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 FATIGUE BEHAVIOR OF AN ADVANCED SIC/SIC COMPOSITE WITH AN 

OXIDATION INHIBITED MATRIX AT 1300˚C IN AIR AND IN STEAM 

I. Introduction 

 In the world of aviation, maximizing performance is an important consideration when 

designing or modifying aircrafts. Aircraft performance can be increased either by increasing the 

power output of the engines or decreasing the overall weight of the aircraft. Currently engine 

designs are reaching an upper limit on the amount of thrust due to temperature constraints on the 

air that is pushed out of the engine. The current class of metallic materials cannot function under 

any higher temperature demands [18]. This requires the exploration and design of newer 

materials that can sustain good mechanical performance at higher temperatures. If these 

materials were to weigh less than their metallic counterparts, it would be even more beneficial. 

From the manufacturer data, the dry engine weight of the F-22 and F-16 is 12% and 20% 

respecitively. Being able to design a material to reduce these weight percentages could greatly 

increase performance without affecting mechanical failure rates. New age materials, like ceramic 

matrix composites (CMCs), have shown promise in fulfilling this need for a lighter thermally 

stable material. 

 The materials side of the aviation world has always been an evolving process. Pre-World 

War I planes were predominantly made from wood, which was the lightest and strongest material 

made in bulk at the time. However, with the increase in steel processing, steel became the 

desired material for aircraft fuselages. Unfortunately, its increased weight was a major downside 

to the increase in material strength. This quickly gave way to aluminum which provided good 

strength with much better weight, a more desired material characteristic for aircraft. The 
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predominance of aluminum continued into World War II and today. After WWII titanium alloys 

were added to the growing list of advantageous materials for aircraft. Titanium offered better 

high temperature stability than aluminum with better strength, but with a slight increase in 

weight. It soon became apparent that the best option for continued reduction in weight would 

have to be a material that was not a metallic alloy. 

The world of composites was born from this need and a constantly evolving 

understanding of how to manipulate material behaviors and properties. Effectively, the aircraft 

industry has returned to its roots in terms of structural materials. Wood, the first natural 

composite, has been eventually replaced by man-made composites. Composites have proved 

irreplaceable in providing strength and safety while minimizing weight of the structural 

components of many modern aircrafts. Figure 1 below shows the increased dependence on 

composites in the aircraft industry. 

 
Figure 1. Advanced composite use in aircraft structure. From Baker, A., S. Dutton, and D. 

Kelly. Composite Materials for Aircraft Structures (Second Edition); reprinted with 
permission of the American Institute of Aeronautics and Astronautics, Inc. [2] 
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Now the same evolving understanding is taking root with engine components. Current 

engine materials, i.e. metals, are at their operational limits in terms of thermal stability. 

Improving engine performance has become about minimizing weight and increasing exhaust 

temperature and speed [13]. Designing new composite materials that can provide these will 

decrease weight, increase aircraft fuel efficiency, and increase the performance envelope for new 

generation aircraft. These new composite materials will need to maintain good mechanical 

strength, both static and fatigue, at high temperatures, provide similar or better damage tolerance 

and resistance, have low densities, and resist oxidative environments [2]. 

 CMCs currently hold the most promise for being able to achieve the desired properties 

for engine applications. However, there are some factors holding CMCs back from being the 

perfect replacement material. These factors are lack of fibers with high elastic moduli and 

strength, chemical stability, and oxidation resistance at high temperatures [2]. Micro-cracking in 

the matrix makes it difficult to isolate the fibers from the external environment, allowing for 

oxidation of the fibers. Current processing and design techniques are aiming at protecting the 

fiber from environmental contact as long as possible. The purpose of this research is to test 

silicon carbide fiber/silicon carbide matrix (SiC/SiC) ceramic matrix composite at 1300˚C in 

steam and air to see if it could be a possible candidate for internal engine components. 
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II. Background 

2.1 Ceramic Materials 

 Ceramics are typically classified into two categories: traditional ceramics and 

engineering/advanced ceramics [19]. Examples of traditional ceramics include brick and tile and 

are generally only useful in construction, where compressive stresses dominate the loading of the 

material. Unfortunately in engineering, there cannot just be compressive stresses. This is where 

advanced ceramics become useful. Some examples of advanced ceramics are aluminum oxide 

(alumina), silicon carbide (SiC), and silicon nitride. Generally these ceramics are processed and 

created in a manner to be able to hold tensile stresses at very high temperatures, which make 

them useful in many engineering applications like engines. These properties are controlled by the 

electronic structure of the atomic bonds. The lack of conduction electrons in these ceramics 

make them excellent insulators and give these materials excellent thermal stability. The strength 

of these atomic bonds also make the materials high strength and provide protection against 

hostile environments. Unfortunately, this bond strength also causes ceramic materials to have 

very little ductility as well as low fracture toughness. These materials tend to be very hard and 

brittle and are prone to sudden catastrophic failure. 

