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ABSTRACT

Nuclear thermal propulsion (NTP) utilizes nuclear fission to double the efficiency of in-space propulsion systems compared with traditional combustion systems. One of the most difficult aspects with designing an NTP system is determining a viable fuel element material candidate. The material needs to endure temperatures up to 3000 K, multiple thermal cycles with rapid heating and cooling, exposure to hot flowing hydrogen, large thermal gradients, and high radiation flux. Ceramic-metallic (CERMET) and ceramic-ceramic (CERCER) composites are both promising fuel element material candidates for nuclear thermal propulsion (NTP). While a lot of effort is being spent to test materials at the higher operating temperatures, it is important to understand the thermal and mechanical properties of the fuel element materials for the parts of the reactor that will never exceed 1000 K. Currently, there exists very little data on the thermophysical and mechanical properties of CERMET and CERCER composites, especially above room temperature. A CERMET with a molybdenum-tungsten matrix, and a CERCER with a zirconium carbide matrix, each using surrogate ceramic fuel particles with 10-70% volume loadings, have been sintered to >97% theoretical density using pulsed electric current sintering. These materials then underwent compressive and notched bend-bar tests up to 800 ºC. They have also undergone heat capacity, thermal diffusivity, thermal expansion experiments. From these results, a model has been made to determine the value of a property with respect to the test temperature, matrix material, surrogate particle, and volume loading.
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Introduction and General Information
[bookmark: _Toc84160632][bookmark: _Toc94535463]Background 
Over the past seventy years, nuclear thermal propulsion (NTP) has been examined as a potential alternative to chemical rockets for in space propulsion. Interest in developing these systems comes in waves and is highly dependent upon current political agendas and exploration goals of the associated countries. Currently, there is significant interest in developing an NTP system for use in a crewed mission to Mars. The greatest challenge in developing these systems is to identify fuel and matrix materials that are capable of withstanding the extremely detrimental environment related to NTP. Several different materials have been considered for use in NTP with varying levels of success. Any material that will be used will have to be rigorously tested under a variety of extreme conditions that are highly detrimental to most materials. Additionally, the thermophysical properties of these materials up to just below their melting points need to be well understood in order to ensure a safe and functioning design. This thesis will discuss the fundamental synthesis and testing of two different NTP composite fuel forms. In both options the fuel will be a high temperature ceramic (UO2, UN or UC/UC2) that may or may not be encased in a “BISO” or “TRISO”-style containment. One of the composite fuel systems is a refractory metal matrix with a ceramic particulate fuel known as a ceramic-metallic (cermet) fuel. The matrix will consist of a molybdenum (Mo)–tungsten (W) alloy. The other composite fuel form is a ceramic matrix and ceramic particulate fuel form known as a ceramic-ceramic (cercer) fuel, with zirconium carbide (ZrC) acting as the matrix material. To ease in fabrication and testing, a variety of non-radioactive oxide and nitride fuel surrogate particles were used in place of the uranium-based fuels.

[bookmark: _Toc84160633][bookmark: _Toc94535464]NTP Operating Conditions and Material Requirements
Nuclear thermal propulsion (NTP) is an in-space propulsion system with good promise for crewed missions to Mars [1-3]. A solid state NTP system generates all its power from fission. In its simplest form, NTP consists of a nuclear reactor core, turbopump system, and nozzle, as shown in Figure 1.1. Heat is generated in the reactor core, and cryogenic hydrogen (H2) stored in tanks is pumped into the reactor and heated. The heated hydrogen is then expelled from the reactor and expanded out of a nozzle to generate thrust. Rocket efficiency can be described using specific impulse (Isp) that takes into account both energy and mass of the system/fuel. The higher the Isp, the more efficient the propulsion system. Efficiency of the system is directly related to the outlet temperature of the hydrogen, with a greater efficiency as temperature increases. This maximum temperature is limited by the fuel core materials due to melting point and hydrogen compatibility considerations. NTP has the potential to achieve very high Isp, 875 – 950+ seconds (s), compared with 400 s for chemical systems, while at comparable thrust levels, 101 – 102 thousand pounds of force (klbf) with current chemical engines. This combination of high thrust and Isp allows for larger mission abort windows, increased cargo and science capacity, and a decrease in total launch mass. More importantly, NTP can shorten Mars transit times. Current opposition-class missions will last between 160 and 180 days [1]. Shortening transit times is especially important for crewed missions as deep space provides an inhospitable environment to humans from the exposure to microgravity and cosmic radiation. However, achieving these high ISP values requires the hydrogen outlet temperatures to be >2700 K, which places severe temperature and hydrogen corrosion demands on the core matrix and fuel materials.

Between 1955 and 1972, the nuclear engine for rocket vehicle application (NERVA)/Rover program designed, built, and tested twenty full-scale reactors [1, 4]. These reactors utilized mostly graphite moderated fuel cores and operated with varying levels of success. Other programs used ceramic fuels suspended in a refractory metal matrix, called ceramic-metallic (cermet) fuels. These programs only tested up to fuel elements and no prototypic systems were ever built [4]. Other systems such as pure carbide and TRISO-like fuels were also tested by the Soviet Union and the United States [4].

NTP creates a very difficult environment for all materials involved, especially those in the fuel core. The fuel element specifically has to endure the harshest environment, with exposure to hot hydrogen, irradiation, temperatures up to 3000 K, thermal transients, and large thermal stresses. Moreover, current opposition mission designs call for multiple burns for acceleration and deceleration as well as course corrections totaling 3 hours of total run time [5]. Other designs call for a bimodal system, where the reactor operates at a lower power during the coasting phases of the trip to produce electricity [6]. The fuel core has to be capable of surviving this environment [7]. A list of fuel core materials requirements is provided.





[image: ]
[bookmark: _Ref77779502][bookmark: _Toc80954245][bookmark: _Toc84160705][bookmark: _Toc94535517]Figure 1.1. Schematic of NERVA derived liquid hydrogen NTR engine [8].



1) High temperature capability without melting or excessive dimensional changes (2500 -3000 K)
2) Low neutron absorption cross section
3) High thermal conductivity
4) Compatibility with a high-temperature uranium compound (UO2 or UN)
5) Reasonable fabricability
6) Compatibility with hot H2
7) Low mass and molecular weight
8) Resistance to irradiation

As discussed previously there are three primary options for NTP materials. The first is carbon-based materials. These include graphite, carbon-composite, and mixed carbide fuels; for all of these carbon-based materials, a robust impermeable surface coating is required to inhibit hydrogen reactions with carbon. These carbon-based fuel systems experienced some limited success in the Rover/NERVA program, but the inherent incompatibility with hydrogen make them a less desirable selection. Another option is the ceramic metallic (cermet) fuel consisting of ceramic fuel particles suspended in a refractory metal matrix. These materials were tested heavily in the laboratory scale, but a full-scale system was not built and tested. The estimated maximum operating conditions are illustrated below in Figure 1.2., but these ranges, especially for the mixed carbide are extrapolated based on limiting testing and therefore have large uncertainties [4].
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[bookmark: _Ref77779584][bookmark: _Toc80954246][bookmark: _Toc84160706][bookmark: _Toc94535518]Figure 1.2. Estimated maximum operating conditions for several different NTP fuel core materials [4].


[bookmark: _Toc94535465]Legacy NTP Fuel Systems

Several different fuel forms have been proposed for use in NTP. Only three basic classes of materials have melting points high enough to be considered for use in an NTP fuel core. These are refractory metals, graphite, and carbides/ceramics. All three material options have been tested to some extent through various programs starting in the 1950’s [7]. Table 1.1. includes a summary of the major NTP fuel element programs for the US and USSR.


[bookmark: _Ref77945683][bookmark: _Toc80954244][bookmark: _Toc84160682][bookmark: _Toc94535506]Table 1.1. Summary of fuel element materials [4].
	Program
	Fuel Composition
	Fuel Geometry

	Rover/NERVA
	UC2 in graphite
(U, Zr) C, graphite composite
(U, Zr) C, solid solution
	Solid blocks with coolant channels

	SNTP (PBR)
	Coated UC2
Binary, ternary carbides
	Particle

	CIS (USSR)
	Coated (U, Zr, Nb) C
(Other ternary carbides)
Carbonitrides
	Twisted Ribbon

	Cermet
	UO2 in W
	Solid blocks with coolant channels





[bookmark: _Toc80954199][bookmark: _Toc84160635][bookmark: _Toc94535466]Rover/NERVA

The largest NTP program conducted by the United States was the Rover/NERVA program which began in 1955. 20 full-scale NTP systems were built and tested in the Nevada desert. Graphite was selected as the preliminary fuel for the Rover program due to its high temperature, ease of fabricability, and familiarity of working with graphite for terrestrial based high temperature gas reactors [9].

The graphite fuel form consisted of fuel particles suspended in a graphite matrix. Graphite as a fuel form had several additional advantages as listed below [7].

1. Weak neutron absorption
2. Good neutron moderation
3. Good high temperature compressive strength
4. High thermal conductivity
5. Good compatibility with uranium ceramics
6. Low density (and thus low total mass)

Despite these advantages, graphite also had several issues. The primary issue was graphite’s innate incompatibility with hydrogen, especially at elevated temperatures. Coatings were required to prevent rapid deterioration from corrosion. Further issues with graphite NTP systems will be discussed with respect to specific systems.

Rover/NERVA developed four different fuel forms as show in Figure 1.3. The first form consisted of UC2 particles dispersed in a graphite matrix, known as bead loaded graphite. This system was only used for the KIWI A test and it suffered from serious corrosion and fuel failure. Pyrolytic carbon coating on the fuel particles was also later used to prevent fissile fuel loss and better hold the UC2 in the graphite matrix [4].

Later NTP systems also utilized an NbC coating which successfully reduced corrosion when compared to the exposed graphite. Still, post operation analysis of the fuel elements found significant mass loss in both the mid-band region as well as near the nozzle chamber where temperatures were the hottest, as illustrated in the top curve of Figure 1.4 [4, 9]. 
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[bookmark: _Ref77945826][bookmark: _Toc80954247][bookmark: _Toc84160707][bookmark: _Toc94535519]Figure 1.3. Diagrams of the 4 tested Rover/NERVA fuel forms [4].
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[bookmark: _Ref36728083][bookmark: _Toc80954248][bookmark: _Toc84160708][bookmark: _Toc94535520]Figure 1.4. Corrosion Rates for various Rover/NERVA fuel forms, illustrating mid-band corrosion [4].


[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Mid-band corrosion was found to be one of the most significant materials challenges facing the fuel core. caused by several issues. It was found to have several causes. First, it resulted from cracking of the coating caused by the mismatch in the coefficient of thermal expansion between the NbC coating (7 m/mK) compared to the graphite (3 m/mK) [4]. Second, most materials experience a transition from brittle to ductile deformation at a certain temperature. In the mid-band region, just above the centerline, a vast majority of the coating is still operating in the brittle regime where it is more prove to cracking under thermal stresses. At higher temperatures, the coating is more ductile and resistant to cracking. The third cause of mid-band corrosion was the high-power density and neutron flux in that region of the core. The fission product production was highest in this region. Diffusion of these fission products caused further embrittlement and cracking. The result of the cracking was exposure of the graphite matrix to hydrogen and significant corrosion [4, 9]. 

Mid-band corrosion for the Rover bead loaded graphite systems was mitigated by switching from NbC cladding to zirconia carbide (ZrC) cladding.  The ZrC not only had a slightly better CTE match with the graphite, but also prevent fission product diffusion that resulted in embrittlement. The result of the cladding change can be seen in Figure 1.4. Not only did the ZrC cladding perform a little better in the mid-band region, but it also performed significantly better in the high temperature region. 

In an attempt to further improve corrosion resistance, two other fuel forms were considered and tested in the NERVA NF-1 system. A carbide/graphite composite and the carbide solid solution form both used uranium zirconium carbides as seen in the bottom two images in Figure 1.3 [9]. The composite consisted of (U, Zr) C-graphite composite fuel elements with a carbide volume fraction of 30-35%. These had significantly higher thermal expansion coefficients that closely matched the ZrC cladding. It saw improved corrosion resistance in both the mid-band and high temperature regions with the graphite bead fuels as seen in Figure 1.4., though still suffered significant mass loss in the mad-band region. The composite also experienced inferior irradiation resistance as it began to breakdown under the intense flux [10]. 

The Carbide element utilized 100% (U, Zr) C-graphite fuel. This material had the highest melting point and therefore the highest potential for NTP. It was introduced late in the NERVA program so it experienced only limited testing. While analysis of these tests yielded significant corrosion and serious cracking in the NF-1 experiments, it was unsure if these resulted from corrosion from the test or from poor manufacturing [9].

Based on the test data from the Rover/NERVA program, NTP endurance lifetimes with given operating temperatures were approximated. Figure 1.2 illustrates these conclusions. While the carbide fuel has the highest potential, it had the least amount of testing and is the least understood of the graphite-based fuels.

[bookmark: _Toc80954200][bookmark: _Toc84160636][bookmark: _Toc94535467]CERMET Programs

Ceramic Metallic (cermet) fuel form consists of ceramic fuel particles, namely uranium dioxide (UO2) or uranium nitride (UN) suspended in a refractory metal matrix. Refractory metals are the elements on the periodic table with the highest melting points. Cermets were considered a viable option for NTP systems due to their fission product retention, resistance to thermal shock, hydrogen compatibility, corrosion resistance, high thermal conductivity, and high strength [11-13].

