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1. Introduction    

Composite materials are engineered materials made from two or more constituent materials. 
They have significantly different physical or chemical properties which remain separate and 
distinct on a macroscopic level within the finished structure. The advantage of composite 
material is that they exhibit the best qualities of their components or constituents and often 
some qualities that neither constituent possesses. The properties that can be improved by 
forming a composite material are strength, stiffness, corrosion resistance, wear resistance, 
weight, thermal insulation, thermal conductivity, etc. Composite materials can  be classified 
and characterized into four commonly accepted types; (1) fibrous composite materials that 
consist of fibers in a matrix, (2) laminated composite materials that consist of layers of 
various materials, (3) particulate composite materials that are composed of particles in a 
matrix and (4) the combination of some or all the first three types (Jones, 1999). According to 
the matrix phase the composites are divided into three groups; (1) metal matrix composites 
(MMCs), (2) polymer matrix composites (PMCs) and (3) ceramic matrix composites (CMCs). 
Ceramic materials in general have very attractive properties e.g.: high strength and high 
stiffness at very high temperatures, chemical inertness and low density. In the presence of 
flaws (surface or internal) they are prone to catastrophic failures. Ceramic materials can be 
toughened by incorporating fibers and thus exploit the attractive high-temperature strength 
and environmental resistance of ceramic materials without risking a catastrophic failure 
(Chawla, 1987). According to the basics written above, a monolithic silicone carbide (SiC) 
was used as a matrix phase, which has been recognized as one of the most promising 
structural materials for many thermo-mechanical applications because of its excellent high-
temperature strength and modulus, good oxidation resistance, high hardness, low specific 
weight and low density (Xin-Bo & Hui, 2005; Xin-Bo et al., 2000; She et al., 1999). The 
problem with monolithic SiC is its low thermal shock resistance, which leads to cracking 
and catastrophic failure of the material. Thermal shock resistance and crack propagation can 
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be improved by introducing a reinforcement phase, continuous SiC fibers, into the 
monolithic SiC matrix to produce a SiCf/SiC composite material (Kowbel et al., 1995). This 
kind of composite materials is being considered for a future fusion reactor because of its low 
induced radioactivity after neutron irradiation, non-catastrophic failure mode, specific 
thermal conductivity and low porosity (Zhang et al., 1998; Taguchi et al., 2005). It is known 
that the properties of the fiber/matrix interface play an important role in determining the 
mechanical and physical properties of ceramic matrix composites (CMCs). It can be defined 
as a bonding surface where a discontinuity of some kind occurs. In general it is a 
bidimensional region through which material parameters, such as concentration of an 
element, crystal structure, atomic registry, elastic modulus, density, and coefficient of 
thermal expansion, change from one side to another. It is important to be able to control the 
degree of bonding between the matrix and the reinforcement. The pure mechanical bonding 
usually is not enough but it is efficient in load transfer when the applied force is parallel to 
the interface. The chemical bonding is also important and can be divided into two types; 
dissolution and wettability bonding, where surface should be appropriately treated to 
remove any impurities; and reaction bonding where a transport of atoms occurs from one or 
both of the components to the reaction site, the interface (Chawla, 1987). In general, if the 
fiber/matrix interface is weak, the composite has low strength and stiffness, but a high 
resistance to fracture. In the case of a strong interface, which allows a crack to propagate 
straight through the fibers, the strength and stiffness of the composite are high, but the 
composite itself is brittle (Xin-Bo & Hui, 2005; Xin-Bo et al., 2000; Bertrand et al., 2001; Nuriel 
et al., 2005). However, the composite’s brittleness remains a problem. This can be improved 
by adding a thin film of compliant material, called the “interphase”, between the fiber and 
the brittle matrix, which has three main functions: protection of the fibers, load transfer 
between the fiber and the matrix and control of the crack deflection at the interface (Zhang 
et al., 1998; Jacques et al., 2000; Bertrand et al., 2000). The most commonly used interphase 
materials for SiCf/SiC composites are pyrolitic carbon (PyC), boron nitride (BN) and, 
recently, a multilayer of (PyC/SiC). All these materials have their advantages and 
disadvantages. PyC has low oxidation resistance; BN is not suitable for fusion applications 
because the nitrogen transmutes into 14C, which has a very long half-life as a β emitter after 
the neutron irradiation. 
The processing of SiCf/SiC is a complex, multi-stage process. Common processing 
techniques for the production of SiCf/SiC composites include chemical vapor infiltration 
(CVI), polymer impregnation and pyrolysis (PIP), molten silicon infiltration (MI), reaction 
sintering (RS) and the nano-infiltrated transient eutectoid (NITE) process (Katoh et al., 2002). 
In this paper we present a microstructural and micro-indentation study of a material, 
fabricated by a novel method for preparing SiCf/SiC composite materials for fusion-reactor 
applications. The method consists of the adapted dip coating and infiltration of the SiC-
fibers with a water suspension of SiC-particles and sintering additives. In order to study the 
crack deflection, introduced by the Vickers indenter, we deposited various layers (diamond-
like carbon (DLC), CrC, CrN and WC) on the fibers’ surface using physical vapor 
deposition. A comparison between the uncoated and coated fibers was made. 
The microstructures of the SiCf/SiC composite materials with different interphases between 
the fibers and the brittle matrix were examined using conventional transmission electron 
microscopy (TEM) and high-resolution (HR) TEM. 

Specimen preparation methods for ceramic fibers are often unsatisfactory. We tried to 
optimize and develop different preparation techniques which have an important role in 
study of these materials. 
The fracture surfaces of the samples were observed using scanning electron microscopy 
(SEM). Z-contrast imaging (STEM/HAADF) and different techniques of electron diffraction 
were applied for the phase identification. The chemical composition of the individual phases 
was determined using XEDS. 

