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Abstract
Ceramic Matrix Composites (CMC) are an attractive material for high temperature applications because
they possess many of the high temperature capabilities of monolithic ceramics but also have enhanced
mechanical properties due to their multi-phase structure. Recent successes with incorporating SiC fibre
reinforced high temperature CMCs into advanced gas turbines have caused a renewed interest in
applying CMCs to other high temperature applications. In this work, an oxide based CMC is proposed as
a more oxidation resistant and cost effective CMC. Zirconia Toughened Alumina (ZTA), as the matrix,
has enhanced toughness, strength, and creep resistance over single phase alumina or zirconia. ZTA can
further be enhanced by the incorporation of single crystal mullite whiskers due to their stability in
oxidizing atmospheres at high temperatures. Mullite whiskers are grown through the molten salt
method and incorporated into the ZTA matrix using a colloidal processing route. The composition of the
ZTA matrix is 15 wt% yttria stabilized zirconia (YSZ), 85 wt% α-alumina. The mullite whiskers make up 20
vol% of the composite, yielding a final composition of 71.6 wt% α-alumina, 12.7 wt% YSZ, and 15.6 wt%
mullite. The green compacts are fired in a two stage sintering process incorporating atmospheric
pressure sintering to 92% density (to seal the pore channels) and then hot isostatic pressure sintering to
full density. The mechanical test results show that baseline ZTA (ZTAn) with final porosity of 13.2% has a
flexural strength of 61.71 ± 0.99 MPa at room temperature and 52.34 ± 15.72 MPa at 1200°C, a fracture
toughness of 5.02 ± 0.21 MPa∙m1/2 and a hardness of 10.73 GPa. ZTA with whisker content (ZTAw) with
final porosity of 3.31% reached a flexural strength of 135.76 ± 1.30 MPa at room temperature, 80.52 ±
13.18 MPa at 1200 °C, a fracture toughness of 8.74 ± 0.24 MPa∙m 1/2 and a hardness of 11.99 GPa. The
addition of whiskers to ZTA has improved room temperature flexural strength by 120.0%, flexural
strength at 1200°C by 53.8%, fracture toughness by 74.1%; but the whiskers have little effect on the
hardness. Although high temperature flexural strength was improved by the addition of whiskers, the
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improvement to strength at high temperature was not as significant in ZTAw. Degradation of large
whiskers was found during cyclic oxidation of ZTAw 1200 °C.
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1.0 Introduction
The world’s projected total energy demand is expected to increase by 74% between 2015 and 2035 [1].
This increased demand is coupled with a greater awareness of the threat of global warming and the role
of greenhouse gas emissions within that threat [2].

Furthermore, forecasts of the prices of

hydrocarbons predict likely price increases as accessible reserves are exhausted and more complicated
extraction techniques are required [3].

In the USA alone, gas turbines are expected to account for up

to 40% of the energy produced, while the developing world is expected to exceed this figure [4]. It is
therefore important to research methods to increase the efficiency and reduce emissions of industrial
gas turbines. One clear method of achieving this goal is to increase the inlet operating temperature of
the gas turbine hot path. As shown in Figure 1, the simple cycle efficiency of the turbine increases with
increasing inlet temperature [5].

Figure 1: Overall cycle efficiency for simple cycle gas turbine [5]

The operating temperature of industrial gas turbines has steadily increased over the last 7 decades,
lagging slightly behind those of aero-gas turbines [6]. These gains in temperature have been achieved
through improvements in the superalloys being employed; the thermal and environmental barrier
1

coatings applied, as well as advanced cooling systems. Figure 2 shows the improvements in operating
temperature achieved through the application of these systems.

Figure 2: Improvements to firing temperature of gas turbines through materials and cooling system engineering [5]

There is now a major effort being made to incorporate ceramic matrix composites (CMC) into gas
turbines. Ceramics have excellent stability, creep resistance, oxidation resistance, low density and high
strength at high temperatures, but have been largely ignored due to their brittle nature. CMCs
incorporate further phases to improve upon the toughness of bulk ceramics without greatly sacrificing
their desirable properties. Throughout the 1970s the Defense Advanced Research Projects Agency
commissioned a study to examine whether it would be possible to incorporate CMCs into gas turbines.
The report mostly examined bulk SiC/SiC, SiC/Si3N4 and Si3N4/Si3N4 composites and concluded that the
composites showed favorable high temperature mechanical properties, but were still too brittle to be
largely incorporated. The work further concluded that the stochastic nature of ceramics requires a
rigorous statistical analysis of properties.

The strength of ceramics often conforms to a weibull

distribution and as such, a weibull analysis of the results provides a more complete profile of the
strength that can be expected [7].

Recent work by General Electric (GE) has developed a SiC/SiC fibre
2

based composite which uses a liquid silicon melt infiltration process to produce the matrix. Combined
with an environmental barrier coating (EBC) this CMC has been proven to meet the material
requirements of the next generation of GE’s gas turbines and is now undergoing testing in their F-series
engines [8] [9] [10] [11]. Originally incorporated into the shroud and combustors HiPerComp™, which is
the commercial name of the material, has been projected to save ~$960 million in natural gas costs and
~4.3 million metric tons of CO2 emissions and 51 000 metric tons of NOx emissions. While HiPerComp™
displays mechanical and thermal properties which have been proven to withstand gas turbine
environments and lifetimes there are two major draw backs to the CMC. SiC is vulnerable to aggressive
oxidation and failure at 1200°C in water containing atmospheres and must be protected with an
environmental barrier coating. Secondly, the cost of materials and processing of HiPerComp™ CMC is
greater than the cost of current generation single crystal superalloys. As such it is proposed that an
oxide-oxide based CMC be examined to address both of these concerns. With the view of an easily
processed, high toughness, high stability oxide-oxide CMC, mullite whisker reinforced zirconia
toughened alumina has been investigated.
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2.0 Review of Literature
2.1Gas Turbines
Gas turbines extract rotational mechanical energy from a Brayton cycle. In this cycle the working fluid is
drawn in and pressurized in a compressor, then mixed and combusted with fuel, increasing the
enthalpy. Work is then extracted by a turbine and the mixture of working fluid and combusted fuel are
ejected. Thermodynamic plots of an ideal Brayton cycle are shown in Figure 3.

Figure 3: Ideal Brayton Cycle [12]

Gas turbines have primarily been used in either as power plants for aerospace applications or in an
industrial capacity to generate electricity or power compressors or pumps. Aerospace turbines focus on
performance and output and industrial turbines focus on durability and efficiency. The temperature at
which gas turbines operate has generally been higher for aerospace turbines than industrial ones as
shown in Figure 4 [5].
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Figure 4: Improvements in firing temperatures of gas turbines [5]

Modern industrial gas turbines vary according to size and scale and can range from microturbines which
produce ~30 kW of power to large industrial turbines which produce over 150 MW. Conditions within
the respective turbines will vary, larger turbines are expected to operate for lifetimes of 50 000 h, with
inlet temperatures of 1427°C and pressure ratios greater than 40:1 [5] [6].
Table 1 shows a comparison of the economic considerations when planning a power plant [5]. It can be
seen that a combination of net efficiency, time to completion, and initial capital cost favour advanced
gas turbine combined cycle power plants. In addition, the variety of sizes of gas turbines allow for great
flexibility when determining the scope and location of power generation. These factors will likely lead to
an increased dependence upon gas turbines for power generation, and consequently, demand for
advanced materials to improve the efficiency of gas turbine power plants.
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Table 1: Economic considerations for various power plants [5]

2.1.1 Evolution of High Temperature Section Materials
The hot section materials within early gas turbines were not highly engineered and depended upon
heuristics and manufacturing techniques of the time. Embryonic gas turbines of the late 19th century
used bronze alloys for their blade sections. Steel became standard after the invention of the Bessemer
process which improved both quality and availability of steel [13].

The first engineered high

temperature steel alloys focused upon the inclusion of Molybdenum and Chromium to improve creep
resistance and oxidation resistance respectively.

As inlet temperatures increased, nickel based

superalloys replaced stainless steels in turbine hot section components. Nickel based superalloys are
primarily composed of 40%-60% nickel and 10%-25% chromium, with secondary alloying elements of
either iron or cobalt depending upon the application. Tertiary alloying elements include Al, B, C, Si, Mo,
Nb, Mn, Ti, W, and Zr. Figure 5 compares the material adoption of aerospace gas turbines and industrial
gas turbines. The evolution of superalloys and manufacturing techniques is apparent. The increase in
stress to creep rupture from IN792 to DS-GTD111 is notable because the alloying components of DS-
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GTD111 were predicted using phase stability techniques [5].

It can be seen that manufacturing

techniques have also improved the high temperature performance of superalloys.

Directionally

solidified alloys, where crystals are anisotropically grown along the primary tensile axis, show an
improvement in high temperature properties over precision casting. Single crystal alloys have shown an
improvement over directionally solidified alloys and are currently the state of the art manufacturing
technique for hot section components [6] [14].

Figure 5: Comparison of the development of aerospace and industrial gas turbine alloys [6]

Further improvements in firing temperatures have been delivered by thermal barrier coatings and
cooling systems mentioned in section 1.0 and shown in Figure 5 [5] [15] [16].
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2.2 Desired Properties
For a material to be considered for use within a gas turbine there are a variety of properties which it
must fulfill. Each potential new material must be proven in a series of escalating tests before a company
will risk adopting it for use in commercial turbines. These tests generally conform to the structure of: 1.
Lab development 2. Mechanical and chemical property characterization 3. Rig testing 4. Small scale
turbine test 5. Large scale turbine tests and production ramp up 6. General adoption [17].
The economics of adopting a new material must also be considered. For the new material to have
commercial applications the reductions in fuel and maintenance costs must be greater than the cost of
development and processing. The perceived payoff of any material in the early stages of readiness will
be extremely theoretical as it is hard to predict the exact efficiency gains, as well as the overall design
and production costs; however, when developing SiC/SiC CCFCs GE predicted that for the new design to
be economically viable it must cost no more than 3 times than the metal it is replacing, their cost
prediction model placed the new SiC/SiC CMC at 2.5 times the metal it was replacing making it viable
[9]. Considering the raw materials and processing of the oxide-oxide are less expensive than the SiC/SiC
it can be predicted that if this material matches the mechanical, thermal and reliability properties
needed, could also be an economically viable replacement.

Another potential application for the

proposed composite is within next generation micro-turbines where near net shape forming, high
temperature stability, and improved reliability are critical [18].
2.2.1 Strength
In material terms the strength of a material is the amount of stress it can withstand before failure, either
through yielding (necking), tensile failure or fracture. The theoretical upper limit of strength is the
energy it would take to simultaneously break every atomic bond along the fracture plane. By assuming
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a linear relationship between the work required, the size of the displacement and scaling to the lattice
spacing we can estimate the theoretical strength σth through equation (1) [19].

[

(1)

]

Where E is the elastic modulus, γ is the energy required to create new surfaces, co is the length of the
new surface and σth is the theoretical strength. The measured strength of brittle materials will be much
lower than the theoretical strength because the assumption that the majority of the bonds along the
fracture plane simultaneously break is not reflected in reality.

Griffiths proposed that a crack will

propagate when the decrease in the elastic energy (U) stored within the immediate zone surrounding
the crack tip exceeds the increase in surface energy created, expressed in equation (2).

(2)

Where c is the crack size, σ is the stress, E is the elastic modulus and γ is the surface energy created by a
new surface. It can be seen that surface energy varies with c, while the crack extension energy varies
with c2, therefore at a certain critical crack size c, crack extension will be energetically favourable and
the crack will propagate unimpeded causing catastrophic failure. The critical crack size (c) is expressed
by equation (3)

(3)
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Orowan incorporated tolerance for some plasticity into the Griffiths criterion by including an effective
plastic surface energy term (γp). Equation (4) shows the estimate for critical stress which will result in
catastrophic failure in brittle materials.

(

(

)

(4)

)

The Griffith-Orowan criterion places an upper limit on stress magnitude before catastrophic failure [19].
A second approach incorporates maximum distortion energy criterion combined with the stress tensor,
this approach takes into account the 3-D tensor nature of more complex stress profiles. The maximum
distortion energy criterion is summarized in equations (5) and (6) where equation (5) represents the
total strain energy while equation (6) represents the maximum strain energy for yielding and failure.

[

(

[(

)

(

)]

)

(

) ]

(5)

(6)

Where E is the elastic modulus, the σi terms represent stress components of a Cauchy Stress Tensor,
and v is the Poisson’s ratio. Flaws will act as stress concentrators and lower the strength of the material.
Some of the more common microstructural defects include incongruences, vacancies, inclusions,
solutes, grain boundaries, inherent stress gradients, and micro-cracks.
The material’s strength can be expressed in several forms such as the ultimate tensile strength,
compressive strength or shear strength depending upon how the material is loaded. Most structural
materials fail in tension before compression; however, tensile testing of ceramics is exceedingly
challenging due to machining requirements and very low strains to failure. The most common strength
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property reported for bulk ceramics is the flexural strength. Although flexural strength provides a
measure with which to compare materials it is not the most accurate representation of a brittle
material’s strength.

Due to the brittle nature of ceramics, failure is very stochastic in nature and a

statistical expression of strength is more representative of the true constraints of the material.
Therefore the strength of brittle materials is often reported with both the characteristic strength and a
weibull modulus, which will be covered further in section 2.2.7. The flexural strength values of various
ceramics and CMCs are compared in Table 2.
For the new material to be comparable to existing CMC’s it should possess a flexural strength of around
425 MPa at room temperature and 330 MPa at 1200 °C, in addition to other attributes [7] [20]. This can
be compared to flexural strength values for other CMCs including earlier forms of ZTA, SiC/SiC
composites and Si3N4 based composites.
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Table 2: Strength Comparison of Advanced Ceramics and CMCs

Flexural Strength (MPa)
Material

Alumina

Process

Notes
Room
Temp
210
475

Commercial alumina
Nano Crystalline alumina

1200°C
3.5µm grain size
1.2 µm grain
size
.89 µm grain
size
.63 µm Al2O3
200 nm Cu grain
size
2.9 µm Al2O3
200 nm SiC

683
536

Zirconia

Al2O3/5%Cu

707

Al2O3/10%SiC

560

[21]
[22]
[23]
[24]
[24]
[25]

Al2O3/20%SiCw

Hot Pressed at
1850°C

805

Polycrystalline

Cold Pressing

900-1200

75% mullite/25% zirconia

reaction sintered
HIP

270
270

grain size of .5
µm
ΔT 360
ΔT 300

56% mullite/26% alumina/18% zirconia

reaction sintered

315

ΔT 325

[28]

72% alumina/11% mullite/17% zirconia

reaction sintered

330

ΔT 285

[28]

Mullite
Zirconia
Toughened
Alumina

Source

12

520

[26]

[27]
[28]
[29]

Flexural Strength (MPa)
Material

Silicon
Nitride

Process

Notes
Room
Temp

1200°C

Source

SN-81

Pressureless sinter

690

590

[30], [31]

SN-88

Pressureless sinter
Sintered at 1800 °C
in Nitrogen under
pressure 1.8 Mpa

790

770

[30], [31]

469

219

[32]

179

170 (at
1000°C)

[33]

100
100

70(900°C)
70(900°C)

[34]
[34]

Si3N4+Y2O3/SiO2
Fibre Based
Oxide-Oxide Nextel 720 Alumino silicate system
CMC
Nextel 440-modified LAS
Sumica-3Al2O3-2Sio2-.1B2O3
Fibre Based
Silicon
HiPerComp™
Carbide
CMC

See page 196 [11]
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298

[11]

2.2.2 Toughness
Brittle materials fail according to the weak link theory, where the largest flaw will govern the overall
strength of the material. Two materials with the same microstructure but different flaws will have
different strengths. The shape and type of flaw will also play a role due to varying stress concentrating
effects of different crack tip geometries. Stress intensity, K, given by equation (7) has been introduced
to scale the stress amplification of different crack geometries.