 One of the biggest drawbacks to ceramics as a useful material is their low damage 

tolerance. Small defects on the surface can provide an excellent initiation point for almost 

instantaneous catastrophic failure of the material. This gives ceramics a low fracture toughness 

and limits their use in many engineering environments. It is desirable for a material to have a 

minimal amount of damage tolerance so that inspection cycles can detect possible failures before 

they become catastrophic. Table 1 below shows various fracture toughness values for multiple 
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engineering materials. Current metal alloy systems have fracture toughness values that are 10-20 

times those of current ceramics. 

Table 1. Fracture toughness values of various engineering materials [5]. 

 
 

The idea of fracture toughness is important when considering applications for ceramics as 

engine components. Many of the components in engines undergo continuous cyclic loading 

which causes fatigue fracturing. Nearly 36% of all jet engine failures can be attributed to cyclic 

fatigue of engine components [8]. Fatigue loading feeds crack initiation and propagation causing 

an eventual failure of the material. For this reason research began to focus on ways of improving 

the damage tolerance and fracture toughness of ceramic systems. The primary focus currently is 

generating composite systems with these ceramics. 

Material

Polyethylene
Nylon
Epoxy

Pure metals
Aluminum Alloys
Titanium Alloys
Low Carbon Steels
Cast Iron

Sodalime Glass
Magnesium Oxide
Alumina
Silicon Oxide
Silicon Nitride

0.5-1
3

1-3
2-4
3-5

Polymers

Metals

Ceramics

1-2
3

0.5

100-300
20-50
50-110

50
40,278

KIC, MPa m1/2
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2.2 Composites 

 Composites are material systems that have been expanding in popularity in the aircraft 

industry due to their high strength to weight ratios. A composite is defined as a material system 

consisting of two or more phases on a macroscopic scale, whose properties and/or performance 

are designed to be superior to those of the constituent materials separately [9]. Composites are 

comprised of a matrix and a dispersed phase. The dispersed phase is most often the 

reinforcement fibers. The matrix acts as a bonding agent to provide structure and organization to 

the reinforcing material. In general the reinforcing material comprises the majority of the 

material systems strength. These material systems are classified by the chemical structure of their 

matrix phases.  

 Matrix phases that are made from resins or epoxy like cured agents are classified as 

polymer matrix composites (PMC). These systems are well known for high strength to weight 

ratios but low thermal stability. Another type of composite is the metal matrix composite 

(MMC). Currently part of the F-16 landing gear is comprised of a SiC/Titanium MMC which has 

provided a significant weight reduction without the loss of mechanical properties [4]. The last 

category is ceramic matrix composites (CMC). These systems are well known for their high 

temperature stability and can be either carbide or oxide systems.  

 The choice of which system and reinforcing materials to mix and use depends on the 

application of the material system. A desire for better strength, thermal stability, fracture 

toughness, or damage tolerance will drive the decision for a particular composite system. This 

research is focused on a CMC that has better fracture toughness and was specifically designed to 

provide a CMC that has improved damage tolerance even at elevated temperatures. 
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2.3 Ceramic Matrix Composites 

2.3.1 General Information 

Ceramic matrix composites are a class of composites that were first designed in order to 

take advantage of the benefits of strongly bonded atoms with little to no electronic movement. 

The stability of the bonds provides protection from hostile environments as well as stability at 

elevated temperatures. One of their biggest draw backs was lack of damage tolerance, 

catastrophic failure occurred too quickly. By creating a composite of a material with a silicon 

carbide matrix and silicon carbide fibers, the damage tolerance of the material is increased 

substantially [6]. The composite of a ceramic matrix with ceramic fibers allows CMCs to 

maintain high strength even at elevated temperatures as shown in Figure 2 below. 

 
Figure 2. Mechanical performance of materials versus temperature [18]. 

