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Free-piston Stirling power convertors are under consideration by NASA for service 

in the Advanced Stirling Radioisotope Generator (ASRG) and Fission Surface Power 

(FSP) systems to enable aggressive exploration missions by providing a reliable and 

constant power supply.  The ASRG must withstand environmental radiation conditions, 

while the FSP system must tolerate a mixed neutron and γ-ray environment resulting 

from self-irradiation.  Stirling-alternators utilize rare earth magnets and a variety of 

organic materials whose radiation limits dominate service life estimates and shielding 

requirements.  The project objective was to demonstrate the performance of the 

alternator, identify materials that exhibit excessive radiation sensitivity, identify radiation 

tolerant substitutes, establish empirical dose limits, and demonstrate the feasibility of 

cost effective nuclear and radiation tests by selection of the appropriate personnel and 

test facilities as a function of hardware maturity. 

The Stirling Alternator Radiation Test Article (SARTA) was constructed from linear 

alternator components of a Stirling convertor and underwent significant pre-exposure 

characterization.  The SARTA was operated at the Sandia National Laboratories 
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Gamma Irradiation Facility to a dose of over 40 Mrad.  Operating performance was 

within nominal variation, although modestly decreasing trends occurred in later runs as 

well as the detection of an electrical fault after the final exposure.  Post-irradiation 

disassembly and internal inspection revealed minimal degradation of the majority of the 

organic components. 

Radiation testing of organic material coupons was conducted since the majority of 

the literature was inconsistent.  These inconsistencies can be attributed to testing at 

environmental conditions vastly different than those Stirling-alternator organics will 

experience during operation.  Samples were irradiated at the Texas A&M TRIGA reactor 

to above expected FSP neutron fluence.  A thorough materials evaluation followed and 

results indicate that the majority of material properties experienced minimal statistically 

significant change. 
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CHAPTER 1 
BACKGROUND 

Introduction 

Novel technologies for power production and next-generation space propulsion 

systems are critically needed in order to enable aggressive, long duration, space 

exploration missions.  Long duration, deep space missions require compact energy 

generation systems capable of sustaining a reliable energy supply with little fuel and no 

maintenance.  Radioactive decay and nuclear fission are excellent candidates for these 

missions because they possess many of these favorable characteristics1.  Examples 

include the radioisotope power systems (RPS) and Fission Surface Power (FSP). 

Radioisotope Power Systems 

The traditional application of nuclear power in space applications (both flight and 

surface operations) has been accomplished through the utilization of the Radioisotope 

Thermoelectric Generator (RTG).  Several models of RTGs have enjoyed an impressive 

success rate of 26 missions flying 45 RTGs over four decades with no failures2.  This 

success rate can be attributed to a simplified design that has no moving components.  

All modern RTG models, both in service and under development, utilize the General 

Purpose Heat Source (GPHS) design as the basic fuel module.  A GPHS module 

utilizes four PuO2 fuel pellets which are encased in iridium clad.  The iridium is then 

coated with layers of graphite to form an impact shell.  The impact shell is encased 

within a graphite housing aeroshell which will allow for the GPHS to survive atmospheric 

re-entry in the event of a launch accident or de-orbit.  A standard GPHS module has 

size dimensions of 9.32 x 9.72 x 5.30 cm, a maximum weight of 1.44 kg, and nominally 

produces 250 Wth power at beginning of mission (BOM)3 as shown in Figure 1-1. 
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The long half-life of the fuel 238Pu (t1/2 = 87.74 years) allows the GPHS module to 

provide a reliable supply of energy that will endure throughout the mission lifetime.  The 

isotopic composition of the PuO2 at fabrication is shown in Table1-1.  The radiation field 

outside the GPHS is relatively benign due to a low emission rate.  The GPHS primarily 

emits neutrons and γ-rays.  Neutron emission comes from 17,18O(α,n) reactions, 

spontaneous fission, and neutron induced fission.  The decay of 238Pu is responsible for 

99.9% of α-activity within the GPHS fuel.  Although α emission is not a serious radiation 

concern, the secondary radiation it produces does pose a problem.   Naturally occurring 

oxygen is comprised of three isotopes: 16O, 17O, and 18O.  α-particles emitted by the 

decay of  238Pu  can induce 17O and 18O to undergo (α,n) reactions4.  Therefore, to 

minimize the neutron emission rate from the GPHS module the fuel has been depleted 

of 17O and 18O.  It was determined that the PuO2 in a GPHS has a specific neutron 

emission rate of ~5 x 103 n/s-g of 238Pu and that the γ-ray emission is a consequence of 

fission and radiative capture within the fuel4. 