 
2. Materials and Methods 

The starting material was commercially available 0.5 μm SiC powder BF-12 (HC Starck, 
Goslar, Germany), Nicalon and Hi-Nicalon Type S fibers (COI Ceramics, San Diego, CA), 
Tyranno SA fibers (UBE Industries LTD., Düsseldorf, Germany), aluminium dihydrogen 
phosphate, Bindal A (TKI Hrastnik, Slovenia), anionic surface active agent, sodium 
dioctylsulfosuccinate, SDOSS and polymer Starfire (Starfire systems, Malta, NY). 
Among several known methods for the preparation of the SiCf/SiC composite material, 
which are described elsewhere (Drazic et al., 2005; Novak et al., 2006; Novak et al., 2010), we 
used infiltration with micro particles suspension. The process begins with immersion of the 
fibers into a water suspension made from micro-sized particles and a sintering additive 
based on the Al-Si-P-O system, dip-coating and drainage. All samples were sintered at 1300 
°C in pure argon. Because of the hydrophobic nature of the fibers we impregnated them 
with anionic surface active agent. It consists of liophobic and liophilic groups, which 
arrange on the substrate surface in a way to increase its wettability with our water 
suspension. 
Using reactive sputtering the fibers were coated with a thin layer of interphase material 
(CrC, WC and diamond like carbon – DLC) with relevant chemical composition in terms of 
neutron activation. The coatings were sputtered with a Sputron (Balzers AG, Liechtenstein). 
The thickness of the interphase layer was varied between a few and 500 nm, depending on 
the experimental conditions and geometry of the fibers (overlapping) during the deposition. 
The nanohardness of the fibers and the matrix was measured using Vickers indenter on the 
Fischerscope instrument H100C (Helmut Fischer, Germany), which records indentation 
depth and load. The load we used was in both cases 10 mN. On the other hand, a Vickers 
microhardness tester (MVK-H2 Hardness tester, Mitutoyo, Japan) was used in order to 
observe the cracks in the matrix and its deviation from the primary direction. A maximum 
load of 1 N was applied in order to initiate the cracks. 
The mechanical properties of the coated and uncoated fibers were also measured on 
dynamometer Instron 5567 (Instron, Great Britain). The fiber was put between two clamps 
and extended till breaking. With special program we can follow internal changes in material 
structure during testing. This program also allows later interpretation of all values that were 
measured. 
For observing the samples’ surface, morphology, topography and the particles size we used 
scanning electron microscope, JEOL JSM-5800. The working voltage was 20 keV. The 
energy-dispersive X-ray spectrometer (Link ISIS 300, Oxford Instruments) was used for 
determining the chemical composition. 
The fibers’ topography was also observed with atomic force microscopy (VEECO Dimension 
3100) before and after the coating. 
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be improved by introducing a reinforcement phase, continuous SiC fibers, into the 
monolithic SiC matrix to produce a SiCf/SiC composite material (Kowbel et al., 1995). This 
kind of composite materials is being considered for a future fusion reactor because of its low 
induced radioactivity after neutron irradiation, non-catastrophic failure mode, specific 
thermal conductivity and low porosity (Zhang et al., 1998; Taguchi et al., 2005). It is known 
that the properties of the fiber/matrix interface play an important role in determining the 
mechanical and physical properties of ceramic matrix composites (CMCs). It can be defined 
as a bonding surface where a discontinuity of some kind occurs. In general it is a 
bidimensional region through which material parameters, such as concentration of an 
element, crystal structure, atomic registry, elastic modulus, density, and coefficient of 
thermal expansion, change from one side to another. It is important to be able to control the 
degree of bonding between the matrix and the reinforcement. The pure mechanical bonding 
usually is not enough but it is efficient in load transfer when the applied force is parallel to 
the interface. The chemical bonding is also important and can be divided into two types; 
dissolution and wettability bonding, where surface should be appropriately treated to 
remove any impurities; and reaction bonding where a transport of atoms occurs from one or 
both of the components to the reaction site, the interface (Chawla, 1987). In general, if the 
fiber/matrix interface is weak, the composite has low strength and stiffness, but a high 
resistance to fracture. In the case of a strong interface, which allows a crack to propagate 
straight through the fibers, the strength and stiffness of the composite are high, but the 
composite itself is brittle (Xin-Bo & Hui, 2005; Xin-Bo et al., 2000; Bertrand et al., 2001; Nuriel 
et al., 2005). However, the composite’s brittleness remains a problem. This can be improved 
by adding a thin film of compliant material, called the “interphase”, between the fiber and 
the brittle matrix, which has three main functions: protection of the fibers, load transfer 
between the fiber and the matrix and control of the crack deflection at the interface (Zhang 
et al., 1998; Jacques et al., 2000; Bertrand et al., 2000). The most commonly used interphase 
materials for SiCf/SiC composites are pyrolitic carbon (PyC), boron nitride (BN) and, 
recently, a multilayer of (PyC/SiC). All these materials have their advantages and 
disadvantages. PyC has low oxidation resistance; BN is not suitable for fusion applications 
because the nitrogen transmutes into 14C, which has a very long half-life as a β emitter after 
the neutron irradiation. 
The processing of SiCf/SiC is a complex, multi-stage process. Common processing 
techniques for the production of SiCf/SiC composites include chemical vapor infiltration 
(CVI), polymer impregnation and pyrolysis (PIP), molten silicon infiltration (MI), reaction 
sintering (RS) and the nano-infiltrated transient eutectoid (NITE) process (Katoh et al., 2002). 
In this paper we present a microstructural and micro-indentation study of a material, 
fabricated by a novel method for preparing SiCf/SiC composite materials for fusion-reactor 
applications. The method consists of the adapted dip coating and infiltration of the SiC-
fibers with a water suspension of SiC-particles and sintering additives. In order to study the 
crack deflection, introduced by the Vickers indenter, we deposited various layers (diamond-
like carbon (DLC), CrC, CrN and WC) on the fibers’ surface using physical vapor 
deposition. A comparison between the uncoated and coated fibers was made. 
The microstructures of the SiCf/SiC composite materials with different interphases between 
the fibers and the brittle matrix were examined using conventional transmission electron 
microscopy (TEM) and high-resolution (HR) TEM. 

Specimen preparation methods for ceramic fibers are often unsatisfactory. We tried to 
optimize and develop different preparation techniques which have an important role in 
study of these materials. 
The fracture surfaces of the samples were observed using scanning electron microscopy 
(SEM). Z-contrast imaging (STEM/HAADF) and different techniques of electron diffraction 
were applied for the phase identification. The chemical composition of the individual phases 
was determined using XEDS. 

 
2. Materials and Methods 

The starting material was commercially available 0.5 μm SiC powder BF-12 (HC Starck, 
Goslar, Germany), Nicalon and Hi-Nicalon Type S fibers (COI Ceramics, San Diego, CA), 
Tyranno SA fibers (UBE Industries LTD., Düsseldorf, Germany), aluminium dihydrogen 
phosphate, Bindal A (TKI Hrastnik, Slovenia), anionic surface active agent, sodium 
dioctylsulfosuccinate, SDOSS and polymer Starfire (Starfire systems, Malta, NY). 
Among several known methods for the preparation of the SiCf/SiC composite material, 
which are described elsewhere (Drazic et al., 2005; Novak et al., 2006; Novak et al., 2010), we 
used infiltration with micro particles suspension. The process begins with immersion of the 
fibers into a water suspension made from micro-sized particles and a sintering additive 
based on the Al-Si-P-O system, dip-coating and drainage. All samples were sintered at 1300 
°C in pure argon. Because of the hydrophobic nature of the fibers we impregnated them 
with anionic surface active agent. It consists of liophobic and liophilic groups, which 
arrange on the substrate surface in a way to increase its wettability with our water 
suspension. 
Using reactive sputtering the fibers were coated with a thin layer of interphase material 
(CrC, WC and diamond like carbon – DLC) with relevant chemical composition in terms of 
neutron activation. The coatings were sputtered with a Sputron (Balzers AG, Liechtenstein). 
The thickness of the interphase layer was varied between a few and 500 nm, depending on 
the experimental conditions and geometry of the fibers (overlapping) during the deposition. 
The nanohardness of the fibers and the matrix was measured using Vickers indenter on the 
Fischerscope instrument H100C (Helmut Fischer, Germany), which records indentation 
depth and load. The load we used was in both cases 10 mN. On the other hand, a Vickers 
microhardness tester (MVK-H2 Hardness tester, Mitutoyo, Japan) was used in order to 
observe the cracks in the matrix and its deviation from the primary direction. A maximum 
load of 1 N was applied in order to initiate the cracks. 
The mechanical properties of the coated and uncoated fibers were also measured on 
dynamometer Instron 5567 (Instron, Great Britain). The fiber was put between two clamps 
and extended till breaking. With special program we can follow internal changes in material 
structure during testing. This program also allows later interpretation of all values that were 
measured. 
For observing the samples’ surface, morphology, topography and the particles size we used 
scanning electron microscope, JEOL JSM-5800. The working voltage was 20 keV. The 
energy-dispersive X-ray spectrometer (Link ISIS 300, Oxford Instruments) was used for 
determining the chemical composition. 
The fibers’ topography was also observed with atomic force microscopy (VEECO Dimension 
3100) before and after the coating. 
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Ceramic fibers are key components in a number of technologically important applications, 
such as reinforcements in structural ceramic matrix composites. Application of transmission 
electron microscopy is often required for characterization of such fibers. Preparation of 
electron transparent sections of thin ceramic fibers is a challenging task often limits the use 
of TEM studies on such fibers (Mogilevsky, 2001). A special paragraph is dedicated to the 
TEM specimen preparation techniques. The structure and chemical composition of the 
materials on micrometer, nanometer or even atomic level were set and characterized with 
transmission electron microscope, JEOL 2010 F FEG-STEM and JEOL 2100 and a Link ISIS 
300M XEDS analysis. 