( )

√

(7)

Where f(c/w) is a function based upon the shape and length of the crack, the loading mode (there are 3
loading modes: case 1, where tensile stress is normal to the plane of the crack; case 2, where shear
stress is parallel to the plane of the crack and parallel to the direction of crack propagation; and case 3,
where shear stress is parallel to the plane of the crack and normal to the direction of crack propagation)
and the width of the sample. The combination of stress and crack geometry which results in unbounded
crack growth corresponds to a critical stress intensity which is material (and loading mode) dependant.
This critical stress intensity is usually given the nomenclature KIC and is expressed as the material’s
toughness or fracture toughness under mode I [35]. The critical stress intensity will also sometimes be
seen in the form of equation (8) where Y is a constant which accounts for the crack geometry function.
For sharp edged cracks in mode 1 loading Y, takes a value of 1.12, and circular cracks will have a Y value
of 2/π provided the width of the sample is much larger than the crack length

√

(8)

As a crack propagates, the stress concentration around the crack tip will create a process zone ahead of
the crack. Interactions between the process zone and the material can serve to increase the material’s
14

R value both ahead of and behind the crack. The R value is determined by rearranging equation (3) from
section 2.2.1, into equation (9) where the 2γ is the crack resistance, R.
(9)

Advanced ceramics use various techniques to take advantage of this effect improving the overall
fracture toughness of the material; these will be further covered in section 2.3. Reported fracture
toughness values of various ceramic materials are summarized in Table 3 where toughening effects via
various mechanisms can clearly be seen [19].
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Table 3: Comparison of Fracture Toughness of Various Advanced Ceramics Systems

Fracture Toughness
(MPa∙m1/2)
Material

Alumina

Process

Notes

Commercial alumina

1.75

Nano Crystalline alumina

3.6
3.5
3.57

Al2O3/5%Cu

4.28

Al2O3/10%SiC

5.2

Al2O3/20%SiCw*

SWCN** reinforced nano-alumina

Zirconia

Polycrystalline
75% mullite/25% zirconia

Mullite

Hardness of
1600 kg/mm2
3.5 μm grain
size
1.2 um grain
size
.89 um grain
size
.63 um Al2O3
200 nm Cu grain
size
2.9 um Al2O3
200 nm SiC

Source
[21]
[22]
[23]
[24]
[24]
[25]

Hot Pressed at
1850°C

8.7

Powder Route,
sintered by SPS at
1150°C

9.4

Hardness of
1642 kg/mm2

[36]

Cold Pressing

9.0

grain size of .5
um

[27]

reaction sintered
HIP

4.6
1.8

16

[26]

[28]
[29]

Fracture Toughness
(MPa∙m1/2)
Material

Zirconia
Toughened
Alumina

Silicon
Nitride CMC

Process

Notes

Source

56% mullite/26%alumina/18%zirconia

reaction sintered

4.75

[28]

72%alumina/11%mullite/17%zirconia

reaction sintered

5.25

[28]

6.3

[37]

9.1

[38]

6.5

[39]

Si3N4/3%MgO/1.5Al2O3/5%SiO2
Si3N4/10%SiO2/5%Yb2O3

Si3N4-TiN/6%Y2O3/2%Al2O3

Si3N4 (95%α-5%β)/8%Y2O3/1.5%Al2O3

1780°C 3h in
nitrogen pressure
Pressureless sinter
at 1750°C under
nitrogen (0.1MPa)
Hot Pressed at
1800°C in N2
atmosphere
Attrition milled
powders and
horizontal rolling
milled

*SiCw – Silicon carbide whiskers
**SWCN – Single walled carbon nanotube
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9.5

[39]

2.2.3 Corrosion and Oxidation Resistance
Corrosion of a material occurs when it chemically reacts with its environment either by losing mass
through volatization or gaining mass through the formation of scale. The high temperatures and
reactive environments found within the hot path of gas turbines lead to high environmental degradation
rates. The corrosion of structural components leads to a degradation of important properties and can
cause failure. Thermodynamic equilibriums determine the oxidation behavior of the material. Surface
oxidation occurs when the oxygen potential is greater than the oxygen partial pressure in equilibrium
with the oxide. The chemical equation of the reaction is shown by equation (10) while the equilibrium
balance is given by equation (11)
(10)

(

)

(11)

Where ∆GO is the change in Gibbs energy for the reaction shown in equation (9), R is the universal gas
constant, T is the absolute temperature, and the a represents chemical activity of the various
components in equation (10). When the activities of the solid metal and oxide are equal then the
oxygen potential becomes
(12)

The oxygen potential can then be calculated to determine whether an oxide scale will form on the
surface [40] [41]. For ceramics composed of stable oxide(s) surface oxidation is less of a concern. The
primary concern in this case is the diffusion of oxygen through the matrix which may encourage
reactions between reinforcing phase(s). These reactions may introduce weaker constituents or create
voids of pressurized gas; both outcomes will negatively affect the structural properties of the oxide
composite. An example of an adversely affected CMC is SiC whisker reinforced alumina. In Al2O3-SiCw,
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SiC whiskers oxidize upon exposure to oxygen at high temperatures, forming mullite, and aluminosilicate
glass phases around the whiskers as well as pockets of CO gas [42]. Internal oxidation is also determined
by thermodynamic equilibriums; however, the oxygen content may be limited by diffusion mechanics.
A further concern is the interaction of corrosion/oxidation mechanics and fracture mechanics leading to
stress corrosion cracking. It is therefore important to either design CMC materials that will not react
with species in the environment, or apply a compatible environmental protection barrier [21].
2.2.4 Creep Resistance
Creep is the plastic deformation of a material due to a stress which is below the yield stress over a
period of time. In most materials this effect is present at temperatures about 40% of the absolute
melting temperature and becomes more prevalent at greater temperatures, it is therefore often
considered a thermal process. Extensive empirical studies have divided creep behavior into three
separate regimes based upon the strain profile. Different creep regimes will activate depending upon
various factors such as microstructure and ductility, temperature, and stress intensity; however, the
most common pattern is, for a material, to begin with primary creep then move into secondary and
finally tertiary regimes. The three regimes are qualitatively represented in Figure 6.

Figure 6: Strain vs. time showcasing the three regions of creep [12]
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Primary creep consists of a decelerating strain rate; in this region the material may be prone to
hardening caused by microstructural changes such as dislocation entanglement or solute hardening in
metals. The secondary region consists of steady state strain. An important set of secondary creep
mechanisms are diffusional; such as grain boundary sliding, vacancy motion in grains and on the grain
boundaries [43] [44]. Tertiary Creep consists of an accelerating strain rate and causes material damage
and rupture. In this state the material may exhibit the propagation of microcracks and voids along grain
boundaries or other incoherencies such as, grain boundary sliding through diffusion, plastic deformation
or the conversion of grains to a glassy phase. In engineering applications creep is ideally limited to the
primary and secondary regions during which the materials spend their lifetime.
The mechanisms of creep activated plastic deformation centre around either the grain boundaries of
polycrystalline materials or the crystal lattice of the material. The four categories of grain boundary
deformation are cavitation creep and microcracking, interface reaction controlled diffusion creep, grain
boundary sliding and grain rearrangement, and diffusion creep. Grain boundary related creep is
accommodated either through the diffusion of vacancies from areas under tensile stress to areas under
compressive stress, the sliding and elongation of grains relative to one another, grain boundary sliding
accommodated by dislocations along grain boundaries, or the formation of cavities and microcracks.
The two categories of lattice deformation are dislocation climb and dislocation glide controlled by climb.
The activation of lattice creep is controlled by the number and orientation of independent slip systems
or through dislocations activated from Bardeen-Herring sources [45].
The secondary creep region is commonly modeled by an empirical equation (13) [40]. Strain rate ( ̇) can
be expressed as

̇

( )

(
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)

(13)

Where S is a constant, σ is the applied stress, G is the shear modulus, ∆Q is the activation energy, k is the
Boltzmann’s constant and T is the absolute temperature. The exponent n varies depending upon the
mechanism of creep and will be between 1 and 2 for creep regimes primarily defined by diffusional
mechanisms and between 3 and 7 for creep regimes primarily defined by dislocation climb. Polygrained
ceramics will have n values between 2 to 4, due to most creep occurring as grain boundary sliding and
void nucleation. Whisker reinforced CMCs will reduce the n value due to whiskers interfering with grain
boundary sliding; however, too high of a volume fracture for whiskers will lead to more areas for void
nucleation and greatly reduce creep resistance [44].
A second strain rate expression, equation (14), relates the creep to microstructural properties: D, the
appropriate diffusion coefficient, G, the shear modulus, b, the magnitude of burgers vector, and d, the
grain size.

̇

(14)

( ) ( )

This equation only applies to single phase polycrystalline materials, where p is the grain size exponent
and n is still the stress exponent [45]. The microstructural approach to creep can be extended to a
multiphase system and equation for the rate of plastic deformation will take on different forms
depending upon the modes of creep expected from the phases. In a composite with rigid additions and
the primary creep mode of the matrix being grain boundary sliding the creep can be modeled by
equation (15)

̇

(
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)

(15)

Where V is the volume fraction of the reinforcing phases, q and n are phenomenological exponents and
S is a constant. Wakashima and Liu have developed a continuum model for a two phase composite in
which each phase undergoes diffusional creep [46].
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̅
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)
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̅
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(16)

]

̅

(

(17)

)

̅

(18)

)

Where Vi is the volume fraction of phase i, ηi is the viscosity of phase i undergoing Newtonian viscous
flow, ̅

; qi is the phase stress concentration factor where V1q1+V2q2=1 and pi is the

internal stress caused by the mismatch in creep strains between the phases where V1p1+V2p2=0 [45].
2.2.5 Fatigue Resistance
The exposure to cyclic loading conditions will alter a material’s properties; this phenomenon is known as
fatigue. The alteration of material properties is achieved by minute plastic deformations which may
lead to micro-crack initiation followed by micro-crack propagation. Fatigue is a concern in any material
which undergoes cyclic loading as damage may occur at stress levels well below the yield stress. In
contemporary engineering two different methods dominate the treatment of fatigue.

The more

traditional approach is to use empirically derived equations, either Paris-Erdogan shown by equation
(19) for slow crack growth with a process zone much smaller than the crack size (c) or the Coffin-Manson
relation shown by equation (20) for low cycle fatigue.

(
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)

(19)

(

(20)

)

Where N is the number of cycles, C and m are constants depending upon material properties and ∆K is
the variation of the stress intensity factor [47]. The rain-flow counting algorithm, which normalizes the
damage caused by changes in stress, is combined with the above empirical equations to predict failure.
The second method uses a cohesive zone damage model to predict crack initiation and growth. This
model uses a damage factor function which scales the traction to the crack tip displacement as can be
seen in equations (21), (22) and (23).
( )
(

( )

( )

(21)

(
(

)

(22)

)
) and

( )

(23)

Where T is traction, κ is the damage factor which scales from 0 to 1 where 0 presents no damage and 1
is for failure, σc is the critical stress, δ is displacement with subscript u denoting crack tip displacement
at failure and subscript c denoting crack tip displacement at which damage starts to accumulate. The
damage factor is adjusted according to the following inequalities.
̇

(

)( ̇ ) If (

)( )̇

If (

)( )̇

̇

̇

̇

(24)

If T=C and ̇

Where ̇ is a free variable. α* and, β are damage evolution parameters dependent upon the material.
The advantage of this interpretation of the cohesive zone model is its incorporation of a bounded
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linearized damage factor which accommodates for changing material properties around the crack tip
zone. This allows one to adapt the model to FEA efforts as well as predict fatigue performance in
extreme cases such as overloading and crack healing [48].
The anisotropic nature of CMCs leads to a more complex fatigue analysis and profile than that of bulk
ceramics. The interactions between the multiple damage mechanisms and fatigue resistant elements
within the composite will decide the fatigue profile [44].
2.2.6 Thermal Shock and Thermal Fatigue Resistance
Thermal shock is a concern for materials which may experience a sudden temperature change, an
example being a gas turbine in emergency shutdown where the temperature may suddenly drop up to
several hundred degrees centigrade over the course of several minutes. When a monolithic material is
heated or cooled quickly a thermal gradient will arise and thermal expansion will cause strains,
generating a stress field. The maximum stress will occur either at the surface (tension during cooling) or
core, equation (25) predicts the maximum stress in a plate.

(

)

(25)

Where Bi is the Biot modulus which relates heat transfer to dimensions and is given by equation (26).
(26)

In equation (25), l is the characteristic dimension, h is the heat transfer coefficient between the body
(material) and medium and k is the thermal conductivity of the solid material. In composites where
different phases have different thermal expansion coefficients, more complex stress fields will form. It
can be seen that stress varies directly with temperature change. At a large enough temperature change,
the generated stresses will lead to microstructural damage (cracking, phase transformation) and reduce
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the strength of the composite. In cooling the greatest tensile stresses are developed at the surface,
when this effect is combined with surface defects catastrophic failure may occur [49]. Figure 7 shows a
typical strength vs. temperature change profile of an alumina-mullite-zirconia (AMZ) composite with
various amounts of SiC added. It can be seen that after a temperature change of 300°C, the strength of
the composite with 0 wt% SiC is severely reduced, whereas that strength reduction isn’t visible until a
change of 1200°C in the 10 wt% and 20 wt% SiC additions in AMZ composite [50].

Figure 7: Strength of alumina-mullite-zirconia composites with various wt% SiC additions after 1 cycle thermal shock test

The thermal shock resistance of a material is expressed in °C and is the experimentally determined
temperature change the material can undergo before a loss in properties.
Thermal fatigue is a form of fatigue where the stress amplitude of the cyclic loading is caused by
coefficient of thermal expansion mismatch. For materials which will be undergoing heating and cooling
cycles it is important to account for the internal stresses which will be generated and ensure that
material failure will not occur through thermal fatigue.
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2.2.7 Statistical Analysis of properties
As mentioned in the above sections, ceramics exhibit brittle stress-strain behavior and failure is often
highly stochastic. This is due to the inability of ceramics to relieve local stress concentrations caused by
flaws through plastic flow. The random distribution of flaws leads to differences of exhibited strengths
within ceramics which have been processed in the same way as well as within the ceramic itself. To
adjust for this behaviour is an approach which predicts the probability of failure of individual elements
within the ceramic. The probability of failure of each element is then integrated over the entire
structure to calculate the probability of failure of that component. Work by Vardar and Finnie has
shown an integral formulation of the weibull approach given by equation (27) [51]
∫ ( ∫

)

(27)

Where Λ is a constant determined by the weibull modulus. This formula can be simplified by the
assumption of uniform uniaxial stress to equation (28)

∫(

)

(28)

Where Pf is the probability of failure, σ is the applied stress, σ0 is the stress at which probability of failure
is 100%, m is the weibull modulus and V is the volume. The weibull modulus is the measure of how
closely the material adheres to a weibull distribution, a higher modulus will mean that there is little
variation in the strengths measured [7].
Ideally the material should have a weibull modulus of 20 to 25; however, most ceramics will have a
modulus between 5 and 10 [19].
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2.3 Composites
Bulk ceramics are rarely used in mechanical applications despite their enhanced hardness, strength,
thermal resistance, and corrosion resistance. This is due to their brittle nature preventing their reliable
adoption. Engineers have developed a composite system for reducing the brittleness of ceramics, where
a second phase alters the property of the material. Ceramic based composites can take many forms
including: ceramic metal composites (CERMETS) [52] [53]; mechanical mixtures of more than one
ceramic phase such as Zirconia Toughened Alumina (ZTA) [54]or rod-like β-Si3N4 phase within an α-Si3N4
matrix [39] [55]; or fibre based composites [9] [56] [57]. The focus of this work is high temperature
CMCs designed to operate around or above 1200°C so CERMETs will not be examined in any detail.
Ceramic matrix composites can be divided into two main branches based on the reinforcement phase.
Continuous fibre reinforced ceramic composites (CFCCs) are enhanced by long, continuous fibres which
provide the stiffness and strength of the composite while the matrix protects the fibres and transfers
the load. Discontinuously reinforced CMCs use a secondary phase to enhance the properties; this phase
often takes the form of randomly aligned particulates or whiskers, although CMCs which rely on
transformation toughening or layered eutectic structures are also loosely grouped into this class.
2.3.1 CFCCs
CFCCs have received much attention due to their graceful failure [58]. This has made them a highly
attractive material to replace high temperature alloys in the near future because current reliability
models for superalloys can more easily be adapted to their use[11] [17] [59]. The greatest challenges
preventing the widespread adoption of CFCCs to high temperature applications are the costs associated
with the production and the development of a material properties database for existing CMCs [9] [11].
A successful CFCC must consist of a fibre phase, a fibre-matrix interface, and a matrix; an environmental
protection barrier may also be necessary depending upon the chemical composition of the phases and
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the environment where the CFCC will be utilized. High tensile strength is the primary structural property
for the fibre phase; this will depend upon the microstructure and chemical composition of the fibre. The
fibre-matrix interface is responsible for the enhanced toughness of the CFCC; the interface must be able
to both transfer loads from the matrix to the fibres as well as deflect any cracking along the surface of
the fibres by debonding. The conflicting requirements of the crack deflection and load transfer as well
as the necessity of the interface to be chemically compatible with both the fibre phase and the matrix
mean that the interface often provides the greatest design challenge. Finally, the matrix phase is
responsible for transferring loads between fibres as well as protecting the fibres from the environment.
In cases where the CFCC’s intended application is an environment where the matrix will degrade, an
environmental protection coating may be added to provide an extra layer of protection.
CFCCs can be divided into three sub-categories based upon the fibre phase and the matrix phase. These
sub-categories are oxide/oxide, non-oxide/non-oxide, and non-oxide/oxide.
2.3.1.1 Oxide/Oxide Systems
Oxide/oxide systems are of interest due to the inherent oxidation resistance of the phases as well as the
economy of the materials. Oxide fibres were originally developed from fibre glass production and are
primarily based upon alumina, silica and zirconia [60]. The Nextel series of fibres by 3M have been some
of the most successful oxide fibres produced to date. Nextel fibres are produced through a sol-gel
method where a sol-gel containing oxide precursor is spun through a spinarrette, followed by
pyrolization to remove organics and sintering [60] [61].