Several GPHS based radioisotope power systems are currently under 

consideration for future space applications5.  The primary concern over the utilization of 

RPS is that the U.S. domestic stockpile of 238Pu has become depleted and plans to re-

start production will take several years.  In addition, Russia will no longer sell the 

radionuclide to the U.S. due to the fact that Russia’s own stockpile has been depleted.  

The current RTG model, known as the GPHS-RTG, requires large quantities of fuel and 

was originally developed to power larger robotic spacecraft than the missions 

envisioned for the next few decades.  Therefore, a significant effort has been underway 

to develop an RPS that will require less fuel to deliver mission power demands. 
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Examples include the Multi-Mission Radioisotope Thermoelectric Generator (MMRTG) 

and the Advanced Stirling Radioisotope Generator (ASRG). A comparison of these 

three radioisotope systems is displayed in Table 1-2.  The MMRTG is simply a GPHS-

RTG with fewer GPHS modules; however, the ASRG uses significantly less GPHS 

modules and produces comparable power and therefore, this concept must be explored 

further.  The conceptual ASRG flight system is illustrated in Figure 1-2. 

Although self-irradiation from a GPHS module is not significant, RPS technologies 

must be capable of operating in a high radiation environment.  A worst case radiation 

scenario would be a Jovian mission, such as a Europa Orbiter, and would be subjected 

to high energy electron and proton belts resulting from the Jovian magnetosphere.  

Such environments dictate high radiation tolerance requirements be established.     

Europa Radiation Environment 

Missions to Jupiter can be difficult due to the high radiation environment, 

especially within the orbit of Ganymede where radiation belt fluxes increase by two 

orders of magnitude.  A spacecraft in a circular 100 km orbital trajectory above Europa 

(R = 9.4 RJ) would experience a flux dominated by electrons (hundreds of keV to tens of 

MeV), protons and heavy ions (tens to hundreds of MeV) as measured by the Galileo 

Energetic Particles Detector (EPD) and Heavy Ion Counter (HIC)7.  These and other 

mission data were incorporated into the Divine model supplemented with the Galileo 

Interim Radiation Environment (GIRE) model7.  Fortunately, models indicate that a 

spacecraft in Europa orbit will experience much lower fluxes than the surrounding 

space, despite Europa having no permanent magnetic field.   Europa’s presence acts as 

2π shield that will attenuate radiation levels. Therefore, an orbiting spacecraft will 

receive flux from only one field line direction at a time8.  Mission studies established a 
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mission duration of 90 days, which would be the minimum service life requirement for 

an RPS system.  From this timeline we estimate the radiation dose to the spacecraft. 

GIRE models suggest that a Europa orbiter spacecraft will receive a dose of 4.3 

Mrad (Si), assuming a 2.54 mm aluminum pressure vessel as shown in Figure 1-3 and 

Figure 1-4.   Flight units will most likely be constructed of titanium with wall thickness on 

the order of 1-2 mm, which should provide additional shielding 10.  This dose estimate 

includes transit and a 90 day mission in Europa orbit. 

Fission Surface Power Systems 

NASA has been redirected towards a more focused goal technology development 

to include flight and surface exploration, such as the moon or Mars.  The location of an 

outpost is a topic of debate between the planetary scientists who desire a location 

situated near areas of scientific interest (usually near-equatorial) and the engineers who 

prefer to choose a more practical location based on engineering concerns  such as 

lunar day/night thermal cycling, power, communication, orbit-to-surface site access and 

probable in-situ station resources.  For these reasons, lunar architecture studies call for 

lunar outposts to be placed on the south pole.  At this high latitude the sunlight is 

relatively constant allowing for solar power, negates severe thermal cycling issues and 

the 14 day lunar night, allows for continuous direct communication with earth without 

using relay satellites in lunar orbit, and access to detected stores of water ice located in 

permanently shaded craters.  However, many of the power concerns on a proposed 

station are not necessarily electrical but thermal for temperature management.  

Therefore, photovoltaic power systems may not be capable of providing the majority of 

thermal power requirements at all proposed locations.  As a result, Fission Surface 

Power (FSP) systems are under consideration for manned outpost scenarios.   
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The proposed FSP reactor design concept will produce 40 kWe nominal output, 

NaK cooled primary loop, uses four dual-opposed free-piston Stirling power converters, 

heat rejection via titanium-water heat-pipes coupled to radiators, weighs 5000 kg with 

an expected 5-10 year service cycle11.  Each of the four Stirling converters produce 10 

kWe (5 kWe per alternator) and operates nominally at 560°Cfor the heater head and 

150°C for the cooler11.  The general FSP system layout is illustrated in Figure 1-5.  

The current FSP concept calls for delivery to the lunar surface with a cargo lander.  

