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Nuclear thermal propulsion is capable of high 

specific impulse as well as high thrust and is the leading 

candidate propulsion technology for a crewed Mars 

mission. In this study, molybdenum ceramic metallic fuels 

were produced via spark plasma sintering and tested at 

2000 K, 2250 K and 2500 K in flowing hydrogen in both 

thermal cycling and steady-state conditions. Tested 

samples were evaluated for mass loss and their 

microstructure was characterized. Mass loss was greater 

for thermally cycled samples than for those at steady-state 

and increased with both temperature and ceramic volume 

loading. Intense damage was observed in the ceramic 

particles in specific regions for the 2000 K tests that had 

higher frequency under thermal cycling.  

I. INTRODUCTION 

Nuclear thermal propulsion (NTP) is capable of both 

high specific impulse (850-900 s) and thrust (25-250 

klbf). This is roughly double the efficiency of chemical 

rockets. For the successful development of NTP systems, 

it requires a nuclear fuel that can withstand temperatures 

of at least 2500 K in a flowing hydrogen (H2) 

environment. Ceramic metallic composites (cermets) have 

long been explored as potential fuel for NTP. These 

cermets consist of a metallic matrix which encapsulates 

ceramic nuclear fuel particles. Tungsten (W) has been the 

conventional metal matrix historically developed for NTP 

cermets although some testing was done on molybdenum 

(Mo) cermets in the 1960’s.1 Through historic cermet 

development programs, major cermet failure mechanisms 

are summarized by Haertling which include vaporization 

of fuel, differences in thermal expansion between 

materials, thermal decomposition of fuel, and diffusion 

through pores and cracks.2 Cracks, interconnected fuel 

particles and impurities have been shown to increase fuel 

mass loss. The purpose of this study is to evaluate the 

mass loss and microstructural behavior of Mo matrix 

cermets in a hydrogen environment at temperatures and 

times relevant for NTP. 

II. EXPERIMENTAL 

Subscale Mo cermet samples were prepared for 

testing using a two-step powder blending, sintering 

process previously optimized for the fabrication of W-

UO2 cermets by Tucker et. al.3 The sample production 

process for Mo-cermets is further detailed in other work.4 

In this process, large, spherical (200 µm diameter) 

ceramic particles are coated with 5 – 7 µm Mo powders 

using a polyethylene binder and sintered into composite 

wafers using Spark Plasma Sintering (SPS). All 

fabrication and testing was completed using ZrO2 as a 

surrogate for UO2. For this study, Mo-ZrO2 cermets with 

40, 50, 60, and 70 vol% ceramic loadings were blended 

and sintered using spark plasma sintering (SPS). For 

sintering, ~13 g of blended powders was loaded into a 

Grafoil® lined graphite die and sintered using sintering 

parameters of: 50 MPa, 1400 °C and 5 min dwell time. 

SPS parameters were previously optimized for the 

fabrication of near theoretical density Mo-60 vol% ZrO2 

cermets with desirable microstructures for performance in 

NTP systems.5 

Prior to testing, samples were ground flat with silicon 

carbide paper until the Grafoil® and carbide reaction 

layer on the top and bottom faces was removed (~ 150 µm 

thickness). Samples were sectioned into quarter-moon 

geometries using a diamond saw and polished to 5 µm 

finish. After polishing, samples were cleaned with 

deionized water, degassed in acetone, dried, measured, 

and weighed using a precision balance. Each volume 

loading was tested in both steady-state and thermal 

cycling for each temperature. It was advantageous to test 

all four volume loadings at the same time to ensure the 

same experimental conditions were applied to each 

sample. To do this, four sample quarters were affixed to a 

Mo sample plate with a small amount of wax to be loaded 

for hot hydrogen testing.  The method of quartering the 

samples and testing in a single run was used for the 2000 

K and 2250 K thermal cycles and the 2250 K steady-state 

test. The 2000 K steady-state tests were performed 

individually on full-size sample discs. 

Scanning electron microscopy (SEM) and energy 

dispersive x-ray spectroscopy (EDS) were used to 

investigate the sample surfaces before and after testing to 

look for changes in microstructure including changes in 

chemical composition, evidence of mechanical stress, 

cracking and the mechanisms driving mass loss. 