Nextel series of fibres have shown varying

levels strength and creep resistance, with Nextel 720 showing the greatest creep resistance but
susceptibility to alkaline poisoning [62] [63]. In oxide fibres grain boundary sliding has been shown to be
the route of failure for high temperature exposure [64] [65]. Single Crystal oxide fibres have therefore
attracted interest due to the inherent creep resistance expected from an oxide fibre with no grain
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boundaries. Current work with producing single crystal fibres relies on a laser melt zone method in
which a small section of a composite is melted; a seed crystal is used to draw the fibre from the melt
zone [66]. This production method is slow, expensive and produces large diameter fibres which are
difficult to handle and lay-up and is therefore not considered commercially viable, although Saphikon
produces sapphire fibers which have been useful for academic studies [67] [68] [69]. In general, oxide
fibre reinforcements will be weaker and more prone to creep failure than covalently bonded fibres, for
applications below 1200 °C the cost savings and chemical stability may justify their use in CFCCs.
Oxide-oxide CFCCs can either incorporate a weak interface or use a porous matrix to ensure that failure
remains pseudo-ductile. The most common weak interfaces used in CFCCs are pyro-carbon and boron
nitride; however, both these interfaces are more susceptible to oxidation than the oxide fibre or matrix
defeating the purpose of using oxide constituents. Monazite and scheelite have been explored as
potential interfaces for oxide systems, with both interfaces demonstrating fibre pull-out during failure;
however, these coatings still rely on time intensive and expensive methods of application [70] [71].
Porous matrices or porous fibre-matrix interfaces are designed to fail before the fibre reinforcement will
fail. In porous matrix systems the design principle is for cracks to travel from pore to pore without
damaging the fibres. Porous fibre-matrix interfaces are designed to fail at the onset of cracking,
directing any crack parallel to the fibre [69]. Porous matrices will provide less stiffness than a highly
dense matrix and will also conduct oxidation; furthermore, porous matrix ceramics cannot be depended
upon in applications where a hermetic seal is required [69].
Weak oxide interphases are based on highly polarized oxide bonds caused by high valence cations. The
generic formula MXO4 covers most forms where M is a rare earth and X is a pentavalent cation. Work by
Lewis et al. has been conducted to study which combinations of elements will produce stable weak
interfaces with common oxide constituents with lanthanum vanadate, yttrium vanadate and
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neodymium phosphate as promising candidates [72]. Weak oxide interfaces are applied to the fibre
before the matrix is applied using a chemical deposition method, most commonly chemical vapor
infiltration (CVI). CVI poses challenges for industrial manufacturing due to high costs and lengthy
timescales so other methods for interface application have been investigated. Lewis et al. have
demonstrated a physical vapor deposition method which uses RF magnetron sputtering argon to apply
the chemical coat [72].
The method of production for the oxide matrix will vary depending upon whether the matrix is intended
to be porous or not. Solid oxide matrices can be manufactured by CVI or slurry infiltration. Porous
oxide matrices are most often produced through slurry infiltration. The slurry can be composed of a
bimodal distribution of particle sizes, the combination of large particles and small particles leads to an
adequate and even distribution of pores to ensure notch insensitive behavior, this is illustrated in Figure
8.

Figure 8: Bimodal particle distribution within an oxide/oxide CMC to ensure porosity [73]
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A novel method of ensuring slurry infiltration, known as electrophoretic deposition, has been developed
by Westby et al. [74]. In this method an electric field is placed across the Nextel 720 fibre weave which
has been placed within a slurry bath. Surfactants are then used to give the oxide particles a charge and
these particles are driven by the electric field infiltrating the weave. This process has proven to be faster
than traditional slurry infiltration methods.

Figure 9: Basic electrophoretic deposition set up [74]

Two oxide CMC systems of note are the (Wound Highly Porous Oxide) WHIPOX system developed by the
German Aerospace Institute (DLR) and the Nextel 610 oxide system developed by COI ceramics. The
WHIPOX system uses a slurry infiltrated computer controlled winding system shown in Figure 11,
followed by wet layup and pressureless sintering to produce a variety of near net shape structures.
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Figure 10: Cross section of WHIPOX oxide ceramic illustrating fibres, bimodal distribution of particles and porosity [76]

Figure 11: WHIPOX winding steps, equipment above simplified representation below [75]
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This process has the advantage of being both consistent as well as adaptable. The COI ceramic system
was developed in concert with NASA, Boeing and Rolls Royce and its target application is the exhaust
nozzle of Rolls Royce’s Trent 1000 engine. The CMC should be able to withstand higher exhaust
temperatures than the current titanium alloys in use while providing weight savings over high
temperature superalloys which would also be able to operate at that range [75] [76] .
Oxide CMCs are currently only capable of operating at temperatures up to 1100 ⁰C with short jumps to
1200 ⁰C. This is due to limitations from both the fibres and the matrix. The silicon content and grain
boundaries of oxide fibres are both prone to degradation at higher temperatures especially if steam
content is present. Steam will volatize SiO2 into silicon hydroxide which will eat away at the fibres
leading to early failure [65]. Higher temperatures will also lead to grain boundary mobility which greatly
reduces the creep resistance of oxide based fibres [77]. Sintering of the porous matrix is also a concern
at high temperatures, the graceful failure of porous oxide CMCs depends on a weak matrix, significant
sintering will provide a stiffer matrix which leads to brittle failure, Figure 12 shows the ductile to brittle
transition line for CMCs.

33

Figure 12: Relative fracture energies of interface to fibres vs. relative young's modulus of fibre to matrix and ductile brittle
transition line [78]

To improve the high temperature capabilities of oxide fibres single crystal fibres are being investigated
to remove the issue of grain boundary mobility. Beyond sapphire, yttrium aluminum garnet has been
suggested as a potential material to base single crystal fibres off of due to its high inherent creep
resistance [72]. If oxide systems were to switch to a dense matrix with a fibre coating then the issue of
sintering matrices would also be addressed. A third approach to improve the high temperature
properties of oxide CMCs is a thermal barrier coating. This approach follows the same principles as that
of high temperature metals which require TBCs; however, the oxide resistant ceramic base relieves
some of the issues of thermal expansion mismatch and the necessity of an undercoating to provide
oxidation protection.
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2.3.1.2 Non-oxide/non-oxide Systems
Non-oxide systems depend upon covalent bonding and display higher strengths and greater
temperature resistance. The three most utilized non-oxide/non-oxide CMC systems are C/C, C/SiC, and
SiC/SiC. For high temperature applications the SiC/SiC system has been the most heavily researched
system and has yielded some commercial composites which are being adopted within high temperature
machinery. SiC fibres are produced through a polymer precursor which is pyrolised and sintered or
chemical vapor deposition upon a carbon or tungsten monofilament [79]. As with oxide fibres, smaller
grain structure will lead to greater strength but lower creep resistance and smaller diameter leads to
greater flexibility and ease of forming. Precursor based SiC fibres will tend to have smaller diameters.
Nippon Carbon in Japan has a line of precursor based SiC fibres with the trade name Hi-Nicalon™; when
treated with electron radiation Hi-Nicalon™ fibres will attain a near stoichiometric mix of Si and C, these
fibres are branded Hi-Nicalon™ type-S. Ube Industries and COI ceramics have developed Tyranno SA™
and Sylramic™ SiC fibres respectively. These fibres utilize sintering aids to reduce the residual oxygen
content and improve the fibres’ properties. An example of a SiC fibre produced through CVD is Specialty
Materials’ Ultra SCS fibre, which deposits SiC on a carbon monofilament [79].
The most common fibre-matrix interface utilized in SiC/SiC composites is layered pyro-carbon (PyC) and
boron nitride (BN). PyC is a carbon structure similar to layers of graphite except PyC still contains some
carbon bonds between layers. PyC easily oxidizes at temperatures above 500 °C, so a layer of BN is
often applied to protect the interface.
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Figure 13: SEM image of melt infiltrated SiC/SiC CMC illustrating fibre coating [9]

The loss of CMC properties to the oxidation of fibres and interfaces is known within the industry as
pesting and is a major concern for non-oxide CMCs passing through the temperature range of 500 °C –
900 °C [80]. Under the Ultra Efficient Engine Technologies program undertaken by NASA further work
was done to explore non-oxide/non-oxide interface systems. During this work it was discovered that the
coatings used to enable fibre forming could leave degrading residue and should be optimized to
processing conditions. Further work was undertaken to develop a proprietary BN interface which
debonds from the matrix during processing to guarantee a weak interface. To push the intended use
temperature range to 1400 °C a polymer infiltration method was used in addition to CVI to produce a
matrix with very little free Si content. This prevents the Si from reacting with the BN phase of the fibre
interface and forming a strong bond which prevents toughening behavior [81].
Non-oxide matrices are formed using a variety of techniques, the most common involving at least one
step of CVI.
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Figure 14: SiC/SiC baseline production method adapted by NASA for their high temperature CMC program [81]

Originally SiC/SiC composites depended almost entirely upon CVI processing; however, as mentioned
above, CVI is a slow and expensive process. Other production methods involve infiltration by either
slurry, liquid silicon or a polymer precursor, followed by either a drying stage or reaction stage and
finally sintering.

Liquid silicon and polymer infiltration depend upon chemical reactions during

processing to transform the infiltrate into the ceramic matrix [8] [9] [10]. General Electric has developed
a process for producing trademarked HiPerComp™ SiC/SiC CMC known as the pre-peg method. In this
method the SiC Fibre is coated through CVD and then wound through a wet drum which applies the
matrix precursor. The fibre is then laid up in the intended shape and the precursor is pyrolised, followed
by a liquid silicon infiltration. This method produces more reliable CMCs than earlier slurry cast and CVI
methods as well as reducing processing times [79].
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Figure 15: Production routes of GE's HiPerComp

TM

MI CMC, dark grey path is prepeg process and light grey is slurry cast [9]

Concern over oxygen ingress and embrittlement of non-oxide CMCs has led to the design philosophy of
self-healing materials.
2.3.1.3 Self-Healing Materials
In traditional materials damage accumulates until it reaches a critical saturation at which point the
component fails as covered in section 2.2.5. To account for damage accumulation traditional materials
are either over-designed to reduce the rate at which damage occurs or examined at set periods and
replaced when a designated level of damage is reached. Self-healing design philosophy seeks to counter
damage accumulation and in some cases reverse it leading to more robust materials. Self-healing is
accomplished by designing a constituent within the material to become activated through damage
leading to reactions which will repair the damaged area. This can either be an active or passive system.
In the active system, the material has a method to detect damage and direct the healing component to
that area.

In the passive system the healing component is present throughout the system and

automatically reacts in damage conditions [82] .
High temperature self-healing materials are almost exclusively passive due to the extensive engineering
demands already placed upon designing high temperature materials. High temperature self-healing
CMCs depend upon oxygen invasion into microcracks which form during use. The ingressing oxygen
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reacts with newly exposed reactive layer of the matrix and forms a glass which flows into the
microcracks and seals them, creating both a physical and diffusional barrier to further oxygen
progression within the matrix shown in Figure 16.

Figure 16: Oxidation of B4C phase forming a B2O3 oxide plug [83]

This design is used to protect fibres and the fibre-matrix interface from oxygen exposure and increases
the life expectancy of the CMC. It also prevents a strong bond forming between the matrix and fibre
due to the oxidation of the interface, this strong bond leads to brittle failure. The compounds most
commonly used to react with the oxygen are B4C and SiC, which form B2O3 or SiO2 respectively. These
compounds are either already present within the matrix or layered into the matrix using alternating CVI
pulses, a layered microstructure is shown in Figure 17.
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Figure 17: Alternating layers of SiC and B4C self-healing matrix deposited through CVI [84]

The reactive constituent must be able to react with the ingressing oxygen and form a plug which will
prevent further oxidation. To optimize this behavior one must know possible reactants and products,
reaction kinetics, oxygen diffusivity in the most likely products, viscosity of the glass which forms,
compatibility of the glass with any composite phase it may come in contact with, and thermal and
mechanical fatigue behavior of the composite glass system. Phase diagrams are invaluable tools in
predicting what products may occur when oxygen encounters the reactive layer at a high temperature;
however, intermediary reactions, catalysts and the effect of pollutants within the fuel stream may also
play a role in determining the products. Reaction kinetics are crucial in determining both the rate of
formation of the target glass as well as how quickly the target glass may volatize in the conditions or the
rate of reaction of the glass with other constituents within the matrix. At high enough temperatures
there is competition between the rate of new liquid glass formation from the reactants and the
volatization of the current liquid glass acting as a plug, if the volatization reaction starts to outpace the
formation of new plug then the matrix will cease to be self-healing and degradation of the fibres and
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interphases will proceed more rapidly. Volatization is a major concern for composites incorporating a
SiO2 phase operating in steam environments because silica is prone to forming silica hydroxide.
Furthermore, the oxide plug should be designed to avoid degrading fibres and interfaces itself as shown
by Quemard et al [85].

Figure 18: Self-healing mechanism of Si-B-C, B4C, SiC CMC Step 0) microcracks develop in the matrix Step 1) Oxygen and
moisture ingress leads to the formation of oxides Step 2) oxide plug grows and fills the crack Step 3) crack is sealed by the
oxide, there is high dissolving of the SiC fibre [85]

The diffusivity of oxygen within the glass that forms is another obvious concern since the goal of a selfhealing matrix is to prevent further oxidation of important constituents. Viscosity of the product is
directly related to the glass’s ability to infiltrate microcracks through capillary effects. Finally the healing
effect should be stable throughout the loading and temperature profiles the CMC can be expected to
cycle through within its lifetime. The coefficient of thermal expansion, the solidification and bonding of
the glass to the matrix upon cooling will all affect the CMC’s lifetime.
2.3.1.4 Environmental Barrier Coatings
Environmental Barrier Coatings (EBC) are crucial for high temperature non-oxide CMCs. SiC based CMCs
can depend upon passive SiO2 scale forming in oxidative atmospheres; however, moisture content in the
combustion atmosphere at temperatures above 1100 ⁰C will lead to material loss through the
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volatization of silicon hydroxide as the SiO2 reacts with H2O. Carbon based CMCs will oxidize above 1000
⁰C with any oxygen content present offering an even greater challenge. To prevent material loss and
failure due to oxidation highly stable environmental barrier coatings are employed. The most common
EBC currently in development is based off a Si/mullite/BSAS architecture, where BSAS is ((1x)BaO•xSrO•Al2O3•2SiO2, 0≤x≤1) [86]. BSAS coatings were chosen for low silica activity within BSAS to
prevent volatization, and closely matching coefficients of thermal expansion to prevent cracking and
spallation. Currently the Si/mullite/BSAS EBC is applied using atmospheric pressure plasma spraying
which has drawbacks of requiring surface roughness for a good bond to form and being a line-of-sight
application process. Surface roughness is provided by mechanical abrasion or chemical etching, both
techniques reduce the flexural strength of monolithic ceramic specimen. Line-of-sight application
techniques are difficult to adapt to complex part geometries. Research is being conducted into slurry
and sol-gel based methods of applying EBCs as well as different EBC architectures [87] [88] [89] . The
primary concern with slurry based and sol-gel application methods is adequate coating thickness,
uniform distribution, and sintering mechanics. The viscosity of the slurry will affect the thickness and
uniformity. Particle size and chemical composition will affect the sinter mechanics [87].

2.3.1.5 Fibre Layup
The alignment of the fibres will also affect the properties of the composite. Many different patterns of
alignment have been explored in composites based off of polymers. When adapting these alignments
for ceramics it is important to adjust for the lower strain to failure seen in most ceramic materials. A
consequence of this ceramic property is patterns which require sharper bends in the fibre such as the
woven knot pattern have the potential to lead to fibre failure at lower than predicted stresses. A second
issue with more complex layup patterns is the degradation of the interface, and the difficulty of matrix
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infiltration. As such, the most common layup pattern in modern CMCs is the 0°/90° alternating layers
which provides strong biaxial properties.

Figure 19: Different weaves of CMC fibre: tubes on the left exhibit 1D wound fibre, the tubes on the right exhibit a 2D
braided weave structure [90]

2.3.2 Discontinuous CMCs
Discontinuous CMCs are ceramic systems which do not use continuous fibres for reinforcement. The
goal of discontinuous systems is often to increase the toughness of the ceramic system; however, the
improvement of functional properties such as optics or piezoelectric effect may also be the goal. The
earliest breakthrough in improving toughness for discontinuous CMCs was the discovery of
transformation toughening within the partially stabilized zirconia regime, which could be included as a
secondary phase in other ceramics. Further advances have been obtained through the incorporation of
whiskers, which are high aspect ratio single crystal constituents, layering different phases of ceramics
(either laminated or functionally graded ceramics) and alloying intermetallic compounds with
reinforcing covalent phases. The improvements given by transformation toughening will be evaluated in
more detail in sections 2.3.3.
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There are two principles which work to improve the toughness of laminate layered ceramics, the first is
to provide incoherent boundaries between the layers which provide preferential crack progression
paths. This both provides an increase in crack length and consequently required crack propagation
energy as well as creating a pseudo-fibre pull-out effect between layers.

Figure 20: Crack deflection along a multi layered interface [91]

The second principle in operation is a slight thermal expansion mismatch between layers which creates
tensile and compressive stress fields within the ceramic. Tensile stress fields provide a preferential crack
progression path, and compressive stress fields slow crack propagation by exerting a crack closing force.
Functionally graded ceramics (FGCs) operate with coherent and semi coherent interfaces between each
layer. The intent of FGCs is to provide a composite which pairs the strength and hardness of one
constituent, usually at the exposed end, with the toughness of the second constituent; mimicking
natural structures such a tree bark or bones [92] [93].
There are several processing routes through which layered and FGC CMCs can be manufactured. Both
layered ceramics are produced by layering during the green forming stage, laminates are produced with
as little interaction between layers as possible while FGCs are engineered to ensure smooth transitions
between phases. The most common processing methods for producing layered ceramics are tape
casting, centrifugal casting, slip casting, and electrophoretic deposition [94]. For each of the processing
techniques, individual layers are produced in slurry form and then applied to the existing layer; the
composite is then compressed and sintered. Compressing can either be cold or hot, with hot pressing
incorporating the sintering process. Attention needs to be paid to the thermal expansion mismatch of
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coinciding layers to prevent early and unwanted cracking. Further concerns include defects within the
ceramic which may come about as part of the processing, the relative sintering curves of each layer to
ensure the ceramic is sintered as fully dense as possible without excess coarsening [95] [96].
Intermetallic compounds have also been investigated for use as high temperature structural materials.
MoSi2 has been identified as one of the most promising of these compounds due to its oxidation
resistance, creep resistance and high melting point [97]. The Melting point of MoSi2 is 2020⁰C when it is
in its hexagonal phase, its tetragonal phase is stable from room temperature to 1900⁰C [98]. One
significant issue with using MoSi2 in oxidative environments is the intermetallic break down at
temperatures below 1100⁰C due to pest oxidation. In this process MoSi2 transforms into MoO3 which
expands and cracks the MoSi2 matrix [99]. Above 1100⁰C oxidation becomes less of a concern as a
protective SiO2 scale is able to form. One strategy adopted to prevent pest oxidation is to alloy MoSi2
with Si3N4 which allows a protective SiON2 scale to form before pest oxidation.

