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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 opercell ceramic foam with a continuous second phase can create an
interpenetrating phase composite (IPC), consisting of a-thineensional reinforcement

structure. One aspect of investigation within this study was the influence of foam pore/strut size,
foam conposition, and foam density on neutronic and mechanical properties. Neutron
transmission through operell tantalum carbide foams was measured using experimental
techniques and modeled with Monte Carld’Birticle (MCNP) transport code. Neutron

transmissia 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, potentiallyingicat the

foam structure had small influence on neutron transmissi@ompressive strength and
Young6s moduli of tantalum carbide foams wer
exposed to thermal cycling and thermal shock, as well as for baselinmepgc 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 marexking in the TaC foams. The

average strengths of baseline TaC/RVC foams rangedr87 MPa 3.82 MPa. The baseline
TaC/PyC/RVC foams exhibited strengths ranging from 4.57 M2a60 MPa. The compressive

strength of thermally cycled foams tended to bell2ZXhatof baseline specimens.

Another aspect of this studyvestigated the infiltration of RVC foams with tungsten powder in
an attempt to form a tungsteeramic foam interpenetrating phase composite (IPC). It was
found that tungsten patrticle size influenced infiltrated densities more than foam pore size.
Significantly lower infiltrated densities were obtained using-sutron tungsten than with-50

micron tungsten as a result of particle agglomeration. Infiltrate@ ficron tungsten achieved



densities ranging from 235% theoretical within RVC fams, whereas suinicron tungsten
densities ranged from 116% theoretical. Constrained densification was observed during

sintering of tungsteimfiltrated foams.
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l. Introduction

Ceramicand refractory metdbams have potential for use in a variety of applications, one of
which is in fuel elements in nuclear réars. Of particular interest this study is the use of

foam within a nuclear propulsion reactor for space exploration applications. Nuclear propulsion
cansignificantly increase spacecraft performance, decreasing travel time, and enabling missions
to Mars and beyond. Furthermore, use of nualeactors on planetary surfacesuld be of

great benefit for permanent settlemenrtgluences of foanstrutporesize, foam composition,

and foam density were investigated with respect to both neutronic and mechanical properties
within this study. Mutron transmission in tantalum carbide foamas measured

experimentallyand modelingvas performedising Monte Carlo NParticle Transport Code.
Constitutive equations were used to predict mechanical properties of the folaens.
compressive strengt htan@alundcarbide toanggé&emeaswoed fol faams o f
exposed to thermal cycling and thraal shock, along with baseline foam specimens.
Furthermoreyibration-inducedtungsten powdenfiltration and densification withiceramic

foams was investigatetbr the purpose of creatingyanterpenetrating phase compogitieC).

The infiltrated fomswereconsolidated byacuum sintering.

Objectives

1. Understand the neutronic and mechanical propertieantdlum carbide/pyrolytic
carbon/reticulated vitreous carbraC/PyC/RVQ foams andantalum carbide/

reticulated vitreous carbditaCRVC) foams.

a. Understand the influence sfrutpore size, foam composition, and foam density

on theneutron transmissioim the foans.

b. Understand the ildence ofstrutpore sizefoam compositionfoam density
thermal fatigueand thermal shoatn mechanical Bhavior of the foam

2. Understand the influence fdam pore sizendtunggen particle size/surface area
vibratiornrinducedtungsten particle infiltratioand densification withifRVC foams with

the goal of forming an interpenetrating phase composite



Justification

Ceramic foamsnd tungstercermetshave potentiahpplications in extreme environments such
as nuclear propulsion systems, sdl@rmal propulsion systems, and nuclear rea¢iord. In
addition, tungsteitermets also have potential applications in rocket nozzles, hypersonic engines,

and radiation shieldinfg]

Materials utilized in nuclear reactors muostainadequate performance properties under high
temperatures and radiation fluencéscreasing the agrating temperature of reactors provides
greater energy conversion efficieneynd in the case of nuclear rockets, greater propulsion
performance Advancesm foam/foaracomposite researatouldfacilitate nuclearmpropulsion
systems enabling more rapid travel titoedestinations such as Mars, and contribotée

development ohigh-performance nuclear power for use on planetary surfaces

Utilizing a ceramic foam incorporating tantalum carbide (m.p. 38804]@) a nuclear thermal
rocket fuel element could reduce the ovemadiss, 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 btechieved.l] Prior studies have shown that tungsten and tungsten alloys are
good candidate materials for fuel encapsulation in fast nuclear thermal propulstors;eaal

for first wall materials in fusion reactors. Tungsten has the highest melting point of all metals,
3422° G3], anda high thermal conductivity (1AW/m-K at 300 K.[5]

It is important for the fuel element to be resistant to damage from thermal cycliydésired

for the reactor to be able to be shut off and restarted. Mul@ptarts would be of use for

multiple fuel burns and in bnodal space nuclear reactasich 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. Evaluationhe@fneutronc properties fora potential fuel
element is important ste neutron absorptionan result irtoo few neutrons to sustain nuclear

fission, making reactor criticality unachievable.



Infiltrating ceramic foanwith tungstercould create an interpenetrating phase composite (IPC)
and is predicted to enhanttee hgh-temperature strength and stiffness of tungsiére
tungsten ceramic foantomposite would have reduced magiich could reduce launch cosis

aerospaceapplications



Il. Background

Nuclear PropulsionTechnologies

The future of human spaegploration requires significant advances in propulsion technology

and energy generatioNuclear propulsion technologies have potential to offer significant

advantages over conventional chemical propulsion technology. The velocity change that is
eitherrequired or availablér propulsion and orbital maneuvering of a spacecratft is referred to

as V. The | argest oV that a conventional ch
combustion, can provide to a spacecraft leaving Earth orbit is ~1 Kxduclear thermal rockets

could provide a @V of & Zhekakths iton tolfe gsva mmea ns b
performed usingequationl, wherels,, is specific impulsem is the initial mass of the vehicle,

m, is mass after fuel burn, agds 9.8 m/3. [7]

Equation1. DV =1_gIn M
m

f

There are three bastoncepts fonuclear 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 [8ck&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 f{Brust.

Nuclear Thermal PopulsionReactors

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

program in 1947 for use in propelling intercontinental ballistic missiles (ICBM&SA took

over the program in 1958, in order to develop the technoluggpiace exploration. Reactor

sizes ranging from 36200,000 MW were utilized. A total of 28 tests at-jpdiwer were

conducted, for up to 30 minutes each. Restarts were also performed, resulting in a total reactor
life of 90 minutes. Thrust to weighatios between:2 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 utiized particles of uranium carbide nuclear fuel dispersed in hexagonal graphite



elements. The NERVA reactor was a thermal redbtdrutilizedgraphite as both a moderator
and structural element. The fuel elements were protected from the hydrogeraptopigth

coatings of zirconium carbide or niobium carbifh3.

Another reactor degn for a nuclear rocket is the Parti@ed 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. Hydrogepghiamt 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 weaperformed, but smaller tests for premffconcept 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 K8]

The CERMETcore reactor is third type ofnuclearthermalrocket 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 burfissted CERMET fuels have consisteducdnium dioxide
particles dispersed in a tungsten or tungstemium matrix[8] Tungsten CERMET nuclear

fuel has a high melting pai, good resistance to creep, and a high thermal conductivity.
Tungsten additives such as rhenium, molybdenumT&ai@ GdQ can increase ductility,
increase toughness, and/or modify the duddriéle transition temperaturgl0] The 710
program run by Gener al El ectric in,and40%19600s
tungsten, by volume, with a cladding of tungstleanium. Fuel elements were tested at
temperatures up t62500° C and cycled up to 100 times. Work performeAidgpnne National
Lab found that fuel loss from U{xould be prevented by adding gadolinia to the matrix. A
potentialmethodto increase the melting temperature limitations obi#Qo utilize a UG- Th
mixture, which hasa higher melting point that pure YQ@11]

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

propellant, and withstand thermal cycling at high temperat[8gslhe greatecompatibility



with hydrogerallows betterretention of fission products and greater fuel integfRy10] Other
CERMET fueltestshave been conducted temperaturesp to 1900 K for 10,000 hours. The
thrust to weight ratio of the CERMEGore design is 5.3:18]

The use of a fadission spectrum in a nuclear reactor offers many benefits over a thiessiah
spectrum. An important environmental benefit is that transurémoeests are burned up in the
core, decreasing the quantity of lelinged 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 materidtsreduce neutron energy. Loss or damage to the neutron
reflector ensures the reactor will not gipercritical. Furthermore, melting of the reactor core

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

Nuclear Propulsion Fuel Requirements

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

flux. The combination of thiwvo factors can lead to chges in the mechanical, thermal,

chemical, physical, and nuclear properties of materials. Several types of radiation can be found
within a fission nuclear s eadci@othnoneae@dationpns, f
and potentially protonsSignificant changes in material properties can be induced by heavier
particles such as n-eddtionocandsprotorts.i Iitesactiomof af nratargdlme nt s
with the heavier patrticles listed above can result in point, line, and plane agtaoishe

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 efelggh
propellant results in a higher specific impulse, other factors kept cofd#ntNTP reactors

require fuel geometries with a high surface area to volume ratio in order to rapidly transfer heat
to the propellant ga§l5 Uraniumfuels withthe highestmelting points include: Ug UC, and

UN. [13] Uranium densitwithin the fuel element is also an important parameter for nuclear



reactors.Higher uranium densities are raxpa in fast reactors due kower fission cross

sections for fast neutrons than thermal neutrfdt§.

The extreme conditions within the NTP reactor greatly limit operating Utdizing uranium

fuels at temperatures between 2(BHI0 K involves addressing a number of issues including:
melting, chemical stability at high temperatures, evaporation, neutron spectiiuennoiclear
reactor, creep at high temperatures, swelling, release of fission products, thermal shock
resistance, fabeation methods, and fuel densit§ne of the most limiting factors of using
uraniumbased fuels at high temperature is fuel evaporatickets utilizing NTP technology
would heat hydrogen to temperatures over 3000 K. The nuclear fuel would genataterhtes

of over 20GW/m, andcouldhave temperatures over 3200 K. order to reduce fuébss by
evaporation, encapsulationttie fuel is requiredTungsten has the lowest volatility of the
refractory metals, and has been shown to be compatitiidJ@i at very high temperatured.3,

15] In addition, the only two refractory metals that are fully compatible widimium 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 diffd§loharge
amounts of natwurally occurring tungsten are n
large absorption crossection and high resonance with thermal neutrons. However, isotopic
refinement of tungsten can be performed to eliminate isstafib high absorption cross
sections[15]

One of the problems encountéreithin NTP reactor fuel isracking from engine vibrations.
Another issue is hydrogen degradation of fuels and coafib@s Hydrogen cartause the
reduction of UQ, forming uranium metal, which has a much lower melting point thasn[Ug)
Degradation of thauclear fuel encapsulation materibisthe propellant can result in fission
products being emitted in the rocket exhalldl] Prior research has indicated that tungsten has

the potential to contain Uat temperatures near the melting point of,W@ short times[15]

Utilizing UOs in a pure tungsten matrix causes fuelangon 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



mismatch camlsobe lowered by ulizing UN instead of U@ For temperatures above 2000 K,

UN also has a higher thermal conductivity and fuel density than [1G)

Uranium carbides are another urantbased nuclear fuelThe melting poird of UC and UG
are2525° C an®480° C, respectively. Binary and ternary carbigesrporating 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 theCT&r-C, H-C, and NbC
systems are hypstoichiometric with respect twarbon. A relatively small change in carbon
content within the carbide can reduce tielting point 306800 K below the compaosition with

the highest melting point. For example, within the tantatanbon system, the composition
TaGy gg has the highest melting point (4258 K5

Tungsten has a very low evaporation rate, but reacts with materials containing carbon to form
W,C at significant rates. Tungsten could be used to contain a uranium carbide fuel, but
temperatures would need to be maintdibelow 3060 K (melting point of YZ) 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 int¢dyEity.

