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Abstract 

 

Ceramic and refractory metal foams have a potential for use in extreme environments, such as in 

fuel elements within nuclear reactors both in space and terrestrial applications.  In addition, 

infiltrating an open-cell ceramic foam with a continuous second phase can create an 

interpenetrating phase composite (IPC), consisting of a three-dimensional reinforcement 

structure.  One aspect of investigation within this study was the influence of foam pore/strut size, 

foam composition, and foam density on neutronic and mechanical properties.  Neutron 

transmission through open-cell tantalum carbide foams was measured using experimental 

techniques and modeled with Monte Carlo N-Particle (MCNP) transport code.  Neutron 

transmission decreased linearly within tantalum carbide (TaC)/reticulated vitreous carbon (RVC) 

foams as areal TaC density increased.  All MCNP modeling runs predicted slightly higher 

neutron transmission than what was experimentally measured, potentially indicating that the 

foam structure had a small influence on neutron transmission.  Compressive strength and 

Youngôs moduli of  tantalum carbide foams were measured for foam specimens that were 

exposed to thermal cycling and thermal shock, as well as for baseline specimens.  Extensive 

micro-cracking was observed in the foams after 18 thermal cycles to 2100° C.  However, thermal 

shock in liquid nitrogen did not produce observable micro-cracking in the TaC foams. The 

average strengths of baseline TaC/RVC foams ranged from 1.97 MPa - 3.82 MPa.  The baseline 

TaC/PyC/RVC foams exhibited strengths ranging from 4.57 MPa - 12.60 MPa.  The compressive 

strength of thermally cycled foams tended to be 1/3-1/2 that of baseline specimens.   

 

Another aspect of this study investigated the infiltration of RVC foams with tungsten powder in 

an attempt to form a tungsten-ceramic foam interpenetrating phase composite (IPC).  It was 

found that tungsten particle size influenced infiltrated densities more than foam pore size.  

Significantly lower infiltrated densities were obtained using sub-micron tungsten than with 5-10 

micron tungsten as a result of particle agglomeration.  Infiltrated 5-10 micron tungsten achieved 



iii  

densities ranging from 23-25% theoretical within RVC foams, whereas sub-micron tungsten 

densities ranged from 11-16% theoretical.  Constrained densification was observed during 

sintering of tungsten-infiltrated foams.  
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I.  Introduction  

Ceramic and refractory metal foams have a potential for use in a variety of applications, one of 

which is in fuel elements in nuclear reactors.  Of particular interest to this study is the use of 

foam within a nuclear propulsion reactor for space exploration applications.  Nuclear propulsion 

can significantly increase spacecraft performance, decreasing travel time, and enabling missions 

to Mars and beyond.  Furthermore, use of nuclear reactors on planetary surfaces would be of 

great benefit for permanent settlements.  Influences of foam strut/pore size, foam composition, 

and foam density were investigated with respect to both neutronic and mechanical properties 

within this study.  Neutron transmission in tantalum carbide foams was measured 

experimentally, and modeling was performed using Monte Carlo N-Particle Transport Code.  

Constitutive equations were used to predict mechanical properties of the foams.  The 

compressive strength and Youngôs modulus of tantalum carbide foams were measured for foams 

exposed to thermal cycling and thermal shock, along with baseline foam specimens.  

Furthermore, vibration-induced tungsten powder infiltration and densification within ceramic 

foams was investigated for the purpose of creating an interpenetrating phase composite (IPC).  

The infiltrated foams were consolidated by vacuum sintering.   

   

Objectives 

 

1. Understand the neutronic and mechanical properties of tantalum carbide/pyrolytic 

carbon/reticulated vitreous carbon (TaC/PyC/RVC) foams and tantalum carbide/ 

reticulated vitreous carbon (TaC/RVC) foams. 

a. Understand the influence of strut/pore size, foam composition, and foam density 

on the neutron transmission in the foams. 

b. Understand the influence of strut/pore size, foam composition, foam density, 

thermal fatigue, and thermal shock on mechanical behavior of the foams.   

2. Understand the influence of foam pore size and tungsten particle size/surface area on 

vibration-induced tungsten particle infiltration and densification within RVC foams, with 

the goal of forming an interpenetrating phase composite. 
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Justification 

 

Ceramic foams and tungsten-cermets have potential applications in extreme environments such 

as nuclear propulsion systems, solar-thermal propulsion systems, and nuclear reactors.[1, 2]  In 

addition, tungsten-cermets also have potential applications in rocket nozzles, hypersonic engines, 

and radiation shielding.[3]   

 

Materials utilized in nuclear reactors must retain adequate performance properties under high 

temperatures and radiation fluences.  Increasing the operating temperature of reactors provides 

greater energy conversion efficiency; and in the case of nuclear rockets, greater propulsion 

performance.  Advances in foam/foam-composite research could facilitate nuclear propulsion 

systems enabling more rapid travel time to destinations such as Mars, and contribute to the 

development of high-performance nuclear power for use on planetary surfaces.       

 

Utilizing a ceramic foam incorporating tantalum carbide (m.p. 3880° C)[4] in a nuclear thermal 

rocket fuel element could reduce the overall mass, increase the fuel fracture toughness, inhibit 

catastrophic fuel fracture from vibration fatigue, increase high temperature strength, maintain 

fuel integrity during gas release induced by nuclear fission, and allow higher operating 

temperatures to be achieved.[1]  Prior studies have shown that tungsten and tungsten alloys are 

good candidate materials for fuel encapsulation in fast nuclear thermal propulsion reactors, and 

for first wall materials in fusion reactors.  Tungsten has the highest melting point of all metals, 

3422° C[3], and a high thermal conductivity (171 W/m·K at 300 K).[5]   

 

It is important for the fuel element to be resistant to damage from thermal cycling if it is desired 

for the reactor to be able to be shut off and restarted.  Multiple restarts would be of use for 

multiple fuel burns and in bi-modal space nuclear reactors, which can be used in both propulsion 

and power applications.  Thermal shock resistance is also important since cryogenic hydrogen 

would be flowing into the reactor core.  Evaluation of the neutronic properties for a potential fuel 

element is important since neutron absorption can result in too few neutrons to sustain nuclear 

fission, making reactor criticality unachievable.    
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Infiltrating ceramic foam with tungsten could create an interpenetrating phase composite (IPC), 

and is predicted to enhance the high-temperature strength and stiffness of tungsten.  The 

tungsten- ceramic foam composite would have reduced mass, which could reduce launch costs in 

aerospace applications.  

 

 

 

 

 

  



4 

II.  Background 

 

Nuclear Propulsion Technologies 

The future of human space exploration requires significant advances in propulsion technology 

and energy generation.  Nuclear propulsion technologies have potential to offer significant 

advantages over conventional chemical propulsion technology.  The velocity change that is 

either required or available for propulsion and orbital maneuvering of a spacecraft is referred to 

as ȹV.  The largest ȹV that a conventional chemical rocket, utilizing hydrogen and oxygen for 

combustion, can provide to a spacecraft leaving Earth orbit is ~10 km/s.  Nuclear thermal rockets 

could provide a ȹV of ~22 km/s to the same spacecraft. [6]  The calculation of ȹV can be 

performed using Equation 1, where Isp, is specific impulse, mi is the initial mass of the vehicle, 

mf, is mass after fuel burn, and g is 9.8 m/s
2
. [7] 

Equation 1.  

f

i
sp

m

m
gIV ln=D  

 

There are three basic concepts for nuclear propulsion technologies.  Nuclear thermal propulsion 

(NTP) uses heat generated by nuclear reactions to heat a propellant.  Nuclear electric propulsion 

(NEP) converts heat from nuclear reactions into electricity, which is used to create 

electromagnetic fields in order to direct and propel ionized gas in a plasma rocket. [8]  A third 

type of nuclear propulsion technology utilizes electromagnetic fields to direct high energy fission 

fragments from a nuclear reaction out of the rocket in order to produce thrust. [9] 

 

Nuclear Thermal Propulsion Reactors 

The US Air Force began the Nuclear Engine for Rocket Vehicle Applications (NERVA) 

program in 1947 for use in propelling intercontinental ballistic missiles (ICBMs).  NASA took 

over the program in 1958, in order to develop the technology for space exploration.  Reactor 

sizes ranging from 300-200,000 MW were utilized.  A total of 28 tests at full-power were 

conducted, for up to 30 minutes each.  Restarts were also performed, resulting in a total reactor 

life of 90 minutes.  Thrust to weight ratios between 3:1 and 4:1 were achieved, as well as specific 

impulse values up to 835 seconds.  The majority of the tests were conducted at the Nuclear 

Rocket Development Station at the Nevada test site.  The program ended in 1972.  The NERVA 

reactor utilized particles of uranium carbide nuclear fuel dispersed in hexagonal graphite 
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elements.  The NERVA reactor was a thermal reactor that utilized graphite as both a moderator 

and structural element.  The fuel elements were protected from the hydrogen propellant with 

coatings of zirconium carbide or niobium carbide. [8]     

 

Another reactor design for a nuclear rocket is the Particle-Bed Reactor (PBR), which was 

developed primarily by the Air Force Space Nuclear Thermal Propulsion program (SNTP).  The 

PBR provides for a higher power density than the NERVA by both increasing the fuel surface 

area and the propellant temperature.  Hydrogen propellant cools spherical particles of uranium 

carbide fuel coated with graphite and zirconium carbide.  The PBR is a thermal reactor and 

graphite is used as the moderator.  The PBR has a thrust to weight ratio of about 40:1.  No full-

scale engine tests were performed, but smaller tests for proof-of-concept have been conducted.  

The program ended in 1993.  Tests on the nuclear fuel were conducted up to 3000 K, whereas 

NERVA fuel only reached 2650 K. [8] 

 

The CERMET-core reactor is a third type of nuclear thermal rocket that utilizes fast neutrons (> 

1 MeV) for fission, eliminating the need for a moderator.  Tests have indicated that CERMET 

fuel is significantly more resilient than the NERVA or PBR fuel, allowing for many reactor 

restarts and subsequent fuel burns.  Tested CERMET fuels have consisted of uranium dioxide 

particles dispersed in a tungsten or tungsten-rhenium matrix. [8]  Tungsten CERMET nuclear 

fuel has a high melting point, good resistance to creep, and a high thermal conductivity.  

Tungsten additives such as rhenium, molybdenum, ThO2, and GdO3 can increase ductility, 

increase toughness, and/or modify the ductile-brittle transition temperature. [10]  The 710 

program run by General Electric in the 1960ôs utilized a fuel composition of 60% UO2 and 40% 

tungsten, by volume, with a cladding of tungsten-rhenium.  Fuel elements were tested at 

temperatures up to ~2500° C and cycled up to 100 times.  Work performed by Argonne National 

Lab found that fuel loss from UO2 could be prevented by adding gadolinia to the matrix.  A 

potential method to increase the melting temperature limitations of UO2 is to utilize a UO2-Th 

mixture, which has a higher melting point that pure UO2. [11] 

 

CERMET fuels are expected to last for over 40 hours, be more compatible with hydrogen 

propellant, and withstand thermal cycling at high temperatures. [8]  The greater compatibility 
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with hydrogen allows better retention of fission products and greater fuel integrity. [8, 10]  Other 

CERMET fuel tests have been conducted at temperatures up to 1900 K for 10,000 hours.  The 

thrust to weight ratio of the CERMET-core design is 5.3:1. [8] 

 

The use of a fast-fission spectrum in a nuclear reactor offers many benefits over a thermal-fission 

spectrum.  An important environmental benefit is that transuranic elements are burned up in the 

core, decreasing the quantity of long-lived radioactive waste.  Fast reactors have a lower reactor 

core mass and a higher power density.  In addition, fast reactors use neutron reflectors, and do 

not require moderator materials to reduce neutron energy.  Loss or damage to the neutron 

reflector ensures the reactor will not go super-critical.  Furthermore, melting of the reactor core 

leads to a negative feedback condition, forcing the reactor into a sub-critical state. [10]   

 

Nuclear Propulsion Fuel Requirements 

Materials utilized within a nuclear reactor must withstand high temperatures and high radiation 

flux. The combination of the two factors can lead to changes in the mechanical, thermal, 

chemical, physical, and nuclear properties of materials.  Several types of radiation can be found 

within a fission nuclear reactor: neutrons, fission fragments, Ŭ-radiation, ɓ-radiation, ɔ-radiation, 

and potentially protons.  Significant changes in material properties can be induced by heavier 

particles such as neutrons, fission fragments, Ŭ-radiation, and protons.  Interaction of a material 

with the heavier particles listed above can result in point, line, and plane defects within the 

crystal structure.  Neutrons produce radiation damage by imparting momentum and energy to the 

nuclei of atoms.  Neutron irradiation can produce vacancies, interstitials, and impurity atoms 

within materials. [12] 

 

The fuel utilized in a nuclear thermal rocket determines the upper limit of propulsion 

performance. [13]  Increasing the reactor temperature and decreasing the molecular weight of the 

propellant results in a higher specific impulse, other factors kept constant. [14]   NTP reactors 

require fuel geometries with a high surface area to volume ratio in order to rapidly transfer heat 

to the propellant gas. [15]  Uranium fuels with the highest melting points include: UO2, UC, and 

UN. [13]  Uranium density within the fuel element is also an important parameter for nuclear 
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reactors.  Higher uranium densities are required in fast reactors due to lower fission cross 

sections for fast neutrons than thermal neutrons. [15]   

 

The extreme conditions within the NTP reactor greatly limit operating life.  Utilizing uranium 

fuels at temperatures between 2000-3500 K involves addressing a number of issues including: 

melting, chemical stability at high temperatures, evaporation, neutron spectrum of the nuclear 

reactor, creep at high temperatures, swelling, release of fission products, thermal shock 

resistance, fabrication methods, and fuel density.  One of the most limiting factors of using 

uranium-based fuels at high temperature is fuel evaporation.  Rockets utilizing NTP technology 

would heat hydrogen to temperatures over 3000 K.  The nuclear fuel would generate heat at rates 

of over 20GW/m
3
, and could have temperatures over 3200 K.  In order to reduce fuel loss by 

evaporation, encapsulation of the fuel is required.  Tungsten has the lowest volatility of the 

refractory metals, and has been shown to be compatible with UO2 at very high temperatures. [13, 

15]  In addition, the only two refractory metals that are fully compatible with uranium are 

tungsten and tantalum.  Uranium does not bond with or dissolve in either.  Uranium can attack 

tungsten and tantalum at high temperatures through grain boundary diffusion. [16]  Large 

amounts of naturally occurring tungsten are not desirable in thermal reactors due to tungstenôs 

large absorption cross-section and high resonance with thermal neutrons.  However, isotopic 

refinement of tungsten can be performed to eliminate isotopes with high absorption cross-

sections. [15]     

 

One of the problems encountered within NTP reactor fuel is cracking from engine vibrations.  