Allowing Si3N4 can

further improve the toughness and reduce the CTE of MoSi2 which is desirable for high temperature
applications. Further, MoSi2/Si3N4 compounds can be used as the matrix phase with SiC fibres due to
the reduced thermal expansion mismatch caused by the addition of the Si3N4 phase.

The fibre

reinforced MoSi2/Si3N4 composite has many of the same advantages and disadvantages as SiC/SiC
composites covered in section 2.3.1.2. Another advantage offered by MoSi2 based composites is the
electrical conductivity of the MoSi2 phase, this allows the use of electrical discharge machining for
shaping as well as some functional applications such as diesel engine glow plug [97].
Much work has been done to develop and characterize ceramic composites with discrete additions.
Some of the more common systems encountered include an alumina or mullite matrix with SiC additions
either in the form of particulates or whiskers. The mechanisms of whisker toughening have been
thoroughly explored and reported upon in the literature. Whiskers enhance the toughness of ceramics
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by absorbing energy involved in crack propagation. This energy is absorbed primarily through five
mechanisms which are crack deflection, crack bowing, microcracking, whisker pullout and crack
bridging. The contribution of microcracking, which occurs when stresses caused by coefficient of
thermal expansion mismatch, has been modeled by equation (29) [100].
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Where Kc is the toughness prior to microcracking, k1 and k2 are constants depending upon the shape of
the microcracking zone and G and G* are shear moduli prior to and post microcracking, v and v* are the
Poisson’s ratios prior to and post microcracking. Microcracking contributes to toughening only if a
propagating crack is deflected by micro-cracks. Furthermore the micro-cracks must be small enough
that they do not initiate crack propagation themselves. Crack deflection is a mechanism which increases
toughening by increasing the length the crack must travel by altering its path. Crack deflection is most
commonly caused by internal stress fields within the composite which are created by thermal expansion
mismatches encountered during cooling. Crack bowing is the theoretical extension of the crack length
as it encounters a stiffer second phase as shown in Figure 21.
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Figure 21: Crack bowing: 1. crack approaches stiff inclusion. 2. extra crack energy is absorbed as the crack length increases
while bowing around stiff inclusion. 3a. crack continues past inclusion by propagating cracks ahead of the inclusion and
joining them. 3b. crack continues past inclusion by shearing it. 4. crack continues

The greatest contributions occur due to whisker pullout and crack bridging.

Both these mechanics

absorb energy through friction between the whisker and matrix interface as the crack propagates
perpendicular to the whiskers. Crack bridging is distinguished from whisker pullout as the effect caused
by intact whiskers behind the crack tip lead to a closing force retarding crack, this is visually represented
in Figure 22.

Figure 22:Fibre pullout and crack bridging toughening mechanisms in CMCs [21]
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Fibre pullout or crack bridging will only activate in composites where the interface is sufficiently weak to
ensure the fibre pulls-out rather than fractures; the fibre must also be aligned along the path of the
crack. This mechanism is apparent both in composites reinforced by whiskers and continuous fibres and
is much more apparent in the latter system. Equation (30) developed by Betcher et al models the
toughening by the addition of whiskers due to crack bridging [100].
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(30)

Where Kb is the fracture toughness of the composite, K0 is the matrix toughness, Em and Ew are matrix
and whisker elastic moduli respectively, σfw is the strength of the whisker, Vf is the volume fraction of
whiskers perpendicular to crack path, v is the Poisson ratio of the composite, and lDB is the debond
length. It can be seen that increasing the strength, volume fraction, or debond length of the whiskers
will lead to greater toughening [100].
The overall toughening effect of whiskers is the sum of each individual toughening mechanism. With
the correct optimization of whisker content and geometry, toughness has been seen to improve by 50%
in a ZTA system reinforced with SiC whiskers [101]. In plain alumina, 20 vol% SiC whiskers were found to
improve the fracture toughness to 6.5 MPa m1/2 from ~3.5 MPa m1/2 of pure alumina [102].
Whiskers have also been shown to reduce the creep rate within ceramics. It has been hypothesized that
this is due to intergranular whiskers locking grains in place, preventing the grain boundary sliding
mechanism inherent in ceramic creep [44]. However, this effect can be reduced if the volume fraction
of whiskers is too great; as whisker-matrix interfaces being favorable sites for void growth. At around
20% volume fraction the contribution of whiskers to creep resistance has been found to be the greatest
[44]. Porter found that a 5% volume addition of SiC whiskers in alumina led to a creep rate reduction of
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2 orders of magnitude and that 15% volume addition altered the creep mechanics and delayed the
transition to stage II creep [103].
2.3.3 Ceramic Matrix
The matrix of the composite must exhibit desired properties at the temperature of 1200°C. Hillig has
created a criterion for ranking different oxides on their high temperature suitability for structural
ceramics [104]. This system is based upon melting temperature, elastic modulus to density ratio, and
volatility, to generate a maximum temperature at which that oxide can operate. Hillig’s results are
shown in Table 4 [21].
Table 4: Hillig’s Criteria for Ranking Oxides [104]

It can be seen that six different oxides rank higher than alumina on Hillig’s scale; however, if secondary
performance indices are included alumina becomes much more desirable.

These secondary

considerations are price, workability, compatibility, and available literature.
Calcium oxide, beryllium oxide, and thorium oxide are the three highest ranked oxides according to
Hillig’s criteria. Calcium oxide is highly reactive with water and not suitable as a structural oxide.
Thorium oxide is very rare, as it is mainly produced in nuclear reactions; it is also radioactive due to its
thorium content. Beryllium oxide is already used in specialised high temperature applications especially
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in electrical components due to its high thermal conductivity; however, it is far more expensive than
alumina. The other three oxides ranked higher than alumina include zirconia, uranium oxide, which is
heavily controlled due to its military applications and hafnium oxide, which reacts with chlorine at high
temperatures.
A quick overview of alumina’s polycrystalline bulk ceramic properties is provided in Table 5.
Table 5: Selected Property Values for Sintered Fully Dense α–alumina [105]

Temperature
Property

20 °C

1200 °C

1500 °C

416

354

338

3.984

3.868

3.834

Strength

380

300

130

Fracture Toughness

3.5

2.6

2.5

15

3.7

2.5

0

280

24600

4.6

8.3

8.6

11

11

11

Elastic

Modulus

(GPa)
Density (g/cm3)
Flexural
(MPa)

(MPa∙m1/2)
Hardness Vickers, 1
kg (GPa)
Creep rate at 150
MPa (x10-9∙s-1)
Thermal

Expansion

Coefficient (10-6 ∙K-1)
Weibull Modulus
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Although alumina has many favorable properties, its low fracture toughness, and proneness to
coarsening are major concerns. One solution is to create a mechanical mixture of alumina and partially
stabilized Zirconia (PSZ). This composite is known as Zirconia Toughened Alumina (ZTA) and has been
widely studied as a tougher alternative to alumina [106] [107].
The history of ZTA ceramics has been covered very well in Wang and Stevens’ review of ZTA ceramics
[54].

The primary mechanisms which enhance ZTA include a martensitic transformation toughening

mechanism of the PSZ, the grain boundary pinning of alumina grains by PSZ inclusions which retard grain
growth and grain boundary sliding in creep, and the creation of internal stresses within the matrix due
to coefficient of thermal expansion mismatch which leads to toughening.
The martensitic transformation toughening of ZTA is the primary room temperature toughening
mechanism which PSZ imparts upon the alumina. This mechanism occurs through the stress activated
conversion of tetragonal zirconia to monoclinic, with an accompanying volume expansion of ~4% [54].
The overall contribution to toughening of this effect has been modeled by either equation (31) or
equation (32) [108].
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Where ∆Kc is the change in toughening, E is the elastic modulus of alumina, eT is the dilation strain
associated with the transformation, V is the volume fraction of tetragonal zirconia, w is the
transformation width, and ∆a is the crack advance.

Equation (32) is employed to model the

accompanying change in R-curve behaviour due to the zirconia addition.
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There is extensive literature published on ZTA composites with varying levels of alloying and different
processing techniques. This literature has been surveyed to determine the zirconia alumina ratio which
would yield the greatest fracture toughness at room temperature while still ensuring adequate strength.
Results from Claussen’s work in 1976 show an optimal volume fraction of 12 % for 0.03 μm and 16% for
1.25 μm unstabilalized ZrO2 inclusions shown in Figure 23.
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Figure 23: Fracture toughness and strength of alumina matrix containing I) 0.30 μm II) 1.25 μm unstabalized zirconia particles
as a function of the volume fraction of zirconia additions [54] [109]

Subsequent work has shown the primary toughening mechanism of stabilized ZTA is the generation of
microcracks within the composite through the tetragonal monoclinic transformation [54]. Work by
Wang and Stevens has led to the development of equation (33) used to determine the relationship
between crack development and size and degree of stabilization of zirconia inclusions [110].

[(

𝛩

(33)
)

]

Where X is half the toroidal crack length, R is the size of the zirconia inclusion, Ψ is the degree of
stabilization, γ is the fracture surface energy of alumina,
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is the reciprocal modulus of the composite

and 𝛩 is a constant [54]. Although an increase in vol% of zirconia inclusions can lead to toughness
increase, it has an effect of reducing the strength at the same time. This is illustrated by Figure 24 from
work done by Wang and Stevens; it can be seen that a significant drop in strength occurs around 12
vol% of stabilized zirconia.

Figure 24: Vol % inclusion of ZrO2 in Al2O3 matrix plotted against a) strength and b) toughness [54]

The loss in strength is due to the increased occurrence of inhomogeneity within the composite which
could lead to crack initiation and propagation. Furthermore, inclusions above a critical volume fraction
V given by equation (34) will lead to crack link up and coalescence which will greatly compromise the
strength of the ceramic.
(34)
(

)

To ensure an increase in toughness without overly compromising the strength of the composite a
volume fraction of 10.66% stabilized ZrO2 has been selected. This is the equivalent of a 15 wt% of ZrO2.
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2.3.4 Whiskers
The majority of the work done in strengthening high temperature ceramics has been done with SiC
whiskers due to their ease of production and availability. The two primary oxide whiskers incorporated
into high temperature materials are Al2O3 and mullite [111] [112] [113], while carbon nanotubes have
attracted some attention due to their unique properties [36]. Table 6 compares relevant properties of
the four primary strengthening whiskers used in modern CMCs.
Table 6: Whiskers available for reinforcement of oxides [36] [100] [114] [115] [116] [117] [118] [119]

Whisker

E (Gpa)

Production Method

Notes

SiC

580

Liquid-Vapor-Solid
Method, pyrolysis
of rice husks

Prone to oxidation above 1200°C
Most common reinforcement
Commercially available

Carbon
1000
Nanotubes

Chemical Vapor
Deposition

Prone to oxidation above 1000°C
Properties vary depending upon single
wall or multi-wall
Commercial production is still in its infancy

Alumina

430

Grown through
boehmite gel

Transforms into large elongated crystals in
alumina matrix
Commercial production is still in its infancy

Mullite

170

Molten Salt
Method

Highly stable in oxidizing conditions
Compatible with alumina and zirconia

Mullite has been selected in this research as the material for the whisker phase of the composite. The
selection was made due to mullite’s stability at temperatures above 1100 °C despite its low elastic
modulus. Mullite is the common name of a mineral that occurs in the alumina-silica system. Mullite
commonly takes one of two stoichiometric forms of 3Al2O3·2SiO2 or 2Al2O3·SiO2. Microstructurally,
mullite is defined by the orthorhombic crystal symmetry with a and b values of .755 nm and .769 nm
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respectively, the c value is typically 0.289 nm. Structurally, mullite is composed of edge sharing Al-O
octohedra at the corners and centre of each unit cell parallel to the c-axis. These unit cells are cross
linked by Si-O and Al-O corner sharing tetrahedra. This structure is distorted by Si4+ anions being
replaced by Al3+ resulting in oxygen vacancies to maintain charge neutrality, the random distribution of
Si and Al tetrahedra leads to corner sharing arrangements of oxygen deficient tri-clusters where three
tetrahedra share one oxygen cation, a visual representation of the structure of mullite can be found in
Figure 25 [120].

Figure 25: a) Standard mullite structure b) mullite structure arranged around an oxygen vacancy [121]

The binary phase diagram of the alumina-silica system has been mapped and is shown in Figure 26.
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Figure 26: Binary Phase Diagram of alumina-silica System [122]

Mullite has attracted interest as a material for high temperature applications because its stable
microstructure allows it to maintain excellent creep properties. This is due to the ingrained oxygen
vacancy structure which shows little reliance upon temperature [123]. The mechanical properties of
mullite at various temperatures are shown in Table 7.
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Table 7: Fracture toughness (Kic), fracture strength (σf), flexural strength and microhardness of 3:2 mullite at different
temperatures [120]

2.4 Processing
The goal of this work has been to design a low-cost, high temperature CMC; it is therefore important to
take the processing into account as this may greatly add to the cost and difficulty of producing the
desired material. The proposed route has followed the path of powder selection, high energy ball
milling, colloidal processing, followed by a sintering profile to ensure theoretical density.
2.4.1 Colloidal Mixture
A colloid is a dispersion in which at least one dimension of the dispersed phase is within the nano scale.
Many different colloidal routes for processing ceramics have been developed and each has its benefits
and drawbacks.

Table 8 gives a quick overview of the most common and contemporary colloid

processing methods and compares their consolidation mechanisms and the forms which can be
produced by them.
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Table 8: Different Colloidal Processing Routes [124]

The suspended particles have a relatively large contact area which can influence colloidal behaviour.
With a strong understanding of the competing forces within a suspension ceramic process engineers can
tailor the properties of the colloid to produce a ceramic microstructure with desirable properties [125].
As such it is important to understand the various forces within a colloidal system and how they affect
the final product which is produced.
The interparticular forces which occur within the suspension include van der Waal, electrostatic, steric,
and structural.

Van der Waals interactions are the long range attractions between particles.

Electrostatic forces are caused by the charge of the particles and lead to particle separation. Steric
forces occur through the repulsive interactions between polymeric adlayer coating suspended particles.
Structural forces control the suspension stability and are caused by non-absorbed species within the
suspension, examples from the current research being alumina and zirconia particles coated with a
dextrin adlayer [124]. This research is primarily focused upon using colloidal processing to reduce
agglomeration of nano particles, creating a more uniformly dispersed microstructure and retaining
nanoscale grains. Both steric and electrostatic forces are optimised to achieve this effect. Work done
by Safinajafabadi et al has shown that the organic compound dextrin, derived from sugar is an effective
polymer for maximizing steric forces [126]. The molecular formula of Dextrin is pictured in Figure 27.
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Figure 27: Organic structure of Dextrin [126]

Dextrin is absorbed by the surface of the alumina and zirconia particles to create a repulsive adlayer
preventing agglomeration. Further repulsive potential is induced by controlling the pH of the solution.
It can be seen from the zeta potentials shown in Figure 28 that at pH level above 12 and below 3
electrostatic repulsion between suspended ZTA powders is maximized [126] [127].

Figure 28: Zeta potential of ZTA mixture in aqueous solution with Dextrin as a dispersant [126]

Certain forming techniques will require a proper analysis and adjustment of the flow properties or
rheological behavior of the colloid. This is especially important in near net shape applications such as
injection mold casting and robocasting. The rheological behavior is derived from the apparent viscosity,
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the yield stress under shear and compression, and the viscoelastic properties; these are controlled by
the suspension, structure and stability of the colloid.
The consolidation and drying of the colloid will have a large effect on the final properties of the sintered
ceramic, it is therefore important to control these processing steps carefully.