 
3. TEM Specimen Preparation Techniques  

Different techniques were used for TEM specimen preparation because of the variety of the 
samples. The basic goal of the specimen preparation is to get a thin area (thickness from 10 
to 50 nm) in the material to be transparent for the electrons with high energy (from 100 keV 
to 200 keV). It is desired that this area is as big as possible, that it has uniform thickness and 
should not cause artifacts in a way of changing the chemical structure or the structure itself 
(amorphization or crystallization). It is also important that during the preparation we do not 
put the impurities on the samples which can cause a contamination of the sample in the 
microscope (Gec & Ceh, 2006). 
The conventional technique which is mechanical thinning, dimpling and ion-milling was 
used for the bulk material. This method is not suitable for observing the SiC fibers because 
the fibers are much stiffer then the epoxy in which the fibers are embedded during the 
preparation. Problems also occur during ion-milling; the fibers are either not transparent for 
the electrons or they are pulled out of the high-temperature epoxy. So we looked for the 
alternative methods. Some of the methods we used are described later on. 
The first method (Figure 1) is very simple and fast. The fibers are prepared by gluing them 
parallel on a TEM grid or a ring, finally cured on a hot plate and ion-milled (Bal-Tec RES 
010) till the perforation. 
The second method (Figure 2) combines a technique for preparing fiber/epoxy assemblies 
with mechanical polishing to a thickness of less than 5 μm, thus minimizing the time of ion 
milling (Mogilevsky, 2001). Fibers are put between two 500 μm glasses coated with high-
temperature epoxy, clamped with a pair of Teflon plates to squeeze out excessive epoxy and 
finally cured on a hot plate. This sandwich structure was first thinned on diamond lapping 
films (Allied) of different gradation, using a Tripod Polisher (Allied) till approximately one 
half of the fibers’ diameter. Then a TEM grid was glued on the polished surface to 
strengthen the specimen. This grid was also used for thickness measurements during the 
polishing. It is important that no air bubbles are trapped between the grid and polished side 
of the specimen. The thinning process is continued on the other side of the specimen to the 
final thickness of less than 5 μm. The thinned sample was milled in ion miller at 4 keV with 
incident angle of 10° until a perforation was observed. This method requires a long 
preparation time, frequent observations under the optical microscope to ensure parallel 
thinning and accuracy. The method can be extended to other types of materials, such as 
fiber-reinforced ceramic composites. 
 
 

 
 

 
 
 
 
                                              

 
Fig. 1. Optical micrographs: (a) TEM grid on which the fibers were glued parallel and (b) 
interferences in Tyranno SA SiC fibers after ion-milling. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Optical micrographs of the Tyranno SA SiC fibers using tripod polishing method: (a) 
specimen polished on one side through approximately one half of the fiber diameter; (b) 
same as in (a) but at higher magnification; (c) specimen mounted on a supporting grid, 
turned over and polished to the final thickness; (d) specimen after ion-milling; (e) same as in 
(d) but at higher magnification. The marked circle is transparent enough for observing with 
transmission electron microscope. 
 
For observing the coatings on the fiber surface, the cross-section method was used. It is 
important to have a high ratio between the fibers and epoxy. The fibers were cut on short 
segments and put parallel into the groove made in silicon plate. To get a sandwich structure 
another silicon plate was put on it and clamped between two Teflon plates to squeeze out 
excessive epoxy, followed by curing on a hot plate. Then the sandwich structure was put 
into a brass ring with blind tracks to strengthen the sample. A conventional technique was 
used further on. Figure 3 show optical micrographs of Nicalon SiC fibers coated with a thin 
layer and prepared as a cross-section by conventional method including mechanical 
thinning, dimpling and ion-milling. Figure 3a shows optical micrograph of coated fibers in 
the groove between Si plates after dimpling. The thickness in the center of the specimen is 16 
μm. After mechanical thinning, the quality of the specimen is improved with polishing to 
eliminate all the imperfections in the sample. This sample is ready for ion-milling. Figure 3b 
shows the same sample as in Figure 3a but after ion-milling. The sample was bombarded 
with Argon ions till the perforation. Because of the difference in hardness, we can see that 
epoxy resin starts to ion-mill much faster and quicker than the SiC fibers. 
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Ceramic fibers are key components in a number of technologically important applications, 
such as reinforcements in structural ceramic matrix composites. Application of transmission 
electron microscopy is often required for characterization of such fibers. Preparation of 
electron transparent sections of thin ceramic fibers is a challenging task often limits the use 
of TEM studies on such fibers (Mogilevsky, 2001). A special paragraph is dedicated to the 
TEM specimen preparation techniques. The structure and chemical composition of the 
materials on micrometer, nanometer or even atomic level were set and characterized with 
transmission electron microscope, JEOL 2010 F FEG-STEM and JEOL 2100 and a Link ISIS 
300M XEDS analysis. 
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should not cause artifacts in a way of changing the chemical structure or the structure itself 
(amorphization or crystallization). It is also important that during the preparation we do not 
put the impurities on the samples which can cause a contamination of the sample in the 
microscope (Gec & Ceh, 2006). 
The conventional technique which is mechanical thinning, dimpling and ion-milling was 
used for the bulk material. This method is not suitable for observing the SiC fibers because 
the fibers are much stiffer then the epoxy in which the fibers are embedded during the 
preparation. Problems also occur during ion-milling; the fibers are either not transparent for 
the electrons or they are pulled out of the high-temperature epoxy. So we looked for the 
alternative methods. Some of the methods we used are described later on. 
The first method (Figure 1) is very simple and fast. The fibers are prepared by gluing them 
parallel on a TEM grid or a ring, finally cured on a hot plate and ion-milled (Bal-Tec RES 
010) till the perforation. 
The second method (Figure 2) combines a technique for preparing fiber/epoxy assemblies 
with mechanical polishing to a thickness of less than 5 μm, thus minimizing the time of ion 
milling (Mogilevsky, 2001). Fibers are put between two 500 μm glasses coated with high-
temperature epoxy, clamped with a pair of Teflon plates to squeeze out excessive epoxy and 
finally cured on a hot plate. This sandwich structure was first thinned on diamond lapping 
films (Allied) of different gradation, using a Tripod Polisher (Allied) till approximately one 
half of the fibers’ diameter. Then a TEM grid was glued on the polished surface to 
strengthen the specimen. This grid was also used for thickness measurements during the 
polishing. It is important that no air bubbles are trapped between the grid and polished side 
of the specimen. The thinning process is continued on the other side of the specimen to the 
final thickness of less than 5 μm. The thinned sample was milled in ion miller at 4 keV with 
incident angle of 10° until a perforation was observed. This method requires a long 
preparation time, frequent observations under the optical microscope to ensure parallel 
thinning and accuracy. The method can be extended to other types of materials, such as 
fiber-reinforced ceramic composites. 
 
