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ABSTRACT OF THE THESIS

SiC/SiC Fiber-Reinforced Composites: The Effect of Processing, Mechanical Properties,
and Phase Transformation
By
Uriel Santoro
Master of Science
In
Material Science and Engineering
University of California San Diego, 2018
Professor Olivia A. Graeve, Chair

We describe the phase stability and suppressed β→α phase transformation in SiC/SiC
fiber-reinforced composites prepared by spark plasma sintering (SPS), resulting in samples of
>96% relative density and uniform β-SiC microstructure. These samples are compared to
ones produced by a hot pressing (HP) technique that results in samples with ~80% conversion

xiv

to α-SiC hexagonal phases (4H and 6H). The phase transformation in the samples
manufactured by SPS is shown to be significantly retarded due to the influence of lower
sintering temperature, shorter processing time, and higher pressure. In addition, these samples
exhibited hardness values in the range of 22 to 26 GPa, which were higher than those produced
by HP, due to the higher density of the SPS samples, as well as relevant differences in phase
composition. It was demonstrated that the β→α phase transformation is independent of fiber
content in the composites. This study is of special interest for the production of SiC/SiC
composite structures for electronic, structural and nuclear applications.

xv

1. Introduction
1.1. Silicon Carbide
Silicon Carbide (SiC) is a ceramic material containing silicon and carbon, also known
as carborundum. It can be present as a mineral called moissanite or as the synthetic form witch
the first studies were performed by Jöns Berzelius in 1824 1, at that time the properties of this
material were not understood. Eugene Acherson first achieved the growth of SiC
polycrystalline material using electric furnace in 1885 2. He was the first to recognize it as
silicide of carbon and defined the chemical formula as SiC. SiC is found in nature in the form
of meteorites. Therefore, SiC cannot be obtained by mining; it can only be manufactured by
elaborate furnace techniques.
There are more than 250 crystalline structures of SiC 3. SiC is recognized for having a
large family of similar crystalline forms called polytypes, which are variations in crystal forms
of the same chemical compound. Polymorphism is defined as a three-dimensional change by
an alteration of the crystal structure or a variation in the bond angles. Polytypism is a distinct
kind of polymorphism, which can occur in compounds with specific close-packed structures:
on SiC only two dimensions of the unit cell remain constant for each crystal structure, while
the third dimension of the crystal can change perpendicular to the planes achieving a higher
density or close packing of atoms 4. Many of the polycrystalline forms of SiC have proven to
be excellent materials for high temperature, high strength, and abrasion resistant applications.
The structural unit cell of all SiC polytypes is a covalently bonded tetrahedron of four Carbon
atoms with one Silicon atom at the center. Each Carbon atom is surrounded by four Silicon
atoms as presented in Figure 1, with the tetragonal bonding of a Si with the four nearest

1

Carbon neighbors, presenting a 120° angle between each other with a 4.36 Å lattice distance
and 1.89 Å bond length 5. The covalent bonding between silicon and carbon makes SiC a
covalent ceramic rather than an ionic ceramic. Contrasting from ionic bonding, covalent
bonding happens by the distribution of electrons between atoms in a lattice. A schematic of
this sharing behavior in a covalent molecule can be viewed in Figure 1. The tetrahedra
structure is linked through the corners. It is common to use a polytype notation with the letters
C, H and R, which represent cubic, hexagonal and rhombohedral structure, respectively, and
the numerals that represent the closet packed layers in the repeating unit. The most common
polytypes are 3C ,6H , 4H and 2H; the rest of the polytypes is a mixture of these basic
sequences. The only cubic polytype (3C-SiC) is also referred as β-SiC. The most common
polytypes are presented in Figure 2.

a

Figure 1. Silicon Carbide structure and network compound.

2

Figure 2. Representation of the most common SiC Polytypes6.

There is still uncertainty about the kinetics and thermodynamics of polytype creation,
growth, and stability, as well uncertainty in the mechanism that develops the periodic
sequences. β-SiC is a metastable phase which can suffer a phase transformation into one of
the α-polytypes, this transformation, and the resulting microstructure are actively dependent
to the sintering temperature 7-8 applied pressure 9, sintering aids 10, starting polytype powder
composition 11 and sintering atmosphere 12. The phase transformation from β to α in SiC has
been reported in exaggerated grain growth, coarsening and development of anisotropic α-SiC
phase, which typically decrease the fracture toughness dramatically with the increasing α-SiC
content 13.
The SiC presents difficulties when trying to be sintered close to the theoretical density
due to its low sinterability; this is a result of the strong primary bonding between silicon and
carbon atoms in the lattice as well as low self-diffusion rate 14.
SiC due to its covalent bonding exhibits superior mechanical properties, such as low
bulk density, high strength and creep resistance at high temperatures 15, as well as excellent
thermal, electrical, chemical and nuclear properties such as high thermal conductivity, high
wear, low nuclear activation16 and thermal shock resistance17, high oxidation and chemical
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resistance18. 19. The material properties produced by the covalent nature of the bond between
Si and C makes SiC one of the hardest materials behind diamond, cubic boron nitride, and
boron carbide [Shinoda,1999]. Data corresponding to the density and hardness of different
materials are summarized in Table 1.
Table 1. Density and Hardness values from most common refractory ceramics.

Density
(gr/cm3)
Diamond
3.51
Boron Nitride (Cubic)
3.4
Boron Carbide
2.52
Silicon Carbide
3.21
Aluminium oxide
3.93
Titanium Carbide
5.21
Silicon nitride
2.97
Boron Nitride
3.48
Materials

Hardness range
(GPa)
68-98

34-49
28-34
27-29
14-19
17-22
17-22
24-29

Since hardness is directly related to the unique materials’ morphology, crystal
structure, and defects that the material can have, it is difficult to directly compare the hardness
data for different compounds. For this reason, the hardness values in Table 1 are presented as
a range of values.
Due to its great mechanical properties in harsh environments, SiC is used in structural
and mechanical applications [Vassen, 1996]. Some of these applications include cutting tools,
high-temperature gas turbines, H2 generation plants, and armor applications that take benefit
from other than mechanical properties include thermal barrier coatings for aerospace
applications and aeronautical [Maitre,2008], astronomical applications as a reflective
material, chemically resilient parts in cryolitic melts, SiC heating devices, and a coating layer
around nuclear fuel reactors [Yamamoto, 2004]. The prime candidates to benefit from the
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extreme environmental resistant properties are radar and microwave applications along with
other high-power devices [Yamamoto, 2004]. due to its high-temperature wide band-gap
semiconducting properties.
1.2. Spark Plasma Sintering Technology
Spark Plasma Sintering (SPS) is a fairly new sintering method that has gained much
interest in the last decade due to the fact that it allows a fast densification of metallic and
ceramic powders

20, 21, 22, 23, 24, 25, 26, 27, 28

. This technique also commonly known in the

literature as Field Assisted Sintering Technology (FAST), Pulse Electric Current Sintering
(PECS) or Current Activated Pressure Assisted Densification (CAPAD). SPS, however,
remains the most commonly used designation. Differences in designation often depend on the
applied current or voltage (direct current, alternating current, pulsed current, current beats,
high/ low voltage, or combinations)29. However, a study presented in Figure 3 by Graeve et
al. proved that the name with the highest number of hits on the web of science database for
the year 2010 & 2014 is SPS 30.
Bennet et al. observed greater densification of alumina by gas discharge sintering in
1968 and became the first interested in SPS technique 31. At that moment there was no interest
to this process, and for more than 20 years only a few publications related to sintering in the
presence of an electric field were published. The modern established SPS process reemerged
in Japan in the 1990s

14,

and now it is an indubitable alternative to conventional sintering

techniques. The SPS sintering method uses a direct current pulse, while uniaxial pressure is
applied to a hydraulic system. A detailed schematic of the SPS equipment can be found in
Figure 4.

5

Figure 3. Web of Science statistics for spark plasma sintering up to (a) 2010 (b) 2014 [Graeve, 2015].

In the sample assembly, the surface of the graphite die is covered in graphite foil (the
purpose is to protect the die and sample from reacting with each other). Another benefit is that
the graphite layer is electrically conducting and soft (the purpose is to create an electrical
connection between the steel pistons) the graphite die/punches and the sample, while the
uniaxial pressure is applied. A schematic of the graphite dies assembly is shown in Figure 5.
The sample inside the graphite die is heated in two ways: internal heating caused by
Joule heating and external heating when the graphite die resistively heated which then
transfers a heat to the sample. Using high-density current, which is passed through the die
assembly and the sample produces the heat in both cases.

6

Figure 4. (a) A schematic depicting the main components of a current-activated, pressure-assisted densification
(CAPAD) equipment s. (b) A picture of a CAPAD apparatus during an experiment. (Garay, 2010)

Figure 5. Graphite die assembly

7

Figure 6. Sample heating produced by Joule heating and heat transfer [Graeve, 2015].

A schematic that describes the heating of the sample inside the graphite die assembly
is presented in Figure 6. The dual heating is characteristic of the SPS sintering technique.
However, sintering mechanisms occurring during SPS sintering are still not fully understood
due to the complexity of the overall system.
Measuring and controlling the temperature in this process is critical to its efficiency
and success. Placing an optical pyrometer on the graphite punch near the center of the powder
sample is a way to control, monitor and measure the high temperatures involved in SPS
sintering process. Figure 7 demonstrates a comparison between the setup that was used in the
current study (A) and the alternative setup with the pyrometer on the side (B). This setup is
preferred over the alternative setup, due to a higher uniformity on the temperature. The
pyrometer placed at the top of the sintering equipment unit focusing down through a hole in

8

the top pressure puncher looking directly to the sample. The importance of mentioning this is
because some SPS equipment focuses the pyrometer on the outside of the graphite die to
monitor the temperature. Vanmeensal et al. studied the heat distribution in an SPS unit and
stated both theoretically and experimentally that the heat distributions inside a graphite die
are not homogeneous

32

. However, placing the pyrometer on a hole through the top punch,

rather than the outside of the graphite die could monitor the temperatures within the die more
accurately. Trying to avoid temperature gradients on the sintering process is crucial to increase
the reproducibility of the sintering process.
The SPS sintering technique showed outstanding efficiency on the consolidation and
developing of high-density metal, and ceramic nanomaterials, composite materials, fiber
reinforced matrix composites, biomedical materials, functionally gradient materials,
semiconductors with thermoelectric capabilities 33 34 35 36 37.