After off-loading the core is surrounded with regolith, essentially burying the core in 

order to provide in-situ shielding to supplement the on-board shield.  Placing the reactor 

into the lunar regolith is known as the emplaced reactor configuration and is illustrated 

in Figure 1-6.  The FSP system is to be located approximately 100 m from an outpost 

and reduces radiation levels to less than 5 rem/yr at 100 m in all directions (360°) to 

meet maximum occupational dose requirements for radiation workers11.  In addition, 

shielding requirements are largely driven by the dose limits to the power conversion 

subsystem (PCS).  MCNP analysis performed by Dave Poston of Los Alamos National 

Laboratory (LANL) and Lou Qualls of Oak Ridge National Laboratory (ORNL) 

recommended Stirling-alternator dose limits.  Although the shield will greatly attenuate 

neutrons and γ-rays, coolant activation is the main source of radiation11.   

NaK (78%-Na) is the primary loop coolant and is pumped into the reactor at a 

mass flow rate of 4 kg/s11.  The mechanism responsible for NaK activation is neutron 

absorption initiating the 23Na(n,γ)24Na reaction.  24Na emits a 2.75 and 1.37 MeV γ-ray 

per disintegration and has a t1/2 = 14.595 hours12.  Since 23Na constitutes 100% of 

natural Na abundance the resulting induced radioactivity will be significant13.  If 
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activated NaK flows directly to the PCS it was estimated that the resulting dose could be 

above proposed dose limits.  Therefore, intermediate pumped NaK loops were included 

to minimize the Stirling-Alternator dose.  However, dose requirements were not 

experimentally verified and the intermediate loop may not be required if Stirling-

alternator radiation tolerance to expected radiation doses can be demonstrated11.  

Removal of the intermediate coolant loops will eliminate numerous components 

such as heat exchangers, piping, valves, instrumentation, and support structure.  The 

magnitude of the mass savings alone warrants the Stirling-alternator radiation tolerance 

demonstration.  The additional components that comprise the intermediate loop will 

simply increase the overall system complexity, which subsequently increase mass and 

significantly increase cost and decrease reliability.  By removing the intermediate loop 

balance-of-power plant issues that arise between the primary and secondary loop are 

no longer a concern.  By only using one loop the design becomes much more simple, 

practical, and cost effective. 

Results obtained from MCNP analysis suggest that the Stirling-alternators can 

expect to receive a neutron fluence of 6.5x1013 n/cm2 and a γ-ray dose of 2 Mrad14.  The 

combined NaK and reactor γ-dose rate as a function of height above the reactor core is 

shown in Figure 1-7.  The neutron spectrum at the Stirling convertors (1 to 2 m above 

the core) is illustrated in Figure 1-8.  Completion of a Stirling-alternator radiation test 

demonstration will show if the power conversion subsystem can tolerate the activated 

24Na γ-ray flux and neutron flux.  This demonstration can increase confidence in the 

power conversion system, thus opening the possibility to simplify the design or relax 

several radiation safety factors that may potentially decrease system efficiency. 
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Figure 1-1. Exploded View Schematic of the General Purpose Heat Source (GPHS) 

module3. 

 
 
 
Table 1-1. Approximate isotopic composition of PuO2 GPHS fuel4 
Nuclide wt % 
238Pu 83.6 
239Pu 14.0 
240Pu   2.0 
241Pu   0.4 
242Pu   0.1 

 
 
 
 
Table 1-2. Radioisotope Power System Specifications1, 2, 5 
RPS Model PBOM 

(Wth) 
PBOM 
(We) 

η        
(%) 

GPHS 
Blocks 

MSystem 
(kg) 

Ps 
(We/kg) 

Power 
Conversion 

Mission 
Example 

GPHS-RTG 4400 290 6.6 16 54.4 5.2 SiGe TE Cassini  
MMRTG 2000 120 6 8 43.0 2.8 SiGe TE MSL 
ASRG 500 140 28 2 27.1 4.2 Stirling Discovery  
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Figure 1-2. Concept design schematic of the Advanced Stirling Radioisotope Generator 

(ASRG)6. 
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Figure 1-3. 90-day Europa radiation environment based on Divine/GIRE model9. 

 

 
 
Figure 1-4. 90-day Europa orbiter expected dose based on Divine/GIRE model9. 
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Figure 1-5. Fission Surface Power (FSP) general reactor system schematic11. 