 

 
 

 
 
 
 
                                              

 
Fig. 1. Optical micrographs: (a) TEM grid on which the fibers were glued parallel and (b) 
interferences in Tyranno SA SiC fibers after ion-milling. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Optical micrographs of the Tyranno SA SiC fibers using tripod polishing method: (a) 
specimen polished on one side through approximately one half of the fiber diameter; (b) 
same as in (a) but at higher magnification; (c) specimen mounted on a supporting grid, 
turned over and polished to the final thickness; (d) specimen after ion-milling; (e) same as in 
(d) but at higher magnification. The marked circle is transparent enough for observing with 
transmission electron microscope. 
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important to have a high ratio between the fibers and epoxy. The fibers were cut on short 
segments and put parallel into the groove made in silicon plate. To get a sandwich structure 
another silicon plate was put on it and clamped between two Teflon plates to squeeze out 
excessive epoxy, followed by curing on a hot plate. Then the sandwich structure was put 
into a brass ring with blind tracks to strengthen the sample. A conventional technique was 
used further on. Figure 3 show optical micrographs of Nicalon SiC fibers coated with a thin 
layer and prepared as a cross-section by conventional method including mechanical 
thinning, dimpling and ion-milling. Figure 3a shows optical micrograph of coated fibers in 
the groove between Si plates after dimpling. The thickness in the center of the specimen is 16 
μm. After mechanical thinning, the quality of the specimen is improved with polishing to 
eliminate all the imperfections in the sample. This sample is ready for ion-milling. Figure 3b 
shows the same sample as in Figure 3a but after ion-milling. The sample was bombarded 
with Argon ions till the perforation. Because of the difference in hardness, we can see that 
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Fig. 3. Optical micrographs of the Nicalon SiC fibers coated with a thin layer and prepared 
as cross-section by conventional method: (a) after dimpling; (b) after ion-milling. 
 
The SiCf/SiC samples were prepared by conventional method (Figure 4a) and a wedge-
polishing method (Figure 4b) which allows very accurately controlled thinning. In a 
conventional method, thin foils were cut on a wire saw from the composites, perpendicular 
to the fiber axis. After mechanical thinning to a thickness of approximately 80-100 μm the 
samples were polished to a final thickness of 20 μm, by dimpling. Ion-milling was used as a 
final step to get a perforation of the samples. TEM investigation revealed more or less 
complete erosion of the matrix during the preparation process. The mechanical thinning 
with a wedge-polishing method was performed on diamond lapping films at a very small 
wedge angle of 1°. This method is far superior then the conventional ion-milling. It is 
suitable for any multiphase specimens with large hardness differences. 
 

 
 
 
 
 
 
 
 
 

Fig. 4. TEM and optical micrographs of SiCf/SiC composite material: (a) SiCf/SiC after ion-
milling where erosion of the matrix is visible; (b) HAADF-STEM micrograph of SiCf/SiC 
prepared by tripod polishing; (c) Optical micrograph of tripod polished specimen prepared 
as a cross-section where interference fringes at the edge of the specimen are visible. 

 
4. Results and Discussion 

4.1 The Microstructure of the SiC fibers 
As mentioned above we used different SiC fibers; Nicalon, Hi-Nicalon S and Tyranno SA. In 
this paragraph the microstructure, the topography and the chemical composition will be 
discussed for all three SiC fibers. 
Figure 5a shows SEM micrograph of the Nicalon SiC fiber with a diameter of 15 μm. Its 
surface is smooth and without any visible defects. The fibers are consisted of Silicon, Carbon 
and Oxygen in a determined ratio. A detailed TEM analysis revealed that at room 
temperature these fibers consist of amorphous matrix phase (Figure 5b) with a small amount 
of β-SiC nanocrystallites, 1-3 nm in size. The SAED pattern (Figure 5c) shows diffused rings 
which can be indexed as cubic SiC. In the inset of SAED pattern (Figure 5c) simulated 
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pattern is displayed. For calculations EMS program code was used (Stadelmann, 1987) and 
particle size of 1 nm. The average roughness of the amorphous Nicalon SiC fibers was 
measured on AFM (Figure 5d) and was around 2 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Nicalon SiC fiber: (a) SEM micrograph; (b) HR-TEM micrograph; (c) Diffraction 
pattern; (d) AFM micrograph.  

 
Contrary to the Nicalon SiC fibers, the Hi-Nicalon S SiC fibers consist of two clearly defined 
phases (Figure 6b); crystalline phase in the inner part of the fiber and amorphous phase in 
the outer part of the fibers. The crystalline phase consists of SiC crystallites, 5 to 20 nm in 
size; while the amorphous phase was determined as pyrolitic carbon in a lamellar 
microstructure. From the SEM micrograph (Figure 6a) we can see that the fiber has a 
diameter of 12 μm, the surface morphology is similar to the Nicalon SiC fibers. 
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The newest SiC fibers are Tyranno SA SiC fibers with a diameter of 7 μm. The surface is 
much rougher than the surface of the Nicalon SiC fibers but also without any imperfections 
(Figure 7a). The roughness is around 9 nm (Figure 7e). These fibers are already crystalline at 
room temperature. They consist of small crystallites up to 50 nm in size what is seen from 
TEM micrograph (Figure 7b). The diffraction patterns (Figure 7c, d) show circles, where 
individual dots are visible and can be indexed as a mixture of cubic and hexagonal SiC (β- 
and α-SiC). 
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Fig. 3. Optical micrographs of the Nicalon SiC fibers coated with a thin layer and prepared 
as cross-section by conventional method: (a) after dimpling; (b) after ion-milling. 
 
The SiCf/SiC samples were prepared by conventional method (Figure 4a) and a wedge-
polishing method (Figure 4b) which allows very accurately controlled thinning. In a 
conventional method, thin foils were cut on a wire saw from the composites, perpendicular 
to the fiber axis. After mechanical thinning to a thickness of approximately 80-100 μm the 
samples were polished to a final thickness of 20 μm, by dimpling. Ion-milling was used as a 
final step to get a perforation of the samples. TEM investigation revealed more or less 
complete erosion of the matrix during the preparation process. The mechanical thinning 
with a wedge-polishing method was performed on diamond lapping films at a very small 
wedge angle of 1°. This method is far superior then the conventional ion-milling. It is 
suitable for any multiphase specimens with large hardness differences. 
 

 
 
 
 
 
 
 
 
 

Fig. 4. TEM and optical micrographs of SiCf/SiC composite material: (a) SiCf/SiC after ion-
milling where erosion of the matrix is visible; (b) HAADF-STEM micrograph of SiCf/SiC 
prepared by tripod polishing; (c) Optical micrograph of tripod polished specimen prepared 
as a cross-section where interference fringes at the edge of the specimen are visible. 

