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ABSTRACT

A manned flight to Mars is met with many technical challenges, not the least of
which is the development of propulsion technology capable of moving a transit vehicle
from Earth orbit to Mars orbit. NASA is investigating Nuclear Thermal Propulsion
(NTP) as a way of reducing flight time and providing the option for a mid-mission abort.
NTP, which uses a high temperature nuclear reactor to heat a propellant, requires
advanced fuel materials capable of withstanding temperatures well in excess of 2000 K.
Among the fuel options are ceramic metal (cermet) composites composed of refractory
metals and Ultra-High Temperature Ceramics (UHTCs).

The mechanical and thermal properties of MoW-HfN, a surrogate cermet for
MoW-UN, were characterized over a wide range of elevated temperatures. Thermal
diffusivity, the coefficient of thermal expansion (CTE), elastic modulus, and heat
capacity were measured. Optical and scanning electron microscopy (SEM) were
performed to characterize the microstructure and draw structure-property correlations.
The thermal diffusivity was obtained though the laser flash method. Values ranged from
about 0.18 cm?/s at room temperature and decreased down to 0.15 cm?/s at 1800 °C. The
CTE was measured using push rod dilatometry up to 1600 °C, giving average values
from 6.0-9.0x10° K. Four-point bend tests were conducted from 25-1600 °C revealing
systematic strengthening with temperature up to about 1400 °C where strength began to
decrease, likely due to the increased ductility of the MoW matrix. A scientific
rationalization of the effective material properties is made using the rule-of-mixtures and

other effective properties models.
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1. INTRODUCTION

NASA’s Nuclear Thermal Propulsion (NTP) program has been tasked with
developing and designing nuclear propulsion systems capable of sending manned
vehicles to Mars. This comes with a variety of design challenges, a major concern being
transit time. The propulsion system needs to rapidly transport astronauts from Earth’s
orbit to Mars and back. At the same time, this needs to happen efficiently with a

minimum fuel weight.

Two properties used to describe propulsion systems are thrust and specific
impulse. Thrust is the force that moves a rocket, while specific impulse is a measurement
of how efficiently a given mass of propellant is at producing thrust. Conventional
propulsion technologies, such as chemical propellants and electrical thrusters, each have
strengths and weaknesses in terms of these two properties. Figure 1.1 below gives typical
ranges of thrust and specific impulse for different propulsion technologies [1]. Chemical
propellants produce high thrust making them suitable for lift vehicles. Their specific
impulse, however, is low, meaning that they quickly and inefficiently expel propellant
over a short burn time. Electric thrusters, on the other hand, have a high specific impulse,
allowing them to eject propellant efficiently over a long burn time. Electric thrusters,
however, produce low thrust, meaning that they can only accelerate a payload slowly.
While electric thrusters are a suitable option for unmanned spacecrafts where the payload
can be designed to withstand a long journey in space, for manned space missions, a short
mission time necessary to reduce astronauts’ exposure to cosmic radiation, solar storms

[2], and zero gravity.



NTP offers a compromise between thrust and specific impulse. Figure 1.2
illustrates a basic NTP system. A liquid propellant, usually liquid hydrogen, is pumped
through a nuclear reactor core. As the propellant travels through the core, it is heated and
expelled out of a nozzle as a high velocity gas, and thereby produces thrust. Early
prototype thrusters developed during the ROVER/NERVA program demonstrated that
exhaust velocities and temperatures of 8.1 km s and 2700 K, respectively, are possible
[3]. The moderate thrust and specific impulse allow for a shorter transit time and ability

to perform mid-mission abort [1].

In the evolution of NTP systems, several fuel types have been considered.
Historically, cermet fuels have been the main candidate fuel. NASA is currently
considering both cermet and cercer (ceramic-ceramic) composite fuels. For this work, a
surrogate of high assay low enriched (HALEU) MoW-UN cermet fuel is considered.

HALEU is defined as uranium with U-235 concentrations between 5 and 20% [4].
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Figure 1.1 Comparison of different conventional propulsion systems [1]
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Figure 1.2 A simplified schematic of a NTP system [1]

During a burn, the fuel is exposed to extreme conditions such as temperatures up
to ~2850 K, flowing hydrogen propellent, thermal stresses, and high energy ionizing
radiation. The reactor and fuel materials must be selected and designed to tolerate these
extreme conditions. In addition, constraints on the size and weight of the reactor and
transit vehicle are imposed by the lift vehicle used to lift the transit vehicle into Low
Earth Orbit (LEO). The size/weight constraints and the use of low enriched uranium

requires the use of a fuel with high uranium density.

Given the above constraints, the baseline fuel, MoW-UN cermet, was chosen. The
UN ceramic component provides hardness, a high melting temperature (3120 K), and a
high uranium density. Considering thermomechanical properties alone, the refractory
metal, W, is an desirable metal binder. It provides a high melting temperature (3695 K),
high temperature strength and toughness, and resistance to hydrogen corrosion. Mo,
though less refractory than W (melting temperature of 2896 K) has a lower neutron

absorption cross section than W. When alloyed in a 70/30 ratio, Mo and W, represent a



compromise between high temperature strength, toughness, neutron transparency, and

radiation tolerance well suited for use in NTP [5].

Limited data are available on the physical properties of the UN-MoW cermet. The
effective properties have been estimated by extrapolating data from similar materials or
by employing a variety of effective models. This may be a reasonable approach for
properties such as the specific heat capacity where a rule-of-mixtures approach is likely
accurate, but it can be difficult to accurately implement for properties that are dependent
on transport phenomena or interacting stress fields [5]. In any case, experimental
validation is still needed to give reactor modelers confidence that their constitutive
materials models are realistic and correctly describe the performance of fuel and reactor
under operating conditions. This thesis investigates the high temperature mechanical and

thermal properties of the surrogate material MoW-HfN.



2. LITERATURE REVIEW

2.1. CERMETS AND GENERAL PROPERTIES

2.1.1. Overview of Cermets. Cermets are a class of metal-matrix composite
(MMC) materials composed of a ceramic phase distributed within a metal matrix/binder
(see Figure 2.1). As with other composites, the fundamental benefit of cermets is that
they combine the properties and performance of complementary classes of materials. For
example, cermets combine the strength and hardness of ceramics with the ductility and
toughness of metals, such as shown below in Figure 2.2 [6]. The metal binder also
provides cermets with electrical conductivity [7, 8], impact resistance, and thermal shock
resistance [9, 10]. Other properties such as corrosion resistance, strength-to-weight ratio,

creep resistance can be controlled through the selection of the specific metal and ceramic

metalv 'A
binder
A

NN

Figure 2.1. Basic cermet microstructure.

components.
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The definition of cermet is somewhat inconsistent across the literature but is
generally restricted to sub-mm particle-reinforced MMCs (though some sources also
differentiate MMCs from cermets based on binder fraction). Similarities also exist
between cermets and some ceramic fiber reinforced metals though fiber reinforced metals
are less frequently referred to as cermets. Cermets containing WC are often referred to as
cemented carbides though other carbide based cermets are usually not. Cermets are
usually distinguished from dispersion strengthened alloys based on their ceramic volume
fraction, with the ceramic phase constituting somewhere between 15-85% of the volume
[11].

Besides the properties of the constituent metal and ceramic components, factors
that affect a composite’s effective properties are particle size, shape, orientation, volume
fraction, wettability of metal on ceramic, and solubility of metal in ceramic [12, 13]. The

cermet’s effective properties can, therefore, be tailored through the choice of the ceramic



metal pair, particle size/shape, and binder fraction. For example, Figure 2.3 shows some
effects of particle size and binder fraction on the mechanical properties of WC-Co

cermets.
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Figure 2.3. Dependence on binder fraction on several material properties for WC-Co
cermets [14].

