium diborides based composites is to
enhance the densification behaviour and to improve the oxidation resistance and
to hinder the grain growth [7, 9, 22 and 27]. The bonding in silicon carbide is
essentially covalent (88%). SiC covalent bond is very strong (average bond
energy= 300kJ/mol) due to the small size of the atoms and the short length
of the

bond. Each element shares  pairs of electrons with the other (the four VS orbitals
of carbon with the four VS orbitals of the silicon [29].
SiC occurs in many different crystal structures, called polytypes. Polytypes are a
special one dimensional type of polymorphs in which the different crystal
structures assumed by a compound differ only in the order in which a two
dimensional layer is stacked. It has been reported that more than 200 polytypes
have been discovered for SiC [6].

(a)



(b)

)LJ. Zirconium diboride (a) and SiC (b) structure.

Mechanical properties depend on the polytype of silicon carbide. All polytypes
have a hexagonal frame with a carbon atom situated above the centre of a triangle
of Si atoms and underneath a Si atom belonging to the next layer fig. 2.1b. The
distance, D, between neighbouring silicon or carbon atoms is approximately 3.08
Å for all polytypes [21]. The carbon atom is positioned at the centre of the
tetragonal structure outlined by the four adjacent Si atoms so that the distance
between the C atom to each of the Si atoms, marked as C-Si in the fig. 2.1b is the
same. The ratio c/a, thus, differs from polytype to polytype, but is always close to
the ideal for a closed packed structure. Table 2.2 and fig 2.2 show the stacking
sequence and the relationship in some polytypes
.
5
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7DEOH. Relationship between polytypes in silicon carbide [29]
Structure

Stacking sequence

Wurzite
Zincblende
Carburundum III
Carburundum II
Carburundum I

AB
ABC
ABAC
ABCACB
ABACBCACBABCBAC

a (nm)

c(nm)

0.3076 0.5048
0.3080 0.755
0.3076 1.004
0.3080 1.509
0.3080 3.781

Ramsdell
notation
+ -SiC)
& -SiC)
+ -SiC)
+ -SiC)
5 -SiC)

 5DPVGHOO QRWDWLRQ GHVFULEHV WKH VWDFNLQJ VHTXHQFH LQ SRO\W\SHV 7KH QXPEHU
LQGLFDWHV WKH QXPEHU RI OD\HUV DQG WKH OHWWHU WKH VWUXFWXUH W\SH & FXELF
+ KH[DJRQDO5 UKRPERKHGUDO 
The VLQJOHFXELFIRUP -SiC) is obtained when the carbide is synthesized below
2100ºC. It has face centred cubic (fcc) structure of the zincblende type shown in
fig 2.3. It consists in series of identical puckered sheets of atoms only translated.
7KH -SiC has no polytype and the layer sequence is ABCABCABC.
$OSKDVLOLFRQFDUELGHLVWKHKLJKWHPSHUDWXUHIRUPRI6L&8QOLNH -SiC, which is
aVLQJOHFRPSRXQG 6L&KDVDODUJHQXPEHURISRO\W\SHV7KHVHSRO\W\SHVKDYH
either a rhombohedral or a hexagonal structure. Polytypes, unlike polymorphs, are
the same thermodynamic phase, are formed under the same conditions of
temperature and pressure and have similar structure and properties. The most
common one is 6H-SiC.



)LJ Stacking sequence of some SiC polytypes [29]

6
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For the present system, SiC plays an importance role during the densification. One
of the major problems of ZrB2-based composites is related to oxidation. To
improve the oxidation resistance SiC is added to ZrB2, which form a protective
layer of borosilicate glass at temperatures above 1200°C that enhances the further
oxidation resistance of the composites [27].
$NLQD HW DO [7] prepared ZrB2–SiC composites by SPS at 1800–1900°C for
300 s, at 2000–2100°C for 180 s and at higher temperatures without a holding
time. The addition of SiC up to 60 mass% improved the densification of ZrB2–SiC
composites. The ZrB2–SiC composites containing 20–60 wt.% SiC sintered at
2000–2100°C for 180 s reached a maximum relative density of more than 99%.


0RO\EGHQXP'LVLOLFLGH 0R6L 
MoSi2 is a refractory metal silicide that is primarily used as a heating element. In
recent years, its potential for use as a structural ceramic has been recognised, as
the material combines excellent oxidation resistance and high elastic modulus at
elevated temperatures. Applications however are limited as MoSi2 is inherently
brittle below 1000ºC and has poor creep resistance at temperatures above 1200ºC.
Consequently, efforts have been concentrated on improving these properties by
combining MoSi2 with a second material in a composite [20].
The crystal structure of MoSi2 is &  type (Figure 2.4). The lattice parameters are
a=0.3205 nm and c=0.7845 nm with c/a = 2.45. Molybdenum atoms occupy
(0,0,0) and (1/2, 1/2, 1/2) positions and silicon atom positions are (0,0,1/3),
(0,0,2/3), (1/2,1/2,1/6), and (1/2,1/2,5/6). The unit cell can be thought of as
consisting in three squashed cubic pseudo-cells stacked in the F direction, each
pseudo-cell containing an atom at its body centre. [28]

)LJ Crystal structure (C11b type) of MoSi2 [30].

7
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Importance of MoSi2 as aid in ZrB2 based composites resides, like SiC, improving
the oxidation resistance as well as the densification behaviour [15]. 6FLWL HO DO
[15] has sintered ZrB2-MoSi2 from commercial powders by three different routes:
pressureless sintering, hot pressing and spark plasma sintering. For the spark
plasma sintering route, the powder mixture was processed using a spark plasma
sintering furnace )&7 6\VWHPH *PE+ 5DXHQVWHLQ *HUPDQ\ , in a graphite
mould, in vacuum (0.1 mbar), with a heating rate of 100K/min, with an applied
pressure of 30 MPa at 1750ºC.
The maximum density was achieved by hot pressing, but the grain size was
bigger. For all the sintering techniques, the addition of MoSi2 was beneficial for
the densification and the microstructure of the composites. The comparison with
typical grain sizes of monolithic zirconium diboride highlights that MoSi2
particles hindered ZrB2 grain growth. Moreover, due to its ductility at
temperatures over 1000ºC, MoSi2 can be accommodated among the ZrB2
particles, filling the voids left in the ZrB2 skeleton, thus favouring the formation
of a porosity-free material. Besides this, MoSi2 powder particles are unavoidably
coated by a silica layer because of the thermodynamic stability of this phase. In
turn, this silica can play a role during the sintering by acting as grain lubricant for
the particle rearrangement during initial stage of densification, and forming liquid
phases through reaction with surface oxides present on ZrB2 (e.g., boron oxide
and zirconium oxide) [15].




'HYHORSPHQWRI]LUFRQLXPGLERULGHEDVHGFRPSRVLWHV

The addition of metals as sintering aids (e.g., Ni, Fe) and nitrides (e.g., Si3N4,
AlN, HfN) can significantly promote densification and fine microstructure
through liquid-phase sintering at temperatures lower than those necessary for
undoped compositions [13]. However, the type and amount of grain boundary
phases derived from the sintering aids often deteriorate the high temperature
properties, particularly when metal sintering aids are used. In recent years, some
progress in sintering of ZrB2-based ceramics has been made through introduction
of some sintering aids, such as MoSi2 and SiC.
In the present work, SiC and MoSi2 are selected as ceramic additives for ZrB2
densification. One of the main reason for this choice is that, MoSi2 and SiC forms
a silica coating, which acts as a protective barrier against high-temperature
oxidation of ZrB2 [15,22 and 31].
6FLWLHWDO[15] demonstrated that the addition of MoSi2 enabled the production of
dense materials with fine microstructures. The microstructure of the materials
produced by hot-pressing and spark plasma sintering was affected by the
formation of silica-based phases, which, in turn, caused degradation of the hightemperature strength.