 
4. Results and Discussion 

4.1 The Microstructure of the SiC fibers 
As mentioned above we used different SiC fibers; Nicalon, Hi-Nicalon S and Tyranno SA. In 
this paragraph the microstructure, the topography and the chemical composition will be 
discussed for all three SiC fibers. 
Figure 5a shows SEM micrograph of the Nicalon SiC fiber with a diameter of 15 μm. Its 
surface is smooth and without any visible defects. The fibers are consisted of Silicon, Carbon 
and Oxygen in a determined ratio. A detailed TEM analysis revealed that at room 
temperature these fibers consist of amorphous matrix phase (Figure 5b) with a small amount 
of β-SiC nanocrystallites, 1-3 nm in size. The SAED pattern (Figure 5c) shows diffused rings 
which can be indexed as cubic SiC. In the inset of SAED pattern (Figure 5c) simulated 
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pattern is displayed. For calculations EMS program code was used (Stadelmann, 1987) and 
particle size of 1 nm. The average roughness of the amorphous Nicalon SiC fibers was 
measured on AFM (Figure 5d) and was around 2 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Nicalon SiC fiber: (a) SEM micrograph; (b) HR-TEM micrograph; (c) Diffraction 
pattern; (d) AFM micrograph.  
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individual dots are visible and can be indexed as a mixture of cubic and hexagonal SiC (β- 
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Fig. 7. Tyranno SA SiC fiber: (a) SEM micrograph; (b) TEM micrograph; (c, d) Diffraction 
patterns for β- and α-SiC grains; (e) AFM micrograph. 

 
4.2 The Mechanical Properties of the SiC fibers 
SiC fibers exhibit a wide distribution of diameters which was took into account to get a 
reliable tensile strength data. Before measurement was done each fiber was checked with 
optical microscope. All the samples were glued onto paper in the shape of letter “U” to 
make sure, that the presence of the creep inside the clamps was eliminated. Before 
measuring the side section of the paper was removed using a pair of ceramic scissors. The 
dynamometer Instron 5567 was used, with a clamping length of 1 cm and a crosshead speed 
of 1 mm/min. Figure 8 shows the stress - strain curves, measured at room temperature for 
untreated SiC fiber (Nicalon SiC fiber @ RT) and after thermal treatment at 1300 ºC for 3 h in 
pure argon (Nicalon SiC fiber @ 1300 ºC). 
Nicalon SiC fiber sample at room temperature shows, except for small deformations, mainly 
proportional stress dependence of the strain until the fracture at εp = 2,40% , stress σp = 86,31 
cNtex-1 = 2,20 GPa.  Stress at yield point is σy = 7,91 cNtex-1 = 0,20 GPa at elastic deformation 
of εy = 0,303%. Elastic modulus E = 55,20 GPa is small. Work to fracture is Ap = 4,20·10-2 mJ 
and elastic work to yield point is Ay = 3,35·10-4 mJ, which represents 0,80% of the total 
energy to break. Specific work is Asp = 1,00·10-2 Jkg-1 and a fracture work factor which 
represents the toughness of the material is fA = 0,483. 
Stress-strain curve of Nicalon SiC fiber sample after thermal treatment at 1300 °C shows 
different behavior. Heat treatment increases the crystallinity of SiC fiber which reflects in 
the strong increase of the initial elastic modulus.  After the yield point, sample exhibit 
plastic deformation at slight increase of stress at strain of about 0,4 %.  This plastic 
deformation is a consequence of some rearrangement of the structure which requires even 
higher energy at further deformation until the fracture at strain εp = 1,30 % and fracture 
strength of σp = 49,52 cNtex-1 = 1,26 GPa. Stress at yield point is σy = 13,25 cNtex-1 = 0,33 GPa 
at elastic strain of εy = 0,107 %.  After heat treatment the elastic modulus substantially 
increase to E = 328,14 GPa. Fracture work of heat-treated sample is due to the smaller strain 
smaller (Ap =1,34 10-2 mJ) compared to untreated sample. Contrary, the elastic work is due 
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to higher stress at yield point higher (Ay = 2,98·10-4 mJ) and represents 2,22 % of total 
fracture energy. Specific work is Asp = 3,20·10-3 Jkg-1 and a fracture work factor is  fA = 0,497. 
 

Parameter Nicalon SiC fiber @ RT Nicalon SiC fiber @ 1300 ºC 
Fracture strength    σp  (GPa) 2,20 1,26 
Fracture strain        εp (%) 2,40 1,30 
Yield strength        σy  (GPa) 0,20 0,33 
Yield strain             εy  (%) 0,303 0,107 
Fracture work         Ap (mJ) 4,20·10-2 1,34·10-2  

Work to yield point  Ay (mJ) 3,35· 10-4 2,98·10-4 

Specific work          Asp (Jkg-1) 1,00·10-2 3,20·10-3 

Elastic modulus  E  (GPa) 55,20 328,14 
Fracture-work factor   fA 0,483 0,497 

Table 1. Comparison of viscoelastic parameters for untreated and thermally treated Nicalon 
SiC fibers. 
 
Comparison of viscoelastic properties of both samples allows the following conclusions:  
After heat treatment, the elastic modulus increased by a factor 6, the material becomes more 
crystalline and reduces the ability of strain, as well as reduces the fracture strength. Heat-
treated material has a greater capability to strain (0,4 %). In heat-treated material, the elastic 
deformation zone is lowered, at the same time the yield strength is higher by a factor 1,7. 
Yield point represents the boundary between elastic and plastic deformation. This gives the 
material greater stability in an otherwise narrower elastic region. Toughness of heat-treated 
material is reduced as can be seen from comparison of fracture work factor and specific 
work (energy needed to deform one kg of material).  
 

0

0,5

1

1,5

2

2,5

3

0 0,1 0,2 0,3 0,4

Extension (mm)

Te
ns

ile
 S

tr
en

gt
h 

(G
Pa

)

Nicalon SiC fiber @ 1300 C
Nicalon SiC fiber @ RT
Nicalon SiC fiber + CrC @ RT
Nicalon SiC fiber + WC @ RT

 
Fig. 8. Stress/strain curves for untreated and thermally treated (1300 °C for 3 h in pure 
argon) Nicalon SiC fibers and Nicalon SiC fibers coated with CrC and WC measured at 
room temperature. 
 
In Figure 8, the stress–strain curves, measured at room temperature for Nicalon SiC fibers, 
coated with CrC and WC are displayed. From the curves of both samples it could be 

www.intechopen.com



Electron microscopy and microanalysis of the iber, matrix and iber/matrix interface  
in sic based ceramic composite material for use in a fusion reactor application 107

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Tyranno SA SiC fiber: (a) SEM micrograph; (b) TEM micrograph; (c, d) Diffraction 
patterns for β- and α-SiC grains; (e) AFM micrograph. 

 
4.2 The Mechanical Properties of the SiC fibers 
SiC fibers exhibit a wide distribution of diameters which was took into account to get a 
reliable tensile strength data. Before measurement was done each fiber was checked with 
optical microscope. All the samples were glued onto paper in the shape of letter “U” to 
make sure, that the presence of the creep inside the clamps was eliminated. Before 
measuring the side section of the paper was removed using a pair of ceramic scissors. The 
dynamometer Instron 5567 was used, with a clamping length of 1 cm and a crosshead speed 
of 1 mm/min. Figure 8 shows the stress - strain curves, measured at room temperature for 
untreated SiC fiber (Nicalon SiC fiber @ RT) and after thermal treatment at 1300 ºC for 3 h in 
pure argon (Nicalon SiC fiber @ 1300 ºC). 
Nicalon SiC fiber sample at room temperature shows, except for small deformations, mainly 
proportional stress dependence of the strain until the fracture at εp = 2,40% , stress σp = 86,31 
cNtex-1 = 2,20 GPa.  Stress at yield point is σy = 7,91 cNtex-1 = 0,20 GPa at elastic deformation 
of εy = 0,303%. Elastic modulus E = 55,20 GPa is small. Work to fracture is Ap = 4,20·10-2 mJ 
and elastic work to yield point is Ay = 3,35·10-4 mJ, which represents 0,80% of the total 
energy to break. Specific work is Asp = 1,00·10-2 Jkg-1 and a fracture work factor which 
represents the toughness of the material is fA = 0,483. 
Stress-strain curve of Nicalon SiC fiber sample after thermal treatment at 1300 °C shows 
different behavior. Heat treatment increases the crystallinity of SiC fiber which reflects in 
the strong increase of the initial elastic modulus.  After the yield point, sample exhibit 
plastic deformation at slight increase of stress at strain of about 0,4 %.  This plastic 
deformation is a consequence of some rearrangement of the structure which requires even 
higher energy at further deformation until the fracture at strain εp = 1,30 % and fracture 
strength of σp = 49,52 cNtex-1 = 1,26 GPa. Stress at yield point is σy = 13,25 cNtex-1 = 0,33 GPa 
at elastic strain of εy = 0,107 %.  After heat treatment the elastic modulus substantially 
increase to E = 328,14 GPa. Fracture work of heat-treated sample is due to the smaller strain 
smaller (Ap =1,34 10-2 mJ) compared to untreated sample. Contrary, the elastic work is due 