Table |. Melting Points of Selected HighTemperature Nuclear Fuels[15]

Fuel Composition | Melting Point (K)
W-60 vol.% UQ 3075
uc 2805
UCZ (UC2+C eutectic) 2835
(Uo.1Z2r0.9)Co.96 3550
(Uo.1Zr0.9)Co.08 3100

Fission products are generally contained in uranium carbide fuelsdapsulating them in
graphite and applying a carbide coating, such as [A%].Research performed wi#trC
coatingsfound thatthe large CTE difference between ZrC and grapkiteled to induce
cracking in the ZrC coatingCracking was reduced by creating a compositk networks of (U,

Zr)C in a graphite matrix, and by using graphite with a higher Clltiefuels resisted loss of



carbon through hydrogen reactions, as well as cracking. However, significantly more testing
needed to be performed. Carbide fugisfairly stable in hydrogen, artthve a much higher
thermal conductivity thafuels such as U9D[14] However, hydrogen will still interact with
carbide to some degree, which will resultiranges to both composition and melting pdit|

The higher thermal conductivity reduces fuel cracking by decreasing the thermal gradient
between the fuel and the propelldriy]

Properties ofFoams

Foams are thredimensional cellular materials with a relative density leas t 0.3and can be
classified as one of two types: open or closed ddie relative density of a foam is determined

by the ratio of the foam density to the density of the bulk matgtiatll9] The cells withinan

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 cetl &djacent cell417]

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 fuélcoehponents, heat exchangers,
bioreactors, radiant boers, kiln furniture, and lighiveight sandwich structures. Ceramic foams
tend to have a high specific strength, low density, low thermal conductivity, high thermal shock
resistance, high specific $ace area, high permeability, high porosity, high wear resistance, and

high resistance to corrosidri.g|

The pore density within a foam is typically measured in pores perppch[20] The ppi value
of a foam is a rough estimateqdre density that is used by commercial manufacturers to
differentiate foam pore sizeg.he edge connectivitgf a foam is determined by the number of
edges that join at a vertdd.7] Typically foams have an edge connectivity of fqa®] The
number of faces that join at a cell edge is retetoeas the face connectivifyl7] Typically
open cell foams have a cell face connectivity of three, but they canaaiggh as si{.19]

Eul e r,8mwnlinBquation2, gives the relationship between the number of edfjefaces

F, verticesV, and cellsC, in a three dimensional foam[17]



Equation2: F- E+V-C=1

Thermal and mechanical properties of foams depend more on the shape of cells than the size.
Isotropic properties are observed in equiaxed cell structures, whitgrapigis exhibited by
elongated cellsMany cdl shapes are possibénce the cells have ta tiogether in three
dimensions. Howeveanly a few geometries have been observed. Potential cell geometries
include: tetrakaidecahedron, rhombic, rhomiidecahedrontriangular, and hexagonal prism
Isotropicceramic and metallic fams can be approximatedtadrakaidecahedron geometf$8,

19] A tetrakaidecahedrois a polyhedronvith eight hexagonal and six square fa¢&g] A
tetrakaidecahedron cell has 36 edges, 24 vertldefacesa cell volume of 11.313, a surface

area of 26.80-%, and an edge length of 36whereL is the averagstrutlength of the foam.

[17, 19

Propertes of a foam are dictated by propertiesnaterialsfrom which thefoam is made,

relative density of the foam, connectivitya#lls (open or closed), asthape 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 iodied that most foams are benddaminatedstructures

resulting in lower stiffness and strength than stretoiminated lattices given the same relative
density.[21, 22]

According toAshby[21] andGibsonand Ashby23] opencell foam can be modeled in a
simplified manner by considering it as a cubic arrangement of cells with an edge leinatid af
strutthicknessof t. The dimensionsand| are related to the relative density, of a cell by
Equation3, whereC; is a constant of proportionalityhe relative density is the ratio of the

density of the foany,, to the density of the strut materigl, [21, 23]

oy 2
_ r atg
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Beam theory relates the deflection of a beantg the loadF, beam lengthl, elastic modulus,
E, and area moment of inertiapy Equation4. The area moment of inertia is proportionat*o
[23]

3
Equation 4. 4"~ Ll
El

If a uniaxial stress is applied to the foam, the foFGayill induce cell edge bending, resulting in
the linear elastic behavior of the foam being proportion&lquation4. The forceF, is related

to the compressive stress,and cell edge length, by Equation5. [23]

Equation5. F~ sl?

Theelastic modulusk:, of the foam is given bEquation6, where Es is the elastic modulus of
thestrutmaterial, andC, reflects the geometric constants of proportional 2]

G,IE,

Equation 6. E, = T
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, ingte@sheelastic response,
the response is really concave downw§28] The elastic modulus of an open cell fod#n, has

been found to be related to the relative densitiztpyation7, whereC is a constan{.22)]

Equation 7. 5 = C%ng

Es ¢€7s=

A bendingdominated lattice behaves in a linear elastic manner until the elastic limit is reached.
Once the elastic limit issached, the edges of the cells yield through plastic deformation,
buckling, or fracture[21] The stress required to cruah open celfoam,gsis given by
Equation8, wherell.,; is the modulus of mpture(flexural strength)andC; 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 if241r28ks.
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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 strésss given byEquation9, wherel is the
linear coefficient of thermal expansidajs the elastic modulus, amgdTis the change in

temperaturel24]

Equation9. S =a&,EDT

Thermal gradients within a material can also cause thermal stresses. Induced thermal gradients
within a material depend on the theal conductivity, size, and geometry of the material, as well

as the rate of temperature char{@d]

Research byedula et al [25] utilized Equation10in conjunction with elastic modulus
measurements to predict tegtent of micrecracking present ia foam after thermal cycling,
whereE is the elastic modulus after thermal cyclig,s the elastic modulus prior to thermal
cycling, ais the crack length along the major axdsdN is the densityf microcracks per unit
volume. Equationl0is a firstapproximation for the elastic modulus of a material with elliptical

cracks

1
Na® +1

Equation 10. E =
E

A study byColombo et al.[22] investicated properties of silicon oxycarbide foams produced
through direct foaming and pyrolysis of preramic polymers. Pycnometry was utilized to
measure the volume of the foam struBompression testing was used to measure the crush
strength of foam speciemswith dimensions of Bm x 6mm x 12mm. The cosshead

displacementor the testsvas 0.5mm/min.
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Reticulated Vitreous Carbon Foams

A reticulated vitreous carbon (RVC) foam can be created by pyrolyzing a polymer| R&28)

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 aifedoehavior similar to that of

glass. The theoretical density for amorphous carbon is 1.88.gi¢awever, typically vitreous
carbon contains around 30% closed porosity, resulting in the lower values shbaibiafi .

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 oriedted, an
twist aound each other. The strarm be thought of as segments of hexagonal carbon layers
of multiple sizes, with minimal ordering parallel to the layersra) diffraction analysis has
indicated that the average crystallite height and diameter are 50 ¥oahdespectively.

Vitreous carbon is resistant to graphitization due to the twisted and interlocking carbon strands
and micreporosity 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 thermekpansion 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 BE5Q° C.

28, 30] Vitreous carbon generally has greater tensile and compressive strengths than graphite.
However, the thermal conductivity is lowyand the electrical resistivity is high§29]

Properties of vitreous carbon are shawiablell.

Reticulated vitreous carbon (RVC) foam has a high surface area and is stable at very high
temperatures (3500° C) in environments devoid of oxygen. ¥R 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 portbe per inch

(ppi). A 100 ppi grade of foam waketermined to have a surface area of ~ 65amni. [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 processcargor gas,

typically metal chlorides or fluorides, flows through a heated substrate. The gas condenses on

13



the substrate and solidifies. Many materials can be deposited using CVI at temperatures ranging
from 1050% of their melting point. The depositi 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 ahfull density. In addition, CVI produced deposits have greater fracture
toughness, thermally and mechanically, than bulk ceramics. Crack propagation is greatly

inhibited by the foanstrutstructure[1]

Research by ouchison et al[1] demonstrated the deposition of a 2ZKBC-TaC coating on

RVC foam. The TaC was usedasurrogate for UC. Deposition was accomplished both as
separate layers and as a single layer solid solub@taRosa and Tuffig®] 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/cthad a compressive strength of ~630 psi at 1750° C, ~530 psi at
2250° C, and ~370 psi at 2750° C. Flexural strefatle5 ppi TaC foams at room temperature

was found to be ~375 psi at ~ 0.85 g/éPaC density, increasing to ~875 psi at ~1.75 §/€aC

density.

Pyrolytic carbon(PyC)is produced from thermal decompositions of gases tongacarbon,
such as methanéllowed by deposition oa substratg29] PyC has a fingrained structure
and does ot convert to graphite easily80] It is also stronger, harder, and less permeable to
gases than pyrolytic grapbif26] 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 shownTablell.
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Table Il . Properties of Pyrolytic Carbon and Vitreous Carbon [29]

Pyrolytic Carbon Vitreous Carbon
Density (g/cm) 1.52.0031] 1.31.55
Tensile strength @cnt) - 400-1000
Thermal conductivity (cal/cm s - K) - 0.01-0.06
Thermal expansion (10 K™) 5.5932] 2-3.5
Electrical resistivit(10%q L ¢ m) - 10-50
Gas permeability (cffs) - 10°-10*°
Elastic modulus (GPa) 28[3]] 24[31]]
Compressive strength (MPa) 5173]] 17231]

Research performed byou etal., [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 deflectio 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 neededf the strength is too high, debonding will not occur. hé strength is too

low, complete delamination will occur at a low load.

Neutronsand Neutron Production

Neutrons are particles with no electric chaf@d] A neutron cross section represents the
probability of a neutron interacting with a nucleus in a thin layer of material. The neutssn cro
section is expressed in barns, a unit of area. One barn is equaf 0 The total neutron

cr oss s,eepresentsnhe prabability of any type of neutron interaction taking place.
Several types of neutremucleus interactions are possipthe two major types being scattering
and absorption. A scatterimgteraction 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 the nucleus, leaving it in an excited statehe nucleus is left in

an excited state, will eventuallyreturn to its ground state through a release of radiation.
Neutron absorption can cause the nucleus to fission and/or emit radiabjon.
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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 scatteringrevent.
inelastic scattering event causes the nucleester an excited state, eventually resulting in the
release of radiation. Since some of the ned@renergy 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 eveninelastic 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 scajtesantcannotoccur. No excited states are
possible in the hydrogen nucleus, therefore only elastic scattering can Nectron absorption

can cause rearrangement of the structure of the nucleus, resulting in the emission of gamma rays.
Particles sug as protons, neutronslectronsdeuterons, and alpha particles may also be emitted.

Neutron absorption may also trigger fission of the nudass.