The use of refractory materials for nuclear power applications was first considered in the 1940’s. Two programs tested cermets in the 1960’s. These were the GE-710 and the Argonne National Laboratory (ANL) programs. Both looked focused on tungsten (W) UO2 cermets. W was chosen for the matrix due to its high melting point. Tantalum (Ta) and molybdenum (Mo) were also considered, but known oxygen migration in Ta and the lower melting point of Mo excluded these materials from the initial program [14].

The two programs had four major outcomes. The first was the optimization of fabrication of UO2 and UN based cermet fuels. These fuels underwent both steady-state and thermal cycling non-nuclear hot H2 testing to temperatures up to 3000 K. Steady state irradiation tests occurred up to 2000 K and up to U burnups of 1.6 a/o. Finally, transient nuclear testing occurred with heating rates up to 16000 K/s and temperatures of 2900 K [4]. The programs were canceled before any prototypic cermet NTP systems could be built and tested.

One limit for interparticle spacing between the cermets is associated with potential fission fragment damage to the metal matrix. 60 vol% UO2 seems to be a good balance between high fuel load and interparticle spacing. Cermet fuel particles are typically around 100 μm in diameter. This size is large enough to also minimize the fission fragment damage to the metal matrix without causing a temperature spike in the fuel particle (due to the low thermal conductivity of the particle in relation to the metal matrix). Porosity is also introduced to the cermet to allow for fission gas retention, though due to the relatively low burnup of an NTP system, this is a smaller concern [15].

The GE-710 program ran from 1962 to 1968 as an offshoot to the aircraft nuclear propulsion program. The program originally called for an NTP system that could operate at 2750 K for 100 thermal cycles to a longer lived system that could operate for 10,000 hours in the range of 2000-2250 K range [4]. The program considered both closed cycle systems for power generation and open cycle systems for propulsion [14]. Due to the focus on long life systems, testing occurred at temperatures between 2000 – 2250 K. Even though these temperatures are low for NTP requirements, information on failure mechanisms were determined [4].

Most of the early work was spend on fuel fabrication. Powder metallurgy processes along with sintering were used to fabricate the UO2 cermet hexagonal wafers for both W and Mo matrix. 

The GE-710 program included of several out-of-pile thermal cycling and life tests. W-25Re clad (W-UO2-ThO2) cermets were exposed to hot flowing hydrogen at 3270 K for one hour, 3180 K for three hours, and 3070 K for ten hours for two cycles. These results yielded no leaking and no apparent macroscopic failure. Another test with the same material at 2865 K for 50 hours found the same result. W-UO2-ThO2 cermets with W-Re-Mo clad were also tested for up to 51 cycles for over 500 hours from 2420 to 530 K and also found no leaks. Early hot hydrogen testing saw difficulties with U precipitation due to lack of stoichiometric control of the UO2. The addition of the ThO2 added stoichiometric stability and demonstrated success  [4, 16]. The mechanism of U precipitation will be discussed in the fissile fuel section.

Post-test microstructural characterization occurred for all of these tests. The W-25Re clad (W-UO2-ThO2) cermets were found to be exceptionally stable up to 3270 K. At 3270 K a few samples experienced loss of bonding for the fuel-cladding. Further examination did not find any melting of the UO2 fuel, but did find fuel deposition at the core-cladding interface. Due to the high volatility of UO2 at 3270, it was able to transport via the vapor phase to the interface. Examination of the cladding did not find any porosity. It was still single phase, though it experienced grain growth typical of high temperature annealing. Cracking was found in the fuel component of all the specimens tested, but this may have been caused by the sectioning of the samples that took place after the tests. Pulse-echo inspection before the sectioning found no issues of incomplete bonding to the surface.

The GE-710 program performed three different steady-state irradiation experiments. They occurred at the ETR at INEL, and the Low Intensity Test Reactor (LITR) and Oak Ridge Research Reactor (ORR) at Oak Ridge National Laboratory (ORNL). W and W-Re matrix cermets with 60 volume% (vol%) ThO2 stabilized UO2 were tested with Ta, Ta-10W, W-30Re-30Mo and W-25Re-3Mo cladding. From the hydrogen and irradiation testing of the cermet fuel elements, several failure mechanism were determined and resolved. 

Table 1.2 summarizes these mechanisms [17].

[bookmark: _Ref83042151][bookmark: _Toc84160683]

[bookmark: _Toc94535507]Table 1.2. Summary of GE 710 program issues and solutions as summarized by Smith [17].
	Fuel Failure Mode
	Mechanism
	Solution

	Loss of oxygen
	Ta cladding oxygen transparency
	Used W instead

	Volumetric expansion and cracking
	Coefficient of thermal expansion mismatch
	Used W alloyed with Re and Mo-Re

	Void formation
	Insufficient autoclaving
	W alloys to improve ductility

	Fission product release
	Building up pressure, dislocation weakness
	Sinter to 84% theoretical density

	Vaporization of Mo in cladding
	Vapor pressure of Mo significant above 2470 K
	Problem not solved





In the first experiment, all of the Ta clad samples experienced leaking. The leaks were caused by the formation of sub-stoichiometric UO2. Free uranium was then able to penetrate the cladding wall during subsequent thermal cycling. The mechanism for this loss is described in the fissile fuel section. Since the issue only occurred in the tantalum cladded alloys, it was discovered that Ta is relatively transparent to oxygen at high temperatures and became embrittled with the oxygen. The removal of Ta from the cladding resolved this issue [4, 16, 17].

Another failure mechanism was cracking of the W-UO2 fuel matrix caused by the volume expansion of the UO2 particles after significant thermal cycling. This volume expansion was caused by the thermal coefficient mismatch between W and UO2 at high temperatures. After multiple thermal cycles, the fuel particles begin to pull apart from the W matrix. One tested solution was to alloy tungsten with Re or with Mo-Re to better match CTEs. Another was to use UN instead of UO2. Once again, this occurred after significant thermal cycling, greater than expected for a crewed NTP mission [4].

Another observed issue was the formation of voids between the cermet fuel and the alloy “can” cladding during fabrication and early operation. This was caused by difficulties in getting a good seal between the two components. It was resolved using electron beam welding and would likely be easily resolved today due to advances in high temperature materials manufacturing [4].

Several samples experienced fission product damage and release after 4000 hours of operation between 1870 and 2270 K. This release occurred in samples sintered to 95% or higher theoretical density. Fission product damage to the cermet and eventually to cladding material is caused by accumulated buildup of pressure, lattice stresses, and dislocation weaknesses inherent in fuel materials under irradiation. The fission products could then diffuse out of the sample or would cause embrittlement. To resolve this issue, samples were sintered to 84% theoretical density. The internal porosity present in these low-density sintered products created sinks for the fission products to diffuse to without the buildup of stresses in the cermets. Testing of the 84% theoretical density cermets saw a factor of 10 increase in allowable burnup [4].

Yet another fuel failure mode occurred after 4000 to 7500 hours operating at 1870-2270 K when fission products were released in specimens sintered to 95% or greater theoretical density. Fission product damage to the cermet/clad led to the formation of small surface blisters that were caused by the accumulated buildup of pressure, lattice stress inherent in the fuel materials under irradiation. To resolve this issue, samples were sintered to only 84% theoretical density to avoid stresses above the tungsten matrix capacity at high temperatures. This led to the samples surviving a burnup a factor of 10 greater than saw failure with the highly sintered samples [4].

For most of the fuel failure modes discussed previously and listed in 

Table 1.2, solutions were developed that resolved the problem. It is important to note that a majority of the issues occurred in testing to burnups significantly higher than what would be expected for a crewed NTP mission. Overall, the GE 710 program proved the viability of cermets for use in NTP. Unfortunately, the program ended before any prototypic systems could be built and tested.

Another cermet based NTP program was conducted at Argonne National Laboratory (ANL) between 1960 and 1966. W matrix cermets with gadolinia stabilized UO2 fuel were the primary cermets tested. Samples were tested in out of pile hydrogen loops and in-pile pulse testing [4].

Despite difficulties in manufacturing refractory metals, namely tungsten, the ANL program was able to manufacture a large number of samples using powder metallurgy processes and cold isostatic pressing followed by sintering at ~1950 K. Cladding was deposited using chemical vapor deposition. Large samples were successfully manufactured up to 50 cm long as shown in Figure 1.5.

Like with the GE 710 program, several out-of-pile thermal cycling tests were performed. W-UO2 cermets were tested in hot flowing hydrogen up to 2770 K. Only minimal fuel loss was observed for up to 45 hours and 180 cycles. In pile testing occurred in the TREAT reactor at INL. The highest temperature reached was 3023 K with a ramp rate of 16,000 K/s. Only one failure occurred during these tests that was later attributed to issues with manufacturing. One specimen in particular survived eight transients at high temperature with a peak temperature of 2900 K.

Samples were tested to higher burnups and more thermal cycles than would ever be used in an NTP mission. They found that both the W and W-Re-Mo based cermets would contain fission products until burnup significantly higher than would be used in an NTP mission. Also, during the hydrogen thermocycling, it was found that the samples would operate below the set 1.0 % fuel loss up to around 200 cycles equating to 50 hours at temperature as seen in Figure 1.6.

Combining the data and lessons learned from the GE 710 and ANL programs, suggested operating conditions for W based cermet fuel was determined as shown in Figure 1.7.
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[bookmark: _Ref83042363][bookmark: _Toc84160709][bookmark: _Toc94535521]Figure 1.5. W-UO2 fuel elements manufacture by ANL [4].
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[bookmark: _Ref83042469][bookmark: _Toc84160710][bookmark: _Toc94535522]Figure 1.6. Mass loss data for ANL W cermet tests at 2500 ºC [4].
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[bookmark: _Ref35508727][bookmark: _Toc84160711][bookmark: _Toc94535523]Figure 1.7: Derived Cermet operating limit from GE710 and ANL experiments [4].
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[bookmark: _Toc94535468]USSR CIS Programs

Overlapping the US programs, the USSR looked at a variety of different materials for use in NTP. While the US focused primarily on graphite and cermet-based fuels, the CIS program looked at carbides, carbonitrides, and cermet carbonitrides. Unfortunately, a lot of the data from these tests is currently unavailable in the United States [4]. What is known is summarized in Figure 1.8. Solid solution carbides operated from 2500 to 3700 K. The carbonitrides operated as high as 3100 K. Finally, the cermets operated at 2900 K. Most of the development was focused on the solid solution carbides, with Zr, Nb, and Ta being the solute elements with uranium.
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[bookmark: _Toc80954250][bookmark: _Toc84160712][bookmark: _Ref94532222][bookmark: _Toc94535524]Figure 1.8. Candidate fuels for the USSR CIS program [4].
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High temperature materials, namely carbides and refractory metals are more difficult to fabricate due to their high melting point and difficulty in machining. By applying a significant pressure, powder can be consolidated into a solid material at temperatures below the melting point, such as with Hot Isostatic Pressure Sintering (HIPS). Pulsed electric current sintering (PECS) also known as spark plasma sintering (SPS) is another technique to consolidate powders into solid materials [18]. SPS uses a pulsed direct current (DC) to heat the powder. With an applied uniaxial load, the powder will consolidate. SPS is able to fabricate materials at lower temperatures, applied pressures, and for shorter times compared with other powder consolidation techniques. Additionally, SPS allows for the fabrication of more complicated geometries. Finally, SPS can allow for greater control on final sintered material properties compared with other similar techniques. Further discussion into the benefits of SPS are discussed later.

[bookmark: _Toc84160639][bookmark: _Toc94535470]CERMET and CERCER Fuel Forms
Ceramic-Metallic (Cermet) fuels have high promise as the fuel core for solid state nuclear thermal rockets [1]. Cermets consist of ceramic fuel particles made from either uranium dioxide (UO2) or uranium nitride (UN) randomly dispersed in a refractory metal matrix. Cermets have the potential to survive the harsh environment of the NTP fuel core because of their fission product retention, resistance to thermal shock, hydrogen compatibility, corrosion resistance, high thermal conductivity, and high temperature strength [12, 13]. Currently Mo and W are two of the best candidates due to their hydrogen compatibility, corrosion resistance, high melting points, high thermal conductivity, and availability [11, 19]. There is also a wider range of manufacturing possibilities for these materials.

Ceramic-ceramic (Cercer) fuel forms are also being considered. Ceramic fuels have potential advantages compared to refractory metal-based fuels, particularly due to an increase in melting point of the matrix material. Additionally, ceramic fuels have the potential for improved neutronics and hydrogen resistance. The US NTP programs did not focus heavily on ceramic based fuels, but the Russian CIS program reported success in producing, shaping, and testing of mixed carbide [4]. The current program is focusing heavily on zirconium carbide (ZrC) as the matrix material, due to its high melting point, great neutronic properties, and high thermal conductivity for a ceramic material. Oxide, nitride, and carbide fuel particles are being considered, as well as a solid solution carbide and carbonitride.