 

Generally with PMCs and MMCs, the fiber reinforcements are much stronger than the 

matrix. This allows the material to be much stronger than just the matrix normally would. 
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However, this is not the design philosophy for ceramic matrix composites. For PMCs and 

MMCs, the reinforcement is designed to provide additional strength for the material system. For 

CMCs the reinforcement of a matrix with a fiber of the same material has two design purposes. 

Ceramic materials are generally high strength materials without reinforcement. First, instead of 

strength enhancement, these fibers are designed to provide increased damage tolerance. Cracks 

that are initiated in the ceramic matrix can only propagate until they contact the interface of the 

matrix with a fiber. This slows cracking and allows for more graceful failure. Second, since the 

matrix and fiber are the same material they will have the same thermal expansion coefficients. 

This prevents internal stresses from damaging the composite from the inside during highly 

elevated temperature applications [5]. Essentially increasing the toughness of CMCs can be 

simplified down to impeding crack initiation and/or propagation. Generally this is done in CMCs 

by generating a porous matrix and having a weak matrix-fiber bond so that the crack cannot 

propagate straight through the fiber without significant disruption. 

2.3.2 Types of Ceramic Matrix Composites 

 There are two different categories of CMCs which are based on the chemical composition 

of the ceramic. These two types are known as oxide and non-oxide ceramics. The oxide ceramics 

typically used in CMCs are alumina and silica, Al2O3 and SiO2 respectively [5]. The oxide 

ceramics are known for having high moduli and strength. Also due to their chemical 

composition, these materials are resistant to oxidation even at extremely high temperatures. 

Unfortunately, fibers made from oxide ceramics are known to have higher creep rates than non-

oxide ceramics [5]. Non-oxide ceramics include carbides and nitrides, such as SiC and Si3N4.  

These ceramics generally are stronger and less prone to creep than their oxide counter parts. 

Unfortunately, the lack of oxygen in their chemical composition increases the susceptibility of 
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non-oxide ceramics to oxidation, especially at very high temperatures. This oxidation degrades 

the material and reduces its strength, eventually causing material failure. Highly oxidative 

environments like water vapor have also been shown to increase the rate of oxidation of SiC 

systems at elevated temperatures [17]. There is a great amount of effort going towards producing 

carbide systems with reduced oxidation potential. 

 Currently there is a focus on increasing CMCs resistance to cracking, which is the 

primary mode of failure under fatigue loading. There are two ways for improving fracture 

toughness. One of these ways is decreasing the bond strength between the matrix and the fiber. 

This is accomplished by coating the fibers with carbon or boron nitride. This allows for crack 

deflection and sliding of fibers which absorbs energy and slows crack growth in the material. 

Figure 3 below shows a schematic depiction of a strong versus weak fiber-matrix interface. 

These weak interfaces allow for crack deflection around fibers inhibiting sudden failure. Without 

the weak interphase a small crack would cause a sudden catastrophic failure by cutting through 

fibers. 

 
Figure 3. Crack deflection from interphase bind strength [12] 
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 The other method for improving fracture toughness of ceramics is to control the matrix 

porosity. It has been shown that controlling the porosity of the matrix successfully deflect cracks 

in oxide/oxide ceramics [21]. Unfortunately, this porosity also provides a route for hostile 

environments, like moisture or gases, to penetrate the matrix and reach the fibers even without 

cracks. 

Currently one of the biggest drawbacks for SiC/SiC systems is that the fibers are 

extremely susceptible to oxidative attack. There would be a large benefit for any material that 

was capable of maintaining its strength in hostile environments at high temperatures. The 

purpose of this research is to analyze a SiC/SiC composite at elevated temperatures in air and 

steam to determine its mechanical limits.            

2.3.3 Previous Research on SiC/SiC Ceramic Matrix Composites 

 Research on SiC/SiC CMCs was previously performed at AFIT [7,10]. The composite 

tested by Christensen consisted of a SiC matrix reinforced with a boron nitride (BN) coated Hi-

NicalonTM fibers woven in an eight harness satin weave. This SiC matrix was densified using the 

chemical vapor infiltration process. Tensile test and tension-tension fatigue test were conducted 

at 1200˚C. The fatigue tests were conducted in laboratory air and steam at 1200˚C at frequencies 

of 0.1 Hz, 1.0 Hz, and 10 Hz with a max stress ranging from 80 to 120 MPa in air and from 60 to 