Another issue is hydrogen degradation of fuels and coatings. [10]  Hydrogen can cause the 

reduction of UO2, forming uranium metal, which has a much lower melting point than UO2.[15]  

Degradation of the nuclear fuel encapsulation materials by the propellant can result in fission 

products being emitted in the rocket exhaust. [10]  Prior research has indicated that tungsten has 

the potential to contain UO2 at temperatures near the melting point of UO2 for short times. [15]   

  

Utilizing UO2 in a pure tungsten matrix causes fuel expansion at very high temperatures due to a 

CTE mismatch.  The volume expansion eventually leads to fuel cracking.  It was found that 

alloying tungsten with rhenium or rhenium/molybdenum can mitigate these issues.  The CTE 
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mismatch can also be lowered by utilizing UN instead of UO2.  For temperatures above 2000 K, 

UN also has a higher thermal conductivity and fuel density than UO2. [13] 

 

Uranium carbides are another uranium-based nuclear fuel.  The melting points of UC and UC2 

are 2525° C and 2480° C, respectively.  Binary and ternary carbides incorporating UC with TaC, 

ZrC, HfC, and/or NbC have potential for use as fuels in nuclear propulsion applications.  The 

binary and ternary carbides have higher melting points and can reduce evaporation of nuclear 

fuel. [14]  The compositions with the highest melting points in the Ta-C, Zr-C, Hf-C, and Nb-C 

systems are hypo-stoichiometric with respect to carbon.  A relatively small change in carbon 

content within the carbide can reduce the melting point 300-800 K below the composition with 

the highest melting point.  For example, within the tantalum-carbon system, the composition 

TaC0.89 has the highest melting point (4258 K). [15]     

 

Tungsten has a very low evaporation rate, but reacts with materials containing carbon to form 

W2C at significant rates.  Tungsten could be used to contain a uranium carbide fuel, but 

temperatures would need to be maintained below 3060 K (melting point of W2C) and operating 

times would be limited.  However, localized melting of fuel might be able to be tolerated in some 

instances, presuming it does not lead to a loss of structural integrity. [15]   

 

Table I .  Melting Points of Selected High-Temperature Nuclear Fuels [15] 

 

Fuel Composition Melting Point (K)  

W-60 vol.% UO2 3075 

UC 2805 

UC2 (UC2+C eutectic) 2835 

(U0.1Zr0.9)C0.96 3550 

(U0.1Zr0.9)C0.98 3100 

 

 

Fission products are generally contained in uranium carbide fuels by encapsulating them in 

graphite and applying a carbide coating, such as ZrC. [15]  Research performed with ZrC 

coatings found that the large CTE difference between ZrC and graphite tended to induce 

cracking in the ZrC coating.  Cracking was reduced by creating a composite with networks of (U, 

Zr)C in a graphite matrix, and by using graphite with a higher CTE.  The fuels resisted loss of 
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carbon through hydrogen reactions, as well as cracking.  However, significantly more testing 

needed to be performed.  Carbide fuels are fairly stable in hydrogen, and have a much higher 

thermal conductivity than fuels such as UO2. [14]  However, hydrogen will still interact with 

carbide to some degree, which will result in changes to both composition and melting point. [15]  

The higher thermal conductivity reduces fuel cracking by decreasing the thermal gradient 

between the fuel and the propellant. [14]   

 

Properties of Foams 

Foams are three dimensional cellular materials with a relative density less than ~ 0.3, and can be 

classified as one of two types: open or closed cell.  The relative density of a foam is determined 

by the ratio of the foam density to the density of the bulk material. [17-19]  The cells within an 

open cell foam have material at the cell edges, and are open to adjacent cells at the cell faces.  

Therefore, they exhibit connectivity throughout their structure.  Closed cell foams have material 

at both cell edges and cell faces, isolating each cell from adjacent cells. [17]   

 

A variety of potential applications exist for foams including: catalyst supports, molten metal 

filters, biomedical devices, exhaust gas filters, thermal protection systems, composite 

reinforcement, space mirror supports, solid oxide fuel cell components, heat exchangers, 

bioreactors, radiant burners, kiln furniture, and light-weight sandwich structures.  Ceramic foams 

tend to have a high specific strength, low density, low thermal conductivity, high thermal shock 

resistance, high specific surface area, high permeability, high porosity, high wear resistance, and 

high resistance to corrosion. [18] 

 

The pore density within a foam is typically measured in pores per inch (ppi). [20]  The ppi value 

of a foam is a rough estimate of pore density that is used by commercial manufacturers to 

differentiate foam pore sizes.  The edge connectivity of a foam is determined by the number of 

edges that join at a vertex. [17]  Typically foams have an edge connectivity of four. [19]  The 

number of faces that join at a cell edge is referred to as the face connectivity. [17]  Typically 

open cell foams have a cell face connectivity of three, but they can range as high as six. [19]  

Eulerôs law, shown in Equation 2, gives the relationship between the number of edges, E, faces, 

F, vertices, V, and cells, C, in a three- dimensional foam. [17] 
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Equation 2:  1=-+- CVEF  

 

Thermal and mechanical properties of foams depend more on the shape of cells than the size.  

Isotropic properties are observed in equiaxed cell structures, while anisotropy is exhibited by 

elongated cells.  Many cell shapes are possible since the cells have to fit together in three 

dimensions.  However, only a few geometries have been observed.  Potential cell geometries 

include: tetrakaidecahedron, rhombic, rhombic dodecahedron, triangular, and hexagonal prisms.  

Isotropic ceramic and metallic foams can be approximated to tetrakaidecahedron geometry. [18, 

19]  A tetrakaidecahedron is a polyhedron with eight hexagonal and six square faces. [19]  A 

tetrakaidecahedron cell has 36 edges, 24 vertices, 14 faces, a cell volume of 11.31·L
3
, a surface 

area of 26.80·L
2
, and an edge length of 36·L, where L is the average strut length of the foam.  

[17, 19] 

 

Properties of a foam are dictated by properties of materials from which the foam is made, 

relative density of the foam, connectivity of cells (open or closed), and shape of cell faces and 

edges.  A connected network of struts is referred to as a lattice.  Due to the length scale of struts 

in foams, a mechanical analysis needs to be performed on the foam both as a structure and as a 

material.  Prior research has indicated that most foams are bending-dominated structures, 

resulting in lower stiffness and strength than stretch-dominated lattices given the same relative 

density. [21, 22]    

 

According to Ashby [21] and Gibson and Ashby [23] open-cell foam can be modeled in a 

simplified manner by considering it as a cubic arrangement of cells with an edge length of l and a 

strut thickness of t.  The dimensions t and l are related to the relative density, ɟr, of a cell by 

Equation 3, where C1 is a constant of proportionality. The relative density is the ratio of the 

density of the foam, ɟ, to the density of the strut material, ɟs.  [21, 23] 

Equation 3.  
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Beam theory relates the deflection of a beam, ŭ, to the load, F, beam length, l, elastic modulus, 

E, and area moment of inertia, I, by Equation 4.  The area moment of inertia is proportional to t
4
. 

[23]   

Equation 4.  
EI

Fl 3

´d  

 

 

If a uniaxial stress is applied to the foam, the force, F, will induce cell edge bending, resulting in 

the linear elastic behavior of the foam being proportional to Equation 4.  The force, F, is related 

to the compressive stress, ů, and cell edge length, l, by Equation 5. [23]   

 

Equation 5.  
2lF s´  

 

The elastic modulus, Ef, of the foam is given by Equation 6, where, Es, is the elastic modulus of 

the strut material, and C2  reflects the geometric constants of proportionality. [23] 

Equation 6.  
4

2

l

IEC
E s

f =  

 

As strain increases, the applied load results in an additional moment on the cell edge, not 

accounted for in the above equations.  The elastic modulus decreases in compression and 

increases in tension due to the additional moment.  Therefore, instead of linear-elastic response, 

the response is really concave downward. [23]  The elastic modulus of an open cell foam, Ef , has 

been found to be related to the relative density by Equation 7, where C is a constant. [22] 

Equation 7.  
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A bending-dominated lattice behaves in a linear elastic manner until the elastic limit is reached.  

Once the elastic limit is reached, the edges of the cells yield through plastic deformation, 

buckling, or fracture. [21]  The stress required to crush an open cell foam, ůcs is given by 

Equation 8, where ůmr is the modulus of rupture (flexural strength), and C3 is a constant of 

proportionality.  The lattice will continue to collapse at an approximately constant stress until 

opposite cell edges are brought into contact, causing a steep increase in stress. [21, 22]   
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Equation 8.  
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A change in the temperature of a material results in thermal stresses if the material is constrained 

from moving.  The magnitude of the thermal stress, ů, is given by Equation 9, where Ŭl is the 

linear coefficient of thermal expansion, E is the elastic modulus, and ȹT is the change in 

temperature. [24] 

 

Equation 9.  TEl D=as  

 

Thermal gradients within a material can also cause thermal stresses.  Induced thermal gradients 

within a material depend on the thermal conductivity, size, and geometry of the material, as well 

as the rate of temperature change. [24]   

 

Research by Vedula et al., [25] utilized Equation 10 in conjunction with elastic modulus 

measurements to predict the extent of micro-cracking present in a foam after thermal cycling, 

where E is the elastic modulus after thermal cycling, E0 is the elastic modulus prior to thermal 

cycling, a is the crack length along the major axis, and N is the density of microcracks per unit 

volume.  Equation 10 is a first approximation for the elastic modulus of a material with elliptical 

cracks. 

 

Equation 10.  
1

1
3

0 +
=

NaE

E
 

 

A study by Colombo et al., [22] investigated properties of silicon oxycarbide foams produced 

through direct foaming and pyrolysis of pre-ceramic polymers.  Pycnometry was utilized to 

measure the volume of the foam struts.  Compression testing was used to measure the crush 

strength of foam specimens with dimensions of 6 mm x 6 mm x 12 mm.  The cross-head 

displacement for the tests was 0.5 mm/min. 
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Reticulated Vitreous Carbon Foams 

A reticulated vitreous carbon (RVC) foam can be created by pyrolyzing a polymer foam. [26-29]  

The temperature at which the heat treatment is performed determines the properties of vitreous 

carbon.  Research has shown that heating to 1800° C produces vitreous carbon with properties 

suitable in a number of applications.  Vitreous carbon has a fracture behavior similar to that of 

glass.  The theoretical density for amorphous carbon is 1.88 g/cm
3
.  However, typically vitreous 

carbon contains around 30% closed porosity, resulting in the lower values shown in Table II .  

The closed voids do not permit substantial gas permeability within the material.  The structure of 

vitreous carbon consists of interlocking strands of carbon, which are randomly oriented, and 

twist around each other.  The strands can be thought of as segments of hexagonal carbon layers 

of multiple sizes, with minimal ordering parallel to the layers.  X-ray diffraction analysis has 

indicated that the average crystallite height and diameter are 50 Å and 15 Å, respectively.  

Vitreous carbon is resistant to graphitization due to the twisted and interlocking carbon strands 

and micro-porosity that comprise its microstructure, all of which inhibit crystal growth and 

recrystallization. [29]  Vitreous carbon is isotropic, has a low density, electrical conductivity, 

thermal conductivity, and thermal expansion coefficient.  Intercalation compounds are not 

formed by vitreous carbon, and it has extreme resistance to most chemical reagents.  Vitreous 

carbon is only attacked by powerful oxidizers, some hot melts, and oxygen above 550° C. [27, 

28, 30]  Vitreous carbon generally has greater tensile and compressive strengths than graphite.  

However, the thermal conductivity is lower, and the electrical resistivity is higher. [29]  

Properties of vitreous carbon are shown in Table II . 

 

Reticulated vitreous carbon (RVC) foam has a high surface area and is stable at very high 

temperatures (3500° C) in environments devoid of oxygen.  RVC foam is a brittle material at 

room temperature.  A linear shrinkage of approximately 30% is typical during foam production.  

RVC foam has a porosity volume ranging from 90% to 97% depending on the pores per inch 

(ppi).  A 100 ppi grade of foam was determined to have a surface area of ~ 65 cm
2
/cm

3
. [26-28]   

 

 

Chemical vapor infiltration (CVI) can be used to deposit materials with controlled thickness, 

composition, density, and orientation onto the RVC.  In the CVI process, a precursor gas, 

typically metal chlorides or fluorides, flows through a heated substrate.  The gas condenses on 
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the substrate and solidifies.  Many materials can be deposited using CVI at temperatures ranging 

from 10-50% of their melting point.  The deposition process is controlled by several variables, 

which include: deposition time, pressure, temperature, reactant concentration, and flow rate.  

CVI deposited materials exhibit higher strength and stiffness than bulk materials due to their 

small grain size and full density.  In addition, CVI produced deposits have greater fracture 

toughness, thermally and mechanically, than bulk ceramics.  Crack propagation is greatly 

inhibited by the foam strut structure. [1] 

 

Research by Youchison et al., [1] demonstrated the deposition of a ZrC-NbC-TaC coating on 

RVC foam.  The TaC was used as a surrogate for UC.  Deposition was accomplished both as 

separate layers and as a single layer solid solution.  DelaRosa and Tuffias [2] performed 

compressive strength tests on 65 pore per inch (ppi) tantalum carbide foams.  It was found foams 

with a TaC density of 1.52 g/cm
3
 had a compressive strength of ~630 psi at 1750° C, ~530 psi at 

2250° C, and ~370 psi at 2750° C.  Flexural strength for 65 ppi TaC foams at room temperature 

was found to be ~375 psi at ~ 0.85 g/cm
3
 TaC density, increasing to ~875 psi at ~1.75 g/cm

3
 TaC 

density.   

 

Pyrolytic carbon (PyC) is produced from thermal decompositions of gases containing carbon, 

such as methane, followed by deposition on a substrate. [29]  PyC has a fine-grained structure 

and does not convert to graphite easily. [30]  It is also stronger, harder, and less permeable to 

gases than pyrolytic graphite. [26]  The mechanical properties of PyC tend to be density 

dependent. [31]  PyC is commonly used in fissile material containment and rocket nozzle 

applications. [26]  Properties of PyC are shown in Table II .   

  



15 

Table II .  Properties of Pyrolytic Carbon and Vitreous Carbon [29] 

 

 Pyrolytic Carbon Vitreous Carbon 

Density (g/cm
3
) 1.5-2.0[31] 1.3-1.55 

Tensile strength (kg/cm
2
) - 400-1000 

Thermal conductivity (cal/cm s · K) - 0.01-0.06 

Thermal expansion (10
-6

 · K
-1

) 5.5[32] 2-3.5 

Electrical resistivity (10
-4

 ɋĿcm) - 10-50 

Gas permeability (cm
2
/s) - 10

-6
-10

-12
 

Elastic modulus (GPa) 28[31] 24[31] 

Compressive strength (MPa) 517[31] 172[31] 

 

Research performed by Hou et al., [33] showed that pyrolytic carbon formed through chemical 

vapor infiltration (CVI) can undergo crack deflection and partial delamination during crack 

growth.  The deflection and delamination occurred along lamina formed during the CVI process.  

Crack deflection and partial delamination allowed more energy to be absorbed during loading, 

thus providing a higher strength.  In order to attain partial delamination, a moderate interface 

strength is needed.  If the strength is too high, debonding will not occur.  If the strength is too 

low, complete delamination will occur at a low load.      

 

 

Neutrons and Neutron Production 

Neutrons are particles with no electric charge. [34]  A neutron cross section represents the 

probability of a neutron interacting with a nucleus in a thin layer of material.  The neutron cross 

section is expressed in barns, a unit of area.  One barn is equal to 10
-24

 cm
2
.  The total neutron 

cross section, ůt , represents the probability of any type of neutron interaction taking place.  

Several types of neutron-nucleus interactions are possible, the two major types being scattering 

and absorption.  A scattering interaction results in a change in speed and direction for the 

neutron, but no change in the number of protons and neutrons in the nucleus.  The neutron may 

transfer some of its energy to the nucleus, leaving it in an excited state.  If the nucleus is left in 

an excited state, it will eventually return to its ground state through a release of radiation.  

Neutron absorption can cause the nucleus to fission and/or emit radiation. [35]   
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Two types of scattering interactions are possible, elastic and inelastic scattering.  The total 

kinetic energy of the nucleus and the neutron does not change in an elastic scattering event.  An 

inelastic scattering event causes the nucleus to enter an excited state, eventually resulting in the 

release of radiation.  Since some of the neutronôs energy is used to put the nucleus in an excited 

state, the total kinetic energy of the departing neutron and the nucleus is less than that of neutron 

prior to the scattering event.  Inelastic scattering events result in a change in speed and direction 

of the neutron, just as elastic scattering events do.  If insufficient energy is available to produce 

an excited state in the nucleus, an inelastic scattering event cannot occur.  No excited states are 

possible in the hydrogen nucleus, therefore only elastic scattering can occur.  Neutron absorption 

can cause rearrangement of the structure of the nucleus, resulting in the emission of gamma rays.  

Particles such as protons, neutrons, electrons, deuterons, and alpha particles may also be emitted.  