III. HOT HYDROGEN TESTING 

Samples were exposed to high temperature in a 

flowing hydrogen environment at the Compact Fuel 

Element Environmental Test (CFEET) facility at NASA 

Marshall Space Flight Center. Samples were tested in 

both steady-state temperature and in thermal cycling 
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conditions. The heating rate for these samples was quite 

aggressive and up to 500 K/min at peak intensity. Steady-

state tests were held at temperature for 80 min. Thermally 

cycled samples were held at temperature for 20 min then 

allowed to cool and evaluated for mass loss. This process 

was repeated 4 times for a total test time of 80 min. The 

flow rate of hydrogen was 500 standard cubic centimeters 

per minute (sccm) for all tests. Mass loss data, both as 

measured and as a percentage of original sample mass, are 

shown in tables I and II for the thermal cycling and 

steady-state tests performed to date.  

TABLE I. Mass Loss for Thermal Cycled Samples. 

2000 K  

Thermal 

Cycle 

Mass 

Loss (g) 

1 

Mass 

Loss (g) 

4 

Mass 

Loss % 

1 

Mass 

Loss % 

4 

40 vol%  0.0015 0.0032 0.059 0.124 

50 vol%  0.0016 0.0032 0.059 0.115 

60 vol% 0.0019 0.0034 0.077 0.137 

70 vol% 0.0029 0.0048 0.128 0.210 

2250 K  

Thermal 

Cycle 

Mass 

Loss (g) 

1 

Mass 

Loss (g) 

4 

Mass 

Loss % 

1 

Mass 

Loss % 

4 

40 vol%  0.0048 0.0082 0.189 0.329 

50 vol%  0.0061 0.0076 0.224 0.279 

60 vol% 0.0075 0.0090 0.307 0.367 

70 vol% 0.0089 0.0111 0.344 0.429 

 

TABLE II. Mass Loss for Steady-State Samples. 

2000 K (full-size) 

Steady-State 
Mass Loss (g) 

 

Mass Loss % 

 

50 Vol%  0.0238 0.211 

60 Vol% 0.0300 0.264 

70 Vol% 0.0197 0.154 

2250 K  

Steady-State 

Mass Loss (g) 

 

Mass Loss % 

 

40 Vol%  0.0069 0.270 

50 Vol%  0.0062 0.226 

60 Vol% 0.0076 0.303 

70 Vol% 0.0093 0.406 

The thermal cycled samples at 2250 K lost about the same 

amount of mass after the first thermal cycle as the steady-

state samples at the same temperature but for longer time. 

Overall, total mass loss scales with increasing fraction 

ZrO2 for the quartered samples, but this pattern was not 

kept by the full-size samples. The 40 vol% sample is the 

exception to the trend with slightly higher mass loss than 

the 50%. This exception was true for both trials at 2250 

K, while at 2000K thermal cycle mass loss was exactly 

equal. The full-size samples tested at steady-state 2000 K 

did not follow this pattern. For thermally cycled samples, 

at 2000 K ~50% of the total mass loss occurs in the first 

thermal cycle while in the 2250 K case ~80% of the mass 

loss occurs in the first cycle. This mass loss is plotted 

graphically in figure 1. 

 

 

Fig. 1. Mass loss incurred during 2000 and 2250 K hot 

hydrogen thermal cycling of Mo-matrix cermets with 40, 

50, 60, and 70 vol% ceramic loadings. Most mass loss 

occurs in the first thermal cycle and increases with both 

temperature and ceramic loading. 

IV. CHARACTERIZATION 

Scanning electron microscopy (SEM) and energy 

dispersive x-ray spectroscopy (EDS) were performed on 

the samples following hot hydrogen testing at 2000 K. 

Characterization of the 2250 K samples is ongoing. 

Figures 2 and 3 show back-scatter electron images 

(BSE) of typical sample surfaces before and after hot 

hydrogen testing. Most regions are predominantly 

unchanged following hot hydrogen testing other than 

grain boundaries becoming prominent. However, roughly 

circular regions of intense damage have been observed in 

both steady-state and thermally cycled samples at 2000 K. 

Typically 1 to 2 of these regions seem to evolve in each 

heating/cooling cycle, so following a full thermal cycle 

series ~7 to 8 of these regions are distributed among the 4 

sample surfaces. These regions are large enough in size 
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(~1 mm diameter) as to be visible to the naked eye. These 

damage regions seem to evolve in the first few minutes 

during testing, perhaps even before steady-state 

temperature is reached. From quick optical inspection 

these high damage regions are not present in either the 

steady-state or thermally cycled samples at 2250 K. The 

contrast between a typical tested surface region and a 

highly damaged region are shown in figures 3 and 4. 