2.1.2. Processing of Cermets. Cermets can be produced though a wide variety of
powder metallurgy processing techniques [13]. The usual process for powder metallurgy
involves mixing powders of the constituent materials, then consolidation and sintering

them through techniques such hot pressing, hot isostatic pressing (HIP), or spark plasma



sintering (SPS) [13, 15, 16, 17]. In hot pressing and HIP, a powder sample is heated and
pressure is applied either uniaxially by a ram (hot pressing) or isostatically by a high
pressure gas (HIP) to consolidate and densify the powder. SPS is similar to hot pressing,
except that heating is accomplished by applying a current through the sample. This
allows for more rapid heating of the sample compared to hot pressing, reducing hold
times and limiting grain growth [15]. A generalized flowchart showing these and other

processing routes are shown in Figure 2.4.
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2.1.3. Use of Cermets. A wide variety of cermets are used in industry today. WC
based cermets, especially WC-Co, is widely used for cutting tools in machining
applications [18, 19]. Other common cermets for machining applications include TiC-
metal and TiN-metal (e.g. metal = Ni, Mo, Co, Al). The wear resistance, hardness, and
thermal conductivity of these cermets allow for the cutting tool to preserve its cutting
edge [13]. Other cermets based on different carbides (e.g. SiC, CrsC>), oxides (Al2Os,
Si0»), and borides (e.g. ZrB>) have been used in applications where enhanced corrosion
and erosion resistance is required [14].

Other oxides, carbides, and nitrides have been used in more specialized systems.
For example, nickel-yttria stabilized zirconia (Ni-YSZ) is used as an anode in solid oxide
fuel cells (SOFCs) [20]. SOFC are devices that create an electric current by oxidizing a
fuel, typically hydrogen or hydrocarbons, on an anode material. They are typically
operated at temperatures around ~900-1000 °C to permit use of a wider range of fuels
and to increase the reaction rate [22, 23]. Since liberated electrons enter the anode
surface, the anode must be electrically conductive and have a coefficient of thermal
expansion (CTE) similar to the electrolyte to minimize thermal stresses arising from CTE
mismatch. Porous Ni-YSZ cermets have been developed which meet these requirements
for the anode. The interconnected Ni phase acts as a pathway for electron transport, while
the YSZ provides ionic conductivity and helps with CTE compatibility with the
electrolyte [24].

In nuclear energy, cermets have been utilized in reactor fuels. Compared to
conventional oxide fuels (UO2, PuO2, ThO2) cermets have higher thermal conductivity

which is advantageous in terms of heat transfer and safety margins for melting. Other



10
properties that make cermets desirable is their ability to withstand thermal shock, which
the fuel can experience in reactors that require rapid power changes [21], retention of
fission products, and, in the case of refractory metal-based cermets, high operating
temperatures [15, 16, 21]. Although no commercial nuclear power plants currently utilize
cermet fuels, UO,-stainless steel is employed in U.S. military reactors, while UO>
dispersed in an Al-Zr matrix is used in some research reactor fuels [21]. UsSiz-Al
dispersion fuel is also used in some research reactors could also be considered a cermet.

The development of refractory metal-based cermet nuclear fuel has largely been
driven by the United States’ efforts to develop Nuclear Thermal Propulsion (NTP)
systems. As this work relates to cermet fuel for NTP systems, that topic is discussed in

greater detail in the following sections.

2.2. CERMETS USED IN NUCLEAR THERMAL PROPULSION

2.2.1. Historical Development & Material Requirements of NTP. The U.S.
officially began its research into nuclear thermal propulsion technology in 1955 at Los
Alamos National Laboratory (LANL) and Lawrence Livermore National Laboratory
(LLNL) [2, 25]. One of the main programs that arose from this was the ROVER/NERVA
project. The goal of that project was to develop experimental nuclear thermal propulsion
reactors managed jointly by NASA and the Atomic Energy Commission (AEC) [2]. This
program, in turn, was split into four main projects: KIWI, NERVA, PHOEBUS and
RIFT. A flow chart of the ROVER project can be seen in Figure 2.5, summarizing the

relations between each project and their respective timelines [2].
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Figure 2.5. A flowchart summarizing the test programs of the ROVER project [2].

The KIWI project was a series of terrestrial nuclear reactors used to collect
experimental reactor data and develop testing procedures [26]. KIWI-A was a MWt
design used to: demonstrate that a high-power density reactor could heat a gaseous
hydrogen propellant to high temperatures in a quick and stable manner; establish basic
testing procedures; and study the graphite-hydrogen interaction [2, 26]. Later iterations,
KIWI-A’ and KIWI-A3, improved upon each of the previous reactor designs, and
collected data related to the temperature coefficient of reactivity of the core, core
response to sudden changes in flow and/or power, and structural integrity of the core.
KIWI-B series reactors were 1000 MWt reactors that used liquid hydrogen as opposed to
gaseous hydrogen [2, 26]. PHOEBUS was a project running parallel to KIWI, which

aimed to build reactors with higher powers and longer operating times.
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The NERVA project focused on developing the first generation of nuclear rocket
engines based on designs from the KIWI project. The main objective was to create an
engine capable of producing 245 kN of thrust and a specific impulse of 7450 ms™ at a
power level of 1100 MWt [2, 26]. It consisted of the reactor series NRX, XE, and EST,
which each addressed the different objectives of the NERVA project. NRX and EST
eventually lead to the final development of the XE’ reactor, which was the first
downward firing prototype, capable of producing a thrust of 247 kN and specific impulse
of 7000 m s at 1140 MWt meeting the overall goal of the program [2, 26].

RIFT was solely headed by NASA, unlike the previous projects which were
jointly managed by NASA and the AEC. Its main objective was to develop, fabricate and
test fly a NERVA vehicle for use as an upper-class stage on a Saturn-class launch vehicle
[26]. However, after ejection of fuel elements was observed in KIWI B1B and B4A tests,
the nuclear rocket program was reassessed, and the RIFT project was cancelled [2, 25,
26].

In selecting fuel materials for NTP system, one tries to maximize a number of
performance parameters including fission product retention, melting point, actinide
density, radiation stability, and thermal shock resistance [25, 27]. Under these
requirements, a number of different cermet fuels have been studied including UO- and
UN based cermets with W, W-Re or Mo binders [25].

2.2.2. W-UO:z. One of the first fuels to be developed and tested for NTP was a W-
UO:> cermet. These fuels were investigated in the GE-710 program and the Argonne
National Laboratory (ANL) Cermet Nuclear Rocket Program. The main objective of

these programs was to develop fuels that were able to operate in a high temperature
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environment (>2000 °C) for multiple hours in H or inert gas coolants for multiple
thermal cycles [25, 27]. W-UO> was investigated due to its high temperature stability and
hydrogen compatibility [27]. Figure 2.6 shows the fabrication process used by the

General Electric Company (GE).

UO, powder,

45-75 pm diameter, roller blend W1pc:;wder,
treated at 550°C in He il

| uniaxial cold press pellets |

[
| H, sinter, 1000°C for 2 hr, 2200°C for 2 hr, 1200°C for 18 hr |
\

| machine to fit cladding |

| thermal clean in wet H, at 1200°C for 18 hr |

| assembly with cladding tubes of W-Re-Mo |

| hot gas pressure bond at 1750°C for 3 hr |

| proof testing at 1950°C for 2 hrin He |

final specimens:
97% theoretical density, O/U = 2.003

Figure 2.6. Flow chart for W-UO> cermet production from General Electric [27].