 
 
 
 

 
 
Figure 1-6. Deployed emplaced Fission Surface Power (FSP) reactor concept 

configuration11. 
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Figure 1-7. Estimated Fission Surface Power (FSP) gamma-ray dose along the axial 
centerline above the reactor core. Courtesy of Dr. Lou Qualls, ORNL15. 
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Figure 1-8. MCNP model of the Fission Surface Power (FSP) buried configuration 

neutron spectrum at the Stirling power convertors. Courtesy of Dr. Dave 
Poston, LANL16 

.
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CHAPTER 2 
PROBLEM STATEMENT 

A number of design, operational, and safety issues must be resolved before the 

application of Stirling power generation becomes flight mature.  These nuclear power 

systems will need to be extremely rugged, reliable and safe, especially when applied to 

long duration-manned missions.  Although these designs seem feasible from a 

perspective of systems level engineering, the reality is that practical engineering 

problems are not always taken into consideration.  Issues that at first seem trivial 

eventually require an immense amount of time, effort, and resources to resolve17.  Such 

issues can be properly addressed by conducting subscale demonstrations that provide 

experimental evidence of design concept feasibility. 

Free-Piston Stirling Power Convertor 

ASRG and FSP concepts both utilize a free-piston Stirling convertor coupled to a 

linear alternator as shown in Figure 2-1.  Radioisotope Stirling power concepts have a 

nominal power output of 110 We using two dual-opposed convertors14. FSP concepts 

produce approximately 40 kWe using four larger dual-opposed convertors14. 

The basic operation of a free-piston Stirling convertor is accomplished by 

maintaining a fixed frequency with the piston amplitude varied to change the operation 

point.  The piston amplitude is nearly proportional to output voltage of the linear 

alternator6.  Several models of these convertors have been subjected to numerous tests 

in order to demonstrate capability under expected operational loads.  Previous 

hardware demonstrations include service life trials of over 100,000 hours of continuous 

operation, thermal vacuum operational tests, and vibration tests at expected launch 

loads to demonstrate capability at operational conditions18. 
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One concern was in regard to the radiation tolerance of the Stirling convertor 

alternator.  The most probable failure prone components in any (nuclear) system are 

those with moving parts operating at high temperature in a radiation environment with 

possibly radiation sensitive materials.  The Stirling-alternator, with many moving 

components constructed from a variety of materials, exemplifies such a concern.  The 

Stirling-alternator employs potentially radiation sensitive materials whose radiation 

damage limits will dominate location, shielding requirements, and possibly service life14.   

Due to this perceived risk a literature study on the radiation sensitivity of the 

Stirling Technology Demonstrator Convertor (TDC) was conducted in 2000 by NASA 

Glenn Research Center (GRC)10.  The TDC incorporated rare earth magnets and 

numerous organic materials that were chosen without consideration for operation in a 

radiation environment.  It was determined that the magnets can meet the projected 

mission dose requirements.  However, it was not clear what testing conditions were 

used to qualify this conclusion.  In addition, some of the organic materials would likely 

require replacement with radiation tolerant variants.  Potentially radiation tolerant 

substitute materials of similar function as the original materials were identified but not 

tested or implemented.   A complete material and system radiation test on a Stirling-

alternator had not been performed; however, it was taken under consideration for 

radiation hardness verification and to establish a credible radiation design margin 

(RDM) for the alternator10.  Another item of concern is that the 2000 TDC materials 

radiation stability study conducted by GRC was compared to the 2007 ASC materials 

radiation stability study also conducted by GRC and it was found that the new ASC 

design did not incorporate the more radiation tolerant material recommendations.  
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Reliable system operation requires substantial development to ensure that 

components meet required service lives at expected operating temperature and 

radiation conditions.  Therefore, it is imperative that experimental hardware 

demonstrations be conducted under prototypic conditions in order to reduce uncertainty 

and development costs, while proving the reliability and viability of dynamic radioisotope 

and fission surface power systems19.  Most importantly, these experimental 

demonstrations will identify unanticipated  development issues, which have the potential 

to drastically increase system reliability while possibly alleviating shielding requirements 

that subsequently reduce system mass and overall cost. 

Objectives 

This research project serves as a first order analysis of potential radiation effects 

to a Stirling-alternator.  The overall project objectives of this study are to:  

• Establish the Stirling-alternator radiation tolerance by exposing candidate material 
samples and a full scale alternator operating at prototypic operating conditions to 
expected dose and fluence conditions. 

• Conduct post-irradiation materials property evaluation. 

• Identify Stirling-alternator candidate materials that exhibit excessive radiation 
sensitivity to the expected radiation environments.  

• Identify radiation sensitive materials and determine radiation tolerant substitutes. 

• Demonstrate that relatively cost effective accelerated life tests in radiation of 
components and materials is feasible if a proper understanding of the dominant 
degradation mechanisms are understood and if careful design of the experimental 
conditions are maintained. 

Of these objectives, demonstration of cost effective radiation testing is of critical 

importance to all space flight programs.  This project will show that similar damage 

response behavior can be obtained by testing in one type of radiation environment 

versus the exact radiation environment expected in flight.  In addition, prototypic 
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radiation facilities are typically far more time constrained and expensive.  Non-prototypic 

radiation facilities can be used as long as the proper damage mechanisms are taken 

under consideration for each type of candidate material.  From these tests we will 

develop a protocol for properly screening candidate materials and components for 

service in a space radiation environment before actual flight qualification and 

acceptance tests are conducted.   