Neutron absorption may also trigger fission of the nucleus.[35]   

  

For a thick sample, the neutron transmission can be determined by treating the sample as a series 

of atomic layers.  Equation 11 shows the intensity of neutrons in the beam that have not 

interacted with the material, I, as a function of thickness, x, where I0 is the neutron beam 

intensity prior to reaching the sample, ůt is the total neutron cross section, and N is the density of 

atoms. [35]     

 

Equation 11.  () xN teIxI
s-

= 0  

 

One method of neutron production utilizes beryllium in conjunction with americium-241 in order 

to produce neutrons.  Americium-241 emits an alpha particle as shown in Error! Reference 

source not found..  Then beryllium absorbs the alpha particle and releases a neutron, which is 

shown in Equation 13. [34] 

 

Equation 12.  HeNpAm 4

2

237

93

241

95 +­  

 

Equation 13.  nCHeBe +­+ 1249
 

 



17 

Americium is an element with no stable isotopes.  Successive neutron capture in plutonium-239 

produces plutonium-241, which has a half-life of 14.4 years.  The decay of plutonium-241 

produces americium-241.  Americium-241 has a half-life of 432.7 years and decays through the 

emission of alpha particles with an average energy of 5.465 MeV.  The alpha particles are 

accompanied by gamma rays with energies between 26.3-158.5 keV.  The most prominent one is 

59.5 keV, which occurs in about 80% of the decays.  When beryllium captures an alpha particle, 

it emits a neutron ranging in energy from 0-11 MeV.  The average neutron energy is 6 MeV.  

Roughly one neutron is produced for every 20,000 alpha decays in an americium-beryllium 

radiation source. [36] 

 

Neutron Interactions with Indium 

 

Two stable natural isotopes of indium exist, 
113

In (4.29%) and 
115

In (95.71%).  Equation 14 and 

Equation 15 show the nuclear reactions that occur when a neutron is absorbed by the indium 

isotopes. [37] 

 

Equation 14.  InnIn 114113 ­+  

Equation 15.  InnIn 116115 ­+  

 

In the above equations, both of the reaction products, 
114

In and 
116

In are unstable.  The decay 

characteristics of 
114

In and 
116

In isomers are given in Table III . [37]     

 
Table III .  Decay Characteristics of Indium Isotopes [37] 

 

Isotope Jˊ (spin & polarity) Half-life Decay mode 
114

In 1+ 71.9 seconds ɓ- (99.5%) 

Ů (0.5%) 
114m

In 5+ 49.51 days IT (96.75%) 

Ⱥ (3.25%) 
116

In 1+ 14.10 seconds ɓ- (99.98%) 

Ů (0.02%) 
116m1

In 5+ 54.29 minutes ɓ- (100%) 
116m2

In 8- 2.18 seconds IT (100%) 

 

 

The decay mode abbreviations used in Table III , ɓ-, Ů, and IT, refer to ɓ- decay, electron capture, 

and isomeric transitions (typically accompanied by ɔ-ray emission), respectively.  Equation 16 
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shows the nuclear reaction that occurs during ɓ- decay.  A neutron within the nucleus of an atom 

is converted to a proton, resulting in transmutation of the original element into the element with 

the next highest atomic number.  An electron and electron anti-neutrino are emitted during the 

process. [37]   

 

Equation 16.  evepn
_

++­ -
 

 

The nuclear reaction involving electron capture is shown in Equation 17.  An electron from the 

atom is captured by the nucleus and combines with a proton to form a neutron.  The reaction 

results in the transmutation of the atom into the element with the next lowest atomic number.  An 

electron neutrino is emitted during the process.  Isomeric transition involves an excited nucleus 

releasing one or more ɔ-rays in order to return to a lower energy or ground state. [37]    

 

Equation 17.  evnep +­+ -
 

 

Monte Carlo N-Particle (MCNP) Transport Code 

Monte Carlo methods simulate the behavior of individual particles to infer the average behavior 

of particles in a physical system.  Particle interactions are determined by randomly selecting 

numbers between 0 and 1 based on rules of physics and particle transport data in order to 

determine the type and location of interactions.   Continuous- energy nuclear data obtained from 

the Evaluated Nuclear Data File (ENDF), Evaluated Nuclear Data Library (ENDL), and the 

Activation Library (ACTL) is used for modeling particle transport in MCNP.  Neutron energies 

ranging from 10
-11

 - 20 MeV can be modeled with MCNP.  An input file within MCNP consists 

of the title card, cells cards, surface cards, and data cards.  Within MCNP, a ñcardò is a single 

line of input that can contain up to 80 characters.  The cell and surface cards define the geometry 

of the materials, density of the material, and composition of the material.  The data cards 

determine the particle types to be modeled, parameters of the particle source, data to be gathered 

from the modeling, isotopic and cross-sectional parameters of materials, and when the modeling 

should be terminated. [38]  
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Synthesis and Properties of Interpenetrating Phase Composites 

Typical composite materials consist of multiple inclusions of a discrete phase embedded in an 

interconnected matrix phase.  An interpenetrating phase composite (IPC) consists of 

interconnected phases forming a three-dimensional network throughout the material. [39-41]    

Materials with interpenetrating phase microstructure are common in biological structures such as 

bones and plant limbs. [41]     

 

Interpenetrating phase composites can be beneficial in applications where multi-functional 

characteristics are desired, such as high mechanical strength and electrical conductivity.  The 

influence of phase connectivity and volume fraction on transport properties in IPCs is a topic of 

interest for investigation. [42, 43]  A study by Wegner and Gibson [39] showed that IPC 

microstructure could improve yield, thermal expansion, and elastic properties through a finite 

element analysis, when compared to composites incorporating discrete inclusions.  It was 

observed that a maximal contribution of desired mechanical properties is achieved for each phase 

within an IPC microstructure.   

 

Incorporating a ceramic phase within a metal can result in increased strength, hardness, 

resistance to wear, and stiffness, while reducing the thermal expansion coefficient.  Melt 

infiltration is one method utilized to infiltrate a preform and create an interpenetrating phase 

composite.  Most metal melts will not wet ceramics, requiring the use of external pressure to fill 

the pore space. [40]  In addition, the elevated temperatures required for melt infiltration can 

allow the melt to penetrate grain boundaries of the preform, resulting in an interruption in the 

connectivity of the preform. [41]  Chemical reaction synthesis is another method to create an 

IPC. [42]  Experimental and theoretical studies have shown than an increase in reinforcement 

phase continuity will increase the elastic modulus of the composite. [40]   

 

Some experiments have indicated that IPCs exhibit resistance to grain growth.  A possible 

mechanism for this observation is that interconnected phases can potentially have shapes with a 

surface curvature of zero, which would give a minimal surface energy. [41]  Utilizing a three-
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dimensional continuous reinforcing ceramic phase in a metal matrix can increase the strength of 

the composite by increasing the density of dislocations and reducing the grain size. [43]  

Densification of a semi-porous matrix around a dense preform can create stresses induced by 

constrained densification, which can result in multiple local densification rates. [41]  Metal 

matrix interpenetrating phase composites (MMIPCs) have a potential to increase thermal 

stability, high-temperature properties, and wear resistance over that of conventional composites.   

MMIPCs also have increased potential for recycling the component materials over conventional 

composites.  MMIPCs have isotropic properties, whereas conventional reinforced composites do 

not. [43]   

   

The three-dimensional reinforcement within an IPC provides resistance to crack propagation in 

all directions.  Furthermore, if the matrix phase has a larger strain to failure than the 

reinforcement, the reinforcement will bridge the matrix crack, increasing the energy required for 

crack propagation.  The area fraction of the bridging phase intercepting the crack, and the work 

required to fracture the bridging phase determine the energy required to propagate the crack.  

The phases within an IPC can constrain one another, allowing residual stresses in one phase to 

put the other phase in compression.  Fracture toughness can be increased in brittle composites by 

creating a weak interface between the phases.  An interface that is less than ~1/4 of the strength 

of the reinforcing phase can allow crack deflection along the interface, increasing the energy 

required to propagate the crack. [41]   

 

Functionally graded materials can be produced by infiltrating open-cell foams with another 

phase. [18]  In a study by Peng et al., [42] an open pore alumina foam was infiltrated with a 

molten aluminum alloy.  The alumina foam had a relative density of 5.9% and a predicted 

volume porosity of 95.2%.  Pressure was applied during the process in order to force the 

aluminum alloy into the pore space of the alumina.  A pressure of 65 MPa was maintained until 

the infiltrated metal solidified.  Melt infiltration can result in the creation of defects in the foam 

structure and interfacial debonding due to stresses generated during the solidification process. 

[42]  In order to mediate these issues, pressure was maintained on the specimen during the 

solidification of aluminum, utilizing cooling rates as low as 0.017° C/s for the temperature range 

between the solidus and liquidus of the aluminum alloy.   
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The degree of reticulation affects the permeability of a foam to melt infiltration.  It also affects 

the connectivity of the matrix, which influences transport properties.  Lastly, the degree of 

reticulation affects the amount of residual stress generated from differential thermal contraction 

during cooling. [42]    

 

A study performed by Zhou et al., [43] utilized a self-propagating high-temperature synthesis 

(SHS) reaction to produce a porous Al2O3-TiC ceramic reinforcement.  The interconnected open 

porosity was ~83% of the bulk material volume.  The porous ceramics were infiltrated with 

aluminum and 2024 aluminum alloy.  Network dislocations were observed within the composite 

due to CTE mismatch and a fast cooling rate.  Al2O3-TiC infiltrated with the 2024 alloy 

exhibited brittle fracture, due to the low ductility of the 2024 Al alloy.  Cracks that formed in the 

composite made from pure aluminum infiltration showed evidence of plastic deformation in front 

of crack tips.  The aluminum deformation allowed crack bridging during fracture, resulting in an 

increase in fracture toughness.  It was found that pure aluminum bonds well to Al2O3-TiC; 

debonding at the interface did not occur after plastic deformation.  The strength of the bonding 

along the matrix-reinforcement interface plays a large role in determining the composite fracture 

behavior.  An advantage of IPCs is that they can transfer stress over a much larger area of the 

reinforcement around the fracture surface than conventional particle and fiber composites.   

 

A study by Cree and Pugh [44] investigated vacuum melt infiltration of a SiC open cell foam 

with an aluminum alloy, creating an IPC.  The foams were produced by Ultramet® and had a 

pore density of 100 ppi.  After processing, the lowest porosity obtained for the composite was 

7%.  Mechanical and thermal properties for a 12% volume fraction SiC foam-Al composite were 

similar to those obtained from a 50-70% SiC particulate-Al composite, indicating that continuous 

reinforcement was more beneficial than particle reinforcement.   

 

Fabrication and Properties of Tungsten and Tungsten Composites 

The atomic number of tungsten is 74.  Tungsten has a melting point of 3422° C, an atomic 

weight of 186.2, and a vapor pressure of ~ 4·10
-12

 Torr at 2000 K. [3, 45]  Tungsten has a 

mechanical strength at room temperature of ~800 MPa, as well as a high elastic modulus.  The 
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thermal expansion coefficient for tungsten at 1500° C is 7.4·10
-6

 K
-1

. [3, 46]  The melting point 

of tungsten is not increased by forming borides or carbides. [47]  Tungsten exhibits poor ductility 

at room temperature and reduced strength at high temperatures. [3, 46]  At 2100° C the strength 

of tungsten is 50 MPa. [3]  In prior studies, ceramic particles were added to tungsten in order to 

increase high-temperature strength. [3, 46]   

 

Two challenges with utilizing tungsten are that it is brittle and is difficult to fabricate. [45]  The 

brittle nature of tungsten at ambient temperatures is largely caused by rigid covalent interatomic 

bonds at the edges of the BCC lattice, which provide a low solubility for interstitial elements.  

Impurities accumulate at grain boundaries in the form of oxide or carbide films, and act as stress 

concentrators that weaken grain boundaries and cause intergranular fracture. [48, 49]  Single 

crystal tungsten has been shown to exhibit ductility below ambient temperatures.  Zone 

purification has also been shown to decrease the ductile-brittle transition temperature (DBTT) of 

tungsten.  Another theory on the high DBTT of tungsten is that low dislocation mobility allows 

crack propagation by inhibiting the blunting of crack tips. [49]    

 

Blaschko et al., [50] sintered pressed compacts of tungsten powders with average particle sizes 

of 4.05 ɛm, 2.15 ɛm, and 0.77 ɛm.  A 0.77 ɛm powder compact sintered at 1500Á C achieved an 

equivalent density to that observed in the 4.05 ɛm powder compact sintered at 2400Á C.  Table 

IV  and Table V show density evolution with respect to temperature and time, respectively, for 

various particle sizes of tungsten powder.  Densities of sintered tungsten in Table IV are with 

respect to a constant sintering time, whereas densities in Table V are with respect to a constant 

sintering temperature.  The data points were approximated from graphs in the study by Blaschko 

et al.  Neutron small angle scattering was utilized to measure the total porosity surface of the 

sintered compacts.  Results from the study indicated that a larger porosity surface has a larger 

surface energy, inducing a larger driving force to reach equilibrium.  Smaller pore sizes are 

indicated by a larger porosity surface, resulting in more paths for surface diffusion, particularly 

when open porosity is present.  Utilizing a smaller particle size of powder will result in a higher 

density of grain boundaries, increasing the rate of grain boundary diffusion. 
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Table IV .  Approximate Density of Sintered Tungsten with Respect to Sintering Temperature and Tungsten 

Particle Size [50] 

 

Particle Size 

(ɛm) 

Sintering Temperature and Density 

 1200° C 1800° C 1950° C 2400° C 

0.77 12.0 g/cm
3
 17.5 g/cm

3
 17.5 g/cm

3
 17.5 g/cm

3
 

2.15 12.0 g/cm
3
 17.0 g/cm

3
 18.0 g/cm

3
 19.0 g/cm

3
 

4.05 12.0 g/cm
3
 14.5 g/cm

3
 15.5 g/cm

3
 17.5 g/cm

3
 

 

Table V.  Approximate Density of Sintered Tungsten with Respect to Sintering Time and Tungsten Particle 

Size[50] 

 

Particle Size 

(ɛm) 

Sintering Time (at 2100° C)  and Density 

 10 minutes 60 minutes 180 minutes 1080 minutes 

0.77 17.5 g/cm
3
 17.5 g/cm

3
 17.25 g/cm

3
 17.5 g/cm

3
 

2.15 18.25 g/cm
3
 18.5 g/cm

3
 18.75 g/cm

3
 19.0 g/cm

3
 

4.05 16.0 g/cm
3
 16.5 g/cm

3
 17.5 g/cm

3
 18.0 g/cm

3
 

 

 

Transition metals can be added to tungsten for activated sintering, reducing sintering 

temperatures to 1200-1500° C.  However, using sintering aids can alter the material properties of 

the sintered tungsten, such as lowering the melting point.  Decreasing the particle size of 

tungsten has been found to reduce the sintering temperature.  Tungsten powder with particle 

sizes ranging from 400 nm to 800 nm was sintered at 1700° C to theoretical densities of over 

90%. [51]  Another study by Wang et al. utilized 500 nm and 50 nm tungsten powders.  The 

powders were uniaxially pressed at 240 MPa, and sintered in a hydrogen atmosphere at 1400° C.  

The pressed compacts were heated to their final temperature at a rate of 10° C/min, and held at 

their final temperature for 0, 30, and 60 minutes.  A relative density of 91% was achieved in the 

sintered 50 nm tungsten powder held at 1400° C for 60 minutes, while a relative density of 89% 

was achieved in the sintered 500 nm powder at the same temperature and holding time.      

 



24 

Research by Kitsunai et al., [52] has shown that fine TiC particles dispersed in tungsten alloys 

can increase the impact toughness at low temperatures.  The tungsten powder that was utilized 

had a 99.9% purity and an average particle size of 3.6 ɛm.  The TiC powder was 98% pure and 

had an average particle size of 0.57 ɛm.  In order to achieve the increase in toughness it is 

important to have high relative densities in the product.  Two performance issues with tungsten 

are that its DBTT is near room temperature, and the DBTT can be significantly increased by 

neutron irradiation and recrystallization.  The study by Kitsunai et al., utilized mixtures of 

tungsten with 0.2-0.5 wt.% TiC.  The mixtures were mechanically alloyed by ball milling in an 

argon atmosphere.  Hot isostatic pressing (HIPing) was utilized to densify the W-TiC mixture in 

an argon environment at 200 MPa for 18 ks.  Samples were synthesized at 1623 K and 2223 K.  