Figure 7. A schematic of the graphite die corresponding to the optical pyrometer position (A) mounted on the
top, focused on the center of the sample, (B) mounted on the side, focused on the edge.

9

Spark Plasma Sintering remains a predominantly laboratory research stage process,
with only a few exceptions that try to study the capability of the technology to be used in
industry to develop products on a large scale. Figure 8 presents potential industry applications
for the SPS technology.

Figure 8.Different applications from industry on SPS technology 38.

There are many unique SPS’s properties that can be beneficial from an industrial point
of view. The main difference is the use of current along with uniaxial pressure to consolidate
powder or composites. The success of this process has been possible to the clear advantages
over conventional methods (e.g., Hot Press) 39. Which includes a lower sintering temperature,
faster heating rate and shorter holding time; some important features are the possible sintering
of nanostructured powder close to theoretical values with minimized Ostwald ripening
reduced impurity segregation at grain boundaries

10

41

40

,

, cleaner grain boundaries in sintering

ceramic materials 42 and a definite improvement of mass transfer due to the current imposition
43

.
The SPS high sintering rate is achieved due to internal heating of the sample provided

by Joule heating, which can provide a benefit during sintering by using elevated heating rates,
avoiding the grain coarsening low-temperature mechanism, thought surface diffusion 44. The
effect of higher pressure compared to HP, influence the sintering driving force by introducing
another densification mechanism like particle sliding and rearrangement contributing to the
sintering. Simultaneous application of temperature and pressure can produce materials with
similar or better properties than conventional sintering, leading to high-density samples,
shorter sintering times, and less power consumption per sample 45.
It has been estimated that the sintering time needed to achieve 99.9% dense Ti-Al2O3TiC composite by SPS is on the order of 5 minutes, while a similar density requires time on
the order of 5 hours for Hot Press (HP) technique 46. In addition, the power consumption of
SPS is one third of the power needed for conventional sintering techniques like hot pressing
(HP) or hot isostatic pressing (HIP) 47. Later in this project, a more in-depth evaluation of SPS
sintering and conventional HP sintering will be made to study the advantages of SPS sintering.

1.3. SiC/SiC Ceramic Matrix Composites
The major disadvantage in the performance of SiC as a ceramic material is its
sensitivity to thermal and mechanical shocks [48]. For some applications (i.e., structural,
nuclear, aerospace), the brittle nature of monolithic SiC can be the cause of unacceptable
safety risks. One possible solution for mitigating this major disadvantage is to design a silicon
carbide fiber-silicon carbide matrix (SiC/SiC) composite, which can result in higher
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toughness, and damage tolerance (i.e., nonbrittle failure), caused by a deflection of the
propagating crack at the boundary between the fiber and matrix [49]. With composites,
designers can take advantage of the notable features of SiC, including significant hightemperature strength, high hardness, excellent corrosion resistance, high thermal conductivity,
low thermal expansion and low density [50,

51 52 53

,

,

]. Silicon carbide fiber-silicon carbide

matrix (SiC/SiC) composites are an ideal candidate for next-generation nuclear reactor
components, due to its ability to retain thermal and mechanical capabilities intrinsic at hightemperature [54,

55

]. Furthermore, these composites have a potential for use in non-nuclear

applications such as aircraft turbine engines, exhaust components, and rotors/blades [ 56],
where high-temperature stability beyond metallic heat resistant alloys and high strengths are
valued. In addition, heavier metallic alloys such as Inconel with SiC/SiC composites, a
significant improvement in fuel efficiency can be achieved, due to higher SiC combustion
temperature, lower component weight and reduced need for cooling [57]. SiC/SiC composite
manufacturing methods include chemical vapor infiltration (CVI) [58], polymer impregnation
and pyrolysis (PIP) [59], liquid silicon infiltration (LSI), as well as high-temperature
techniques like hot pressing (HP) [60] or hot isostatic pressing (HIP) [61]. However, the
sintered ceramic materials often suffer from a relatively high level of porosity (about 10-20%).
Other drawbacks of conventional sintering techniques include the use of binders [62], sintering
aids which can bring undesired reactions during sintering, as well as long processing cycles
with high temperatures, increasing manufacturing costs [63].

12

1.4. Fiber Coatings
The interface between the matrix and fiber in the most of the CMC reside in a thin
coating layer deposited on the fiber 64.
Models and experiments have been made to study the need and benefits of the
interfaces in CMC and showed that a composite could be beneficial for toughness, lifetime,
strength and creep resistance, especially when a strong interface is used. Not utilizing fiber
coatings can yield unsatisfactory results

65 66

. Matrix-fiber attachment is stronger in

composites made of the same compound, such as SiC/SiC composites, due to their chemical
similarities among fiber and matrix incline them to cohesion. However, in order to reduce
their natural cohesion, a fiber coating is used.
The fiber coating is greatly valued for more than just its mechanical effects. Not only
does it safeguard the fiber from when a crack extends through the matrix, but also provide
thermal protection and a chemically passive barrier for the fibers. Preventing the fiber and
matrix to sinter together during the process.
Other function of the coating is to isolate fibers from the neighbor, promoting a matrix
to fill out in-between fibers. In composites with a strong fiber/coating bonding, the matrix
cracks are dissipated through the sliding of the failed fiber segments, usually called “fiber
pull-out” (cohesive failure mode) into small and branched cracks

67

. The load transfer and

short debonds allow a further fracture, limiting fiber overloading during the matrix cracking.
Leading to an increasing energy adsorption, which provides a damage tolerance strengthening
the composite.
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One of the most common methods to develop a coating in the early years of CMC
development is to let the fiber and matrix species react to form a weak carbon layer as a
consequence of secondary reactions during the composite manufacturing. However, the
resulting composite was limited by their oxidative stability at high temperature 68. A modern
approach is to coat fibers before the composite manufacturing by the chemical vapor
deposition (CVD) or liquid precursor coating methods

69

. The CVD process, brings more

control of coating composition, thickness, morphology by using a gas phase precursor that
reacts at the fiber surface, decomposing and forming the coating. The microstructure and
properties of the coating are directly dependent on the deposition conditions 70, the thickness
can range from nanometers to micrometers, which can be controlled by varying the deposition
rate and time. There is a big catalogue of coating compositions that can be made by CVD,
but the most common are non-oxide coatings of pyrolytic carbon (PyC) and hexagonal boron
nitride (hex-BN), due to their natural capacity to be used in high temperatures without limiting
the process of sintering. On this study, PyC will be used as coating for the SiC fiber as
presented in Figure 9.

Pyrolytic
Carbon

SiC Fiber

Figure 9. SEM micrograph of a SiC fiber coated with PyC by the CVD method.
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1.5. SiC/SiC Ceramic Matrix Composites by SPS
One of the most frequently used material for high-temperature applications is SiC, the
use of SiC ceramics brings great benefits compared to high-temperature alloys, this is due to
its unique properties, such as great hardness, high strength and creep resistance in elevated
temperatures, as well as high thermal conductivity and thermal shock resistance to oxidation
and corrosion 71. However, it is not commonly used as a structural material, due to its brittle
nature, low fracture toughness and high flaw-crack propagation, which limits their
applications 72. To overcome these problems, a fiber reinforced SiC composites have been the
center of research in recent years. SiC/SiC composite is still on the development stage,
however, it shows promising future other high-end technology fields, such as aerospace and
nuclear energy34. For example, the fracture behavior of fiber reinforced Ceramic Matrix
Composites (CMC) have been studied and it is well proven that the addition of fiber
reinforcement increases the flaw-sensitivity in crack deflection, fracture toughness, fiber pullout, and crack branching effects 73. Continuous SiC/SiC composites exhibit a ductile rupture
performance similar to metals

74

. These properties are directly related to the fiber

reinforcement, the interphase design and the matrix manufacture 75.
There are different methods used to manufacture reinforced CMCs. The most
commonly used techniques are chemical vapor infiltration (CVI), melt infiltration (MI),
polymer infiltration and pyrolysis (PIP), hot press (HP) and hot isostatic press (HIP) 28 76 77 78.
The most well-established methods used to fabricate CMCs are CVI, PIP, and MI, however,
the sintered material often results in relatively high level of porosity (about 10-20%).
Additionally, these processes require a long time (hours to days) with high rejection rates 79.
HP or HIP are good alternative techniques to reach a higher density of the composite as well
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as mechanical properties, but both of them also require long processing cycles with high
temperatures and in most cases the use of binders or oxide sintering aids.
1.6. Mechanical testing
1.6.1. Hardness
Hardness is defined as the resistance to indentation, it can also be described as the
resistance to a non-recoverable deformation, fracture or densification, and is measured in units
of stress (Pa, psi). Materials’ deformation can be either elastic or plastic. In materials with
linear elastic deformation, when the stress is applied the material starts to deform, while when
the stress is removed the material will recover to its original form. The plastic deformation
appears when a large load is a used to move farther than the linear elastic region, and the
material is not capable of recover to its original shape 80 81.
Hardness is measured by applying a determined load on a sharp tip to produce an
indentation to the surface of the material. The measurements can be on the macro, micro, and
nanoscale depending on the applied force and the size of the tip. Consequently, microhardness
test acquires its name due to the small area that gets in contact with the sample. Some
limitations that this technique can have are when a material has a non-homogeneous surface;
it is prone to cracking or has a fine structure. Respectively, microhardness measurements are
inaccurate, and cannot fully identify the surface features 82. Hardness magnitude is calculated
by the Equation 1, where the “H” is the hardness, “P” is indentation load and “a” is the
projected dimension of the Vickers indenter.