c d 

a 

1 μm 

b 

1 μm 

e 

300 nm 

to higher stress at yield point higher (Ay = 2,98·10-4 mJ) and represents 2,22 % of total 
fracture energy. Specific work is Asp = 3,20·10-3 Jkg-1 and a fracture work factor is  fA = 0,497. 
 

Parameter Nicalon SiC fiber @ RT Nicalon SiC fiber @ 1300 ºC 
Fracture strength    σp  (GPa) 2,20 1,26 
Fracture strain        εp (%) 2,40 1,30 
Yield strength        σy  (GPa) 0,20 0,33 
Yield strain             εy  (%) 0,303 0,107 
Fracture work         Ap (mJ) 4,20·10-2 1,34·10-2  

Work to yield point  Ay (mJ) 3,35· 10-4 2,98·10-4 

Specific work          Asp (Jkg-1) 1,00·10-2 3,20·10-3 

Elastic modulus  E  (GPa) 55,20 328,14 
Fracture-work factor   fA 0,483 0,497 

Table 1. Comparison of viscoelastic parameters for untreated and thermally treated Nicalon 
SiC fibers. 
 
Comparison of viscoelastic properties of both samples allows the following conclusions:  
After heat treatment, the elastic modulus increased by a factor 6, the material becomes more 
crystalline and reduces the ability of strain, as well as reduces the fracture strength. Heat-
treated material has a greater capability to strain (0,4 %). In heat-treated material, the elastic 
deformation zone is lowered, at the same time the yield strength is higher by a factor 1,7. 
Yield point represents the boundary between elastic and plastic deformation. This gives the 
material greater stability in an otherwise narrower elastic region. Toughness of heat-treated 
material is reduced as can be seen from comparison of fracture work factor and specific 
work (energy needed to deform one kg of material).  
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Fig. 8. Stress/strain curves for untreated and thermally treated (1300 °C for 3 h in pure 
argon) Nicalon SiC fibers and Nicalon SiC fibers coated with CrC and WC measured at 
room temperature. 
 
In Figure 8, the stress–strain curves, measured at room temperature for Nicalon SiC fibers, 
coated with CrC and WC are displayed. From the curves of both samples it could be 
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concluded that they have approximately the same initial modulus with clearly expressed 
yield point at 0,12 %, the transition to plastic deformation and further hardening until 
fracture. High value of initial modulus is due to the presence of WC and CrC. Viscoelastic 
properties of both types of samples are very similar. Comparison of viscoelastic parameters 
for samples coated with CrC and WC is displayed in table 2. 
 

Parameter Nicalon SiC fiber + CrC Nicalon SiC fiber + WC 
Fracture strength    σp  (GPa) 2,77 2,78 
Fracture strain        εp (%) 2,90 2,50 
Yield strength        σy  (GPa) 0,390 0,342 
Yield strain             εy  (%) 0,117 0,117 
Fracture work         Ap (mJ) 6,41·10-2 5,81·10-2  

Delo do polzišča     Ay (mJ) 3,83·10-4 3,39· 10-4 

Specific work          Asp (Jkg-1) 1,53·10-2 1,38· 10-2 

Elastic modulus  E  (Gpa) 345,14 302,33 
Fracture-work factor   fA 0,484 0,507 

Table 2. Comparison of viscoelastic parameters for Nicalon SiC fibers coated with CrC and 
WC. 
 
Parameters of viscoelastic properties of samples of Nicalon SiC fiber + CrC and Nicalon SiC 
fiber + WC, measured at room temperature indicate that materials have similar viscoelastic 
properties. Nicalon SiC fiber, coated with CrC has slightly higher initial elastic modulus and 
yield strength, the difference between the two types of sample is in strain between 0,5 % and 
fracture and consequently also higher fracture work for sample coated with CrC. 
Heat treated SiC Nicalon SiC fiber sample and WC coated Nicalon SiC fiber sample have 
similar elastic properties up to yield point (comparable starting elastic modulus and yield 
strength and stress). 
Tyranno SA SiC fibers are very brittle at room temperature and as such impossible to handle 
or measure. 
 

 
 
 
 
 
 
 
Fig. 9. SEM micrographs of the Nicalon SiC fibers fracture surfaces. 
 
After tensile measurements all fracture surfaces of the fibers were investigated with 
scanning electron microscope (Figure 9a-d). In general, fracture in fibers initiates at some 
flaw(s), internal or on the surface. Very frequently, a near-surface flaw such as a microvoid 
or an inclusion is responsible for the initiation of fracture of fiber. Surface flaws are common 
in SiC based fibers because of the processing technique. Airborne particles as well as other 
elements tend to attach to the surface of the fiber during process and handling. One 
important feature of ceramic fiber is the surface texture. Their surface roughness scales with 
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gain size. The rough surface of such brittle fibers makes them break at very low strains and 
it makes very difficult to handle them in practice. The grain boundaries on the surface can 
act as notches and weaken the fiber (Elices & Llorca, 2002). 
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Fig. 10. Load/Depth curves for Nicalon SiC fiber and Tyranno SA SiC fiber measured at 
room temperature. 
 
We also measured the nanohardness of Nicalon and Tyranno SA SiC fibers at room 
temperature using Vickers indenter on the Fischerscope instrument. The load we used was 
10 mN. Figure 10 shows two load/depth curves, average of 10 measurements, for 
mentioned SiC fibers. The nanohardness for Nicalon SiC fiber is around 1800 HV and for 
Tyranno SA SiC fiber around 2800 HV. From the curve load/depth we can see that the 
elastoplastic deformation appears in both cases. 

 
4.3 SiC Based Matrix and SiCf/SiC composite material 
In previous paragraphs the microstructure and mechanical properties of different SiC fibers 
were described. To produce the composite material we had to prepare a SiC matrix phase. It 
was made from water suspension of SiC particles and sintering additive based on low-
melting-point eutectic composition of the Al-Si-P-O system, which enables sintering at low 
temperature and thus avoids the change in the microstructure of the SiC fibers. Figure 11a 
shows SEM micrograph of the matrix, from where we can see that the size of the particles is 
less than 1 μm. Figures 11b, c show cross-sectional SEM micrographs at different 
magnifications of the composite material with Nicalon SiC fibers produced with a method 
described above. Large pores observed in all the samples were made during the mechanical 
grinding and polishing as part of the sample preparation. The matrix was fully filled up the 
areas around the fiber bundle. The effectiveness of the adhesion between the fibers and the 
matrix was checked on thermally treated samples using TEM and microanalysis (Figures 
11d, e). Nicalon SiC fibers have a 50 nm thick SiO2 amorphous layer on the surface after 
thermal treatment (Figure 11e). 
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concluded that they have approximately the same initial modulus with clearly expressed 
yield point at 0,12 %, the transition to plastic deformation and further hardening until 
fracture. High value of initial modulus is due to the presence of WC and CrC. Viscoelastic 
properties of both types of samples are very similar. Comparison of viscoelastic parameters 
for samples coated with CrC and WC is displayed in table 2. 
 