Thermal testing was performed to measure the mechanical stability for conditions
similar to the expected reactor operation. The two primary failure modes identified were
loss of fuel and loss of mechanical integrity [27]. Mechanisms that contributed to these
failures included formation of metallic U at high temperatures that reacted to form
uranium hydride, thermal expansion mismatch between the fuel and metal matrix, and

fuel vaporization. Some solutions that addressed these issues were to add stabilizers to
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the UO, enhance the ductility of the metal matrix by using alloys containing Mo or Re,

and add coatings around UO> particles to minimize contact between particles. [25, 27]

2.2.3. Alternatives to W-UO:2. Other metals and alloys have been considered
alongside W, with the goal of identifying a suitable binder that could improve the
mechanical integrity and reduce fuel loss during thermal cycling in hydrogen [27]. UO3-
based cermets using pure Mo, pure Re, and Mo and Re alloys have been studied. In those
tests, specimens were heated to ~2000 °C, held at that temperature over the span of
several minutes to an hour before cooling down. This process was repeated a number of
times [16, 27]. As will be mentioned later, the move to a predominantly Mo based alloy

has certain neutronic advantages as well.

10 T T T | T T I
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NUMBER OF CYCLES, 300°-1800°C

Figure 2.7. Volume increase of different cermet fuels during thermal cycling [25].

Fabrication of alternative fuel types using UN instead of UO> were also

investigated later in the GE 710 program [27]. UN has several advantages over UOx. Its
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higher U density and lower CTE allow for more compact core design and reduction in
volume expansion, which can be seen illustrated in Figure 2.7 [25]. Though some
property data was gathered on UN cermets in the GE 710 program, a lack of data on UN

cermet fuels still exists [25].

2.2.4. Properties of Mo, W, UN, and HfN. Molybdenum and tungsten form a
continuous range of solid solution alloys due to their similar atomic radius and body
centered cubic (bcc) structure. Due to the alloy’s high melting temperature, ranging from
2625-3410°C, it is considered a refractory metal [12, 28]. The nominal binder studied in
this work is a 30 at. %W MoW alloy. However, as the results section will show, due to
the use of separate Mo and W powders during processing, the actual binder is a two-part
matrix with distinct Mo and W domains. Therefore, the properties of pure Mo and W will
also be reviewed.

The mechanical properties of Mo-W alloys have been previously characterized
over a wide range of temperatures, as shown in Figure 2.8 [29]. The main mechanism of
strengthening that occurs in the alloy is solid solution strengthening. This is due to the
strain imposed on the lattice by the substitutional atom, providing resistance to
dislocation motion [12, 28]. As the tungsten content increases, the strength of the alloy is
also shown to increase [29], shown in Figure 2.8. As the tungsten concentration
increases, an increase in both the ultimate and yield strength are seen. Even a modest 20
wt% tungsten addition in molybdenum gives high temperature strength similar to that of

pure tungsten.
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Figure 2.8. Ultimate strength (top left), yield strength (bottom left), percent elongation

(top right) and reduction in cross section (bottom right) of MoW alloys and pure Mo and
W at various temperatures [29].

Pure tungsten was initially used in cermet fuels in the ROVER/NERVA program
due to its stability at high temperatures and compatibility with H.. However,
neutronically speaking, W is not a preferred choice. Due to its lower thermal neutron
absorption cross section compared to W, Mo and Mo alloys have been considered more

recently as the binder [15, 30]. Table 2.1 shows the thermal neutron absorption cross
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section of Mo and W, along with the total absorption cross-section calculated with

Equation 2.1 below [31].

Oatot = 2ifi0a,i Equation 2.1

Where g, +,. Is the total absorption cross section, fi is the abundance, and g, ; is
the absorption cross-section of the isotope. The cross-sections and abundances for each
isotope can be found in the Appendix. At thermal energies, Mo has a cross section of

about 2.7 b, while W has a 18.5 b cross section in the thermal range.

Table 2.1. Microscopic absorption cross-sections for W and Mo [31].

Material Thermal Absorption Cross Section
(b)
Mo 251
\W 18.26

Use of low enriched uranium (<20 wt% 2*°U) limits the macroscopic fission cross
section of the fuel. In order to achieve criticality, non-fission absorption must be
minimized, and uranium density maximized. MoW (30 at% W) represents a compromise
between neutronic performance and high temperature strength while UN provides a

higher uranium density (13.5 g cm™®) than oxide fuel (9.8 g cm™) [30, 32].
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The room temperature properties of Mo and W can be seen in Table 2.2. Both Mo

and W have similar room temperature molar heat capacities, Cp, following the Dulong-

Petit law. At elevated temperatures, the electron contribution to the molar heat capacity is

greater for Mo [33] and both metals exceed the Dulong-Petit law.

Table 2.2. Physical and thermal properties of Mo and W at room temperature [34]

Element Density Coefficient of | Specific Heat Thermal
Thermal Conductivity
p Ex ; Cp
pansion A
(g cm®) 5 JgtKt
ax10 J ol KL (W mK?Y)
(K-l) ( mo )
w 19.3 4.5 0.132 (24.27) 174
Mo 10.2 4.8 0.251 (24.06) 138

Moduli E, G, K, GPa
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Figure 2.9. Young’s, bulk, and shear moduli and Poisson’s ratio of pure polycrystalline

tungsten [36]
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Figure 2.10. Youngs modulus of Mo and W over various temperatures [36].

Figure 2.10 shows the Young’s, bulk, and shear moduli of pure polycrystalline
tungsten, along with Poisson’s ratio over temperatures of 20 to ~2000 °C [35]. At room
temperature, the Young’s modulus is 400 GPa, and decreases to ~280 GPa at 2000 °C.

The Young’s modulus of Mo and W are shown in Figure 2.11 [36].

A typical thermal conductivity curve of W is shown in Figure 2.12. The solid line
indicates the average value while the arrows indicate the variance in the data from
various sources. Transport properties such as the thermal conductivity are influenced by
microstructure and crystallinity, hence the large variation in values. As with most metals,
the thermal conductivity decreases with temperature due to electron-phonon scattering. A

similar trend can be seen for Mo in Figure 2.13.
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Figure 2.11. Thermal conductivity of tungsten [36]. Arrows indicate spread of data from
various sources.
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Figure 2.12. Thermal conductivity of Mo over various temperatures [36].

Figure 2.14 gives the linear expansion coefficient of Mo. At room temperature,
the expansion coefficient ranges from 5.2-5.5x10° K and increases to 8-10x10° K at

2500 °C [36]. This is slightly higher than the thermal expansion coefficient of W, which



varies from 4-6x10° K at room temperature and increases to 7-11x10% K at 3000°C,

increasing almost linearly [36].
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Figure 2.13. Linear expansion coefficient of Mo [36]. Arrows indicate spread of data
from various sources.

UN has a 40% higher U density than UO. and melting point of 3078 °C [37, 38].

UN also has a higher thermal conductivity than UO2, as shown below in Figure 2.15.
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Figure 2.14. Thermal conductivity of UN, UO,, and UC [35].
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At 2000 K, UN has a thermal conductivity of ~25 W m™ K* while UO; is an
order of magnitude lower at ~2 W m™* K. This higher thermal conductivity allows for
lower power peaking and a higher coolant temperature for a given peak fuel temperature
[35]. The thermal expansion coefficient of UN can be seen below in Figure 2.16. At 400
°C, UN has a CTE of ~8x10® K, and increases to ~10x10° K at 1600 °C [39]. It has

an elastic modulus of 206 GPa at RT [40].