𝐻=

𝑃
2𝑎2
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(1)

The units used in hardness are load/unit area, meaning units of pressure. Therefore,
we can say that hardness is the pressure needed to make a nonrecovery plastic flow 83.
Hardness is typically used as a quality measurement to evaluate the effects of erosion, wear
and machining damage
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. The Vickers hardness of a ceramic is measured by indenting a

pyramid-shaped tip (Figure 10) and then measuring the diagonal dimensions of the indent to
determine the contact area 43.

Figure 10. Schematic diagram of Vickers indent. Contact area showed in “a” dimensions.

However, the indenter shape changes when a Knoop indenter is used, due to a higher
length to width indenter size ratio of 7:1, which disperse the load over a larger area. The
purpose of using Knoop indenter is not only to change the indentation zone, but also to reduce
the amount of cracking produced when the Vickers indenter is used 85. The Knoop hardness
of a ceramic measures only the length of the long axis and the projected area is calculated
rather than the contact area. These values are greatly dependent on several parameters
associated with the measuring technique, such as the indentation load, dwell time, sample
17

preparation and testing environment 48. The indentation size effect (ISE) is described as the
change of mechanical properties determined by indentation. It was shown that the decrease of
the indent size leads to both increasing hardness and reducing plasticity, determined by
indentation 86. When a large load is applied, the hardness values show a plateau, so in order
to make an accurate measurement, different loads must be used. To characterize the hardness
of a ceramic material, it is important to comprehend ISE, since measured hardness is a value
of the limit of a non-recoverable deformation of a ceramic

87

. The accuracy of this method

will depend on the smoothness of the surface. Additionally, the thickness of the sample needs
to be at least 10 times higher than the indentation depth. Cracking of the surface around the
Vickers impression may alter the shape and clarity of the indentation, which could lead to an
inaccurate measurement
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. External and internal porosity can interfere with the

measurements, especially if the tip falls directly in a large pore. The porosity of ceramics is
correlated with the mechanical properties, therefore reducing the percentage of defects in
ceramic is a common way to increase the hardness 45.
Even though errors in the measurements can be caused by the physical morphology of
the sample and preparation, the biggest source of error comes from the uncertainties with the
measurements of the diagonal length, as well as the equipment calibration, inadequate
magnification power, human error, and poor image quality 89.
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Figure 11. Vickers microhardness indentation technique 54.

1.6.2. Strength
The strength is defined as the ability to withstand an applied load without suffering a
failure of plastic deformation 90. The flexure strength of a ceramic material (σfb) is a degree of
the ultimate strength of continuous fiber-reinforced ceramic composites in the form of
rectangular bars formed directly or cut from sheets, plates or molded shapes undergoing
bending. Another definition is the maximum surface stress existing in a bent beam at the
moment of failure 91. Other common names for flexure strength are bend strength or modulus
of rupture; it is measured in terms of stress units (MPa, psi). A determined load applied to a
material will produce internal forces known as stress. These forces cause deformation
commonly called strain. The strength measures the stress required to break bonds, ultimate
stress the material can handle without suffering fracture.
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Flexure tests offer information on the strength and deformation of materials under
complex flexural stress circumstances. The flexure strength is controlled by some specific
parameters related to the testing procedure, such as environment, strain rate, specimen size,
sample preparation, and fixtures. Additionally, time-dependent properties, such as slow crack
growth and stress corrosion that can interfere with the measurements at room or elevated
temperatures play a significant role

92

. Flexure strength is directly dependent on the sample

resistance to fracture, size and number of flaws. It is worth mentioning that nonlinear stressstrain behavior may develop as the result of cumulative damage process (i.e. matrix cracking,
matrix/fiber debonding, fiber fracture, delamination, etc.), variations on these parameters can
produce errors or lack of consistency in the results for a given test specimen 51. Due to a great
importance of a porosity for the mechanical properties of ceramic materials, reducing the
number of defects is fundamental way to increase the flexure strength. The flexure strength
values do not fluctuate greatly, but they may vary slightly from one measurement or sample
to another, in consequence, is important to consider the experimental errors.
At high temperatures, the creep phenomena behavior changes causing stress relaxation
during the test; the flexure values of a ceramic can change depending on the machining
techniques, materials’ density, grain size, flaws or cracks. The sample preparation can produce
surface machining damage; which can be random interfering or inherent part of the strength
characteristics, , of which either, can lead to slow crack growth, residual stress provoking a
rate dependency of flexural strength.
The flexure strength can be measured using either three points or four-point bending
test; these methods eliminate the gripping problem associated with the specimen. The strength
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is calculated by measuring the load needed the material to failure; it is calculated according
to the equation 2. Where M is the bending moment, Y distance from the neutral axis and I is
the moment of inertia.

𝜎=

𝑀𝑦
𝐼

(2)

Four-point bending test is preferred because the gage section of the sample exposed to
the highest bending moment, as opposed to the three-point configuration, which tends to
overestimate the flexure strength value due to stress concentration accumulated at this point.
Figure 12 demonstrates shear and bending moment diagrams of three and four-point bending
tests.
Shear is presented across the entire bar with an inconsistent moment during the 3points bending test. The shear force is neutralized with a bending moment constant across the
top loading pins for 4-point bending configuration, therefore 4-point bending test provides
more accurate measurements with less influence of shear forces.

21

45

.

Figure 12. Shear and momentum diagrams for Three point (left) and four-point (right) bending.
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2. Experimental Procedure
2.1. Raw material specifications
The raw materials used for this research were obtained by General Atomics
Corporation, located in San Diego, California. The powder used was β-SiC, 45-65 nm size
(US Research Nanomaterials, Inc, US2028, CAS#409-21-2). The powder was free of metallic
impurities or sintering additives. There were no time-consuming processing steps like mixing,
milling, or any other green processing; making this material ideal for the current research.
Figure 13 shows a micrograph of the as received SiC powder.
According to manufacturers' data, the manufacturing method was plasma chemical
vapor deposition (CVD), with a specific surface area of 40-80 m2/g, true density of
3.216g/cm3, and particle size of 45-65nm.

Figure 13. SEM image of as-received β-SiC nanopowder (US2028).
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The SiC fibers used were Tyranno SA (Grade III) (UBE Industries, Ltd., Yamaguchi,
Japan). Tyranno Fiber SA is a polycrystalline SiC fiber with a small volume of Aluminum,
produced by decomposing and sintering of the amorphous Si-Al-C-O fiber. It possess high
tensile strength, great elastic modulus, exhibits no strength degradation or compositional
variations under heating up to 1900°C in an inert atmosphere (or in air up to 1000°C). The
great advantage of this material is its crystallinity and near-stoichiometric SiC composition.
In addition, the absence of oxygen and perfect crystallization makes it a perfect candidate for
fabricating SiC/SiC composites at relatively high temperature and under harsh conditions,
such as SPS.

Figure 14. SiC fiber with PyC coating.
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The SiC fibers were coated by pyrolytic carbon (PyC), using CVD with a methane
precursor. The thickness of the fiber coating was 450nm. Figure 14 shows an SEM image of
the Tyranno-SA SiC fiber coated with PyC, the image demonstrated a good adhesion between
the fibers and coating layers. PyC-coated Tyranno SA fiber tows were used as reinforcement
for SiC/SiC composite fabrication in the current study. Typical properties of the newly
produced (Grade III) Tyranno SA fiber are listed in Table 2.
Table 2. Properties of Tyranno SA Fibers (Grade III) 93.

SiC fiber

C/Si atomic
ratio

Diameter
(µm)

Density
(g/cm3)

Filaments/yarn

Tensile
Strength
(Gpa)

Elastic
Modulus
(Gpa)

Tyranno SA

1.08

7.5

3.1

1600

~2.5

~410

The graphite dies, used for the sintering process of this project were machined with
our specific design by Electrodes Inc. (Milford, Connecticut). On Figure 15 the graphite die
with both plungers is shown along with all the size specifications. The manufacturing material
was high purity, high-density graphite 1-85. This kind of material is engineered to achieve
maximum performance: wear resistance, surface finish and machining detail are commonly
used for electronic, medical and aerospace applications. The graphite dies were 19mm in
diameter; the plunger diameter is 0.25 mm less than the diameter of the die (the graphite paper
sleeve, of thickness =1.5 mm, will be used to line the die). According to manufacturers' data,
the dies present an apparent density of 1.85 g/cm3, electrical resistivity 0.00052 Ohm/in,
flexural strength 13,600 psi, particle size <4µm and 6.21 GPa hardness.
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Figure 15. Graphite die measurement design.

2.2. Material characterization techniques
2.2.1. Electronic Microscopy
Materials were characterized for particle size and shape by field emission
environmental scanning electron microscope (FEI/Phillips, XL30 ESEM, Hillsboro, OR)
providing high resolution (500nm at 20kV) secondary electron images for surface
morphology. Additionally, the solid state Back Scattered Electron Detector can be used to
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accentuate atomic number contrast. Operating the ESEM in environmental mode (low
vacuum) allows the user to image non-conducting samples without metal coating. The system
also has an Oxford EDX system installed for energy dispersive X-ray microanalysis.
In addition, FEI Tecnai G2 Sphera 200KV transmission electron microscopy (TEM)
(FEI Company, Hillsboro, OR) and Ultra High-Resolution scanning electron microscope (FEI
SFEG UHR SEM, Hillsboro, OR) featuring the FEI Sirion column, which enables highresolution secondary electron imaging at low kV. Using UHR mode and the Through Lens
Detector, resolution of 1nm is possible at 10kV or higher and 1.7nm at 1kV. An EDX SDD
(Silicon Drift Detector) system by iXRF is also installed on the UHR SEM for energy
dispersive X-ray microanalysis.
2.2.2. X-Ray Diffraction
The powder composition and crystallographic orientation were determined using a
BRUKER D2 Phase X-ray diffractometer (XRD), with Cu Kα source. The XRD technique
involves directing an incident X-ray beam at the sample. Upon hitting the sample, the X-rays
are elastically scattered due to the long-range order of the crystal structure within the sample.
The intensity of the scattered X-rays is detected and plotted for a range of angles (2θ). The
resulting intensity charted over ranging angles acts as a fingerprint for the material. These
charts are then compared to an extensive database to determine the composition and
crystallographic orientation.
2.2.3. Hardness
The sample’s hardness was evaluated using an LECO LM810AT with a Vicker’s
hardness indenter. The Vicker’s hardness of a ceramics is measured by an indentation of a
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material with a pyramid-shaped tip (see Figure 4) with the subsequent measuring of the
diagonal lengths using an optical microscope. The hardness measures the resistance from a
material to a non-recoverable plastic deformation and can be affected by the density of the
material and imperfections on its surface.
2.2.4. Flexure Stress
The flexure properties of the SiC composite samples were measured using an Instron
electromechanical universal testing machine (model 2519-104) with a 500 N load cell
capacity, from bending tests. The Instron system can be configured with a variety of grips,
flex fixtures, and extensometers to meet the ASTM C1341-13 standard requirements. The
results obtained were corresponding stress and strain. Stress is the load over a material’s
area that will produce known internal forces that can cause fracture due to bending. The
strain is the plastic or elastic deformation caused by the stress.