[bookmark: _Toc94535471]Research Objectives
The primary objective for this research is to lay the groundwork for new matrix materials development for NTP systems. Two different matrix materials will be considered: ceramic-metallic (cermet) and ceramic-ceramic (cercer). For the cermet, an alloy of molybdenum with 30 weight percent tungsten (Mo30W) has been selected for the metal matrix [20]. Ideally, a cermet fuel core utilizing pure tungsten would produce the highest ISP with a large factor of safety, due to tungsten’s high melting point of 3,422 ºC. However, tungsten is incredibly dense, and would increase the mass and corresponding launch costs from Earth. Additionally, with the current interest to switch from high enriched uranium (HEU) to high assay low enriched uranium (HALEU) for a variety of logistic and safeguards and security considerations, the high parasitic thermal neutron absorption of tungsten creates a neutronics issue. Molybdenum is less dense than tungsten and has a much smaller parasitic thermal neutron absorption cross-section, but also has a lower melting point. Alloying Mo with W to 30 weight percent provides an acceptable compromise by increasing the pure Mo melting point without increasing the parasitic neutron absorption to levels preventing reactor criticality for a HALEU core. For cercer systems, zirconium carbide (ZrC) was selected as the ceramic matrix material due to its high melting point, good thermal properties, and good neutronics properties.

The thermal properties of the cermet and cercer fuel forms are important to understand up to high temperatures, in order to insure the best design of an NTP fuel core. NASA is currently collecting material property data for all materials relevant to space nuclear propulsion [21]. There is very limited thermophysical data available for Mo30W, especially at higher temperatures. Additionally, the thermal properties available for ZrC depend heavily on the manufacturing technique and composition, and can vary quite drastically. Moreover, the effect of adding the oxide and nitride surrogate particles to the Mo30W and ZrC on the thermal properties has not been quantified. This project aims to fill the knowledge gap of thermal properties for low to intermediate temperatures. Coefficient of thermal expansion (CTE), specific heat capacity (CP), thermal diffusivity (TD), and dynamic modulus (DM) will all be determined for the matrix materials and the cermet and cercer composites.

The thesis will focus primarily on understanding the effect that the surrogate particles have on the sintering and thermophysical properties of the cermet and cercer. Two different hypotheses will be tested, which are listed below.

1) The surrogate particles will aid in the sintering of the matrix material.
2) The surrogate particles will affect the thermophysical properties in a predictable way with relation to the particle geometry and volume loading.

For the first hypothesis, during sintering, both the spherical and angular particles will deform, but to a much less significant extent than the powder. With a proper coating, the particles will not sinter to one another as well. Experiments testing densification mechanisms of the matrix and surrogate cermet/cercer materials will allow for the extrapolation of the onset sintering temperature and the activation energy of sintering. Once these are determined and understood, it can be applied to the volume loading and ideal sintering conditions can be approximated for cermets and cercers with uranium fuel particles.

For the second hypothesis, thermophysical property data will be collected through thermal properties testing, hardness, tensile, compression, and single edge notched bend-bar testing. Different volume loadings will be tested for each particle material and geometry. From these experiments, the effect of particle loading and geometry will be understood and a predictive model can be made for the properties of any volume loading.
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Literature Review
An extensive literature review was conducted in preparation for this work. Prior to material selection, legacy NTP fuel materials were considered. A review was also conducted on the sintering of refractory metals, carbides, and composite materials using SPS. Additionally, the thermal and mechanical properties of zirconium carbide and molybdenum and tungsten were also reviewed. Different surrogate materials were also compared to their uranium-based analogs. Finally, some hot hydrogen testing of NTP materials was included.
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[bookmark: _Toc84160643][bookmark: _Toc94535474]SPS Background
Pulsed Electric Current Sintering (PECS)  known colloquially as Spark Plasma Sintering (SPS) is an alternative sintering process that uses an electric current to aid in the sintering processes. It has three distinct advantages to more traditional sintering mechanisms (hot pressing, pressure less sintering, etc.). These are lower maximum consolidation temperatures, shorter sintering times, and improved mechanical properties [18]. Moreover, greater control can be exerted on the microstructural development of the sintering material, while still achieving high final densities. SPS works by taking a powdered material loaded into a high temperature compatible die, normally graphite, and running a current through the material. A pulsed DC current is applied, and the material is heated through a process known as Joule heating. Typically, a uniaxial pressure is also applied to assist in the consolidation process.

The electric field created during SPS operations increases diffusional mass transfer within the material in question [18]. Asoka-Kumar et al. proposed that the field increases the vacancy concentration in the material, which then acts to increase diffusion [22]. Munir et al. experimented further using positron annihilation spectroscopy to show that the application of a DC current could decrease the activation energy for defect mobility by 24% [18]. 
[bookmark: _Toc80954203][bookmark: _Toc84160644][bookmark: _Toc94535475]Effect of Control Parameters on SPS

Another benefit to using SPS is the increased control over a variety of parameters. Firstly, particle selection, namely size, geometry, and purity, and sample preparation can have a significant effect on the final sintered material. During SPS, the heating rate, applied pressure, maximum hold temperature, hold time at maximum temperature, and vacuum/atmosphere can all play a role on the consolidation of the powder.

Several studies have proven the effect that particle size has on final sintering. Typically, a smaller or finer powder produces a higher density given the same conditions. This is primarily due to the different stages of sintering observed under SPS. Zhaohui et al. proposed the sintering of most powders occurs in four different stages [23].
1) Activation and refining of the powder
2) Formation and growth of the sintering induced neck
3) Rapid densification
4) Plastic deformation and final densification
These four stages and their temperature dependence are illustrated in Figure 3.1. Diouf and Molinari looked at the sintering of copper [24]. The first stage of activating the powder or rearranging the powder occurs first. Under applied pressure, the particles rearrange to form a green body without any significant deformation. The next stage occurs when the powder begins to deform and neck. The following stage is where most of the densification takes place. This bulk deformation occurs when the temperature is high enough to allow the particles to neck and become interconnected. This is where the most significant densification occurs and leaves the material interconnected, but porous. The final stage is the closing of the porosity from the mass transport of the material.
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Literature Review
An extensive literature review was conducted in preparation for this work. Prior to material selection, legacy NTP fuel materials were considered. A review was also conducted on the sintering of refractory metals, carbides, and composite materials using SPS. Additionally, the thermal and mechanical properties of zirconium carbide and molybdenum and tungsten were also reviewed. Different surrogate materials were also compared to their uranium-based analogs. Finally, some hot hydrogen testing of NTP materials was included.


[bookmark: _Toc94535482]Pulsed Electric Current Sintering (Spark Plasma Sintering)
[bookmark: _Toc94535483]SPS Background

Pulsed Electric Current Sintering (PECS)  known colloquially as Spark Plasma Sintering (SPS) is an alternative sintering process that uses an electric current to aid in the sintering processes. It has three distinct advantages to more traditional sintering mechanisms (hot pressing, pressure less sintering, etc.). These are lower maximum consolidation temperatures, shorter sintering times, and improved mechanical properties [18]. Moreover, greater control can be exerted on the microstructural development of the sintering material, while still achieving high final densities. SPS works by taking a powdered material loaded into a high temperature compatible die, normally graphite, and running a current through the material. A pulsed DC current is applied, and the material is heated through a process known as Joule heating. Typically, a uniaxial pressure is also applied to assist in the consolidation process.

The electric field created during SPS operations increases diffusional mass transfer within the material in question [18]. Asoka-Kumar et al. proposed that the field increases the vacancy concentration in the material, which then acts to increase diffusion [22]. Munir et al. experimented further using positron annihilation spectroscopy to show that the application of a DC current could decrease the activation energy for defect mobility by 24% [18]. 
[bookmark: _Toc94535484]Effect of Control Parameters on SPS

Another benefit to using SPS is the increased control over a variety of parameters. Firstly, particle selection, namely size, geometry, and purity, and sample preparation can have a significant effect on the final sintered material. During SPS, the heating rate, applied pressure, maximum hold temperature, hold time at maximum temperature, and vacuum/atmosphere can all play a role on the consolidation of the powder.

Several studies have proven the effect that particle size has on final sintering. Typically, a smaller or finer powder produces a higher density given the same conditions. This is primarily due to the different stages of sintering observed under SPS. Zhaohui et al. proposed the sintering of most powders occurs in four different stages [23].

1) Activation and refining of the powder
2) Formation and growth of the sintering induced neck
3) Rapid densification
4) Plastic deformation and final densification

These four stages and their temperature dependence are illustrated in Figure 3.1. Diouf and Molinari looked at the sintering of copper [24]. The first stage of activating the powder or rearranging the powder occurs first. Under applied pressure, the particles rearrange to form a green body without any significant deformation. The next stage occurs when the powder begins to deform and neck. The following stage is where most of the densification takes place. This bulk deformation occurs when the temperature is high enough to allow the particles to neck and become interconnected. This is where the most significant densification occurs and leaves the material interconnected, but porous. The final stage is the closing of the porosity from the mass transport of the material.

In the study mentioned previously, Diouf and Molinari tested the effect particle size has on the sintering of copper [24].Three different powder sizes, <25 um, 25-45 um, and 45-90 um, were selected for the study. Figure 3.2 contains the displacement rate data for the three different particle sizes under the same sintering conditions, 25 MPa applied pressure and a heating rate of 100 ºC/min. Powder size played a major role in the initial sintering stage where the particles rearrange. This is likely due to localized overheating, which is enhanced with increased particle size. Powder size was also found to play a major role in the final densification stage controlled by mass transport. Decreasing the powder size increased the mass transport, resulting in a higher final density. Overall, the final stage sintering played a larger role on final sample density and the conclusion was made that a smaller powder size produces a higher final density with lower open porosity.



[image: ]
[bookmark: _Ref83630500][bookmark: _Toc84160713][bookmark: _Toc94535525]Figure 3.1. Displacement rate with respect to temperature for the sintering of a copper powder using SPS [24].
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[bookmark: _Ref83631057][bookmark: _Toc84160714][bookmark: _Toc94535526]Figure 3.2. Displacement and displacement rate curves as a function of temperature for three different copper powder sizes, as sintered by SPS [24].


Another study conducted by Yang et al. compared the sintering of two different powders and different heating rates of pure titanium and a titanium alloy [25]. One powder was a spherical atomized and the other was produced through high purity milling. The atomized powder is described as having a smaller average size and a more regular geometry. The milled powder was found to have a lower early densification stage and a higher final densification stage relative to the atomized powder. The heating rate lowered the onset temperature for maximum densification for both powders. In order to quantify the results, Yang et al. used the Frenkel model for Newtonian viscous materials [26], as seen in 
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where  is the powder linear shrinkage,  is the surface energy (J/m2),  is the time (s),  is the average particle size (m), and  is the viscosity (Pa•s). The viscosity is a temperature dependent function that follows an Arrhenius relationship [27].

	
	
	Equation 3.2


 is the frequency factor (Pa•s),  is the gas constant (J/mol K),  is the absolute temperature (K), and  is the instantaneous activation energy (J). Using  as the definition of the heating rate as seen in Equation 3.3, Equation 3.1 can be differentiated with respect to temperature. Taking the natural logarithm of both sides produces Equation 3.5.
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	Equation 3.4
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This equation allows the activation energy of viscous flow under SPS to be determined. To simplify the equation, Yang et al. combined several terms into a single factor, .
	
	
	Equation 3.6


By plotting data of  with respect to inverse temperature, a linear relationship can be delivered. By using Equation 3.5, the activation energy of sintering and the factor,  were determined, as shown in Figure 3.3. The activation energy decreased with increasing heating rate for all temperatures.


[image: ]
[bookmark: _Ref83637427][bookmark: _Toc84160715][bookmark: _Toc94535527]Figure 3.3. ln d ((Δ L/L0)/dT) versus the inverse temperature for pure titanium and titanium alloy at different heating rates to determine the activation energy and constant [25].
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[bookmark: _Toc94535485]Sintering of Refractory Metals and Alloys

Both molybdenum and tungsten powders have been consolidated using SPS. A wide range of sintering conditions and powder types have been analyzed. Most showed an improvement in density for materials consolidated in SPS compared with more traditional powder consolidation techniques. A selection of these experiments will be discussed. 

Since the alloy of interest is primarily Mo, prior studies of the sintering of pure Mo [28] are of relevance. One prior study used powder with 3-5 um particle diameters. Applied pressures of 29, 57, and 67 MPa, sintering temperatures between 850 and 2000 ºC, and heating rates from 130 to 360 K/min were all examined. Densification results from this study is shown in Figure 3.4. The sintering was conducted using SPS and compared with isothermal sintering. Below 1400 ºC, samples experienced relatively low densification, even at higher pressures. Above 1400 ºC, densities reached 90 % for all pressures. According to the data in Figure 3.4, there is very little difference in density between the 57 and 67 MPa applied pressure. There is a noticeable decrease in density for the 29 MPa pressures. The grain size increases exponentially with temperature, as would be expected, for a hold time of three minutes. There was also a noticeable decrease in grain growth for the SPS fabricated samples compared with the isothermal sintering samples, as seen in the right plot of Figure 3.4. The microstructure of the sintered Mo is captured in micrographs in Figure 3.5. At lower temperatures, below 1400 ºC, the microstructure of the sintered samples appears to be deformed powder that has interconnected during initial sintering. Above 1400 ºC, the open porosity closes. Grain growth also increases drastically above 1600 ºC, with little increase in density.
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[bookmark: _Ref77796583][bookmark: _Toc80954251][bookmark: _Toc84160716][bookmark: _Toc94535528]Figure 3.4. Densification behavior of pure molybdenum using SPS compared to isothermal sintering using traditional methods [28].
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[bookmark: _Ref77796794][bookmark: _Toc80954252][bookmark: _Toc84160717][bookmark: _Toc94535529]Figure 3.5. SEM micrographs of pure Mo sintered at 67 MPa using SPS [28].