LINEAR THERMAL EXPANSION COEFFICIENT (10°8°C)
®
[
\

. | | |

o] 400 800 | 1200 18600 200

TEMPERATURE (°C)

Figure 2.15. Coefficient of thermal expansion of UN and (U,Pu)N [39]

HfN is used as a non-radioactive surrogate material for UN due to its chemical
and structural similarity, each material having a face centered cubic (fcc) rock salt
structure (Fm3m space group) [41, 42, 43]. HfN is classified as an ultra-high temperature
ceramic (UHTC). UHTCs are defined as a class of materials which have melting points
above 3000 °C. Other properties common to UHTCs are high hardness and strength at

room and elevated temperatures [44].
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HfN has a melting point of 3385 °C, a density of 13.9 g cm™, coefficient of
thermal expansion (CTE) of 6.9x10° K™, a thermal conductivity of 23 W m™* K, and a
Young’s Modulus of 380 GPa at ambient temperatures [45, 46]. Figure 2.17 shows the

thermal expansion and conductivity over a range of temperatures.

250
E
240

TN N

L\ \ |
gw > \:. ‘
20 ‘ T~
Ew A\ |

S [ HN

0
400 800 1200 1600 2000 2400

Temperature, K

14 Titaniurn /

Nitridg //

gircontur
Nitride

i P
02 = Hafrumm Nﬁﬂ?e
0

40 800 1200 1600 2000 2400
Temperature, K

Unear Thermal Expanslon, Percent
o =
-] o
AN

Figure 2.16. The thermal conductivity (top) and total thermal expansion (%) (bottom) of
HfN over a wide range of temperatures [45].
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2.3. MODELS FOR EFFECTIVE MATERIAL PROPERTIES

In some cases, it is possible to predict the effective properties of a composite
given the properties of the constituents. This might be done because experimental
property data for the composite do not exist. Effect property models, when valid, also
provide the materials engineer with predictive tools for understanding how processing
parameters can be tailored to obtain a desired set of material properties.

Different models have been evolved to describe effective properties. The most
basic models are the Rule of Mixtures (ROM) and Inverse Rule of Mixtures (IROM),

which are described by Equation 2.2 and 2.3, respectively:

Pc=fP.+(1-f)P, Equation 2.2

1_f, 0D

Pc Pr Py

Equation 2.3

P is the effective property of the composite, P is the property of the reinforcement
material (ceramic particle), Pm the property of the matrix material (metal binder), and f is
the volume fraction of reinforcement. Both the Rule of Mixtures and Inverse Rule of
Mixtures are appropriate for additive properties that are independent of microstructure,
such as heat capacity. They can also give order of magnitude estimates for other property
values. However, non-additive properties such as thermal conductivity and strength are
not necessarily well described by a simple ROM [28, 47].

In a cermet, multiple interfaces exist between particles and binder. When heat
flows through those interfaces, a temperature drop occurs. This can be described by

thermal resistance which is split into two separate contributions: thermal contact
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resistance and thermal boundary resistance [47]. Thermal contact resistance describes the
thermal resistance arising from the quality the interface separating phases, while thermal
boundary resistance is due to differences in the intrinsic physical properties (i.e.
vibrational, chemical bonding) of the constituents.

One of the first models that considered heterogeneous mediums was the Maxwell
model. It considers the problem of a dilute dispersion of spherical particles in a
continuous matrix but ignores contact resistance between the matrix and particles [47].

The Maxwell model gives an effective thermal conductivity described by Equation 2.4:

keff 3f .
— =14+ Equation 2.4
() |

where k¢ is the reinforcement conductivity, km is the matrix conductivity, and ket is the
effective conductivity. This model is only valid at lower filler volumes (<25%) since the
spacing between particles must be large enough for the assumption of no particle
interaction to hold true. Another constraint of this model is that it does not consider the
size of the particles. The interfacial resistance becomes more important as particle size
decreases (and interfacial area increases). The Hasselman-Johnson model, which builds
on the Maxwell model, accounts for the particle size and shape along with the interfacial

resistance. Equation 2.5 below

k k k 2k
z(kr *I:. 1)f=kr: *}f t2 .
Kerr = km< (lm"f. gy ) an:L z‘ir 72 Equation 2.5

km  arxhc)  km @ arhc
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shows the case for a spherical particle, where the h¢ is the boundary conductivity and a is
the particle radius.

For volume fractions up to 74%, the Bruggeman model is often used. It assumes
that a composite can be constructed incrementally by making small changes to the
material [5, 47]. Equation 2.6 gives the effective conductivity for the case of mono-sized

spheres:

1/3
ey = e + (L= F)em — k) () Equation 2.6

This model has been successful at predicting the conductivity at higher filler fractions

but must be solved numerically.
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3. MATERIALS AND METHODS

3.1. MATERIAL SYNTHESIS AND PROCESSING

The billets used were produced by NASA. Separate powders of Mo, W, and HfN
were blended in a Turbula blender mixer for ~1 hour. The W and Mo powders were
obtained from Alfa Aesar while HfN was obtained from the Space Nuclear Propulsion
Program in NASA. The nitride particle size was sub 45 um, and the metal powders in
single digit micron size. These were then weighed and loaded into graphite dies for hot
pressing. They were heated to 1800 °C at 100 °C/min and held for 10 minutes at a
pressure of 35 MPa in a He atmosphere. Afterwards, the specimens were allowed to cool
freely (initial rate of ~150 °C/min), and then removed from the dies with a Carver
hydraulic press. Multiple billets of MoW-HfN were received for initial testing. The billet
composition was 60% vol HfN and 40% vol MoW alloy (30 at% W), measuring at 12

mm thickness and 40 mm diameter.

Table 3.1. Type and number of specimens cut from the billet.

Specimen Type Dimensions Number

Laser Flash Height: 2 mm 6

Diameter: 12.7 mm

DSC Height: 2 mm 8

Diameter: 2 mm

Flexure Bar: Type A 1.5x 2 x 25 mm bars 34

Dilatometry Bars 2X2x37.5mm 6
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Using wire electrical discharge machining (EDM), a billet was cut into 4 layers of
~2.2 mm thickness. The EDM machine used was an Agie Model #HSS150. The layers
were then ground down to 2 mm thickness. In total, 6 laser flash specimens, 6 expansion
bars, 8 differential scanning calorimetry (DSC) specimens, and 34 Type A flexure bar
specimens were cut to the dimensions specified above in Table 3.1. Type A bars are
flexure bars with dimensions of 1.5x2x25 mm. The flexure bars were cut slightly larger
than the final dimensions (e.g., 1.8 instead of 1.5 mm) to allow for grinding and polishing
of the tensile surfaces to specification. The grinding process was as follows: bars were
mounted and ground down to 1.5 mm on each side, then polished down to a 0.25 um
surface finish on one side. Computer Aided Design (CAD) schematics of the specimen

dimensions are given in the Appendix.

3.2. TESTING STANDARDS AND PROCEDURES

After the specimens were machined, property characterization began using the
following standards for each test. In some cases, the true standard could not be followed,
so a modified version was used. The modified procedure followed is outlined when
applicable.

3.2.1. Laser Flash Testing. ASTM E1461 was followed to obtain the thermal
diffusivity measurements [48]. An Anter Thermal Properties Analyzer (FLASHLINE
5000 Pittsburgh, PA) was used to conduct the laser flash test. In a laser flash
measurement, a thin disc at initial temperature To is subjected to an instantaneous pulse
of energy which is absorbed in a thin layer on the front face. This causes a temperature

rise of AT in the rear face, eventually reaching maximum temperature. By knowing the
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sample thickness and time to half max temperature, the thermal diffusivity is calculated
from solution to the heat equation. A schematic of the process for measuring the thermal

diffusivity is shown below in Figure 3.2.

instantaneous pulse

NI,

lateral face

-

initial temperature T,
thickness L

rear face temperature increase Tp + AT(t)

Figure 3.1. A schematic showing the laser flash method [48].