Parameter Nicalon SiC fiber + CrC Nicalon SiC fiber + WC 
Fracture strength    σp  (GPa) 2,77 2,78 
Fracture strain        εp (%) 2,90 2,50 
Yield strength        σy  (GPa) 0,390 0,342 
Yield strain             εy  (%) 0,117 0,117 
Fracture work         Ap (mJ) 6,41·10-2 5,81·10-2  

Delo do polzišča     Ay (mJ) 3,83·10-4 3,39· 10-4 

Specific work          Asp (Jkg-1) 1,53·10-2 1,38· 10-2 

Elastic modulus  E  (Gpa) 345,14 302,33 
Fracture-work factor   fA 0,484 0,507 

Table 2. Comparison of viscoelastic parameters for Nicalon SiC fibers coated with CrC and 
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Parameters of viscoelastic properties of samples of Nicalon SiC fiber + CrC and Nicalon SiC 
fiber + WC, measured at room temperature indicate that materials have similar viscoelastic 
properties. Nicalon SiC fiber, coated with CrC has slightly higher initial elastic modulus and 
yield strength, the difference between the two types of sample is in strain between 0,5 % and 
fracture and consequently also higher fracture work for sample coated with CrC. 
Heat treated SiC Nicalon SiC fiber sample and WC coated Nicalon SiC fiber sample have 
similar elastic properties up to yield point (comparable starting elastic modulus and yield 
strength and stress). 
Tyranno SA SiC fibers are very brittle at room temperature and as such impossible to handle 
or measure. 
 

 
 
 
 
 
 
 
Fig. 9. SEM micrographs of the Nicalon SiC fibers fracture surfaces. 
 
After tensile measurements all fracture surfaces of the fibers were investigated with 
scanning electron microscope (Figure 9a-d). In general, fracture in fibers initiates at some 
flaw(s), internal or on the surface. Very frequently, a near-surface flaw such as a microvoid 
or an inclusion is responsible for the initiation of fracture of fiber. Surface flaws are common 
in SiC based fibers because of the processing technique. Airborne particles as well as other 
elements tend to attach to the surface of the fiber during process and handling. One 
important feature of ceramic fiber is the surface texture. Their surface roughness scales with 
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Fig. 10. Load/Depth curves for Nicalon SiC fiber and Tyranno SA SiC fiber measured at 
room temperature. 
 
We also measured the nanohardness of Nicalon and Tyranno SA SiC fibers at room 
temperature using Vickers indenter on the Fischerscope instrument. The load we used was 
10 mN. Figure 10 shows two load/depth curves, average of 10 measurements, for 
mentioned SiC fibers. The nanohardness for Nicalon SiC fiber is around 1800 HV and for 
Tyranno SA SiC fiber around 2800 HV. From the curve load/depth we can see that the 
elastoplastic deformation appears in both cases. 

 
4.3 SiC Based Matrix and SiCf/SiC composite material 
In previous paragraphs the microstructure and mechanical properties of different SiC fibers 
were described. To produce the composite material we had to prepare a SiC matrix phase. It 
was made from water suspension of SiC particles and sintering additive based on low-
melting-point eutectic composition of the Al-Si-P-O system, which enables sintering at low 
temperature and thus avoids the change in the microstructure of the SiC fibers. Figure 11a 
shows SEM micrograph of the matrix, from where we can see that the size of the particles is 
less than 1 μm. Figures 11b, c show cross-sectional SEM micrographs at different 
magnifications of the composite material with Nicalon SiC fibers produced with a method 
described above. Large pores observed in all the samples were made during the mechanical 
grinding and polishing as part of the sample preparation. The matrix was fully filled up the 
areas around the fiber bundle. The effectiveness of the adhesion between the fibers and the 
matrix was checked on thermally treated samples using TEM and microanalysis (Figures 
11d, e). Nicalon SiC fibers have a 50 nm thick SiO2 amorphous layer on the surface after 
thermal treatment (Figure 11e). 
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Fig. 11. SEM and TEM micrographs of SiC matrix and SiCf/SiC composite material: (a) SiC 
matrix; (b) SiCf/SiC composite material; (c) The same as (b) but at higher magnification; (d) 
SiCf/SiC prepared by tripod polishing; (e) Reaction layer on the fiber surface. 

 
4.4 Interphases in SiCf/SiC composite material 
According to the literature (Xin-Bo & Hui, 2005; Xin-Bo et al., 2000; Bertrand et al., 2001; 
Nuriel et al., 2005) the role of the interphase is very important. It determines the mechanical 
and physical properties of ceramic matrix composites (CMCs). Although the SiCf/SiC 
composite material has many advantages, it also has one important disadvantage; the 
brittleness. Figure 12a shows SEM micrograph of the SiCf/SiC composite material, where 
the crack path introduced by the Vickers indenter continued through the fibers. This would 
lead to a catastrophic failure of the composite material. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. SEM micrographs of (a) a failure of the composite material and (b) the crack 
deflection on the fiber/matrix interface (500 nm thick CrN was used as an interphase). 
 
A crack deflection mechanism requires a weak fiber/matrix bond so that as a matrix crack 
reaches the interface, it gets deflected along the interface rather than passing straight 
through the fiber. A weak interfacial bond also leads to fiber pullout. 
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Fig. 13. SEM and AFM micrographs of Nicalon SiC and Tyranno SA SiC fibers: (a, d) 
Tyranno SA SiC fiber coated with DLC; (b, e) Nicalon SiC fiber coated with WC; (c, f) 
Nicalon SiC fiber coated with CrC. 
 
In order to prevent a catastrophic failure of the composite material under load, various thin 
layers have been deposited on the surface of the fibers by physical vapor deposition, using 
reactive sputtering. The layers were selected on the basis of the relevant chemical 
composition appropriate for use in a future fusion reactor. Figure 13 shows SEM 
micrographs of three interface materials; DLC (diamond-like carbon), WC and CrC. All 
three layers were deposited along the fiber axis with the thickness varying between a few 
nm and 0.5 μm, depending on the geometry and conditions during the deposition. From 
AFM micrographs we can see the difference in roughness before and after the deposition. 
DLC layer was deposited on Tyranno SA SiC fiber. The roughness is almost the same, 
around 9 nm. WC and CrC were deposited on Nicalon SiC fibers from where we can see 
that the difference in roughness is quite big. In the case of WC, the roughness changes from 
2 to 7 nm and in the case of CrC from 2 to 15 nm. 
We also used CrN, but according to the literature (Taguchi et al., 2005) this kind of interface 
is not suitable for fusion applications because the nitrogen transmutes into 14C, which has a 
very long half-life as a β emitter after the neutron irradiation. We also encountered another 
problem, a reaction between the thin layer (CrN) and the matrix. TEM analysis showed that 
after sintering the CrN partially diffused into the matrix around the fibers. Nevertheless, the 
CrN layer caused a deflection of the crack from its primary direction and thus prevents the 
fiber from cracking (Figure 12b). 
In the case of WC coating, a multilayer (sandwich structure) approach was used in order to 
improve the mechanical properties. Figure 14a shows TEM micrograph of the WC coating 
on the surface of the Nicalon SiC fiber. The WC was deposited as a sandwich structure. The 
first layer, with a thickness of 40 nm, is crystalline chromium, which ensures better cling of 
WC to the fiber surface. The second layer, with a thickness of 18 nm, is pure tungsten which 
enables a more continuous transition of WC. These layers also ensured better adhesion of 
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Fig. 11. SEM and TEM micrographs of SiC matrix and SiCf/SiC composite material: (a) SiC 
matrix; (b) SiCf/SiC composite material; (c) The same as (b) but at higher magnification; (d) 
SiCf/SiC prepared by tripod polishing; (e) Reaction layer on the fiber surface. 