8

Literature review

2[LGDWLRQUHVLVWDQFH
As previously described, the main challenge to be solved in UHTC, is the
oxidation resistance at elevated temperatures. Many researchers are attempting to
solve this problem by adding aids like Mosi2 or SiC to the composite [5, 8-11, 15,
22, 31, 32]. Both components provide the material of a glassy coating, which
increases the oxidation resistance.
7ULSS HW DO [22] investigated the oxidation of ZrB2-SiC (20%vol) in order to
enhance the oxidation resistance. They compared it with ZrB2 and showed that
both materials oxidize similarly at temperatures under 1100ºC but not above them.
In the upper interval of 1100-1300ºC, the composite forms appreciable amount of
silica glass. The rate of oxidation reaction is controlled by inward diffusion of
oxygen through the glass phase. The conclusion were drawn from previous studies
is that oxidation of ZrB2 is controlled by oxygen diffusion and the material
properties of ZrB2 such as oxidation resistance and thermal shock resistance can
be enhanced by addition of SiC.
ZrB2 resists oxidation up to temperatures of 1000-1300°C. /RHKPDQ HW DO [11]
suggested that a film of ZrO2 covered by liquid B2O3 (possibly containing
dissolved ZrO2) is initially formed on the surface of the ZrB2 in the first 2 hours in
oxygen at 1000°C and that oxygen diffuses through the oxide and reacts with the
sub-stoichiometric ZrO2 to form ZrO2 for longer heating times. During heating the
B2O3 gradually evaporates. Oxidation of ZrB2 powder below 800°C in air occurs
according to equation (2.1) [11].
2 ZrB2 + 5 O2

=U22 + 2 B2O3

(2.1)

That reaction incorporates a 5-step oxidation mechanism: (1) diffusion of
molecular of oxygen in the gas phase to the particle surface through the particle
bed; (2) chemisorptions of molecular oxygen on the surface; (3) atomic oxygen
diffusion through bulk ZrB2; (4) formation of a layer of transition phase; and (5)
atomic oxygen diffusion thorough the surrounding layer to ZrB2 powders inside.
The oxidation behaviour of ZrB2 and HfB2 composites with MoSi2 additives were
investigated by 6FLW\ HW DO[31]. It is possible to compare HfB2–MoSi2 systems
with ZrB2–MoSi2 since their parallel properties [31 and 32].
The oxidation reactions occurring in the HfB2–MoSi2 composite during hightemperature treatments in air depend on the oxidation reactions of the two
constituent phases and on further interactions among their oxide products. HfB2
oxidizes according to the following reactions [31]:
HfB2(s) + (52) O2 (g) = HfO2 (s) + B2O3 (l)
B2O3 (l) = B2O3 (g) 



(2.2)
(2.3)

At temperatures above 1100ºC, liquid boronoxide starts to vaporize. The oxidized
surface is constituted of a hafnia-based layer. MoSi2 has an excellent oxidation
9
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resistance at temperatures above 1000ºC because of a protective silica surface
layer [31]:
MoSi2 (s) + (7/2) O2 (g) = 2SiO2 (s) + MoO3 (s)

(2.4)

6FLW\ HW DO[31] concludes that at lower temperatures (1000–1200ºC), Hafnium
oxide is the main oxidation product. At temperatures above 1200ºC, owing to the
oxidation of MoSi2, appreciable amounts of glassy phase formed, which improves
the oxidation resistance of the material, which is agreement with the results
obtained by 7ULSSHWDO [22] for ZrB2-SiC.

=U% SRZGHUV\QWKHVLV
Zirconium diboride powder can be obtained by 3 principal routes [1]: chemical
routes, reactive processes and reduction processes. Chemical routes used to
produce diborides include solutions, reactions with boron-containing polymers,
and pre-ceramic polymers. Nanocrystalline ZrB2 have been synthesized by
reacting anhydrous chlorides with sodium borohybride (NaBH4) above 500ºC
under pressure. The process is shown in the reaction (2.1).
ZrCl4+ NaBH4

=U%2 +2NaCl + 2HCl + 3H2

(2.5)

Sizes of about 10-20 nm have been obtained by this kind of chemical routes.
However, the simplest reaction for synthesis zirconium diborides is the reaction of
elemental precursor powders:
Zr + 2B

=U%2

(2.6)

Principal problems to obtain the powders by this way are the extremely
exothermic reactions that can melt the zirconium and the high affinity of the
metals for oxygen.
The third way to obtain ZrB2 powder is the reduction process. Carbon and boron
are the most common reducing agents, but boron carbide (B4C) or aluminium (Al)
can also be used as well as combinations of reducing agents. Examples of the
reactions used to synthesize diborides are shown in Table 2.3.
Reaction processes and characterization of ZrB2 powder prepared by
boro/carbothermal reduction of ZrO2 in vacuum with B4C and C addition have
been studied by *XRHWDO [2]. Starting powder mixtures were heated to 1650ºC
at a heating rate of 15ºC/min in a graphite die under vacuum. Then a 60-min
isothermal hold at 1650ºC was used for the recovery of the vacuum. After 60 min
at 1650ºC, the furnace was backfilled with argon and heated at 30ºC/min to the
desired sintering temperature.

10
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7DEOH: Reduction reactions that can be used to synthesize ZrB2 powder [2]
&DWHJRU\

5HDFWLRQ

Carbothermal

ZrO2 + B2O3 + 5C =U%2 + 5CO

Borothermal

ZrO2+ 4B

Aluminothermal

3ZrO2 + 3B2O3 +10Al

Boro/Carbothermal Reduction

7ZrO2 + 5B4C

Boro/Carbothermal Reduction


2ZrO2 + B4C + 3C

=U%2 + B2O2

=U%2 + 5Al2O3

7ZrB2 + 3B2O3 + 5CO
=U%2 + 4CO

According to the Gibbs free energy equation:
¨G =¨*º + RT ln Kp

(2.7)

The reaction is favourable in standard state of CO partial pressure above around
1400ºC. Assuming a CO partial pressure of 11 Pa, the reaction is
thermodynamically favourable above 800ºC.

)LJ: SEM picture of the ZrB2 powder synthesized at 1650ºC [2]

'HQVLILFDWLRQ
Recently, ZrB2 and ZrB2-based composites have been densified by various
methods, including hot pressing (HP), spark plasma sintering (SPS), reactive hot
pressing (RHP), and pressureless sintering (PS) [1, 3, 8, 16]. Historically, HP has
been the dominant method in densification studies. more recently, SPS, RHP, and
PS processes evolved as the most common densification methods. This section
focuses on these four densification processes, as well as on the effects of
additives, such as carbides, nitrides and disilicides, on the densification behaviour
of zirconium diborides.

11
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3UHVVXUHOHVVVLQWHULQJ
In this process the matrix powders and reinforcements are mixed and cold
compacted to form rectangular shapes at pressures of 100-400 MPa, followed by
sintering at 1500-2200ºC. To achieve theoretical density, this technique involves
the incorporation of an organic material in ceramic powders and subsequent
binder removal. Internal stresses are produced during cooling lead to the
differences in thermal expansion. The high temperature service and the potential
liquid phase formation could bring down mechanical properties. Compared to
pressure assisted method such as hot pressing or spark plasma sintering, PS is
more efficient and reduced costs because is continuous, requires less tooling and
can directly make complex, large shapes without the need for additional
machining [3].

+RWSUHVVLQJ
The densification of ZrB2 powder generally requires very high temperatures,
owing to the covalent character of the bonding as well as to its low volume and
grain boundary diffusion rates. Typically, HP of ZrB2 required a temperature of
2100°C or above and moderate pressure (20-30 MPa), or lower temperatures
(∼1800°C) and extremely high pressures (>800 MPa). It has been reported that the
densification of ZrB2 is a diffusion-controlled rate process [3]. Graphite dies are
used in the hot pressing, which helps in the sintering step and does not react with
the sample. High temperatures and pressures are needed for completely
densification due the low self diffusion in ZrB2 based ceramics [3].

ZrB2 ceramics with 10 vol.% ultra-ILQH -SiC particulates was successfully hot
pressed at 1900 C for 20 min and 40-50 MPa of applied pressure [23]. One of
reason mentioned for the improvement of densification upon addition of previous
SiC was attributed to the formation of intergranular liquid phases during hotpressing.
ZrB2 without additives could be HP at 2000ºC at 20-30 MPa or lower
temperatures of about 1700ºC at much higher pressures of 800-1500 MPa [23].
Addition of Ni to ZrB2 can produce nearly fully dense materials at temperature of
1850ºC [3]. Primary size of ZrB2 powders and purity are important to obtain no
porosity samples. The problems of the grain growth can be solved by the
application of lower temperatures and lower starting powder size [3]. The main
problem of HP is the inability to make complex shapes due to the uniaxial load
application, limited options to discs and bars.

12
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5HDFWLYHSURFHVVLQJUHDFWLRQVLQWHULQJ 56 DQGUHDFWLYHKRW
SUHVVLQJ 5+3 
Chemical reactions to form a solid sample are involved in reactive processing.
Three types of chemical reactions can be used: reaction of a porous solid perform
in presence of a vapour phase, solid perform reacting with a liquid phase and
exchange reactions between solid particles. In the first two, the preform is heated
till the temperature to react with the fluid. Reactions are highly exothermic and
can increase locally the temperature [3].
Principal advantages of reactive processing are the interfaces between phases are
clean, stronger interfacial bonding and the grains are finer and their distributions
in the matrix are more uniform [3].