The thin disc specimen, 12.7 mm diameter and 2 mm height in this work, is
prepared by applying a thin high emissivity coating to the surface. This is then subjected
to a short duration laser pulse, which should be less than 2% of the time it takes the back
surface to reach half-max temperature. As specified by the standard, the half-max
temperature was reached in 10-1000 ms [48]. The high emissivity is required to allow as
much thermal energy to be radiated as infrared light from the rear side. The high
emissivity coating (carbon) also improves the absorbance on the front face (laser side). If
the absorbance and emissivity are known, the heat capacity and thermal conductivity can

also be estimated.

By recording the time required for the rear face to reach half the maximum
temperature, known as the half-rise time ty2, and the sample thickness L, the thermal

diffusivity o calculated using Equation 3.1 below.
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a =0.13879 — Equation 3.1

t1/2

Reliable laser flash measurements were only possible below 600 °C with the
carbon coating. Separate experiments conducted using a sacrificial specimen in contact
with graphoil in an 800 °C furnace showed that a reaction layer can form at elevated
temperatures. Therefore, it was necessary to modify the surface preparation using a
method that minimized the surface exposure to carbon while darkening it and improving
its emissivity.

To darken the specimens, they were wet etched in a 3% HF solution for
approximately 2 hours, then rinsed in deionized water and allowed to dry. A side-by-side
comparison of the specimens can be seen below in Figure 3.3, with the etched sample on

the left and unetched on the right.

12.7 mm

Figure 3.2. Etched (left) vs. unetched thermal diffusivity specimens

The etched surface has unknown emissivity and absorbance. Therefore, the heat
capacity and thermal conductivity can no longer be reliably determined with the test

method. Diffusivity, which depends only on the half rise-time and sample thickness, can
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still be measured. The thermal diffusivity was measured 3 times per temperature, from
200 to 600 °C in 100 °C intervals, and from 600 to 1800 °C in 200 °C intervals.
Specimens were heated at a ramp rate of 5 °C/min. Diffusivity was measured along
heating and cooling paths to determine if any hysteresis was present in the measurements.

3.2.2. Push Rod Dilatometry. ASTM E228 was followed to obtain the
coefficient of thermal expansion [49]. A specimen with length between 25-60 mm and
diameter or equivalent diameter between 5 to 10 mm is recommended; however, no
limitations exist for either dimension provided the holder containing the specimen has a
maximum thermal gradient of 2 °C. A single push rod system works by measuring the
change in length of the sample relative to the holder as a function of temperature. By
measuring the initial length, the thermal expansion coefficient can be determined by

Equation 3.2:

CTE = %(%) Equation 3.2
where CTE is the coefficient of thermal expansion, lo is the initial specimen length, and
Al is the change in length for a given change in temperature, AT. The ratio of 4//lox100 is
also known as the percent linear change, or PLC. Measurements were obtained from 25
to 1600 °C with a ramp rate of 3 °C/min for 3 separate specimens in an inert Ar
atmosphere.

3.2.3. Four-Point Bend Test. ASTM C1161 and ASTM C1211 were used for
the ambient and elevated temperature flexure tests, respectively [50, 51]. An Instron 4204

screw-driven test frame with a custom-built environmental chamber and induction
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heating system was used to conduct the high temperature flexure test. The standard
calculates the flexure stress based on simple beam theory, assuming that: the material is
isotropic and homogenous, the modulus of elasticity in tension and compression are
similar, and deformation is in the linear elastic regime.

Specimens were prepared as Type A bars, and the tensile surface was polished
down to 0.25 um. A four-point semi-articulating flexure fixture was used to load the
specimen. Knowing the applied load, measured deflection, and beam dimensions, the

elastic modulus, E, can be calculated using Equations 3.3 and 3.4:

_PD o2 an2y— 0 D 212 _ a2 -
E= AT (3L* —4D%) = m_—(3L* —4D ) Equation 3.3
3
(=2 Equation 3.4
12
3PD .
o= Equation 3.5

where P is the applied load, &, is the beam deflection, I is the second moment of inertia,
L is the support span, D is the edge span, b is width of beam, h is depth of beam, and m is
the slope of the linear portion of the load-deflection curve. The stress, o, was also

calculated using Equation 3.5 at the maximum load.

Crosshead speeds for the test frame were chosen so that the time to failure was
between 10-30 seconds. For the elevated temperature test, it was necessary to test in an
inert atmosphere to prevent oxidation of the specimen. Argon gas was used to backfill the
test chamber. The crosshead speeds were adjusted for each temperature of interest for

failure to fall between 10-30 seconds. Measurements were done for a total of 7
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temperatures: room temperature and 800-1600 °C in 200 °C increments. 5 bars were
tested at each temperature, except for 1600 °C where 4 bars were tested.

3.2.4. Microscopy and Particle Analysis. Optical images were taken of a
polished piece of the HFN-MoW material using a Hirox Digital Microscope. A sample
was polished down to a 1 um abrasive particle size and images were obtained on low
magnification. To confirm the composition and phases of the billet, a Helios NanoLab
600 dual beam Scanning Electron Microscope (SEM) with energy dispersive
spectrometer (EDS) was used. Using ImageJ, an image analysis software, the particle size

distribution of the HfN particles was obtained from the SEM images.
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4. RESULTS AND DISCUSSION

4.1. THERMAL EXPANSION

The percent linear change (PLC) was obtained from three separate dilatometry
bars over the range of temperatures from 25-1600 °C at a heating rate of 3 °C/min, shown
in Figure 4.1. At 1600 °C, the PLC ranges from 1.2-1.6%. The variance may result from
variations in the microstructure of the bars due to their different positions they were cut

from the billet.
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Figure 4.1. Percent Linear Change (PLC) of the expansion bars

The CTE was calculated using Equation 3.2. The CTE curve is shown below in
Figure 4.2 with the average measured value in red and the standard deviation bound by

the shaded grey region. Values were sporadic from RT to 150 °C and were excluded from
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Figure 4.2. This is most likely due to the influence of measurement noise on the first

derivative for small values of the PLC. The CTE ranged from (5.1+0.2)x10° K * at 200

°C t0 (9.0+0.4)x10° K at 1600 °C. A comparison with the CTEs of W, Mo and HfN is

shown in Figure 4.3 along with estimates of the CTE from the rule-of-mixtures (ROM)

and inverse rule-of-mixtures (IROM)
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Figure 4.2. CTE of MoW-HfN measured from 25 to 1600 °C. The red line shows the
average value with the grey area bounding the standard deviation.

Across the measured temperature range, the CTE of the cermet falls between the

CTEs of HfN, Mo, and W. Though data for HfN is limited, both the ROM and IROM

provide reasonable quantitative descriptions of the CTE of the cermet in the 200-700 °C

range. However, unless there is a significant increase in the CTE of HfN above ~800 °C



36
it is difficult to see how the ROM or IROM could describe the “hump” in the data above
800 °C.

One possible explanation for the hump-like feature is that above 800 °C, thermal
expansion is driven primarily by expansion of the HfN particles. Given the relative
difference in CTEs between HfN, Mo, and W, it is plausible that thermal microstrain
forms at the particle-matrix interface as the billet cools from sintering temperatures.
Considering the sintering temperature of 1800 °C mid-point CTE values of about 8.5x10
® K and 4.5x10° K* could be used to make a rough estimate of the volume change for
HfN and W, the two components with the greatest difference in CTE. Assuming zero
strain at 1800 °C, the net percent volume change for HfN at room temperature is about -
4.5% and -2.4% for W. Mo is intermediate to HfN and W.