2.3. Sample Assembly
2.3.1. No Reinforcement Samples
Before sintering, β-SiC US2022 powder provided by General Atomics Corporation
was used to produce non-reinforcement samples. A 2.0 gram target powder mass was used for
all the samples. A 40x60 mm graphite foil was cut and lined to the die inner hole, to cover the
surface that would connect die and sample. For consistency, the die was weighed, the powder
was added directly to the die, while consequently the mass measurement was taken. After the
powders were weighed and recorded, the die assembly was closed and ready for sintering.
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2.3.2. Fiber Reinforced Samples
Before sintering, the material used for this assembly was β-SiC US2022 powder and 9 mm
radius Tyranno SA (Grade III) fiber plies provided by General Atomics Corporation. A 1.0
gram target powder mass was used for all the samples. A 40x60 mm graphite foil was cut and
introduced on the die hole, to cover the surface that will be in contact with the die and sample.
To maintain consistency, the die was weighed, the distribution of the material was made
depending on the fiber volume fraction (FVF) laminates, which is calculated by:
𝑉𝑓 =

𝑚𝑓 𝜌𝑚
𝑚𝑓 𝜌𝑚 + 𝜌𝑓 (𝑚𝑐 − 𝑚𝑓 )

∗ 100%

(9)

𝜌𝑓 = Volume density of the SiC fiber
𝜌𝑚 = Density of the SiC matrix
𝑚𝑐 = Total mass of the sample
𝑚𝑓 = Fiber mass

Using the following order:
•

31.5 %: 0.33g→ 1st plie→ 0.33g→ 2nd Plie→ 0.33g

•

40.8 %: 0.25g→ 1st plie→ 0.25g→ 2nd Plie→ 0.25g→ 3rd Plie→ 0.25g

•

47.9 %: 0.20g→ 1st plie→ 0.20g→ 2nd Plie→ 0.20g→ 3rd Plie→ 0.20g→ 4th Plie→ 0.20g

The powder was added directly to the die, while consequently the mass measurement was
taken. After the powders were weighed and recorded, the die assembly was closed and ready
for sintering.
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2.4. Spark Plasma Sintering
Samples were sintered in an SPS system, model HD D10 made by FCT Systeme
GmbH. This system can fit samples up to 80mm in diameter. The equipment can apply a
maximum force of 200MPa, with a maximum heating rate of 300ºC/min. The system is
operated by a touchscreen interface using the ECS 2000 software package by Stange
Elektronik GmbH.
The highest and lowest temperatures were defined based on the minimum temperature
SiC can be sintered to a relative density greater than 90%, as well as the highest temperature
the fibers could stand without suffering damage. Based on previous experience using SiC on
this equipment, as well as a literature review, the samples were sintered on the temperature
range 1550°C - 1750°C under a uniaxial pressure of 100MPa. The heating rate used for all the
samples was 100°C/min.
The most critical monitored process parameter during the sintering was the
temperature measured by pyrometer or thermocouples. The force applied translated into
pressure across the sample, displacement or die’s piston movement, and time. Other process
parameters were monitored, but will not be discussed in this work.
After the sample assembly was finished, the die was placed inside the SPS system
chamber, between the hydraulic pistons. The graphite die was pressed by the upper and lower
piston. At the same time, a high density current is passed from the upper steel piston, through
the graphite die, the composite and then to the lower piston. The current resistively increases
the temperature of the graphite and the composite, while pressure is applied causing the
composite to densify. During the sintering process, the heat in the pistons is monitored using
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thermocouples; the sample temperature is registered by the pyrometer. To prevent heat loss
or temperature gradient on the sample, the graphite die assembly is wrapped with a carbon
wool material (heat jacket). Once the previous steps were done, the chamber is evacuated to
a pressure of 10-3 Torr. The program starts after the ideal pressure is reached; all samples
manufactured for the current research were sintered under vacuum with no additional gases.
All samples were made following a similar systematic method to reduce any variability.
2.5. Flexural strength
Three-point bend testing was performed on the sintered materials, to find an
improvement in fracture resistivity during loading. The flexural strength test parameters were
adapted from ASTM C1341-13 standard for continuous fiber reinforced advanced ceramic
composites (CFRCC) 94. Specimens were cut in the form of rectangular bars 20mm by 4mm
with their thickness ~1mm. A three-point loading system was employed, with two-fixture
support bars of 5mm in diameter; the force was applied using a loading roller bar between the
supports. A picture of the three-point bend test fixtures and equipment used is shown in Figure
16. Generally, this test method is used for material development, quality control, and material
flexural specific conditions.
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Figure 16. A picture of the 3-point bending test fixtures showing a visible sample bending.

Flexure tests offer data on the strength and deformation of materials under complex
flexural stress conditions. In fiber reinforced advanced ceramic composites the strain-stress
behavior may be caused as a consequence of multiple factors as matrix cracking matrix
cracking, matrix/fiber debonding, fiber fracture or delamination 57. However, to obtain a valid
flexural strength value, the material must fail in the outer fiber surface in compression or
tension, rather than by shear failure.
This is done by maintaining a high ratio between the support span (L) and the
thickness/depth (d) of the test specimen, as presented in table 3. This L/d ratio is kept at values
of ≥16 for 3-point testing. If the span-to-depth ratio is too low, the test specimen may fail in
shear, invalidating the test.
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To keep the correct dimension, for samples with a width higher than 3mm, the width
must not exceed one-fourth of the support span. The length of the specimen should be long
enough to allow an overhanging in the outer support of at least 5% of the support span but in
no case less than 5 mm on each end 52.
Table 3. Recommended dimensions for three-point bending test at 16 to 1 support span to depth ratio.

To identify the possible strengthening mechanism under a precise fracture of the
CFCC, displacement or strain control are the preferred option. However, if a rapid test rate
needs to be used, there may be differences in the fracture process, and these test control modes
may be inappropriate.
Strain rate: Is a method of controlling tests of deformation processes to avoid
runaway conditions, which is an independent variable in a nonlinear mechanism as yielding.
Strain rate can be related to the stress rate by the following equation:
𝜀′ =

𝑑𝜀 𝜎
=
𝑑𝑡 𝐸

t = Time (s)
ε’ = Strain rate (s-1)
E = Elastic modulus (MPa)
σ = Maximum stress rate (MPa)
ε = Maximum strain on the outer fibers
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(3)

For this kind of material, the recommended strain rate is on the order of (1-10) x10-3s-1 to
minimize environmentally and force application rate effects.
Displacement rate: Is the control of the test machine crosshead to mechanically apply
force to the test specimen. Depending on the geometry, cross head displacement is calculated
as follows:

𝐷=

0.167𝜀𝐿2
𝑑

(4)

L = Outer support span (mm)
d = test specimen thickness (mm)
ε = desired strain rate (mm/mm*s)
D = Rate of cross head motion (mm/min)
1000 x10-6 s-1 strain rate is recommended for initial testing.
Flexure stress: The stress experimented by the sample beam when achieving the
maximum tensile, compressive stress, during the flexure test.

𝜎=

3𝑃𝐿
2𝑏𝑑 2

(5)

L = Outer support span (mm)
b = Test specimen width (mm)
d = Test specimen thickness (mm)
P = Force at given point in the test (N)
σ = Maximum stress at a given force (MPa)
Flexure strain: The displacement or deflection produced at a test specimen during
flexure stress.

𝜀=

6𝐷𝑑
𝐿2

L = Outer support span (mm)
d = Test specimen thickness (mm)
D = Deflection at beam center (mm)
ε = Maximum strain in the outer fibers (mm/mm)
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(6)

A schematic representation of the stress-strain behavior of an unreinforced matrix and a CFCC
is presented in Figure 17.

Figure 17. Load-displacement stress-strain curve of CFCC’s 95 .

2.6. Microhardness
The microhardness testing method used for the SiC specimens covers the
determinations of the Vicker’s indentation hardness of advanced ceramics. The method can
be summarized as an indentation hardness test used in a calibrated machine to force a pointed,
square base, with pyramidal diamond indenter having specified angles, under a predetermined
load, into the surface of the SiC tested material, to measure the diagonals projected on the
surface of the resulting impressions after the load removal, which are measured using an
optical microscope.
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Microhardness measurements were made using an LECO LM810AT hardness tester
unit. A picture of the microhardness testing unit can be found in Figure 18. The hardness tests
were done using a Vicker’s hardness indenter, which was previously calibrated using a known
constant. The specimen was cleaned and free of any grease or film, was placed on the stage
of the equipment to secure the sample from rocking or shifting during the measurement.
A mass of 500 ground force (GF) and a hold time of 10 seconds were used during the
testing of all sintered samples. Five iterations were made across the thickness of the sample,
to reduce error and variation that may occur in the radial direction, with a similar distance
between each measured point. This method was used to achieve consistent comparative data
and reduce errors or any variability in the measurements.
Vicker’s indentations results may be influenced by different factors as surface flatness,
parallelism and surface finish. The Vicker’s indenter is likely to cause cracks in advance
ceramics due to its brittle nature, and the cracks may influence the measured hardness by
basically changing the deformation process that contributes to the formation of an impression,
impairing or precluding the measurement of the diagonal length due to caused damage to the
indentation tip or side 52.
Cracking or spalling around Vicker’s impression can happen and change the shape and
clarity, especially for the coarse-grained samples, where the grains can cleave and dislodge.
Porosity on or below the surface can also affect the measurements, especially if the indentation
falls directly onto a large pore.
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Figure 18. Picture of LECO LM810AT microhardness testing unit.