6SDUNSODVPDVLQWHULQJ
Spark Plasma Sintering (SPS), which is also known as Pulsed Electric Current
Sintering (PECS) or Field Assisted Sintering Technology (FAST), belongs to a
class of sintering techniques that employ a pulsed direct current (DC) to intensify
sintering. This technique is quite similar to HP, but instead of indirect heating
with a heating element, the applied electrical current directly heats the die and
powder compact. During this DC pulsing, there are a number of proposed
mechanisms to account for improved sintering behaviour [4, 5, 7, 8 and13]. These
mechanisms assume the presence of momentarily generated discharges between
particles and include: spark impact pressure, plasma cleaning of particle surfaces,
joule heating, local melting and evaporation, particle surface activation, electro
migration and field assisted diffusion [4]. High-energy plasma’s can activate
certain phenomena such as particle surface activation, local melting and
evaporation on the surface of the powder particles, which could induce neck
formation between particles and lead to enhance densification [13]. No precise
understanding of the benefit of the use of a pulsed current exists, although it is
claimed that a major beneficial feature of this technique originates from the
interaction of current pulses with particle contact points, potentially causing
micro-sparks, which remove surface oxides on conductive surfaces and enhance
surface grain boundary diffusion kinetics [24].
Due to the shorter times needed to obtain full density in SPS, the grain growth can
be tailor significantly, which leads to better properties [7 and 8]. Some general
advantages of field assisted sintering, compared to traditional hot pressing or hot
isostatic pressing, are technological advantages such as short processing time, the
use of high heating rates thereby minimising grain growth, which often leads to
improved mechanical physical or optical properties, and elimination of the need of
sintering aids [24].
The densification mechanisms of ZrB2 are considered to be related to the vacuum
atmosphere, pulsed current and liquid phase sintering from a reaction between
oxide impurities on raw powder surface [13]. In addition, the SPS process can
13
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reduce the grain size of ZrB2 particles obviously because of the combination of
the large CTE of ZrB2, extremely rapid heating rate during SPS, and high pressure
in the beginning of sintering.



7\SLFDO=U% EDVHGPLFURVWUXFWXUHV
A typical ZrB2-SiC composite microstructure consists of larger equiaxial grains of
zirconium diboride (brighter atomic number contrast) and finer dispersed SiC
particles (darker atomic number contrast) in this matrix. SiC particles could
appear alone or in small agglomerates up to 10µm always at the grain boundaries
as shown in Fig. 2.6. Fig. 2.3b shows intergranular agglomerates of particles. In
Such agglomerates sometimes include silica-based glassy residues and silicon
carbide particles. Traces of monoclinic ZrO2 and MoSi2 have been revealed by
XRD [10].
The first evidence of grain boundary phases in UHTCs was provided by /RHKPDQ
HWDO [11], as shown in Fig. 2.7 (a and b). Very narrow silicate grain boundary
phases of only a few nanometres thick were observed and their compositions and
locations were determined. The results founded by /RKHKPDQ HW DO[11]
suggested that oxide impurities in the SiC additives react at 2000°C to make a
small amount of liquid that promotes densification. Softening of such phases
could explain the observed fall-off in strength at 1000-1200°C.

b)

a)


)LJ. SEM micrographs of polished ZrB2-SiC composites. (a) Some typical phases are
numbered as SiC (1), ZrO2 (2), and BN (3). The grey background represents the diboride
matrix [9]. (a) Hot-pressed ZrB2-SiC composite with residual glass (G) [10].
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a)

b)

)LJ TEM micrograph (a) and spectral image and analysis (b) of the area outlined in
(a) of a ZrB2-2 wt % SiC composite [11].
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0DWHULDOVDQGH[SHULPHQWDOSURFHGXUH
This section provides experimental background and details on the initial powders
used, the processing route and characterization techniques. ZrB2 powders were
mixed with different grain sized SiC and densified by SPS. Microstructural
analysis and mechanical properties were characterized on sintered samples using
various techniques such as SEM, X-ray diffraction, Impulse Excitation Technique
(IET) etc.

6WDUWLQJ3RZGHUV


The starting powders with their source and size are listed in Table 3.1. Zirconia
(Tosoh) and B4C (ESK) powders were used as starting powder for ZrB2 powder
synthesis.


7DEOH List of the powders used with their suppliers.
3RZGHU
*UDGH
6XSSOLHU
ZrB2
G2
H.C. Starck
-SiC
UF25
H.C. Starck
-SiC
BF17
H.C. Starck
-SiC (nano)
Nano (Kaier)
Kaier Nano
ZrO2
TZ-O
Tosoh
B4 C
RS-SGT
ESK
MoSi2
005569
Chempur
* According to the supplier datasheets.

3DUWLFOHVL]H
1.5-3 µm
0.50 µm
0.45 µm
45 nm
50 nm
0.8 µm
-

The self-synthesised ZrB2 were prepared according to the following reaction:
ZrO2 + 5/7 B4C

=U%2 + 3/7 B2O3 + 5/7 CO

(3.1)

The molar ratio of ZrO2 and B4C was 7/5.5. The starting powders were ball-milled
in ethanol for 24 h using Y-TZP beads as milling medium. The suspension was
dried in a rotary evaporator. About 25 g sieved powder mixtures were dry pressed
into a disk and heated at 1500ºC for 4 h in vacuum with a heating rate of
10ºC/min.


3RZGHUSURFHVVLQJWHFKQLTXHV


The properties of the sintered zirconium diborides based composites depend on
the composition of the starting powder and the processing techniques. For a good
result, a homogeneous composition, small grain size, narrow grain size
distribution and low degree of agglomeration are targeted.
In the present work, ZrB2 based composites were prepared by addition of 20 vol%
6L& ZLWK GLIIHUHQW FU\VWDO VWUXFWXUH  RU -SiC) and grain sizes (submicrometer
and nanometric powder).
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In the first stage of the thesis, commercial powders were wet-mixed on a multidirectional mixer (Turbula, see Fig. 3.2) in ethanol for 24 h using ZrO2 milling
balls (Y-TZP, Tosoh grade TZ-3Y, Ø = 10 mm). The suspension was dried in a
rotating evaporator at 65°C. Prepared compositions are summarised in Table 3.2.
A flowsheet describing the different steps during powder preparation are
presented in Fig 3.1.

7DEOH Investigated ZrB2-SiC compositions
Powder
ZrB2
-SiC
ZrB2
-SiC
ZrB2
-SiC (nano)
ZrB2
-SiC
ZrB2
-SiC (nano)
ZrB2
MoSi2
ZrB2
MoSi2

ZrB2- 6L& 9RO
ZrB2- 6L& 9RO
ZrB2- 6L& QDQR  9RO
ZrB2- 6L& 9RO
ZrB2- 6L& QDQR  9RO

3rd
PHASE

2nd
PHASE

1st PHASE

material

ZrB2 powder
(88,357 g 

ZrB2-MoSi2 (20%Vol)
ZrB2-MoSi2 (20%Vol)

SiC powder
(11,643 g)

Ethanol (95%)
CH3CH2OH

VXSSOLHU
H.C. Starck
H.C. Starck
H.C. Starck
H.C. Starck
H.C. Starck
Kaier Nano
Self-prepared
H.C. Starck
Self-prepared
Kaier Nano
H.C. Starck
Chempur
H.C. Starck
Chempur

ZrO2 (TZP) milling
balls(500 g)

Suspension
24 Turbula
Mixing

Rotating
Evaporation
0
at 65 C

Driying in
furnace
24h. 90ºC

Sieving

)LJXUH. Flowchart for the preparation of 100 g ZrB2-20 vol % SiC powder mixture.
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)LJ. Multidirectional mixer (type Turbula T2C)

6SDUNSODVPDVLQWHULQJ
The SPS set-up (HP D 25, FCT Systeme, Rauenstein, Germany) includes a
specimen placed inside a graphite die, as shown in Fig. 3.3. On the top and bottom
of the specimen two punches are positioned while two conical plates protect the
punches. Both the punches and protection plates are manufactured from graphite.
To improve the electrical and thermal conductivity of the system, graphite foils
were placed between all contacting surfaces.
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(b)

)LJ; SPS equipment (a) and cross-section of the tool used during FAST cycles (b).
The vertical and four horizontal graphite papers are highlighted in blue and red. Point 1 is
the focus point of the pyrometer. The white areas represent the boreholes. The dimensions
of the different parts can be read from the plotted scale. The squares of the drawing grid
represent 2×2 mm2 (2).
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7DEOH. Densification conditions used during SPS cycles
Cycle

Heating rate
(ºC/min)
100
100
100
100

1
2
3
4

Temperature
(ºC)
1900
1900
1950
1950

Pressure
(MPa)
30
50
30
50

Dwell time
(min)
3
3
3
3

Both the protection plates and punches have boreholes. The boreholes in the upper
protection plate and upper punch are used for temperature detection near the
sample by a pyrometer. The hole in the lower protection plate is used for fixation
and positioning of the whole tool as well as for symmetry reasons. The
geometrical characteristics and materials of the set-up components are
summarized in Fig. 3.3. The distance between the viewing point of the controlling
pyrometer and the sample centre is about 5 mm. The investigated SPS
temperature and pressure cycles were investigated, as summarised in Table 3.4.
The load was increased from the minimum of 5 kN up to the predefined load of 30
or 50 kN when reaching the targeted SPS temperature of 1900 or 1950°C in order
to allow the fugitive B2O3 gasses to escape. A typical temperature-load schematic
is shown in Fig. 3.4.






