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Abstract

This report summarizes an independent trade study on the effects of nuclear radiation on the component parts of a nuclear thermal rocket engine.  The research was conducted primarily through careful review and study of literature published from the ROVER/NERVA program and other radiation materials testing performed in the 1960s in order to project the usefulness of certain materials in the NASA designed Nuclear Thermal Propulsion (NTP) system.  Of primary interest were metals, polymers, and copper alloys (purposefully set apart from metals).  Findings showed that due to the low levels of neutron fluence the components are expected to experience, all metals except cobalt should perform nominally in the radiation environment.  Polymers, except phenolics, epoxies, and polyimides, are expected to experience extreme degradation due to the gamma rays doses they will experience and thus are not recommended for use.  No data is given on copper, but based on its structural and thermal properties, it is recommended to proceed designing with copper until testing can be accomplished.  

This research was conducted under contract from the NASA Academy at Marshall Spaceflight Center and under the direction of Karl Nelson from the Nuclear and Advanced Propulsion Branch at NASA’s Marshall Spaceflight Center (MSFC). 

Background

More advanced propulsion systems are necessary for the implementation of NASA’s new vision for space exploration.  In order to reach Mars and extend beyond low earth orbit, a nuclear propulsion system is necessary to provide the most efficient way of travel.  Previous work on Nuclear Thermal Propulsion (NTP) has been conducted primarily in the Apollo era of exploration, and much of the current NTP study, is based from the knowledge obtained at that time.  The current design for the nuclear thermal engine, being developed by MSFC, is based off of the small engine, developed, but never manufactured, from Los Alamos National Laboratories.  The current design in place is a closed expander cycle.  Therefore, the primary non-nuclear components referenced in this report will be the nozzle, turbopump, valves, sealants, lines, ducts, and tie tubes. 
Gamma and Ionizing Radiation

Polymers are primarily affected by gamma rays because of their gamma absorption qualities.  Chemical bonding typically dictates the way materials respond to gamma flux.  Frequently, polymers and other organic compounds experience cross linking or chain scission due to gamma flux. In cross linking, a bond is formed between two adjacent polymer molecules.  As these new bonds form, mobility between the molecules decreases and molecular weight increases. In chain scission, bonds are actually broken as the polymer fractures; the molecular weight is decreased and mobility increases.   

Neutron Radiation

When neutrons collide with an atom, the struck atom, called a “knock-on,” will receive much of the neutron’s energy from the elastic collision.  Oftentimes, with this great transfer of energy, the atom is knocked from its position in the lattice structure of the crystal, causing displacement.  When displacement occurs, the remaining lattice position is termed a vacancy; if the atom is knocked to a location in-between normal lattice sites, it is termed an interstitial.  When displacements occur in a dense area, the energy from the collisions forms a “molten” region wherein the atoms have rearranged into interstitial locations.  As the molten region cools, the atoms “freeze” in position and produce a displacement spike composed of the many vacancies and interstitials that have resulted.  The change in lattice structure greatly affects the properties of the metal. 
Fluence in NTP Components
A flux map of the nuclear thermal engine, projecting fluxes in various components, is given in figure 1.

To calculate fluence, the following equation applies: 
f=nvt=Ф·t
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                                                                    Figure 1: Gamma and neutron fluxes during operation
Calculations to determine fluences in the various components of the engine estimated the total reactor operation time to be about 10 hours for a typical mission to mars.  With this assumption, and using the map above, the following fluence levels are calculated:

	Component
	Maximum Expected Fast Neutron Fluence, n/cm2
	Maximum Expected Gamma Fluence, rad

	Tie Tubes
	approx 1019
	approx 1011

	Nozzle
	1.08 x 1017
	1.08 x 109

	Turbopump
	3.60 x 1015
	3.60 x 107

	Main Valve
	1.08 x 1015
	3.60 x 107

	Coolant Valve
	1.08 x 1017
	1.08 x 109


                                         Table 1: Expected fluence in NTP engine components
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Discussion and Conclusions on Metals and Structural Materials

As can be seen in the figure to the right, most of the structural metals in question do not tend to fail until 1020 or 1021nvt.   This is consistent with the Space Materials Handbook, published by NASA, which claims that “metals present no radiation damage problems except at extremely high doses (on the order of 1019 n/cm2 or greater) such as those that might be obtained from reactor fluxes” (442).  Therefore, all non-polymer materials suggested, except cobalt, seem acceptable for use.  This can be further justified using the data presented in the comprehensive report.                                                                                
                Figure2: Summary of threshold level of neutrons
Discussion and Conclusion of Polymers and Plastics

The data below is a summary of threshold dose levels for various types of polymers.

Due to this and other findings, all polymers recommended for analysis by MSFC, except Vespel, are rejected for use in an NTP system.  Others not previously suggested, such as phenolics and epoxies, can be examined for replacement of failed polymers.
	Material
	Radiation Dosage Required for 25% Damage, rads

	Polystyrene
	4 x 109

	Polyurethane
	4 x 109

	Glass fabric reinforced phenolic laminate
	8 x 109

	Glass fabric reinforced silicone laminate
	8 x 109

	Glass Fabric reinforced epoxy laminate
	8 x 109

	Phenolic Resins
	1 x 107

	Epoxy Resins
	8 x 109

	Silicone Resins
	2 x 109

	Epoxy Nylon
	1 x 109

	Kel-F
	6 x 107

	Teflon
	5 x 104

	Viton A
	3 x 107

	Nitrile Rubber
	7 x 105

	Neoprene Elastomer
	6 x 106

	Kel-F Elastomer
	5 x 107


                                              Table 2: Relative radiation resistance of materials
Copper vs. Nickel

As Inconel-600 was one of the primary candidates for the small engine nozzle, it could be worth trying to compare the two materials.  Some properties are compared in the table below:

	
	Crystal Structure
	Density kg/m3
	CTE (x 10-6, 1/°C)
	Yield Stress, MPa

	Inconel 600
	FCC
	8460
	13.1
	241-310

	GRCop -84
	FCC
	8756
	20
	120


Table 3: Comparison of GRCop-84 and Inconel 600

As can be seen, many of the key properties between the two alloys are similar.  Both are FCC metals, which imply relatively large resistance to radiation induced embrittlement.   Since both of the materials are of similar crystal structure, it is expected that they will respond to irradiation similarly.  The densities and coefficients of thermal expansion are also in reasonable range of each other to assume that these materials will behave similarly in a radiation environment and be compatible with the same materials. 

The similarities between the two materials make predicting copper’s behavior in a radiation environment easier.  Given Inconel’s use in the nozzle, it seems safe to predict that copper, from a radiation standpoint, will prove just as resilient

This is consistent with the final conclusion: metals are suitable in the non-nuclear components of an NTP engine whereas polymers are not.
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