Therefore, as the cermet cools, the HfN particles contract more than the metal
matrix placing the particle-binder interface in tension and/or causing microcracks to
form. It is plausible to suspect that thermal expansion of the HfN particles at lower
temperature is at least partially compensated for by a release of the tensile stress at the
interface or of microcrack closing. As the material is again heated, the differences in
thermal expansion between metal binder and ceramic particle decrease and the outward
force of the particle on the binder is felt more easily, hence the CTE of the cermet is more
similar to that of the HfN at elevated temperatures. In short, the simple ROM probably
does not capture the effect of diminishing difference in volume mismatch between
particle and binder as the temperature of the cermet is increased. This idea will be

revisited in the discussion of mechanical properties.
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Figure 4.3. Comparison of measured CTE to CTE of constituent parts and ROM/IROM
models [36, 53].

4.2. SPECIFIC HEAT CAPACITY

Specific heat measurements using the laser flash technique are shown in Figure
4.4. Specific heats for HfN, Mo, and W obtained from the literature are also shown as is a
ROM calculation. Above ambient temperatures and over length scales greater than
nanometers, specific heat can be considered an intensive and intrinsic material property.
As such, it is expected that the ROM provides an accurate estimate of the specific heat of
a composite. Indeed, the data points at 200 and 600 °C agree well with the ROM. The
higher temperature data is not reliable for reasons that the specimens reacted with the
carbon coating during the laser flash measurements.

As mentioned in the methodology section, it was found that the specimens react

with carbon above 600 °C. Even if the reaction layer doesn’t penetrate deep into the
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specimen altering the specific heat of the bulk, it is assumed in a laser flash measurement
that the absorbance and emissivity of the specimen are constant and representative of
carbon, the coating material. As the reaction layer forms and consumes the carbon layer,
the coating is replaced with a new material with a different (and possibly changing)
emissivity and absorbance. Thus, the data at 1000 and 1400 °C are not physically
meaningful and should be ignored. While the specific heat data are incomplete, the two

lower temperature data help validate the ROM calculations.
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Figure 4.4. Specific heat capacity measured from DSC, compared to ROM and laser flash
measurements.

4.3. THERMAL DIFFUSIVITY AND CONDUCTIVITY
The measured values for the thermal diffusivity are shown in Figure 4.5.

Measurement were performed both during the ramp up and ramp down to/from the
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maximum temperature. An initial value of 0.17 cm?s™ was measured at RT and
decreased, slightly to 0.16 cm?s™ at 1800°C. On the ramp down, a slight hysteresis was
observed. The maximum diffusivity measured on ramp down was 0.19 cm?s™. This
hysteresis could be a result of a change in the microstructure brought about from heating

the specimen or from thermal cycling of the specimen.
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Figure 4.5. The thermal diffusivity measured up to 1800°C. A slight hysteresis can be
seen between measurements taken ramping up and cooling down.

Using the measured thermal diffusivity, measured percent linear change, and the
heat capacity obtained from the ROM (and experimentally validated up to 600 °C), a
semi-empirical calculation can be obtained for the thermal conductivity of the cermet

using Equations 4.1 and 4.2:
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k(T) = C,(T)p(T)a(T) Equation 4.1
_ Po :
p(T) = 00 Equation 4.2

where k is the thermal conductivity, C, is the specific heat capacity, p is the density, o is
the thermal diffusivity, and PLC is the percent linear change.

Figure 4.6 below shows the resulting calculation compared with the ROM, IROM,
and Bruggeman model. It can be seen in Figure 4.6a that the thermal conductivity of the
cermet falls between the thermal conductivities of HfN, Mo, and W. Since HfN has a
relatively low thermal conductivity compared to Mo and W and a larger effective
volume, ket is significantly lower than those of the metals, 466 W m™* K at 200 °C and
48+ 6 W mtKat 1200 °C.

The ROM (Figure 4.6b) model overestimates kerr, ranging from 63.2 W m1 K at
400 °C t0 52.7 W mt K1 at 1200 °C. Similarly, the IROM (Figure 4.6d) underestimates
the thermal conductivity, staying relatively constant at 23-25 W m* K1, The Bruggeman
model (Figure 4.6¢) shows the best agreement with the data, ranging from 50 W m?* K1 at
400°C to 43 W m! K1at 1200°C. Within the range of temperature for which literature
data was available for calculating the Bruggeman result, the model falls within one
standard deviation of the data. As with other cermet nuclear fuels with similar ceramic
volume fractions, the Bruggeman model proves to be effective at predicting kes. Knowing
this, Equation 2.6 may provide useful for predicting the thermal conductivity of HfN-
MoW and UN-MoW cermets with somewhat different metal and ceramic volume

fractions. That said, the Bruggeman model is still somewhat crude in that it does not
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consider the particle size or shape nor contact resistance between the metal and ceramic

phases.
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Figure 4.6. Semi-empirical thermal conductivity, kes, of the cermet compared to a) those
of its constituents, b) the Bruggeman model, ¢) the inverse rule-of-mixture (IROM), and
d) rule-of-mixture (ROM) models [45, 53, 54].

4.4. MICROSTRUCTURE ANALYSIS

4.4.1. Optical Microscopy. A representative micrograph, taken in diffuse
lighting, is shown in Figure 4.7. The light grey regions are HfN and the blue grey regions
are the MoW alloy. Prior microstructural analysis, the density of the specimen was

obtained using the Archimedes method. The measured bulk density was 11.77 g cm™.
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Comparing that result to the cermet theoretical density of 13.46 g cm, obtained from the
theoretical densities of HfN, Mo, and W, gives a porosity of ~12%. Figure 4.7 and
images taken in direct lighting conditions confirm there is considerable porosity present
in the specimen (black features). The porosity tends to be found in and near agglomerates
of the larger HfN particles and/or along the ceramic metal interfaces. A wide distribution
of HfN particles can be seen from this image, mainly comprising larger HfN particles on
the scale of tens of microns effective radius with smaller HfN particles dispersed through

the MoW matrix.

Figure 4.7. Optical image of cross section taken at low magnification. Black is assumed
to be porosity, light grey is the HfN, and blue grey the MoW alloy.

4.4.2. SEM Microscopy and EDS. Figure 4.8 below shows the SEM image and
EDS composite maps obtained. EDS maps for Hf, Mo, and W are layered over the

micrograph by color, blue for Hf, green for Mo, and pink for W.
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Spectrum 13

(a) (b)

Spectrum 19

Spectrum 15

WM™

50pm

(c) (d)

Figure 4.8. SEM micrographs of specimen. a) SEM image 4 and b), c), d) EDS layered
image. The corresponding EDS spectra can be seen in Appendix.

As expected, the light grey particles in the optical microscope images were the Hf

rich cermet particles and the surrounding blue grey material the MoW matrix. An
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interesting feature revealed by the EDS map is the appearance of distinct regions of Mo
and W, seen in both EDS images. This is believed to be due to the separate Mo and W
powders being used in the billet preparation.

4.4.3. Particle Analysis. Two separate particle analyses were done; one for the
larger HfN particles, and another for the smaller HfN “debris” seen dispersed uniformly
in the metal matrix. Figures 4.9 and 4.10 show the resulting particles selected for particle

analysis from the SEM images.