 
4.4 Interphases in SiCf/SiC composite material 
According to the literature (Xin-Bo & Hui, 2005; Xin-Bo et al., 2000; Bertrand et al., 2001; 
Nuriel et al., 2005) the role of the interphase is very important. It determines the mechanical 
and physical properties of ceramic matrix composites (CMCs). Although the SiCf/SiC 
composite material has many advantages, it also has one important disadvantage; the 
brittleness. Figure 12a shows SEM micrograph of the SiCf/SiC composite material, where 
the crack path introduced by the Vickers indenter continued through the fibers. This would 
lead to a catastrophic failure of the composite material. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. SEM micrographs of (a) a failure of the composite material and (b) the crack 
deflection on the fiber/matrix interface (500 nm thick CrN was used as an interphase). 
 
A crack deflection mechanism requires a weak fiber/matrix bond so that as a matrix crack 
reaches the interface, it gets deflected along the interface rather than passing straight 
through the fiber. A weak interfacial bond also leads to fiber pullout. 
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Fig. 13. SEM and AFM micrographs of Nicalon SiC and Tyranno SA SiC fibers: (a, d) 
Tyranno SA SiC fiber coated with DLC; (b, e) Nicalon SiC fiber coated with WC; (c, f) 
Nicalon SiC fiber coated with CrC. 
 
In order to prevent a catastrophic failure of the composite material under load, various thin 
layers have been deposited on the surface of the fibers by physical vapor deposition, using 
reactive sputtering. The layers were selected on the basis of the relevant chemical 
composition appropriate for use in a future fusion reactor. Figure 13 shows SEM 
micrographs of three interface materials; DLC (diamond-like carbon), WC and CrC. All 
three layers were deposited along the fiber axis with the thickness varying between a few 
nm and 0.5 μm, depending on the geometry and conditions during the deposition. From 
AFM micrographs we can see the difference in roughness before and after the deposition. 
DLC layer was deposited on Tyranno SA SiC fiber. The roughness is almost the same, 
around 9 nm. WC and CrC were deposited on Nicalon SiC fibers from where we can see 
that the difference in roughness is quite big. In the case of WC, the roughness changes from 
2 to 7 nm and in the case of CrC from 2 to 15 nm. 
We also used CrN, but according to the literature (Taguchi et al., 2005) this kind of interface 
is not suitable for fusion applications because the nitrogen transmutes into 14C, which has a 
very long half-life as a β emitter after the neutron irradiation. We also encountered another 
problem, a reaction between the thin layer (CrN) and the matrix. TEM analysis showed that 
after sintering the CrN partially diffused into the matrix around the fibers. Nevertheless, the 
CrN layer caused a deflection of the crack from its primary direction and thus prevents the 
fiber from cracking (Figure 12b). 
In the case of WC coating, a multilayer (sandwich structure) approach was used in order to 
improve the mechanical properties. Figure 14a shows TEM micrograph of the WC coating 
on the surface of the Nicalon SiC fiber. The WC was deposited as a sandwich structure. The 
first layer, with a thickness of 40 nm, is crystalline chromium, which ensures better cling of 
WC to the fiber surface. The second layer, with a thickness of 18 nm, is pure tungsten which 
enables a more continuous transition of WC. These layers also ensured better adhesion of 
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the coating to the fiber surface. The third layer is amorphous tungsten carbide, with a 
thickness of 400–500 nm. 
Similar approach was also used in the case of CrC. The first layer, with a thickness up to 80 
nm was nanocrystalline chromium, which ensures better cling of CrC to the fiber surface. 
The second layer was chromium carbide, with a thickness of 400-500 nm (Figure 14b). The 
problem that was observed was a columnar growth of CrC. The crack that would initiate in 
the matrix phase would not stop at the CrC/matrix interface but because of the columnar 
growth it could continue between columns until it would reach the CrC/Cr interface. 
 

 
 
 
 
 
 
 
 
 
Fig. 14. TEM micrograph of sandwich structure of Nicalon SiC fibers coated with (a) WC 
and (b) CrC. 

 
5. Conclusion 

Different TEM specimen preparation techniques for uncoated and coated SiC fibers, ceramic 
material and ceramic composite material were described, all with their advantages and 
disadvantages. The conventional technique which is made up from mechanical thinning, 
dimpling and ion-milling is not suitable for observing the SiC fibers because the fibers are 
much stiffer then the epoxy in which the fibers are embedded during the preparation. 
Although the method that combines a technique for preparing fiber/epoxy assemblies with 
mechanical polishing to a thickness of less than 5 μm, thus minimizing the time of ion 
milling, requires a long preparation time, frequently observations under optical microscope 
to ensure parallel thinning and accuracy it is suitable for SiC fibers. 
The microstructure of SiC fibers was observed using scanning and transmission electron 
microscope and atomic force microscope. 
Using dynamometer Instron 5567 the tensile properties were measured. If we compare 
untreated and thermally treated Nicalon SiC fibers we can see, that the elastic modulus is 
increased by a factor 6, the material becomes more crystalline and reduces the ability of 
strain, as well as reduces the fracture strength. Nicalon SiC fibers, coated with CrC and WC, 
have similar viscoelastic properties which are similar to thermally treated Nicalon SiC fibers 
up to yield point (comparable starting elastic modulus and yield strength). 
The nanohardness of the matrix is 300 HV, which is 6 times lower than for Nicalon SiC 
fibers and 9 times lower than for Tyranno SA SiC fibers. 
A novel method for preparing SiCf/SiC composite material for a future fusion reactor has 
been shown to be quite promising. The sintering additive used in the matrix was based on a 
low-melting-point eutectic composition in the Al–Si–P–O system, which enables sintering at 
low temperatures, in order to avoid the recrystallization of the Nicalon SiC-fibers and thus 
avoid embrittlement of the fibers and degradation of the mechanical properties. 

Uncoated SiC-fibers have, after thermal treatment, a 50-nm-thick SiO2 amorphous layer on 
the surface, which does not prevent the cracks from propagating at the fiber/matrix 
interface. This leads to a catastrophic failure of the composites. To control the matrix-to-fiber 
stress transfer (crack deflection at the fiber/matrix interface) Nicalon and Tyranno SiC-fibers 
were coated with various thin layers of different chemical compositions, such as CrC, WC 
and DLC, by physical vapor deposition, leading to composites with different degrees of 
toughness. Of the deposited layers that deflect cracks, CrN is not useful because nitrogen 
transmutes into 14C and the CrN diffused into the matrix around the fibers. 
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