In the intense damage regions there is a large amount 

of material scattered on the surface as shown in figure 4. 

These deposits are shown by both optical microscopy and 

secondary electron imaging to be raised above the 

polished sample surface. Figure 5 is an enlarged area from 

figure 4 with an overlaid EDS map illustrating that the 

distributed material is rich in Zr.  

 

Fig. 2. BSE image of typical surface region in MoZrO2-

40 vol% prior to hot hydrogen testing. 

 
Fig. 3. BSE image of typical surface region in MoZrO2-

60 vol% after 4 thermal cycles at 2000 K. 

 
Fig. 4. BSE image of intense damage region in MoZrO2-

70 vol% after 4 thermal cycles at 2000 K. 

 
Fig. 5. EDS map highlighting Zr-rich areas in the intense 

damage region in MoZrO2-70 vol% after 4 thermal cycles 

at 2000 K. 

In addition to the deposits that are above the surface, 

the ZrO2 particles within these regions have significantly 

different grain structure and spacing as compared to 

undamaged regions. This contrast is shown in figures 6 

and 7. The apparent grain size of the ZrO2 particles is 

much larger than in the undamaged regions (some > 50 

µm). It is suspected that the space between fine grains in 

the damaged regions is caused by preferential hydrogen 

attack along the grain boundaries. 

Inside these intense damage regions, there is more 

pronounced debonding of the ZrO2 particles from the Mo 

matrix than has been observed in the undamaged regions. 

This is visible around the rims of the ceramic particles in 

figures 5 and 6. 

Droplet type features that were reported in previous 

work were not visible in the 2000 K thermally cycled 

samples.4 It is suspected that these features were caused 

by a Mo-oxide which remained on the surface after 

sample preparation. Raman spectroscopy will be used to 

confirm if these regions are a Mo-oxide. In more recent 
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samples, optical microscopy was used to inspect the 

sample surface for the blue discoloration caused by some 

Mo-oxides and additional surface polishing was 

performed to eliminate it prior to hot hydrogen testing. 

 
Fig. 6. BSE image of intense damage region in MoZrO2-

60 vol% after 4 thermal cycles at 2000 K. Shows 

preferential hydrogen attack around the ZrO2 grain 

boundaries which are quite small (5-10 µm). 

 
Fig. 7. Optical image of typical surface region in 

MoZrO2-70 vol% after 4 thermal cycles at 2250 K. The 

apparent grain size of the ZrO2 particles is much larger 

than in the high damage regions (some > 50 µm). 

The fact that damage regions have not yet been 

observed in either of the 2250 K tests is surprising as 

higher temperature has typically scaled with more intense 

degradation in historic studies. The 2250 K samples had 

greater mass loss than the 2000 K samples for all volume 

loadings despite the lack of the intense damage regions. 

Further characterization of these samples, such as Raman 

spectroscopy and x-ray diffraction (XRD), may help 

identify if some type of contamination was involved in 

producing the high damage regions. If contamination is 

identified to cause these regions, modifications to the 

CFEET facility may be needed to prevent it in the future.  

It is also possible that some of the distributed Zr rich 

material in the high damage regions could be the 

formation of zirconium hydrides (ZrHx) or unbound Zr 

metal. Zr metal melts at 2125 K and has a relatively high 

vapor pressure at high temperature. If the deposits are free 

Zr they may vaporize or melt away from the surface at the 

higher test temperature and not be visible. Signatures of 

ZrHx compounds may also be apparent in Raman 

spectroscopy, which will be investigated in future work. 

V. CONCLUSIONS 

Mo matrix cermets were produced via SPS and hot 

hydrogen tested at 2000 K and 2250 K under steady-state 

and thermal cycling conditions. Thermally cycled samples 

experienced more mass loss than those at steady-state as 

expected. Mass loss increases with increasing exposure 

temperature and ceramic volume loading. Regions of high 

damage in the 2000 K tests produced interesting 

microstructures with distributed Zr based particles along 

the surface, debonding of the ceramic from the metal 

matrix and evidence of hydrogen attack at the grain 

boundaries of the ceramic. These features were not 

present everywhere in the material and have not been 

identified in the samples tested at higher temperature from 

quick optical inspection. Raman spectroscopy and XRD 

will be performed to identify possible contamination that 

could have contributed to these regions or if they are 

zirconium hydrides or Zr metal. Future work will also 

include testing and characterization of samples at 2500 K. 
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