)LJ: SPS typical temperature-load schematic
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3K\VLFDODQGPHFKDQLFDOSURSHUWLHV


The SPS ZrB2-SiC ceramics were cut into rectangular bars using the diamond saw
to measure the E-modulus. Cross-sectioned samples were ground and polished for
hardness and indentation toughness measurements as well as XRD and SEM
analysis.

'HQVLW\


The density of the sintered samples was determined according to the Archimedes
principle that a body immersed in a fluid is buoyed up by a force equal to the
weight of the displaced fluid. The principle applies to both floating and
submerged bodies and to all fluids, i.e., liquids and gases. The weight in grams
was determined in air (Wair) and submerged in ethanol (Wfl) on a BP210S balance,
Sartorius $J*HUPDQ\7KHGHQVLW\ ZDVFDOFXODWHGDV

ρ=

:304 57
ρ 68

0.99983(:34 5 − :68 )

+ 0.0012 J / FP3

(3.2)

where ρ 9: is the density of the ethanol that was determined with a modified set-up
using a calibrated glass volume., :;< = the weight in air, :> ? the weight in ethanol.


+DUGQHVVDQGLQGHQWDWLRQWRXJKQHVV

The Vickers hardness and indentation toughness were measured on a hardness
tester (Model FV-700, Future-Tech Corp., Tokyo, Japan), as shown in Fig. 3.5,
with a load of 5 kg. For this measurement, at least 5 indentations were measured
for each material grade. The Vickers hardness (HV5) is determined by measuring
the length of the diagonals whereas the indentation toughness is calculated from
the radial crack pattern. The indentations were made on polished surfaces with a
pyramidal diamond with a top-angle of 1360.

)LJ Hardness tester machine

If the indentation load is high enough, radial cracks are produced in the corners of
the indentation, allowing to measure the indentation fracture toughness. The
calculation of the Vickers hardness was done according to ISO Standard 14705.
20
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+ @ = 0.1020

136
*
2 = 1.8544 )
'
'2

2 ) sin

(3.3)

where ' is the average length of both indentation diagonals [mm], ) is the
indentation load in [N] and ) * is the indentation load in [kg]. The diagonals were
measured by means of SEM.
The formula of Anstis [25] was used to calculate the fracture toughness. This
requires the measurement of the radical cracks originating at the corners of the
Vickers hardness indentation as shown in Fig. 3.6.
.A B

 ( 
= 0.016 

 +C 

1/ 2

 ) 
 3/ 2 
& 

(3.4)

where ( is elastic modulus, ) is the indentation load [N] and & is the average
total radial crack length [mm].

)LJXUH Typical radical crack pattern originating at the corner of Vickers
microhardness indentations.


The indentation toughness, .IC, was also calculated from the length of the radial
cracks originating in the corners of the Vickers indentations according to the
formula proposed by 6KHWW\HWDO[39]:

. D E = 0.0889(

+3 1 / 2
)
4O

(3.5)

where + is the hardness, 3 the indentation load, and O is the crack length. 
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<RXQJ¶VPRGXOXV


The Young’ s modulus measurements were performed using the Impulse
Excitation Technique (IET). IET measures the fundamental resonant frequency of
test specimens of suitable geometry by exciting them mechanically with an
impulse tool. Specimen supports, impulse locations, and signal pick-up points are
selected to induce and measure specific modes of the transient vibrations
(longitudinal, torsion and flexion mode). A transducer (for example, contact
accelerometer or non-contacting microphone) senses the resulting mechanical
vibrations of the specimen and transforms them into electric signals. The
appropriate fundamental resonant frequencies, dimensions, and mass of the
specimen are used to calculate dynamic Young’ s modulus, dynamic shear
modulus, and Poisson’ s ratio.



The electrical signal produced by the transducer, sent to the electronically part of
the RFDA (resonant frequency and damping analyser). The signal is adapted,
amplified and sent to the computer where the signal will be analysed. A software
program determines the IF by Fourier analysis. The program assigns a vibration of
the form;
x(t) = Ae-kt sin (2πIF t+ φ)

(3.5)

to each IF that is judged relevant by the operator. An algorithm simulates the
measured signal as a sum of these transient sinusoidal waves, optimising
iteratively the parameters A, k, IF and φ. Having reached a pre-selected
convergence criterion, the program gives the final IF , and for each of them a value
k.



According to ASTM - C1259-08, in case of isotropic samples of rectangular
shape, the elastic modulus of the materials can be calculated as:

( = 0.9465

P⋅ I 2  / 
G 
 .T1
E W
3

(3.6)

IF represents, the resonance frequency and m the mass of the sample. L, b and t are
the dimensional units (Length, width and thickness), T1 is a correction factor.
Damping (Q-1) is any effect, either deliberately engendered or inherent to a system
that tends to reduce the amplitude of oscillations due to the energy absorption by
the system. The exact microstructural origin of damping or mechanical loss
deviates from material to material and can be calculated by:
4 −1 = .

π. IH

(3.7)

with the exponential decay parameter K (1/sec) [33].
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)OH[XUDOVWUHQJWK
The flexural strength at room temperature was measured in a three-point bending
test. The test specimens (25.0 mm × 3 mm × 2 mm) were cut and grinded out of
the SPS disc. All surfaces were ground with a Diamond Board MD40 75 B55
grinding wheel. The span width was 20 mm with a crosshead displacement of
0.1 mm/min
The strength of ceramic materials is generally characterized by bend testing in a
three point bend test, as²shown in Fig. 3.5. The test specimen has a rectangular
cross section and is uniform along the complete length. The test specimen is
supported at the ends and the load is applied in the centre. The bend strength is
defined as the maximum tensile at failure and is often referred to as the modulus
of rupture. The bend strength for a rectangular test specimen can be calculated
using the general flexure stress formula:
S=M·c/I

(3.8)

where M is the moment, c is the distance from the neutral axis to the tensile
surface, and I is the moment of inertia.

)LJ Scheme of three point bending test.



0LFURVWUXFWXUDOFKDUDFWHULVDWLRQ
The microstructure of the starting powders and densified cross-sectioned ceramic
grades was studied by scanning electron microscopy (SEM, XL30-FEG, FEI, The
Netherlands) In Scanning Electron Microscope a very fine '
probe'of electrons
with energies up to tens of keV is focused at the surface of the specimen in the
microscope and scanned across it in a '
raster'or pattern of parallel lines. A number
of phenomena occur at the surface under electron impact: Most important for
scanning microscopy is the emission of secondary electrons with energies of a few
tens of eV and re-emission or reflection of the high-energy backscattered electrons
from the primary beam. The intensity of emission of both secondary and
23
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backscattered electrons is very sensitive to the angle at which the electron beam
strikes the surface. 


;UD\'LIIUDFWLRQ
X-ray diffraction (XRD, 3003-TT, Seifert, Ahrensburg, Germany) was carried out
for phase identification. X-ray diffraction yields useful information on the crystal
structure and the phase content of the sample. The principle of X-ray diffraction is
based on the Bragg’ s law, illustrated in Fig. 3.8.
2dsin θ = nλ

( 3.8 )

with :
d : interplanar spacing – function of the lattice parameter and Miller indices h, k,
l
n : order of reflection
2θ : angle between incident and reflective beam
λ : wavelength

)LJ Illustration of Bragg’ s law

X-ray diffraction analysis was conducted on polished samples with a Seifert 3003
TT diffractometer. The polished sample can be used after taking it out of the
polymer mounting material used for polishing. A Cu .αsource was used at 40
kV, and 40 mA, located at 250 mm from the sample.
The diffractometer set up was as follows: a parabolic X-ray mirror, a fixed
divergent slit (1 mm), a collimator, a flat graphite monochromator and a NaI
scintillation detector, which was about 355 mm away from the sample. X-ray
diffraction patterns were analysed using Rayflex (version 2.3, Afga NDT, Seifert
GmbH) software. 
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([SHULPHQWDOUHVXOWVDQGLQWHUSUHWDWLRQ

,QWURGXFWLRQ


This chapter summarises the results obtained during the various experiments
giving a detailed overview from starting powder preparations till microstructural
and mechanical ceramic characterization. This section is divided into three major
subsections representative for the three phases in the research: phase 1 on
commercial powder based ZrB2-SiC (ZS), phase 2 on self-synthesized powder
based ZrB2-SiC (ZS) and phase 3 on ZrB2-MoSi2 (ZM) composites.