For a thick sample, the neutron transmission can be determined by treating theasaangdeies
of atomic layers.Equation11 shows the intensity of neutrons in the beam that have not
interacted with the materidl, as a function of thickness, wherel, is the neutron beam
intensity prior to reaching the sampleis the total neutron cross section, ahi$ the density of
atoms[35]

Equation 11. 1(x) = I & ™

One method of neutrgoroduction utilizes beryllium in conjunction with americit241 in order
to produce neutrons. AmericiuBd1 emits an alpha particks shownn Error! Reference
source not found. Then beryllium absorbs the alpha particle and releases a neutron, which is

shown inEquation13. [34]

. 241 237 4
Equation 12. ;cAM “;Np+,He

Equation 13. °Bet+*He- *C+n
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Americium is an element with no stable isotop8siccessive ndron capture iplutonium239
producegplutonium-241, which has a halife of 14.4 years. The decay piutonium-241
producesmericium241. Americium241 has a hallife of 432.7 years andedays through the
emission ofalpha particle withan average energy o4&5 MeV. The alpha particles are
accompanied bgamma rays with energies between 2868.5 keV. The mogirominent one is
59.5 keV, which occurs in about 80% of tdecays. When beryllium captures an alpha particle,
it emits a neutron ranging in ey from 011 MeV. The averageeutron energy is 6 MeV.
Roughly one neutron is produced for every 20,008akpecays in an americiuberyllium

radiation sourcq.36]

Neutron Interactions with Indium

Two stable natural isotopes of indium ext$tin (4.29%) and*“In (95.71%). Equation14 and
Equationl5 show the nuclear reactisthat occuwhen a neutron is absorbed by the indium

isotopes|[37]

Equation 14. "n+n- Mn

Equation 15. n+n- "9n

In the above equations, both of the reaction prodtts,and**%n are unstableThe decay
characteristics of“In and**®in isomers are given ifiablelll . [37]

Table lll . Decay Characteristics of Indium Isotope$37]

Isotope J° (spin Half-life Decay mode
in 1+ 71.9 seconds b- (99.5%)
U (0. 5%
N 5+ 49.51 days IT (96.75%)
K (3.25
19N 1+ 14.10 seconds b- (99.98%)
U (0.02
Hemd g 5+ 54.29 minutes b- (100%)
Hom2)n 8- 2.18 seconds IT (100%)

The decay mode abbreviations usedablelll, b-, { andIT, r e f decay, electrob capture,

and i someric transit i eayemigsionyrgspectieely Equati@am®6c o mp ani
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shows the nuclear reaction that occurs dubingecay A neutron within the nucleusf an atom
is converted to a protpmesulting in transmutation of the original element into the elemigimt
the next highest atomic number. An electron and eleetn@meutrino are emitted during the
process[37]

Equation16. n- p+e +Ve

The nuclear reaction involving electron capture is shovigumationl?7. 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 atomia.nédmbe
electron neutrino ismitted during the processsomeric transition involves an excited nucleus

rel easi ng -raysia orderto retarr t@a lawer energy or ground sta.

Equation17. p+€ - n+\v,

Monte Carlo N-Particle (MCNP) Transport Code

Monte Carlo methods simulate the behavior of individual gladito 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 ofaractions. Continuousnergy 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 18" - 20 MeV can be modeled with MCNP. An input file within MCNP consists

of the title card, cells cards, surface cards
line of input that can contain up to 80 characters. The cell and surface candgtiefeometry

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 cressctionalparameters of materials, and when thedeling

should be terminate38]
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Synthesis and Properties ¢riterpenetrating Phase Composites

Typical composite materials consist of multiple inclusions of a discrete phase embedded in an
interconnected matrix phasén interpenetrating phase composite (IPC) consists of
interconnected phases forming a thdémensonal network throughout the materig39-41]

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

bones and plant limb§41]

Interpenetratingghase composites can be beneficial in applications wherefonuttional

characteristics are desired, sucthigh mechanical strengtand electrical conductivityThe

influence of phase connectivity and volume fraction on transport properties insl@@syic of

interest for investigatiof42, 43] A study byWegner and Gibsof89 showed that IPC

microstructure could improve yield, thermapansion, 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 microsucture.

Incorporating a ceramic phase within a metal can result in increased strength, hardness,
resistance to weaandstiffness, while reducing the thermal expansion coefficient. Melt
infiltration is one method utilized to infiltrate a preform amdate an interpenetrating phase
composite. Most metal melts will not wet ceramics, requiring the use of external pressure to fill
the pore spac¢4(Q] 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
connectivityof 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 cortepp4i]
Some experiments have indicated that IPCs exhibit resistance to grain growth. A possible

mechanism for this observation is that interconnected phases can potentially havevighapes

surface curvature of zero, which wogive a minimal surface energytl] 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 graja3ize.
Densification of a serporous matrix around a dense preform can create stresses induced by
constrained densification, which can result in npldtiocal densification ratepdl] Metal

matrix interpenetrating phase composites (MMIPCs) have a potential to increase thermal
stability, hightemperature qoperties, 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 threedimensional reinforcement within dRC provides resistance to crack propagation in

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

reinforcenent, 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 requipeaplagate 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 thages.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 crafkl]

Functionally graded materialsicbe produced by infiltrating operell foams with aother

phase[18] In astudy byPeng et al.[42] an open pore alumina foamwas infiltratedwith a

molten aluminum alloy. The alumina foam had a relative density of 518Pa aredicted

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 caesult 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 issppessure was maintained on the@men 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 infitrali 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 b¥hou et al, [43] utilized a seHpropagating highemperature synthesis

(SHS) reaction to produce a porous@¢-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;OAITIC infiltrated with e 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 aled crack bridging during fracture, resulting in an
increase in fracture toughness. It was found that pure aluminum bonds welD{eTAT;

debonding at the interface did not occur after plastic deformation. The strength of the bonding
along the matrixeinforcement interface plays a large role in determining the composite fracture
behavior. An advantage of IPCs is that they can tears¢fess over a much larger area of the

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

A study byCree and Puglp44] investigated vacuum melt infiltration of a SiC open cell foam
with an aluminum alloy, creatingn IPC The foams were produced by Ultra@etnd haca

pore density 000 ppi. After processing, the lowest porosity obtained for the composite was
7%. Mechanidaand thermal properties for a 12% volume fraction SiC f@drmomposite were
similar to those obtained from a-80% SiC particulaté\l composite, indicating that continuous

reinforcement was more beneficial than particle reinforcement.

Fabrication andPropertiesof Tungsten and Tungsten Composites
The atomic number of tungsten is 74. Tungsten has a melting p@#22f G an atomic
weight of 186.2, and a vapor pressure of ~ 4*Irr at 2000 K[3, 45] Tungsten has a

mechanical strength at room temperature of ~800,MBavell as high elastic modulus.The
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thermal expansion coefficient for tungsten at 1500° C is 74KIb [3, 46] The melting point

of tungsten is not increased foyming borides or carbidept7] Tungsten exhibits poor ductility
at room temperature and reduced strength at high temper§8,a8. At 2100° C the strength
of tungsten is 50 MP§3] In prior studiesceramic paitleswere addedo tungsten in order to

increase highiemperature strengtfs3, 46|

Two challenges with utilizing tungsten are that it is brittle and is difficult to fabripéie.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 sibyulloit 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 ffd&u4. Single

crystal tungsten has been shown to exhibit ductility below ambient temperatures. Zone
purification has also been shown to decreasdtietle-brittle transition temperatur®BTT) of
tungsten. Another theory on the high DBTT of tungstenasltw dislocation mobility allows

crack propagation by inhibiting the blunting of crack tig€]

Blaschko et a)[50] sintered pressed compacts of tungsten powders withgevpeaticle sizes

of 4.05 em, 2. 1A0 .e7n7, cam dp oOw.d7e7r ecnm.mpact sintere
equivalent density to that observed Table t he 4.
IV andTableV show density evolution with respdocttemperature and time, respectively, for

various pdaticle sizes of tungsten powdeRensities of sintered tungstenTablelV are with

respect to a constant sintering time, whereas densitiegbileV are with respect to a constant

sintering temperatureThe data points were approximated from graphs in the stu@jasghko

et al Neutron small angle scattering was utilizedrteasure 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 largguorosity 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 Sintering Temperature and Density
(em)
1200° C 1800° C 1950° C 2400° C
0.77 12.0g/cnt 17.5g/cnt 17.5g/cnt 17.5g/cnt
2.15 12.0 g/cn? 17.0g/cn? 18.0 g/cn? 19.0 g/cn?
4.05 12.0g/cnt 14.5g/cnt 15.5g/cnt 17.5g/cnt

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

Sizg50]
Particle Size Sintering Time (at 2100° C) and Density
(e€m)
10 minutes 60 minutes | 180minutes | 1080 minutes
0.77 17.5 g/cm 17.5g/cm | 17.25g/cm | 17.5 g/cm
2.15 18.25g/cnt | 18.5g/lcmi | 18.75g/cm | 19.0g/cn?
4.05 16.0 g/cnt 16.5 g/cn 17.5 glcn 18.0 g/cnT

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

temperatures to 1200600° 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 reduee $intering temperature. Tungsten powder with particle

sizes ranging from 400 nto 800 nm was sintered at 170D to theoetical densities of over

90%.[51] Another study byVang et alutilized 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 tenperature 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 argitho&din
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Research b¥itsunai et al, [52] has shown that fin€iC 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 si
had an average particlesiz of 0. 57 & m. I n order to achieve
important to have high relative densities in the product. Two performames iséth tungsten

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

neutron irradiation and recrystallization. The studyKotsunai et al, utilized mixtures of

tungsten with 0.20.5 wt.% TiC. The mixtures were mechanically alloyed by ball milling in an

argon atmosphere. Hot isostatic presghiPing) was utilized to desify the WTIC mixture in

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

The asHIPed samples were 97.5% of the theoretical density.

Powder Compaction

Particle size and shape are two important fact@isdétermine 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 byncorporating particles small enough to fill voids between large particles can
further increase the packing dens[3]

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 patrticle flow and less efficientipag. 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 densif a coarse spherical particle is typically around 60% of the
theoretical density. The tap density is typically around 64% of the theoretical dgs@ity.

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 vibratammresult in particle size
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segregation As the ratio of the height to the diameter of a compaxreasesdensity gradients
increase and the overall density decreases. Small particle sizes are more difficult to press than
larger particles due to thegher 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 hardening53]

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 toRe3@arch 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 no#inear time dependence; the ratecompaction slows down as compaction increases

and timeincreased During vibration, competition between void elimingtand void creating
processesccurs. An optimunmtensity of vibratiomappears to exist, which allows quick

granular compaction, miniizing 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 biNowak et al.[54] investigated densification of spherical glass beads, which are a
cohesionless gralar 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 werddidircreasing

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 metatability. It was observed th#te critical acceleration value for the ratio of

vibrational acceleration to gravitational acceleration was three fapt vibrations.
Contact forces between particles depend on friction, gravitation, and the external force applied, if

any. As thalegree of particle irregularity increases, the difference betweenlpetion density

and postvibration density increases, assuming an optimum vibration intef&sHy.
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Sintering

Sintering is the process of binding peles together at high temperatures. Sintering can occur
through solidstate 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 padicles. During the initial stage of sinteringterparticle necks grow rapidlgnd the

pore structure is openThe pore structure becomes more cylindrical in geometry during the
intermediate stage of sintering. Grain growth typically occurs duringttes 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 poeesl become isolated. Any gas that is trapped
within pores inhibits complete consolidation. Therefore, to achieve complete densification,

vacuum sintering is requirefb3]

A sintering rate diagram for pure tungstera study byAshby[56] indicateshator a 2 e m pu
tungsten powder at a tempena of 2500° C, full density iachieved after Fminutes.
Whereas at a temperature of 1900°ull,density is not achieved until 1éninutes.