Figure 19. Guidelines for the unacceptable indentations.
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Figure 20. Guidelines for the acceptable indentations.

A representation of the unacceptable indentation methods is presented on Figure 19.
If there is an excessive cracking from the indentation tips and sides, asymmetric marks, large
pore or any other presented on the figure, the indentation shall be discarded from
measurement. The acceptable ways to make an indentation are shown on Figure 20. It is
important to remember that for advanced ceramics, at least five acceptable indentations should
be made to achieve consistent comparative data.
A diamond indenter, with a pyramidal shape, a quadrangular base and an obtuse angle
of 136° between opposite faces, is hard pressed into the material under a load F. Vicker’s
Hardness may be calculated and reported regarding either GPa units or Vicker’s hardness
number and is calculated using the following equation:
𝐹

𝐻𝑣 = 0.1889 𝐿2

(7)

Where L=(X+Y)/2, L is the diagonal is square impressions (mm), X is the horizontal length
(mm), Y is the vertical length (mm), and F is the applied load (N).
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2.7. Sample Preparation
After the sintering, the samples were removed from the graphite die by hand or using
a hydraulic press. The graphite foil was peeled from the surface of the sample and cleaned
with a wire brush. The samples were then polished using a coarse grit to remove the rest of
the foil. Next, the samples were rinsed, cleaned and fried to remove any contaminant present
polishing. The finishing step was to characterize the composite to determine specific
properties like density, microhardness, microstructure and flexural strength.
The density measurements were made on the Mettler Toledo (MS104S/03)
apparatus, the calculations were assessed by the Archimedes method as appears in equation
1, and were measured before cutting any of the disks. To calculate the density the sample
disks were dried in the furnace at ~120°C for 24 hours, followed by recording the dry
weight. Next, the samples were submerged in deionized water, suspended from metal mesh
to secure samples and prevent cracking and keep it under vacuum for 1 hour. The samples
were again weighed while submerged in deionized water to measure the suspended weight.
Finally, the saturated samples were removed from the water, brushed with a damp cloth to
remove surface water, and recorded the saturated weight. The process was performed five
times for each sample to confirm the results

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 =

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 ∗ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟

(8)

After calculating the density, the sample was put through different preparation steps before
bending tests, microhardness and microstructure. These steps involve cutting, mounting and
polishing the samples. The samples were first cut using an electrical discharge machining
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(EDM) precision cutting tool. A picture of the EDM equipment is presented on Figure 22.
The SPS and HP sintered samples were cut in the pattern presented on Figure 21.

Figure 21. Schematic of the cutting pattern for SiC samples .

Figure 22. Picture of the electrical discharge machining equipment used to cut the SiC sample.
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The surface preparation is an important requirement for a valid flexural stress, which
is done by fine polishing to achieve a relatively smooth surface and remove imperfections. In
addition, the test specimens must have a specific test specimen geometry provided by the
ASTM standard to prevent shear fracture instead of bending. For this experiment due to the
high hardness of the SiC sample disks, EDM was used to cut the sample taking advantage of
its great accuracy.
After the bending test was performed, the sample became separated into two pieces
due to the fracture caused by the bending. One of these pieces was selected for microhardness
testing, while the second piece was used for fracture surface analysis.
For more accurate and reproducible results, microhardness testing needs to account for effects
of sample size, preparation, and environment. The thickness of the specimen should be at least
ten times as thick as the indentation depth, it should have a ground and polished surface, the
roughness of the surface should be less than 0.1µm, since extremely rough surfaces may
reduce the accuracy of indentation data, and the test must be performed at room temperature.
To maintain these specifications, the samples were mounted on an epoxy mold to maintain
stability and avoid movement during the test.
Once the samples were mounted, they were ground and polished on an Ted Pella. Inc
XP 8 grinder and polisher tool. A picture can be found in Figure 23. The grinding and
polishing followed specific and systematic steps listed in Table 4. After each step, the samples
were cleaned using soap and isopropyl alcohol to remove media or residues from previous
steps. The samples were also viewed under an optical microscope to confirm scratch removal
after the process.
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Figure 23. Picture of the grinding and polishing machine used to prepare the SiC samples.

Grinding
Abrasive Type

Diamond

SiC

SiC

SiC

SiC

Size
Lubricant type
Speed (RPM)
Time

2mm
water
500
5

400
water
300
5

600
water
150
3

800
water
150
3

1200
water
150
3

Polishing
Diamond
Diamond
Suspension Suspension
3µm
1µm
D-Susp
D-Susp
150
150
1
1

Table 4. Grinding and polishing protocol used to prepare SiC samples.

3. Results and Discussion
3.1. Raw Material Characterization
Although specifications for the powder were provided by General Atomics
Corporation and the vendor, the in-house characterization was performed to confirm their
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data. To determine the size, shape, and distribution of the powder a field emission electron
microscope technique was used. The secondary electron detector was selected to achieve
higher resolution surface images. Even though backscattering detector yields to better
compositional contrast, the secondary electron has a higher sensitive capability.
A small amount of SiC powder was placed on a two-sided carbon tape, the rest of the
powder was removed using compressed air, mounted on the FE-SEM sample holder, and the
samples were impregnated with Iridium to reduce the charging effects. All the samples were
taken at the voltage operating range of 10-20kV, and a working distance of 10mm. The
resolution of the images was clear and provided good topographical contrast.
The powder consists of an even distribution in both size and shape of the particles, as
presented on Figure 24 . This has a beneficial effect on the packing and green density 96; the
particles tend to be in agglomerates of 500 nm. A high level of particle agglomeration can
produce densification problems 97, however the agglomerates in the sample appear to be on
similar size order as the SiC particles. An estimation of the average approximate values has
the particle size as less than 100 um.
Figure 25 shows a TEM micrography of the as-received SiC nanopowder at a much
higher magnification. Thought by the examination of this image it can be determined that the
size of the agglomerates is in the order of a few hundreds of nanometers and the particle sizes
are 30-50nm, presenting a uniform size and shape distribution.
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Figure 24. FE-SEM micrograph the as-received SiC nanopowder. The image shows agglomeration of
approximately 500nm and powder sizes less than ~100nm.

The particle size (agglomerate size) distribution was determined using a light
scattering technique. The process was executed at room temperature for 100 seconds. The
nanopowder was dispersed in a 10 pH buffer solution. The intensity of the scattered light was
detected and processed, to provide statistical information about the particle (agglomerate) size
and range. The initial SiC nanopowder was also tested using X-Ray diffractometer to define
the crystallographic composition and orientation. The X-ray diffraction (XRD) of the asreceived raw material; the intensity of the diffractions was plotted as a function of the angle
(2θ) as presented on Figure 26 . It is clear that obtained spectrum corresponds to β-SiC.
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Figure 25. TEM Micrograph of the as-received SiC nanopowder. The image presents a particle size on the
order of 30-50 nanometers.

Figure 26. XRD results of the pristine SiC powder.
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The experimentally obtained data present a correlation with the standard for SiC-3C.
The peak locations are aligned correctly as well as the intensities of the predominant peaks.
This demonstrates that the pristine material is composed mostly of SiC powder with the cubic
crystallographic structure of the 3C polytype, also known as β-SiC. This polytype is formed
at temperatures below 1700°C [Muranaka, 2008], with the benefit of a higher surface area
compared to α form. The results indicate that the received powder mostly made of cubic
structured β-SiC, with no additives present.
3.2. Monolithic SiC sintering
Using a wide temperature range, the objective is to find the ideal sintering temperature
for the monolithic β-SiC. The powders were consolidated by Spark Plasma Sintering with no
additives and no prior cold pressing. Table 5 shows the processing parameters for samples
sintered at a different range of temperatures 1500°C – 1750°C, all of them under a pressure
of 100 MPa and constant heating rate of 100°C/min. The final specimens were disks of 20
mm diameter and 2-3mm height.

Table 5. Sintering parameters used for step 1 samples.
Sample

Temperature
(°C)

Pressure
(MPa)

Heating Rate
(°C/min)

Holding Time
(min)

Density
(g/cm3)

Percentage
(%)

1

1500

100

100

5

2.57

79.94 ±1.09

2

1550

100

100

5

2.98

92.81 ±0.98

3

1600

100

100

5

3.06

95.33 ±1.10

4

1650

100

100

5

3.11

96.88 ±0.85

5

1700

100

100

5

3.16

98.44 ±1.16

6

1750

100

100

5

3.10

96.57 ±0.89

Pure SiC Nanopowder (45-65 nm) - SPS

46

The density measurements on the sintered monolithic SiC material was determined by
the well-known Archimedes’ method. Table 5 shows the resulting density of samples sintered
while varying the temperature at constant pressure. Figure 27 shows relative density as a
function of temperature for the sintered samples, it was determined by this plot that the density
increased with temperature increment, the density from the sample sintered at 1500°C were
significantly less than the sample sintered at 1700°C, by observing this chart it appears that
the optimal sintering temperature lies somewhere between 1650°C and 1750°C exhibiting
near theoretical density. This is better results than expected to present a relatively high density
(98.44%) at a much lower temperature compared to the literature 98.

Figure 27. Density sintering parameters used for step 1 samples.