3UHSDUHGFRPSRVLWLRQV

During the first phase of this thesis, ZrB2-SiC compositions were densified under
different load-temperature combinations for optimisation of the sintering
conditions. Load-temperature combinations were selected based on the literature
review and previous work done by the ceramics research group. Table 4.1
summarizes the investigated load-temperature cycles.
7DEOH: SPS sintering conditions
Sintering conditions
(with 3mins of
dwelling)
C1

1900ºC/30 MPa

Sample composition
ZrB2- 6L& 9RO
ZrB2- -SiC (20%Vol)
ZrB2- -SiC(nano) (20%Vol)
ZrB2- 6L& 9RO

C2

1900ºC/50 MPa

ZrB2- -SiC (20%Vol)
ZrB2- -SiC(nano) (20%Vol)
ZrB2- 6L& 9RO

C3

1950ºC/30 MPa

ZrB2- -SiC (20%Vol)
ZrB2- -SiC(nano) (20%Vol)
ZrB2- 6L& 9RO

C4

1950ºC/50 MPa

ZrB2- -SiC (20%Vol)
ZrB2- -SiC(nano) (20%Vol)

C5


1900ºC/50 MPa
(5 min dwell)

ZrB2- 6L& 9RO

ZrB2- -SiC (20%Vol)
ZrB2- -SiC(nano) (20%Vol)

Abbreviation
=6

=6

C1
C1

ZSNC1
=6

=6

C2
C2

ZSNC2
=6

=6

C3
C3

ZSNC3
=6

=6

C4
C4

ZSNC4
=6

=6

C5
C5

ZSNC5

KHUHDIWHUWKHVHFRQGLWLRQVZLOOEHQDPHGDV&WR&DQGFRPSRVLWLRQVDV=6 
=6 DQG=61
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Based on the experimental results, one extra sample of each composition was
sintered for further studies including IET and other mechanical properties. These
samples were sintered at 1900ºC and 50 MPa with a longer dwelling time of 5 min
for higher densification.
In the second stage of the thesis, ZrB2 powders were prepared from ZrO2 and B4C
as described in the literature review section. The prepared ZrB2 powder was
mixed with alpha SiC and nano SiC to prepare samples with the sintering
conditions selected from the previous work.
Finally, in the last stage, ZrB2-MoSi2 (20 vol %) composites were studied.
Sintering conditions were decided on previous studies and are shown in the table
4.2.
7DEOH: Densification conditions used during SPS sintering of ZM samples
Sintering conditions
1750ºC/50 MPa, 6.5 min dwell
1800ºC/50 MPa, 5.0 min dwell

Sample composition
ZrB2-MoSi2 (20 vol %)
ZrB2-MoSi2 (20 vol %)

Abbreviation
ZM1
ZM2


3RZGHUFKDUDFWHULVDWLRQ


Figure 4.1 shows the phase analysis of the ZrB2 starting powder, as characterized
by XRD. Figure 4.1 reveals that the ZrB2 starting powder is pure ZrB2 phase.

∆
∆

(J C P D S : 3 4 - 4 2 3 )

∆

Intensity (cps)

Z rB 2 (H e x a g o n a l)

∆
∆
20

30

40

50

∆

60

∆∆

∆
70

∆

80

2θ
)LJ: ZrB2 XRD Pattern
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Figure 4.2 shows the phase analysis of the SiC starting powders. The patterns of
-6L&QDQR .DLHU DQG -SiC (UF-25) good match to the 6H beta polytype and
alpha SiC respectively. There is no evidence of a secondary phase in these
powders. On the other hand, the beta (BF-  SRZGHU VKRZV WZRVPDOOHU -SiC
SHDNVEHVLGHVWKHPDMRU -SiC peaks.
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)LJ: XRD analysis of SiC starting powders.
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)LJ: XRD analysis of self-prepared ZrB2 powders.
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Two batches of ZrB2 powders were synthesized by reduction of ZrO2 using B4C
as a reducing agent. The XRD patterns are show in figure 4.3. Both patterns show
small traces of ZrO2 (1-2%). SEM analysis, shown in figure 4.4, reveals a ZrB2
powder with spherical particles of about 0.5 µm, which is much finer than the
commercial starting powder (1.5-3 µm).
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)LJ. SEM images of self-prepared ZrB2 powders (a) and (b), and commercial ZrB2
powders (c) and (d).
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3KDVH,=U% 6L&FRPSRVLWH FRPPHUFLDOSRZGHUEDVHG


The first stage of the present work is aiming to find the best sintering conditions
for ZrB2-SiC densification. Four different combinations of load/temperature have
EHHQWHVWHG7KUHHGLIIHUHQWSRZGHUPL[WXUHV =6 =6 DQG=61 ZHUHWHVWHGDW
each load/temperature combination, as summarised in Table 4.1.


'HQVLILFDWLRQGHWDLOV

The densities have been determined according to the Archimedes principle. Table
4.2 shows the relative densities of all the samples depending on the composition
and the load/temperature conditions. A comparative graph is shown in figure 4.5.
7DEOH Table of relative densities (unit %)
Conditions
1900°C/30MPa (C1)
1900°C/50MPa (C2)
1950°C/30MPa (C3)
1950°C/50MPa (C4)
1900°C/50MPa (C5) *5 min

ZS
98.5
98.5
98.0
98.3
98.6

ZS
96.2
99.4
98.3
98.1
99.2

ZSN
98.1
98.4
98.2
98.2
98.9

Based on the experimental results, one extra sample from each composition was
sintered for further studies including IET and other mechanical properties. These
samples were sintered at 1900ºC and 50 MPa with a longer dwelling time of 5 min
for higher densification.

)LJ: Relative densities of the ceramics in each temperature/load conditions.
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Fig. 4.5 shows that the relative densities of the samples are all around 98%. In the
case of composites mixed with alpha SiC powder, the obtained density was fairly
constant and therefore independent on the sintering conditions. The same
observation can be made for the nano sized SiC powder based composites, but the
obtained density is slightly lower than for the alpha SiC containing grades. In the
case of composites mixed with beta polytype SiC, the density values are more
scattered.
Figure 4.6 shows the shrinkage rate as a function of temperature for ZS and ZSN
for the 1950°C/30MPa combination. The maximum densification rate was
achieved during the applied pressure at maximum temperature in all
temperature/pressure combinations.
The vacuum change during sintering is plotted against the time and temperature
for sintering cycle 1 (1900°C/30MPa) in figure 4.7, showing a decrease in the
vacuum around 850°C, before increasing the applied pressure. The vacuum drop
is due to the evaporation of liquid B2O3. This behaviour was observed in all the
samples. It is therefore also important to only increase the load after the vacuum
level increases again, in order to avoid B2O3 gas entrapment during densification.
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)LJ The shrinkage rate as a function of temperature for ZS and ZSN for the
1950°C/30MPa combination.
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)LJ: The change in vacuum against temperature (arrow indicates evaporation of B2O3


;5'DQDO\VLV

gas which degrades the vacuum level).

Phase indentification was done by XRD analysis, as presented in Fig. 4.8, 4.9 and
IRU=6 =6 DQG=61UHVSHFWLYHO\IRUGLIIHUHQWVLQWHULQJFRQGLWLRQV
$OO WKH FHUDPLFV KDYH WKHLU KLJKHVW SHDN DW  41.7° for ZrB2. ZrB2 peaks are
marked with stars. This phase is the dominant one in the twelve specimens
analyzed by XRD. The second phase corresponds to SiC (red squares). Small
SHDNVLQGLFDWHGE\WKHUHGDUURZVFDQEHVHHQRQ=6 DQG=6 FHUDPLFV ILJXUHV
4.9 and 4.10). These arrows indicate the presence of alpha SiC.
Referring Figure 4.2 as you can see traces of the phases of the powders are
preserved in the sintered pieces; there is no phase transformation during the
sintering. Although is the high temperature form of SiC and a phase transition
could be expected, it is known from published literature that no phase
transformation could happen bellow 2100ºC.
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)LJ;5'DQDO\VLVRI=6 VDPSOHV



)LJ;5'DQDO\VLVRI=6 VDPSOHV
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)LJ XRD analysis of ZSN samples
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0LFURVWUXFWXUDODQDO\VLV
ZrB2-SiC composites prepared with commercial powders were sintered in
different conditions. An overview of the microstructures of polished crosssectioned ceramics and fracture surface is given in the following images for their
analysis.
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)LJ: SEM pictures of polished ceramics sintered at 1900ºC and 30 MPa: a)ZS 
E =6 F =61DQGIUDFWXUHVXUIDFHRIG =6 H =6 DQGI =61

Figures 4.11 (a-f) shows the SEM images of the ceramics SPS at 1900ºC/30 MPa.
Grey grains are ZrB2 and small dark particles at the grain boundaries correspond
34
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to SiC particles. A very small amount of closed porosity can be seen in the
FHUDPLFVHVSHFLDOO\LQ=6  ILJEDQGH 
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)LJ: SEM pictures of polished ceramics sintered at 1900ºC and 50 M3DD =6 
E =6 F =61DQGIUDFWXUHVXUIDFHRIG =6 H =6 DQGI =61

Upon increasing the pressure to 50 MPa, porosity is reduced to almost make it
disappear. In these samples the grain growth is significantly restricted due to the
elevated pressure, the short dwell time and the fine distribution of SiC particles in
the matrix (ZSN Fig 4.12a and f).
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)LJ: SEM pictures of polished ceramics sintered at 1950ºC and 30 MPa: a)ZS 
E =6 F =61DQGIUDFWXUHVXUIDFHRIG =6 H =6 DQGI =61

In the batch of samples sintered at 1950ºC and 30 MPa, the most significant is the
presence of coarser grains of ZrB2 which appear in the matrix (figures 4.13a, b
and c). Raising the temperature at constant pressure of 30 MPa favoured ZrB2
grain growth.
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)LJ: SEM pictures of polished ceramics sintered at 1950ºC and 50 MPa: a)ZS 



E =6 F =61DQGIUDFWXUHVXUIDFHRIG =6 H =6 DQGI =61

Fig 4.14 shows the ZS ceramics, SPS at 1950ºC and 50 MPa. Finer grains of ZrB2
due the high pressure applied. In the literature review is said that SiC can be found
in the grain boundaries of ZrB2 as singular particles or agglomerates. In this work,
almost all the ceramics show SiC agglomerates (i.e. fig 4.11a, 4.13a, 4.14 a and
c).
The best properties should be achieved with higher densification and finer
distribution of SiC particles (4.12b and c). Since SiC is a grain growth inhibitor
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for ZrB2, it should lead to a finer microstructure, increasing properties such as
hardness or stiffness. A different grade of SiC seems not influenced very much in
the microstructure, unlike the size of the particles, which has major contribution
against the grain growth. Nano powders have systematically in each condition the
finer grain distribution.