This study found that most of the shrinkage and consolidation occurs during the rapid heating. Referencing the four stages of sintering [23], this includes the first three stages of sintering. The final stage occurs during the isothermal hold. These stages are illustrated in the corrected piston travel of the sintering of Mo in Figure 3.6. This study did not look at the effect of vacuum pressure on the final density.

Another study by Mouawad et al. looked at the consolidation of Mo using SPS with the primary goal of achieving a fully densified matrix [29]. Pressure was held constant at 67 MPa. They also used a rapid heating rate of 700 K/min for all sintering conditions. The maximum hold temperature was varied from 1200 to 1950 ºC and hold times at maximum temperature from 5 to 30 minutes. Figure 3.7 a. contains the relative density of the final sintered samples with respect to temperature. As expected, the final relative density increases with increasing temperature. However, above 1550 ºC the increase in density becomes relatively small. Interestingly, they reported no decrease in hardness with increasing temperature, as would be expected for a material with an increasing grain size. Figure 3.7 b. illustrates the effect of hold temperature on the final sample density. Increasing the time increases the density, but after 10 minutes the increase begins to diminish rapidly. Once again, the reported hardness values did not exhibit the expected decrease with increasing grain size.

Mouawad et al. examined the microstructure of each sintered sample. An example microstructure is presented in Figure 3.8 a. with a histogram presented in Figure 3.8 b. The grain size follows a gaussian distribution, as would be expected. Figure 3.8 c. presents an exponential relationship of grain size with temperature. Finally, Figure 3.8 d. presents a linear relationship of increasing grain size with time. Generally, grain growth is not linear with respect to time. In all likelihood, this data would fit better to a second or third order exponential. In the end, they reported achieving near 100% theoretical density with a hold temperature of 1850 ºC, a uniaxial pressure of 67 MPa, and a hold time of 30 minutes.

Pure W has also been consolidated using SPS. One study by Lee et al. studied the densification mechanism of a pure tungsten powder [30]. The powder, shown in Figure 3.9, was between 1 and 12 μm, with a tendency to form into agglomerates. The powder was consolidated using SPS with 60 and 120 MPa of applied pressure, at 1600 to 1800 ºC maximum temperature, up to 120-minute hold times, with a heating rate of 100 ºC/min. The effect of temperature and time on the final sintered density of the W samples is presented in Figure 3.10 a. For shorter sintering times, below 6 minutes, there is an increase in density with increasing temperature, however, for hold times of 30 minutes, the final relative density actually decreases with increasing temperature.
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[bookmark: _Ref83649470][bookmark: _Toc80954253][bookmark: _Toc84160718][bookmark: _Toc94535530]Figure 3.6. Corrected piston travel vs. sintering time for different heating rates at an applied pressure of 67 MPa [28].
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[bookmark: _Ref83649677][bookmark: _Toc80954254][bookmark: _Toc84160719][bookmark: _Toc94535531]Figure 3.7. Relative density and hardness of as sintered Mo for a) various temperatures with a constant hold time of 5 minutes, and b) for various hold times at a constant temperature of 1850 ºC [29].
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[bookmark: _Ref83650140][bookmark: _Toc80954255][bookmark: _Toc84160720][bookmark: _Toc94535532]Figure 3.8. a) the micro-structure of pure Mo consolidated using SPS, b) a histogram of the grain size for a sample sintered at 1850 ºC, c) the average grain size with respect to temperature, and d) the average grain size with respect to time  [29].
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[bookmark: _Ref83650713][bookmark: _Toc84160721][bookmark: _Toc94535533]Figure 3.9. Micrographs of pure W powder prior to consolidation [30].
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[bookmark: _Ref83651164][bookmark: _Toc84160722][bookmark: _Toc94535534]Figure 3.10. a) Relative density of W consolidate with SPS with respect for temperature, and b) the relative density for three runs at 60 MPa during sintering [30].



Figure 3.11 contains the grain growth kinetics for tungsten sintered at 1700 and 1800 ºC. Grain growth with respect to time follows the following exponential equation [31].
	
	
	Equation 3.7


where  is the average grain size, , is the starting grain size,  is the grain growth exponent,  is a constant dependent upon the applied pressure and sintering temperature, and is the time. Increasing the temperature decreases the grain growth exponent. 


Lee et al. treated the sintering of W using SPS as a creep deformation mechanism. Fitting the consolidation data, a strain rate sensitivity of 0.39 was calculated, with a sintering activation energy between 412 and 433 kJ/mol obtained. This is much higher than the calculated activation energy of pure Mo. However, powder size also plays a role in this value.

A few recent studies have looked at the consolidation of Mo-W alloys, including Mo30W. Chakraborty et. al. created two different Mo30W pre-alloyed powders through a mechanical alloying technique and by simply mixing a Mo and W powder [32]. The powders were consolidated using traditional hot sintering technique between 600 and 1500 ºC for 6 hours in a reducing atmosphere. The highest reported density was 99% of theoretical, though the value used for the theoretical density was not provided. Figure 3.12 a. contains the densification results for the two different powders over the tested temperature range. Below 900 ºC, the mixed powder achieved a higher sintered density, but above 900 ºC, the mechanically alloyed material achieved the higher final density. This is likely due to the difference in powder size and geometry between the two types of powders.

Another study conducted by Batienkov et al. sintered three different Mo-W alloys, with 10, 20, and 30 wt% W, using SPS [33]. The powders were prepared using a ball milling technique combing pure Mo and W powder. The powders were consolidated from 35 to 50 MPa at 1000 to 1950 ºC with heating rates of 50 to 150 ºC/min and hold times of 3 to 30 minutes. Figure 3.13 compares the sintering of Mo30W using SPS and hot pressing in hydrogen. SPS shows a considerable improvement with at the same temperatures with respect to the traditional sintering. The relative density of the three materials consolidated using SPS is shown in Figure 3.14. The most interesting trend was the decrease in final density with increasing tungsten content. This is likely due to tungsten requiring a higher temperature to deform more rapidly. The highest reported density of Mo30W was 96% with a sintering temperature of 1850 ºC and a pressure of 50 MPa.
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[bookmark: _Ref83651430][bookmark: _Toc84160723][bookmark: _Toc94535535]Figure 3.11. a) Grain with respect to time at 1700 and 1800 ºC, and b-e), grain coarsening of W microstructure with increasing sintering time.
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[bookmark: _Ref83652423][bookmark: _Toc80954256][bookmark: _Toc84160724][bookmark: _Toc94535536]Figure 3.12. a) Densities of mechanically alloyed and pure elemental mixing of Mo and W powders sintered for 6 hours at various temperatures, and an SEM micrograph of the sintered Mo30W alloy [32].
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[bookmark: _Ref83652798][bookmark: _Toc80954258][bookmark: _Toc84160725][bookmark: _Toc94535537]Figure 3.13. Relative density versus sintering temperature for Mo-30wt%W 1) sintered in using SPS, and 2) sintered in hydrogen [33].
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[bookmark: _Ref83652737][bookmark: _Toc80954257][bookmark: _Toc84160726][bookmark: _Toc94535538]Figure 3.14. Relative density versus sintering temperature for 1) Mo-10weight% W, 2) Mo-20weight% W, and 3) Mo-30weight% W [33].


The hardness of the final materials is presented in Figure 3.15. The materials followed an increase in hardness with increasing sintering temperature. This increase is likely due to a decrease in porosity with increasing sintering temperature. Finally, Figure 3.16 contains micrographs of the final sintered material. Even at the higher sintering temperatures, the microstructure has relatively high porosity. There are also significant oxide inclusions between the grain boundaries.
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[bookmark: _Ref83653061][bookmark: _Toc80954259][bookmark: _Toc84160727][bookmark: _Toc94535539]Figure 3.15. Hardness variation with sintering temperature for 1) Mo-10wt%W, 2) Mo-20wt%W, and 3) Mo-30wt%W [33].
[image: ]
[bookmark: _Ref83653131][bookmark: _Toc80954260][bookmark: _Toc84160728][bookmark: _Toc94535540]Figure 3.16. Micrographs of unspecified Mo-W alloys sintered at a) 1400 ºC, b) 1600 ºC, and c) 1800 ºC [33].
[bookmark: _Toc80954205][bookmark: _Toc84160646][bookmark: _Toc94535486]Sintering of Zirconium Carbide

ZrC, like other carbides, is a difficult material to produce. SPS has proven its potential in fabricating ZrC from powder. One study, conducted by Sun et al., used reactive SPS to produce solid ZrC [34]. The material was formed by first mixing zirconia (ZrO2) powder with carbon black and then heating the powder mixture to allow the carbothermal reduction to occur. This releases oxygen and leaves behind near stoichiometric ZrC. The powder was then sintered using SPS. Three different sintering conditions were tested, as shown in 

Table 3.1. All samples used a heating rate of 100 ºC/min. The highest density achieved was 96.1% that of theoretical, by sintering at 1900 ºC for 10 minutes at 60 MPa.

Another study by Núñez-Gonzélez et al., looked at the fabrication of ZrC using SPS and the effect of high energy ball milling [35]. High energy ball milling was used to reduce crystalline size and improve sintering of ZrC. The ball-milling primarily reduced the crystalline size. Ball-milling times from 1 to 180 minutes were investigated. As illustrated in Figure 3.17, the characteristic sintering temperature is reduced with increasing ball-milling time (reduction in crystalline size). A shift of almost 300 ºC was observed comparing the as received material for the material ball-milled for 180 minutes.

Another study by Sciti et al. reported a sintered density of 99% relative density using SPS [36]. Commercially available ZrC powder, with an average size of 3.8 μm, was cleaned in ethanol and ball-milled for 1 hour. The material was sintered using SPS with a 3-minute hold at 2100 ºC and a uniaxially applied pressure of 65 MPa. The average grain size 13 ± 1 μm. Densification began at around 1650 ºC, with the maximum densification rate occurring above 2000 ºC. The final microstructure is shown below in Figure 3.18. The darker specks were identified as free carbon, which was said to make up 2% of the total volume. No other information on the stoichiometry of the ZrC was provided.

Another more comprehensive study was conducted by Wei et al., which looked at densification kinetics, grain growth, and the thermal properties of ZrC [37]. Commercially available powder with an average particle size of 1 μm was acquired and characterized. A wide range of sintering conditions were tested. These results are summarized in Figure 3.19. The highest density achieved was around 98% with a 24-minute hold at 1700 ºC, with an applied pressure of 60 MPa. The SPS runs were compared to a single hot pressing (HP) conducted at 55 MPa and 1900 ºC for 60 minutes. SPS was able to increase the densification kinetics of the ZrC compared with the HP technique as seen in Figure 3.20. Finally, the SPS produced a more uniform microstructure with much lower porosity.

[bookmark: _Ref83726956][bookmark: _Toc84160684]

[bookmark: _Toc94535508]Table 3.1. Sintering conditions, relative density, and hardness of ZrC fabricated using reactive SPS [34].
	Hold temperature (ºC)
	Hold time (minutes)
	Applied pressure (MPa)
	Relative density (%)
	Vickers hardness (HV10, GPa)

	1750
	5
	5
	46.9
	

	1850
	10
	60
	85.3
	9.1 ± 1.4

	1900
	10
	60
	96.1
	16.3 ± 1.6
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[bookmark: _Ref83727323][bookmark: _Toc84160729][bookmark: _Toc94535541]Figure 3.17. SPS densification curves of ZrC powder as received and for various ball-milling times [35].
[image: ]
[bookmark: _Ref82168789][bookmark: _Toc84160730][bookmark: _Toc94535542]Figure 3.18. Microstructure of ZrC consolidated using SPS at 2100 ºC for 3 minutes with an applied pressure of 65 MPa [36].
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[bookmark: _Ref83728076][bookmark: _Toc84160731][bookmark: _Toc94535543]Figure 3.19. Relative density of various ZrC samples produced by SPS and HP under a variety of different conditions [37].
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[bookmark: _Ref83728361][bookmark: _Toc84160732][bookmark: _Toc94535544]Figure 3.20. Densification curves of the Hot pressed ZrC (blue) and SPS ZrC at 1600 ºC for 60 minutes at 55 MPa.



[bookmark: _Toc80954206][bookmark: _Toc84160647][bookmark: _Toc94535487]Sintering of Refractory Composites and CERMETs

One of the earliest studies on using SPS to produce cermets was conducted by O’Brien et al. [38]. W with 25 weight percent rhenium (Re) matrix with 50 volume % UO2 particles was produced. A 99.95% pure W powder 0.6-0.99 μm, a Re powder less than 20 μm, and depleted UO2 powder 3 μm in size were mixed mechanically using ball milling. The powder was sintered using a heating rate of 100 ºC/min, with a hold temperature and time of 1500 ºC and 20 minutes, respectively. The sintered samples reached 97.9 % theoretical density, with good interface between the W-Re matrix and the UO2.

Tucker et al. developed a powder coating method in order to produce tungsten based cermet materials with minimal particle interconnectivity and high final density [39].  Initially, 250 μm diameter spherical hafnium oxide (HfO2) was used as a surrogate for UO2. A volume loading of 60 percent was used for the initial testing. It became apparent that a binding agent was necessary to coat the oxide particles in the matrix material. After testing several different binding agents, it was discovered that the Polyethylene homopolymer, AC-617A, produced the best results, as seen in Figure 3.21. The powder coating method used involved first milling the binder using alumina balls for 30 minutes in a Turbula mixer. Next, the tungsten, HfO2, and binder were all mixed for 30 minutes in the Turbula to uniformly disperse the binder. Binding amounts from 0.25 to 1.0 wt% were tested. The powder mixture was then stirred on a hot plate for 5 minutes at 5 ºC above the drop point of the powder (101 ºC). It was found that 0.5 wt% binder produced the optimal coating on the particles. A lower percentage of binding agent did not uniformly coat the HfO2 particles in tungsten, while a higher percentage caused significant clumping of the tungsten particles.