The approach to

consolidation employed in this research is through fluid removal, although consolidation through gelling
will also be examined with the goal of reviewing gel casting as a potential processing technique.
This system relies upon a vacuum to create a pressure differential across the filter and remove the
liquid. After 24 h of filtration the solid phase has effectively blocked all channels of fluid flow reaching
the filter and evaporation is employed to remove the remaining fluid. Gel casting relies upon gelling to
consolidate the colloid, the advantage is a near net shaped green compact with a much stronger elastic
modulus which allows for green machining. In gel casting a chemical gelation method is induced to
create a polymeric network which captures and retains the ceramic powder phase. The procedure relies
upon a precursor monomer organic, which is polymerized through a combination of a chemical and
thermal reaction, creating the network [124]. Chabert et al. have had success using a polyvinyl alcohol
solution cross linked by adding 2,5-dimethoxy-2,5-dihydrofuran and heating to 60 °C, in this work
complex rotor shapes were formed and green machined before sintering [128]. In preformed bodies the
drying stage must be carefully engineered to avoid stress concentrations and cracking in the green body.
The drying of a formed consolidated colloid is achieved through evaporation, diffusion and capillary
action transporting liquid from the inside of the body to the evaporative layer. When the rate of
evaporation exceeds the rate of capillary liquid transport, liquid meniscus collapses back into the
capillaries and is removed through vapor phase diffusion.
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2.4.2 Whisker Growth
Mullite whiskers have been formed through several methods including thermal decomposition, sol-gel
processing, in situ formation, and high energy ball milling. The molten salt method (MSM) was selected
for this work because the temperature needed is relatively low and the method can be completed in an
air atmosphere. Zhang et al original research in 2010 showed that MSM could be adapted to produce
mullite whiskers and the work has been followed up with several additional studies examining the
optimization of precursors [129] [130] [131]. Molten Salt method uses salt sources of aluminum ion,
oxygen, a salt flux, and a source of silica. The most successful flux so far has been Na2SO4, while
Al2(SO4)3·18H2O has been used as the source of alumina and oxygen ions and various forms of silica have
been employed. The precursors are mixed in an alumina crucible and heated to 1000 °C at a rate of 3.3
°C/min. The mixture is held at 1000 °C for 200 min then returned to room temperature. To obtain the
whiskers the Na2SO4 which has formed is washed off using boiling water. The agglomerated whiskers
are then separated in an ethanol mixture using ultrasonic agitation.
Molten salt method works through the melting of the precursors followed by seeding of mullite crystals
and growth along the (111) crystal plane resulting in mullite crystals with a high aspect ratio. The work
by Zhang et al. examined the melt mixture using differential thermal analysis (DTA) and thermo
gravimetric analysis (TG) to examine the thermodynamics of the melt process, their results are shown in
Figures 29 and 30.
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Figure 29: Differential thermal analysis of Al2(SO4)3, SiO2, Na2SO4 in ratio 2:1:8 (S12) and Al(OH)3, SiO2, Na2SO4 in ratio 2:1:8
(S22) [130]

Figure 30: Thermo gravimetric analysis of Al2(SO4)3, SiO2, Na2SO4 in ratio 2:1:8 (S12) and Al(OH)3, SiO2, Na2SO4 in ratio 2:1:8
(S22) [130]

It can be seen that at 646 °C the Al2(SO4)3 began to melt followed by the Na2SO4 at 882 °C. In this flux
the Al3+ ions dissociated then the mullite crystals formed from the coalescence of alumina ions on the
silica sources, this process is shown graphically in Figure 31.
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The reactions take place during this process are:
Al2(SO4)3  γ-Al2O3 + 3SO3 (in molten Na2SO4)
3γ-Al2O3 + 2SiO2  3Al2O3∙2SiO2

Figure 31: Formation of mullite whiskers through MSM [131]

2.4.3 Sintering
Sintering is the most common ceramic processing technique to convert a green body into a consolidated
ceramic. The goal of the sintering process is to fuse individual powder particles together and remove
pores from the microstructure. Sintering has been broken down into the initial stage, the intermediate
stage and the final stage. In the initial stage sintering is dominated by neck growth between connected
particles; this is the stage in which pores are formed and the ceramic transitions from a body of powder
held together by a binder to a solid. The intermediate stage is defined by the formation of grains from
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coalescing powders and a pore network made up of long interconnected pores. During this stage grains
grow by shrinking the pore network, eventually cutting off the long continuous pores into smaller sealed
individual pores. This stage usually yields sintered body with 70%-90% density. Sintering enters the
final stage when the pore networks have collapsed and remaining porosity is made up of individual
pores with an inherent pressure defined by equation (35). The only mechanism for pore elimination in
this phase is vacancy diffusion which reduces the densification process. Provided crystal growth
mechanisms are still activated during the final stage of sintering coarsening can become an issue,
especially when a nano-crystalline ceramic is required. Some examples of whisker reinforced ceramic
matrices are shown in Figures 32-34.

Figure 32: Alumina matrix reinforced with SiC whiskers with evidence of particulate contamination within the matrix [132]
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Figure 33: ATZ reinforced with alumina whiskers [133]

Figure 34: Graphical representation of a computer algorithm used to estimate the 2D packing factor of whiskers within a
matrix [134]

In crystalline ceramic sintering there are six primary mass transport mechanisms of sintering which
account for the coalescence, densification, and coarsening. These mechanisms are surface diffusion,
lattice diffusion, vapor transport, boundary diffusion, lattice diffusion along grain boundaries and lattice
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diffusion through dislocations. In general sintering mechanisms which move particles closer together
and lead to densification are to be encouraged and mechanisms which grow the necks between particles
leading to coarsening are to be avoided. Evaporation-condensation and surface diffusion are two
mechanisms which lead to coarsening, evaporation-condensation occurs because the vapor pressure is
lowered at necks with small negative curvatures. Equation (35) g expresses the change in vapor
pressure due to negative curvature.
(35)

( )

Where ∆p is the change in pressure, po is the vapor pressure of a flat surface, γ is the surface energy, Vm
is the molar volume, R is the universal gas constant, T is the absolute temperature and ρ is the density.
Equation (35) can be combined with the Langmuir equation for condensation to result in an equation for
neck growth between particles (36)

( )

[

√

]

√

(36)

Where x is the distance between the centre of the two particles, r is the radius of curvature of the neck,
M is the molar mass, and t is time. Equation (37) has been derived to describe neck growth by surface
diffusions.

( )

[

]

(37)

Where J is a numerical constant, ζ is the surface thickness, Ds is the surface diffusion coefficient and n
will have a value between 5 and 7 depending upon neck shape.
Mechanisms of densification are driven by the stress gradient between the surface of the neck and the
grain boundary plane. The mechanisms transporting matter from the grain boundary to the neck
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include vacancy diffusion, grain boundary diffusion, lattice diffusion from the grain boundary and lattice
diffusion from dislocations. Sintering will be dominated by the fastest mechanism of neck growth; the
slowest species of the fastest mechanism will determine the rate of sintering.
In general, particle size will play an inverse power role in determining the rate of sintering as shown by
equation (38)
(38)

( )

Where C is a constant, n has a value between 2 and 6, and p a value between 2 and 4. The exact values
of n and p will depend upon the rate limiting mechanism. It can be seen that in general as the powder
size is reduced the sintering time is also greatly reduced.
As can be seen by equation (38), creating a fully dense ceramic with minimal grain size through sintering
is very challenging. This is especially true in ceramics where coarsening mechanisms activate and
dominate at lower temperatures than densification mechanisms.

This has led to several novel

approaches to sintering. The most common approach is liquid phase sintering in which the powder is
doped with another species which will liquefy at sintering temperatures. The liquid phase will assist
accelerate mass transfer from grain boundaries to necks speeding up the densification of the ceramic.
The dopant may also act to accelerate other densification mechanisms such as pore migration and grain
boundary diffusion. This method is used extensively in heavily covalent ceramics such as SiC and Si3N4,
which would not reach 100% density in a timely matter without a dopant. It has also been employed to
densify alumina by doping with magnesia or zirconia species [19].
A second method is to apply pressure to the green body while sintering. This process is known as hot
pressing and pressure can be applied either uniaxially or isostatically [135]. The increased pressure
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supplements the capillary driving force at the contact area between particles [136]. The overall pressure
at the contact point can be express by equation (39)
(39)

Where P is the overall pressure and Pa is the applied pressure. The first term represents the pressure at
the neck due to capillary forces and the second term is the additional pressure at the neck due to the
applied pressure. An applied pressure of around 70 MPa will increase driving force of densification of a
single phase system of 1 μm particles by 20 times. Furthermore applied pressure increases the driving
force for densification without increasing the driving force for coarsening mechanisms [19].
A third technique is electric field assisted sintering (EFS) which is also called spark plasma sintering has
been used to sinter ceramics to full density in very short time periods [137].. This technique compresses
the sample between two graphite dies and pulses a strong DC current across them. This is a relatively
new technique and is not fully understood. EFS is a promising method, however, the technique so far is
only able to produce simple shapes and is therefore not suited to near net shaping production and will
not be covered in depth in this thesis.
A final approach is to use several different thermal and pressure profiles throughout the sintering
process. This method is often called two stage sintering and may take several forms. The most common
form is to rapidly heat the sample to its regular sintering temperature and hold it there briefly before
reducing the temperature to a lower level and soaking the sample for a while. The goal of this method is
to complete the initial and secondary stages of sintering at the elevated temperature and then to bring
the sample to a temperature at which final stage densification mechanisms will still be active but
coarsening mechanisms will be reduced [138]. A second form of the two stage sintering soaks the
sample at the lower temperature for a long period first and then brings the sample to the elevated
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temperature for a shorter soak time to densify it. This technique relies on Ostwald ripening during the
initial soak period to homogenize the particle sizes throughout the ceramic so that densification can
proceed rapidly at the elevated temperature without flaws due to larger grains growing at a much
greater rate than smaller ones [139] . A third two stage sintering technique is to soak the sample at an
elevated temperature in a pressureless atmosphere until all the surface pores are sealed. The sample is
then HIPed, with the goal being to accrue the benefits of HIPing without the difficulties of mold design
and to allow near net shaped pieces to be HIPed [140].
The rate at which the ceramic sinters is of practical interest, because the amount of time required from
sintering can be calculated from the rate. One method is known as the Master Sintering Curve (MSC)
method, and the other relies on understanding the activities of the species at the sintering temperature.
In the MSC method, the linear shrinkage rate of the powder compact is related to material and
thermodynamic properties through equation (40)

(

(40)

)

Where γ is the surface energy, Ω is the atomic volume, k is the Boltzmann constant, T is the absolute
temperature, G is the mean grain size, t is the time, L is the sample length, Dv and Dbo are the
coeffecients of volume and grain boundary diffusion, ζ is the thickness of the grain boundary, and Γv and
Γbo are scaling parameters which are related to geometric features. In MSC methodology, equation (39)
can be simplified by assuming that one sintering mechanism dominates, either grain boundary or
volume diffusion, and that the microstructure will evolve based solely on density.

After some

manipulation the simplified equation is presented as equation (41)

∫

( ( ))
( )

∫
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(

)

(41)

Where Q is the activation energy of the sintering process, DO is the diffusion constant, ρ is the density of
the sample and n takes the value of 3 for volume diffusion and 4 for grain boundary diffusion.

To

determine the master sintering curve, several different samples of the same powder are heated at
different rates while undergoing dilometric measuring.

The density of the ceramic under various

heating profiles is matched against the right hand of equation (41). An example of a master sintering
curve is given in Figure 35.

Figure 35: Master sintering curve of 8% Yttria partially stabalized ZrO2

The MSC method can be used to predict activation energy for the primary sintering mechanism as well
as predict the time required to reach full density.
An empirical examination of sintering has shown that in simple systems porosity can be related to grain
growth through the expression given in equation (42)
(42)
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In this equation G is final grain size, θ is a constant having the value of 0.6 for simple systems with
spherical uniform grains, Go is the initial grain size and ψ is the porosity. A second formula for the rate
of grain growth can be combined with equation (42) to calculate the sintering time required [141].
Densification can also be expressed in terms of Q, the lowest activation energy for the different diffusion
mechanisms, T, absolute temperature, d and n, grain size and a constant which is 3 if the diffusion
mechanism is lattice controlled and 4 if it is grain boundary controlled and f(ρ), a function based on the
density.

̇

(

) ( )

(43)

(44)

In equation (43) expressing A, C is a constant, γ is surface energy, and V is molar volume. This equation
is useful in comparing densification rates between different mechanisms with different activation
energies. It can also show the effect of grain size upon densification. It should be noted, however, that
grain size may change during densification, and this must be accounted for. Wang and Raj completed a
study to determine the effect of ZrO2 content on the activation energy for sintering of ZTA. Within this
study it was determined that activation energy for sintering will be relatively unchanged at ZrO2 vol% of
between 5% and 95%, and will be larger at those volume fractions than for either pure Al2O3 or ZrO2.
They also examined the effect of 2.8% yttria in the ZrO2 and found it did little to effect the activation
energies [142].
Whiskers present an addition boundary to the formation of fully dense ZTAw due to their interaction
with sinter mechanics. It has been shown that above a certain volume fractions, hard inclusions within a
ceramic matrix may form an inflexible network greatly reducing grain boundary mobility and trapping
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pores within the matrix [143]. Holm and Cima have created a model to study to percolation of a whisker
network in 2D;, this model shows the dependence upon aspect ratio and volume fraction and sets the
limit at 27% volume fraction with an aspect ratio of 7 [134]. This model agrees with experimental work
which limits the whisker volume fraction at just below 20% [100].

72

3. 0 Summary and Thesis Objectives
The introduction has outlined the need for new, higher temperature structural materials for the next
generation of gas turbines. CMCs have been identified as likely candidates to replace superalloys, and
the advantages, disadvantages and mechanical properties of many ceramic, and CMC systems has been
reported. A discontinuously reinforced oxide/oxide CMC was selected for this study as a starting point
for research into CMCs at Carleton and the NRC.
As covered in the literature review, SiC whiskers have improved the toughness, strength, and creep
resistance of oxide matrices. At temperatures above 1100°C there is evidence that SiC whiskers oxidize
creating glassy phases and voids which annul the improvements seen at room temperature. This study
investigates the use of mullite whiskers as a reinforcement stage. Mullite whiskers were selected both
for their high temperature stability and the recently reported low temperature production technique
using a molten salt bath. Zirconia toughened alumina was selected for the matrix due to improved
mechanical properties over single oxide phase matrices and high temperature stability. There has been
no reported mullite whisker enhanced zirconia toughened alumina composites in the literature.
Colloidal fabrication was chosen as the production method of choice due to control over interparticle
forces and adaptability to near net shape forming techniques. The microstructures of produced
composites are examined to evaluate the colloidal production method selected. Mechanical properties
and high temperature stability are investigated including flexural strength at room temperature and
1200°C, fracture toughness and hardness at room temperature, and phase stability during thermal
cycling between room temperature and 1200°C.
The objective of this research is to examine the possibility of using mullite whiskers as a stable high
temperature reinforcement of zirconia toughened alumina. This research will examine production
methods to determine a production route which will result in excellent mechanical properties and low
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porosity. The research will measure: room temperature strength, room temperature fracture toughness
and room temperature hardness and compare these results to various ceramic materials currently
available. It will also measure flexural strength at 1200 °C and thermal stability during thermal cycling
from room temperature to 1200 °C. These properties will be measured to examine the stability and
suitability of mullite reinforcement in oxide/oxide discontinuous ceramic matrix composites for high
temperature applications.
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4.0 Materials and Experimental Procedures
The general production route for ZTAw has been guided by published work covered in the literature
review. This chapter will outline the powder selection, modified processing and sintering techniques
and various methods used to characterize the composite and its properties.

4.1 Materials Selection
Commercial powder was selected as the raw material for the ZTA matrix. The powder route was
selected based on its simplicity and the ability to include the whisker phase. The alumina powder used
was ALO-101 from Praxair Canada (99.0% purity, 325 mesh). The zirconia powder used was ZRO-271-3
from Praxair Canada (7.5 wt % Y2O3, Bal. ZrO2, 325 mesh). The chemicals used in the molten salt method
(MSM) to grow the mullite whiskers were sourced from Sigma-Aldrich Canada. Alumina ions within the
salt were provided by Al2(SO4)316H2O. Silica Fume (amorphous SiO2, D50 of 0.2-0.3 μm) provided the
silica ions; the amorphous nature of the silica fume ensures that the silica was able to dissolve within the
salt bath more readily. The D50 measurement given for the silica fume is the log-normal distribution
mass median diameter of the silica particles. The molten flux was created by melting sodium sulfate
(Na2SO4) anhydrous from Fisher Scientific. For the colloidal slurry, the polysaccharide adlayer was
produced by Dextrin (derived from corn) from Sigma-Aldrich Canada. The pH of the slurry was adjusted
using 0.1M HCl acid from Fisher Scientific. The binder used during compaction was created with
polyvinyl alcohol pellets from Sigma Aldrich Canada.

4.2 Molten Salt Method (MSM) Whisker Growth
Section 2.4.2 of the literature review covers the theory behind the molten salt method used to grow the
mullite whiskers. A mixture of SiO2, Al2(SO4)3·16H2O, and Na2SO4 with a weight ratio of 1:8.5:9.5 was
placed within a Fritsch Pulverisette 6 eccentric motion ball mill and milled at 200 rpm for 3 h (the
grinding media was 5mm ZrO2 balls in a ball to mixture weight ratio of 15:1 ; the container was
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hardened steel.) The milling was done to ensure thorough mixing of the MSM precursors so that the
melting reaction occurs uniformly. After milling, the mixture is placed in an alumina crucible with a
covering and heated in the Sentro Tech Corp STT-1600C-4-12 High Temperature Tube Furnace. The
heating profile of the MSM mixture is shown in Figure 36.
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Figure 36: Heating profile for MSM

The ramp up time was determined based on the thermal shock coefficient of the alumina tube and
crucible. The hold time was determined by examining the results of TGA reported by Zhang et al. [129].
The whiskers were recovered by soaking the heat treated mixture in distilled water held at 99 °C. The
distilled water dissolves the Na2SO4 produced and was filtered away from the whiskers through
pressurized filtration system with a 0.1 μm pore filter.
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Figure 37: Filter system used to remove liquid slurry and salt solution. As water runs through the aspirator on the right a
vacuum is formed within the beacon to assist with filtering

The remaining whiskers were placed in another distilled water solution and ultrasonically processed for
30 min to separate individual whiskers which were separated through sedimentation then further
filtered.
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Figure 38: Batch of filtered whiskers before ultrasonic treatment

4.3 Slurry Preparation and Consolidation
To reduce the powder size to a nanometer range a Fritsch Pulverisette 6 high energy ball milling process
was employed. It has been shown that the most effective method of high energy ball milling is a dry
powder process with an eccentric milling pattern [126]. A mixture of alumina and zirconia (85:15 weight
ratio) powders was placed within the ball mill and milled for 8 h at 200 rpm (milling media is 5mm
zirconia balls, 15:1 weight ratio of milling media to mixture). The milled powder was recovered through
a sieving process and a slurry is prepared with the milled power. Dextrin was required to form an
adlayer on the ZTA particles, increasing both steric repulsion and charging of individual particles within
an acidic solution. The dextrin was dissolved in the distilled water in a weight ratio of 5:95, dextrin to
ZTA powder. Once the dextrin was dissolved the ZTA powder was added, the distilled water is topped
up to ensure that total solids content does not make up more than 30% of the volume of the solution.
The volume of ZTA powder was calculated using theoretical density of 85ZTA. For the ZTAw the mullite
whiskers were added in a quantity such that they formed a volume fraction of 20% of the final
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composite. The pH of the slurry was adjusted to 2.0 using HCl acid and the slurry was stirred vigorously
using a magnetic stirrer for 3 h. The liquid was then filtered off with the same pressure filtration system
shown in Figure 37. After filtering, the powder was dried at 120°C for 4 h and then at room temperature
for 24 hours. The dried powder was combined with a 3% PVA solution at a PVA to ZTA ratio of 5:95 (in
weight) using the Pulverisette 6 ball mill without a milling media at 350 rpm for 20 min. The final
powder mixture was placed within hardened steel mold and pressed at 175 MPa for 10 min before
sintering.