(';DQDO\VLVRQIXOO\GHQVLILHG,(7VDPSOHV


Based on the experimental results, extra samples of each composition were SPS
for further studies including IET. These samples were SPS at 1900ºC and 50 MPa
with a longer dwell time of 5 min for higher densification.
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)LJSEM-XRD analysis of particles located at the grain boundaries RI=6  D =6 
(b) and ZSN (c).

EDX analysis, shown in Fig. 4.15, proved the existence of phases containing
oxygen, in quantities too small to be detected by XRD. The three ceramic grades
prepared for IET were analysed by SEM-EDX. Small particles at the grain
boundaries were found and tested. EDX analysis shows a significant amount of
oxygen in such particles which implies the existence of a small amount of ZrO2 in
the ceramics.



0HFKDQLFDOSURSHUWLHV


Room temperature mechanical properties, which include Young’ s modulus,
Vickers hardness, fracture toughness and flexural strength are summarized in
table 4.4 for all ZS ceramics.
The Young’ s modulus of fully densified solids is determined principally by the
interatomic forces, which decrease sharply with the density. =6 BFLVWKHVDPSOH
with higher value of E modulus due his almost complete densification. The
Young’ s modulus ranges from ~458 to 510 GPa. *XRHWDO [16] established the
value of fully densified ZrB2 without additives on 498 GPa and )DKUHQKROW]HWDO
[1] gives a range of Young’ s moduli for ZrB2-SiC (20 vol %.) from 466 to 531
GPa. The elastic properties decrease drastically when the porosity increases, as for
example in =6 BF 7KH VWLIIQHVV YDOXHV REWDLQHG LQ WKLV ZRUN DUH TXLWH KLJK
indicating almost fully dense composites.
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7DEOH: Summary of the mechanical properties of sintered ZS samples with
their relative densities
KIC (MPa m1/2)

Grade

R.D.
(%)

E
(GPa)

HV5
(GPa)

Strength.
(MPa)

=6 BF

Anstis

Shetty

98.5

492

17.50±0.47

622±101

2.5±0.2

4.5±0.2

96.2

458

16.90±0.55

651±86

3.5±0.2

4.3±0.2

98.1

478

17.07±0.23

627±6

2.3±0.2

4.3±0.1

98.5

491

18.20±0.49

568±76

2.8±0.4

4.8±0.3

99.4

509

18.49±0.57

665±154

2.6±0.3

4.3±0.2

98.4

485

17.98±0.43

666±12

2.3±0.2

4.4±0.2

98.0

482

18.49±0.62

593±61

3.0±0.9

4.6±0.6

98.3

487

16.26±0.53

607±150

2.8±0.9

4.5±0.6

98.2

489

16.90±0.52

519±14

2.8±0.9

4.5±0.6

98.3

498

18.22±0.25

519±37

3.0±0.3

4.5±0.2

98.1

491

17.80±0.31

636±19

3.7±0.2

4.9±0.1

98.2

492

16.39±0.21

583±49

3.0±0.5

5.5±0.2

=6 BF

ZSN_c1
=6 BF
=6 BF

ZSN_c2
=6 BF
=6 BF

ZSN_c3
=6 BF
=6 BF

ZSN_c4

5'LVWKHUHODWLYHGHQVLW\+   KDUGQHVV9LFNHUV NJ 6WUHQJWKLVWKHIOH[XUDOVWUHQJWK
PHDVXUHGE\WKUHHSRLQWEHQGLQJDQG.  LVWKHIUDFWXUHWRXJKQHVV

The Vickers hardness ranges from ~16.2 to 18.5 GPa. This property is also
correlated to the bonding and the structure and shows a similar trend as the
Young’ s modulus (higher value in =6 BF DQG D YHU\ ORw value in the sample
=6 BF  Unexpectedly low values have been found for =6 BF DQG =61BF
probably due to local incomplete densification. A trend can be appreciated in the
case of ZS which is almost always the hardest ceramic in each composition.
The flexural strength, measured by three point bending testing, of the ZrB2-SiC
composites is quite acceptable and around 600 MPa, with a maximum of 666 ± 12
MPa for ZSN_c2. Like most ceramics, higher strengths are reported for diborides
with finer grain sizes, what explains the higher strengths obtained when SPS at
1900 compared to 1950°C. Strengths, in general, show an inverse square root
relation with grain size as would be expected for ceramics free from other, larger
flaws. Secondary phases such as SiC or MoSi2 that improve densification may
also inhibit grain growth and improve strength [1]. It is also noteworthy that the
best flexural strengths are measured under all temperature/load conditions for the
=6  JUDGHV /LWHUDWXUH UHYLHZ UHSRUWV >@ WKDW in ZrB2-based composite, the
nano-sized SiC particles are more effective in enhancing the strength of the ZrB2
ceramic than that derived from micrometer-sized SiC particles. Nevertheless in
the present work, the flexural strengths of the SiC nanopowder based composites
are not higher.
The fracture toughness of ZrB2-based composites with SiC is dominated by the
SiC particle size and distribution in the composites. Increased fracture toughness
produced by SiC addition is attributed to the crack deflection that occurs near the
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SiC particles at the grain boundaries. The interactions of the crack with the
microstructure are most likely controlled by the complex residual stress state that
develops during cooling from the processing temperature; that in turn is caused by
the thermal expansion mismatch between the ZrB2 and SiC particles. The
contribution of crack deflection to increasing fracture toughness depends on the
total number of crack deflections and the crack deflection angle. Crack deflection
is enhanced in larger diameter grains. Small SiC grains increased the number of
crack deflections and pullout grains. Therefore, large ZrB2 grains and small SiC
grains are required to improve the toughness of ZrB2-based ceramics. In the
present work, the toughness is hardly influenced by the SiC source and applied
densification parameters. The measured toughness is about 2.8 MPa m1/2 (Anstis
formula) or 4.4 MPa m1/2 (Shetty formula).


6XPPDU\
The ZrB2- 20 vol % SiC system has been investigated. During this phase,
ceramics have been sintered in an SPS under different conditions with the goal of
analysing all of them and optimise the sintering parameters.
The constituent phase composition does not change during sintering, since XRD
shows the same pattern before and after densification. Nevertheless, a small
amount of oxide-containing phases was discovered by EDX-analysis.
To determine the optimal conditions of sintering, we must take into account both
the microstructural and mechanical properties. Through microstructural analysis
and based on residual porosity, grain sizes and secondary particle distribution we
postulate 1900ºC and 50 MPa as the best sintering condition. Under these
conditions, the amount of residual porosity is limited, grain growth is restricted by
high pressure and lower temperature, agglomerates of SiC in these samples seems
to be less pronounced and the measured strength is higher.
Nano-powders appear to be the most efficient SiC powders, regardless of the
degree, which seems to be not very important.
The SPS ZrB2-SiC composites combine a high stiffness of about 485-500 GPa, a
3-point bending strength of 500-660 MPa and a fracture toughness of 2.8 MPa
m1/2 (Anstis formula) or 4.4 MPa m1/2 (Shetty formula). The hardness is more
influenced by the residual porosity, SPS conditions and SiC starting powder and
varies from 16.4 up to 18.5 GPa.
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3KDVH,,=U% 6L&FRPSRVLWH VHOIV\QWKHVLVHGSRZGHU 
ZrB2 powders have been synthesised by the reduction of ZrO2, as described in
Chapter 3.Two samples of ZrB2 based composites were sintered based on the
previous derived experimental conditions for full densification. Alpha and nanoSiC powders were selected as a densification additive.