Once the powder coating method was optimized, the powder was sintered using SPS. The uniaxial pressure was fixed at 50 MPa. The sintering temperature varied from 1400 to 1700 and the sintering time ranged from 5 to 20 minutes. The density of the final samples was measured using Archimedes technique. The results of these sintering experiments are presented in 

Table 3.2. The highest achieved density was 96 percent theoretical, by sintering at 1700 ºC for 20 minutes. Density increased with both increasing sintering density and sintering time. Figure 3.22 contains an SEM image of the polished surface. Very little porosity was observed in the matrix. More importantly, the particles were fairly evenly spaced.
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[bookmark: _Ref83721315][bookmark: _Toc84160733][bookmark: _Toc94535545]Figure 3.21. W coated HfO2 using AC-617A PE binder [39].
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[bookmark: _Ref83722356][bookmark: _Toc84160734][bookmark: _Toc94535546]Figure 3.22. SEM micrographs of the polished surface of the W/HfO2 at a) 40 x and b) 150 x [39].

[bookmark: _Ref83722032][bookmark: _Ref83722029][bookmark: _Toc84160685]

[bookmark: _Toc94535509]Table 3.2. Sintering conditions for W/HfO2 cermet powders by Tucker et al. [39].
	Sintering temperature (ºC)
	Sintering time (minutes)
	% of theoretical density

	1400
	5
	82

	1500
	5
	85

	1500
	20
	91

	1600
	20
	93

	1700
	20
	96






This powder coating technique was also applied to the sintering of spherical and angular depleted UO2 based cermets. Due to material licensing concerns, the W-UO2 cermets were sintered using hot isostatic pressing (HIP). The material was pressed at 1800 ºC with a uniaxial force of 27000 psi for 4 hours. As a control, angular UO2 was also used without any powder coating prior to sintering. Figure 3.23 contains SEM micrographs of the polished surface of the two W-UO2 cermets. The angular powder was not well dispersed and significant matrix porosity in the W was observed. While the spherical W-UO2 cermet still had porosity in the tungsten matrix, the particles were found to be much more evenly dispersed. It was also found that SPS produced a higher density in the matrix compared with HIP.

The technique developed by Tucker et al. has been used to produce Mo and W based surrogate cermets with spherical YSZ used in place of UO2 [40]. Recently, Cureton et al. used a similar methodology to produce Mo matrix UO2 cermets [41].
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[bookmark: _Ref83722944][bookmark: _Toc84160735][bookmark: _Toc94535547]Figure 3.23. W-UO2 cermets sintered using HIP with a 60vol% fuel loading for (left) angular UO2 prepared without any powder coating and (right) spherical UO2 prepared using the binding agent technique developed by Tucker et al. [39].


[bookmark: _Toc80954208][bookmark: _Toc84160648][bookmark: _Toc94535488]Properties of Molybdenum and Tungsten
[bookmark: _Toc80954209][bookmark: _Toc84160649][bookmark: _Toc94535489]Crystal Structure of Molybdenum and Tungsten

The refractory metals of interest for a cermet material are traditionally molybdenum (Mo) and tungsten (W). As discussed previously, legacy NTP projects favored W as the cermet matrix material due to its higher melting point of 3422 ºC, compared with 2623 ºC for Mo. However, W has two current disadvantages with current NTP designs compare with Mo. First, W has a much higher density than Mo, with a value of 19.3 g/cm3 compared to the 10.2 g/cm3 for pure Mo. For any space system, mass reduction is important for both decreasing launch costs as well as increasing ISP. The other issue is the high parasitic neutron absorption of W. While legacy programs overcame this issue by using highly enriched uranium, current proliferation and launch safety concerns have caused current designs to pursue high assay low enriched uranium (HALEU, <20% 235U) instead. Current studies have been looking at replacing the W metal matrix with pure Mo and Mo alloys [12, 40, 41]. However, pure Mo has too low a melting point to achieve the desired ISP. A compromise is to use an alloy of Mo with 30 weight percent W (Mo30W) to balance the parasitic neutron absorption cross-section with a higher melting point.

Both Mo and W have a BCC crystal structure. They also have similar lattice parameters of around 0.315 nm for Mo and 0.316 nm for W. Because of their similarities in crystal structure, Mo and W form a solid solution when alloyed together, as seen in Figure 3.24. The ideal density and lattice parameter’s calculated from Vegard’s Law [42] for Mo30W are 11.889 g/cm3 and 0.315 nm, respectively. The theoretical melting point is 2816 ºC, determined from the solid–solid+liquid two phase boundary.

[bookmark: _Toc84160650][bookmark: _Toc94535490]Thermal Properties of Molybdenum and Tungsten

There is very little thermophysical data available for Mo30W. However, there is significant data available for pure Mo and W. The thermophysical properties of the pure refractory elements can provide a good estimate for the expected properties of the alloy. 

Martienssen and Warlimont compared the CTE of Mo and W, along with niobium (Nb) and tantalum (Ta) as seen in Figure 3.25. W has the lowest CTE, with Mo averaging a value of about 25% than that of W. This experiment only tested CTE to a value of 1500 ºC, and higher temperature CTE data is needed.

Lower temperature thermal expansion of both Mo and W (<300 K) were tested by and fit to Grueneisen plots by Nix and MacNair [43]. Temperatures below 300 K are expected before startup, but after the first operation, the system is expected to be kept at a higher temperature than ambient space due to the decay heat in the core.





[bookmark: _Ref83024984][bookmark: _Toc80954261][bookmark: _Toc84160736][bookmark: _Toc94535548][bookmark: _Toc80954211]Figure 3.24. The Mo-W binary phase diagram [44].
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[bookmark: _Ref83027189][bookmark: _Toc84160737][bookmark: _Toc94535549]Figure 3.25. Coefficients of thermal expansion of Mo, W, Ta, and Nb as compiled by Martienssen and Warlimont [45].


One study by Rasor and McClelland measured the thermal expansion of pure molybdenum by heating a sample in a carbon-tube furnace, then measuring the distance between two fiducial marks on the specimen [46]. The results are plotted in Figure 3.26. Two heating and cooling cycles were conducted on the samples. They observed a small permanent elongation from the initial heating, but saw very little change between the two heating and cooling cycles. From this experiment, they were able to fit the data to an equation for the coefficient of thermal linear expansion, as shown in in Equation 3.8, where  represents the linear CTE and  is the difference between the test and reference temperatures, which was 20 ºC in this case.

	
	
	[bookmark: _Ref83026292]Equation 3.8



Thermal Expansion of pure Mo was also calculated from Xray diffraction (XRD) up to 2100 K [47]. Compared with the data in Figure 3.26, the thermal expansion from XRD matched well with the thermal expansion calculated using a dilatometer.
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[bookmark: _Ref83026241][bookmark: _Toc84160738][bookmark: _Toc94535550]Figure 3.26. Thermal expansion of Mo and Ta determined from two heating and cooling cycles by Rasor and McClelland [46].
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[bookmark: _Toc84160739][bookmark: _Toc94535551]Figure 3.27. Thermal expansion of Mo from 1100 to 2100 K, calculated using the change in lattice parameter determined from XRD [47].
Bodryakov compiled data from 23 different CTE experiments on pure Mo ranging from 0 K to the melting point, as seen in Figure 3.28 [48]. From 0 K to room temperature, there is a sharp increase in the volume expansion followed by a linear regime up to roughly 2000 K. Above 2000 K, there appears to be an increasing rate in the volume expansion up to the melting point. Below 2000 K, there is very good fit among all the data, considering the CTE was measured from a variety of techniques. Above 2000 K, the data spread increases, but the trend is the same.

Bodryakov also compiled data from 25 different CTE experiments on pure W ranging from 0 K to the melting point, as seen in Figure 3.29 [49]. The general trend matched that of pure Mo, but is lower in magnitude for similar temperatures. Also, the same trend of the data spread increasing at higher temperatures, especially above 3000 K, was observed.

Dubrovinsky and Saxena tested the thermal expansion of pure tungsten up the melting point using XRD [50]. The lattice parameter was determined at different temperature ranges from room temperature up to above 3500 K. The volume thermal expansion is shown in Figure 3.30. It exhibited a good fit with more traditional thermal expansion methods.

Suh et al. compared the thermal expansion of pure Mo and W determined from push rod dilatometry and XRD experiments, as seen in Figure 3.31. The XRD experiments were able to test the materials up to above 2600 K. Suh et al. found good agreement with the two experimental test methods. Suh et al. then fit the data to a second order equation to model the linear expansion and compare the two test methods. Equation 3.9 contains the model, where  and  are constants listed in Table 3.3, and  is the temperature in K.

	
	
	[bookmark: _Ref83031355]Equation 3.9



Martienssen and Warlimont also compiled thermal conductivity data of Mo, W, Ta and Nb as seen in Figure 3.33 [45]. The data for Mo and W was acquired from 100 ºC up to 1300 ºC. W had a higher thermal conductivity than Mo over the tested range, and both materials saw a decrease in thermal conductivity with increasing temperature.

Allen et al. tested the thermal conductivity of pure Mo and W above 2300 K [51]. These high temperature measurements are shown in Figure 3.34 for pure Mo and Figure 3.35 for pure W.
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[bookmark: _Ref83028563][bookmark: _Toc84160740][bookmark: _Toc94535552]Figure 3.28. Volume CTE of pure Mo up to the melting point as compiled by Bodryakov [48].
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[bookmark: _Ref83035338][bookmark: _Toc84160741][bookmark: _Toc94535553]Figure 3.29. Volume CTE of pure W up to the melting point as compiled by Bodryakov [49].
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[bookmark: _Ref83814805][bookmark: _Ref83814800][bookmark: _Toc84160742][bookmark: _Toc94535554]Figure 3.30. Molar volume thermal expansion of pure tungsten up to the melting point determined from XRD as measured by Dubrovinsky and Saxena [50].

[bookmark: _Ref83031847][bookmark: _Toc84160686][bookmark: _Toc94535510]Table 3.3. Fitting parameters for thermal expansion of Mo and W determined by Suh et al [52].
	
	Method
	
	
	Range (K)

	Mo
	Dilatometer
	
	
	293 to 1200

	
	XRD
	
	
	298 to 2614

	W
	Dilatometer
	
	
	293 to 1700

	
	XRD
	
	
	298 to 2621
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[bookmark: _Ref83031012][bookmark: _Toc84160743][bookmark: _Toc94535555]Figure 3.31. Linear thermal expansion of Mo and W determined from push rod dilatometry and XRD compiled by Suh et al. [52]. The dark circles represent values collected using push rod dilatometry by Suh et al. [52], the open circles were calculated from XRD by Waseda et al. [53], the solid line was determined by XRD from Demarquay [54], and the line broken line with dot was determined by XRD from Worthing [55].
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[bookmark: _Toc84160744][bookmark: _Toc94535556]Figure 3.32. Percent linear thermal expansion [56].
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[bookmark: _Ref83027421][bookmark: _Toc84160745][bookmark: _Toc94535557]Figure 3.33. Thermal conductivity of Mo, W, Ta, and Nb as compiled by Martienssen and Warlimont [45].
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[bookmark: _Ref83033999][bookmark: _Toc84160746][bookmark: _Toc94535558]Figure 3.34. Thermal conductivity of molybdenum above 2300 ºC [51].
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[bookmark: _Ref83034010][bookmark: _Toc84160747][bookmark: _Toc94535559]Figure 3.35. Thermal conductivity of tungsten above 2300 ºC [51].


Martienssen and Warlimont also compiled specific heat capacity data for Mo, W, Ta and Nb as seen in Figure 3.36 [45]. The heat capacity shows the greatest disparage between Mo and W, compared with the other thermal properties of interest. Mo has almost double the specific heat capacity of W over the tested range of 100 to 1400 ºC. This is likely due to the fact that W is about twice as dense as Mo. The value for both metals increases with increasing temperature. 

Bodryakov compiled heat molar heat capacity data from a variety of sources up to the melting point of pure Mo [48] and pure W [49]. As with other metals, the heat capacity of Mo and W increases with increasing temperature. Below 300 K, the heat capacity increases rapidly, then levels off. From 300 to around 2200 K, the increase in heat capacity is linear with temperature. Above 2200 K, the increase in heat capacity with regard to temperature moves from a linear relationship to a second order relationship. The heat capacity as a function of temperature for pure Mo is shown in Figure 3.37 and for pure W in Figure 3.38. For pure W, the spread increases rapidly above 3200 K between the various sources.