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 atle diffusion of atoms. Diffusion of atoms is thermally activated, and fol&ows
Arrhenius relationshi53] The influence of temperature on the diffusion coefficient can be
calculated witiEquation18, whereD is the diffusion rateD, is the temperaturandependent

diffusion coefficientQ is the activation energy for diffusioR,is the gas constant, aiids the
temperature[24]

a-Q

e

Equation 18. D = D,e¢~"

- OOt

The relationship between patrticle size and sintering temperature is gi¥guatonl9. [51]

ad, 0 a1 10.Q
Equation 1o: NinggtQ=a—- — Q0o
quation Eﬁg és_z T1§ B
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In the above equation, the particle sizes are givesh bypdd,, and the sintering temperatures by
T, andT,. The variableQ is the activation energy, amlis the gas constant. The mechanism of
diffusion determines the constant For grain boundaryiffusion, nis equal to 1/3and for

volume diffusionnis equal to 2. The dominant densification mechanism in the sintering of
tungsten powder is grain boundary diffusifiil] Thetemperaturendependendiffusion
coefficients for surface and grain boundary diffusion in tungsten are 8/8 andl 10 cfis,
respectively. The activation energies for surface grain boundary diffusion in tungsten are 78
kcal/mol and 90.5 kcal/mol, respective]$6] Other factors held constant, the degree of
densification achieved sinteripgrticles of sizel; at temperaturd; will be equal to the

densification achieved sintering partglefsized, at temperaturds.

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
evaporatiorcondensation, volume diffusion, and surfdiféusion. 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
processeq53]

TaC and TaC Composite Fabrication and Properties

Tantalum carbide has a melting point of ~3880° C. TaC is resistant to chattac&land

oxidation, and has a high hardnegs.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 structufé.57] Li t er at ur e values for You
range from 28560 GPa[58]

High strength and ductility has been observed in TaC aboueBhd at 1750° C. At a
temperature of 2160° C the ultimate tensile strength of TaC was fouredd8 MPa and the
specimen exhibited an elongation of 33%. TaC does not exhibit significariengerature
creep resistance. It is believed that grain boundary sliding and dislocation glide are primary

factors in the lack of higkemperature creepsistance. Performance objectives for crepsin
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TaC composite should invohdecreasing the density, increasing creep resistance, and attaining a

higher toughness at low temperatufésg)]

A study bySantoro[60] investigated properties of TaC filaments produced by carburizing
filaments of highpurity tantalum in hydrocarbon gas. The filaments hehmeter of

approximately 254 microns. The filaments had lengths of 20 or 40 cm. The modulus of rupture
for a TaG .91 composition was found to be approximately 951 MPa. Although nqdaC
compositions were tested, the trend of the curve from otivapositions indicated that the

TaC, ocomposition would have a larger modulus of rupture than thg gia@mposition. The

bend deflection of the Tafg: composition was 39.4 microns. A minimum in the modulus of
rupture and bend deflection was obsermedr TaGgy A change in color from grey to gold was
observed to occur between tantalum carbide compositiongsfad TaGg ss [60]

Honeycutt Ill et al, [61] performed res@rch on tantalum carbide matrix composites with
tungsterrhenium fibers for use in solid propellant rocket motor nozzMschanical erosion of

nozzles becomes an issue when alumina powder is added to solid propellartidaglsessing

was used to fabrate 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 | ess than 30 & m. TaC matrix compos

eroson better than hafnitungsten or graphite composites.

Impulse Excitation

Impulse excitation is a netlestructive method to evaluate the moduli of a homogeneous and
isotropic material. The resonant frequencies of a material are determined bgrtietrgemass,

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 vibrd6@n63]

Equation20 describes the relationship between material properties, specimen dimensions, and
natural resonant frequencies. Hguation20, the resonant frequency is givenfik; is the term
describing the geometry for the given resonant frequensythe radius of the roundis the

plate constant, is the density of the rawl, and is the thickness of the roundz2, 63
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, k., |A
Equation 20. f, = —— |—
2\ rt

The plate constamt in Equation20is calculated by usingquation21, whereEi s t he Young?®o
modulusangii s t he Poi s soand.fB363r ati o of t he

Et?

Equation 21. A= q—)
121- nf
The Youngds modulus of a round is calcul ated

frequencies of the round in flexural aati-flexural vibration modes according Eguation22.
[62, 63]

37.6991f2Dm(1- 7))

Equation 22. E, = e
X

In Equation22,Ei s t he Yo un g o scrippodenotésieither thé'tr & resanant

frequencyD is the diameter of the rounchis the mass of theroundj s t he Poi ssonds
the round,k is the term describing the geometry, aiglthe thickness of the roundhe

average of the Youngbo Santh? cesohant freqaehciesid usedod f r om
determineth oungdés modul us of the round. The shear
Youngds modul us a nkEhuatfoo23, svizee@ idthe shearimodalugg?, 63 n g

E

201+ m

Equation23. G =

Statistical Methods Using a-fest
An independent sampletést can be used to compare the means of two datasets that are not
dependent on each other. Aest is used to determine if there is a statistical difference between

two datasets. The equation used to calculatehie is shan in Equation24. [64]
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Y1' 2
S qifr

Equation 24 t =

In Equation24, Y; and Y, are the means of two datasets agd is the standard error of the

difference between two means. The valygis calculated usingquation25:

Equation 25: S i =

In Equation25, S;° andSare the variances of the two datasets, mrahdn; are the number of

samples in the respective dataset. The valtiésafompared with a statistical table that lists

values brconfidence known as U, and val uweridefcevalues he degr
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 determindxragtsg two from

the total number of samples in ttveo datasets.64]
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[Il . Experimental Approach

This section describes the experimental approach used to accomplish the objectives of this study,
which include: Understanding the influence of strut/pore size, foam composition, and foam
density on the neutramansmission 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 parfstiefaize

area on vibratiofinduced tungsten particle infiltration and densification within RVC fqamith

the goal of forming an interpenetrating phase composgitsummary of the experiment matrix

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

subsequent sections.

Table VI. Summary of Experiment Matrix

Foam PPI
Foam Type 45 65 100
NeutronTransmission | Neutron Transmission| Neutron Transmission
(experiments and (experiments and (experiments and
TaC/RVC modeling) modeling) modeling)
Mechanical Testing Mechanical Testing Mechanical Testing
Thermal Treatments | Thermal Treatments Thermal Treatments
Neutron Transmission| Neutron Transmission| Neutron Transmission
(experiments and (experiments and (experiments and
TaC/PyC/RVC modeling) modeling) modeling)
Mechanical Testing Mechanical Testing Mechanical Testing
Thermal Treatments | Thermal Treatments ThermalTreatments
Infiltrate with sub Infiltrate with sub Infiltrate with sub
micron tungsten then| micron tungsten then| micron tungsten then
sinter sinter sinter
RVC
Infiltrate with 5-10 Infiltrate with 510 Infiltrate with 510
micron tungsten then| micron tungsten then| micron tungsten then
sinter sinter sinter
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Two differentTaCfoamcompositionsvereinvestigatedn this study. One foam composition

hada vitreous carbon core, followed by a layer of tantalum carbide formed using chemical vapor
infiltration (CVI). The other foam compositiondha layer of pyrolytic carbon deposited using

CVI between the vitreous carbon and tantalum carbide lay@&G.was chosen for a number of
reasons. The extremely high melting point of TaC facilitates its use as teimgarature

coating, just like SiC in TRISO nuclear fuel particles. TaC calddbe incorporated into a #ri
carbide nuclear fuel. Lastly, TaC has been used in prior studies as a uranium carbide surrogate
material. The pyrolytic carbon was expecteaxihcrease the strength of the foams, in part due to
the presence @n additional interface within the foam strwhich 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 showrHquation26. [2]

Equation26. TaClL +CH, - TaC+4HCI+1/2Cl,

ThreeopenporeTaCfoampore densitiesvereutilized: 45 65, and 10(ores per inch (ppi).

The pore densities were chosen to allowestigationof a wide range of strut and p@izes

within this study. The TaCfoamwasproduced byJltramet®, a commercial supplier. The foam
wasfabricated into roundgachh avi ng & (-A. B¥Y®, O+0. @GO0d hi akaaeasd sO (.
0 . 0 2 Bhénmacroscopic structure of a 45 pEC/PyCQRVC foam is shown ifrigurel.

Tantalum carbide foam manufacturing specifications provided by Ultfuaret located in

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

Influence ofStrut/Pore Size,Foam Composition and Foam ensityon the Neutronic

Properties of the Bam

In this subsection 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 ofdlef@dams is described.

The approach used for modeling neutron transport and experimentally measuring neutron

transmission is also described.

Microstructural Analysis and Por8frutSizeMeasurements

Thefoam structurestrutthicknessand poresizeof the foams were analyzed with a Zeiss Stemi
2000-C stereo microscopeA CanonPowerShot G10 digital camenaasconnected to the
microscope to obtain digital images of the microstructure. Aftage acquisition, the images
weretransferred to a computer and ZeiAxiovision v4.6 softwareasutilized to measurstrut
thicknessand poresizesof the foams. Fivémageswereobtained from various areas of each
foam specimen in order to achieve a representative sampling. Fivereraasts ostrut
thicknessand pore size&veremade from each iage, resulting in a total of 25 measurements for
strutthicknessand poresizefor each specimenThe averagand standard deviation sfrut

thicknessand poresizewerecalculated for eactype of foam
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Foam microstructure, morphology, astutcrosssections 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 detelmeiaegrage 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 ondepnor 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.