To confirm the porosity level on the samples, a microstructure examination was
performed using a Field emission scanning electron microscopy, to observe porosity and
shape of the particle, selected images were chosen to show comparative information. In
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Figure 29 A) we can see a micrograph of sample 1 sintered at 1500°C, the micrograph shows
a microstructure that does not seem to be fully dense. There is a substantial volume of porosity
in the sample, and the grain structure does not appear to be fully developed, this microstructure
appears to be consistent with the entire sample. In Figure 29. E) we can see a micrograph of
sample 5 sintered at 1700°C, the micrograph shows a microstructure that appears to be fully
dense, and correlates to Table 5, the sample with the highest relative density.
Upon comparing Figure 29 A) and E) It was determined that a reduction in porosity and
microstructure change, was directly related to the increase in temperature. The diffusion
process is promoted at a higher temperature, enhancing the mass transport mechanisms,
resulting in a homogeneous microstructure, density increase, and porosity reduction 99.
Figure 28 presents the X-Ray diffraction results for two of the sintered samples, the
data for the most prominent peaks correlate well with the standard for 3C-SiC. This indicates
that the sintered SiC samples are composed mostly by cubic structure SiC, except by the
graphite fold signal, meaning that no phase transformation was developed during the process.
Graphite
(101)

1500°C

β-SiC
(111)

β-SiC
(220)
β-SiC

β-SiC
(200)

β-SiC
(111)

1750°C
β-SiC
(220)

Graphite
(101)
β-SiC

β-SiC
(200)

Figure 28. XRD Results of samples sintered at 1500°C and 1750°C.
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Figure 29. Step 1 – Polished Surface A) 1500oC, B) 1550oC, C) 1600oC, D) 1650oC, E) 1700oC, F) 1750oC.

49

3.3. SiC/SiC fiber reinforced composites processing
A comparison of the densification results of SiC/SiC composites sintered by SPS and
HP was studied.
To define the best sintering temperature for the SiC powder in the presence of SiC
Tyranno-SA fiber plies during the SPS consolidation, the experiments with higher density and
best microstructure during the monolithic SiC consolidation were taken in consideration.
During monolithic sintering the SPS equipment presented instability on the cooling system
complicating the sintering process, when 1750°C or higher temperature was reached, a
decision to continue using only 1650°C and 1700°C was made, discarting the 1750°C
sintering temeprature for all further tests. The most important parameters on this process are
the temperature and fiber volume fraction since the heating rate, holding time and pressure
will remain constant.
For the samples consolidated by spark plasma sintering; no additives were used and
no prior cold pressing was made. Table 6 presents the sintering parameters used, the
experiments were sintered at two different temperatures 1650°C and 1700°C, with a different
combination of SiC fiber plies, the same pressure of 100 MPa, and constant heating rate of
100°C/min for all samples was used. A 1.0 gram target powder was used for all the samples
homogeneously distributed among the fiber plies, the final sample measurements were disks
of 20 mm diameter and 1.0-1.3 mm thick, depending on the fiber content and sample shrinkage
after sintering.
The samples consolidated by hot press were fabricated at General Atomics; no
additives were used and no prior cold pressing. Table 7 presents the sintering parameters
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used, the pressure of 20 MPa and 1800°C in temperature were kept constant on all the samples.
The heating rate and holding time are kept confidential for privacy reasons. The specimens
were made on a bigger size die, for that reason the final sample measurements were disks of
50 mm diameter and 1.0-1.3 mm thick, depending on the fiber content and sample shrinkage
after sintering.
3.4. SiC/SiC Density measurements
After consolidation, the density was calculated using the Archimedes’ method. Table
6 and Table 7 present the density results obtained by varying the fiber volume fraction and
temperature on the samples sintered by SPS and HP, respectively. Sample 12 suffered from
imperfections during the sintering process and will be discarded from all further tests.
Table 6. Sintering parameters and density values for SiC/SiC fiber reinforced composites consolidated by SPS.
Sample

Temperature
(°C)

Pressure
(MPa)

Heating Rate
(°C/min)

1

1650

100

100

Holding
Time
(min)
5

2

1650

100

100

5

3

1650

100

100

4

1650

100

100

5

1650

100

6

1650

100

7

1700

8

1700

Number of Plies

Fiber Volume
Fraction

Density
(g/cm )

Percentage
(%)

2

31.51%

3.041

94.74 ±0.46

2

31.51%

2.960

92.19 ±0.90

5

3

40.83%

2.984

92.96 ±0.88

5

3

40.83%

2.968

92.46 ±0.68

100

5

4

47.92%

2.868

89.33 ±0.31

100

5

4

47.92%

2.946

91.77 ±0.78

100

100

5

2

31.51%

3.046

94.89 ±0.39

100

100

5

2

31.51%

3.124

97.31 ±0.78

3

9

1700

100

100

5

3

40.83%

2.996

93.34 ±0.74

10

1700

100

100

5

3

40.83%

3.100

96.58 ±1.16

11

1700

100

100

5

4

47.92%

3.057

95.23 ±0.34

12

1700

100

100

5

4

47.92%

~

~

Density
Average
(%)
94.14 ±0.98
92.33 ±0.74
90.55 ±1.41
96.14 ±1.41
94.96 ±1.95
95.23 ±0.34

Pure SiC Nanopowder (45-65nm) & SiC fiber (550nm PyC Coating)

The densification of SiC/SiC composites sintered by SPS and HP was dependent on fiber
volume fraction and temperature. The sintering parameters for the composite samples used
for each sintering technique are presented in Table 6 and Table 7.
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Table 7. Sintering parameters and density values for SiC/SiC fiber reinforced composites consolidated by HP.
Sample
13
14
15

Temperature
(°C)
1800
1800
1800

Pressure
(MPa)
20
20
20

Heating Rate Holding Time Number of
(°C/min)
(min)
Plies
15
2
15
3
15
4

Fiber Volume
Fraction
25.2%
41.5%
49.3%

Density
(g/cm3)
2.837
2.785
2.739

Percentage
(%)
88.38 ±0.71
86.76 ±1.12
85.32 ±0.93

Pure SiC Nanopowder (45-65nm) & SiC fiber (550nm PyC Coating)

Figure 30. Effect of fiber volume on the relative density of samples sintered by SPS and HP.

The effect of fiber volume fraction on the relative density of the SPS and HP sintered
composites is shown in Figure 30. Generally, the composites exhibit a decrease in relative
density as the volume fraction of fibers increases, correlating well with the findings of other
authors on similar materials [100, 101]. The composites sintered at 1700°C with lower fiber
volume fraction presented an averaged higher relative density of 96.14% (see sample 7-8 in
Table 6), compared to composites with higher volume fraction, experiencing a slightly lower
relative density of 95.2% (see sample 11 in Table 6). At higher fiber content, the composites
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exhibited a lower density due to the reduced infiltration of SiC nanopowder into the SiC fibers,
consequently increasing the open porosity [102]. The reduction in density with fiber inclusion
can be compensated by increasing the applied driving force (such as temperature and
pressure), which enhances the infiltration of the SiC powders, as suggested by Shimoda et al.
[Shimoda (2009)].
By comparing both sintering temperatures for the SPS technique, the effect of sintering
temperature on the relative density of the samples was shown (see Figure 30). At lower
sintering temperature (1650°C), the relative density was lower compared to samples sintered
at 1700°C. The diffusion process is promoted at a higher temperature, enhancing the mass
transport mechanisms, resulting in a homogeneous microstructure, density increase, and
porosity reduction [Noviyanto, 2011].
Our results show that SPS is a more effective SiC/SiC sintering method compared to HP. The
SPS sample 8 in Table 6, showed a higher relative density (about 97.3%), compared to the
HP sample 13 in Table 7 (88.38%), at similar low fiber volume fraction. This can be attributed
to the significant contribution of using higher pressure and electric current during the SPS
sintering. It is clear, that the higher pressure of the SPS process (100 MPa) has a beneficial
effect on particle rearrangement and the destruction of powder agglomerates, influencing the
driving force for sintering [Garay, 2010]. In contrast, HP process is limited to 20 MPa due to
the potential damage caused to the fibers during the long processing time [Dong, 2003]. The
composite consolidatied by SPS was benefited from the Joule heating effect resulting from
the significant current passing through the powder particles and generating a self-heating,
leading to a higher density compared to HP [103, 104, Tokita,2006].
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3.5. Microstructural Analysis of SiC/SiC composites
Microstructural analysis of the SPS samples was performed by SEM and it was
determined that all the samples presented a similar microstructure. A representative sample
(Sample 8) is illustrated in Figure 31. The matrix presented a densified microstructure with
minimal porosity as shown in Figure 31(a), although some small pores remained between the
fibers, as illustrated in Figure 31(b).

Figure 31. Scanning electron micrograph of (a) the polished surface of the matrix section of sample D
presenting a uniform microstructure and low porosity, (b) the polished cross-section of the SiC fiber
morphology and PyC coating of sample D.

The fracture surfaces of the SPS samples exhibited fiber pullout, which was identified
as the primary fracture mechanism, as illustrated in Figure 32(a). For the HP samples fiber
pullout was also present, relatively more significant voids and signs of vertical cracks as
presented in Figure 32(b). These fracture characteristics may indicate a weaker fiber/matrix
interphase bonding. The PyC layer present in the fibers was used as an interface coating
between the matrix and the fiber, which protects the SiC fibers from the high-temperature
conditions during processing [105].
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Figure 32. Scanning electron micrographs of fractured surfaces in samples sintered by (a) SPS (sample E) and
(b) HP (sample H). Fiber microstructure of samples after (c) SPS (sample E) and (d) HP (sample H) sintering .