The as-HIPed samples were 97.5% of the theoretical density.    

 

   

Powder Compaction 

Particle size and shape are two important factors that determine packing density.  As particle 

roughness increases, interparticle friction increases and fractional packing density decreases.  

Spherical shaped powders exhibit the highest fractional packing density.  Altering the particle 

size distribution by incorporating particles small enough to fill voids between large particles can 

further increase the packing density. [53]   

 

Three major factors that determine interparticle friction are the surface roughness, surface area, 

and surface chemistry of the particles.  Larger surface areas have higher friction, resulting in 

decreased particle flow and less efficient packing.  The apparent density of a powder is a 

measure of the density of a powder in an undisturbed state.  The tap density is the highest 

powder density that can be achieved through vibrating a powder without applying external 

pressure. The apparent density of a coarse spherical particle is typically around 60% of the 

theoretical density.  The tap density is typically around 64% of the theoretical density. [53]   

 

Segregation occurs in powders if small particles are able to pass through voids between large 

particles.  Particle size segregation can cause a decrease in apparent density and cause a density 

gradient within the powder.  Exposing a dry powder to vibration can result in particle size 



25 

segregation.  As the ratio of the height to the diameter of a compact increases, density gradients 

increase and the overall density decreases.  Small particle sizes are more difficult to press than 

larger particles due to the higher pressures required to collapse small pores than large pores.  In 

addition, larger particle sizes have larger dislocation slip distances resulting in a decrease in 

particle work hardening. [53]   

 

Two packing states for spherical particles are random close packing, having a density ~0.64, and 

random loose packing, having a density less than or equal to 0.60.  Research has indicated that 

packing density is dependent on the vibration amplitude.  However, other factors are also 

involved that determine packing density.  Research has shown that compaction from vibration 

has a non-linear time dependence; the rate of compaction slows down as compaction increases 

and time increased.  During vibration, competition between void eliminating and void creating 

processes occurs.  An optimum intensity of vibration appears to exist, which allows quick 

granular compaction, minimizing the extent of void creation that occurs.  As intensity of 

vibration is increased above the optimum level, lower densities are observed in the granular 

media. [54]   

 

Research by Nowak et al., [54] investigated densification of spherical glass beads, which are a 

cohesionless granular material, with diameters of 1, 2, and 3 mm.  Uniaxial vibration with a 

frequency of 30 Hz was utilized.  Starting densities were ~0.58.  After vibration densities as high 

as ~0.64 were achieved.  It was observed that the highest densities were obtained by increasing 

the magnitude of acceleration, followed by decreasing it slowly to a much smaller value.  The 

critical value of acceleration must be sufficient to eliminate low density particle arrangements 

that have meta-stability.  It was observed that the critical acceleration value for the ratio of 

vibrational acceleration to gravitational acceleration was three for 10
5
 total vibrations.   

 

Contact forces between particles depend on friction, gravitation, and the external force applied, if 

any.  As the degree of particle irregularity increases, the difference between pre-vibration density 

and post-vibration density increases, assuming an optimum vibration intensity. [55] 
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Sintering  

Sintering is the process of binding particles together at high temperatures.  Sintering can occur 

through solid-state mass transport below the melting point of the material.  Liquid phases can 

also be incorporated in the process.  Particle bonding occurs through the formation of necks 

between particles.  During the initial stage of sintering, interparticle necks grow rapidly, and the 

pore structure is open.  The pore structure becomes more cylindrical in geometry during the 

intermediate stage of sintering.  Grain growth typically occurs during the latter part of the 

intermediate stage of sintering.  The sintering rate slows and closed porosity increases.  Open 

porosity tends to become unstable when the compact has reached ~92% theoretical density.  The 

cylindrical pores transform to spherical pores and become isolated.  Any gas that is trapped 

within pores inhibits complete consolidation.  Therefore, to achieve complete densification, 

vacuum sintering is required. [53]         

 

A sintering rate diagram for pure tungsten in a study by Ashby [56] indicates that for a 2 ɛm pure 

tungsten powder at a temperature of 2500° C, full density is achieved after 10
2
 minutes.  

Whereas at a temperature of 1900° C, full density is not achieved until 10
4
 minutes.   

 

 

The atomic motion that facilitates the sintering process occurs in order to decrease the high 

surface energy of the powder.  The rate of sintering increases at higher temperatures due to the 

dependence on the diffusion of atoms.  Diffusion of atoms is thermally activated, and follows an 

Arrhenius relationship. [53]  The influence of temperature on the diffusion coefficient can be 

calculated with Equation 18, where D is the diffusion rate, D0 is the temperature-independent 

diffusion coefficient, Q is the activation energy for diffusion, R is the gas constant, and T is the 

temperature. [24]    

Equation 18.  
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The relationship between particle size and sintering temperature is given by Equation 19. [51] 
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In the above equation, the particle sizes are given by d1 and d2, and the sintering temperatures by 

T1 and T2.  The variable Q is the activation energy, and R is the gas constant.  The mechanism of 

diffusion determines the constant n.  For grain boundary diffusion, n is equal to 1/3; and for 

volume diffusion, n is equal to 1/2.  The dominant densification mechanism in the sintering of 

tungsten powder is grain boundary diffusion. [51]  The temperature-independent diffusion 

coefficients for surface and grain boundary diffusion in tungsten are 8.5 cm
2
/s and 10 cm

2
/s, 

respectively.  The activation energies for surface and grain boundary diffusion in tungsten are 78 

kcal/mol and 90.5 kcal/mol, respectively. [56]  Other factors held constant, the degree of 

densification achieved sintering particles of size d1 at temperature T1 will be equal to the 

densification achieved sintering particles of size d2 at temperature T2. 

 

The driving force for sintering is a decrease in particle surface energy.  Sintering that occurs 

through surface transport causes neck growth by mass migration from the surface through 

evaporation-condensation, volume diffusion, and surface diffusion.  Sintering through bulk 

transport induces neck growth from internal sources through grain boundary diffusion, volume 

diffusion, and plastic flow.  Shrinkage in the sintered product occurs due to bulk transport 

processes. [53] 

 

TaC and TaC Composite Fabrication and Properties 

Tantalum carbide has a melting point of ~3880° C.  TaC is resistant to chemical attack and 

oxidation, and has a high hardness.  In addition, TaC has good thermal and electrical 

conductivity.  Large deficiencies of carbon can be accommodated in the tantalum carbide lattice 

without changing the NaCl type structure. [4, 57]  Literature values for Youngôs modulus of TaC 

range from 285-560 GPa. [58]     

 

High strength and ductility has been observed in TaC above the DBTT at 1750° C.  At a 

temperature of 2160° C the ultimate tensile strength of TaC was found to be 98 MPa and the 

specimen exhibited an elongation of 33%.  TaC does not exhibit significant high-temperature 

creep resistance.  It is believed that grain boundary sliding and dislocation glide are primary 

factors in the lack of high-temperature creep resistance.  Performance objectives for creating a 
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TaC composite should involve decreasing the density, increasing creep resistance, and attaining a 

higher toughness at low temperatures. [59]   

 

A study by Santoro [60] investigated properties of TaC filaments produced by carburizing 

filaments of high-purity tantalum in hydrocarbon gas.  The filaments had a diameter of 

approximately 254 microns.  The filaments had lengths of 20 or 40 cm.  The modulus of rupture 

for a TaC0.91 composition was found to be approximately 951 MPa.  Although no TaC1.0 

compositions were tested, the trend of the curve from other compositions indicated that the 

TaC1.0 composition would have a larger modulus of rupture than the TaC0.91 composition.  The 

bend deflection of the TaC0.91 composition was 39.4 microns.  A minimum in the modulus of 

rupture and bend deflection was observed near TaC0.80.  A change in color from grey to gold was 

observed to occur between tantalum carbide compositions TaC0.80 and TaC0.85. [60]      

 

Honeycutt III et al., [61] performed research on tantalum carbide matrix composites with 

tungsten-rhenium fibers for use in solid propellant rocket motor nozzles.  Mechanical erosion of 

nozzles becomes an issue when alumina powder is added to solid propellant fuels.  Hot pressing 

was used to fabricate the composites at 2150° C with an applied pressure of 3000 psi.  The 

composites were held at those conditions for 10 minutes.  Fabrication was conducted in a 

vacuum of less than 30 ɛm.  TaC matrix composites were found to resist high temperature 

erosion better than hafnia-tungsten or graphite composites.      

 

Impulse Excitation 

Impulse excitation is a non-destructive method to evaluate the moduli of a homogeneous and 

isotropic material.  The resonant frequencies of a material are determined by the geometry, mass, 

and elastic modulus of the material.  A resonant frequency is a natural vibrational frequency that 

occurs when the body is set into flexural, longitudinal, or torsional vibration. [62, 63]   

 

Equation 20 describes the relationship between material properties, specimen dimensions, and 

natural resonant frequencies.  In Equation 20, the resonant frequency is given by f1, k1 is the term 

describing the geometry for the given resonant frequency, r is the radius of the round, A is the 

plate constant, ɟ is the density of the round, and t is the thickness of the round. [62, 63] 
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Equation 20.  
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The plate constant A in Equation 20 is calculated by using Equation 21, where E is the Youngôs 

modulus and µ is the Poissonôs ratio of the round. [62, 63] 

 

 

Equation 21.  
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The Youngôs modulus of a round is calculated from the measurements of the resonant 

frequencies of the round in flexural and anti-flexural vibration modes according to Equation 22. 

[62, 63]  
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In Equation 22, E is the Youngôs modulus, the sub-script x denotes either the 1
st
 or 2

nd
 resonant 

frequency, D is the diameter of the round, m is the mass of the round, µ is the Poissonôs ratio of 

the round,  k is the term describing the geometry, and t is the thickness of the round.  The 

average of the Youngôs moduli calculated from the 1
st
 and 2

nd
 resonant frequencies is used to 

determine the Youngôs modulus of the round.  The shear modulus can be calculated from the 

Youngôs modulus and Poissonôs ratio using Equation 23, where G is the shear modulus. [62, 63] 

 

Equation 23.  
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Statistical Methods Using a T-test 

An independent sample t-test can be used to compare the means of two datasets that are not 

dependent on each other.  A t-test is used to determine if there is a statistical difference between 

two datasets.  The equation used to calculate the t-value is shown in Equation 24. [64] 
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Equation 24:  

diff

YY
t
s

21-=  

 

In Equation 24, Y1 and Y2 are the means of two datasets and ůdiff is the standard error of the 

difference between two means.  The value ůdiff is calculated using Equation 25: 
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In Equation 25, S1
2
 and S2

2
 are the variances of the two datasets, and n1 and n2 are the number of 

samples in the respective dataset.  The value of t is compared with a statistical table that lists 

values for confidence, known as Ŭ, and values for the degrees of freedom.  Confidence values 

determine the degree of statistical certainty that a difference exists between the values of the 

dataset means.  The total number of degrees of freedom is determined by subtracting two from 

the total number of samples in the two datasets. [64] 
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III .  Experimental Approach 

 

This section describes the experimental approach used to accomplish the objectives of this study, 

which included: Understanding the influence of strut/pore size, foam composition, and foam 

density on the neutron transmission in TaC foams, understanding the influence of strut/pore size, 

foam composition, foam density, thermal fatigue, and thermal shock on mechanical behavior of 

TaC foams, and understanding the influence of foam pore size and tungsten particle size/surface 

area on vibration-induced tungsten particle infiltration and densification within RVC foams, with 

the goal of forming an interpenetrating phase composite.  A summary of the experiment matrix 

for this study is shown in Table VI.  More detailed experiment matrices are presented in 

subsequent sections.   

Table VI .  Summary of Experiment Matrix 

 

 Foam PPI 

Foam Type 45 65 100 

TaC/RVC 

Neutron Transmission 

(experiments and 

modeling) 

Mechanical Testing 

Thermal Treatments 

Neutron Transmission 

(experiments and 

modeling) 

Mechanical Testing 

Thermal Treatments 

Neutron Transmission 

(experiments and 

modeling) 

Mechanical Testing 

Thermal Treatments 

TaC/PyC/RVC 

Neutron Transmission 

(experiments and 

modeling) 

Mechanical Testing 

Thermal Treatments 

Neutron Transmission 

(experiments and 

modeling) 

Mechanical Testing 

Thermal Treatments 

Neutron Transmission 

(experiments and 

modeling) 

Mechanical Testing 

Thermal Treatments 

RVC 

Infiltrate with sub-

micron tungsten then 

sinter 

Infiltrate with sub-

micron tungsten then 

sinter 

Infiltrate with sub-

micron tungsten then 

sinter 

Infiltrate with 5-10 

micron tungsten then 

sinter 

Infiltrate with 5-10 

micron tungsten then 

sinter 

Infiltrate with 5-10 

micron tungsten then 

sinter 
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Two different TaC foam compositions were investigated in this study.  One foam composition 

had a vitreous carbon core, followed by a layer of tantalum carbide formed using chemical vapor 

infiltration (CVI).  The other foam composition had a layer of pyrolytic carbon deposited using 

CVI between the vitreous carbon and tantalum carbide layers.  TaC was chosen for a number of 

reasons.  The extremely high melting point of TaC facilitates its use as a high temperature 

coating, just like SiC in TRISO nuclear fuel particles.  TaC could also be incorporated into a tri-

carbide nuclear fuel.  Lastly, TaC has been used in prior studies as a uranium carbide surrogate 

material.   The pyrolytic carbon was expected to increase the strength of the foams, in part due to 

the presence of an additional interface within the foam strut, which would increase the energy 

required for crack propagation through the strut.  In addition, PyC has been utilized in TRISO 

fuel particles to retain fission products.    

 

A typical reaction for CVI deposition of TaC is shown in Equation 26. [2] 

 

Equation 26.  245 2/14 ClHClTaCCHTaCl ++­+  

 

Three open-pore TaC foam pore densities were utilized: 45, 65, and 100 pores per inch (ppi).  

The pore densities were chosen to allow investigation of a wide range of strut and pore sizes 

within this study.  The TaC foam was produced by Ultramet®, a commercial supplier.  The foam 

was fabricated into rounds, each having a 1.37ò O.D (-0.05ò, +0.00ò) and a 0.25ò thickness (+/- 

0.025ò).  The macroscopic structure of a 45 ppi TaC/PyC/RVC foam is shown in Figure 1. 

Tantalum carbide foam manufacturing specifications provided by Ultramet® are located in 

Appendix A.  
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Figure 1.  Image of 45 ppi TaC/PyC/RVC foam round. 

 

  

Inf luence of Strut/Pore Size, Foam Composition, and Foam Density on the Neutronic 

Properties of the Foam 

In this sub-section the experimental approach to understand the influence of strut/pore size, foam 

composition, and foam density on the neutronic properties of TaC foam is discussed.  

Methodology used in the volumetric and microstructural analysis of the TaC foams is described.  

The approach used for modeling neutron transport and experimentally measuring neutron 

transmission is also described.    

 

Microstructural Analysis and Pore/Strut Size Measurements 

The foam structure, strut thickness, and pore size of the foams were analyzed with a Zeiss Stemi 

2000-C stereo microscope.  A Canon PowerShot G10 digital camera was connected to the 

microscope to obtain digital images of the microstructure.  After image acquisition, the images 

were transferred to a computer and Zeiss Axiovision v4.6 software was utilized to measure strut 

thickness and pore sizes of the foams.  Five images were obtained from various areas of each 

foam specimen in order to achieve a representative sampling.  Five measurements of strut 

thickness and pore size were made from each image, resulting in a total of 25 measurements for 

strut thickness and pore size for each specimen.  The average and standard deviation of strut 

thickness and pore size were calculated for each type of foam.   
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Foam microstructure, morphology, and strut cross-sections were investigated using scanning 

electron microscopy.  A Hitachi 3700SN SEM and a LEO 1550 SEM were used to perform the 

analyses.  Image analysis software was used to determine the average thickness of the carbon and 

TaC layers.    