(@) (b)

Figure 4.9. Particle selections for a) large HfN and b) small HfN particles

The larger particles were manually selected, while the smaller particles were
selected using an automatic thresholding algorithm. The MinError(1) method was used
for smaller particles, with the areas constrained from 0.5-68.3 um? and 1-100 um? for

Figure 4.9b and Figure 4.10b respectively, and circularity ranging from 0-1.
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(a) (b)

Figure 4.10. Particle selections in for a) large HfN particles and b) small HfN particles

For the larger particles, an average area of 1300 um? was calculated, assuming
spherical particles. This gave an effective diameter of about 30 um. Table 4.1 below
summarizes the median, upper, and lower quartiles for the HfN particles. Since the
sample population is small (17 total particles), the results are widely distributed and only
give a rough estimation of the particle size. Outliers can easily skew the mean, so the
median was also calculated, with larger particles having a median area of 320 um? and
smaller particles having a median area of 4 um?. Quartiles are also provided to give an
effective range of the particle area. Analysis of the optical image can give a bigger

sample size and therefore more quantitative results.

Due to the small particle count from the SEM images, a more accurate
distribution could be obtained via processing the optical image. This larger scale of the
microstructure allows for more particles to be included. The qualitative result is the same,

however. Overall, both methods show that the larger particles correspond to the
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nominally sub-45 um starting HfN powder used during process. The smaller particles had

an average area and diameter of 4 um? and 2 pm. The median area was 2 pm? and median

diameter was 1.5 um.

Table 4.1. Median, upper, and lower quartile obtained for area of HfN particles

Large Particles Small Particles
Area (um?) | Diameter (um) | Area (um) | Diameter (um)
Mean 1300 30 4 2.0
Median 320 20 2 1.5
Lower Quartile 150 14 1 1.0
Upper Quartile 2300 54 4 2.3

100

Particle Count: 158
80

60

Frequency

40

20 B
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Figure 4.11. Distribution of smaller HfN particles
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Figure 4.11 above shows the particle size distribution for all particles analyzed.
The distribution is highly skewed due to the presence of the small particle “debris.” It is
possible that the larger particles are more-or-less centrally distributed but given the
degree of agglomeration, it may be difficult to obtain a meaningful particle size

distribution even if a larger sample of large particles is analyzed.

4.5. MECHANICAL PROPERTIES

Figure 4.12 shows the elastic modulus as measured in bending and the maximum
stress measured from room temperature up to 1600 °C. At room temperature, the
modulus is 230+10 GPa. At 800 °C, the modulus drops to ~100 GPa and stays relatively
constant up to 1400 °C, where it again decreases to 68+1 GPa at 1600 °C. This trend of
the modulus decreasing with temperature is expected since as temperature increases the
material becomes easier to deform. That said, this measured value of E, however, is much
lower compared to the moduli of Mo, W and HfN, which are 350, 400 and 380 GPa,
respectively, at room temperature. Sources of the error could include the formation of
microcracks, compliance within the test fixture, and porosity. Porosity is known to reduce
the Young’s modulus of materials [55]. Given the billet was shown to have ~12%
porosity present, porosity is certainly a plausible contributing factor. Microcracking may
be a significant source of error in a flexure measurement as one side of the specimen
surface is under tension. With cracks present, the effective cross-sectional area of the

specimen perpendicular to a tensile load is reduced. Complementary measurements of the
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Young’s modulus should be performed using different techniques to determine the

validity of the measurement.
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Figure 4.12. The a) average elastic modulus and b) average failure stress up to 1600°C

As temperature increases, the maximum stress was observed to increase from
32514 MPa to 45010 MPa until 1400 °C, where it then fell to 380+£10 MPa. One
possible explanation for the increase in maximum stress is that after processing and
machining the bars, residual stress remains. As seen in earlier, there is a significant CTE
mismatch between the binder and HfN. It is reasonable to assume low initial microstrain
at the sintering temperature (1800 °C). Upon cooling, the HfN (having a larger CTE) will
contract more than the binder, placing the particle binder interface under tension, and

concentrating stresses in the microstructure, especially near the metal-ceramic interface.
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Though no microcracking was observed in the micrographs, concentrated stresses
could lower the critical load on the specimen by enhancing the stress intensity around
microstructural features. With this residual stress left over in the cermet, the applied
stress needed for cracks to propagate is effectively lower. By increasing the temperature
towards the sintering temperature (1800 °C) it is possible that microstrain is partially
removed as the HfN and binder thermally expand to their initial unstrained state. Thus, a
higher externally applied load is needed to achieve stress intensity factors to allow cracks

to propagate.

An alternative explanation of the increase in maximum stress is that there were
morphological changes to the specimen surface during testing, due to for example
reaction of the surface with the furnace atmosphere. This hypothesis supposes that the
critical flaw resides at the surface and changes to the surface or near-surface
microstructure alter the shape of the critical flaw. Indeed, there were visible differences
in the color and surface appearance of the broken bars. It is unclear if this occurred
during testing or was a result of exposing the specimens to air upon cooling from ~500
°C to RT. Unfortunately, fractography measurements (see Appendix) did not reveal a
clearly identified critical flaw at either the surface or from within the bars. Additional

measurements should be conducted to better identify the failure origin.

In the MoW strength vs. temperature curves shown in Figure 2.8 an inflection
point exists around 1400 °C. Above that point, there is a pronounced drop in yield
strength accompanied by an increase in the percent elongation. This indicates that the
metal binder is becoming softer and more ductile, allowing the cermet to deform more

easily. 1400 °C roughly corresponds to the point at which the maximum strength in



50
bending begins to decrease. This suggest that the loss in strength above 1400 °C is due to
the onset of plastic deformation in the binder. It is interesting to note that pure Mo loses
strength about 300 °C before W or any of the MoW alloys shown in Figure 2.8. This
suggests that in the present material, the Mo begins to plastically deform before the W. It
also suggests that a well alloyed MoW binder would show improved high temperature
strength. That said, the thermal conductivity of the MoW alloy is lower than that of Mo
and W separately [54], so a well alloyed metal binder, while having improved strength
may have a lower thermal conductivity. Future work will be needed to compare both the
mechanical and thermal properties of HFN-MoW cermets made with separate Mo and W

starting powders and with well alloyed MoW starting powder.
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In the load vs. displacement graphs, a sharp linear point at failure indicates that
the material was loaded at a sufficiently fast rate to fail in the linear elastic regime. At the
higher temperatures, the onset of plasticity, and time-dependent phenomena such as
creep, and slow crack growth can interfere with measurements, resulting in a different
physical interpretation of the results. For most temperatures, this was corrected for by
increasing the crosshead speed. At 1600 °C, this nonlinearity was observed even at
crosshead speeds of 2.5 mm/min, shown in Figure 4.13. The rounding of the curve is

consistent with the above explanation invoking the onset of plasticity in the metal matrix.

A noticeable bend was also observed in the flexure bars after testing that was not
present during relatively lower testing temperatures, further showing that some plastic
deformation occurred before fracture. This can be seen in Figure 4.14, where bars from

room temperature, 1000°C, 1400°C, and 1600°C are lined up from top to bottom.

Figure 4.14. Flexure bars after testing, arranged from top to bottom as 25°C, 1000°C,
1400°C and 1600°C. A noticeable bend can be seen in the 1600°C bar in the circled area.
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At lower temperatures no noticeable deflection is seen. At 1600 °C a slight bend
can be seen near the fracture half of the bar. This provides additional evidence that the
loss of strength above 1400 °C is due, in part, to the onset of plastic deformation in the

metal binder.
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5. CONCLUSION AND FUTURE WORK

To effectively model reactor and fuel performance in a Nuclear Thermal
Propulsion system, a thorough understanding of the properties and behavior of the fuel
and reactor materials under extreme operating conditions must be developed. NTP reactor
design uses a coupled Multiphysics modeling approach that considers, among other
things, the thermal and mechanical properties of the materials. The predictive power of
such models, however, is only as good as the accuracy and validity of the underlying
materials property data or constitutive models. A lack of empirically obtained thermal
and mechanical property data for UN-MoW cermets, and its separate components, calls
for a need to better characterize those materials.