These system tests expose unforeseen component interactions that can be 

addressed and mitigated before flight.  Although exact flight designs are not yet fully 

established, these experiments allow for candidate materials to be selected based on 

radiation tolerance early in the design process.  Environmental tolerance is primarily a 

function of the expected application, not necessarily the specific design parameters.  

For example materials that exhibit excessive property changes at doses of <10 Mrad 

and a neutron fluence < 1015 n/cm2 are considered radiation sensitive20.   

This research is unique and innovative in that this type of experimental approach 

has not been attempted on a full scale Stirling-alternator system from a standpoint of 

operation at prototypic radiation environments.  Several materials trade-off studies have 

been conducted based on existing data; however, much of the data is inconsistent and 

not necessarily representative of the environment the Stirling-alternator will be 

subjected to.  This research also conducted materials characterization analysis on 

coupon samples and on samples obtained from the full scale system hardware after the 

testing was complete.   Results provide insight into the ability of the system to meet 

service life requirements and in the process develop methods to improve performance 

of actual flight units from a radiation tolerance standpoint. 
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Figure 2-1. Free-piston Stirling Convertor with linear alternator. Courtesy of Sunpower20. 
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CHAPTER 3 
LITERATURE REVIEW AND HYPOTHESIS 

The success of the project is heavily dependent on first performing a thorough 

literature search and conducting small scale experiments to validate the theoretical 

concepts before proceeding to full scale testing.  In order to estimate Stirling-alternator 

service life we must evaluate the performance stability of radiation sensitive component 

materials.  A component has a higher probability of failure if even small property 

changes (on the order of a few percent) occur; however, changes do not necessarily 

result in failure.  Depending on the function of the component, operability may still be 

preserved and the degree to which a system maintains operability is a function of a 

minimum damage threshold21.  Service life can be improved by replacing radiation 

sensitive covalent compounds with ionic or metallic compounds.  However, this process 

is not always practical; therefore, radiation tolerant replacements of similar function 

must be properly selected.  Thus, we evaluate the organic and magnetic materials in the 

Stirling-alternator which have been deemed radiation sensitive.  This study is done in 

order to better understand the physical processes that contribute to material 

degradation from basic principles in order to better select alternative candidate 

materials. 

Radiation Induced Damage 

Radiation damage is defined as the transfer of energy from an incident radiation to 

matter resulting in an interaction that induces deleterious atomic structure change.  

Radiation effect is the subsequent property change (usually adverse) that results from 

interactions22.  Radiation damage is proportional to the energy absorbed per unit mass; 

however, this is an overly simplified assumption.  Effects are dependent on the type and 
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energy of the incident radiation, material characteristics, temperature, and atmospheric 

conditions21, 23.  Material radiation sensitivity is a function of the bond type.  Ionic 

materials are essentially ionized and metals are considered to be in an ionized state; 

therefore, neither is particularly susceptible to excitation and ionization.  Covalent 

materials are highly susceptible to electronic excitation and ionization21.  Radiation 

interactions relevant to this project are now discussed, as well as the effects on Stirling-

alternator radiation sensitive materials. 

Radiation Interaction with Organic Matter 

The purpose of this section is to specify the numerous interactions that can occur 

within the alternator organics and how these affect testing.  Specific organic material 

formulations are not listed due to intellectual property restrictions; rather general name 

descriptors are used.  Material functions required of the alternator include sealants, 

adhesives, running surface coatings, insulation, bonding, potting, and lubricants20.  

Covalent bond organics are highly sensitive to radiation. Organic properties are a 

function of molecular structure, which ionizing radiation alters creating a non-

homogeneous distribution of ions, free radicals, and excited species22. 

The ionization density along a radiation path is a function of the type and energy of 

incident radiation.  Linear Energy Transfer (LET) is the rate at which energy is lost by 

ionizing radiation per unit path length12.  LET is characteristic of radiation type, energy, 

and the absorber.  Generally, organics undergo property change proportional to the 

deposited energy.  Photons, electrons, and heavy charged particles interact directly with 

bound orbital electrons of the atoms that make up the absorbing material, while 

neutrons interact with the nuclei and indirectly induce ionization.  The specific 

mechanisms are now discussed in more detail. 
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Heavy Charged Particles 

Incident charged particles do not cause drastic molecular alterations themselves; 

rather, they lose energy by Coulomb force interaction (soft collisions) with bound orbital 

electrons of the absorbing material and this process excites the electrons24.  Hard 

collisions or interactions with the nuclear field are not discussed for heavy charged 

particles.  If the excited electron energy is greater than the binding energy (ionization 

potential) of the atom or molecule, ionization occurs12.  Incident radiation mass is not 

necessarily important; however, incident particle energy is a major factor.  For example, 

an energetic proton will transfer less energy to a bound electron than a slow proton.  