 

Volumetric Measurement of Foams 

Volumetric measurements of the foams were performed with a Quantachrome Ultrapycnometer 

1000.  Nitrogen gas was utilized for the analysis.  The specimen chamber was pressurized to 19 

psi and the sample was flow purged with nitrogen for a period of one minute prior to the start of 

each volume measurement.  A total of 12 measurements were obtained for each piece of foam. 

The average and standard deviation of the last three measurements were calculated.    

 

Neutron Transmission Measurements 

Indium decay was used as a proxy measurement of neutron transmission.   Indium was chosen 

since it undergoes beta-decay after absorption of a neutron.  A Geiger-Müller probe was used to 

count the number of electrons emitted during the decay of a piece of indium foil.  The number of 

electrons counted was indicative of the number of indium atoms that underwent transmutation 

due to absorption of a neutron.  Therefore, the number of counts was proportional to the number 

of neutrons that passed through the foam and activated the foil.  A series of five, 90 second 

measurements were performed to determine GM tube activation by background ionizing 

radiation prior to each indium foil measurement.  The average and standard deviation were 

calculated from the background measurements, and were subtracted from each decay 

measurement of the indium foil.   

 

In order to determine the neutron transmission characteristics of the tantalum carbide foam, a 

piece of indium foil was placed on the back of the tantalum carbide foams, and the foam/indium 

foil was taped to a polyethylene cylinder that surrounded an americium-beryllium neutron 

source.  The americium-beryllium neutron source and polyethylene cylinder are shown in Figure 

2. 
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Figure 2.  Image of americium-beryllium neutron source located at the center of a polyethylene neutron 

moderating cylinder. 

 

The outer radius of the polyethylene cylinder was located 7.290 cm from the centerline of the 

neutron source. The indium foil had a 26.78 mm diameter and a 0.55 mm thickness.  The volume 

of the foil was 0.310 cm
3
 and the mass was 2.077 g.  Three sets of measurements for indium foil 

decay were obtained from each foam round selected for neutron transmission measurements.  

Multiple baseline measurements were collected periodically between the neutron transmission 

measurements through the foams.  The baseline measurements incorporated an air gap equivalent 

to the thickness of a foam round between the neutron source and the indium.  The average and 

standard deviation were calculated for the baseline neutron measurements, and for each of the 

foam rounds.  GM tube activation measurements were begun two minutes after removing the 

indium foil from the neutron source in order to allow time to transport the indium foil from the 

neutron source to the GM counter.  A total of 26 measurements were performed after removal of 

the indium foil from the neutron source.  Each measurement lasted for a period of 90 seconds 

and was followed by a 90 second pause prior to the start of the next measurement.  Therefore, 

activation measurements were performed for 78.5 minutes, which is approximately 1.5 beta-

decay half-lives of indium, after removal of the indium foil from the neutron source.  The 

average background activation of the GM tube was subtracted from each of the 26 measurement 

averages.  Each of the 26 measurements was averaged with the measurements from equivalent 
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time periods from the other runs for the given foam.  Each value obtained was then divided by 

the average baseline measurement for each equivalent measurement time period, resulting in 26 

ratios of neutron transmission through foam relative to baseline neutron transmission.  The 

average and standard deviation were calculated from the 26 measurements  

 

 
Table VII .  Experiment Matrix  for Neutron Transmission  

 

Foam Composition Foam Pore Size 

 45 ppi 65 ppi 100 ppi 

TaC/PyC/RVC foam 2 samples- 

3 measurements each 

sample 

2 samples- 

3 measurements each 

sample 

2 samples- 

3 measurements each 

sample 

TaC/RVC foam 2 samples- 

3 measurements each 

sample 

2 samples- 

3 measurements each 

sample 

2 samples- 

3 measurements each 

sample 

 

 

In addition to the above specimens, neutron transmission was measured for two TaC foam 

specimens with substantially higher TaC density than those in the experimental matrix.  Neutron 

transmission was also measured for an RVC foam round with no PyC or TaC coatings. 

 

Modeling Neutron Transport Using MCNP 

Neutron transport through the tantalum carbide foam was modeled using version 6.0 of Monte 

Carlo N-Particle (MCNP) transport code.  In order to perform the neutron modeling, the 

dimensions and locations of the neutron source, polyethylene casing, foam samples, and indium 

foil were coded into an MCNP input file.  Densities and isotopic compositions of the 

polyethylene, foam, and indium were also coded into the input file.  The neutron spectrum of a 

1Ci Americium-Beryllium neutron source, shown in Figure 3, was also coded into the file.  The 

input file was coded to obtain tallies of neutron flux at the outer edge of the polyethylene case 

and at the outer edge of the foam sample.  Each MCNP run simulated 10
9
 neutrons.  A sample 

input file used for neutron transport modeling with MCNP is shown in Appendix B.  Neutron 

transmission modeling was performed for each foam round that neutron transmission was 

experimentally measured.     
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Figure 3.  Graph of neutron spectrum and intensity for a 1 Ci americium-beryllium neutron source 

   

 

Influence of Strut/Pore size, Foam Composition, Foam Density, Thermal Fatigue and 

Thermal Shock on the Mechanical Properties of the Foam 

 

In this sub-section the experimental approach to understand the influence of strut/pore size, foam 

composition, foam density, thermal fatigue, and thermal shock on the mechanical properties of 

TaC foam is discussed.  The methodology for predicting the mechanical properties of TaC foams 

is discussed, as are the experimental procedures used to determine the compressive strength and 

Youngôs moduli of the TaC foams.  In addition, the procedures used to thermally cycle and 

thermally shock TaC foams are presented, as is post-thermal treatment analysis of the foams.  

 

Prediction of Mechanical Properties of TaC Foams 

Data from prior studies [60, 65, 66] of the mechanical properties of tantalum carbide and 

pyrolytic carbon were used in conjunction with Equation 8, obtained from Ashby [21] in order to 

calculate a range of expected compressive strengths for TaC/RVC and TaC/PyC/RVC foams.  
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The RVC foam component was not included in the calculations due to its negligible flexural 

strength (~690 kPa) [26] when compared with tantalum carbide and pyrolytic carbon.   

 

The average relative densities for the foam specimens used in mechanical testing were calculated 

using Equation 3 in conjunction with measurements of strut volume, geometric volume, mass, 

pore size, and strut size.   A modulus of rupture of 336 MPa [66] and 951 MPa [60], which were 

obtained from the literature, were used to calculate the minimum and maximum expected 

compressive strengths for TaC foams, respectively.   The calculations assumed that the foam 

struts were composed solely of TaC.  A modulus of rupture of 241 MPa [65] and 483 MPa [65] 

were used to calculate the minimum and maximum expected compressive strengths for PyC 

foams, respectively.  This set of calculations assumed that the foam struts were composed solely 

of PyC.  All the calculations used a proportionality constant of 0.2, obtained from modeling 

predictions by Ashby [21].  After the calculations above established a broad range over which the 

compressive strengths were expected to occur, additional calculations were made utilizing the 

measured cross-sectional areas for each component within the foam struts as a scaling factor for 

the above moduli of rupture.     

 

It was expected that as strut thickness decreased in the foam, the strength of the foams would 

increase.  As the strut thickness decreased, the surface area and volume of the strut would also 

decrease, resulting in a lower probability that pre-existing flaws of a critical size were present, 

following a Weibull distribution.  It was also expected that the pyrolytic carbon layer would 

increase the strength of the foams due to the addition of interfaces that would increase the energy 

required for crack propagation to occur.   

 

It was of interest to determine how accurate the composite rule of mixtures would be in 

predicting the Youngôs modulus of foam struts.  Instead of using a volume fraction, the cross-

sectional areas for each component within foam struts were calculated.  The upper-bound limit 

on Youngôs modulus was calculated using the composite rule of mixtures.  Youngôs modulus 

values of 24 GPa [31], 28 GPa [31], and 285-560 GPa [58] were used for RVC, PyC, and TaC, 

respectively.  The wide range of values for the Youngôs modulus of TaC led to two calculations.  

One calculation was made for the minimum upper-bound limit, and one for the maximum upper-



39 

bound limit of the Youngôs modulus for each foam strut.  Equation 7, obtained from Ashby [21], 

was then used in conjunction with calculated relative densities to predict the minimum upper-

bound and maximum upper-bound limit for the Youngôs modulus of each foam type.  A 

proportionality constant of unity, as suggested by Ashby [21], was utilized in the calculations.   

 

Thermo-mechanical Properties of TaC Foams 

A total of 12 foam rounds, 6 rounds of TaC/PyC/RVC, and 6 rounds of TaC/RVC were used for 

mechanical testing.  Two rounds from each of the 45, 65, and 100 ppi pore densities were 

selected.  Six specimens were machined from each foam round for mechanical testing.  The 

nominal dimensions of the specimens were 0.50ò length, 0.25ò width, and 0.25ò thickness.  After 

the samples were machined for the compressive testing, the edges of selected specimens were 

examined by SEM in order to characterize cross-sections of the foam struts.       

 

Mechanical properties of twelve specimens for each foam ppi and composition were evaluated.  

Four of those specimens were exposed to thermal cycling.  Three specimens were thermally 

shocked in liquid nitrogen.  Five specimens were not exposed to thermal cycling or thermal 

shock.   

 

Eighteen thermal cycles up to a maximum temperature of 2100° C were performed on the 

specimens selected for thermal cycling in an environment of argon gas (99.998%).  Thermal 

cycling was performed in a Webb RD-G furnace.  The thermal cycling temperature was dictated 

by the maximum temperature achievable in the furnace.  The specimens were massed prior to 

thermal cycle 1, and after thermal cycles 1, 8, and 18.  The heating curve for a pair of thermal 

cycling runs is shown in Figure 4.  All thermal cycling runs were conducted in pairs like the ones 

observed in Figure 4, except for thermal cycle 1 and thermal cycle 8.  As observed in Figure 4, 

the specimens were allowed to cool to 300° C at the end of thermal cycle A, prior to heating to 

2100° C.  After cycle B, the specimens were cooled to ambient temperatures.       
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Figure 4.  Heating curve for two thermal cycling runs 

 

Specimens exposed to thermal shock were immersed in liquid nitrogen for a period of 30 

seconds.  The specimens were then removed and allowed to return to ambient conditions.  SEM 

was performed on selected specimens after thermal cycling and thermal shock.  Compressive 

testing was performed at room temperature on specimens exposed to thermal cycling, thermal 

shock, and baseline specimens.  ASTM standard C1424 was used as a reference for conducting 

the testing.  An Instron 4468 test machine with a 1 kN loadcell was used for compressive testing.  

An Epsilon Technology Corp.  Model 3442-0025-005 extensometer was attached to the foam 

specimen using rubber bands for each test.  The extensometer had a gauge length of 6.35 mm 

and a travel of +/-5%.  In order to prevent the extensometer from being crushed during the 

testing, platen extensions were fabricated.  A one inch length piece of steel stock with a 0.3125ò 

x 0.3125ò cross-section was attached to the center of a two inch diameter steel round with a 0.5ò 

thickness.  Two of these extensions were fabricated and mounted to the upper and lower platens 

on the test machine.  Compressive testing was conducted with a displacement rate of 0.5 

mm/min.  The Youngôs modulus was calculated from the stress-strain curve.  T-tests were 
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utilized to determine the statistical significance of variation in compressive strength values for 

samples of different pore density (ppi), composition, density, thermal cycling, and thermal shock 

exposure.  Equation 24 and Equation 25 were used to conduct the t-tests.      

 
 

Table VIII .  Experiment Matrix for Compressive Strength Tests 

 

Foam Composition Foam Pore Size 

 45 ppi 65 ppi 100 ppi 

TaC/PyC/RVC foam 2 foam rounds - 

6 specimens machined 

from each round:  

5 baseline specimens, 

4 specimens exposed 

to thermal cycling, 

and 3 specimens 

exposed to thermal 

shock 

2 foam rounds - 

6 specimens machined 

from each round:  

5 baseline specimens, 

4 specimens exposed 

to thermal cycling, 

and 3 specimens 

exposed to thermal 

shock 

2 foam rounds - 

6 specimens machined 

from each round:  

5 baseline specimens, 

4 specimens exposed 

to thermal cycling, 

and 3 specimens 

exposed to thermal 

shock 

TaC/RVC foam 2 foam rounds - 

6 specimens machined 

from each round:  

5 baseline specimens, 

4 specimens exposed 

to thermal cycling, 

and 3 specimens 

exposed to thermal 

shock 

2 foam rounds - 

6 specimens machined 

from each round:  

5 baseline specimens, 

4 specimens exposed 

to thermal cycling, 

and 3 specimens 

exposed to thermal 

shock 

2 foam rounds - 

6 specimens machined 

from each round:  

5 baseline specimens, 

4 specimens exposed 

to thermal cycling, 

and 3 specimens 

exposed to thermal 

shock 

 

 

 

Preliminary Research on the Formation of a Tungsten-Ceramic Foam Composite 

This sub-section describes experimental methods and results of preliminary research conducted 

to optimize vibrational process parameters for the infiltration of ceramic foams with tungsten 

powder, and their subsequent consolidation.  Vibrational infiltration parameters, and the 

infiltrated densities achieved are presented for various pore densities of foams.  The process and 

results of consolidating the infiltrated foams through vacuum sintering are also discussed.    

 

The high melting temperature of tungsten is prohibitive for utilizing melt infiltration for 

composite formation.  Utilizing a powder metallurgical approach for composite synthesis could 

allow formation of an interpenetrating metal matrix within the pore space of TaC foam.  The end 
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goal is to eventually infiltrate tantalum carbide foam with tungsten.  However, to conserve the 

tantalum carbide foam while processing parameters were being evaluated, scrap pieces of SiC 

foam were utilized for preliminary experiments.  After processing parameters had been refined to 

a degree, uncoated RVC foam round were used in infiltration experiments.  

 

Mechanical and ultrasonic vibration techniques were used during preliminary experiments to 

infiltrate the foam with the tungsten powder.  A VJ-1212 mechanical vibration platform made by 

the Cleveland Vibrator Company was utilized to mechanically vibrate the foam.  The mechanical 

and ultrasonic vibration system utilized in this study was designed for sieving powders.  The 

infiltration method used in this study was somewhat similar to sieving powders, with the 

exception that the sieve screen is not two dimensional with uniform mesh, rather it is a three 

dimensional foam with a degree of non-uniformity in the pore sizes.  The other difference is that 

the goal was not to achieve particle size segregation.  The mechanical vibration platform could 

be operated in two different modes: Fixed frequency vibration and variable amplitude and 

frequency vibration.  In fixed frequency mode, vibration of the platform occurred at 3600 

vibrations per minute.  The amplitude of vibration (vertical displacement of platform) could be 

adjusted using a dial.  In the variable amplitude and frequency mode, vibration frequency and 

amplitude were randomized, though amplitude of vibration was always very low in this 

randomized setting.  An accelerometer was mounted on the platform to measure the mechanical 

vibration amplitude.  The vibration of the mechanical platform was perpendicular to the foam 

surface.   

 

An HK Technologies Model SLPt 40: 0.50 ultrasonic sieve was utilized during some of the 

vibrational infiltration experiments, and is shown in Figure 5.  Ultrasonic waves were produced 

at a frequency of 40 kHz within the sieve ring.  The ultrasonic vibrator had a variable power 

output, with the maximum output being 500 W.  The ultrasonic ring had a 3.5ò outer diameter 

and a 2.25ò inner diameter.  The upper 0.375ò of the ring has an inner diameter of 3ò.  Ultrasonic 

waves can be utilized in a sieving process to reduce surface tension along the sieve mesh in order 

to both prevent particle blinding within the mesh and to increase the rate of particle movement 

through the mesh.  In this study, much the same results were sought.  However, it was expected 

that particle blinding of large particles within foam pores would only be able to be mitigated to a 
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certain extent due to the lower degree of translational motion available within the foam pore 

volume than at the surface of a sieve mesh.  An image of the entire vibrational infiltration setup 

is shown in Figure 5.     