NeutronTransmissiorMeasurements

Indium decay wasised as a proxy measurement of neutron transmissiaium was chosen

since it undergoes betkecay after absorption of a neutroh.GeigerMiiller probewasused to
count thenumber of electrons emitted during the decay of a piece of indiumTbgnumberof
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 proportionaitio b

of neutrons tht passed through the foam and activéibedoil. A series of five, 90 second
measurements were performed to determine GM tube activatioadkgroundonizing
radiationprior to each indium foil measurementhe average and standard deviatiane

calculated from théackgroundneasurementsnd weresubtracted froneachdecay

measuremerdf the indium foil

In order to determinéhe neutroriransmissiorcharacteristics of the taman carbide foam, a
piece of indium foilwasplaced on the back of the tantalum carbide foamnd,the foam/indm
foil wastaped taa polyethylene cylinder that surrounded americiurdberyllium neutron
source. The americiurrberyllium neutron source and polyethylene cylinder are showigure
2.
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Figure 2. Image of americiumberyllium 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 tieelioenof the

neutron sourcelhe indium foil had a 26.78 mm diameter and a 0.55 mm thickness. The volume
of the foil was 0.310 cirand the mass was 2.077 Ghree sets of measurements for indium foil
decaywereobtained from each foam round selected for neutron transmission measurements.
Multiple baseline measurememrecollected periodically between the neutron transmission
measurements through the foams. The baseline measurements incoquoeateghp guivalent

to the thickness dad foam roundetween the neutron gce and the indium. The average and
standard deviatiowerecalculated for the baselime=utron measurements, and for eatthe

foam rounds. GM tube activation measurements Wwegrin tvo minutes after removing the

indium foil from the neutron sourge order to allow time to transport the indium foil from the
neutron source to the GM counter. A total of 26 measurementpedoemedafter removal of

the indium foil from the neutron soee. Each measurement lasteda 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 minwtash isapproximately 1.5 beta

decay haHlives of indium, after removal of the indium foil from the neutron sourtlee

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

averagesEach of the 26 measurements was averaged with the measurements from equivalent
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time periods from the other runs fiwe 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 foeetative tobaseline netron 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 2 samples 2 samples
3 measurements eac 3 measurements eac| 3 measurements eac
sample sample sample
TaC/RVC foam 2 samples 2 samples 2 samples
3 measurements eac 3 measurements eac| 3 measurements eac
sample sample sample

In additionto 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 modeledvessign 6.0 oMonte

Carlo N-Particle (MCNP) transport code. In order to perform the neutron modeling, the
dimensions and locations of the neutroarse, 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 AmericiumBeryllium neutron source, shown Figure3, was also coded into the file. The
input file was coded to obtain tallies of neutron flux at theroedige of the polyethylene case
and at the outer edge of the foam sample. Each MCNP run simuldteeutns. 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 neutromissios was

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

Influence of Strut/Pore size, Bam Composition, Foam Bnsity, Thermal Fatigueand

Thermal Shock on the Mechanical Properties of thedam

In this subsection 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 foan is discussedThe nethodology for predicting the mechanical properties of TaC foams

is discussed, as are tegperimental proceduresedto determine the compressive strength and

Youngos

mo dul

of

t he

TaCcC

f o atiesnally cydleranda d di t i on

thermally shockirlaC foamsare presented, aspsstthermal treatmeranalysisof the foams

Prediction of Mechanical Properties ®&C Foams

Data from prior studiefg0, 65, 66] of the mechanical properties of tantalum carbide and

pyrolytic carbon were used in conjunction wiEquation8, obtained fromAshby[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 tbarhspecimensised in mechanical testing were calculated
usingEquation3 in conjunction with measurements of strut volume, geometric volume, mass,
pore size, and strgize A modulus of rupture 336 MPa[66] and951 MPa[60Q], which were
obtained from the literaturgjere used to calculate the minimum and maximum expected
compressive strengths for TaC foams, eesipely. The calculations assumed that the foam
struts were composed solely of Ta& modulus of rupture c241 MPa[65] and483 MPa[65]
wereused to calculate the minimum and nmaxm expected compressive strengthsHgC

foams, respectively. This setadlculations assumed that the foam struts were composed solely
of PyC. All the calculations used a proportionality constant gfdh&inedrom modeling
predictions byAshby[21]. After the calculations above established a broad range over which the
compressive strengths were expected to occur, additional calculations were made tidizing
measured crossectional areas for each component withimfoam struts as a scaling facfor

the above moduli of rupture.

It wasexpected that astrutthicknessdecreasd in the foam, the strength of the foamsuld
increase.Asthestrutthicknessdecreasedhe surface area and volume of the strut would also
decrease, resulting inlawer probability thatpre-existing flawsof a critical sizeverepresent,
following a Weibull distribution.It wasalsoexpected that the pyrolytic carbon layeyuid
increase the strength of the foams due to the addition of intetfet&ould increas 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 Youn gistead ofosing & velsme drdctiof, theasosss t r ut s
sectional area®f each component within foam struts were calculafdte uppetbound limit

on Youngb6s modulus was calcul ated using the ¢
values of 24 GPE31], 28 GPd31], and 28560 GP458] were used for RVC, PyC, and TaC,
respectivel y. The wide range of values for t

One calculation was made for thenimumupperbound limit, and one for th@aximumupper
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boundl i mi t of t he Yeach fogmissutBouatiny,|obtaned fronmAshby[21],

was then used in conjunction with calculated relative densities to piteelictinimumupper

bound andnaximumupperb ound | i mit for the Youw®Wwgds modul u
proportionality constant of unity, as suggestedisiiby]{21], was utilized in the calculations.

Thermaemechanical Properties dfaCFoams

A total of 12 foam rounds, 6 rounds 88C/PyC/RVC, and 6 rounds of TaC/RV@ereused for
mechanical testing. Two rounds from each of the 45, 65, and 100 ppi poiteedarese

selected. & specimensveremachined from each foam round foechanicatesting. The
nominaldimensions of the specimengre0 . 500 | engtaind 0thiKddsDAfer dt h
the samples were machined for the compressive testing, the edges of selected specimens were
examined by SEM in order to characterize cresstions of the foarstrus.

Mechanical properties divelve specimengor each famppi and compositiowereevaluated
Fourof those specimensereexposed tahermal cycling Three specimens were thertyal
shocked in liquid nitrogen. Five specimens were not exposed to thermal cycling or thermal

shock.

Eighteen thermal cyclagp to a maximum temperature of 2100%W@re performed on the
specimens selected for thermal cyclingn environment of argon gas (99.998%hermal

cycling was performed in a Webb RBfurnace. The thermal cycling temperature was dictated
by the maximuntemperature achievable in the furnadée specimenseremassed prior to
thermal cycle 1and aftethermal cycles 1, 8, and 18 he heating curve for a pair of thermal
cycling runs is shown ifrigure4. All thermal cycling runs were conducted in pairs like the ones
observed irFigure4, exceptfor thermal cycle 1 and thermal cycle 8. As observeBigure4,

the specimens were allowed to cool to 300° C at the end of thermaligyarier to heating to

2100° C. After cycleB, the specimens were cooled to ambient temperatures.
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Thermal Cycling Heating Curve
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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. Thepecimens were then removed and allowed to return to ambient condgighs
was performed on selected specimens after thermal cyalidghermal shockCompressive

testing was performeat room temperaturen specimens exposed to thermal cycling,tiar

shock, and baselirspecimens 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 3440025005extensometeawas attached to tifeam

specimerusing rubber bands for each te$he extensometer had a gauge length of 6.35 mm

and a travel of +6%. In order to prevent the extensometer from being crushed during the

testing, platen extensions were fabricated. Aoni nch | ength piece

X 0. 31 2s5edc tciroons swa s

of st

attached to the center of

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

on the test rachine. Compressive testing was conducted watis@acement ratef 0.5

mm/min. T h e

Youngos

mo d u |
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utilized to determine the statistical significance of variation in compressive strength values for

samples otlifferent pore density (ppiomposition, density, thermal cycling, and thermal shock

exposure.Equation24 andEquation25 were used to conduct theests.

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 speimens machine

from each round:

5 baseline specimeng

4 specimens expose
to thermal cycling,
and 3 specimens
exposed tahermal

shock

2 foam rounds

6 speimens machine

from each round:

5 baseline specimeng

4 specimens expose
to thermal cycling,
and 3 specimens

exposed to thermal

shock

2 foam rounds

6 spe&imens machine

from each round:

5 baseline specimeng

4 specimens expose
to thermal cycling,
and 3 specimens

exposed to thermal

shock

TaC/RVC foam

2 foam rounds
6 speimens machine
from each round:
5 baseline specimeng
4 specimens expose

2 foan rounds
6 spe&imens machine
from each round:
5 baseline specimens
4 specimens expose

2 foam rounds
6 spe&imens machine
from each round:
5 baseline specimeng
4 specimens expose

to thermal cycling,
and 3 specimens
exposed to thermal
shock

to thermal cycling,
and 3 specimens
exposed to thermal
shock

to themal cycling,
and 3 specimens
exposed to thermal
shock

Preliminary Research on th&ormation of a TungstenCeramic Foam Composite

This subsection 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 infiingbarameters, 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 temperatuad tungsen 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 foianend
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goal is toeventuallyinfiltrate tantalum carbide foam with tungsten. However, to emesthe
tantalum carbide foam while processing parameters were being evaluated, scrap pieces of SiC
foam were utilized for preliminary experiments. After processing parametelsebladefined to

a degreeuncoatedRVC foamround were used imfiltration experments

Mechanical and ultras@nvibration techniques wergsedduring preliminary experiments
infiltrate the foam witlthe tungstempowder. A VJ-1212 mechanical vibration platform made by
the Cleveland Vibrator Company was utilized to mechanically vibrate the foam. The mechanical
and ultrasonic vibratiosystem utilized in this study waesigned for sieving powders. The
infiltration methodused in this studwas somewhatimilar 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 Roniformity in the pore sizes. The ethdifference ishat

the goal wa not to achieve patrticle size segregation. The mechaiication platform could

be gerated in two different modekixed frequencyibrationand variable amplitude and
frequency vibration. In fixed frequency modeéyration of the fatform occurredat 3600
vibrations per minute. The amplitude of vibration (vertical displacewfgoiatform) couldoe
adjusted using a dial. In the variable amplitude and frequency modatjaibfrequency and
amplitude wee randomized hough amplitde of vibration was alwaygery low in this

randomeed setting. An accelerometersvaounted on the platform to measure the mechanical
vibration amplitude. The vibrain of the mechanical platform wagerpendicular to the foam

surface.

An HK Technologes Model SLPt 40: 0.50 ultrasonic sieve was utilidadng some of the

vibrational infiltration experimenisand is shown ifrigure5. Ultrasonic waves werproducd

at a frequency of 40 kHz within the sieve ring. The ultrasonic vibratba lvariable power

output, with the maximum output beib0 W. The ultrasonicringhad 3. 50 out er di a
and a 2.250 inner diameter. erThe ampper 0f339%0
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 thistudy, much the same results wesought. Howeveit was expected

that particle blinding of large particles within foam pores waully beable to bemitigated to a
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certain extent due to the lower degree of translational motion available within thedmam

volumethan at the surface of a sieve mesim image of the entire vibrational infiltration setup

is shown inFigureb.

Figure 5. Image of mechanical vibration platform, vibration canister, ultrasonic generator, vacuum lines, and
accelerometer.

A foam round was placed within a specially designedsparking brass die on the
ultrasonic/mechanical vibratoSubmicron99.9%tungsen powder was poured on top oéth

foam round within the brass dié\ diagram of the infiltration setup is shownRigure®6.
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Vacuum valve

Cover Plate

Ultrasonic Ring

Figure 6. Foam infiltration setup

The brass dishnd die hd a mass of 80 g and 522 g, respectively, and are shown together in
Figure7.

Figure 7. Image of brass dishand die.

The vibration canister, shown Figure8 andFigure9, was purged with argon and mounted to

the vibration platform, shown iRigure10. In order to reduce segregation of the powdgrs b

particle size, and provide for a more thorough infiltration, the partially infiltrated foam was

turned upsidelown and vibrated agawith 15- 20 g of the powdeon top of the foam. The
procedure was repeated until less than ~0.5 g mass gain waseol®eran 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 brasskiguie11l. 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 theuse of vacuum infiltration (evacuating the vibration canister to vacuum) and eliminating
the use of argon. Evacuating the canister to a vacuum helped eliminatd@ycies of

adsorbed watesn 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, bothfavhich 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 powens increased to 75% forfew runs. Mechanical

vibration was conducted for periods of time ranging fror®@5minutes, and at amplitudes
ranging from 6.668.4 m/$.

The foam pieces were either in the form of squares esligieshaped segments of rounds.