0LFURVWUXFWXUDODQDO\VLV
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)LJ SEM images of ZS 63SROLVKHGVXUIDFH D DQGIUDFWXUHVXUIDFH E DQG=6 63
polished surface (b) and fracture surface (d). (d) and f) shows a EDX analysis of the two
densified ceramics.
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The microstructures of the densified ceramics have been observed by SEM
microscopy, aV VKRZQ LQILJXUH  =6  VKRZVD KRPRJHQHRXV GLVWULEXWLRQ RI
ZrB2 in shape and sizes lower than 3 µm. Finer ZrB2 grains can be observed in the
=61FHUDPLF6L&SDUWLFOHVDUHDJJORPHUDWHGLQWKH=6 JUDGH, whereas they are
more individually dispersed at the ZrB2 grain boundaries in the nano grade sample
(Fig 4.16d). It is clear that the SiC grade has a much more pronounced effect on
the final microstructure when using the finer self-synthesised ZrB2 compared to
the coarser commercial ZrB2 powder (see section 4.4).
EDX analysis reveals the presence of oxygen in the sintered ceramics obtained
from self-prepared powders. This analysis certifies the existence of oxidized
phases like zirconia or silica in the samples.

0HFKDQLFDOSURSHUWLHV


7DEOH : Relative density and mechanical properties of ZS samples sintered
with self-prepared powders
KIC (MPa m1/2)

R.D.
(%)

E
(GPa)

HV5
(GPa)

Strength
(MPa)

=6  63

Antis

Shetty

99.8

495

18.37±0.44

567±32

2.0±0.2

3.8±0.2

ZSN (SP)

99.9

505

20.03±0.80

586±117

2.6±0.3

4.5±0.2

Compared to the commercial ZrB2 powder based ceramics (see Table 4.4), the
self-prepared ZrB2 powder based ceramics achieved near full densification.
First of all, we have to analyse the sintering behaviour. The driving force for
solid-state sintering is the difference in free energy or chemical potential between
the free surfaces of particles and the points of contact between adjacent particles.
The general form [18] of the model of mechanism of transport of material by
lattice diffusion from the line of contact between two particles to the neck region
is:
∆/
.γD 3 ' * W 
=(
)

/0
N7G

(4.1)

Where
// = linear shrinkage or sintering rate
= surface energy
a3
= atomic volume of the diffusing vacancy
D*
= self-diffusion coefficient
k
= Boltzmann constant
T
= temperature
d
= particle diameter
t
= time
K
= constant dependent on geometry
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The exponent n is close to 3 and m in the range of 3~5. Examination of equation
4.1 indicates that the particle diameter has a major effect on the sintering rate,
which is higher for smaller particles. The smaller ZrB2 starting powder size and
lower content of impurities are the reasons for the higher densification of these
powder mixtures.
The measured mechanical properties, summarized in Table 4.5, reveal a better
mechanical behaviour due to full densification. The hardness, stiffness and
strength of the self-synthesised ZrB2 based ZS FHUDPLFLVFRPSDUDEOHWRWKDWRI
the commercial powder based grade (see ZS B& LQ Table 4.4), whereas the
toughness is lower. The stiffness and especially the hardness of the selfsynthesised ZrB2 based ZSN ceramic on the other hand is higher than for the
commercial powder based grade (see ZSN_C2 in Table 4.4), whereas the strength
and toughness is comparable. It is clear that the SiC nanopowder has a more
pronounced effect on the finer ZrB2 starting powder.

6XPPDU\
The use of finer self-synthesised ZrB2 powders allows full densification of the
ZrB2-20 vol % SiC composites by means of SPS for 5 min at 1900°C and 50 MPa.
The obtained microstructure is also finer, especially when using SiC nanopowder
as sintering additive.
Due to the increased density, the stiffness and hardness increased especially for
the SiC nanopowder based composite, whereas the strength and toughness of the
micrometer sized powder based composite was maintained. .


3KDVH,,,=U% 0R6L FRPSRVLWH


In the third phase of the thesis, we changed the SiC sintering additive with
MoSi2.Two ceramics were prepared at SPS temperatures of 1750ºC and 1800ºC
with an applied pressure of 50 MPa (see table 4.2).


0LFURVWUXFWXUDODQDO\VLV

SEM analysis (see figure 4.17) shows that the SPS ceramics contain some residual
porosity. Typical microstructure is characterized by a regular matrix of ZrB2
(globular grains), whilst MoSi2 is characterized by irregular grains.
Larger ZrB2 grains indicate that MoSi2 is not as efficient as a grain growth
inhibitor as SiC. Due the melting point of MoSi2 (2040º) is much lower than SiC,
ZrB2-MoSi2 composites can be densified already at 1750°C.
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)LJSEM images of polished samples of a) ZM1 and b) ZM2.

EDX analysis of the polished cross-sections revealed minor phases containing
oxygen. Based on literature, monoclinic ZrO2 or silica can appear like minor
phases. Significant amount of silica is observed in the bulk as black grains and
ZrO2 appear like little pale grains [15].


0HFKDQLFDOSURSHUWLHV


7DEOH: Relative density and mechanical properties of ZM samples
KIC (MPa m1/2)

R.D.
(%)

E
(GPa)

HV5
(GPa)

Strength
(MPa)

Antis

Shetty

ZM1

97.1

460

16.26±0.21

493±91

3.0±0.1

4.3±0.1

ZM2

97.4

467

16.31±0.10

500±58

3.1±0.1

4.4±0.1

Mechanical properties are summarized in table 4.6. Increasing the SPS
temperature from 1750°C (ZM1) to 1800°C (ZM2) does not result in significantly
different properties.
The hardness and strength of the ZrB2-MoSi2 composites is lower than for the
ZrB2-SiC ceramics, what can be mainly attributed to the larger ZrB2 grain size.
The fracture toughness is slightly higher.
In general, mechanical properties of ZrB2/SiC composites are superior to
ZrB2/MoSi2 composites due to the nature of the additives. For example the Emodulus may be described by the rule of mixtures
Ecomposite = E1·V1 + E2·V2

(4.2)

Where Ecomposite is the composite stiffness and the subscripts indicate the
constituent phases. In this case, (ZrB2= 500 GPa, (SiC = 475 GPa and (MoSi2 = 440
GPa [16]. Theoretical E-modulus calculated by the rule of mixtures will be lower
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with MoSi2 as secondary phase. The lower stiffness of the ZrB2-MoSi2 composites
compared to ZrB2-SiC is in agreement with the measured data in Table 4.6 and
4.4.


6XPPDU\


Substituting the 20 vol % SiC by MoSi2 allows to lower the SPS densification
temperature from 1900 to 1750°C. MoSi2 however is not as efficient as a grain
growth inhibitor than SiC, resulting in larger ZrB2 grain sized composites and
concomitantly lower hardness and strength but slightly higher fracture toughness.
The ZrB2-20 vol % MoSi2 composites combine a stiffness of 460 GPa with a
hardness of 16.30 GPa, a 3-point bending strength of 500 MPa and a fracture
toughness of 3.0 MPa m1/2 (Anstis formula) or 4.4 MPa m1/2 (Shetty formula).
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+LJKWHPSHUDWXUH<RXQJ¶VPRGXOXVDQGGDPSLQJEHKDYLRXU

([SHULPHQWDOGDWDDQGGLVFXVVLRQ


Dynamic measurements of Young’ s modulus and damping were performed by the
Impulse Excitation (IMCE, Belgium) up to 1235°C in vacuum (10-5 mbar) in a
resistance heated graphite furnace. Figure 4.18 (a-d) show the Young’ s moduli
and damping spectra measured as a function of temperature for different ZrB2-20
vol % SiC composites with alpha and nano grade SiC starting powders. Heating
and cooling curves (3°C/min) were plotted separately.
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(b) Cooling Curves
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For all commercial powder compositions, the Young’ s modulus decreases
moderately and almost linearly with increasing temperature until about 750°C
followed by an accelerated decrease at higher temperature. For the selfsynthesized powder composites, the E-modulus drops nearly linearly over the
entire temperature range. :LOOH\ HW DO [38] published data about the decrease in
Young'
s modulus for polycrystalline TiB2, ZrB2 and HfB2 from 25°C to 1025°C,
and reported a drop of about 9 % drop over the considered temperature range. The
present investigation shows a drop up to 10 % in E-modulus in the similar
temperature range. The absence of any exponential increase in damping
background at higher temperature indicates that the maximum assessed
temperature was not high enough to activate high temperature phenomena like
grain boundary sliding, creep, etc., which is common in ceramics. Due to surface
contamination by carbon from the heating element, the measurement temperature
was limited to 1300°C.
The damping spectra of the four ZrB2-SiC grades are shown in Fig. 4.18(a-d). The
damping spectra show various damping peaks during heating and cooling. In case
of ZS , the damping signals contain a lot of noise, however the characteristic
features could be distinguished. Some of the hypothetical analyses are presented
here for understanding of the origin of these peaks. For the commercial powder
based ceramics, two distinguishable damping peaks were observed around 840°C
(PC1) and 1025°C (PC2) during heating. During cooling, the intensity of the first
peak, PC1, decreased compared to during heating in case of ZS , whereas the
peak disappeared in ZSN. Peak PC2 was observed in both ceramics during cooling
with a slight shift in temperature. Compared to ZS WKHVKLIWLQSHDNWHPSHUDWXUH
is rather pronounced in ZSN.
For the self-synthesized powder composites, the intensity of the first peak (PS1) is
lower compared to the commercial powder based composites. The intensity of the
second damping peak (PS2 LVFRPSDUDEOH)RUWKH=6 DQG=61SHDN3S2 has a
considerable shift in peak temperature (970 to 1025°C) during heating. Damping
peak PS1 was not observed during cooling in both composites. One of the noticed
features in figure 4.18c and d is a broad peak of relatively small intensity around
150 to 500°C, which was completely absent in case of commercial powders. This
feature can be attributed to the presence of ZrO2 into the starting powder of the
self-synthesized ZrB2 powder (see XRD analysis fig 4.3). ZrO2 composites, a
relaxation peak around this temperature were reported by several authors and
interpreted as being due to the reorientation of the “oxygen vacancy movement”
pair, under the influence of temperature [35].
Published literature reported about ZrB2, undergoing stoichiometric oxidation
when exposed to air at elevated temperatures. A possible reaction could be:
ZrB2 (c) + 5/2 O2 (g)