   

 

Figure 5. Image of mechanical vibration platform, vibration canister, ultrasonic generator, vacuum lines, and 

accelerometer. 

 

A foam round was placed within a specially designed non-sparking brass die on the 

ultrasonic/mechanical vibrator.  Sub-micron 99.9% tungsten powder was poured on top of the 

foam round within the brass die.  A diagram of the infiltration setup is shown in Figure 6.  
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Figure 6.   Foam infiltration setup 

 

 

The brass dish and die had a mass of 80 g and 522 g, respectively, and are shown together in 

Figure 7. 

 

 

Figure 7.  Image of brass dish and die. 

 

The vibration canister, shown in Figure 8 and Figure 9, was purged with argon and mounted to 

the vibration platform, shown in Figure 10.  In order to reduce segregation of the powders by 

particle size, and provide for a more thorough infiltration, the partially infiltrated foam was 

turned upside-down and vibrated again with 15 - 20 g of the powder on top of the foam.  The 

procedure was repeated until less than ~0.5 g mass gain was observed for an infiltration run.  

Some infiltrations were conducted with a brass punch on top of the powder and foam.  The brass 

punch has a mass of 486 g and is shown within the brass die in Figure 11.  The brass punch acted 

as a vibrational hammer to force further infiltration of the powder within the foam.  The foam 

was flipped for the vibration runs utilizing the brass punch as well.  Further experimentation led 
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to the use of vacuum infiltration (evacuating the vibration canister to vacuum) and eliminating 

the use of argon.  Evacuating the canister to a vacuum helped eliminate any influences of 

adsorbed water on the infiltration process.   

  

Figure 8.(left)  Container for infiltrating foam under argon and vacuum. 

Figure 9.(right)  Container for infiltrating foam with top removed  

 

 

 

Figure 10.  Vibration canister mounted to vibration platform 
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Figure 11.  Image of brass punch within brass die, both of which are within the brass dish. 

 

 

The influence of mechanical vibration amplitude, ultrasonic vibration power and time on the 

total powder infiltration of the foam was investigated.  Foam infiltration was quantified by 

massing the foam prior to and after infiltration.  Initial vibrational runs were conducted at 50% 

ultrasonic vibration power.  The power was increased to 75% for a few runs.  Mechanical 

vibration was conducted for periods of time ranging from 15-90 minutes, and at amplitudes 

ranging from 6.6-58.4 m/s
2
.   

 

The foam pieces were either in the form of squares or pie-slice-shaped segments of rounds.  

These shapes did not fit the shape of the containment vessel as precisely as the foam rounds.  

The result of the difference in shape allowed powder to be on the sides of the foam, as well as on 

the top of the foam during the vibration process.  The parameters used for the infiltration of each 

sample are shown in Table IX.  Within Table IX, H refers to the use of the brass punch as a 

vibrational hammer, U refers to the use of ultrasonic vibration, and VAF is variable amplitude 

(very low amplitudes) and frequency of vibration.  The times given in Table IX refer to total 

vibration time, and are not necessarily individual vibration run times.  The results of the foam 

infiltrations are shown in Table X. 
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Table IX .  Vibration Settings for Foam Infiltration  

 

Sample 
Approximate mechanical vibration 

amplitude (m/s
2
) 

45SiC02 45 min: 12 m/s
2 
- H & U 

45SiC03 
15 min: 7 m/s

2
 - U 

30 min: 13 m/s
2
 - U 

45SiC04 

15 min: 13 m/s
2
 - U 

20 min: 27 m/s
2
 - U 

10 min: 27 m/s
2
 

20 min: 25 m/s
2
 - H 

45SiC05 

30 min: VAF - U 

30 min: 27 m/s
2
 

30 min: 25 m/s
2
 - H 

45SiC06 

60 min: 3 m/s
2
 

60 min: 7 m/s
2
 

90 min: 27 m/s
2
 

30 min: 25 m/s
2
 - H 

65SiC01 
50 min: 27 m/s

2
 

30 min: 25 m/s
2 
- H 

100SiC01 
30 min: 27 m/s

2
 

30 min: 25 m/s
2
 - H 
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Table X.  Summary of Foam Characteristics and Results of Tungsten Infiltration 
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45SiC02 4.61 1.206 82.9% 3.82 0.262 11.833 10.627 2.78 

45SiC03 4.08 1.511 75.9% 3.10 0.370 10.148 8.637 2.79 

45SiC04 3.88 1.816 69.6% 2.70 0.468 12.214 10.398 3.85 

65SiC01 3.06 1.680 64.3% 1.97 0.549 9.798 8.118 4.12 

45SiC05 3.41 1.433 72.7% 2.48 0.420 11.534 10.101 4.07 

100SiC01 2.34 0.580 83.9% 1.96 0.248 5.726 5.146 2.63 

45SiC06 3.49 1.508 71.9% 2.51 0.432 11.548 10.040 4.00 

65TaC 6.04 8.07 87.9% 5.31 1.377 30.042 21.968 4.14 

 

Mechanical vibration at ~25 m/s
2
 seemed to produce the best infiltration of the foams, for the 

parameters examined.  It was found that a 15 minute vibration period induced significant 

compaction within the loose powder, requiring the foam to be flipped and the powder to be 

redistributed on top of the foam again.  It was observed that mechanical vibration settings below 

~6 m/s
2
 produced negligible powder infiltration within the foam after both 15 and 60 minutes of 

vibration.  Utilizing the brass punch on top of the powder, to act as a vibrational hammer 

increased the infiltration of the foam.  Better results were achieved when the powder and foam 

were vibrated without the punch for several cycles, and subsequently the punch was placed on 

top of the powder and vibrated for several cycles.  Foam infiltration tended to decrease 

exponentially for each subsequent vibration.  The ultrasonic vibration did not seem to affect the 

infiltration within the experimental setup utilized.  It is possible that there was insufficient 

ultrasonic coupling to the foam.  Standard sieving mesh is physically attached to a ring at its 

edges.  The ultrasonic ring rests on the sieve ring, allowing direct mechanical coupling between 

the mesh and the ultrasonic waves.  The infiltration setup in this study confined the foam within 

the brass die.  However, the foam was not attached to anything at its edges, allowing it to move 
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about within the circular recess of the brass container.  Therefore, it may not have coupled well 

with the ultrasonic ring.   It is possible that if a coupling method was devised between the 

ultrasonic ring and the foam, better infiltration results would be obtained.     

 

Selected infiltrated foams were cross-sectioned to determine the uniformity of tungsten 

distribution throughout the foam thickness.  Care had to be taken during this process, since the 

loose powder had a tendency to fall out of the pore space during the cross-sectioning.  Figure 12 

and Figure 13 show cross-sections of SiC foam infiltrated with sub-micron tungsten powder.  

The cross-sectioning process turned out particularly well in Figure 13.  Fairly uniform tungsten 

infiltration can be observed throughout the thickness of the foam. 

 

  

Figure 12.(left)  Cross-section of 45 ppi SiC foam infiltrated with sub-micron tungsten 

Figure 13.(right)  Cross-section of 65 ppi SiC foam infiltrated with sub-micron tungsten 

 

A vacuum furnace was utilized to sinter some of the infiltrated foam specimens.  In the last two 

infiltrated samples, sintering was performed between vibrational infiltrations.  A vacuum was 

maintained below 7x10
-3

 mbar during the sintering.  A graph of furnace pressure for a typical 

sintering run is shown in Figure 19.  Utilizing data from the literature, sintering temperatures 

between 1800-2000° C were expected to be required to achieve appreciable consolidation.  

Sintering on preliminary specimens was conducted at 1900° C for one hour.  A heating rate of 

10° C/ min. was used to heat the infiltrated foam to the final sintering temperature.   

 

One scrap TaC round was infiltrated under vacuum and sintered between vibrational runs, which 

increased the overall infiltration of the foam.  The highest tungsten density achieved from 
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vibrational foam infiltration was ~ 21% theoretical density.  The infi ltrated and sintered SiC and 

TaC foams were examined by cross-sectioning the foams and performing optical microscopy.  

Figure 14 and Figure 15 show cross-sections of sintered infiltrated SiC foam.  Figure 16 and 

Figure 17 show cross-sections of sintered infiltrated TaC foam.   

 

   

Figure 14.(left)  Cross-section of infiltrated and sintered SiC foam 

Figure 15.(right)  Cross-section of infiltrated and sintered SiC foam 

 

   

Figure 16.(left)  Cross-section of infiltrated and sintered TaC foam 

Figure 17.(ri ght)  Cross-section of infiltrated and sintered TaC foam 

 

During the sintering process the sub-micron tungsten consolidated into sub-spherical-shaped 

particles, which occupied the open pores within the foam.  The infiltrated densities were not high 

enough to support an interconnected network of tungsten throughout the open porosity.  In 

addition, the high surface area of the sub-micron powder enabled more localized consolidation.   
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Formation of a Tungsten-Ceramic Foam Composite  

 

This sub-section describes the experimental methodology to understand the influence of foam 

pore size and tungsten particle size/surface area on vibration-induced tungsten particle 

infiltration and densification within RVC foams, with the goal of forming an IPC.  The 

characterization of tungsten powder through particle size analysis, surface area analysis, and 

scanning electron microscopy is discussed.  The microstructural characterization of RVC foams 

is also presented.  Vibrational parameters for infiltration of the RVC foams with tungsten are 

described, as is the process of consolidating the composite.  Finally, the use of impulse excitation 

to non-destructively measure moduli of the composite is discussed. 

 

Particle Size Analysis of Tungsten Powders 

Particle size analysis of nominally sub-micron, and 5-10 micron tungsten powders was 

conducted on a Horiba LA-950 particle size analyzer.  Particle size analysis was conducted using 

the vibrational dry feeder accessory for the LA-950.  The use of vibrational feeding during 

particle size analysis allowed a more accurate assessment of the conditions of particles (such as 

agglomeration) during the vibrational infiltration of foams.  Samples were selected for analysis 

from random areas of thoroughly mixed powder.  A total of 20 analyses were performed on sub-

micron tungsten powder and 13 analyses were performed on 5-10 micron tungsten powder.  

Scanning electron microscopy (SEM) was used to determine the sizes and shapes of the tungsten 

particles.   

   

Surface Area Measurements of Tungsten Powders 

The surface area of tungsten powders was determined using Brunauer, Emmett, and Teller (BET) 

analysis with a Quantachrome NOVA 2200 gas sorption analyzer.  Specimens were vacuum 

degassed at 300° C for 15 hours prior to analysis.  During the analysis specimens were cooled to 

77.3 K using liquid nitrogen and the sorption analysis was performed using nitrogen gas.  Seven 

adsorption points were used in the analysis.   
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Infiltration of RVC Foam with Tungsten Powder 

It is possible that surface effects, such as agglomeration of the sub-micron tungsten powder, 

utilized in preliminary research, may have inhibited higher infiltration densities.  It was thought 

that better results might be achieved using a larger particle size, such as 5-10 micron particles.  

Therefore, sub-micron and 5-10 micron, 99.9% tungsten powder were utilized for subsequent 

infiltrations.  The experimental matrix for tungsten infiltration is given in Table XI.   

 
Table XI .  Experiment Matrix for RVC Foam I nfiltration with Tungsten Powder 

 

Particle Size Foam Pore Density  

 45 ppi 65 ppi 100 ppi 

Sub-micron tungsten 2 samples 2 samples 2 samples 

5-10 micron tungsten 2 samples 2 samples 2 samples 

 

 

Foam infiltrations were conducted using the equipment described in the previous section.  

However, ultrasonic vibration was not utilized.  Foam infiltration was quantified by massing the 

foam prior to and after infiltration.  The container holding the powder and the foam was 

evacuated to a vacuum of less than 2 Torr for the vibrational infiltration.  For sub-micron 

powders, a mass of ~ 15 g of tungsten powder was placed on top of the foam.  A mass of ~ 25 g 

of tungsten powder was used when infiltrating with 5-10 micron powders.   A larger mass of 

tungsten was used when infiltrating with 5-10 micron tungsten due to migration of the RVC 

foam to the top of the tungsten during vibration.  The foam migration was likely caused by the 

significant difference in density between the RVC foams and the SiC foams used in preliminary 

experiments.  The recess in the brass die could not accommodate 25 g of sub-micron tungsten 

due to the lower tap density.  Mechanical vibration was typically conducted for 10 minutes at ~ 

25 m/s
2
 amplitude.  After 10 minutes elapsed, the foam was removed and massed.  The foam was 

flipped upside down and another ~15 g or 25 g of powder was placed on top of the foam, 

depending on the nominal tungsten particle size being utilized.  Vibration continued for another 

10 minutes.  The process was repeated until less than a ~ 0.5 g increase in infiltration was 

observed.  
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T-tests were performed to determine the statistical significance of results obtained for the 

influence of foam pore size and tungsten particle size on foam infiltration.  Equation 24 and 

Equation 25 were used to perform the t-tests.     

 

Consolidation of the Composite 

The infiltrated foam was sintered in a vacuum furnace at 1950° C for 2 hours.  A heating rate of 

10° C/ min. was utilized.  The surface and grain boundary diffusion rates for tungsten at 1950° C 

were calculated using Equation 18 and were found to be 1.8E-7 cm
2
/s and 1.2E-8 cm

2
/s, 

respectively.  Temperature measurements were verified through correlation of a thermocouple 

and a pyrometer.  The heating curve for the sintering process is shown in Figure 18.  The vacuum 

furnace was evacuated to 8·10
-4

 mbar prior to initiating the heating cycle.  The furnace pressure 

during the sintering run of a selected specimen is shown in Figure 19.  The peaks present in the 

pressure curve in Figure 19 are likely a result of outgassing from the RVC foam.  A 1/8ò thick 

piece of 99.95% tungsten was placed between the sample holder and the sample in order to 

minimize carbon diffusion from the sample holder into the specimen.  The low strength of the 

sintered sub-micron infiltrated rounds prevented their removal from the tungsten spacer without 

damage to the round.  Due to the issues with removing the sintered sub-micron infiltrated rounds 

from the tungsten spacer, grafoil was used in place of the tungsten round for sub-micron 

sintering runs.  The infiltrated foam was massed after sintering.   

 

 

 



54 

 
Figure 18.  Heating curve for sintering infiltrated foam specimens 
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Figure 19.  Vacuum furnace pressure during sintering of infiltrated foam specimens 

 

It was of interest to determine the degree of densification within tungsten powder under similar 

conditions to that of the consolidation of infiltrated tungsten within RVC rounds.  A mass of 

35.137 g of sub-micron tungsten was placed within a graphite die with an I.D. of 1.5 inches and 

an O.D. of 2.5 inches.  The die was lined with grafoil.  The density of the loose powder within 

the die was 2.98 g/cm
3
, which is 15.5% theoretical tungsten density.  A graphite punch was 

placed on top of the powder within the die.  No load was applied to the punch during sintering.  

The furnace was evacuated to 8.0E-4 mbar.  A heating rate of 10° C/min was used to achieve a  

sintering temperature of 1850° C.  The tungsten specimen was held at 1850° C for one hour.  The 

mass of the specimen was measured after sintering, and the volume was measured through 

pycnometry.   

 

 

 

 

Foam Sintering Pressure Curve

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

7:12 9:36 12:00 14:24 16:48 19:12 21:36 0:00 2:24

Time

P
re

s
s

u
re

 (
m

b
a

r)



56 

Modulus Measurement Using Impulse Excitation 

The moduli of foams infiltrated with 5-10 micron tungsten, and subsequently sintered, were 

measured using an impulse excitation technique.  ASTM standards E1876 and C1259 were used 

as a reference for the testing procedure.  Prior to measuring vibrational frequencies of the rounds, 

the impulse excitation system was tested on a specimen with known properties in order to ensure 

proper calibration of the equipment.   