During inelastic collisions the heavier particles undergo little to no deflection but the 

impinging electrons experience considerable deflection24.  To estimate the energy loss 

per unit path length known as the stopping power of a heavy charged particle we use 

the Bethe expression as described by Equation 3-112. 

 −𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 4𝜋𝜋𝑘𝑘𝑜𝑜2𝑧𝑧2𝑒𝑒4𝑛𝑛
𝑚𝑚𝑜𝑜𝑐𝑐2𝛽𝛽2 �ln 2𝑚𝑚𝑜𝑜𝑐𝑐2𝛽𝛽2

𝐼𝐼(1−𝛽𝛽2) − 𝛽𝛽2� (3-1) 

where: 

ko = 8.99 x 109 N-M2/C2 
e = magnitude of the electron charge 
mo = electron rest mass 
z = particle charge atomic number 
n = volumetric electron density 
c = speed of light in vacuum 
β = v /c = speed of the incident particle relative to c 
I = mean excitation energy of the medium 

 

The value I can be determined by the empirical relationship shown in Equation 3-2. 

 𝐼𝐼 ≅ �
19.0 𝑒𝑒𝑒𝑒,𝑍𝑍 = 1

11.2 + 11.7𝑍𝑍 𝑒𝑒𝑒𝑒, 2 ≤ 𝑍𝑍 ≤ 13
52.8 + 8.71𝑍𝑍 𝑒𝑒𝑒𝑒,𝑍𝑍 > 13

�  (3-2) 
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Electrons and Positrons 

Incident electrons interact differently than heavy charged particles.  For non-

relativistic (E << moc2) electrons the energy loss per unit path length, or collisional 

stopping power is defined by Equation 3-312. 

�− 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝐶𝐶𝑜𝑜𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑛𝑛

= 4𝜋𝜋𝑘𝑘𝑜𝑜2𝑒𝑒4𝑧𝑧2𝑛𝑛
𝑚𝑚𝑜𝑜𝑐𝑐2𝛽𝛽2 �ln𝑚𝑚𝑜𝑜𝑐𝑐2𝜏𝜏√𝜏𝜏+2

𝐼𝐼√̅2
+ 𝐹𝐹± (𝛽𝛽)� (3-3) 

where: 

τ = T/moc2 
T = kinetic energy of the electron or position 
 

F±(β) for electrons and positrons can be determined by the functions described by  

Equation 3-4 and Equation 3-5, respectively12. 

F−(𝛽𝛽) = 1−𝛽𝛽2

2
�1 + 𝜏𝜏2

8
− (2𝜏𝜏 + 1) ln 2� (3-4) 

F+(𝛽𝛽) = ln 2 − 𝛽𝛽2

24
�23 + 14

𝜏𝜏+2
+ 10

(𝜏𝜏+2)2 + 4
(𝜏𝜏+2)3� (3-5) 

From this we can see that many collisions are required to slow an energetic 

electron.  Incident electrons may also lose energy by producing electromagnetic 

radiation (x-rays) when they are decelerated through an atom’s electromagnetic field in 

a process known as Bremsstrahlung radiation.  Equation 3-6 approximates the ratio of 

radiative to collision energy loss12. 

 
�−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 �𝑅𝑅𝑅𝑅𝑑𝑑𝐶𝐶𝑅𝑅𝑅𝑅𝐶𝐶𝑜𝑜𝑛𝑛
�−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 �𝐶𝐶𝑜𝑜𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑛𝑛

≅ 𝑑𝑑𝑍𝑍
800

 (3-6) 

These functions are generalizations to better understand the basic principles of 

interactions.  Complex programs are used to model the systems and determine with 

excellent certainty the reactions expected to be produced in a system.  Next, we discuss 

the resulting tracks that form in the medium from the passage of an incident particle. 
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Particle Track Formation 

Ionizing radiation produces a series of randomly distributed primary events along a 

path, with secondary events clustered around primary interaction locations.  Often, the 

secondary charged particle tracks look like a string of small randomly spaced spurs.  

Primary and secondary event density is a function of the radiation type and energy.  

Electrons produce a relatively low ionization density, while heavy charged particles 

(proton, α, ion) exhibit a much higher ionization density.  As the ionizing particles slow, 

the ionization density increases.  For proton and alpha radiation the “end of track” 

ionization density is very high due to the Bragg effect.  At even lower energies the 

charged particles capture electrons, becoming neutralized.  When reduced to thermal 

energies they undergo molecular collisions and induce local temperature increases. 