110 MPa in steam. The fatigue limit was 100 MPa (46% UTS) in air and 80 MPa (37% UTS) in 

steam. With run-out defined as 2 x 105 cycles at 1.0 Hz and 10 Hz test and as 105 cycles for 0.1 

Hz. All specimens tested in air retained 100% of their tensile strength and only one specimen in 

steam showed minor strength degradation as seen in Figure 4. The change in slope of the stress 

strain curve corresponds to cracking of the matrix in the composite. At this point the load is 

transferred to the fibers. 
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Figure 4. Stress-strain response of Hi-Nicalon/BN/SiC specimens fatigue in air at 1200˚C 

then subjected to a monotonic tensile test to failure in laboratory air at 1200˚C at 
displacement rate of 0.05 mm/s [7]. 

 

 Jacob Delapasse studied a Hi-Nicalon/SiC-B4C composite system [10]. Delapasse 

completed tension-tension fatigue tests at 1200 ˚C in laboratory air and in steam at frequencies of 

0.1 Hz, 1.0 Hz, and 10 Hz with a max stress ranging from 100 to 140 MPa. The fatigue limit at 

1.0 Hz was 116 MPa (38% UTS) in air. Fatigue run-out was defined as 2 x 105 cycles at 1.0 Hz 

and 10 Hz test and as 105 cycles at 0.1 Hz. The composite studied by Delapasse produced larger 

strains than the baseline CMC analyzed by Christensen, see Figure 5 and 6. The presence of 

steam had little influence on the fatigue life at 1.0 Hz but noticeably degraded fatigue lifetimes at 

0.1Hz for stress greater than or equal to 120 MPa. Delapasse also reported strain ratcheting along 

with strain accumulation up to 2%. 
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Figure 5. Accumulated strain vs. fatigue cycles for the Hi-Nicalon/SiC-B4C and 
HiNicalon/BN/SiC ceramic composites at 1200˚C in laboratory air. Data for Hi-

Nicalon/BN/SiC from Christensen. Graph from Delapasse [10] 
 

 
Figure 6. Accumulated strain vs. fatigue cycles for the Hi-Nicalon/SiC-B4C and 

HiNicalon/BN/SiC ceramic composites at 1200°C in steam. Data for Hi-Nicalon/BN/SiC 
from Christensen. Graph from Delapasse[10]. 
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 Specimens that achieved fatigue run-out in air and in steam retained 42% and 59% of 

their tensile strength respectively. Delapasse showed that there was a noticeable strain increase 

and loss of strength after extended exposure to fatigue at elevated temperatures. He attributed the 

strain and eventual failure to creep of the reinforcing fibers. The Hi-Nicalon/SiC-B4C composite 

system had a self-healing matrix to protect the fibers against oxidative damage. A study of the 

fatigue behavior of Hi-Nicalon/SiC-B4C at 1300˚C is desired to assess how significant 

temperature increases will affect the fatigue performance of this composite system. 

III. Material and Test Specimen 

3.1 Material Specifications 

 The material used for this investigation is the same material used by Delapasse in his 

research. The composite was manufactured by Hyper-Therm High-Temperature Composites, 

Inc., Huntington Beach CA. The composite was processed via chemical vapor infiltration (CVI) 

of HyprSiC oxidation inhibited matrix material into the woven Hi-Nicalon fiber preforms. The 

composite consisted of eight plies of Hi-Nicalon [0°/90°] fibers woven in a plain weave, shown 

in Figure 7. To produce the laminated preforms, the 9 [0°/90°] plies were laid-up symmetric 

about mid-plane with warp and fill plies alternated.  Prior to infiltration with the matrix, the 

preforms were coated with pyrolytic carbon and with boron carbide overlay in order to decrease 

interface bonding between fibers and matrix. The thickness of the pyrolytic carbon fiber coating 

was approximately 0.40 μm and the thickness of the boron carbide overlay was approximately 

1.0 μm.  The HyprSiC oxidation inhibited matrix was densified by CVI.  The tensile specimens 

had an outer seal coating of HyprSiC that was applied by chemical vapor deposition (CVD) after 

the specimens had been machined. The material specifications as reported by Hyper-Therm HTC 

Inc. are provided in table 2 below. 
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Table 2. Material specifications as reported by Hyper-Therm HTC Inc. 

 
 

 
Figure 7. Plain weave [9]. 