 

A steel sphere mounted on a flexible polymer rod was used to induce vibration within the 

infiltrated and sintered foam rounds.  Vibration was induced in the round in flexural and anti-

flexural modes.  Ten measurements were made in each mode of vibration.  In order to allow the 

specimen to vibrate freely in flexural and anti-flexural modes, two specimen supports were 

fabricated using silicone rubber.  The supports used for flexural and anti-flexural vibration are 

shown in Figure 20 and Figure 21, respectively.  A PCB model 426B03 transducer was used to 

measure the mechanical vibration of the composite.  The transducer had a frequency response of 

3.2-126000 Hz.  An ICP model 480E09 sensor signal conditioner was connected to the 

transducer and to a Jagdish Electronics interface, which was connected to a National Instruments 

DAQCard-6024E PCMCIA Card.  Jagdish Electronics Dynamic Elastic Properties Analyzer 

version 7 software was used to record the vibration induced in the composite.  The software 

performed the fast Fourier transform on the waveform, determined the resonant frequencies, and 

calculated the Youngôs modulus, shear modulus, and Poissonôs ratio of the composite.   

 

  

Figure 20.(left)  Image of the specimen support platform that was used for flexural vibration measurements. 

Figure 21.(right)   Image of the specimen support platform that was used for anti -flexural vibration 

measurements. 
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The diameter and thickness of each round was measured at several points along the specimen 

with a digital micrometer.  The average of the values was used to calculate the elastic properties 

of the material.  The mass of each round was also measured.  The infiltrated and sintered rounds 

did not exhibit perfect round geometry, i.e. the edges were rounded.  Edge rounding and other 

geometric imperfections were expected to cause a small degree of error in the measurements.  

The sensitivity of the transducer was maximized by locating it at an anti-node relative to the 

specimen vibration during the excitation process.  The specimen and transducer setup are shown 

in Figure 22 and Figure 23 for flexural and anti-flexural vibration measurements, respectively.  

For flexural measurements, the specimen was excited at the center of the round.  In anti-flexural 

measurements, the specimen was excited at a point 90 degrees in rotation from the transducer, 

slightly in from the edge of the round.   

 

  

Figure 22.(left)  Image of specimen test setup for flexural vibration measurements. 

Figure 23.(right)   Image of specimen test setup for anti-flexural vibration measurements. 
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IV.  Results and Discussion 

This section describes the results obtained to accomplish the objectives of this study, which 

included: Understanding the influence of strut/pore size, foam composition, and foam density on 

the neutron transmission in TaC foams, understanding the influence of strut/pore size, foam 

composition, foam density, thermal fatigue, and thermal shock on mechanical behavior of TaC 

foams, and understanding the influence of foam pore size and tungsten particle size/surface area 

on vibration-induced tungsten particle infiltration and densification within RVC foams, with the 

goal of forming an IPC. 

 

In fluence of Strut/Pore Size, Foam Composition, and Foam Density on the Neutronic 

Properties of the Foam 

In this sub-section the results obtained in order to understand the influence of strut/pore size, 

foam composition, and foam density on the neutronic properties of TaC foam are discussed.  

Results from volumetric and microstructural analysis of the TaC foams are presented.  In 

addition, the results for modeling neutron transport and experimentally measuring neutron 

transmission are discussed.   

 

Microstructural Analysis and Pore/Strut Size Measurements 

Optical micrographs of 45 ppi, 65 ppi, and 100 ppi TaC/PyC/RVC foams are shown in Figure 24 

- Figure 29 at various magnifications.  The TaC foams had a three-dimensional cell structure, 

with porosity that is interconnected throughout the foam.  Thus, they had an open- cell structure.  

The TaC foams tended to exhibit cell faces with square, pentagonal, and hexagonal geometries.  

Adjoining cell faces form polyhedral cells with geometries similar to tetrakaidecahedrons and 

dodecahedrons.  The coloration differences observed in the 100 ppi micrographs are due to a 

change in lighting conditions and camera settings.  The 100 ppi images were obtained at a 

different time than the 45 ppi and 65 ppi images.  The micrographs show that as foam pore 

density (ppi) increased, the pore size and strut thickness within the foam decreased.   
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Figure 24.(left)  Optical micrograph of 45 ppi TaC/PyC/RVC foam 

Figure 25.(right)  Optical micrograph of 65 ppi TaC/PyC/RVC foam 

 

 

Figure 26.  Optical micrograph of 100 ppi TaC/PyC/RVC foam 

  

  

 

Figure 27.(left)  Optical micrograph of 45 ppi TaC/PyC/RVC foam 

Figure 28.(right)  Optical micrograph of 65 ppi TaC/PyC/RVC foam 
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Figure 29.  Optical micrograph of 100 ppi TaC/PyC/RVC foam 

 

Measurements of average strut and pore sizes for TaC foams are shown in Table XII .  The 

average strut thicknesses measured using optical microscopy were found to range from 256 ɛm - 

74 ɛm for 45 ppi - 100 ppi TaC/RVC foams, respectively.  The average strut thicknesses of 

TaC/PyC/RVC foams ranged from 318 ɛm - 142 ɛm for 45 ppi ï 100 ppi foams.  Average pore 

sizes for TaC/RVC foams ranged from 654 ï 164 ɛm for 45 ppi ï 100 ppi TaC/RVC foams.  In 

TaC/PyC/RVC foams the pore sizes ranged from 546 ï 198 ɛm for 45 - 100 ppi foams.   

 

Table XII .  Average Strut  and Pore Sizes for Tantalum Carbide Foams 

 

Foam Type 

Average Strut  

Thickness 

(ɛm) 

Standard 

Deviation 

(ɛm) 

Average Pore 

Size (ɛm) 

Standard 

Deviation 

(ɛm) 

45 TaC/PyC/RVC 318 21 546 62 

65 TaC/PyC/RVC 190 12 296 28 

100 TaC/PyC/RVC Type A 142 11 198 23 

100 TaC/PyC/RVC Type B 176 11 244 47 

45 TaC/RVC 256 17 654 78 

65 TaC/RVC 151 11 354 41 

100 TaC/RVC 74 4 164 19 
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Figure 30 and Figure 31 show the average measured strut and pore sizes, along with standard 

deviations, in graphical format.  As the foam pore density (ppi) increased, the strut thickness 

decreased and the pore size decreased.   

 

Figure 30.  Chart of average measured strut  thickness and standard deviation for each foam type. 
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Figure 31.  Chart of average measured pore size for each type of foam. 

 

Scanning electron microscopy was utilized to examine a cross-section of a TaC/PyC/RVC foam 

strut shown in Figure 32.  The strut core was composed of RVC.  The RVC had a pyrolytic 

carbon coating, and the pyrolytic carbon was coated with tantalum carbide. 
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Figure 32.  Scanning electron micrograph of a strut  cross-section from a 65 ppi TaC/PyC/RVC foam. 

 

 

Measurements were performed on SEM micrographs to determine the average thickness of the 

RVC core, PyC coating (when applicable), and TaC coating on the foam struts.  Table XIII  and 

Table XIV  show the average coating thickness and RVC core thickness for TaC/RVC and 

TaC/PyC/RVC foams, respectively.   

 

Table XIII .  Thickness of Foam Strut Coatings and RVC Core for TaC/RVC Foams (microns) 

 

 45 ppi 65 ppi 100 ppi 

TaC 39 +/- 4 27 +/- 2 10 +/- 1 

RVC 118 +/- 15 91 +/- 16 47 +/- 9 

Strut thickness 196 +/- 23 145 +/- 20 67 +/- 11 
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Table XIV .  Thickness of Foam Strut Coatings and RVC Core for TaC/PyC/RVC Foams (microns) 

 

 45 ppi 65 ppi 100 ppi Type A 100 ppi Type B 

TaC 40 +/- 1 30 +/- 3 14 +/- 1 18 +/- 2 

PyC 44 +/- 4 10 +/- 1 7 +/- 2 24 +/- 3 

RVC 130 +/- 22 77 +/- 14 45 +/- 6 52 +/- 5 

Strut thickness 298 +/- 32 157 +/- 22 87 +/- 12 136 +/- 15 

 

 

Micrographs of cross-sections of foam struts from 45 ppi, 65 ppi, and 100 ppi TaC/RVC foams 

are shown in Figure 33-Figure 35, respectively.  The CVI deposition process allowed a fairly 

uniform coating thickness to be deposited on the RVC struts.  The struts had triangular geometry 

with concave edges.  As coating thickness increased, the vertices of the triangular strut cross-

section became more rounded.      

 

  

Figure 33.(left)  Cross-section of a strut in a 45 ppi TaC/RVC foam 

Figure 34.(right)   Cross-section of a strut in a 65 ppi TaC/RVC foam 
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Figure 35.  Cross-section of a strut in a 100 ppi TaC/RVC foam 

 

Micrographs of cross-sections of foam struts from 45 ppi, 65 ppi, and 100 ppi TaC/PyC/RVC 

foams are shown in Figure 36-Figure 39, respectively. 

 

  

 

Figure 36.(left)  Cross-section of a strut in a 45 ppi TaC/PyC/RVC foam 

Figure 37.(right)   Cross-section of a strut in a 65 ppi TaC/PyC/RVC foam 

 

The difference in thickness of the pyrolytic carbon coating between 100 TaC/PyC/RVC Type A 

and Type B foams is clearly shown in Figure 38 and Figure 39. 
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Figure 38.(left)  Cross-section of a strut in a 100 ppi TaC/PyC/RVC Type A foam 

Figure 39.(right)   Cross-section of a strut in a 100 ppi TaC/PyC/RVC Type B foam 

 

Volumetric Measurements of Foam 

Pycnometry was used to measure the strut volume of TaC foams.  The average volume for each 

TaC foam round, as well as the average volume for each foam type and pore density is shown in 

Table XV. 

 

Table XV.  Average Volumes of TaC Foams Determined through Pycnometry 

 

Composition PPI Sample # Avg (cm
3
) 

Std Dev 

(cm
3
) 

Group 

Avg 

(cm
3
) 

Std Dev 

(cm
3
) 

TaC/PyC/RVC 45 

1 1.1106 0.0027 

1.0901 0.0235 

3 1.1021 0.0049 

4 1.0974 0.0012 

5 1.1005 0.0116 

6 1.0846 0.0008 

7 1.0452 0.0022 

TaC/PyC/RVC 65 

1 0.7543 0.0099 

0.8486 0.1045 

2 0.9335 0.0034 

3 0.8022 0.0098 

4 0.9062 0.0098 

5 0.9773 0.0037 
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6 0.7202 0.0068 

TaC/PyC/RVC 

100 

Type A 

1 0.8935 0.0052 

0.8894 0.0231 2 0.8645 0.0010 

3 0.9101 0.0034 

 

100 

Type B 

1 1.2102 0.0165 

1.2109 0.1007 2 1.1106 0.0181 

6 1.3119 0.0091 

TaC/RVC 45 

1 0.7214 0.0063 

0.6832 0.0599 

2 0.7110 0.0012 

3 0.6677 0.0014 

4 0.6957 0.0064 

5 0.5700 0.0040 

6 0.7333 0.0094 

TaC/RVC 65 

2 0.6662 0.0003 

0.7134 0.0659 
3 0.8097 0.0182 

4 0.6763 0.0215 

5 0.7014 0.0187 

TaC/RVC 100 

1 0.5244 0.0019 

0.5603 0.0247 
2 0.5789 0.0046 

3 0.5645 0.0103 

4 0.5734 0.0041 

 

The average strut volume for each type of TaC foam is shown graphically in Figure 40.  As 

expected, the foams with the pyrolytic carbon coating had a larger strut volume than the 

TaC/RVC foams.  Strut volumes for the TaC/PyC/RVC foams ranged from 0.8486 - 1.2109 cm
3
, 

whereas strut volumes for the TaC/RVC foams ranged from 0.5603 - 0.7134 cm
3
.   
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Figure 40.  Average strut volume for each pore density of TaC/RVC and TaC/PyC/RVC foams 

 

The average open porosity for each pore density of TaC/RVC and TaC/PyC/RVC foams is 

shown in Figure 41.  Porosity ranged from 88.3% - 90.7% in TaC/RVC foams, and from 80.3 - 

86.2% in TaC/PyC/RVC.   
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Figure 41.  Average open porosity for each pore density of TaC/RVC and TaC/PyC/RVC foams. 

 

Neutron Transmission Measurements 

Figure 42 represents a compilation of averages for 26 measurements of baseline indium foil 

decay.  Baseline indium decay refers to measurements of indium foil decay obtained after 

placing the indium foil ıò from the edge of the polyethylene case on the neutron source.  The ıò 

gap was left to maintain the same distance between the neutron source and the indium foil for 

both foam and baseline measurements.  Each point on the graph is representative of the number 

of counts during a 90 second data collection period.  Between each measurement there was a 90 

second pause.  The observed decrease in counts with increasing time within the chart correlated 

well with the known half-life for beta-decay of indium, which is ~54 minutes.   
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Figure 42.  Graph of average baseline counts of indium foil decay vs time 

 

The indium decay counts measured from the indium foil that was mounted to the back of a 45 

ppi TaC/PyC/RVC foam round are shown in Figure 43.  A total of 26 measurements were 

obtained, utilizing the same time periods discussed in the baseline measurements.   
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Figure 43.  Graph of indium foil decay counts for 45 ppi TaC/PyC/RVC foam neutron exposure run #1 vs 

time 

 

Three indium foil decay measurement runs are shown for indium foil mounted on the back of a 

45 ppi TaC/PyC/RVC foam round in Figure 44.  Since radioactive decay is a statistical process 

some variation is expected within individual measurements at a given time, as observed in the 

results.  However, when the 26 measurements are averaged out over the three runs, as shown in 

Figure 45, a relatively small standard deviation (~ +/- 2-3%) was obtained for all foam and 

baseline indium decay measurements.  
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Figure 44.  Graph of indium foil  decay counts for  45 ppi TaC/PyC/RVC foam neutron exposure runs #1-3 vs 

time 

 

The average indium decay for each of the 26 radioactive decay measurements from the three 

runs for indium foil mounted on the back of a piece of 45ppi TaC/PyC/RVC foam and indium 

foil in baseline measurements is shown in Figure 45.   
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Figure 45.  Graph of average baseline counts of indium foil and average indium foil counts from 45 ppi 

TaC/PyC/RVC foam neutron exposures vs time 

 

Figure 44 and Figure 45 are graphs of measurements made for one of the TaC foam specimens.  

Graphs of the measurements performed on the other TaC specimens can be found in Appendix 

C.  The ratio of the indium foil decay mounted behind a foam specimen to that of the baseline for 

each of the 26 measurement periods was calculated, and the average was determined.  The 

average ratio was then plotted against the areal density of TaC for each TaC/RVC round in 

Figure 46.  Only TaC/RVC rounds were utilized in the graph since they had approximately the 

same mass of carbon in the struts, whereas the TaC/PyC/RVC rounds did not.  The data point at 

0 g/cm
2
 TaC areal density represents neutron transmission for an RVC round with no TaC 

coating.  Data for TaC/PyC/RVC rounds are incorporated with the data generated using MCNP 

for neutron transport modeling.  The results are discussed in the next section. 
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Figure 46.  Graph of neutron transmission vs areal density of TaC for TaC/RVC foams 

 

Data from Figure 46 indicated that there was a linear relationship between neutron transmission 

and density of TaC given by Equation 27, where x is the areal density (g/cm
2
) of TaC and y is the 

relative neutron transmission through the foam using an AmBe neutron source.  Data also 

indicated that there was no measurable dependence of foam strut/pore size on neutron 

transmission using the experimental setup in this study.    