Photon 

Photons (e.g. x-rays and γ-rays) interact with orbital electrons of the atoms of the 

absorbing material primarily via the photoelectric effect, Compton effect, and pair 

production23.  The type of interaction depends on the energy of the incident photon and 

the atomic number of the irradiated material as illustrated by Figure 3-1 and Figure 3-2.   

Photoelectric absorption occurs when a photon of energy hv is completely 

absorbed by a bound electron, most likely a K-shell electron, and is ejected as a photo-

electron with energy as shown in Equation 3-7. 

 𝑑𝑑𝑒𝑒− = ℎ𝑣𝑣 − 𝑑𝑑𝑏𝑏  (3-7) 

Here we define Eb as the binding energy of the photoelectron in a specific shell12.  

Compton scattering is the result of an incident photon interacting with an electron within 

the absorbing material.  The interaction produces both a recoil electron and a scattered 

photon with energy hv’ as described by Equation 3-8. 
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 ℎ𝑣𝑣′ = ℎ𝑣𝑣

1+ ℎ𝑣𝑣
𝑚𝑚𝑜𝑜𝑐𝑐2(1−cos 𝜃𝜃)

  (3-8) 

We define moc2 as the rest mass energy of the electron (0.511 MeV) and θ is the 

photon scatter angle25.  Pair production occurs when an incident photon of  E > 2moc2 

(1.02 MeV) interacts with an electron, creating an electron-positron pair, with the 

positron subsequently undergoing annihiltion25.  The result of these interactions is the 

production of secondary electrons, which following ejection by the incident photon will 

interact and cause damage by electron excitation and ionization.  Such interactions can 

cause considerable damage to organic covalent compounds21.  Compton scattering is 

primarily responsible for change in organic materials because the energy range of the 

expected photons is a region where the Compton process dominates24. 

Neutron 

Neutrons do not interact with electrons; rather they interact directly with nuclei.  

Neutrons indirectly cause secondary radiation effects due to the scatter of recoil nuclei, 

scatter of recoil protons, radiative capture, inelastic scatter, and the formation of 

transmutation impurity atoms within the absorbing material12. 

 Higher energy neutrons lose energy by elastic scattering collisions with nuclei of 

absorbing material.  Equation 3-9 is used to describe the maximum energy a neutron of 

mass m with kinetic energy E can transfer to a nucleus of mass M in a single head-on 

elastic collision26. 

 𝑄𝑄𝑀𝑀𝑅𝑅𝑑𝑑 = 4𝑚𝑚𝑀𝑀𝑑𝑑
(𝑀𝑀+𝑚𝑚)2 (3-9) 

From this function we see that more energy is transferred to lighter nuclei, which 

makes up the bulk of organic materials; therefore, these elastic collisions can cause 

considerable damage.  This statement is a simplified generalization for there are 
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regimes where inelastic collisions can dominate elastic collisions (such as neutrons with 

energies above approximately 1 MeV interacting with heavier mass targets) but does 

not apply to neutron energies expected at the Stirling-alternators.  The nucleus is 

ejected as a recoil ion and interacts with other bound electrons producing excitation and 

ionization.  The recoil ion neutralizes and the neutron scatters to interact with other 

nuclei, continually losing energy in the process.  Higher energy neutrons of interest, 

from approximately 0.1 to 1 MeV, will be present outside the FSP shield but in small 

numbers.  These neutrons lose energy by inelastic scattering with low mass nuclides is 

small when compared to elastic26.  Conversely, the energy loss can be significant when 

energetic neutrons undergo inelastic scattering with high mass nuclides. 

A nucleus can capture a fast neutron and eject a charged particle, if the ejected 

particle has sufficient energy to overcome binding energy26.  The threshold energy for 

proton ejection increases with the atomic number of the impacted nucleus.  These fast 

recoil protons create ionization and excitation clusters along their tracks. 

A major difference between neutron and proton reactions is that protons (the 

secondary particle from neutron interaction) leave a much denser ionization track than 

do electrons (secondary particle from photon interaction).  Thus, for equivalent 

deposited energy the number of ionization tracks by neutrons is far fewer, but the 

number of events within the track is far greater24.  Since most organics are hydrogenous 

in nature, neutrons are rapidly reduced to thermal energies and much of the deposited 

energy will result in elastic recoil of protons.  These recoil protons are capable of 

inducing ionization, excitation, and break chemical bonds throughout the absorbing 

material as mentioned previously24. 
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Once thermalized, neutrons are absorbed by nuclei.  In the case of organic 

materials, thermal neutrons undergo radiative capture by hydrogen.  The 1H(n,γ)2H 

reaction results in the emission of a 2.2 MeV γ-ray that cause further ionization of the 

surrounding material.  Thermal neutrons also cause the 14N(n,p) 14C reaction, resulting 

in a 0.626 MeV proton emission12. 