Martienssen and Warlimont also compiled vapor pressure and evaporation rate data up to 2900 ºC for Mo, W, Ta and Nb as seen in Figure 3.39 [45]. Over the range of 1500 to 2400 ºC, Mo has a much higher vapor pressure than W, by almost five orders of magnitude. Correspondingly, the evaporation rate of Mo over the same range is five orders of magnitude greater than that of tungsten.
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[bookmark: _Ref83027535][bookmark: _Toc84160748][bookmark: _Toc94535560]Figure 3.36. Specific heat capacity of Mo, W, Ta, and Nb as compiled by Martienssen and Warlimont [45].
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[bookmark: _Ref83035052][bookmark: _Toc84160749][bookmark: _Toc94535561]Figure 3.37. Heat capacity of pure Mo up to the melting point from data from 23 sources compiled by Bodryakov [48].
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[bookmark: _Ref83035068][bookmark: _Toc84160750][bookmark: _Toc94535562]Figure 3.38. Heat capacity of pure W up to the melting point from 24 sources compiled by Bodryakov [49].
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[bookmark: _Ref83027728][bookmark: _Toc84160751][bookmark: _Toc94535563]Figure 3.39. a) Vapor pressure and b) evaporation rate of Mo, W, Ta, and Nb as compiled by Martienssen and Warlimont [45].
[bookmark: _Toc80954212][bookmark: _Toc84160651][bookmark: _Toc94535491]Mechanical Properties of Refractory Alloys

Young’s modulus for most metals decreases with increasing temperature, i.e., the material becomes less stiff. Martienssen and Warlimont [45] compiled modulus data for both Mo and W from Tietz and Wilson [57] and plotted it in Figure 3.40. The modulus of W is typically between 75 and 100 GPa higher than that of Mo. Figure 3.41 contains the modulus of W up to 3000 ºC for a single crystal and up to 2000 ºC for a polycrystal. Above 2000 ºC, Young’s modulus begins to decrease more rapidly. Depending on the material, the modulus of pure W has been observed to decrease to little as one third of the room temperature value near the melting point.

The hardness of BCC metals is a good indicator for the strength of a material. The well understood Tabor relationship for BCC metals, , correlates the yield strength with the measured hardness [58]. Mutoh et al. collected hardness data for pure W at elevated temperatures [59]. Up to around 1100 ºC, W experiences a slight decrease in hardness with increasing temperature, as seen in Figure 3.42. At 1100 ºC, W experiences a significant drop in hardness to roughly 80 % the value at room temperature. This material was not recrystallized, as W normally is prior to use in various applications. This drop likely reflects a decrease in the dislocation density above the recrystallization temperature.

One study conducted in the 1970’s by Burman, produced some initial tensile data for pure Mo, Mo30W, and TZM (another Mo based alloy) [60]. At the time Mo30W was being used in pump equipment for molten Zinc. Figure 3.43 contains the tensile strength of Mo30W up to 1200 C. Compared with pure Mo, Mo30W exhibits a slightly higher tensile strength, resulting from the solid solution strengthening. At 1100 ºC, pure Mo experiences a greater decrease in tensile strength with increasing temperature, but Mo30W does not. This is likely due to the W increasing the recrystallization temperature.

The tensile properties of pure W are summarized well in Figure 3.44 and Figure 3.45 up to 2773 K [61]. Both the ultimate tensile strength (UTS) and yield strength (YS) decrease with increasing test temperature. Above 2000 K, the decrease levels off and becomes less noticeable. The uniform elongation of pure W spikes at around 2000 K, while the compression spikes at the lower temperature of 1273 K.

Škoro et al. used Mo and W wires 0.5 and 0.8 mm in diameter to test for high temperature yield strength [62]. The metals were pressed, sintered, forged, then drawn with the W also undergoing stress relief at 400 ºC. The wires were heated then subject to high stresses by using a fast high current wire pulse until yielding or bending. This technique alloyed for testing the yield strength of Mo up to 2400 K and W up to 2700 K. These data are presented in Figure 3.46. The data was fit to the model presented by Zerilli and Armstrong [63], which is a constitutive equation for the flow stress of BCC metals.

	
	
	Equation 3.10
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[bookmark: _Ref83035893][bookmark: _Toc84160752][bookmark: _Toc94535564]Figure 3.40. Young's modulus of Mo, W, Ta, and Nb as compiled by Martienssen and Warlimont [45], taken from Tietz and Wilson [57].
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[bookmark: _Ref83046850][bookmark: _Toc84160753][bookmark: _Toc94535565]Figure 3.41. The elastic modulus at elevated temperature for polycrystalline and single crystal W from Robinson et al. [64].
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[bookmark: _Ref83728757][bookmark: _Toc84160754][bookmark: _Toc94535566]Figure 3.42. Vickers’s hardness of W (open triangles) measured by Mutoh et al. [59].
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[bookmark: _Ref83936846][bookmark: _Toc84160755][bookmark: _Toc94535567]Figure 3.43. Tensile strength with respect to test temperature for Mo30W and other Mo alloys [60].
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[bookmark: _Ref83729041][bookmark: _Toc84160756][bookmark: _Toc94535568]Figure 3.44. Mechanical properties of W at elevated temperatures (sample 1) including a) the ultimate tensile strength and b) the yield strength [61].
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[bookmark: _Ref83729053][bookmark: _Toc84160757][bookmark: _Toc94535569]Figure 3.45. a) Elongation and b) compression of pure W (1) and other W alloys (2 and 3) from 773 to 2773 K [61].




 is the temperature,  is the strain,  is the strain rate,  is the average grain size, and , , , , , and  are all constant material parameters. Škoro et al. did not measure the grain size of the samples, so they combined the  with the  constant as seen in Equation 3.11. These parameters were experimentally determined by Škoro et al. and are presented in Table 3.4.

	
	
	[bookmark: _Ref83114398]Equation 3.11
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[bookmark: _Ref83119938][bookmark: _Toc84160758][bookmark: _Toc94535570]Figure 3.46. High temperature yield strength data of pure Mo (left) and pure W (right) fitted to the Zerilli and Armstrong BCC plastic deformation model by Škoro et al. [62].

[bookmark: _Ref83119894][bookmark: _Ref83119879][bookmark: _Toc84160687][bookmark: _Toc94535511]Table 3.4. Zerilli and Armstrong model parameters for Mo and W determined by Škoro et al. [62].
	Parameter
	Molybdenum (Mo)
	Tungsten (W)

	 (MPa)
	2259 ± 149
	4711 ± 261

	 (K-1)
	(5.01 ± 0.05) x 10-3
	(5.97 ± 0.28) x 10-3

	 (K-1)
	(5.05 ± 0.07) x 10-4
	(6.24 ± 0.42) x 10-4

	 (MPa)
	22 ± 5
	94 ± 8

	 (MPa)
	158 ± 42
	133 ± 20

	
	0.59 ± 0.10
	0.51 ± 0.07






Wang et al. tensile tested 10 mm diameter specimens of pure Mo at 973, 1273, and 1623 K as part of a recrystallization study on pure Mo and Mo with dopants [65]. The results are presented in 

Table 3.5. The pure Mo samples experienced a decrease in yield and ultimate tensile strengths with increasing temperature. Using total elongation and reduction in are as measures of ductility, there was a slight increase in ductility from 973 to 1273 K, followed by a significant decline in ductility at 1623 K, where the material lost a considerable amount of strength. It appears only one sample was tested at each temperature, so no error information was provided to collaborate the increase in ductility from 973 to 1273 K.

Steichen et al. conducted tensile testing on pure tungsten from room temperature to 1000 ºC [66]. Figure 3.47 contains the yield strength and total elongation measured as part of this experiment. Steichen et al. also calculated a DBTT of around 65 ºC for tungsten, which seems low. Tensile DBTT is typically lower than the DBTT determined from impact and fracture tests, which will be discussed later.

Hiraoka et al. determined the DBTT for pure Mo by using impact and static bend tests  [67]. The impact test determined a DBTT temperature of 375 K, while the static bend tests produced a DBTT of 200 K. The total absorbed energy with respect to test temperature for pure Mo is shown in Figure 3.48. The DBTT is represented by the drastic increase in total absorbed energy, from almost nothing to around 300 mJ. The yield strength determined from the impact testing is presented in Figure 3.49. The YS decreases with increasing temperature for pure Mo.

The DBTT for pure W was determined from fracture toughness testing by Mutoh et al. [59]. Two different fracture toughness tests were utilized. KIC was used at lower temperatures and JIC was used at higher temperatures. Figure 3.50 contains the fracture toughness of pure W with KIC values up to 800 ºC, and JIC values up to 1600 ºC. From this, the DBTT was determined to be 900 ºC. Fractographs of the fractured samples are shown in Figure 3.51.
[bookmark: _Ref83121105][bookmark: _Toc84160688]

[bookmark: _Toc94535512]Table 3.5. Tensile properties of pure Mo tested at 973, 1273, and 1623 K. [65]
	Properties
	973 K
	1273 K
	1623 K

	Yield Strength (MPa)
	136
	76
	44

	Ultimate Tensile Strength (MPa)
	293
	258
	53

	Total Elongation (%)
	16
	18
	13

	Reduction in Area (%)
	86
	94
	31
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[bookmark: _Ref83127248][bookmark: _Toc84160759][bookmark: _Toc94535571]Figure 3.47. Yield strength (blue) and total elongation (orange) of pure tungsten tensile tested from room temperature to 1000 ºC [66].
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[bookmark: _Ref83729740][bookmark: _Toc84160760][bookmark: _Toc94535572]Figure 3.48. Total absorbed energy with respect to test temperature for pure Mo (open circle) determined by Hiraoka et al. [67].
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[bookmark: _Ref83729805][bookmark: _Toc84160761][bookmark: _Toc94535573]Figure 3.49. Yield strength determined from the impact test with respect to test temperature for pure Mo (open circle) determined by Hiraoka et al. [67].
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[bookmark: _Ref83730090][bookmark: _Toc84160762][bookmark: _Toc94535574]Figure 3.50. Temperature dependence of KIC fracture toughness (left) and JIC fracture toughness (right) for pure tungsten (open triangles) and some W-rhenium alloys from Mutoh et al. [59].
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[bookmark: _Ref83730178][bookmark: _Toc84160763][bookmark: _Toc94535575]Figure 3.51. Fractographs collected by Mutoh et al. for W and two W-rhenium alloys for samples fractured up to 1600 ºC [59].



Gludovatz et al. collected the fracture toughness through three different methods, 3-point bending, double cantilever beam, and compact tension specimens [68]. KQ fracture toughness values of W and three other W alloys are presented in Figure 3.52. The fracture toughness of pure tungsten is relatively low below 400 ºC, but there is a significant increase in fracture toughness at 800 ºC.
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[bookmark: _Ref83730858][bookmark: _Toc84160764][bookmark: _Toc94535576]Figure 3.52. Fracture toughness KQ of pure W and other tungsten alloys up to 800 ºC [68].

[bookmark: _Toc80954213][bookmark: _Toc84160652]

[bookmark: _Toc94535492]Properties of Zirconium Carbide
[bookmark: _Toc80954214]Zirconium carbide (ZrC) is a great candidate for the matrix material for a solid fuel element for NTP. Its high melting point, high strength, high thermal conductivity, and excellent neutronic properties all make it a good candidate for NTP [69].
[bookmark: _Toc84160653][bookmark: _Toc94535493]Crystal Structure of ZrC

ZrC is a refractory ceramic with only one stable cubic phase. This stable phase is an FCC B1 (NaCl-type) symmetry with an Fm3m space group. The ZrC phase is stable from around 0.36 to 0.5 atomic percent carbon, as seen in Figure 3.53, with the highest melting point existing for ZrC0.85. The melting point is around 3700 K. Two types of bonds exist in the ZrC crystal lattice, namely the Zr-Zr metallic bonds and the C-Zr covalent/ionic metal to carbon bonds [70]. Most ZrC feedstocks currently available are sub stoichiometric and contain free carbon impurity [71]. This can have a significant effect on the thermal and mechanical properties of the material.

[bookmark: _Toc80954215][bookmark: _Toc84160654][bookmark: _Toc94535494]Thermal Properties of Zirconium Carbide

As with the refractory materials, the thermal properties of greatest interest are heat capacity, thermal conductivity and diffusivity, thermal expansion, and vapor pressure. Not only do the thermal properties of ZrC depend the temperature of the material, but they also depend on the stoichiometry of the material. The stoichiometry of ZrC is typically specified by the carbon to zirconium (C/Zr) ratio, with a value of one representing perfectly stoichiometric ZrC. Porosity and free carbon can also affect the properties of ZrC.

The heat capacity of ZrC with various stoichiometries have been measured using a variety of techniques up to 3000 K. Several of these experiments were compiled by Jackson and Lee and are shown in Figure 3.62 [69]. Below room temperature, the heat capacity drops off pretty rapidly. From room temperature to 2700 K, there is only a slight increase in heat capacity for most stoichiometries. Katoh et al. took similar data and used it to plot the specific heat capacity and then also fit an equation for the heat capacity as a function of temperature as shown in Figure 3.55.

From the different experiments, Katoh et al. developed four models for the specific heat capacity of ZrC for four different C/Zr ratios, with value of 0.69, 0.76, 0.96 and 0.99.
Equation 3.12 through Equation 3.15 contain these models [72]. Equation 3.15 is shown in Figure 3.55 overlayed with the data.
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[bookmark: _Ref80616587][bookmark: _Toc80954262][bookmark: _Toc84160765][bookmark: _Toc94535577]Figure 3.53. Zr-C binary phase diagram as assessed by Fernandez-Guillermet [73] and compiled by Jackson and Lee [69].
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[bookmark: _Toc80954263][bookmark: _Toc84160766][bookmark: _Toc94535578]Figure 3.54. Heat capacity of ZrC for various stoichiometries up to 3000 ºC as compiled by Jackson and Lee [69].
[image: ]Equation 2.4

[bookmark: _Ref81228565][bookmark: _Toc80954264][bookmark: _Ref81229138][bookmark: _Toc84160767][bookmark: _Toc94535579]Figure 3.55. Specific heat capacity of ZrC as a function of temperature as compiled by Katoh et al. [72].