 

Equation 27.  9638.00648.0 +-= xy  

  

 

Modeling Neutron Transport Using MCNP 

Within this section results of neutron transport modeling through TaC foams utilizing MCNP 

software will be discussed.  Results from modeling runs will be compared to the corresponding 

experimental neutron transmission measurements performed on the foams.   
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Neutron transmission data from experimentally measured and modeled TaC/RVC foams are 

shown in Figure 47.  The red bars represent experimentally obtained data, while the blue bars 

represent MCNP modeling data.  The neutron transmission ratio for each specimen is relative to 

baseline neutron transmission.  The error bars on the experimental data represent +/- 1 standard 

deviation from the mean.  The neutron transmission data from modeling within Figure 47 is with 

respect to the portion of the neutron spectrum that would induce beta-decay within indium.  It 

does not reflect transmission for the entire neutron spectrum.  The relative error on the MCNP 

modeling was negligible. 

 

Figure 47.  Neutron transmission data for experimentally measured and modeled TaC/RVC foams. 

 

The results from the MCNP modeling runs for the TaC/RVC foams were typically within one 

standard deviation from the average experimental measurements.  MCNP modeling always 

predicted greater neutron transmission than what was experimentally measured.  
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Ratios of modeled foam neutron transmission to modeled baseline measurements were plotted 

against TaC areal density of foams in Figure 48.  The same graph was generated for 

experimental measurements in Figure 46.   

 

Figure 48.  Graph of neutron transmission data derived from MCNP modeling of TaC/RVC foams 

 

Data from Figure 48 indicate that there was a linear relationship between neutron transmission 

and density of TaC given by Equation 28, where x is the areal density (g/cm
2
) of TaC and y is the 

relative neutron transmission through the foam determined through MCNP modeling. 

 

Equation 28.  9851.00702.0 +-= xy  

 

Neutron transmission data from experimentally measured and modeled TaC/PyC/RVC foams are 

shown in Figure 49.  The red bars represent experimentally obtained data, while the blue bars 

represent MCNP modeling data.  The error bars on the experimental data represent +/- 1 standard 

deviation from the mean.  The neutron transmission data from modeling within Figure 49 is with 

respect to the portion of the neutron spectrum that would induce beta-decay within indium.  It 
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does not reflect transmission for the entire neutron spectrum.  The relative error on the MCNP 

modeling was negligible. 

 

 

Figure 49.  Neutron transmission data for experimentally measured and modeled TaC/PyC/RVC foams 

 

The results from the MCNP modeling runs for the TaC/PyC/RVC foams were typically within 

one standard deviation from the average experimental measurements.  As with the TaC/RVC 

foams, MCNP modeling always predicted greater neutron transmission than what was 

experimentally measured.  The larger neutron transmission predicted by MCNP could indicate 

that the foam structure inhibited neutron transmission slightly.  However, a higher resolution of 

neutron transmission measurements would be necessary to draw definite conclusions on whether 

the structure of foam influences neutron transmission with respect to a bulk specimen.     

 

MCNP modeled neutron transmission for a selected TaC foam sample is compared to that of the 

baseline neutron energy spectrum emitted by an AmBe neutron source encased in polyethylene 

in Figure 50 and Figure 51.  The selected TaC foam sample had the highest TaC areal density of 
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any of the specimens, and thus will represent one of the largest decreases in neutron transmission 

observed for any of the foam specimens. The baseline neutron spectrum outside the polyethylene 

is shown in blue and the neutron transmission through a selected TaC foam specimen is shown in 

green.  The x-axes of the graphs are plotted with a log scale.  The graphs indicate that neutron 

transmission through the TaC foam was reduced the most at neutron energies between 1E-08 ï 

1E-07 MeV and 3-10 MeV.  There was also reduction of neutron transmission in the vicinity of 

1E-05 MeV.  Graphs of MCNP modeled neutron spectrums for other specimens can be found in 

Appendix C.        

 

Figure 50.  MCNP modeled neutron transmission over the lower portion of the neutron spectrum generated 

by the AmBe neutron source encased in a polyethylene cylinder. 
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Figure 51.  MCNP modeled neutron transmission over the upper portion of the neutron spectrum generated 

by the AmBe neutron source encased in a polyethylene cylinder. 

 

Influence of Strut/Pore Size, Foam Composition, Foam Density, Thermal Fatigue, and 

Thermal Shock on the Mechanical Properties of the Foam 

In this sub-section the results obtained to understand the influence of strut/pore size, foam 

composition, foam density, thermal fatigue, and thermal shock on the mechanical properties of 

TaC foam are discussed.  The results of calculations using constitutive equations to predict the 

mechanical properties of TaC foam are presented.  The results from measurements of 

compressive strength and Youngôs moduli of TaC foams are also discussed.  In addition, the 

effects of thermal cycling and thermal shock on the microstructural integrity and compressive 

strength of TaC foams are presented.   

 

Prediction of Mechanical Properties of TaC Foams 

Data obtained from dimensional measurements, mass measurements, and pycnometry were used 

in conjunction with Equation 3 to determine the average relative densities and proportionality 
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constants for the seven TaC foam types investigated in this study.  The results of the calculations 

are shown in Table XVI . 

 

Table XVI .  Relative Density and Calculated Proportionality Constant for TaC Foams 

 

Foam Type 

Relative 

density, ɟr 

(%) 

Std Dev 
Proportionality 

Constant, C 
Std Dev 

45 TaC/PyC/RVC 17.3 0.30 2.54 0.04 

65 TaC/PyC/RVC 13.8 1.68 2.08 0.25 

100 TaC/PyC/RVC A 14.6 0.39 2.66 0.07 

100 TaC/PyC/RVC B 19.7 1.38 2.83 0.20 

45 TaC/RVC 11.0 0.97 3.13 0.28 

65 TaC/RVC 11.7 0.93 2.31 0.18 

100 TaC/RVC 9.3 0.51 1.73 0.09 

 

The predicted minimum and maximum compressive strengths for foams composed of pure TaC 

and pure PyC were calculated using Equation 8 and are shown in Table XVII .   

 

Table XVII .  Predicted Upper and Lower Bounds for Compressive Strength of TaC Foams 

 

Foam Type 

Average 

Relative 

Density 

TaC ůcs  

Minimum  

(MPa) 

TaC ůcs 

Maximum 

(MPa) 

PyC ůcs 

Minimum  

(MPa) 

PyC ůcs 

Maximum 

(MPa) 

45 TaC/PyC/RVC 0.176 4.96 14.04 3.56 7.13 

65 TaC/PyC/RVC 0.149 3.87 10.95 2.78 5.56 

100 TaC/PyC/RVC A 0.149 3.88 10.98 2.78 5.58 

100 TaC/PyC/RVC B 0.210 6.48 18.33 4.65 9.31 

45 TaC/RVC 0.113 2.56 7.24 1.83 3.68 

65 TaC/RVC 0.111 2.49 7.06 1.79 3.59 

100 TaC/RVC 0.091 1.86 5.26 1.33 2.67 

 

Data from Table XVII  predict that 100 TaC/PyC/RVC Type B foam will have the highest 

compressive strength, while 100 TaC/RVC foam will have the lowest.  The above calculations 

are based on the model by Ashby [21], which predicts that the relative density of a foam is the 

primary factor in determining the strength of the foam.  The Ashby model deals with single 

component foams.  With the multi-component foams in this study, in addition to the relative 
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density, it is predicted that the cross-sectional area fraction of PyC and TaC within the struts, 

coupled with the strut size for each foam type, will determine the strength of the foam.   

 

Since the foams investigated within this study are neither pure TaC or pure PyC, it was expected 

that the measured compressive strength of the foams would be a combination of the predicted 

strengths of pure TaC and pure PyC foams.  Cross-sectional area fractions of foam struts were 

used in calculations to estimate modulus of rupture (MOR).  The results of calculations for cross-

sectional areas and area fractions for foam struts are shown in Table XVIII .  The MOR was then 

used to predict a range of compressive strengths for TaC foams using Equation 8.  The results are 

shown in Table XIX .   

 

Table XVIII .  Cross-sectional Areas of Foam Struts 

 

Foam Type 

Strut X -

sectional 

Area 

(µm
2
) 

RVC 

Area 

(µm
2
) 

PyC 

Area 

(µm
2
) 

TaC 

Area 

(µm
2
) 

RVC 

Area 

Ratio 

PyC 

Area 

Ratio 

TaC 

Area 

Ratio 

45 TaC/PyC/RVC 44402 8450 15312 20640 0.19 0.34 0.46 

65 TaC/PyC/RVC 12324.5 2964.5 1740 7620 0.24 0.14 0.62 

100 TaC/PyC/RVC A 3784.5 1012.5 728 2044 0.27 0.19 0.54 

100 TaC/PyC/RVC B 9248 1352 3648 4248 0.15 0.39 0.46 

45 TaC/RVC 19208 6962 - 12246 0.36 - 0.64 

65 TaC/RVC 10512.5 4140.5 - 6372 0.39 - 0.61 

100 TaC/RVC 2244.5 1104.5 - 1140 0.49 - 0.51 

 

Table XIX .  Predicted Minimum and Maximum Modulus of Rupture (MOR) of Foam Struts and 

Compressive Strength of TaC Foams 

 

Foam Type 

Average 

Relative 

Density 

Minimum 

Strut 

MOR 

(MPa) 

Maximum 

Strut 

MOR 

(MPa) 

Minimum 

Strength 

(MPa) 

Maximum 

Strength 

(MPa) 

45 TaC/PyC/RVC 0.176 239 609 3.53 8.99 

65 TaC/PyC/RVC 0.149 242 656 2.78 7.56 

100 TaC/PyC/RVC A 0.149 228 607 2.63 7.00 

100 TaC/PyC/RVC B 0.210 249 627 4.81 12.09 

45 TaC/RVC 0.113 214 606 1.63 4.61 

65 TaC/RVC 0.111 204 576 1.51 4.28 

100 TaC/RVC 0.091 171 483 0.94 2.67 
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Foam strut cross-sectional area fractions were used to make predictions for the Youngôs modulus 

of foam struts and foams using Equation 7.  The Youngôs modulus predictions are shown in 

Table XX, where Es represents the Youngôs modulus of a strut, and Ef represents the Youngôs 

modulus of the foam.   

 

Table XX.  Estimated Upper Limits on Youngôs Modulus of Foam Struts and Foams 

 

Foam Type 

Lower-

Upperbound  

Es 

(Gpa) 

Upper-

Upperbound  

Es  

(Gpa) 

Lower- 

Upperbound 

Ef  

(Gpa) 

Upper-

Upperbound 

Ef  

(Gpa) 

45 TaC/PyC/RVC 147 275 4.5 8.5 

65 TaC/PyC/RVC 186 356 4.1 7.9 

100 TaC/PyC/RVC A 166 314 3.7 7.0 

100 TaC/PyC/RVC B 145 272 6.4 12.0 

45 TaC/RVC 190 366 2.4 4.7 

65 TaC/RVC 182 349 2.3 4.3 

100 TaC/RVC 157 296 1.3 2.5 

 

 

The calculations from Table XX predicted that foams with a PyC layer would have a higher 

Youngôs modulus than TaC/RVC foams.  The calculations predicted that 100 TaC/PyC/RVC B 

foams would have the highest Youngôs modulus, which would not exceed 12 GPa.  The lowest 

predicted Youngôs modulus was for 100 TaC/RVC foams, which would not exceed 2.5 GPa.   

 

Thermo-mechanical Properties of TaC Foams 

Selected micrographs from baseline and thermally cycled specimens are discussed subsequently 

to illustrate common micro-cracking features observed among various foam specimens.  

Extensive micrographs for each foam pore density and foam composition showing the 

microstructures of both baseline and thermally cycled TaC specimens can be found in Appendix 

D.   

 

Figure 52 and Figure 53 are micrographs of baseline and thermally cycled 45 ppi TaC/PyC/RVC 

foam specimens, respectively.  Extensive microcracking was observed in all the thermally cycled 
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45 ppi TaC/PyC/RVC specimens.  Micro-cracking tended to be concentrated around the vertices 

of foam cells (intersections of foam struts).   

 

 

Figure 52.  SEM micrograph of the microstructure of a baseline 45 ppi TaC/PyC/RVC foam specimen. 
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Figure 53.  SEM micrograph of the microstructure of a 45 ppi TaC/PyC/RVC foam specimen after thermal 

cycling.   

 

Figure 54 and Figure 55 show the microstructure of baseline and thermally cycled 65 ppi 

TaC/PyC/RVC foam specimens, respectively.  As with the 45 ppi specimens, extensive 

microcracking was observed in the 65 ppi thermally cycled specimens.  The micro-cracks in the 

65 ppi TaC/PyC/RVC foams tended to run axially along the struts and appeared to propagate 

from the end points on the triangular struts.   
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Figure 54.  SEM micrograph of the microstructure of a baseline 65 ppi TaC/PyC/RVC foam specimen. 

 

 

Figure 55.  SEM micrograph of the microstructure of a 65 ppi TaC/PyC/RVC foam specimen after thermal 

cycling.   
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Figure 56 and Figure 57 show baseline and thermally cycled strut cross-sections of 65 ppi 

TaC/PyC/RVC foams, while Figure 58 and Figure 59 show baseline and thermally cycled strut 

cross-sections of 100 ppi foams, respectively.  Within all pore densities of TaC/PyC/RVC foams 

it was common to observe debonding between the TaC/PyC interface after thermal cycling.  No 

significant debonding was observed along the PyC/RVC interface.   

 

 

Figure 56.  SEM micrograph of the cross-section of a baseline 65 ppi TaC/PyC/RVC foam strut. 
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Figure 57.  SEM micrograph of the cross-section of a 65 ppi TaC/PyC/RVC foam strut  after thermal cycling.   

 

 

 

 

 
Figure 58.  SEM micrograph of a cross-section of a baseline 100 ppi TaC/PyC/RVC foam strut.   
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Figure 59.  SEM micrograph of the cross-section of a 100 ppi TaC/PyC/RVC foam strut  after thermal cycling.   

 

 

Figure 60 and Figure 61 show cross-sections of 65 ppi TaC/RVC foam struts for both baseline 

and thermally cycled specimens, respectively.  Debonding was observed along the TaC/RVC 

interface in many areas of thermally cycled TaC/RVC specimens.  However, the degree of 

debonding was less severe than that of TaC/PyC/RVC specimens.  The extent of micro-cracking 

following thermal cycling was less in TaC/RVC foams than in TaC/PyC/RVC foams.  The 

thickness of the micro-cracks present in all pore densities of TaC/RVC foam after thermal 

cycling tended to be less than the thickness of micro-cracks present in TaC/PyC/RVC foams.    
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Figure 60.  SEM micrograph of the cross-section of a baseline 65 ppi TaC/RVC foam strut. 

 

 

Figure 61.  SEM micrograph of the cross-section of a 65 ppi TaC/RVC foam strut after thermal cycling.   
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Figure 62 and Figure 63 show the microstructure of baseline and thermally cycled 100 ppi 

TaC/RVC foams, respectively.  The 100 ppi TaC/RVC foams appeared to have less micro-

cracking after thermal cycling than the other pore densities of TaC/RVC, and the least of any of 

the TaC/PyC/RVC foams.   

 

 

Figure 62.  SEM micrograph of the microstructure of a baseline 100 ppi TaC/RVC foam specimen.   
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Figure 63.  SEM micrograph of the microstructure of a 100 ppi TaC/RVC foam specimen after thermal 

cycling.   

 

Figure 64 and Figure 65 show cross-sections of foam struts for baseline and thermally cycled 

100 ppi TaC/RVC foams.  The propagation of cracks from the points at the edges of the 

triangular cross-section of the foam strut can be observed in Figure 65.  The axial crack 

propagation shown in Figure 65 tended to be present in 65 ppi and 100 ppi TaC/RVC and 

TaC/PyC/RVC foams, but was not as prevalent in the 45 ppi foams, particularly in the 

TaC/PyC/RVC.   
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Figure 64.  SEM micrograph of the cross-section of a baseline 100 ppi TaC/RVC foam strut.   

 

 

Figure 65.  SEM micrograph of the cross-section of a 100 ppi TaC/RVC foam strut after thermal cycling.   

 




































































































































































































































































































