 
 

 The oxidation inhibited matrix of the CMC studied in this work consists of alternating 

layers of silicon carbide (SiC) and boron carbide (B4C). When the composite is exposed to an 

oxidizing environment, oxygen diffuses through the network of matrix cracks and reacts with 

B4C layers of the multilayered self-healing matrix to produce fluid oxide phases that can fill 

cracks as soon as they are formed. This oxygen is trapped in the oxide phases and is prevented 

from attacking the oxidation prone load-bearing fibers. The SEM micrographs showing typical 

microstructure of the Hi-Nicalon/SiC-B4C composite are presented in Fig 8. Note the oxidation 

inhibited matrix consisting of alternating layers of SiC and B4C and the Hi-Nicalon fibers with 

PyC fiber coating and B4C overlay.   
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Figure 8. Hi-Nicalon/SiC-B4C oxidation inhibitor matrix reproduced from [10]. 

 

 The SiC-B4C matrix was densified by chemical vapor infiltration (CVI).  CVI is similar 

to chemical vapor deposition (CVD), which is often used to create films or surfaces on materials.  

The main difference between CVI and CVD is that CVD is used to create a surface on some bulk 

exposed material like a silicon wafer.  CVI is a similar process but instead of flowing the 

composition gases across the surface of a bulk material, the gas is directed through a fiber 

preform. To start the process, a preform array of fibers is placed into a high temperature furnace.  

Reactant gases are then pumped into the chamber and flow around and react forming a surface 

on the fibers.  As the flow of reactant gases continues the fiber diameter increases until the 

volume of the fiber preform is filled with the ceramic matrix of the CMC.  One of the main 

drawbacks of CVI is unintended creation of pores in the matrix. These porous areas are seen in 

Figure 8 above.  These pores can be initiation points for cracking within the ceramic matrix [10]. 

The CMC studied in this work is reinforced with SiC Hi-Nicalon fibers, which are known 

to have good tensile strength and elastic modulus and is capable of maintaining these properties 

Pore 
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at high temperatures [3]. Commercially produced Hi-Nicalon fibers consists of a mixture of β-

SiC, free carbon, and SiO2.  The designation “Hi” indicates low oxygen content.  The fiber 

coating of pyrolytic carbon is intended to provide a weak fiber-matrix interface to guarantee 

sufficient debonding of the fibers in the matrix. This weak interface provides a higher fracture 

toughness and strength.  The coating of boron carbide, which has low density, high melting 

point, and high hardness, is intended to protect the fiber from oxidative environments.  At 

elevated temperatures and in oxidative atmospheres, boron carbide is oxidized to boron oxide 

which acts as a self-healing layer to protect the fibers.  A higher magnification view of fibers and 

fiber coatings is shown in Figure 9 below. 

 

 
Figure 9. Coated Hi-Nicalon fiber, pyrolytic carbon (0.4 μm) and boron carbide (1.0μm) 

[10]. 
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3.2 Test Specimen  

All test specimens were machined to the specifications in Figure 10. The 0° fibers were 

oriented along the axis of the test specimens. All specimens were cut into the traditional dog 

bone shape produce uniform tensile stress in the gage section. Due to the non-uniformity caused 

by the fiber weave, all specimen widths and thicknesses were measured three times using a 

Mitutoyo Corporation Digital Micrometer and an average value was recorded for each. 

Dimensions of all the test specimens are shown in table 3. 

 
Figure 10. Dogbone shaped test specimen. All dimensions in mm. 
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Table 3. Dimensions of dogbone shaped test specimens 

 

 

 To prevent damage or crushing of the specimen by the grips, fiber glass tabs were 

attached to the top and bottom gripping sections of the test specimen using M-Bond 200. Each 

tab was then marked with a U or L, specifying whether it was the upper or lower section in the 

test manifold. A specimen prepared for testing is shown in Figure 11.  

 
Figure 11. Example dogbone test specimen with tabs. 
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An additional 10 specimens of the same CMC were also tested. These specimens had an 

hourglass shape shown in Figure 12. Dimensions of the hourglass-shaped specimens are 

summarized in Table 4.  

 
Figure 12. Hourglass-shaped test specimens. All dimensions in mm. 

 

 

 

Table 4. Dimensions of hourglass-shaped test specimens 
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IV. Experimental Setup and Procedure 

4.1 Test Equipment 

 A 5 kip hydraulic MTS mechanical testing machine was used for all tests. The MTS 

testing machine was equipped with water cooled collet grips and a two zone resistance heating 

furnace with a temperature control system for each zone. The machine is shown in Figure 13. 