	
	
	[bookmark: _Ref80618538]Equation 3.12

	
	
	Equation 3.13

	
	
	Equation 3.14

	
	
	[bookmark: _Ref80618572]Equation 3.15



The effect of the C/Zr ratio on heat capacity can be seen in Figure 3.56. The heat capacity at room temperature from C/Zr ratios from 0.6 to 1.0 show an increase in heat capacity as the C/Zr ratio increases. While the ratio does affect the heat capacity, the effect is minimal, less than 15 percent for the entire range. Figure 3.57 contains the specific heat capacity of ZrC as a function of the C/Zr ratio, as compiled by Katoh et al. Katoh et al. proposed a model for the room temperature specific heat capacity as a function of the C/Zr ratio which is presented as Equation 3.16 [72].

	
	
	[bookmark: _Ref80968765]Equation 3.16



The thermal conductivity of the matrix material is very important, as a significant amount of heat will need to be conducted throughout the NTP fuel element. A higher thermal conductivity can prevent the formation of hot spots and help the material heat up and cool off during the rapid thermal transients proposed for NTP. The thermal conductivity () and diffusivity () are related by the following equation:

	
	
	Equation 3.17



where  is the density in g/cm3 and  is the specific heat capacity in J/g K. Unlike most ceramics, with ZrC, as the temperature increases, the thermal conductivity also increases. This is likely due to the large contribution of conduction band electrons to thermal conductivity along with the high phonon conductivity common in most ceramics [72]. Figure 3.58 contains thermal conductivity data of ZrC of various stoichiometries as a function of temperature. Once again, it becomes apparent that the stoichiometry of the ZrC plays a significant effect in the thermal conductivity of the material. Figure 3.59 illustrates this effect by comparing the thermal conductivity for C/Zr ratios from 0.6 to 1.0 at room temperature. As the carbon ratio increases, so too does the thermal conductivity. The highest thermal conductivity at room temperature is found in stoichiometric ZrC with a value of around 45 W/mK. Unlike heat capacity, the stoichiometry of the ZrC plays a major role in the thermal conductivity of the material. Once the C/Zr ratio drops below 0.9, the thermal conductivity at room temperature drops by a factor of 4. This is a major impact and suggests that near-stoichiometric material will be required for an NTP system.
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[bookmark: _Ref81228693][bookmark: _Toc80954265][bookmark: _Toc84160768][bookmark: _Toc94535580]Figure 3.56. Heat capacity at 298 K for various C/Zr ratios as compiled by Jackson and Lee [69].
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[bookmark: _Ref81229376][bookmark: _Toc80954266][bookmark: _Toc84160769][bookmark: _Toc94535581]Figure 3.57. Specific heat capacity of ZrC with respect to the C/Zr ratio at ~300 K compiled by Katoh et al. [72].
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[bookmark: _Ref80623613][bookmark: _Toc80954269][bookmark: _Toc84160770][bookmark: _Toc94535582]Figure 3.58. Thermal conductivity of ZrC at various stoichiometries as a function of temperature compiled by Jackson and Lee [69].
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[bookmark: _Ref80612336][bookmark: _Toc80954270][bookmark: _Toc84160771][bookmark: _Toc94535583]Figure 3.59. Thermal conductivity of ZrC at room temperature as a function of C/Zr ratio compiled by Jackson and Lee [69].


As with most metals and ceramics, ZrC has an increasing coefficient of thermal expansion with increasing temperature. This property depends more heavily on the porosity of the material compared with the C/Zr ratio. Figure 3.60 contains the CTE data for several ZrC materials with different stoichiometries and porosities up to 3000 ºC. The maximum measured CTE is  for ZrC0.946 sintered and tested at 2800 ºC. The effect of C/Zr ratio on the CTE is illustrated in Figure 3.61. There appears to be a slight decrease in CTE at 1273 K with increasing C/Zr ratio up to a value of 1. Most ZrC feedstocks have free carbon. The effect of free carbon on CTE was analyzed in two different studies. As shown in Figure 3.62, free carbon up to 0.5 weight percent has almost no effect on the thermal expansion of ZrC.

The vapor pressure and evaporation rates of ZrC are also important for NTP systems. The vapor pressure of ZrC, shown in Figure 3.63, follows an Arrhenius relationship. The evaporation rate, shown in Figure 3.64, also follows and Arrhenius relationship. Given the short operating time of the NTP system, these values should not cause significant concern against using ZrC as a matrix material.
[image: ]
[bookmark: _Ref80624288][bookmark: _Toc80954272][bookmark: _Toc84160772][bookmark: _Toc94535584]Figure 3.60. Linear coefficient of thermal expansion (CTE) of ZrC with respect to temperature compiled by Jackson and Lee [69].
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[bookmark: _Ref80624458][bookmark: _Toc80954273][bookmark: _Toc84160773][bookmark: _Toc94535585]Figure 3.61. CTE of ZrC at 1273 K with respect to the C/Zr ratio compiled by Jackson and Lee [69].
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[bookmark: _Ref80624696][bookmark: _Toc80954274][bookmark: _Toc84160774][bookmark: _Toc94535586]Figure 3.62. Thermal expansion and CTE, for two high stoichiometric ZrC powders with measured free carbon compile by Katoh et al. [72].
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[bookmark: _Ref81230355][bookmark: _Toc80954267][bookmark: _Toc84160775][bookmark: _Toc94535587]Figure 3.63. Vapor pressures of C and Zr as a function of temperature as compiled by Jackson and Lee [69].
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[bookmark: _Ref81230845][bookmark: _Toc80954268][bookmark: _Toc84160776][bookmark: _Toc94535588]Figure 3.64. Langmuir evaporation rate of ZrC for different stoichiometric ratios at various temperatures as compiled by Jackson and Lee [69].


[bookmark: _Toc84160655][bookmark: _Toc94535495]Mechanical Properties of Zirconium Carbide

Zirconium carbide shares similar mechanical properties to most metallic carbides. Room temperature elastic properties for stoichiometric as summarized by Jackson and Lee [69] can be found in Table 3.6.

[bookmark: _Ref82011146][bookmark: _Toc84160689][bookmark: _Toc94535513]Table 3.6. Typical elastic properties of ZrC at room-temperature compiled by Jackson and Lee [69].
	C11 (GPa)
	468.2 to 472

	C12 (GPa)
	98.7 to 99.7

	C44 (GPa)
	157.3 to 159.3

	Young’s modulus (GPa)
	398 ± 20

	Shear modulus (GPa)
	167 ± 5

	Bulk modulus (GPa)
	229 ± 25

	Poisson’s ratio
	0.197 ± 0.023



Like the thermal properties, the elastic moduli depend on the temperature and the C/Zr ratio. As seen in Figure 3.65, as the temperature increases, the value of Young’s modulus decreases. The change is roughly linear until around 2250 K, where there appears to be a more significant drop. More higher temperature data is needed to confirm this result. Figure 3.66 illustrates the effect of the C/Zr ratio on Young’s modulus. As the ratio decreases, so too does the value of the modulus. This change is less severe than that caused by the elevated temperature.

Hardness is a good measure of strength in a material. The hardness of ZrC decreases dramatically with increasing temperature. As seen in Figure 3.67, the loss of strength is pretty apparent above 1000 K, with the loss saturated at 1400 K. The C/Zr ratio seems to have less of an impact on the hardness, but still a noticeable one. As the C/Zr ratio falls, so too does the hardness, but much less dramatically, as show in Figure 3.68. Hardness also depends pretty heavily on grain size and porosity, which was not reported in the figure. This accounts for the wide spread of values obtained.

Katoh et al. provided a more in-depth review of hardness of ZrC by looking at single crystals with specific orientations and including hypo-stoichiometric ZrC [72]. As seen in Figure 3.69 a), there is not much effect in the hardness of ZrC based on the crystallographic plane and direction tested. This is especially true above 1000 K. Figure 3.69 b) illustrates the affect stoichiometry has on room temperature hardness. Below a C/Zr value of 1, there is an increasing hardness with increasing ratio, until there is a drop off at a value of ~0.8. Since this represents data from a single study, this is likely the case, at least for the specific material tested. Above a C/Zr ratio of 1.0, where a second phase of free carbon is present, the hardness drops of drastically, as would be expected.
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[bookmark: _Ref82011324][bookmark: _Toc80954275][bookmark: _Toc84160777][bookmark: _Toc94535589]Figure 3.65. Young's Modulus of ZrC as a function of temperature compiled by Jackson and Lee [69].
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[bookmark: _Ref82011412][bookmark: _Toc80954276][bookmark: _Toc84160778][bookmark: _Toc94535590]Figure 3.66. Young's modulus at room temperature as a function of the C/Zr ratio compiled by Jackson and Lee [69].
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[bookmark: _Ref82011606][bookmark: _Toc80954277][bookmark: _Toc84160779][bookmark: _Toc94535591]Figure 3.67. Indentation hardness of ZrC as a function of temperature compiled by Jackson and Lee [69].
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[bookmark: _Ref82011724][bookmark: _Toc80954278][bookmark: _Toc84160780][bookmark: _Toc94535592]Figure 3.68. Room temperature hardness of ZrC as a function of the C/Zr ratio compiled by Jackson and Lee [69].
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[bookmark: _Ref82078053][bookmark: _Toc84160781][bookmark: _Toc94535593]Figure 3.69. a) Indentation hardness of single crystal ZrC with respect to test temperature and b) variation of indentation hardness of ZrC with respect to the C/Zr ratio including hypo-stoichiometric carbon compiled by Katoh et al. [72].


While hardness is a convenient test to gauge mechanical properties, more information can be inferred from larger scale mechanical testing. Figure 3.70 and Figure 3.71 contain the ultimate tensile strength of ZrC and the bend strength of ZrC with respect to temperature, respectively, as compiled by Jackson and Lee [69]. The ultimate tensile strength depends heavily on the C/Zr ratio, the porosity, and the free carbon. Near stoichiometric ZrC appears to increase in strength with temperature until around 2300 K, at which point the strength begins to diminish rapidly. Other materials appear to have ultimate tensile strengths which decrease with increasing temperature. The data from the bend bar tests appears even more convoluted. Several materials experienced an increase in bend strength at moderate temperatures, while others experienced a steady decrease in bend strength with increasing temperature. Even at room temperature, the bend strength varied from around 100 to 300 MPa. The sample with the highest reported bend strength was pyrolytic ZrC1.03, suggesting that a small amount of free carbon may help the mechanical properties of ZrC.

Compression testing is typically conducted on ceramics and other brittle materials to quantify strength values. Darolia and Archbold compression testing from 1200 to 1800 ºC [74].
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[bookmark: _Ref82078558][bookmark: _Toc84160782][bookmark: _Toc94535594]Figure 3.70. Ultimate Tensile strength of ZrC with various stoichiometries as a function of temperature compiled by Jackson and Lee [69].
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[bookmark: _Ref82078577][bookmark: _Toc84160783][bookmark: _Toc94535595]Figure 3.71. Bend strength of ZrC with respect to temperature, compiled by Jackson and Lee [69]. 
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[bookmark: _Toc84160784][bookmark: _Toc94535596]Figure 3.72. Compressive yield stress of ZrC0.94 from 1200 to 1800 ºC taken from Darolia and Archbold [74].


Two studies looked at the room temperature mechanical properties of hot pressed ZrC. These properties are listed in 

Table 3.7. Korklan et al. tested the mechanical properties ZrC0.92 at room temperature [75]. The material was hot pressed using a step method starting at 1600 ºC and with a maximum temperature of 2150 ºC for 35 minutes with a uniaxial pressure of 32 MPa. Fracture toughness tests were conducted using a chevron notched ben bar test. Feng et al. also looked at the room temperature mechanical properties of ZrC [76]. These samples were hot pressed at 1900 ºC and 32 MPa for 1 hour. The final stoichiometry of the ZrC was not reported in the article. Feng et al. also tested the fracture toughness of the ZrC material. Short type-B bars (24 mm x 4 mm x 3 mm) were prenotched using a Vickers indenter to a load of 5 kg. This notch acted as the crack propagation site. The samples were then tested using a four-point bending apparatus. The fracture toughness was determined from Equation 3.18, where  is a geometric constant, is the Young’s modulus (GPa), is the Vickers hardness (GPa), is the four-point bending strength (MPa), and is the indentation load (N).
	