ZrO2(c) + B2O3(l)

(4.3)

This reaction is favourable at all temperatures with

∆* 0 = −1977 + 0.367 T (kJ)

(4.4)
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=KHQJHWDO [36] also suggested that the oxidation of ZrB2 powder below 1073 K
in air occurs according to:
2 ZrB2 + 5 O2 → 2 ZrO2 + 2 B2O3

(4.5)

Below 1100°C, the addition of SiC does not alter the oxidation behaviour of the
diborides. In this temperature regime, the oxidation rate of SiC is several orders of
magnitude slower than that of the diborides. *XR [16] has written in his review
article about the evaporation of B2O3, claiming that the weight change between
1100° and 1400°C reflects a combination of mass loss due to B2O3 evaporation
and mass gain due to the formation of condensed oxides. Specimens continue to
gain mass as the mass of oxide (ZrO2 or HfO2) formed is greater than the mass of
diboride reacted plus the mass of B2O3 lost. As B2O3 evaporates, a porous ZrO2
layer remains, although a small amount of B2O3 may be retained. Above 1400°C,
the oxide layer is not protective and rapid linear mass gain kinetics have been
reported. Damping peak (PC1) and small intensity peak (PS1) for self-synthesized
powders composites can be attributed to the formation of liquid B2O3 phase or
evaporation of this phase. One of the possibilities could be the formation of ZrO2,
which is possible due to the residual oxygen in the initial powder or in the furnace
atmosphere. For future work, one can suggest more thermodynamic input can help
for stronger conclusions [22].
As shown in figure 2.7, very narrow silicate grain boundary phases of some tens
of nanometers thick were reported and their compositions and locations were
determined [11]. It is assumed that, the reversible damping peak (PC2 and PS2)
could originate from the amorphous phase at the grain boundaries. The amorphous
phase possibly originates during the sintering process where the SiC partially
converts to SiO2 from the available residual oxygen in the starting powders. It has
been mentioned previously, that ZrB2-20% SiC and ZrB2 oxidise similarly at
temperatures < 1100°C but differ in the range 1100-1300°C. In that upper
temperature interval, SiC oxidizes and forms appreciable amounts of glass, which
improves the oxidation resistance of the material. The rate of the oxidation
reaction is controlled by the inward diffusion of oxygen through the glass phase
[11]. A recent study of reactive hot pressing of ZrB2-SiC composites by =KDQJHW
DO[37] showed that B and C atoms diffuse into Zr and Si sites and form ZrB2 and
SiC respectively. This diffusion is slow and the microstructure of the obtained
composite possesses the features of the zirconium and silicon starting powders.
The conclusion that can be drawn from all these studies is that oxidation of ZrB2
is controlled by oxygen diffusion and the material properties of ZrB2 such as
oxidation resistance and thermal shock resistance can be enhanced by addition of
SiC.
Present explanations for the damping phenomena are based on literature findings.
For a better unequivocal understanding of the damping peaks, high resolution
TEM +57(0 analysis may be useful to assess the grain boundaries phases.

50

Results and discussion

6XPPDU\
Comparing the high temperature stiffness and damping curves of the commercial
and self-synthesised ZrB2 powder based SiC composites revealed that the stiffness
of the self-synthesised powder based ceramics decreased linearly with temperature
whereas the commercial powder based materials showed an accelerated stiffness
loss above 840°C. This bending point in the stiffness curve was correlated with a
clear damping peak around 840°C that could be attributed to the presence of B2O3
in the material. This damping peak was absent in the self-made powder based
ceramic. All composite grades showed a reversible (heating-cooling) damping
peak in the 950-1100°C region that was correlated to the amorphous silicate grain
phase. The smaller damping peak in the 150-500°C range in the self-synthesised
powder based material was attributed to the presence of ZrO2.
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*HQHUDOFRQFOXVLRQV
=U%  YRO  6L& FRPSRVLWHV ZHUH GHQVLILHG IURP FRPPHUFLDOO\ DYDLODEOH
=U%  SRZGHUV (1.5-3 µm) E\ PHDQVRI VSDUNSODVPD VLQWHULQJ. The optimum
sintering conditions were determined to be 5 min at 1900°C and 50 MPa. Under
these conditions, the amount of residual porosity is limited, ZrB2 grain growth is
restricted by the higher pressure of 50 MPa and lower temperature of 1900°C,
agglomeration of SiC is less pronounced and the measured strength is higher.
The constituent phase composition does not change during sintering, since XRD
shows the same pattern before and after densification. Nevertheless, a small
amount of oxide-containing phases was discovered by EDX-analysis.
Microstructures of ZrB2-nano-SiC show finer grains than ZrB2-micron-SiC.
Polytype of SiC is not very decisive in the microstructure.
The SPS ZrB2-SiC composites combine a high stiffness of about 485-500 GPa, a
3-point bending strength of 500-660 MPa and a fracture toughness of 2.8 MPa
m1/2 (Anstis formula) or 4.4 MPa m1/2 (Shetty formula). The hardness is more
influenced by the residual porosity, SPS conditions and SiC starting powder and
varies from 16.4 up to 18.5 GPa.
The XVH RI ILQHU  P  VHOIV\QWKHVLVHG =U%  SRZGHUV allows full
densification of the ZrB2-20 vol % SiC composites by means of SPS for 5 min at
1900°C and 50 MPa. The obtained microstructure is also finer, especially when
using SiC nanopowder as sintering additive. Due to the increased density, the
stiffness and hardness increased especially for the SiC nanopowder based
composite, whereas the strength and toughness of the micrometer sized powder
based composite was maintained.
Substituting the 20 vol % SiC by MoSi2 allows to lower the SPS densification
temperature from 1900 to 1750°C. MoSi2 however is not as efficient as a grain
growth inhibitor as SiC, resulting in larger ZrB2 grain sized composites and
concomitantly lower hardness and strength but slightly higher fracture toughness.
The =U%  YRO  0R6L  FRPSRVLWHV combine a stiffness of 460 GPa with a
hardness of 16.30 GPa, a 3-point bending strength of 500 MPa and a fracture
toughness of 3.0 MPa m1/2 (Anstis formula) or 4.4 MPa m1/2 (Shetty formula).
Comparing the KLJK WHPSHUDWXUH VWLIIQHVV DQG GDPSLQJ FXUYHV of the
commercial and self-synthesised ZrB2 powder based SiC composites revealed that
the stiffness of the self-synthesised powder based ceramics decreased linearly
with temperature whereas the commercial powder based materials showed an
accelerated stiffness loss above 840°C. This bending point in the stiffness curve
was correlated with a clear damping peak around 840°C that could be attributed to
the presence of B2O3 in the material. This damping peak was absent in the selfmade powder based ceramic. All composite grades investigated showed a
reversible (heating-cooling) damping peak in the 950-1100°C region that was
correlated to the amorphous silicate grain phase. The smaller damping peak in the
150-500°C range in the self-synthesised powder based material was attributed to
the presence of ZrO2.
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)XWXUHZRUN

Ultra-high temperature ceramic material could make it possible for space vehicles
to have sharp leading edges, instead of the blunt body design common to today’ s
spacecraft. Engineers routinely design spacecraft with blunt leading edges that
create a region of compressed air in front of the vehicle as it travels faster than the
speed of sound. This region absorbs much of the heat associated with a
spacecraft’ s reentry into Earth’ s atmosphere and keeps the vehicle’ s edges from
overheating. The present thesis suggests optimized sintering conditions. This field
contains a lot of potential towards the future. Large publications are coming up
towards new ideas about the better performance. Based on the studies and
literature one can suggest, addition of small amount of rare earth oxides will be
helpful for increasing the desire properties. Further using the small carbides can
also be helpful for increased performance of the material. High resolution
microscopy like TEM investigations can further help for the better understanding
of the sintering behaviour and material distribution in the matrix.
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