This study represents one of the first efforts to experimentally characterize the
thermal and mechanical properties of the cermet MoW-HfN, a surrogate material for
MoW-UN fuel. It establishes a basic set of material property data that can be used in
future efforts to model NTP systems. It will also help validate computational materials
models being developed to predict the properties of such materials. This work also helps
establish research methods that can be built upon in future studies of cermet fuels.
Specific materials properties characterized in this work include: the coefficient of thermal
expansion, thermal diffusivity, modulus of bending, and specific heat capacity. These
properties were correlated with the composition and microstructure.

The microstructure was shown to consist of a distribution of larger HfN particles
with sizes averaging about 32 um, with smaller HfN particles, about 1-2 pm in diameter,

dispersed throughout the metal matrix. A bulk density of 11.76 g/cm® was measured,
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88.6% of the theoretical density. EDS revealed areas of mostly pure Mo and W
heterogeneously dispersed throughout matrix, most likely the result of processing the

cermet using separate Mo and W powders.

Push rod dilatometry measurements resulted in thermal expansion coefficients
(CTE) between 5-9x10% K in the temperature range 200-1600 °C. HfN has a higher
CTE compared to Mo and W. While both the rule-of-mixtures (ROM) and inverse rule-
of-mixtures (IROM) proved to be reasonably accurate at predicting the CTE of the
cermet within the range of 200-700 °C, it is unclear whether such models are valid at
higher temperatures. Trends in the data possibly suggest that the HfN has a greater

influence on the CTE above 800 °C.

Laser flash measurements show that the thermal diffusivity falls in a narrow range
from 0.17 cm? s at 200 °C to 0.16 cm? s at 1800 °C, and shows only slight hysteresis
ramping up and down in temperature. Initial tests used a graphite coating resulted in a
surface reaction layer forming. While this did not present a problem for determining the
specific heat capacity at temperatures below 600 °C, it confounded results at higher
temperatures. Etching the specimens in 3% HF acid was found to be a useful alternative
to enhancing the absorption characteristics of the specimens without introducing
additional carbon. Such a technique is only applicable to thermal diffusivity
measurements. The lower temperature laser flash measurements using coated specimens,
however, showed that a simple ROM is adequate for predicting specific heat. The ROM
specific heat, measured CTE, and measured thermal diffusivity were used to calculate a
semi-empirical thermal conductivity. The semi-empirical thermal conductivity was found

to be in good agreement with predictions made using the Bruggeman model.
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Four-point flexure tests showed that the modulus of elasticity at room temperature
is around 230 GPa and drops to below 100 GPa at elevated temperatures. These values
are significantly lower than the moduli of the constituent materials. It is suspected that
microcracking from CTE mismatch, residual stress in the bar, porosity, or compliance in
the test fixtures are responsible for unexpectedly low values. Complimentary testing
using an alternate technique is needed to confirm those results. An increase in maximum
stress was observed as temperature increased up to 1400 °C. This is attributed to either
the presence of microstrain caused by the CTE mismatch, or to changes to the surface
condition of the test specimens in the furnace. Plastic deformation was observed at 1600
°C. This is consistent with the loss of strength in both W and Mo at temperatures above
1400 °C. Future work should be performed to measure residual stress as a function of
temperature using X-ray or neutron diffraction. Chevron notch test are also recommended

for estimating the critical flaw size range and better understand the failure mechanism.

As this work was conducted using a surrogate material, the thermal properties of
the UN cermet are expected to be slightly different. Thermal conductivity is not expected
to change much since UN has only a slightly higher conductivity (~25 W m™* K1) than
HfN (~20 W m K1), In terms of mechanical properties, the Young’s modulus is
expected to be expected to be lower in UN-MoW than in HFN-MoW, UN having a
smaller Young’s modulus than HfN. As UN has a higher CTE compared to HfN, a
greater CTE mismatch is expected. Some of the thermomechanical effects discussed in

this work may be accentuated in the case of UN-MoW.



APPENDIX

1. NEUTRON ABSORPTION CROSS SECTIONS

Table Al. Abundances and absorption cross sections of Mo and W isotopes [31]

Isomer Abundance Thermal Absorption
Cross-section (b)

Mo-92 14.649% 0.08
Mo-94 9.187% 0.34
Mo-95 15.873% 13.4
Mo-96 16.673% 0.5
Mo-97 9.582% 2.2
Mo-98 24.292% 0.13
Mo-100 9.744% 0.199
W-180 0.12% 30
W-182 26.5% 20.7
W-183 14.31% 10.1
W-184 30.64% 1.7
W-186 28.43% 37.9

56
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2. FRACTOGRAPHY

Using a Hirox Optical Microscope, several images of the fracture surfaces were
obtained for broken flexure specimen bars tested at room temperature, 1000 °C, 1200 °C
and 1600 °C. Images were taken at low magnifications, starting at 100x. Since the depth
of field is smaller on optical microscopes, parts of the bar were out of focus, making
analysis difficult. This was resolved by using semi-auto focus mode to create a fully
focused image. Upper and lower limits were set for the focal planes, which were then
split into 50 different images and composed to make a fully focused image., shown in
Figure Al below. A 3D reconstruction of the image surface is also made in the process,

allowing for a more detailed image of the surface to be obtained.

Figure Al. Optical image of fracture bar tested at room temperature, before(left) and
after(right) using the semi-auto focus mode. Though in focus, little to no features are
discernable from the microstructure, specifically the hackle lines used to locate the
fracture origin.
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An external light source was shined at a low angle on the surface to help emphasis

3D features that couldn’t be easily seen. This is shown below in Figure A2.

(@) (b)

(©) (d)

Figure A2. Diffused lighting optical microscopy done at 100x magnification with an
external light source for contrast on a) Bar 3 and its b)3D composite image, along with
c)Bar 4 and its 3D composite image. No visible hackle lines are present.
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To get an approximate size of the crack flaw and be able to correlate to possible
microstructure features, chevron notch toughness should be performed. By finding
fracture toughness, Kic, from a crack of known size, a range of estimated flaw sizes can

be back calculated for the flexure bars for different Y values (different flaw geometries).

3. THERMAL DIFFUSIVITY

The thermal diffusivity was originally performed applying a graphite coating to
the specimen. It can be seen below in Figure A3 that significant hysteresis was observed
upon performing the measurements on ramp up and ramp down. A later experiment was
conducted where a sacrificial sample was placed on graphoil in a furnace. Upon
removing the sample, the sample had bonded to the graphoil indicating that the specimen

forms a reaction layer with carbon.
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4. EDS SPECTRA

cps/eV

Spectrum 19
Element Line k Ratio Wit% Atomic | Standard Factory Standard
Type % Label Standard Calibration Date
Mo L 0.13838 10.00 17.56 Mo Yes
series
w L 2.53655 90.00 82.44 w Yes
series
Total: 100.00 | 100.00

Figure A5. EDS Spectra and relative quantities of W rich area
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Figure A6 EDS Spectra and relative quantities of Mo rich area
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5. CAD SCHEMATICS

CAD designs for each of the test specimens in Figure A7-A10. Units are in

millimeters.
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Figure A7. Dimensions and surface finish of Type A Flexure Bars.
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Figure A8. Dimensions and surface finish of dilatometry bars.
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Figure A9. Dimensions and surface finish of laser flash specimens.
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