3.6. Mechanical Performance of SiC/SiC composite material
The bending test was performed on the sintered materials to determine if the fiber
reinforcement can improve the deflection of the SiC composites during loading and determine
the flexural strength. Three-point bending test was performed on the SiC matrix composite
according to the ASTM C1341 “Standard Test Method for Flexural Properties of Continuous
Fiber-Reinforced Composites Advanced Ceramic”, the flexural strength was calculated from
this data, and the resulting fractured samples were analyzed using SEM and microhardness.
Table 8 present the corresponding sintering conditions for each SPS sample with the
achieved density, fiber volume fraction, thickness and flexural strength. The strain rate used
was in the range (1.2-1.45) x10-03 and a constant crosshead rate displacement of 0.0427 mm/s.
As noticed, the samples 2.1 & 2.2 presented abnormally lower flexure strength due to
imperfection on the sintering process while sample 10.1 &10.2 presented the highest overall
strength values. There is a visible difference between the samples sintered at 1650°C and
1700°C; we see higher flexure values for the predicted temperature suggested by the SiC
monolithic sintering.
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Table 8. Summary of sintering conditions proposed for step 3, density and flexure strength results.
Sample

Temperature
(°C)

Pressure
(MPa)

Number of
Plies

Fiber
Volume
Fraction

Density
(g/cm3)

1.1
1.2
2.1
2.2
3.1
3.2
4.1
4.2
5.1
5.2
6.1

1650
1650
1650
1650
1650
1650
1650
1650
1650
1650
1650

100
100
100
100
100
100
100
100
100
100
100

2
2
2
2
3
3
3
3
4
4
4

31.5%
31.5%
31.5%
31.5%
40.8%
40.8%
40.8%
40.8%
47.9%
47.9%
47.9%

3.04
3.04
2.96
2.96
2.98
2.98
2.97
2.97
2.87
2.87
2.95

94.74 ±0.46
94.74 ±0.46
92.19 ±0.90
92.19 ±0.90
92.96 ±0.88
92.96 ±0.88
92.46 ±0.68
92.46 ±0.68
89.33 ±0.31
89.33 ±0.31
91.77 ±0.78

1.30
1.30
1.38
1.38
1.47
1.47
1.26
1.32
1.19
1.20
1.35

156.1
285.5
20.5
6.3
150.3
245.6
306.1
326.5
186.4
268.6
280.6

6.2

1650

100

4

47.9%

2.95

91.77 ±0.78

1.30

258.9

7.1
7.2
8.1
8.2
9.1
9.2
10.1
10.2
11.1

1700
1700
1700
1700
1700
1700
1700
1700
1700

100
100
100
100
100
100
100
100
100

2
2
2
2
3
3
3
3
4

31.5%
31.5%
31.5%
31.5%
40.8%
40.8%
40.8%
40.8%
47.9%

3.05
3.05
3.12
3.12
3.00
3.00
3.10
3.10
3.06

94.89 ±0.39
94.89 ±0.39
97.31 ±0.78
97.31 ±0.78
93.34 ±0.74
93.34 ±0.74
96.58 ±1.16
96.58 ±1.16
95.23 ±0.34

1.28
1.27
1.20
1.18
1.25
1.23
1.33
1.33
1.30

289.6
226.0
288.3
235.5
291.9
252.2
350.9
335.8
328.4

11.2

1700

100

4

47.9%

3.06

95.23 ±0.34

1.32

276.3

Percentage Thickness
(%)
(mm)

Flexural
Strength
(MPa)

Pure SiC Nanopowder (45-65nm) & SiC fiber (550nm PyC Coating)

There is an interesting phenomenon, there it seems not to be a direct correlation between
density and flexure strength some materials have a higher density but even though the flexure
values are lower, or even the same sample sintered at the same conditions didn’t achieve a
similar flexure value, this can be attributed to different reasons:
•

The density measurements are not completely accurate because it does not consider
the internal porosity of the material.
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•

Flexure strength values are not completely dependent of just the density of material
but instead is a group of circumstances as the microstructure, grain size, imperfections
or second phases developed during the sintering that is working together.

•

The flexural strength of a ceramic composite is not a deterministic quantity but can
change values from one specimen to another. This variability is grounded on the
inherent differences in ceramic composites made with fiber reinforcement. Variables
include property/morphology variations in fibers, matrix, and interface coatings, as
well as discrepancies in the architecture, reinforcement volume fraction, sample
assembly and density in the composite. Such variations can occur spatially within the
same test sample, as well as between different test specimens 106.

A “propagation of errors” study 107 showed that the measurement of sample’s thickness is
a serious source of variability because flexure and elastic modulus values are calculated by
equations which use thickness values. Additionally, the thickness values are usually the
smallest dimension, for this reason, it is the most vulnerable to experimental variation between
samples and between laboratories.
Taking in consideration the previous information, to maintain repeatability and
reduced variability in the flexure results, on this study only the samples from each category
with thickness ~1.3mm will be taken in consideration for further experiments. The new table
of flexure performance data for the analysis of SPS samples is presented in Table 9. The
samples with Vf = 31.5% sintered at 1650°C, showed the lowest strength which was
approximately 30-40% lower than the same ceramic composite material with Vf = 31.5%
sintered at 1700°C. The flexure results for HP samples is presented in Table 10.
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Table 9. Flexure results and sintering conditions corresponding to SPS samples under new conditions to reduce
errors.

Sample
1.1
1.2
4.1
4.2
6.1
6.2
7.1
7.2
10.1
10.2
11.1
11.2

Temperature
(°C)

Pressure
(MPa)

1650

1700

Number of
Plies

Fiber
Volume
Fraction

Density
(%)

2

31.5%

94.14 ±0.98

3

40.8%

92.33 ±0.74

4

47.9%

90.55 ±1.41

2

31.5%

96.14 ±1.41

3

40.8%

94.96 ±1.95

4

47.9%

95.23 ±0.34

100

100

Thickness
(mm)

Flexural
Strength
(MPa)

1.30
1.30
1.26
1.32
1.35
1.30
1.28
1.27
1.33
1.33
1.30
1.32

156.1
285.5
306.1
326.5
280.6
258.9
289.6
226.0
350.9
335.8
328.4
276.3

Strength
Average
(MPa)
220.79
316.30
269.75
257.80
343.36
302.38

Pure SiC Nanopowder (45-65nm) & SiC fiber (550nm PyC Coating)

Table 10. Flexure results and sintering conditions corresponding to HP samples.

Sample
13.1
13.2
14.1
14.2
15.1
15.2

Temperature
(°C)

1800

Pressure
(MPa)

20

Number of
Plies

Fiber
Volume
Fraction

Density
(%)

2

25.2%

88.38 ±0.71

3

41.5%

86.76 ±1.12

4

49.3%

85.32 ±0.93

Flexural
Strength
(MPa)

Pure SiC Nanopowder (45-65nm) & SiC fiber (550nm PyC Coating)
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167.76
171.93
238.91
218.41
187.00
175.48

Strength
Average
(MPa)
169.85
228.66
181.24

Figure 33. Flexure strength results in terms of fiber volume fraction for step 3 data.

The mean flexural strength values as a function of fiber volume fraction % for HP and
SPS sintered samples is presented in Figure 33. The strength is ruled by the SiC fibers present
in the composites 108, a rise in the modulus is caused by the reinforcement effect of SiC fibers,
which avoids early sliding of the SiC matrix phase
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. When fiber volume fraction is near

40%, homogeneous spreading of fibers in the composite is obtained and the maximum
strength of the composite is achieved at 343.36 MPa for SPS samples sintered at 1700°C. This
is accredited to a higher modulus of Tyranno SA SiC fibers than that of ceramic SiC matrix;
stress transmission can occur near the fibers. Therefore, the effect of crack development and
deflection in different directions is more dominant than the effect in crack propagation in just
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one direction; if the material has multiple paths to distribute the applied load, the fibers can
successfully contribute in the stress transfer. As we see on Figure 33, at higher fiber content
(~50% fiber volume fraction) there is a decrease on flexural strength this can be attributed to
a lower impregnation of the SiC fibers in the ceramic matrix, and the increased volume of
fibers contribute to an agglomeration, and stress transfer is blocked
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. Large amounts of

isolated fiber to fiber contact and matrix fracture at the surface of the fiber agglomerate
become the failure mechanism in this case 111.
The 3-point bending test load-displacement curve for all the fiber reinforced samples
presented on Table 9 and Table 10 are shown in Figure 34 for SPS samples and Figure 35
for HP samples respectively. As is well known, stress-strain curves of the flexural test can
give relevant information. The overall flexure strength of SPS sintered samples was higher
than HP samples. However, material withstood only a small amount of strain before exhibiting
brittle failure similar to a monolithic ceramic material.
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Figure 34. Stress-strain relationship curves for samples on table 9.
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Figure 35. Stress-stain relationship of curve, for samples on table 10.
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Figure 36. Typical stress-strain curves of SiC/SiC sintered by HP during the flexural test.

Figure 37. Typical stress-strain curves of SiC/SiC sintered by SPS during the flexural test.
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A summary of the different types of stress-strain curves presented on the SiC/SiC SPS
and HP sintered material at different fiber volume fraction are shown in Figure 36 and Figure
37. The strain or elongation was significantly the same in all SPS and HP species.
The HP sintered samples, presented 3 different behaviors (Figure 36), the first curve
at 25.2% fiber content, presented a sudden fall after reaching the maximum flexure strength
with little yielding, a cracking noise was heard when the fracture happened, suggesting a
typical brittle fracture behavior (without fiber pull-out). The second curve with 41.5% fiber
content, shows a gradual decrease after reaching the maximum force, meaning that the crack
propagation is happening stably and continuously over the specimen. The force is distributed
over a larger span, which can develop more crack surface and deflect a noncatastrophic
fracture mode. With the increase in displacement of the fiber laminates, more parts of the
matrix and laminates reach ultimate strength, but the overall strength is not enhanced during
the plastic deformation. The third curve with 49.3% fiber content, is associated with uneven
crack propagation as shown on the first curve , as we mentioned above, we can attribute this
phenomenon to the fibers that are not adequately impregnated by the ceramic matrix due to
much higher fiber volume fraction, producing pores and voids between the fibers blocking the
stress transfer. Therefore, the reinforcing effect of SiC fibers over the Ceramic matrix is
limited by a large extent.
On the other hand, the SPS samples fracture behavior on Figure 37, presented a
catastrophic failure mode, where a substantial proportion of the fibers break in the wake of
the first matrix crack as it extends, the ultimate strength is limited by the growth of a single
dominant crack. This kind of failure is characterized by an initial linear elastic response; the
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properties can be estimated by the fundamental properties of the material and the fiber volume
fraction. The damage extends predominately of multiple matrix cracking; the cracks are likely
to debond the fiber/matrix interface and cause slip at the interface across the width of the
specimen, with the increase of the loading the cracks can cover the entire cross-section of the
specimen. It is likely that the fibers are debonded after the cracking is done 112, the unloading
behavior in the strain range indicates significant presence of the fiber/matrix interfacial sliding
until fracture, dominated by the localized fiber failure of the composite.
As mentioned on chapter 2.4 Sample Preparation section, the SiC disk was cut in two
strips with 19mm X 4mm in dimensions, to facilitate the further mechanical tests, these pieces
were supported on epoxy and continued with polishing.
The microhardness data presented in Table 11 shows all the values collected for the
samples, which were taken using Vickers hardness tester. Figure 38 plots the hardness
information and shows the relationship between hardness values and sintering temperature for
samples at different fiber volume fraction.
All the samples presented error scattered values ranging from 0.1-0.6 GPa. By
comparing the hardness results of sintered samples for the same temperature and various fiber
content, it was proven that there is little variation of hardness between samples with the same
sintering conditions regardless of the fiber content. However, with the use of different
processing techniques and variation of sintering temperature, the density is modified, which
affected the hardness results, as presented in Figure 39. These results correlate well with
Novitskaya et al. [Novitskaya (2018)], where it was demonstrated that the microhardness
results of SiC/SiC were independent of the fiber volume fraction of the composites produced
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by HP. The difference in hardness values at different sintering temperatures was a direct
consequence of the variation in density values. The SPS samples did not suffer a significant
decrease in hardness compared to monolithic β-SiC (~27.7 GPa) [113]. Sample 10.1 and 10.2
(produced by SPS) had a Vickers hardness value of 26.0 GPa, while the value for Sample 14.1
and 14.2 (produced by HP) was found to be 21.2 GPa, which correlates with the 21.9 GPa
value for the β-SiC phase produced by a similar sintering technique [114].