Figure 39: Pressed green compact prior to sintering with diameter of 76.2 mm
Table 9: Sample Compositions

Sample

Alumina (wt. %)

Zirconia (wt. %)

Mullite (wt. %)

ZTAn

85

15

0

ZTAw

71.6

12.7

15.6

4.4 Sintering
The sintering temperature profile must be controlled to ensure complete binder burn out and
consolidation to near theoretical density for ZTAn and to at least 92% theoretical density for ZTAw.
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The two organic agents used during processing are Dextrin and PVA.

It has been shown that these

organics will volatize and burn out of the matrix at temperatures above 450°C [144]. When selecting the
temperature profile for binder burnout the ramp time must be controlled to ensure volatization is not
too rapid, creating pores with high pressure gas and undermining the integrity of the green compact
[124]. The atmosphere must also be taken into account; if there is insufficient free oxygen a carbon
based residue will form within the sintered ceramic which will reduce the desired properties [145] [146].
The original sinter profile used to fire the samples is given in Figure 40a, this firing was undertaken in an
argon atmosphere at standard atmospheric pressure using CFV900 Turbo vacuum furnace from Oxygon
Industries. Earlier samples fired in an argon atmosphere showed signs of carbon residue (from pyrolysis)
as evidenced by Figure 40b.
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Figure 40: (a) Original sinter profile for ZTAn and ZTAw (b) ZTAn sample after sinter profile 1, with black carbon residue
patches

The ramp up and final soak temperature are dependent upon the microstructure and chemical
properties of the green compact as shown in section 2.4.3. A final temperature of 1600°C and a soak
time of 4h did not produce the desired results, therefore the procedure was adjusted to include a slow
ramped burn-out phase in a standard atmosphere furnace followed by a slow ramp to 1600°C in the
CFV900 Turbo vacuum furnace and a dwell time of 20 hours with a controlled cool down. To prevent
damage to the green compact during burnout a ramp up rate of 1°C/min was used to a burn out
temperature of 800°C, with a cool down rate of 4°C/min. The ramp rate of the vacuum furnace was 4
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°C/min up to 1600 °C and the cool down rate was 10 °C/min; these ramp rates also ensures that smaller
thermal gradients appear within the sample which reduces undesirable warping within the sample
[147]. The dwell temperature was selected based upon previous literature sintering profiles and the
dwell time was selected to ensure a greater density.
The final sintering profile is shown in Figure 41.

Burn out phase (standard atmosphere and pressure)

Temperature (°C)

Sintering phase (argon atmosphere, standard pressure)
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Figure 41: Final sinter profile for ZTAn and ZTAw

A programmable STT-1500-4-12 High Temperature Furnace operating under a standard atmosphere was
used for the burn out phase and the CFV900 Turbo vacuum furnace from Oxygon Industries was used for
the sinter phase.
The secondary sintering phase of ZTAw takes place within a HIP press. A pressure of 480 MPa
and a sintering temperature of 1600 °C for 2 h was used. As covered in section 2.4.3 the increased
pressure of the HIP press allows the composite to reach near theoretical density without increased grain
growth.
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4.5 Characterization
The microstructure and the mechanical properties of the produced samples have been characterized.
The microstructure has been examined to ensure that the processing steps produced the composite as
desired.
4.5.1 Powder Characterization
Powder characterization is undertaken before and after the milling process. The median size and size
distributions of the alumina and zirconia constituents are of primary interest. The degree of mixing and
the presence of soft agglomerates of whiskers, ZrO2 or Al2O3 particles after milling are also important
aspects for process development.
ASTM standard E2651-10 specifies proper powder particle size analysis techniques. The technique
selected for this research was static image analysis. A sample of powder was gathered on carbon tape
and coated with 0.18 nm gold (using an Anatech LTD Hummer VII sputtering machine) since the powder
is non-conductive. A Tescan Vega-II XMU SEM at 20.00 kV (with a tungsten filament) was used to
capture the images. To determine zirconia particle size the quantitative image processing program
ImageJ2 was used [148]. The SEM images were appropriately scaled and then converted into a black
and white image for the particle analysis program, an example of an image after conversion is given in
Figure 42.
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Figure 42: ZTA powder color distribution and conversion to black and white for ZrO2 particle size analysis
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The outlines of the particles counted are shown in Figure 43.

Figure 43: Outlines of particles counted for particle size analysis

The size distributions were then exported into Microsoft Excel and examined on a cumulative diameter
basis with the same method being used to measure zirconia grain size as well. The ImageJ2 particle
analyser could not be used to measure alumina particles and grain sizes because the grey scale gradient
of each alumina particle was too difficult to mask to a black and white scale accurately, and the particles
were overlapping too much to use a color distribution. To measure grain sizes and particles an
automated line intercept method was adapted using ImageJ2 again. An ImageJ2 line plot was used to
detect grain boundaries and where each particle begins or ends based on the level of grey scale. An
example of a line plot is shown in Figures 44a and 44b.
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Figure 44: a) line drawn on SEM image of ZTA and b) corresponding line plot of shading intensity where valleys occur at grain
boundaries and peaks at zirconia grains
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Sharp changes in the grey scale presented on the line plot indicate grain boundaries. An excel algorithm
was used to detect changes in grains and return grain sizes for each sample.

4.5.2 Microstructure of Sintered Samples
The microstructure of post sintered samples is examined using a Tescan Vega-II XMU SEM and a Bruker
D8 Advance X-ray diffractometer. Features of interest include grain size and distribution of the phases;
the size, occurrence, and type of pores present within the microstructure; the chemical composition of
each phase; and the crystal structure of the phases.
4.5.2.1 Scanning Electron Microscopy
Post sintered samples were polished with SiC sand paper with grit sizes 180, 240, 400, 600 before a final
polishing using a 6 μm diamond suspension. To create a greater contrast between the grain boundaries
and grains the samples were thermally etched in an ambient atmosphere at 1200°C for 2 hours [149]. To
conduct electricity samples were coated with 9 nm of Au. Energy dispersive x-ray spectrometer (EDS)
was utilized to examine the chemical compositions in bulk samples as well as each phase. The EDS was
able to determine the elements present but was unable to determine the weight percentage of each
composition due to the conductive coating, the electron build up on the surface of the sample, and the
limited electron spot size. The grain size was determined using the methods covered in section 4.1
4.5.2.2 X-ray Diffraction
XRD was used to examine the crystal structure of the phases of pre-sintered ZTAw and ZTAn powder,
sintered ZTAn, HIPed ZTAw and post-thermal cycled samples. It is important to know how the sintering
affects the crystal structure of the composite. It is also important to determine the effect of the thermal
cycling on the crystal structure. As mentioned in section 2.2.3 and 2.2.6, diffusion of oxygen from
atmosphere to the samples can alter the phases and potentially reduce the properties of the ceramic.
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The XRD was carried out with a Bruker D8 Advance X-ray diffractometer, which is operated at an
accelerating voltage of 40 kV and a current of 40 mA using Co Kα radiation in the 3θ range of 25 - 100°.
4.5.2.3 Porosity
The ability for a sample to HIP properly depends on the nature of porosity in the sample. If pore
networks within the sample are still exposed at the surface then HIPing will have little effect on the
density of the composite.

Remaining pores within the microstructure will also act as stress

concentrators and lead to early failure of the sample, reducing the strength and fracture toughness.
Porosities of the post sintered and post-HIPed samples were determined using Archimedes principle in
distilled water. The weight of dry samples was measured, the samples were then immersed in distilled
water and the weight of the samples was measured again. Finally, samples were removed from the
water and their wet weight was measured. Equations (45) through (47) were used to determine the
density, %theoretical density and the exposed and interconnect pore content.
(
(

)
)

(45)

(46)

(
(

)
)

(47)

Where ρ is the density, %ρ is the %theoretical density, ρth is the theoretical density, A is the mass of the
specimen in air, B is the density of the distilled water, F is the mass of the specimen in water with the
support mass tarred, AP is the open and interconnected pore content, and C is the mass of the specimen
saturated with water.
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4.6 Room Temperature Testing
The two mechanical properties of greatest interest at room temperature are flexural strength and
fracture toughness.
4.6.1 Strength
A three point bending fixture was used to determine the flexural strength of the composite. ZTAn and
ZTAw bars of 45 mm (length) x 3 mm (thickness) x 4 mm (width) were produced by diamond blade
sectioning of sintered disks. Surface defects can have a large effect on the measured strength due to
their ability to concentrate stress. To reduce the likelihood of surface defects samples were polished
using the same polishing schedule outlined in section 4.2.1. These samples were then placed within a 3
point bending frame with a span of 20 mm and bearing diameter of 3.5 mm.

Figure 45: 3-point bending rig for room temperature flexural testing
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The bending test was set up on an MTS test frame, controlled with Testware software. A maximum
displacement rate of 0.5 mm/min was set and the corresponding force vs. displacement was plotted.
The fracture strength was calculated using formula (48) and the elastic modulus of the sample was
calculated using equation (49).

(48)

(49)

Where σ is the maximum stress within the sample, P is the force measured when the sample fractures, L
is the span, w is the width, z is the thickness of the sample, E is the elastic modulus and s is the slope of
the linear portion of the force/displacement plot generated from the test.
4.6.2 Fracture Toughness
A modified indentation test was used to determine the fracture toughness of the samples. This
technique, developed by Palmqvist in 1957 and later refined by Ponton and Rawlings [150] [151] [152],
estimates the fracture toughness by examining micro cracks caused by a micro indenter. The size of the
crack can be correlated to the material’s hardness and elastic modulus and a value for the resistance to
crack growth can be determined.

90

Figure 46: Theoretical crack shape caused by a micro indentation [153]

This method depends upon the assumptions that the plastic zone in relation to the crack size is very
small, and that the crack shape is half –penny. Gong has further adapted the process, incorporating true
hardness into the fracture toughness equation for a closer fit to results from notched bending tests
[153].
(

)

(

(

(

)

)

)

( ⁄

(50)
(51)

)

(52)

Where P is the force used to indent the specimen, ϕi terms are curve fitting coefficients, H is the
calculated hardness, K is the fracture toughness, E is the elastic modulus, a is the half width of the
imprint left by the micro-indenter and c is half the length of the crack created by the indenter. Where E
was determined through the three-point bending test from section 4.2.1.
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4.7 High Temperature Testing
The high temperature mechanical properties of particular interest flexural strength and creep
resistance. High temperature fatigue is another property of interest; however, characterizing the
fatigue is beyond the scope of the current thesis. Creep characterization was also delayed due to force
control issues caused by the load cell.

The temperature range of 1200 °C for measuring high

temperature properties was selected as a benchmark temperature above the current 1100 °C limit of
oxide based porous CMCs.
4.7.1 Strength
The determination of high temperature strength follows a similar procedure as the determination of
room temperature strength. ASTM standard 1211-02 stipulates that the temperature must be held at
the desired temperature within ±2°C for the duration of the strength test. A customized Applied Test
Systems rig was used to determine the material’s strength at 1200°C. Type B-thermocouples were used
to control the temperature within the furnace which has a range up to 1700°C while a type Sthermocouple was used to report the test temperature. Silicon carbide bending fixtures were supplied
to comply with the at-temperature strength and hardness specifications of ASTM C1211 – 02. The span
was 40 mm, with bearing diameter of 3.5 mm.

An MTS test frame supported the set-up with

hydraulically controlled armatures to supply the force. Figure 47 shows the high temperature bend test
equipment.
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Figure 47: High temperature 3-point bending fixture and surrounding furnace

4.8 Cyclic Testing
The sample is subjected to cyclic thermal loading condition to test the thermal stability of the phases as
well as thermal fatigue lifecycle of the sample. 12 polished samples of ZTAw were placed in a CM Inc.
Rapid Temp Furnace and cycled using to profile of a 10min ramp up to 1200°C, soak for 40 min then fan
cooling to room temperature for 45 min. The samples were visually inspected after every cycle for the
first 5 cycles, and then at specified cycle intervals until 450 cycles were reached. Any cracks or other
features of note were inspected under the SEM for a closer analysis.
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Figure 48: Cyclic thermal test equipment a) samples cycling from the furnace, heat shield intact b) heat shield open showing
samples on porous alumina slab

Samples were examined for change in mass after cycles 1, 2, 3, 4, 10, 50, 100, 250, 300, 350, 400 and
450 cycles. XRD scans were taken of a sample after 250 and 450 cycles. The measurement of the
change in mass was used as a quick test to examine if any oxidation or volatization has occurred. XRD
was used to determine the evolution of the crystalline phases, further SEM analysis was conducted to
support the XRD results.
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5.0 Results and Discussion
The characteristics of the ground powder, the effectiveness of the production route and the desired
mechanical properties have been measured and will be presented in this section. A brief discussion of
the results obtained will also be presented here.

5.1 Powder Characterization
A mixture of 85 wt % alumina powder and 15 wt% stabilized zirconia were mixed by dry ball milling for 8
hours. Figure 49 shows the mixture of the powders prior to milling. And Figures 50-54 show the powder
mixture after 1 h, 2 h, and 8 h of dry milling at 200 rpm.

Figure 49: 85 wt.% Al2O3 powder and 15 wt.% ZrO2 powder prior to ball milling. Zirconia agglomerates are circled in yellow
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Figure 50: 85 wt% Al2O3 powder and 15 wt% ZrO2 powder after 1 hour of ball milling

Figure 51: 85 wt% Al2O3 powder and 15 wt% ZrO2 powder after 2 hours of ball milling
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Figure 52: 85 wt.% Al2O3 powder and 15 wt.% ZrO2 powder after 2 hours of ball milling shown with a color distribution to
highlight the two phases (blue=alumina and yellow=zirconia black/grey=background)

Figure 53: 85 wt.% Al2O3 powder and 15 wt.% ZrO2 powder after 8 hours of ball milling

97

Figure 54: 85 wt.% Al2O3 powder and 15 wt.% ZrO2 powder after 8 hours of ball milling shown with a color distribution to
highlight the two phases (blue =alumina, yellow=zirconia, black=background)

It can be seen from the images that the pre-milled powder contains agglomerations and is hardly mixed.
After 2 h of milling reduction of powder size undergoes diminishing returns. Figures 52 and 54 use a
coloration program to highlight the level of mixing of the two powders. The teal colour exhibits the
alumina phase while the yellow shows the zirconia phase. The average particle sizes of the alumina and
zirconia powders as a function of ball milling time are summarized in Table 10. The cumulative
distribution vs. size of alumina and zirconia particles for the 6 different milling times have been plotted
in Figures 55 and 56.
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Table 10: Average particle sizes after 8 h of dry ball milling

Al2O3 Average Particle

ZrO2 Average Particle

Size (μm)

Size (μm)

0.25

4.33

1.41

0.5

5.01

1.98

1

3.99

0.93

2

4.37

0.65

4

2.47

0.25

8

2.97

0.23

Time in Mill (h)

99

100%
90%

Cumulative Percentage (%)

80%
70%
60%

15min
30 min

50%

1 hour
2 hour

40%

4 hour
30%

8 hour

20%
10%
0%
0.1

1

10
Particle Diameter (μm)

Figure 55: Cumulative mass percentage vs. diameter size for Al2O3 particles
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Figure 56: Cumulative mass percentage vs. diameter size for ZrO2 particles

From these plots the D50 particle size parameter can be determined for both oxides.
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Table 11: D50 Sizes of alumina and zirconia after various ball mill times

Time in Mill (h)

Alumina D50 (μm)

Zirconia D50 (μm)

0.25

2.52

0.61

0.5

3.10

0.62

1

2.33

0.63

2

2.52

0.51

4

1.36

0.19

8

1.65

0.17

There are a few conclusions to be drawn from Figures 55 and 56 and Tables 10 and 11. Firstly, for mill
times less than 4 hours, little change occurs in the average particle size and the d50 values. Similarly, 8
hours of milling showed little improvement over 4 hours; therefore, 4-6 hour time frame is selected for
milling the ZTA powder. Large particles remaining after milling is a concern due to weak link mechanics
of ceramics. Coarsening during sintering is proportional to grain size, particles with order of magnitude
sizes greater than the D50 will create points of accelerated coarsening leading to weak points within the
matrix; these points have the potential to be the origin of failure. It can be seen that for zirconia, 1 hour
of milling will reduce the largest particle sizes by roughly an order of magnitude. This process isn’t
actually reducing the grain size but breaking up agglomerates as seen in Figures 49 and 50. For alumina,
milling time did not serve to reduce the largest particles detected by any great factor; however, the
difference between the largest particle and the smallest particle of unmilled alumina was not as great as
it was for zirconia. To avoid large alumina particles in future work it is recommended that a new source
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of alumina particles with greater control over sizing is utilized. The batch of alumina used was sized
using a mesh whereas nano-alumina particles produced through a sol-gel method will have a tighter size
distribution. Sol-gel method creates particles through the precipitation of oxide from a gelled solution.
The ability to control growth time allows for greater control of the products and a much tighter particle
diameter distribution.
5.1.1 Whisker Characterization
Figure 57 shows the mullite whiskers produced by the molten salt method. Individual whiskers have
clustered together to form an agglomerate. Agglomeration of the whiskers is expected due to van der
Waal forces compounded by high specific surface areas. For rod shaped objects the surface area (SA) to
volume (Vol) ratio is shown in equation (55) which can be simplified to equation (56).
(55)

(56)

It can be seen that the ratio will vary by 2/r, as the radius of the whiskers decreases the ratio will
increase. The whiskers produced have radii between 10 nm and 0.5 μm which means they will have
SA/Vol ratios between 2x105 and 4x104 cm2/cm3. This can be compared to alumina and zirconia powder
SA/vol ratios of 3.6x103 and 2.5x104 cm2/cm3 respectively.