Prior to all tests the system was warmed up using a 0.1 in. amplitude sine wave under 

displacement control for approximately 20 min.  

 
Figure 13. 5 Kip MTS machine. 
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For all tests, the test specimen was mounted into the MTS Series 647 hydraulic wedge 

grips with precautions to ensure that the specimen was parallel to the loading direction. The 

collet grip surfaces were coated with a Surfalloy grip texture to prevent slipping.  The wedge 

grip pressure was set to 10 MPa to prevent slippage while also not crushing the test specimen.  

The grips were cleaned with a wire brush after each test to insure proper function and remove 

any build-up of the fiberglass dust from the specimen tabs.  The grips were cooled using 15 ˚C 

water from the Naslab model HX-75 chiller.  An alumina susceptor (Fig. 14) was used in tests to 

ensure a uniform temperature environment in air and in steam around the specimen gage section 

and to protect the furnace elements from the steam. An AMTECO steam generator  and 

deionized water were used to generate steam which entered the susceptor through a feeding tube 

to create a near 100% steam environment. 

 
Figure 14. Test Specimen with alumina susceptor. 

 
Strains were measured using a high temperature uniaxial extensometer, MTS Model 

632.53 E-14. The test set up is shown in Figure 15. 
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Figure 15. Test specimen mounted with extensometer testing. 

 

Prior to testing, specimens were enclosed by an AMTECO Hot Rail two zone furnace. 

The furnace temperature was controlled by two MTS Model 409.83B Temperature Controllers.  

The controllers managed two separate furnace zones dubbed the left and right zones. To ensure 

the furnace could produce the desired test temperature, thermal insulation was used to cover the 

top and bottom of the furnace to reduce heat loss.  

4.2 Temperature Calibration 

 To ensure that the specimen is tested at the desired temperature, a temperature calibration 

was completed. In order to achieve a temperature of 1300˚C, the furnace output power was 

increased to 75% and the temperature control max setting parameters were increased from 

1400˚C to 1450˚C. 
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 The temperature calibration was completed by attaching two R-type thermocouples to the 

test specimen. The test specimen was then enclosed in an alumina susceptor and placed in the 

chamber. The calibration specimen is shown in Figure 16. 

 

 
Figure 16. Temperature calibration specimen without (left) and with (right) susceptor. 

 

The specimen was held at zero load under load control during heating to allow for 

material expansion during the temperature rise. The temperature on the sides of the specimen 

were measured using an Omega HH501BR digital thermometer attached to both R-type 

thermocouples. The temperature controller settings were increased until the temperature of the 

specimen reached 1300˚C. The settings were recorded and used during testing. The same process 

was completed in steam environment.  
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4.3 Microstructural Characterization 

 After testing the specimen fracture surfaces were examined using a Zeiss Stemi SV II 

optical microscope equipped with a Zeiss AxioCam HRc digital camera and the Quanta 200 

scanning electron microscope (SEM). Optical micrographs were taken of all of the dog bone 

specimens and some representative micrographs were taken of the hour glass specimens. After 

the optical micrographs were completed the lower section of each specimen was examined in the 

SEM. The specimens were cut with a diamond coated saw 4-6 mm below the edge of the fracture 

surface. The samples were then mounted onto metallic SEM sample platforms with double sided 

carbon tape. 

4.4 Experimental Procedure 

4.4.1 Monotonic Testing 

A specimen was tested under monotonic tensile loading to provide baseline tensile 

properties of Hi-Nicalon/SiC-B4C at 1300°C.  With the MTS at a zero load condition, the 

temperature was raised to 1300˚C at a rate of 1.0 °C/s.  Once the specimens reached 1300˚C, the 

temperature was held constant for 20 minutes.  Then, the specimen was loaded in the 

displacement control at the rate of 0.05 mm/s until failure.  During testing, strain, load, left and 

right oven temperature, displacement, displacement control, and time were all recorded. 