These shapes did niitt the shape of the containment vessel as preciselyedsam 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 foiltifagiamf of each

sample are showin TablelX. Within TablelX, H refers to the use of the brass punch as a
vibrational hammenJ refers to the use of ultrasonic vibration, &M is variable amplitude

(very lowamplitude$ and frequency of vibration. The times givermablelX refer to total

vibration time, and are not necessarily individual vibration run times. The results of the foam

infiltrations are shown iTableX.
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Table IX. Vibration Settings for Foam Infiltration

Sample

Approximate mechanical vibration

amplitude(m/s)

45SiC02

45 min: 12 m/S-H & U

45SiC03

15min 7 m/$-U
30 min 13 m/¢-U

45SiC04

15 min 13m/s"- U
20 min 27m/$- U
10 min 27 m/<
20 min: 25m/s* - H

45SiC05

30 min VAF - U
30 min: 27m/<
30 min 25m/< - H

45SiC06

60 min 3m/s’

60 min 7 m/s’

90 min 27 m/
30 min 25m/s* - H

65SiC01

50 min 27 m/$
30 min 25 m/$- H

100SiC01

30 min 27 m/$
30 min 25 m/$ - 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 1511 | 75.9% | 3.10 0.370 | 10.148| 8.637 2.79

45SiC04 3.88 1816 | 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 1433 | 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 1508 | 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 nf/seemed to produce thesbénfiltration of the foams, fathe
parameters examinedt 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 topf the foam again. It was observibait mechanical vibration settings below

~6 m/$ produced negligible powder infiltration within the foam afteth 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 seuvargcles, 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 utilizett.is possible thathere 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 mechaniphhg between

the mesh and the ultrasonic waves. The infiltration setup in this study confined theitbem

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 bregstainer. 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.

Selectednfiltrated foams vere crosssectioned 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 theectissing. Figure12
andFigure13 show crosssections of SiC foam infiltrated wiubmicrontungsten powder.

The crosssectioning process turned out particularly welFigure13. Fairly uniform tungsten

infiltration can be observed throughout the thickrefgte foam.

Figure 12.(left) Crosssection of 45 ppi SiC foam infiltrated withsub-micron tungsten
Figure 13.(right) Cross-section of 65 ppi SiC foam infiltrated withsub-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 infiltratidnacuum was
maintained belowx10° mbar during the sinteringA graph of funace pressure for a typical
sintering run is showm Figure19. Utilizing data from the literaturesintering temperatures
between 1802000° C were expected to bequiredto achieveappreciableonsolidation

Sinteringon preliminary specimensas 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 densitheinfiltratedand sintered SiC and
TaC foams werexamined by crossectioning the foasand performing optical microscopy.

Figurel4 andFigurel5 show crosssections of sintered infiltrated SiC foarRigure16 and

Figurel7 show crosssections of sintered infiltrated TaC foam.

Figure 14.(left) Crosssection ofinfiltrated and sintered SiC foam
Figure 15.(right) Cross-section ofinfiltrated and sintered SiC foam

Figure 16.(left) Crosssection ofinfiltrated and sintered TaC foam
Figure 17.(right) Crosssection of infiltrated and sinteredTaC foam

During the sintering proces$ise submicrontungsten consolidated into ssphericalshaped
particles, which occupied thgen pores within the foam. The infiltrated densitiese not high
enough to support an interconnected network of tungbt®ughout the open porositin

addition, he high surface area of the smiicron powder enabled more localized consolidation
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Formation of a TungsteaCeramic Foam Composite

This subsection describes the experimental methodology to understamufltrence of foam

pore size and tungsten particle size/surface area on vibratlooed tungsten particle

infiltration and densification within RVC foamwith the goal of forming an IPCThe
characterization of tungsten powder through particle sialysis, 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 procescohsolidating the composite. Finally, the use of impulse excitation

to nondestructively measumoduli of the composite is discussed.

Particle Sze Analysis ofTungsterPowders

Particle size analysis of nominaybmicron, and 5L0 micron tungsten powders was

conducted on a Horiba L-B50 particle size analyzeParticle size analysis was conducted using
thevibrationaldry feeder accessory for the E950. The use of vibrational feeding during

particle size arlgsis allowed a more accurate assessment of the conditions of particles (such as
agglomeration) during the vibrational infiltration of foanamples were selected for analysis

from random areas of thoroughly mixed powdaArtotal of 20 analyses were f@med on sub

micron tungsten powder and 13 analyses were performedl@rmbcron tungsten powder.

Scanning electron microscopy (SEM) was used to determine the sizes and shapes of the tungsten

particles.

Surface Area Masuremerstof Tungsten Powders

The surface area of tungsten powders was determined using BrunauesttFanoh Teller (BET)
analysis with @Quantachrome NOVA 2200 gas sorption analyZgecimens were vacuum
degassed at 300° C for 15 hours prior to analysis. During the analysimepgevere 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 RVCFoam with TingsterPowder

It is possible thasurface effectssuch asgglomeratiorof the submicron tungsten powder
utilized in preliminary research, may have inhibitegher infiltration densitiesIt was thought
that better results might be achieved using a larger particle size, sudl® asi&ron particles.
Therebre, sib-micron and 510 micron, 99.9% tungsten powder were utilized for subsequent

infiltrations. The experimental matrix for tungsten infiltration is givemaibleXI.

Table XI. Experiment Matrix for RVC Foam | nfiltration with TungstenPowder

Particle Size Foam PoreDensity
45 ppi 65 ppi 100 ppi
Submicron tungsten 2 samples 2 samples 2 samples
5-10 micron tungsten 2 samples 2 samples 2 samples

Foam infiltrations wereonducted using the equipment descrilvetthe previous section
However, ultrasonic vibration was not utilizeBoam infiltrationwasquantified by massing the
foam prior to and after infiltrationThe cont@ner holding the powder and the foamas
evacuated tavacuumof less thar? Torr for the vibrational infiltration.For submicron
powders, anass of- 15 g of tungsten powd&vasplaced on top of the foanA mass of 25 g
of tungsten powder was usethen infiltrating with 510 micron powders.A larger mass of
tungsten was used when infiltrating witil® micron tungsten due to migration of the RVC
foam to the top of the tungstering vibration. The foam migration whkely caused by the
significant difference in densitpetween the RVC foams and the SiC foams used in preliminary
experiments Therecess in thérass die could not accommodate 25 g ofsudron tungsten
due to the lower tap densitjechanical vibratiorwastypically conducted fod 0 minutesat ~
25 m/€ amplitude. After 10 minutes elapsed, the foamasremoved and masse@he foamwas
flipped upside down anchather~15 gor 25 gof powderwasplaced on top of the foagm
depending on the nominal tungsten particle size hatitiged. Vibration continud for another
10 minutes. The procesgasrepeated untiless than & 0.5 gincrease in infiltration was

observed
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T-tests were performed to determine the statistical significance of results obtained for the
influence of fam pore size and tungsten particle size on foam infiltrattaquation24 and

Equation25 were used to perform theésts.

Consolidation of the @mposite

The infiltrated foam wasinteredn a vacuum furnace at 105C for 2 hours.A heating rate of

10° C/ min. was utilizedThe surface and grain boundary diffusion rdéegungsten at 1950° C
were calculated usingquation18 and were found to be 1.8Ecnf/s and 1.2EB cnf/s,

respectively. Temperature measurements were verified through correlation of a thermocouple
and a pyrometer. The heating curve for the sintering process is shévwguial8. Thevacuum
furnace wagvacuatedo 8-10* mbar prior to initiating the heating cycle. The furnace pressure
during the sintering run of a selected specimen is shoWwigure19. The peaks present in the
pressure curve irigurel9are likely a result of outgassing fromthe RVC foatn. 1/ 80 t hi ck
piece of 99.95% tungstemasplacedbetween the sample holder and the sample in order to
minimize carbon diffusion from the sample holder into the specifée.low strength of the
sintered sudmicron infiltrated rounds prevented their removal from the tungsten spacer without
damage to theound. Due totheissues with removing the sintered smixron infiltratedrounds

from the tungstespacergrafoil was used in pl&cof the tungsten round for suaticron

sintering runs.The infiltrated foanwasmassed after sintering.
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Heating Curve for Sintering Infiltrated Foams
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Figure 18. Heating curve for sintering infiltrated foam specimens
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Foam Sintering Pressure Curve
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Figure 19. Vacuum furnace pressure during sintering of infiltrated foam specimens

It was of interest to determine the degree of densificatitdnn tungsten powder under similar
conditions to that of the consolidation of infiltrated tungsten within RVC rounds. A mass of
35.137 g of sumicron tungsten was placed within a graphite die with an I.D. of 1.5 inches and

an O.D. of 2.5 inches. Théedwas lined with grafoil. The density of the loose powder within

the die was 2.98 g/ctnwhich is 15.5% theoretical tungsten densitygraphitepunch was

placed on top of the powder within the die. No load was applied to the punch during sintering.
The furnace was evacuated to 89mmbar. A heating rate of 10° C/min was usedctueve 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 voasmeeasured through

pycnometry.
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Modulus Measurement Using Impulseciation

The moduliof foams infiltrated with 510 micron tungsten, and subsequently sintesede

measured using an impulse excitatieahnique ASTM standards E1876 and C125%e/esed

as a reference for the testing procedureaor 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 spre mounted on a flexibj@lymer rod was used to induce vibration within the

infiltrated and sintered foam rounds. Vibration was inducedamound in flexural and anti

flexural modes. Ten measurements weeaelenin each mode of vibration. In ordeatlow the
specimen to vibrate freely flexural and antflexural modes, two specimen supports were
fabricated using silicone rubber. The supports used for flexural anflexutial vibration are

shown inFigure20 andFigure21, respectively.A PCB model 426B0&ansducewas used to
measure thenechanical vibrabn ofthe composite. Thigansducehad a frequency response of
3.22126000 Hz. An ICP model 480EB®8nsor signal conditioner was connedtethe

transducer antb a Jagdish Electronics interface, which was connected to a National Instruments
DAQCard6024E PCMCIA Card. Jagdish Electronics Dynamic Elastic Properties Analyzer
version 7 software was used to record the vibration inducée iodmposite. The software
performed the fastdurier transfornon the waveformdetermined the resonant frequencaey]
calculatelt he Y o un g,6learmadduslnuds Poi ssondés ratio of the

Figure 20.(left) Image of the pecimen support platformthat was usedfor flexural vibration measurements.
Figure 21.(right) Image of the pecimen support platform that was usedfor 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 measurednfiheged and sintered rounds

did not exhibit perfect round geometry, i.e. the edges were rounded. Edge rounding and other
geometric imperfections were expecteadanisea small degree of error in the measurements.

The sensitivity of the transducer wasximized by locating it at an asibde relative to the

specimen vibration during the excitation procebse specimen and transducer setup are shown

in Figure22 and Figure23for flexural and antflexural vibration measurements, respectively.

For flexural measurements, the specimen was excited at the center of the roamt#fldrural
measurements, the specimen was excited at a point 90 degrees in rotation from the transducer,

slightly in from the edge of the round.