Table 11. Microhardness results for SPS samples

Sample
1.1
1.2
4.1
4.2
6.1
6.2
7.1
7.2
10.1
10.2
11.1

Temperature
(°C)

1650

1700

Pressure
(MPa)

Number of
Plies

Fiber
Volume
Fraction

Density
(%)

2

31.5%

94.14 ±0.98

3

40.8%

92.33 ±0.74

4

47.9%

90.55 ±1.41

2

31.5%

96.14 ±1.41

3

40.8%

94.96 ±1.95

4

47.9%

95.23 ±0.34

100

100

11.2

Microhardness Microhardness
(GPa)
Average (GPa)
22.83 ±0.36
22.66 ±0.37
23.81 ±0.32
24.25 ±0.64
22.61±0.43
22.74 ±0.57
24.41 ±0.53
23.98 ±0.38
25.72 ±0.37
26.33 ±0.19
25.27 ±0.34
25.59 ±0.83

22.75 ±0.35
24.03 ±0.53
22.68 ±0.48
24.20 ±0.49
26.02 ±0.43
25.43 ±0.62

Pure SiC Nanopowder (45-65nm) & SiC fiber (550nm PyC Coating)

Table 12. Microhardness results for HP samples.
Sample
13.1
13.2
14.1
14.2
15.1
15.2

Temperature
(°C)

1800

Pressure
(MPa)

20

Number of
Plies

Fiber
Volume
Fraction

Density
(%)

2

25.2%

88.38 ±0.71

3

41.5%

86.76 ±1.12

4

49.3%

85.32 ±0.93

Microhardness
(GPa)
20.43 ±0.15
20.44 ±0.33
21.30 ±0.27
21.18 ±0.28
20.41 ±0.30
20.19 ±0.37

Pure SiC Nanopowder (45-65nm) & SiC fiber (550nm PyC Coating)
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Microhardness
Average (GPa)
20.43 ±0.23
21.24 ±0.26
20.31 ±0.33

Figure 38. The relationship between hardness at different fiber volume fractions.

Figure 39. Effect of density on the hardness values of samples sintered by SPS and HP.
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3.7. X-Ray diffraction Analysis and β→α SiC phase transformation
X-ray diffraction pattern of the β-SiC starting powder is illustrated in Figure 40,
presenting a broad peak at 33.7° degrees 2θ near the highest intensity peak of β-SiC 35.6°
degres 2θ . Computer simulations and high-resolution transmission electron microscopy
(HRTEM) characterization was performed by Pujar et al. [115, 116]. It was concluded that the
signal at 33.7° corresponds to β-SiC stacking faults, and not to the presence of minor amounts
of other phases in the SiC powder. Summarizing all above, it was concluded that our raw βSiC powder did not show any sign of impurities or traces of isolated α-SiC phases.

Figure 40. X-ray diffraction pattern of the β-SiC starting powder showing the presence of stacking faults.
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Figure 41. XRD Results of samples sintered at different fiber volume fractions.
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Furthermore, the XRD patterns of the samples sintered by SPS and HP techniques
were analyzed to verify if the SiC β→α phase transformation took place during the sintering
processes. Figure 41 summarizes the XRD patterns of the starting β-SiC nanopowder,
samples sintered at 1700°C by SPS (Table 11, samples 7.1, 10.1, 11.1), and samples sintered
by HP (Table 12, samples 13.2, 14.1, 15.1) for different fiber volume fractions. The XRD
pattern of the SPS samples showed the presence of only one phase, the β-SiC polytype (PDF
#00-029-1129) crystal structure similar to diamond [117], presenting the most dominant peaks
at approximately 35.6°, 41.4°, and 60° degrees 2θ. Several peaks from the graphite foil (PDF
#01-089-8487) were also detected at 2θ = 26.8° and 54.9°. While the samples sintered by SPS
consisted only of the β-SiC phase, samples sintered by HP technique exhibited a mixture of
β-SiC and α-SiC, with the latter peaks of much higher intensity. The α-SiC polytypes 4H (PDF
#00-029-1127) and 6H (PDF #00-029-1131) from the HP samples can be recognized from
their isolated peaks approximately at 33.5°, 34.2°, 36.4°, 38.9°, 46.3°, 53.3°, 57.2°, 60.7°,
61.3°, 65.6°. The presence of the α-SiC polytypes (4H and 6H) proves that the β to α
transformation took place during HP sintering. The phase concentration changed drastically
from a complete β-SiC phase on the SPS samples to ~19% β-SiC and ~81% α-SiC on the HP
sintered samples. The phase concentration in the mixture was calculated by the direct
comparison method, which makes a quantitative analysis by comparing the experimental
highest intensity peak (I/I0 = 100%) of β-SiC at 2θ = 35.62° to the highest intensity peak (I/I0
= 100%) of α-SiC at 2θ = 36.48° [118, 119, 120].
The fact that α-SiC peaks are only present in the XRD patterns of the HP sintered
samples can be explained by the processing advantages of SPS over HP. The lower processing
temperature (1700°C) during SPS sintering is commonly associated with a retardation on SiC
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phase transformation [121, Munir, 2006], compared to HP samples manufactured at 1800°C
were a significant surface diffusion occurs, accelerarting the β to α phase transformation [122].
The sintering is also benefited by the high heating rate of SPS (100°C/min) compared to HP
(15°C/min), which reduces the time the material stays at high temperature, minimizing the
new phase nucleation drastically [Munir, 2006]. Finally, the higher uniaxial pressure applied
during SPS sintering, enhance the stability of the β phase, retarding the SiC phase
transformation [Sugiyama, 2001].
4. Summary of Accomplishments and Conclusion
This study explored the sintering behavior of SiC/SiC fiber reinforced composite sintered
by SPS and a comparison in microstructure and mechanical properties with HP sintered
samples.
•

SPS proved to be the preferred composite fabrication route for SiC/SiC composites, due
to the faster processing time, higher pressure and high relative density (96.1%), compared
to HP sintered samples (88.3%).

•

Generally, the composites exhibited a decrease in relative density as the volume fraction
of fibers increases as a consequence of the reduced infiltration of SiC nanopowder into the
SiC fibers, which increase the open porosity of the samples.

•

X-ray diffraction analysis was performed on HP and SPS sintered samples. β-SiC was the
only phase found in the diffraction patterns of the SPS samples. A semi-quantitative
analysis was performed on the HP sintered samples showing a predominant concentration
(~81%) of α-SiC, compared to β-SiC (~19%), proving that the β to α transformation took
place only during the HP consolidation. The absence of α phase in the SPS samples is
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attributed to the processing benefits of this technique over HP, namely lower sintering
temperature, shorter processing time, higher heating rate, and higher pressure.
•

It was verified that both SPS and HP SiC/SiC composites suffered from a reduction in
relative density as the fiber loading increased. This behavior was attributed to the reduced
interconnectivity of the SiC fibers with the surrounding ceramic matrix at the higher fiber
loadings. Both techniques presented fiber pullout as the main fracture mechanism. HP
produced samples presented longer detached fibers from the matrix compared to the SPS
produced ones, indicating a weaker matrix impregnation between the fibers.

•

Microhardness values were determined for the samples, demonstrating an independent
relationship between the hardness and the fiber volume fraction. The lower microhardness
values of HP samples compared to SPS, can be attributed to the lower density values
obtained during HP processing.

•

The Flexural strength of the SPS sintered samples presented a 343.36 MPa value and the
failure behavior showed elastic response in the beginning, and then a non-linear behavior near
the peak load, followed by a sudden decreasing after the maximum load. These demonstrate
a catastrophic and early failure mode, which is responsible for the brittle failure with in the
specimens. In contrast, the curves for the HP sintered samples, especially for sample at 40.8%
fiber content presented a 228.6 MPa flexural strength, but with a standard toughened fracture
behavior. When the load reaches its maximum value, it will drop off gradually. The strain is
larger compared with the SPS samples. These indicate that abundant of fracture energy has
been exhausted and the toughness has been improved prominently. Even though the SPS
samples presented higher flexural strength, it also presented brittle behavior, it can be
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attributed to the strong interfacial bond of the SiC fiber and SiC matrix, which suppressed the
possible interface debonding, cracks deflection, cracks branching and fiber bridging.
SPS demonstrated to be a reliable sintering method to consolidate SiC/SiC composites with
high relative density (96.1%), uniform internal microstructure, hardness values similar to pure
β-SiC, without suffering from the β→α phase transformation during sintering. There are still
opportunity in the development of this material, providing an opportunity to design a ceramic
material with the mechanical advantages of a fiber reinforced composite and the property
benefits of monolithic β-SiC.
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