Experiments by Rance et al. have

demonstrated that van der Waals forces obey a quadratic dependence upon surface area [154],
therefore the greater SA/Vol of whiskers leads to greater attractive forces between whiskers.
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Figure 57: Agglomerated whiskers produced using the molten salt method

Another issue encountered with the mullite whiskers was the growth of multiple whiskers branching in
different directions from a single seed as shown in Figure 58.

Figure 58: Mullite whisker with several secondary whiskers branching out

When experimenting with different sources of silica, Zhang et al. found that mullite whiskers grown
from crystallised silica (quartz) rather than amorphous silica will form spike balls of whisker rather than
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individual whiskers, this is due to quartz not completely melting and forming an inhomogeneous mixture
in the salt bath as well as surfaces for whiskers to grow from [129]. The occurrence of branched
whiskers shown in Figure 58 suggests that there was either a level of inhomogeneity within the molten
salt mixture or unmelted silica surfaces for whiskers to form on. The branched nature rather than the
centralised spike ball nature of the whiskers suggest that inhomogeneity is likely the reason.
Furthermore, evidence of residual silica fume can be seen within Figure 59 showing that some reactants
remain after the full 3 hours of 1000 °C.

Figure 59: A second SEM image of whiskers produced using molten salt method with evidence of residual amorphous silica
(as pointed by arrows)

Work by Wang et al. shows that the mullite whisker forming reaction is spontaneous after 750°C;
however, little work has been done to measure and optimize the reaction kinetics to ensure high
whisker yield [131]. This could be an area of further research if mullite whiskers are found to be an
effective reinforcing material. To remove agglomerations of whiskers, two methods were attempted,
the first method used the ball mill which had been previously used to mill raw powders. The rationale
behind this method was to pulverise clusters of whiskers apart using the kinetic energy of the milling
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media. The second method employed was immersing the whiskers within an ultrasonic bath. SEM
scans of the results of both methods are shown in Figures 60 and 61.

Figure 60: SEM image of mullite whiskers after 150 mins of ball milling at 200 rpm

Figure 61: Whisker clusters deagglomerated through ultrasonic bath technique

It can be seen that the ultrasonic bath is an effective method of agitation to separate whisker clusters.
The ball milling is effective at reducing the length of the whiskers but has trouble separating clusters of
whiskers aligned along c-axis. The ultrasonically processed whiskers show an excellent dispersion in all
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directions. It should also be noted that despite using a sediment settling technique, some non-whisker
content is still present within the deagglomerated whiskers.
Future batches will utilize a more uniform distribution of whiskers with shorter lengths. This will be
accomplished through an extra ball milling stage for the whiskers after the salt has been filtered from
the mixture followed by sedimentary settling and further filtering. Shorter whiskers are less likely to
interfere with growth kinetics while still providing almost the same level of toughening improvement
provided the volume percentage of whiskers is maintained.

5.2 Microstructure of Sintered Samples
The methods outlined in section 4.2 have been utilized to examine the microstructural properties of
interest within sintered and post HIPed samples.
5.2.1 Porosity
Table 12 shows the measured porosity of ZTAn and ZTAw after the initial stage of sintering for both
sintering profiles as well as post HIPed ZTAw.
Table 12: Porosity of Samples after two different sintering profiles

Sintering Profile
1

2

Post-HIP

Sample

Porosity

ZTAn

16.9

ZTAw

16.22

ZTAn

13.2

ZTAw

8.09

ZTAw

3.31
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It can be seen from the table that by altering the sintering profile porosity has been reduced by almost
half before the HIP stage. This is likely due to the reduced ramp up speed controlling the volatization of
the binder and preventing the formation of gas pockets. The increased sintering time at 1600°C also
allows longer diffusion time for the sintering mechanics to proceed which results in a greater density
albeit greater grain size as well. The improved density is especially important for sealing the pore
networks prior to the HIPing stage. The effect of HIPing on the density of ZTAw is clear, with a reduction
of porosity of 4.78% and values approaching the theoretical density. Figures 62 and 63 show the
microstructure of the two composites after the different sinter profiles with a clear improvement of
density and pore network sealing in the second sintering profile.

Figure 62: SEM image of the surface of ZTAw after sintering profile 1
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Figure 63: SEM image of the surface of ZTAw after sintering profile 2

The control over the binder burn out phase also likely improved the density between the two sinter
profiles. To ensure volatization of the organics within the composite the second sinter profile used an
oxygen atmosphere during the early ramp up and burn out phase. Work by Higgins et al. and Masia et
al. has clarified the importance of oxygen in the binder removal process with Masia et al.’s results
showing a 7.6 times reduction in carbon ppm in alumina sintered in air over argon [145] [155]. From a
qualitative perspective, evidence of carbon residue exhibited by black patches within the sample was
greatly reduced using the second sintering profile seen in Figure 64.

Figure 64: ZTAw after second sintering profile with no visible evidence of residual carbon
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5.2.2 Grain Size and Orientation
Figures 65 and 66 show SEM images of the surfaces of ZTAw and ZTAn after the second sintering profile.

Figure 65: Polished and etched ZTAn sample at 1 kx magnification

Figure 66: Polished and etched ZTAw sample at 1 kx magnification
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The linear intercept method was used to estimate the alumina grain size of ZTAn and ZTAw on polished
and etched surfaces while the particle analysis method has been used to estimate the zirconia grain size;
the values are reported in Table 13.
Table 13: Average grain size of ZTAn and ZTAw after sintering

Sample

Al2O3 Grain Size (μm)

ZrO2 Grain Size (μm)

ZTAn

6.71

0.78

ZTAw

5.57

0.69

Smaller grain size is desirable in many materials; in metals the Hall-Petch relation given by equation (57)
links grain sizes to strength in an inverse fashion.
(57)

Where k is the strengthening coefficient, d is the grain size and x is a material specific exponent [156]. In
ceramics the smaller grain size is correlated with less surface defects which also increases the strength
[157]. The changes in grain size vs. particle size due to coarsening effects during sintering and HIPing are
shown in Table 14.
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Table 14: Change in size between particles and grains after sintering of ZTAn and ZTAw

Sample

Al2O3 (% increase)

ZrO2 (% increase)

ZTAn

126

239

ZTAw

87.5

200

Figure 67 highlights the positioning of secondary phases within ZTAw. The zirconia phase situated at the
triple points helps pin the grain boundaries of the alumina phase and both prevents grain growth and
reduces the strain rate of secondary stage creep [158]. Using equation (42) from section 3.4 one would
expect pure alumina with a particle size of 2.97 μm to have a grain size of 9.81 μm at 3.3 % porosity,
which is almost twice the average grain size measured, showing the contribution of ZrO2 to grain growth
retardation.

Figure 67: SEM image of ZTA showing ZrO2 located at triple points of Al2O3, 1000 times magnification

The mullite whiskers are expected to play a role in preventing sintering and reducing creep. An example
of an agglomeration of mullite whiskers leading to reduced density is shown in Figure 68.
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Figure 68: Clustered whiskers preventing ZTAw densification

The whiskers were effective at preventing contact between adjacent particles and delaying sintering
process. Some whisker clusters allowed effective densification as shown in Figure 69 where the
surrounding particles were able to maintain contact during sintering.

Figure 69: Clustered whiskers allowing ZTAw densification

To allow for densification, particles between the whisker clusters must be able to contact and the
whiskers must be able to adjust to each other without forming a network as covered in section 2.3.4.
One method which may be explored in the future would be to examine the zeta potential of the
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whiskers and tune the acidity of the solution so that the whiskers and particles have opposite charges,
this would ensure that particles are attracted to the whiskers, coating them and preventing large
whisker networks from forming prior to and during sintering.
Another issue which can occur is agglomeration of particles themselves. In the current iteration of
processing method this issue predominantly occurred during the drying stage after filtration. These
agglomerates sinter faster than the surrounding matrix and create large areas of local porosity as they
pull away from the rest of the matrix. Evidence that this may have occurred in the second sintering
batch is shown in Figure 70.

Figure 70: A microstructural defect characterised by increased porosity

As with the whisker agglomerates, these areas may act equivalent to a large void within the matrix most
likely acting as a fracture initiating weak point. In future studies several methods will be employed to
prevent this issue. One method is to add a sifting step after the PVA has been applied, this should
prevent large agglomerates from being incorporated into the green compact. A second method to be
explored is to add the PVA to the acidic slurry then filter the liquid content using a circular filter with the
same diameter as the press. The tight packing of the particles during filtering would be preserved
during the cold pressing, removing the likelihood of individual tightly packed agglomerates surviving
through the PVA application process.
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5.2.3 Crystal Structures of the Phases
The XRD scans of the powder and the sintered ZTAn and ZTAw samples can be seen in Figures 71 to 76.
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Figure 71: XRD spectrum of ZTAn powder
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Figure 72: XRD spectrum of ZTAn sample post-sintering
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Figure 73: XRD spectrum of ZTAn powder with sintered ZTAn overlaid to show phase changes during sintering
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Figure 74: XRD spectrum of ZTAw powder prior to sintering
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Figure 75: XRD spectrum of ZTAw post HIP process
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Figure 76: XRD spectrum of ZTAn powder with sintered ZTAn overlaid to show phase changes during sintering

ZTAn powder primarily is made up of α-alumina and cubic-zirconia. The ZTAw powder shows a similar
composition as ZTAn; however, there are several peaks representing the orthorhombic-mullite phase
which makes up the whiskers. The XRD spectra of the sintered samples are compared to the powder
samples to determine phase changes occurred during the sintering stage. Evidence of amorphous silica
or yttria in the ZTAw would suggest that the mullite whiskers are reacting with other oxides within the
matrix during the heat treatment. The formation of glassy phases is undesirable since it would reduce
the creep strengthening property of the whiskers and negatively affect the high temperature lifetime of
the material [159] [160]. Figures 73 and 76 show XRD spectra of the powder and the sintered sample.
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In Figure 73 the formation of monoclinic phase can be clearly seen. The phase diagram of yttrium
stabilised zirconia is shown in Figure 77. The phase diagram shows that only cubic phase should appear
during sintering; however, during cooling from sintering temperature and when cooling rate is
sufficiently low, cubic phase will transform to tetragonal phase and then monoclinic phase
(cc+tc+m). Work by Lakiza and Lopato has shown that the alumina-zirconia-yttria system will not
produce any ternary products at the concentrations used in this work (Figure 78) [161].

Figure 77: Phase diagram zirconia rich region of the zirconia-yttria system, ● represents compositions and temperatures
which will result in monoclinic-cubic mixtures of ZrO2 at room temperature, whereas ▪ represents tetragonal + monoclinic,
and ○ represents cubic. The red star represents the samples YSZ at sintering temperature [162]
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Figure 78: Phase diagram of 85%Al2O3-15%ZrO2-Y2O3 system [161]

Impurities introduced during processing would also alter the X-ray diffraction peaks, either by altering
the lattice spacing and crystal structure of the constituents if the impurity is dissolved by an already
present phase, or by creating new products/phases.
5.2.4 EDS analysis results
EDS spectra of ZTAn and ZTAw are shown in Figures 80 and 82. It should be noted that an Au coating was
used to provide conductivity during the SEM examination so while the presence of chemical
constituents should be accurate, the weight percentages given by the EDS will be incorrect (as Au signal
is also collected during EDS scans). Figure 80 confirms the presence of Al, Zr and O in the ZTAn sample
while Figure 82 clearly shows the elemental presence of Si, Al and O in the whiskers. Steel
contamination was one concern due to the steel container used during ball milling; however, no traces
of iron or carbon were detected in the sintered samples.
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Figure 79: ZTAn area scanned for EDS analysis

Figure 80: EDS analysis of ZTAn
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Figure 81: Area scanned for ZTAw analysis

Figure 82: EDS analysis of ZTAw

5.3 Room Temperature Mechanical Properties
The flexural strength and fracture toughness of ZTAn and ZTAw have been tested using a 3 point bend
fixture and a microindenter. The results are presented in the following sections.
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5.3.1 Room Temperature Flexural Strength of the Composites
Room temperature strength was measured for the two different sintering profiles reported in section
4.4. The Strength results from the first sintering profile are reported in Table 15.
Table 15: Flexural Strengths of Samples Sintered Using Sintering Profile 1

Sample
ZTAn

ZTAw

Flexural Strength (MPa)

1

22.44

2

17.77

3

23.86

4

32.26

1

39.52

2

56.04

3

39.87

4

54.33

5

39.55

6

27.40

The low reported strengths led to the adoption of the second sintering profile, the strengths of the
samples tested using the second sintering profile are reported in Table 16.
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Table 16: Flexural Strengths of Samples Sintered Using Sintering Profile 2

Sample
ZTAn

ZTAw

Flexural Strength (MPa)

1

44.47

2

80.61

3

61.12

4

69.55

5

51.15

6

65.62

7

54.75

8

66.44

1

107.54

2

160.94

3

107.84

4

200.90

5

106.69

6

130.65

The average measured flexural strength of the two composites are reported in Table 17. An example of
a stress strain curve is reported in Figure 83, this curve shows linear elastic behaviour until failure which
justifies the use of equation (48) from section 4.6.1.
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Figure 83: Load-Displacement Curve of ZTAw Sample 3

Table 17: Flexural strength values of ZTAn and ZTAw after 2 different sintering profiles

Sintering

Elastic Modulus,

Strength, Flexural

E (GPa)

strength, σf (MPa)

ZTAn

11.78

24.09

ZTAw

13.47

42.78

ZTAn

72.14 ± 2.05

61.71 ± 0.99

ZTAw

76.06 ± 1.42

135.76 ± 1.30

Sample
Profile
1

2

The first set of strengths and elastic moduli given in Table 15 are for samples sintered using profile 1.
Due to the high porosity present in the samples, the strength values measured are far below what was
an expected strength in the range of 350 to 600 MPa based upon ZTA strength values from the reviewed
literature [54]. Furthermore, samples may have experienced internal crushing during the flexural test,
as such the reported elastic modulus values may not be accurate. The second sintered samples (profile
127

2) display higher densities and behaviour closer to what was expected although strength values are still
low, especially when compared to the desired properties 425 MPa from section 2.2.1. To improve the
strength further, fabrication techniques will need to be refined to reduce and eliminate flaws within the
microstructure. It can be seen in Figure 70 that even with the improved sinter profile, there are still
areas within the sample where flaws are concentrated. Despite the low reported strengths, the
improvement in flexural strength provided by incorporating whiskers is clearly seen in Table 17.
As covered in sections 2.2.1, 2.2.2, and 2.2.7 the strength of a ceramic or discontinuously reinforced
CMC will be closely related to the fracture strength and flaw sizes. Using equation (8) from section 2.2.2
and the reported toughness in section 5.3.2 it can be predicted that the average flaw size which caused
the failure was 1.68 mm for ZTAn and 1.05 mm for ZTAw. The flaw shown in Figure 70 is roughly half of
that predicted for the failure of ZTAw, it is possible that larger flaws exist. This is especially true in ZTAn
where the porosity is greater than ZTAw.

If both samples were to have a maximum flaw size of 1.05

mm than a reported strength of 77.97 MPa would be expected for ZTAn. From Table 5 in section 2.3.3 it
can be seen that commercial alumina possess a strength of 380 MPa and fracture toughness of 3.5
MPa∙m1/2 at room temperature, based on these properties the maximum expected flaw size would be
21.5 μm. With an identical maximum flaw size the expected strength of ZTAn and ZTAw would be 545.02
MPa and 948.91 MPa respectively. It can be seen that the large inherent flaws within the produced
ceramic greatly reduce the observed strength.
5.3.2 Microhardness and Fracture Toughness of the Composites at Room Temperature
Figure 84 shows an image of a crack generated during micro-indentation test used to determine the
hardness and fracture toughness. The calculated toughness values for each test are reported in Table
18.
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Table 18: Fracture Toughness measurements of ZTAn and ZTAw

Sample
ZTAn

ZTAw

Fracture Toughness (MPa·m1/2)

1

4.46

2

4.89

3

3.87

4

4.39

5

7.71

6

5.06

7

4.86

8

5.80

9

5.59

10

5.54

11

5.11

12

4.45

13

3.49

1

11.33

2

7.26

3

9.33

4

8.52

5

8.69

6

7.22

7

8.91

8

10.04

9

8.61

10

11.30

11

7.12

12

6.59
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Table 19 shows the calculated average values of hardness and fracture toughness gathered from the
test.

Figure 84: Micro indented ZTAw with microcracks originating at the edges of the indentation (the arrow indicates the crack
propagation from the tips of the diamond impressions)

Table 19: Fracture toughness and hardness of ZTAn and ZTAw

Sample

Fracture Toughness,

Standard

Hardness, Vickers

Standard

K (MPa·m1/2)

Deviation

Hardness, H (GPa)

Deviation

(MPa·m1/2)

(GPa)

ZTAn

5.02 ± 0.21

1.01

10.73

0.26

ZTAw

8.74 ± 0.24

1.50

11.99

0.86

It should be noted that using a micro indenter to determine toughness, while being an accepted test for
brittle materials, will report the localized toughness surrounding the indented area [153]. By sampling
many areas of the ceramic certain degree of confidence was established. However, the true toughness
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of the material is better represented by a notched test which allows global toughening systems to take
effect [163]. For the data presented here over 10 indentations from each sample were taken, and every
indent was spaced at a minimum of 50 μm from any previous locations.
It can be seen from Table 16 the effect the whiskers have on toughening; an increase in fracture
toughness by 74% is realized. This is 37% larger than the predicted value of 2.71 MPa∙m1/2 which was
calculated using formulas (29) and (30) from section 2.3.3. The experimental toughness has exceeded
the predicted toughening increase by an absolute value of 1.01 MPa∙m1/2, greater than that predicted
based on known toughening mechanisms. Additional toughening mechanisms may include stress
concentrations introduced by thermal expansion mismatches between the matrix and the whiskers and
potential crack bowing due to whiskers [100]. The fracture surface of ZTAw was examined for signs of
whisker toughening. Figure 85 shows evidence of whisker pull-out along the fracture surface.