20 mm
1 2 3 4 5 — 7

Figure 22.(left) Image of specimen test setup for flexural vibratiormeasuements.
Figure 23.(right) Image of specimen test setup for anfilexural vibration measurements.
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V. Resultsand 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 mechaeteadior of TaC

foams, and understanding the influence of foam pore size and tungsten particle size/surface area
on vibrationinduced tungsten patrticle infiltration and densification within RVC fqawith the

goal of forming an IPC

Influence ofStrut/Pore Sze,Foam Composition and Foam ensityon the Neutronic

Properties ofthe Foam

In this subsection the results obtained in order to understand the influence of strut/pore size,
foam composition, and foam density on the neutronic properties of TaCai@adiscussed.
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 an®ore/Strut SizeMeasurements

Optical micrographs of 45 ppi, 65 ppi, and 100 ppi TaC/PyC/RVC foams are shéguia24

- Figure29 at various magnificationsThe TaC foams haal threedimensional cell structure,

with porositythat isinterconnected throughout tf@am. Thus they hacan opencell structure.

The TaC bams tenddto exhibit cell faces with square, pentagonal, and hexagonal geometries.
Adjoining cell faces form polyhedral cells with geometries similar to tetrakehdgaans and
dodecahedronsThe coloration differences observed in the 100 ppi micrdgrape 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 paigeand struthicknesswithin the foam decreased.
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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 averagiutand poresizes for TaC foamsare shown inrableXIl. The

average struhicknessesneasur ed using optical mi croscopy Ww
74 e m f ol00 ppiTaCRpC foams, respectively. The average sticknesse of

TaC/ PyC/ RVC f oams +1ladn2g esdm ff7d®donppidohrBp. pAvarage pore

sizes for TaC/RVC foams ranged from 664 6 4 ¢ m fid0O0 pgt BaC/R\WCifoamslin
TaC/PyC/RVC foam¢heporesizes ranged from 5461 9 8 ¢ m- 100oppi fodnts

Table XIl . AverageStrut and PoreSizes for Tantalum Carbide Foams

Average Strut Standard Standard
) o Average Pore o
Foam Type Thickness Deviation ) Deviation
Size( € m)

(em) (em) (em)
45 TaC/PyC/RVC 318 21 546 62
65 TaC/PyC/RVC 190 12 296 28
100 TaC/PyC/RVQype A 142 11 198 23
100 TaC/PyC/RVC Type B 176 11 244 47
45 TaQRVC 256 17 654 78
65 TaGRVC 151 11 354 41
100 TaCRVC 74 4 164 19
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Figure30 andFigure31 show the average measured st poresizes, along with standard
deviations, in grapical format. As the foam pore density (ppi) increased, the stigkness

decreased and the paigedecreased.
Average Foam Strut Thickness

400

m45TaC/PyC/RVC
350 m65TaC/PyC/RVC
0100TaC/PyC/RVC A
» 300 0100TaC/PyC/RVC B
S m45TaC/RVC
G 250 m65TaC/RVC
é 0100TaC/RVC
% 200
o
£ 150
0
£ 100
50
0

Foam Type/PPI

Figure 30. Chart of average measuredtrut thicknessand standard deviationfor each foam type.
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Average Foam Pore Size
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Figure 31 Chart of average measured porsizefor each type of foam.

Scanning electron microscopy was utilized to exaraigeosssection ofa TaC/PyC/RVCfoam
strutshown inFigure32. Thestrutcorewas composed &®®VC. The RVC hada pyrolytic
carboncoaing, and the pyrolytic carbon wasated withtantalum carbide.
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Figure 32. Scanning electron micrograph of astrut crosssection from a 65 ppi TaC/PyC/RVC foam.

Measurements were performed SEM micrograph® determine thaveragehickness of the
RVC core, PyC coating (when applicable), and TaC coating on the foam StabieXIIl and
TableXIV showthe averageoaing thicknessaand RVC corghicknessfor TaC/RVC and

TaC/PyC/RVC foams, respectively

Table X1l . Thickness of Foam Strut Coatings and RVC Coréor 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 +F11
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Table X1V . 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 +F 1 18 +£ 2
PyC 44 +F 4 10 ++1 7 +-2 24 + 3
RVC 130 +£ 22 77 +F 14 45 +/- 6 52 ++5
Strut thickness 298 +£ 32 157 ++ 22 87 +£12 136 ++ 15

Micrographs of crossections of foam struts frodb ppi, 65 ppi, and 100 ppi TaC/RVC foams
are shown inFigure33-Figure 35, respectively. The CVI deposition process alleda faily

uniform coating thickness to be deposited on the RVC stiittie. 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) Crosssection of a strut in a 45 ppi TaC/RVC foam
Figure 34.(right) Crosssection of a strut in a 65 ppi TaC/RVC foam
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20.0kV 39.2mm x450 SE 5/5/2011 08:28

Figure 35. Crosssection of a strut in a 10(Qopi TaC/RVC foam

Micrographs of crossections of foam struts from 45 ppi, 65 ppi, and 100 ppi TaC/PyC/RVC

foams are shown iRigure36-Figure39, respectively.

20, k.\f 9.7n{m X200 SE . 5/5/2011 07:07

Figure 36.(left) Crosssection of a strut in a 45 ppi TaC/PyC/RVC foam
Figure 37.(right) Crosssection 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 shownkigure38 andFigure39.
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Figure 38.(left) Crosssection of a strut in a 100 ppi TaC/PyC/RVCType A foam
Figure 39.(right) Cross-section of a strut in a 100 ppi TaC/PyC/RVCType B foam

Volumetric Measurements of Foam

Pycnometry was used to measure the strut volume of TaC foams. The average volume for each
TaC foam roundas well aghe average volume for each fo&ype andpore density is shown in
TableXV.

Table XV. Average Volumes offaC FoamsDetermined through Pycnometry

Group
. 3 Std Dev Std Dev
Composition PPI Sample # | Avg (cm’) 3 Avg 3
(cm) 3 (cm®)
(cm’)
1 1.1106 0.0027
3 1.1021 0.0049
4
TaCIPYCIRVC| 45 10974 | 09012 | 1901 | 0.0235
S 1.1005 0.0116
6 1.0846 0.0008
7 1.0452 0.0022
1 0.7543 0.0099
2 0.9335 0.0034
TaC/PyC/RVC 65 3 0.8022 0.0098 0.8486 | 0.1045
4 0.9062 0.0098
S 0.9773 0.0037
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6 0.7202 0.0068
1 0.8935 0.0052
100
2 0.8645 0.0010 | 0.8894 | 0.0231
Type A
3 0.9101 0.0034
TaC/PyC/RVC
1 1.2102 0.0165
100 2 1.1106 0.0181 | 1.2109 | 0.1007
Type B 6 1.3119 0.0091
1 0.7214 0.0063
2 0.7110 0.0012
3 0.6677 0.0014
TaC/RVC 45 0.6832 | 0.0599
4 0.6957 0.0064
5 0.5700 0.0040
6 0.7333 0.0094
2 0.6662 0.0003
3 0.8097 0.0182
TaC/RVC 65 0.7134 | 0.0659
4 0.6763 0.0215
5 0.7014 0.0187
1 0.5244 0.0019
2 0.5789 0.0046
TaC/RVC 100 0.5603 | 0.0247
3 0.5645 0.0103
4 0.5734 0.0041

The average strut volume for eaghe of TaC foanis shown graphically ifrigure40. 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 rafrget0.8486- 1.2109 cr,
whereas strut volumes for the TaC/RVC foams ranged from 0560334 cm.
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Average Strut Volume of TaC Foams
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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 inFigure41. Porosity ranged from 88.3990.7% n TaC/RVC foams, and fro®0.3-
86.2% inTaC/PyC/RVC.
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TaC Foam Open Porosity
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Figure 41. Average open porosity for each pore density of TaC/RVC and TaC/PyC/RVC foams.

Neutron TansmissiorMeasurements

Figure42represents a compilatiarf averages for 26 measurements of baseline indium foil

decay. Baseline indium decay refessneasurements of indium foil decay obtained after

placing the indium fo | 10 from the edge of the polyethyle
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 represerttetiverober

of counts duringa 90 second data collection period. Between each measurement there was a 90
second pause. The observed decrease in counts with increasing time withinttberctlated

well with the known haHife for betadecay of indium, with is ~54 minutes.
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Neutron Transmission
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Figure 42. Graph of average baseline counts of indium fodecayvs time

Theindium decaycounts measured frothe indium foilthat wasmounted to the back of a 45
ppi TaC/PyCRVC foam round arehown inFigure43. A total of 26 measurements were

obtained, utilizing the same time periods discussed in the baseline measurements.
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Neutron Transmission

1050
950 3

\ —— TaCPyC45D6R7-#1
850 .~

750 \

650 \/\/\

550 V\_\

450 \\+\/‘

350 I I I I I I I
0 10 20 30 40 50 60 70 80

Counts

Time (Minutes)

Figure 43. Graph of indium foil decay counts for4_5 ppi TaC/PyC/RVC foam neutron exposurgun #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 Figure44. 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 measurementaamged out over the three ruas,shown in
Figure4b5, a relatively small standard deviati¢n +/- 2-3%)was obtained for afbamand

baselinandium decaymeasurements.
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Neutron Transmission
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Figure 44. Graph of indium foil decay countsfor 45 ppi TaC/PyC/RVC foam neutron exposure rus#1-3 vs
time

The averagendium decay foeach ofthe 26 radioactive decay measuremenosn the three
runs for indium foil mounted on the back of a piece of 45ppi TaC/PyC/RVC foam and indium

foil in basdine measurements ghown inFigure45.
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Neutron Transmission
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Figure 45. Graph of average baseline counts of indium foil and average indium foil counts fronb4opi
TaC/PyC/RVC foam neutron exposures vs time

Figure44 andFigure45 are graphs of measurements made for one of the TaC foam specimens.
Graphs of the measements 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 avasadetermined. The

average ratio was then plotted against the areal density of TaC for each TaC/RVC round in
Figure46. Only TaC/RVC rounds were utilized in the graph since they hatxppately the

same mass of carbon in the struts, whereas the TaC/PyC/RVC rounds diti@dfata point at

0 glcnf TaC areal density represents neutron transmission for an RVC round with no TaC
coating. Data for TaC/PyC/RVC rounds arecorporatedvith the data generated using MCNP

for neutron transport modeling. The results are discussed in the next section.
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Neutron Transmission vs Areal Density
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Figure 46. Graph of neutron transmission vs areal density of TaC for TaC/RVC foams

Data fromFigure46 indicatel that there wasa linear relationship between neutron transmission
and density of TaC given Wyquation27, wherex is the areal density (g/énof TaCandy is the
relative neutron transmission through the foam using an AmBe neutron sBateealso
indicated that there was no measurable deparelof foam strut/pore size on neutron

transmission using the experimental setup in this study.

Equation 27. y=-0.064& +0.963¢
Modeling Neutron Transport Using MCNP
Within this section resultsf 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 dateom experimentally measured and modeled TaC/RVC foams are
shown inFigure47. The red bars represent experimentally obtained data, while the blue bars
represent MBIP modeling dataThe neutron transmission ratio for each specimen is relative to
baseline neutron transmissiofhe error bars on the experimental data represeitstandard
deviation from the mean. The neutron transmission data from modeling tigjoire47 is with
respecto the portion of the neutron spectrum that would inducedatay within indium. It

does not refledransmission fothe entire neutron spectrum. The relative error on the MCNP
modeling was negligible.

Experimentally Measured and Modeled
TaC/RVC Foam Neutron Transmission
(Indium Beta Decay)

0.95
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0.85 A

Neutron Transmission
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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
predictedgreater 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 foamd-igure48. The same graph was generated for

experimental measurementsHigure46.