	
	[bookmark: _Ref83934461]Equation 3.18



As discussed previously, the stoichiometry can greatly affect certain mechanical properties of ZrC. These two studies show similar values, with noticeable differences. The material produced by Korklan et al. had a higher flexural strength and fracture toughness. The flexural strength tests were almost identical, except for the specimen size, but the fracture toughness measurements utilized two different testing methods, which makes it difficult to compare directly.
[bookmark: _Ref82077309][bookmark: _Toc84160690]

[bookmark: _Toc94535514]Table 3.7. Room temperature mechanical properties of hot pressed ZrC as reported by Korklan et al. [75] and Feng et al. [76].
	Source
	Composition
	Relative Density (%)
	Grain Size (μm)
	Young’s Modulus (GPa)
	Shear Modulus (GPa)
	Hardness (GPa)
	Flexural Strength (MPa)
	Fracture Toughness (MPa m1/2)

	Korklan et al.
	ZrC0.92
	95.9
	2.7 ± 1.4
	397 ± 13
	161 ± 4
	17.0 – 19.5
	362 ± 46
	2.9 ± 0.1

	Feng et al.
	Not Given
	96.8
	0.6 ± 0.3
	405
	N/A
	18.6 ± 0.8
	310 ± 10
	2.35 ± 0.20



[bookmark: _Toc84160656][bookmark: _Toc80954217]

[bookmark: _Toc94535496]Surrogate Ceramic Particle Selection and Properties

As discussed previously, to simplify the fabrication and testing of the sintered materials, non-radioactive surrogate ceramic particles were used. Currently, the three fuel forms of interest are uranium dioxide (UO2), uranium nitride (UN), and uranium carbide (UC).
[bookmark: _Toc84160657][bookmark: _Toc94535497]Properties of Oxide Fuels

Uranium dioxide (UO2) is the most common fuel form for commercial nuclear reactors. Its properties are well understood. Yttria stabilized zirconia (YSZ) has been used as a surrogate for UO2 for a variety of different research applications, mostly pertaining to NTP [40, 77, 78]. At room temperature, normal zirconia (ZrO2) exists in the monoclinic crystal structure. The addition of yttria, allows for the cubic phase to become stable at room temperature as seen in Figure 3.73 [79]. 

Table 3.8 contains a summary of room temperature properties for UO2 and YSZ. Several properties line up well, such as young’s modulus and Poisson’s ratio. The coefficient of thermal expansion is also close at room temperature. There are significant differences in density and thermal conductivity between the two materials.

[bookmark: _Ref83217675][bookmark: _Toc84160691]

[bookmark: _Toc94535515]Table 3.8. A summary of material properties for UO2 and YSZ.
	Properties
	UO2
	YSZ

	Crystal Structure
	Cubic [80]
	Cubic [79]

	Lattice Parameter (Å)
	5.473 [81]
	5.143 – 5.152 [82]

	Density (g/cm3)
	11.084 [80]
	5.8 – 6.1 

	Melting Point (ºC)
	2852 [83]
	 > 2600

	Poisson Ratio
	0.324 [84]
	0.3

	Young’s Modulus at 298 K (GPa)
	220 ± 1 [85]
	200-210 [86]

	Heat Capacity at 298 K (J/mol K)
	63 [87]
	55 [88]

	Thermal Expansion at 298 K (x 10-6/ºC)
	8.9 [89]
	7.2-8.7 [90]

	Thermal Conductivity at 298 K (W/mK)
	10.2 ± 1 [91]
	1.7 – 3.1 [92]
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[bookmark: _Ref83306967][bookmark: _Toc84160785][bookmark: _Toc94535597]Figure 3.73. a) Uranium-oxygen binary phase diagram [83], and b) ZrO2 – YO1.5 phase diagram [79].

Figure 3.74 summarizes the temperature dependence of the dynamic elastic modulus of YSZ compared with pure ZrO2. There is very limited data available for the modulus of UO2 at elevated temperatures.

Given the data available, the heat capacity of YSZ matches that of UO2 fairly well over a large yttria concentration up to 1500 K. Above 1500 K, there is a lack of data available for YSZ. The heat capacity of UO2 did not vary much with different material compositions, as shown in Figure 3.76 up to 3000 K.

The thermal conductivity of UO2 is significantly higher than YSZ, at least below 400 ºC as seen in Figure 3.79. Above 400 ºC, UO2 appears to be trending down towards values more comparable to that of YSZ. Figure 3.80 contains the thermal diffusivity of UO2 up to the melting point. Above 1600 K, the decrease in thermal diffusivity levels off. Fink et al. presented a model for the thermal conductivity of UO2 up to the melting point [93]. This equation is presented in Equation 3.19.

	
	
	[bookmark: _Ref83725744]Equation 3.19



Thermal expansion is an important property, especially when considering the fabrication of cermets and cercers above 1600 ºC. As samples are heated, sintered, then cooled, mismatch between thermal expansion can cause cracking and significant stresses to be introduced into the cooled, solidified composite. Figure 3.81 compares the CTE of YSZ from 3 to 10 mol% yttria with UO2. There is a good match above 500 K. However, below 500 K UO2 experiences a significantly lower CTE compared with YSZ. Additional thermal expansion data for UO2 up to the melting point is presented in Figure 3.82.
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[bookmark: _Ref83307068][bookmark: _Toc84160786][bookmark: _Toc94535598]Figure 3.74. Dynamic elastic modulus of YSZ compared with transformation-toughened ZrO2 [86]. 
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[bookmark: _Toc84160787][bookmark: _Toc94535599]Figure 3.75. Heat capacity of UO2 (solid blue line) from Fink et al. [87], of 7.76 x 10-2 mole fraction YSZ (orange line) from Tojo et al. [88], and of 3 mole percent YSZ (green squares) and 8 mole percent YSZ (yellow squares) from Sasaki et al. [94].
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[bookmark: _Ref83307352][bookmark: _Toc84160788][bookmark: _Toc94535600]Figure 3.76. Heat capacity of solid UO2 compiled by Fink [87].
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[bookmark: _Toc84160789][bookmark: _Toc94535601]Figure 3.77. Heat capacity of UO2 with the lines representing various models, and the open circles and crosses representing data from Grønvold et al. [95].
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[bookmark: _Toc84160790][bookmark: _Toc94535602]Figure 3.78. Heat capacity of UO2 from various sources compiled by Naito [96].
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[bookmark: _Ref83307600][bookmark: _Toc84160791][bookmark: _Toc94535603]Figure 3.79. Thermal conductivity of fully dense UO2 to 370 ºC (blue line) [91], a model for UO2 up to 3000 ºC (yellow line) , and YSZ samples of 3 (orange squares) and 8 mol% (green circles) yttria stabilized zirconia up to 1000 ºC [92].
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[bookmark: _Ref83307666][bookmark: _Toc84160792][bookmark: _Toc94535604]Figure 3.80. Thermal diffusivity of UO2 up to the melting point [97].
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[bookmark: _Ref83307800][bookmark: _Toc84160793][bookmark: _Toc94535605]Figure 3.81. Coefficient of thermal expansion for UO2 [89], and for YSZ of various molar percentages [90].
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[bookmark: _Ref83308050][bookmark: _Toc84160794][bookmark: _Toc94535606]Figure 3.82. Thermal expansion of stoichiometric UO2 from various sources, compiled by Martin [98].
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[bookmark: _Toc94535498]Properties of Nitride Fuels

Uranium nitride (UN) is a promising fuel for NTP due to its similar melting point and higher uranium density compared with UO2. UN is less understood than UO2, since UO2 has been heavily utilized as the primary fuel in commercial light water reactors. A major concern with UN is that it begins to dissociate at temperatures above ~1800 K (generating low-melting metallic U) [99], so the stability of UN at NTP-relevant temperatures above 2700 K needs careful evaluation.   Hafnium nitride (HfN) was selected as the surrogate for UN. Stoichiometric UN is very similar to HfN, as seen in the room temperature properties summarized in 

Table 3.9. The crystallographic and elastic properties of both materials are very similar. Conversely, there is a significant difference in the thermal expansion and thermal conductivity of UN compared with HfN. Interestingly, Hf4N3 is sometimes sold as stoichiometric HfN from commercial venders. For this reason, some properties of Hf4N3 were also included in the table. The phase diagrams of the uranium nitrogen and hafnium nitrogen systems are included as well in Figure 3.83.

Heat capacity data at elevated temperatures for HfN is presented in Figure 3.84 and Figure 3.85. The increase in heat capacity from 800 K to 2000 K is roughly linear.

The thermal conductivity of UN and HfN match fairly well up to high temperatures. Figure 3.86 compares stoichiometric UN to slightly sub stoichiometric HfN. The thermal conductivity of HfN is higher than that of UN by 15% at 0 ºC. The difference increases with increasing temperature. Figure 3.87 contains additional thermal conductivity data for UN, illustrating how dependent this property is upon stoichiometry and sample porosity.

The thermal expansion of UN and HfN also matches fairly well up to 800 ºC, as seen in Figure 3.88. The higher temperature expansion of the two materials was determined using the change in lattice parameter with increasing temperature.

Young’s modulus of nitrides is highly dependent upon the porosity of the material. Young’s modulus as a function of porosity is shown in Figure 3.89. As porosity increases, the modulus decreases.

[bookmark: _Ref83817714][bookmark: _Toc84160795][bookmark: _Toc94535607]Figure 3.83. a) Uranium-nitrogen phase diagram [100] and b) hafnium-nitrogen phase diagram [101].
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[bookmark: _Toc94535516]Table 3.9. Room temperature properties of UN, HfN, and Hf3N4.
	Properties
	UN
	HfN
	Hf3N4

	Crystal Structure
	Fm3m [102]
	Fm3m [103]
	-I42 [104]

	Lattice Parameter (Å)
	4.88 [105]
	4.52 [103]
	6.701(6) [106]

	Density (g/cm3)
	14.32 [105]
	13.83 [107]
	13.058 [106]

	Melting Point (ºC)
	3416 [108]
	3387 [107]
	N/A

	Young’s Modulus at 298 K (GPa)
	200-250 [109]
	266 [104]
	260 [104]

	Poisson Ratio
	0.34 [104]
	0.25 [104]
	0.30 [104]

	Heat Capacity at 298 K (J/mol K)
	37.5 [110]
	38.01 [107]
	

	Thermal Expansion at 298 K (x 10-6/ºC)
	7.5 [111]
	21.7 [107]
	

	Thermal Conductivity at 298 K (W/mK)
	12.7 [112]
	14.9 [113]
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[bookmark: _Ref83818652][bookmark: _Toc84160796][bookmark: _Toc94535608]Figure 3.84. Computed heat capacity of HfN [110].
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[bookmark: _Ref83818659][bookmark: _Toc84160797][bookmark: _Toc94535609]Figure 3.85. High temperature heat capacity of HfN carbo-oxides [103].
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[bookmark: _Ref83818738][bookmark: _Toc84160798][bookmark: _Toc94535610]Figure 3.86. Thermal conductivity of HfN0.92 (blue) [113] and of UN (green) [112].
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[bookmark: _Ref83818857][bookmark: _Toc84160799][bookmark: _Toc94535611]Figure 3.87. Thermal conductivity of uranium nitride from various studies compiled by Muta et al. [109].
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[bookmark: _Ref83818947][bookmark: _Toc84160800][bookmark: _Toc94535612]Figure 3.88. Unit thermal expansion of HfN0.92 (blue) [113], UN (orange) [109], and UN (green) [114].
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[bookmark: _Ref83819171][bookmark: _Toc84160801][bookmark: _Toc94535613]Figure 3.89. Young's modulus of UN with respect to porosity compiled by Muta et al. [109].
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Fig. 4. Temperature dependence of the volume thermal expansion coefficient, o(7), of solid molybdenum: 7 — [25], 2— [26], 3 —
[27], 4—[28], 5—[29], 6 — [30], 7— [31], 8— [32], 9—[7], 10— [33], 11— [34], 12— [13], 13— [35], 14— [14], 15— [36], 16 —
[171, 17— [37], 18 — [38], 19 — [19], 20 — [39], 21 — [40], 22 — [24], 23 — the result of averaging and smoothing the empirical
VTEC values.
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Fig. 5 Molar volume of tungsten as a function of temperature.
The data of this study is consistent with two previous studies.
The solid line is described by equation V=9.55 exp (7.862 10~¢
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Fi6. 4. Thermal conductivity of molybdenum above 2300°K.
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Fig. 1. Temperature dependence of the solid molybdenum heat capacity, C(7): 1 — [3], 2— [4], 3—[5], 4—[6], 5— [7],6 — [8],
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Fig.3.1-145 Young’s moduli versus temperature of molyb-
denum, tungsten, niobium, and tantalum [1.128]
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Fig. 3. Fracture toughness Ky of W, AKS-W, WL10 (sintered) and WRe26 (rolled and
stress relieved) as a function of temperature T. All values above 400 °C have been
calculated from their CODc values using Eq. (1).

tested at room temperature. The two letter code in the brackets
describes the crack plane orientation of different specimens with
respect to the geometry of the manufactured material. The first letter
designates the direction normal to the crack plane, and the second letter
the expected direction of crack propagation [11]. ¢ is the technically
degree of deformation, referring to a rolling process, given by AA/Ag
where AA is the cross-sectional reduction in area and Ay is the original
area of the cross-section. Due to the extreme differences of the
determined K, values, the processing route seems to have a great
influence on the results as well as the direction the specimens have been
manufactured out of the rods. While sintered materials have equiaxed

Table 1
Table of K, values of W, AKS-W, WL10 (sintered) and WRe26 (rolled and stress
relieved) tested in the temperature range from room temperature to 800 °C.

Temperature [°C] Fracture toughness [MPam®?]

w AKS-W WL10 WRe
RT 5.1 47 4.7 54.2
200 6.1 46 43 598
400 10.7 16.7 12.8 64.4
600 = = 72.9° =
700 - - 86.3* -
800 80.5% 93.0° - -

¢ These Kq values have been estimated from the CODc values using Eq. (1).
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Figure 22 Room-temperature Young’s modulus as a function of C/Zr ratio.
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Figure 23 Indentation hardness of ZrC, as a function of temperature.
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Figure 24 Room-temperature hardness of ZrC, as a function of C/Zr ratio.
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Figure 25 Ultimate tensile strength of ZrC, as a function of temperature.
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Figure 26 Bend strength of ZrC, as a function of temperature.
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