Figure 85: SEM image of ZTAw fracture surface with evidence of whisker pull-out circled

Toughness values of composites from Table 3 show similar values of toughness for ZTAn when compared
to other alumina based composites. The measured toughness of ZTAn was 5.02 MPa∙m1/2 while
Al2O3/10%SiC has of reported toughness of 5.2 MPa∙m1/2, and 72%Al2O3/11%mullite/17%ZrO2 has a
reported toughness of 5.25. Similarly, ZTAw with a reported toughness of 8.74 MPa∙m1/2 can be
compared with Al2O3/20%SiCw which has a reported toughness of 8.7 MPa∙m1/2.
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It can be seen from the results that the whisker content has little effect on the reported hardness.
Work by Nevarez-Rascon et al. [164] has shown similar results while Abdullah et al. [165] have found a
slight increase in hardness due to whisker content. A difference seen in the work of Naverez-Rascon et
al. and Abdullah et al. was weight % of reinforcing whiskers where the former used up to 2 wt% and the
latter 10 wt%. In both cases hardness was correlated much more closely with density. This conclusion is
also supported by the findings of this work.

5.4 High Temperature Mechanical Properties
The expected temperature of operation of the composite has been set to at least 1200°C which is the
expected value for advanced materials within the hot sections of the next generation of gas turbines
(uncoated superalloys can operate up to 1150°C [6]). Secondly, this is also around the operating
temperature for most oxide-oxide fibre based CMCs due to the volatization of SiO2 [166] and the region
where oxide fibres creep becomes unmanageable [78]. Tests to determine the strength, thermal cycling
behaviour and oxidation resistance of the composite have been undertaken at this temperature.
5.4.1 High Temperature Strength of the Composites
Samples were tested in a high temperature bending rig as specified in section 4.4.1. Only samples from
following the second sintering profile were tested at high temperature. The measured strengths are
exhibited in Table 20.
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Table 20: Measure Flexural Strength Values of ZTAn and ZTAw at 1200 °C

Sample
ZTAn

ZTAw

Flexural Strength (MPa)

1

72.42

2

46.81

3

25.97

1

96.83

2

91.18

3

49.73

4

82.74

5

91.51

6

65.04

7

86.60

The averaged values of strength are reported in Table 21.
Table 21: High Temperature and Room Temperature Flexural Strength of ZTAn and ZTAw

Flexural Strength at

Standard

Flexural Strength at

Standard

Room Temperature, σ

Deviation

1200⁰C, σ,HT (MPa)

Deviation

(MPa)

(MPa)

ZTAn

61.71

10.68

52.34 ± 15.72

18.99

ZTAw

135.76

34.94

80.52 ± 13.18

15.72

Sample

(MPa)

The force for the high temperature flexural strength was measured using a 5000 lbf (2.2kN) load cell.
The actual loads which the samples experienced were less than 100 N which caused issues for data
acquisition. This was especially the case when the furnace was in operation because the transformer
within the furnace interfered with the current within the load cell. A 50 Hz Besserer filter was applied to
the load cell signal which reduced the interference range to ±10 N. The flexural strength at high
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temperatures reported here bears this uncertainty. The flexural strengths of ZTAn and ZTAw have
dropped to 78.33% and 59.31% of their room temperature values respectively. The properties for
commercial alumina shown in Table 5 in section 2.3.3 show a 78.95% drop in strength at 1200 °C, which
is similar to that in ZTAn. From the measured flexural strength reported in Table 21, the effect of
whisker additional is clearly demonstrated by a 52% increase although the improvement is not as
significant as that at room temperature.
5.4.2 Thermal Cycling and Oxidation Resistance
The reaction of the composite to thermal cycling has been examined through mass analysis, scanning
electron imaging and XRD analysis. Figure 86 shows the mass change vs. cycle count for 6 samples of
ZTAw for 450 cycles between room temperature and 1200°C with a dwell time of 40 min at 1200°C. The
mass variance reported is the change in mass compared to ZTAw at 0-cycles. ZTAn was not tested during
this round of tests to focus on the oxidation of the whiskers within the matrix. Previous studies on ZTA
compounds have shown very little mass and phase changes during cyclic oxidation [167]. All samples
were polished and cleaned in an ultrasonic bath prior to cyclic test.

Normalised Mass Change (mg/cm2)

0.1
0.05
0
-0.05

1

2

3

4

10

50 100 200 250 300 350 400 450

-0.1
-0.15
-0.2
-0.25
-0.3
-0.35
-0.4

Cycles to 1200°C

Figure 86: Normalised mass change of ZTAw vs. number of cycles from room temperature to 1200°C
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Figure 86 shows that there is a slight changes in mass for up to 10 cycles, with a small mass gain for the
first 3 cycles followed by a slight mass loss. Between 10 and 50 cycles there is a loss in mass which is
maintained through the run-out. This behaviour was not anticipated since all components in composite
are oxides which should be stable within an oxidizing environment at 1200°C. Figures 87 through 91
shows the surface of the samples after 0, 10, 50, 100 and 200 cycles. There are several features noted.
Some surface pores are observed Figure 87. Surface densification seems to have occurred after 10 cycles
due to sintering effect.

Figure 87: SEM image of ZTAw after HIP process at 200 times magnification
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Figure 88: SEM image of ZTAw after 10 cycles

Contrasting Figures 87 and 88 one can see the effect of 10 cycles to 1200⁰C. It is clear that some
densification occurs but there isn’t much evidence of grain growth. This can be seen through both the
sizes of the grains as well as their shape, explored further in Figures 92 to 95.

Figure 89: SEM image of ZTAw after 50 cycles. Red circles point to whiskers.
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Figure 90: SEM image of ZTAw after 100 cycles

Figure 91: SEM image of ZTAw after 200 cycles with whiskers in square boxes and examples of elongated zirconia grains in
circles

Thermal cycling had no effect on the appearance of whiskers on the surface of the samples. The illusion
of this effect is due to the random sampling of the images chosen to exhibit the change in the
microstructure due to cycling. Each sample had areas where surface whiskers were apparent in roughly
the quantity expected in samples with 20 vol% whisker content.
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Figure 92: SEM image of ZTAw before thermal cycling. Red circles highlight zirconia grains and yellow circles highlight
alumina grains. There is no apparent whisker content in this sample.

Figure 93: SEM image of ZTAw after 10 cycles showing densification. Alumina grains circled by yellow and zirconia grains
circled by red. There is no apparent whisker content in this sample
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Figure 94: SEM image of ZTAw after 50 thermal cycles. Purple circles highlight whiskers. Red circles highlight zirconia grains
and yellow circle indicates an alumina grain

Figure 95: SEM image of ZTAw after 100 thermal cycles. Purple circle highlights area of low density due to whiskers. Yellow
circles highlight alumina grains and red circles highlight zirconia grains. The light blue circle shows a contiuous zirconia grain
which has formed between alumina grains. Light green circle shows whisker on the surface

Comparisons between Figures 92 and 93 show the effect of 10 cycles on densification. There is a slight
increase in grain size shown as smaller grains are absorbed by larger grains; the overall grain growth is
retarded by the pinning of alumina grain boundaries by zirconia grains, and the separation of zirconia
grains by alumina grains as covered in the literature in section 2.3.3. Figure 94 shows a polished surface
with mullite whiskers apparent. It can be seen that the whisker orientation is anisotropic which will lead
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non-axis specific toughening. It can also be seen in that zirconia grains will take on an elongated shape
when placed between two larger alumina grains. This highlights the restrictive role alumina grains play
on the growth mechanics of zirconia. This is further underscored in Figure 95 where an abnormally long
zirconia grain is highlighted by a light blue circle. This phenomenon is related to the level of sintering of
the composite, it can be seen that as cycles increase and sintering increase, so too does the number of
elongated zirconia grains. Also seen in Figure 95 is an area of lower density caused by a whisker
network, this is highlighted by a purple circle.

XRD was used to examine the evolution of the crystal structure from initial powder, through sintering
and thermal cycling. The XRD patterns of ZTAw under all four conditions are overlaid in Figure 94 with
the major crystal structures represented by large peaks marked.

140

Figure 96: Progression of XRD scans for ZTAw from powder to 450 thermal cycles

Most of the peaks are similar to Figure 76 from section 5.2.3. In Figure 97 the progression of the phases
at 2θ =25-29° is further examined. One trend to note is the slight increase of monoclinic zirconia after
cycling. Tetragonal and cubic zirconia will transform into monoclinic zirconia. Mullite can also be seen to
further develop through the intensifying of the mullite peaks during sintering, however, during thermal
cycling it can be seen that the mullite content is somewhat reduced. This is especially highlighted in
Figure 99. It can also be seen in Figure 97 that there is a slight growth of crystalline silica phase during
thermal cycling of ZTAw.
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Figure 97: Progression of XRD scans for ZTAw from powder to 450 thermal cycles with magnification of 25-29 region of 2θ
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Figure 98: Progression of XRD scans for ZTAw from powder to 450 thermal cycles with magnification of 30-40 region of 2θ

Figure 98 shows diffraction peaks at 2θ = 30-40°; the formation of more monoclinic zirconia during
sintering is evident, it also shows the formation of zircon (ZrSiO4) at the 2θ=31.5°. Another region of
interest is from 69-74°. Figure 99 shows mullite peak at 2θ=72°, which seems to fade away during
thermal cycling. Judging from Figures 97 through 99, silica and zircon are forming during thermal
cycling. While there may be some amorphous silica within the system from whisker production, XRD
could not conclusively confirm its presence due to the amorphous nature.
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Figure 99: Progression of XRD scans for ZTAw from powder to 450 thermal cycles with magnification of 69-74 region of 2θ

SEM images in Figure 100 provide a view of large diameter whiskers, which were apparent on all the
cyclic samples. These whiskers are present throughout the samples but are visible when located on the
surface. When examined at high magnification in Figure 101, it is clear that there is either a
recrystallization or new phase formation on the larger diameter mullite whiskers which isn’t present on
the shorter whiskers shown in Figure 102.
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Figure 100: SEM image of ZTAw after 50 cycles highlighting a large diameter exposed mullite whisker at 800 x magnification

Figure 101: SEM image of ZTAw after 50 cycles highlighting a large diameter exposed mullite whisker at 10 kx magnification
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Figure 102: SEM image of ZTAw after 200 cycles highlighting several small diameter exposed mullite whiskers at 10 kx
magnification

Although mullite should be stable at 1200°C, excess silica content and environmental attack under the
presence of moisture and alkaline contamination from the molten salt process may induce the
formation of silica hydroxide [166] and subsequent evaporation. An EDS scan of whiskers before their
addition to the composite has revealed some residual Na and C content. The carbon content is a very
small percentage and could be due to carbon deposition by the electron beam.

Figure 103: EDS scan of mullite whiskers prior to inclusion in ZTA composite
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Neither elements were detected during the EDS analysis of ZTAw samples; nevertheless, as can be seen
in section 5.2.3, none of the large diameter whiskers were specifically scanned. Sodium content has
been shown to react with mullite to form alumina and albite, shown in the reaction below. Albite has a
lower melting point than alumina and also volatizes with water vapor content [168].

Studies have also shown corrosion of polycrystalline mullite in water vapor at 1100°C through the
following reaction [169].

(

)

This corrosion of mullite is concentrated along grain boundaries perpendicular to the c-axis, which
would affect whisker bundles but should not harm single crystal whiskers. It is hard to determine
whether Al2O3 content is increasing in the XRD scans due to the majority of the matrix being Al2O3. In a
Co based XRD, albite primarily has peaks at 22°, 27° 2θ. This means that the detection of albite may be
masked by silica. While Figure 101 shows the degradation of large mullite whiskers on the surface of the
composite it is still unclear exactly which path this degradation is taking. Determining the path will be a
subject of further work.
If Na contamination is responsible for the degradation of the mullite whiskers then a couple of methods
could be employed to prevent this issue in future work. One method would include a second whisker
washing stage after ultrasonic separation and filtering of the large whiskers, and a second would be to
acquire the mullite whiskers from a new source such as thermal decomposition or an in-situ reaction.
Vapor degradation of multigrain mullite whiskers won’t cause issues beyond whiskers on the surface of
the composite or connected to the surface through pore networks.
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6.0 Conclusion
In this study, the process to manufacture a mullite whisker enhanced zirconia toughened alumina CMC
material was developed. It was found that the ball milling method was effective in mixing the two
powders (alumina and zirconia) and reducing the agglomeration of zirconia powders if employed for
over 4 hours at 200 rpm. Ball milling did not; however, reduce the grain size of alumina particles in any
significant way. The colloidal process using dextrin as a dispersion agent in acidic media was found to be
able to suspend the ZTA particle mixture prior to filtering. Issues in the processing occurred during the
drying stage after filtration and when PVA binder was added to the dry particles. Agglomerates which
formed during these stages carried through to the green compact and became defects which reduced
the mechanical properties of the ceramic. Further issues occurred using a vacuum furnace for sintering
due to residual carbon remaining in the matrix. This was solved by including a longer organic burn-out
stage in an oxygen atmosphere prior to sintering. Excessive porosity encountered in samples fired
under the first sintering profile was reduced by increasing the holding time from 4 hours to 20 hours and
removing the carbon contamination. Thermal cycling test shows that further sintering would also likely
reduce the porosity.
ZTAn and ZTAw samples with final porosities of 13.2 % and 3.31 % were tested for room temperature and
high temperature mechanical properties. ZTAn reported a flexural strength of 61.71 ± 0.99 MPa at room
temperature and 52.34 ± 15.72 MPa at 1200 °C, a fracture toughness of 5.02 ± 0.21 MPa ∙ m 1/2 (at room
temperature) and a hardness of 10.73 GPa. ZTAw reported a flexural strength of 135.76 ± 1.30 MPa at
room temperature and 80.52 ± 13.18 MPa at 1200°C, a fracture toughness of 8.74 ± 0.24 MPa ∙ m1/2 and
a hardness of 11.99 GPa. The addition of whiskers to ZTAn improved room temperature flexural strength
by 120.0%, high temperature flexural strength by 53.8%, fracture toughness by 74.1%; but it had little
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effect on the hardness. Although high temperature flexural strength was improved by the addition of
whiskers, a greater loss of strength from room temperature to high temperature was seen in the
whisker samples. It is hypothesized that this is caused by the degradation of large whiskers due to alkali
contamination or vapor attack which is covered in more depth in section 5.4.2. ZTAw samples were
cycled between a 40 min at 1200°C and 20 min at room temperature for 450 cycles. A slight increase in
normalised mass was noticed during initial cycles followed by a loss of mass between 10 and 400 cycles
due to possible formation of volatile silicon hydroxide.
In conclusion, mullite whiskers have been shown to improve several key mechanical properties of a
baseline zirconia toughened alumina matrix, although the current ZTAw has not reached a comparable
state to commercial fibre reinforced composites.
processing methods and raw material selections.
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Further research is required to improve both

7.0 Future Work
In order to produce a composite with the desired properties specified in section 2.2 several issues with
production will have to be addressed. The particle size and size distribution can be reduced by using a
different material source. Further iterations of ZTA will utilize MKN-AL2O3-A100 alumina and MKN3YSZ-040 zirconia particles from MKNano (Mississauga, Canada). Issues with agglomeration can be
resolved by further sifting processes or through the use a gel casting techniques which incorporate PVA
addition during slurry process. Whisker agglomeration issues can be resolved by further separation,
filtering and washing steps. When these improvements have been implemented, further mechanical
testing will take place.
For mechanical testing, a sample size of 30 samples per property will be tested to ensure an accurate
statistical distribution for a weibull analysis. Reporting the characteristic strength and wiebull modulus
determined through a weibull analysis is important for both comparing this material to other ceramic
systems as well as giving a better sense of the reliability of the system as described in section 2.2.7. A
smaller load cell will be procured for the high temperature test frame to reduce the error in the
reported load/strength. The smaller load cell will also allow for load control which is necessary for the
creep testing method specified in section 4.4.2. The fracture toughness results will also be verified
against pre-cracked beam tests to ensure localized effects are not influencing the toughness values.
Finally, an acoustic method of determining elastic modulus specified in ASTM standard C1198-09 will be
used to confirm the elastic modulus findings from the flexural test.
Although the mechanical properties may be compromised to certain extent, one of the advantages of
using a discontinuous reinforcing phase is the ability to create small, complex near net shape products.
A CAD impellor has been designed for a gel casting trail, which was subsequently 3-D printed and used
as the negative of a mould (Figure 104). This impellor will serve as a pilot program to determine the
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challenges of forming gel cast parts using ZTAw. This work will also lead to opportunities to investigate
the effect of whiskers on the gel casting process.

Figure 104: Image of CAD designed impellor and 3-D printed impellor negative

Another area of interest which will be investigated is the suitability of ZTAw as a component of EBC for
future SiC/SiC CFCCs or as insulating layer for the thermal barrier coating (TBC) system. As covered in
section 2.3.1 non-oxide/non-oxide CMCs require EBCs to operate in aggressive gas turbine atmospheres.
The current generation of EBCs incorporate mullite and zirconia but do not use whiskers as toughening
agents. The advantage of using ZTAw as part of the TBC system is the increased fracture strength which
will lead to prolonged cyclic oxidation life. Further work will also be examined to see if a self-healing
component can be included within the composite to improve reliability.
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