MCNP Neutron Modeling (Indium Beta Decay)
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Figure 48. Graph of neutron transmission data derived from MCNP modeling of TaC/RVC foams

Data fromFigure48indicate that there was a linear relationship between neutron transmission
and density of TaC given Hyquation28, wherex is the areal density (g/cénof TaC andy is the
relative neutron transmission through the foam determined through MCNP modeling.

Equation 28. y=-0.070%+ 0.985!

Neutron transmission data from experimentally measured and modeled TaC/PyC/RVC foams are
shown inFigure49. The red bars represent experimentally obtained data, while the blue bars
represent MCNP modeling data. The error bars on the experimental data repreksstandard
deviation from the mean. The neutron transmission data from modeling ®igfoire49 is with

respect to the portion of the neutron spectrum that wiadlace betadecay 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.

Experimentally Measured and Modeled
TaC/PyC/RVC Foam Neutron Transmission
(Indium Beta Decay)
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Figure 49. Neutron transmission data for experimentally measured andhodeled 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 neutesrsmission than what was

experimentally measured. The larger neutron transmission predicted by MCNP could indicate
that the foam structutiehibited neutron transmission slightlyHowever, a higher resolution of

neutron transmission measurements would be necessary to draw definite conclusions on whether

the structure of foarmfluencesneutron transmission with respect to a bulk specimen.
MCNP modeled neutron transmission éoselected TaC foam sample is compared to that of the

baseline neutron energy spectrum emitted by an AmBe neutron source encased in polyethylene
in Figure50andFigure51. The selected TaC foam sample Haglhighest TaC areal densdly
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any of the specimens, and thus will represent one of the largest decreases in heutnissioans
observed foany ofthe foam specimens. The baseline neutron spectrum outside the polyethylene
is shown in blue and the neutron transmission through a selected TaC foam spgsihasvn in
green. The saxesof the graphs are plotted with a logake The graphs indicate that neutron
transmission through the TaC foam was reduced the most at neutron energies bet@d&en 1E
1E-07 MeV and 310 MeV. There was also reduction of neutron transmission in the vicinity of

1E-05 MeV. Graphs of MCNP modeteneutron spectrums for other specimens can be found in

Appendix C.
MCNP Modeled Neutron Spectrums
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Figure 50. MCNP modeled neutron transmission over the lower portion of the neutron spectrum generated
by the AmBe neutron source encased in a polyethylercylinder.
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MCNP Modeled Neutron Spectrums
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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, bam CompositionFoam Density, Thermal Fatigue, and

Thermal Shockon the Mechanical Properties of thedam

In this subsection the results obtained to understand the influence of strut/pore size, foam
composition, foam density, thermal fatigue, and thermal shock on tHeamieal 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 an deaSodisougséds additod, the i of Ta
effects of thermal cycling and thermal shock on the microstructural integrity and compressive

strength of TaC foams are presented.
Prediction of Mechanical Properties ®8C Foams

Data obtained from dimensional measuents, mass measurements, and pychometry were used

in conjunction withEquation3 to determine the average relative densities and proportionality
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constants for theewen TaC foam types investigated in this study. The results of the calculations

are shown imableXVI.

Table XVI. Relative Density andCalculated Proportionality Constant for TaC Foams

Rela}tive Proportionality
Foam Type density,}, | Std Dev Std Dev
(%) Constant,C
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
100TaC/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 PyQvere calculated usingquation8 andare shown inrableXVII .

Table XVII . Predicted Upper and Lower Bounds for Compressive Strength of TaC Foams

Average| TaCs | TatCs | PYyGCs | Py G U
Foam Type Relative | Minimum | Maximum | Minimum | Maximum
Density (MPa) (MPa) (MPa) (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 Al 0.149 3.88 10.98 2.78 5.58
100 TaC/PyC/RvVC 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 fromTableXVIl 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 Aghby[21], which predicts that the relativerdaty of a foam is the
primary factor in determining the strength of the foam. The Ashby model deals with single

component foams. With the muttomponent foams in this study, in addition to the relative
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density, it is predicted that the cressctionalarea 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 measuredmpressive strength of the foams would be a combination of the predicted
strengths of pure TaC and pure PyC foamsos&sectional area fractiortdf foam strutsvere

used incalculations to estimate modulus of rupture (MORNhe results of calculatiorfer cross
sectional areas and area fractions for foam struts are shavableXVIll . The MOR was then

used to predict a range of compressive strengths for TaC fegingEquation8. The results are
shown inTableXIX.

Table XVIII . Crosssectional Areas of Foam Struts

StutX- | oy | pyc | Tac | RVC | Pyc | TacC
sectional

Foam Type Area Area | Area Area Area Area Area
(um?) (um?) | (um? | (um? | Ratio | Ratio | 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 22445 | 1104.5 - 1140 0.49 - 0.51

Table XIX . Predicted Minimum and Maximum Modulus of Rupture (MOR) of Foam Strutsand
Compressive Strength of TaC Foams

Minimum | Maximum - .
Average Minimum | Maximum
: Strut Strut

Foam Type Relative Strength | Strength

Densit MOR MOR (MPa) (MPa)
Y| (mPa) | (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
45TaC/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 crossectional area fractions were usedtomakee di ct i ons

of foam struts and foamssingEquation?. The Youngo6s aresldowdinus
TableXX,whereEsr e pr esent s t he YounBegresents hiel W0 unfg 6a
modulus of the foam.
Table XX. Esti mated Upper Limits on Youngods
Lower- Upper- Lower- Upper-
Foam Type Upperbound | Upperbound | Upperbound | Upperbound
ES ES Ef Ef
(Gpa) (Gpa) (Gpa) (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

for

the Y
predi

S

Modul us

The calculations frorfable XX predicted that foams with a PyC layer would have a higher

Youngos
f oams woul d

predicted

mo d u |

Youngods

Thermaemechanical Properties of TaC Foams

us than TacC/ RVC f oams. The cal c
have t hewhichwoblenettexcééd 121658ad The lowedtu | u s ,
modul us was for 100 TacC/ RVC

Selected micrographs from baseline and thermally cycled specimens are discussgdesily

to illustrate common microracking 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 théfédyopendix

D.

Figure52 andFigure53 are micrographs of baseline ametmally cycled 45 ppi TaC/PyC/RVC

foam specimengespectively Extensive microcracking was observed in all the thermally cycled
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45 ppi TaC/PyC/RVC specimens. Mietcacking tended to be concentrated around the vertices

of foam cells (intersections obdm struts).

WD= 24mm EHT=10.00kV Date :24 May 2011
Mag= 30X Signal A = SE2

Figure 52. SEM micrograph of the microstructure of a baseline45 ppi TaC/PyC/RVC foam specimen.
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100pm WD = 25mm EHT =10.00 kV Date :24 May 2011
Mag= 50X Signal A = SE2

Figure 53. SEM micrograph of the microstructure of a 45 ppi TaC/PyC/RVC foamspecimenafter thermal
cycling.

Figure54 andFigure55 show the microstructure dfseline 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. Theangicks in the
65 ppi TaC/PyC/RVC foams tended to runadlyi along the struts and appeared to propagate

from the end points on the triangular struts.
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100pum WD= 24mm EHT=10.00KV Date :24 May 2011
— Mag= 50X Signal A = SE2

WD = 24 mm EHT =10.00kV Date :24 May 2011
Mag= 50X Signal A = SE2

Figure 55. SEM micrograph of the microstructure of a 65 ppi TaC/PyC/RVC foamspecimen after thermal
cycling.
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Figure56 andFigure57 show baseline and thermally cycled strut cresstions of 65 ppi
TaC/PyC/RVC foams, whileigure58 andFigure59 show baseline and thermally cycled strut
crosssections of 100 ppi foams, respectively. Within all pore densities of TaC/PyC/RVC foams
it was common to observelaending between the TaC/PyC interface after thermal cycling. No

significant debonding was observed along the PyC/RVC interface.

10um © WD= 24mm EHT=1000kV Date :24 May 2011
L i Mag= 200 KX Signal A = SE2

Figure 56. SEM micrograph of the crosssection of a baseline 65 ppi TaC/PyC/RVC foam strut.
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10pm WD = 24 mm EHT =10.00 kV Date :24 May 2011
Mag= 200K X Signal A = SE2

Figure 57. SEM micrograph of the crosssecton of a 65 ppi TaC/PyC/RVC foamstrut after thermal cycling.

Wi
Mag= 800X Signal A = SE2

Figure 58. SEM micrograph of a crosssection of a baseline 100 ppi TaC/PyC/RVC foam strut.
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10pm WD = 24 mm EHT =10.00 kV Date :24 May 2011
|_| Mag= 600X Signal A = SE2

Figure 59. SEM micrograph of the crosssection of a 100 ppi TaC/PyC/RVC foanstrut after thermal cycling.

Figure60 andFigure61 show crosssections of 65 ppi TaC/RVC foam struts for both baseline
and thermally cycled specimens, respectively. Debonding was obsdovnghe TaC/RVC
interface inmany areas of thermally cycled TaC/RVC specimens. However, the degree of
debonding was less severe than that of TaC/PyC/RVC specimens. The extent-afaciireg
following thermal cycling was less in TaC/RVC foams than in TaC/PyC/RVC foams. The
thickness of the micr@racks present in all pore densities of TaC/RVC foam after thermal
cycling tended to be less than the thickness of ricacks present in TaC/PyC/RVC foams.
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10pm ' =10.00kV Date :24 May 2011
— Mag= 1.00 KX Signal A= SE2

Figure 60. SEM micrograph of the crosssectionof a baseline 65 ppi TaC/RVC foam strut.

WD = 24 mm EHT =10.00 kV Date :24 May 2011
Mag= 100K X Signal A = SE2

Figure 61. SEM micrograph of the crosssection of a 65 ppi TaC/RVCfoam strut after thermal cycling.
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Figure62 andFigure63 show the microstructure of baseline and thermally cycled 100 ppi
TaC/RVC foams, respacely. The 100 ppi TaC/RVC foams appeared to Hagsmicro-
cracking after thermal cycling than the other pore densities of TaC/RV@heateast ohny of
the TaC/PyC/RVC foams.

=, 2 . e K

100ym WD= 25mm EHT=1000kV Date :23 May 2011
L i Mag= 100X Signal A= SE2

Figure 62. SEM micrograph of the microstructure of a baseline 100 ppi TaC/RVC foam specimen.
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D= 25mm EHT =10.00 kVV Date :24 May 2011
Mag= 100X Signal A = SE2

Figure 63. SEM micrograph of the microstructure of a 100 ppi TaC/RVC foamspecimen after thermal
cycling.

Figure64 andFigure65 show crosssections of foam struts for baseline and thermally cycled
100 ppi TaC/RVC fams. The propagation of cracks from the points at the edges of the
triangular crossection of the foam strut can be observeBigure65. The axial crack
propagatn shown irFigure65tended 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, particaldrty
TaC/R/C/RVC.
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WD= 25mm EHT=10.00kV Date :23 May 2011
Mag= 500X Signal A= SE2

Figure 64. SEM micrograph of the crosssection of a baseline 100 ppi TaC/RVC foam strut.

Figure 65. SEM micrograph of the crosssection of a 100 ppi TaC/RVC foamstrut after thermal cycling.
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