4.4.2 Fatigue Testing 

 All specimens were tested in tension-tension fatigue at 1 Hz with a maximum to 

minimum stress ratio (R) of 0.05 in air and steam. With the MTS 5 kip machine set in force 

control, temperature was raised to 1300˚C at a rate of 1.0 °C/s.  Once the specimens reached 

1300˚C, the system was allowed to dwell for 20 minutes to ensure a steady temperature 
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environment. After the dwell period, specimens were loaded to the minimum stress level in 20 

seconds, then subjected to cyclic loading.  The fatigue run-out was set to 2 x 105 cycles.  If a 

specimen achieved run-out, it was unloaded to zero load, then subjected to tensile test in order to 

measure the retained properties. The data collected included strain, load, load command, 

displacement, cycle number, temperature and time.  The data was collected in four different data 

files titled “Specimen,” “Cycle,” “Peak and Valley,” and “Tensile.”  The “Specimen” file 

collected data during the warm up, dwell period, and ramp to minimum stress.  The “Cycle” file 

collected full stress-strain data during the following cycles:  i) cycles 1 to 10, ii) every tenth 

cycle between cycles 20 and 100, iii) every 100th cycle between cycles 100 and 1000, iv) every 

1000th cycle between cycles 1000 and 10000, and v) every 10000th cycle between cycles 10000 

and run-out.  The “Peak and Valley” file collected peak and valley data for each cycle. The 

“Tensile” file collected data during the post-fatigue tensile test if the specimen achieved fatigue 

run-out.  A screen shot of the program used to input the test procedures is in Figure 17. 

Note that strain data were collected for the dogbone-shaped specimens only. Strain data 

were not collected for the hourglass-shaped specimens. Without a flat gage-section on the 

specimen, the uniaxial low-contact force extensometer cannot be used. 
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Figure 17. Screen shot of the program used for all testing. 

 

 

V. Results and Discussion 

5.1 Chapter Overview 

 This chapter presents the results of all tests conducted for this research. Section 5.2 

summarizes the thermal expansion data taking during warm up to test temperature. Section 5.3 

presents the results of the tensile tests. Section 5.4 presents the data collected during the tension-

tension fatigue test performed in air and in steam. Fatigue run-out was defined as 2x105 cycles. 

The tests performed in this work are summarized in Table 5.   
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Table 5. Summary of Hi-Nicalon/SiC-B4C ceramic composite test results obtained at 
1300°C 

 
 

5.2 Thermal Expansion 

 For each test, the temperature was increased at a rate of 1°C/s to the test temperature and 

allowed to dwell for 20 minutes under zero load to ensure a steady state thermal environment 

prior to testing. During this time, strain data were collected in order to determine the coefficient 

of thermal expansion. The coefficient of thermal expansion, α, was determined as:  
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𝜶 =  𝜺
∆𝑻

                           (1) 
 

Where ε is the thermal strain and ΔT is the temperature change from 23°C to 1300°C. All 

thermal strain data are summarized in Table 6. The recorded thermal strain varied between 

0.56% and 0.70% with an average of 0.61%. The average thermal expansion coefficient was 

4.74x10-6 1/°C with a standard deviation of 0.37x10-6 1/°C. This value is similar to those reported 

previously by Delapasse [10] and reproduced in Table 6. 

Table 6. Thermal strain and coeffiecient of linear thermal expansion for Hi-Nicalon/SiC-
B4C CMC. 

 

Specimen Thermal 
Strain (%)

Coefficient of Linear 
Thermal Expansion      

(10-6/°C) 

L99 0.59 4.61
M03 0.57 4.46
M04 0.57 4.42
M07 0.57 4.48
M08 0.63 4.93
M12 0.59 4.63
M16 0.56 4.39
M18 0.67 5.25
L93 0.60 4.70
L94 0.70 5.48

Average 0.60 4.74
Std. Dev. 0.05 0.37

Panal
Average 
Thermal 

Strain (%)

Average Coefficient 
of Linear Thermal 

Expansion (10-6/°C) 
Panal 5a 0.57 4.85
Panal 6a 0.56 4.72
Panal 7a 0.58 4.90
Average 0.57 4.82

a. Data from Delapasse [10]
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5.3 Monotonic Tension 

 Tension tests to failure were performed in displacement control at 0.05 mm/s. The results 

of the tensile tests are summarized in Table 7. The ultimate tensile stress (UTS) reported by 

AFRL for this material and temperature was 298 MPa [15]. This value of the UTS was combined 

with the initial tensile test of L97 in this work to calculate the average UTS of 311 MPa. The 

proportional limit was determined to be 117 MPa (~38% UTS). Figure 18 shows the method 

used to determine the proportional limit. Tensile stress-strain curve obtained for Hi-Nicalon/SiC-

B4C ceramic composite at 1300°C in air is also shown in Figure 18. An example of how this was 

calculated is shown in Figure 18. No stain measurements were taken for L97 due to an 

equipment malfunction. 

A representative stress-strain curve obtained at 1300°C in this work is compared to that 

obtained at 1200°C by Delapasse [10] in Figure 19. A comparison of the tensile properties 

obtained at 1200°C and 1300°C is presented in Table 7. 

Table 7. Tensile properties for Hi-Nicalon/SiC-B4C CMC at 1300°C and 1200°C. 
Delapasse[10]. 

 

Specimen Temperature
Elastic Modulus 

(GPa)
Proportional Limit 

(MPa)

U t ate 
Stress 
(MPa)

a u e 
Strain 
(%)

L94 1300 179.5 117 341 0.57
L97a 1300 - - 322 -

Delapasse 1200 206.3 116.3 306.8 0.686
a. No strain measurements taken
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5.5 Effects of Prior Fatigue on Tensile Properties 

 All specimens that achieved fatigue run-out were tested to failure in tension to determine 

the retained tensile properties. The data collected from these tensile tests are summarized in 11. 

The DB specimen pre-fatigued in air at 70 MPa experienced no loss in strength or modulus. 

However, the DB specimen that was pre-fatigued at 100 MPa in steam retained only about 49% 

of its strength and 64% of its stiffness. The HG specimens that achieved run-out at 80 MPa in air 

retained about 94% of its tensile strength. The HG specimen fatigued at 100 MPa in steam 

retained only about 59% of its tensile strength.  

Table 11. Retained tensile properties of Hi-Nicalon/SiC-B4C specimens subjected to prior 
fatigue in laboratory air and in steam at 1300˚C. 

 

The stress-strain curves obtained from the post-fatigue tensile tests are shown in Figure 

35 for the DB specimens. A representative for the as-processed composite is included for 

comparison. As the figure shows, prior fatigue with σmax of 70 MPa in air failed at a lower strain 

but still achieved the average UTS of 311 MPa. Conversely, the specimen pre-fatigued at 100 

MPa in steam failed at less than half of the average UTS (311 MPa). The specimen also showed 

a reduced modulus as compared to that measured on the first cycle. Prior fatigue in air and steam 

had little effect on the shape of the tensile stress-strain behavior when compared to that of the as-

processed material. 

Fatigue 
Stress 
(MPa)

Test 
Environment

Retained 
Strength 
(MPa)

Strength 
Retention 

(%)

Retained 
Modulus 
(GPa)

Modulus 
Retention 

(%)

Failure 
Strain 
(%)

70 Air 311 100 238 100 0.50
100 Steam 152.1 48.9 155.1 63.9 0.13

80 Air 291 93.6 - - -
100 Steam 183 58.8 - - -

Hourglass Specimens
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Figure 40: Optical micrograph of fracture surface of the DB-shaped specimen tested in 

fatigue at 1300°C in air. σmax = 140 MPa, Nf = 20,069, tf = 5.6 h. (a) front, (b) side. 
 

 
Figure 41. Optical micrograph of fracture surface of the DB-shaped specimen tested in 

fatigue at 1300°C in air. σmax = 70 MPa, Nf = 200,000, tf = 55.6 h. (a) front, (b) side. 
 

 (a)  (b) 

 (a)  (b) 
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Figure 42 and 43 show optical micrographs of the fracture surfaces produced in fatigue 

tests performed at 1300°C in steam with σmax of 160 MPa and 100 MPa, respectively. The 

fracture surfaces in figures 42 and 43 show some fiber pull-out but little or no delamination. 

Note the transverse cracking of some 0° fiber bundles on the specimen surface (see arrows in 

Figures 42 (a) and 43 (a)) akin to that seen in Figure 40 (a). Also seen in Figure 42 (a) and Figure 

43 (a) are the presence of large rounded surface features. These surfaces features are attributed to 

being oxidation products on the surface of the specimen. The specimens tested in steam have 

larger areas of oxidation products on the surface than the specimens tested in air (Figure 40 and 

41). Their presence on the specimens subjected fatigue in steam is most likely due to the more 

aggressive oxidizing environment that steam causes. 

 

 

 
Figure 42. Optical micrograph of fracture surface of the DB-shaped specimen tested in 

fatigue at 1300°C in steam. σmax = 160 MPa, Nf = 17,811, tf = 4.9 h. (a) front, (b) side. 

 (a)  (b) 