In summary, photons, electrons, and thermal neutrons via (n,γ) reactions damage 

by the same mechanism; thus, for a specific energy deposited an equivalent damage 

results.  Fast neutrons, protons, alphas, fission products, and thermal neutrons via (n,p) 

and (n,α) reactions damage by different mechanisms; thus, a different (likely non-linear) 

damage/energy relationship exists21.  Radiation effects in organics are more a function 

of excitation and ionization rather than atomic displacement24.  Although organic 

radiation effects are dependent on total absorbed dose and not necessarily dose rate, 

there is sufficient evidence to show a dose rate dependence.  Thus, it is possible for a 

material to receive a dose at different dose rates and exhibit slightly different changes24.  

This behavior is explained later and is dependent on irradiation conditions. 

Radiation Induced Chemical Effects in Organics 

Radiation induced chemical effects are a function of the relative time required for 

various competing processes to occur.  These processes include free radical 

production, radical scavenger (affinity for free radicals) reactions, and the production of 

evolved gases24.  Addressing molecular radiation effects is difficult due to their 

complexity.  Atoms only have electrically excited states; however, molecules have 

electrical, vibrational and rotational excited states.  In addition, every electrically excited 

state has a corresponding set of vibrational and rotational states24. 
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Chemical Structure of Organics 

The properties of polymers are a function of the material physical state (e.g. 

crystalline, glass, liquid, or rubber).  The physical state is governed primarily by the 

chemical structure of the molecules.  The two most important factors to chemical 

structure are forces between molecules and molecular shape.  Intermolecular forces are 

the result of attraction between permanent dipoles, asymmetric charge distribution, and 

molecule polarization.  Chemical structure also controls the stability of a polymer to 

chemical attack and atmospheric aging.  Previous studies have shown that thermal 

resistance and radiation resistance do not necessarily correlate27. 

Effect of Crystallinity 

Polymer crystallinity is a term used to refer to the simple arrangement of molecular 

chains that pack in a repeatable manner and produce an ordered atomic array28.  As 

with other crystalline materials they are characterized by unit cells and can be very 

complex as illustrated by Figure 3-3.  Although the figure depicts a completely 

crystalline structure, in reality, a crystalline polymer is a mixture of completely crystalline 

regions and completely amorphous regions, whose combined presence can have an 

impact on the behavior of the polymeric material24. 

The degree of crystallinity depends on the rate of cooling during processing; 

however, this can be modified in subsequent processes and during service life.  The 

physical properties of polymeric compounds are influenced by the degree of crystallinity 

because it affects intermolecular secondary bonding.  It will later be shown that radiation 

can modify the molecular chain lengths, thereby, modify the average molecular weight 

of the polymer.  Changing of the molecular weight can have a direct impact on 

crystallinity and consequently the physical properties of the polymer. 
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Radiation Effects 

Radiation effects on polymers produce ionization and excitation, breaking the 

covalent bonds resulting in molecular fragments with unpaired electrons.  These free 

radicals react to change the chemical structure of the polymer and alter the physical 

properties.  Polymers subjected to radiation may experience scission, cross linking, and 

gas formation.  These processes are described in more detail in the next several sub-

sections.  Various structural components, such as the elements that make up the main 

chain, side chains, and substituent groups determine the nature and rate of radiation 

induced effects.  Polymers with high aromatic ring content are most resistant to 

radiolysis.  Aromatic compounds have relatively stable ring structures, with a high 

resonance energy which allows the energy deposited to be shared by many electrons 

without bond breakage29.  Highly aliphatic compounds (carbon atoms bonded in straight 

or branched chains or in rings) are least resistant24. 

Cross-Linking 

Cross-linking is the formation of new bonds between adjacent polymer molecules.  

A small side group, usually a hydrogen atom, is broken from the main chain and the free 

bond forms a link to a neighboring molecule as shown in Figure 3-4b.  This increases 

the average molecular weight, decreases solubility, decreases elongation, increases 

softening temperature, and increases tensile strength.  Further irradiation beyond the 

onset of cross linking stage results in the polymers forming one large three-dimensional 

molecular network, which impedes viscous flow as shown in Figure 3-4c.  Additional 

cross-linking increases network rigidity, thus, increasing Young’s modulus.  Polymer 

properties are now governed not by chemical structure but by crosslink network density.  

As the cross link density increases, a soft amorphous polymer will change into a 
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rubbery material, then become hard and glassy.  During this process the molecules 

come closer together and decrease the specific volume.  Highly cross linked polymers 

become hard and brittle, with poor impact strength. 

Scission 

Scission is the breaking of molecules into smaller fragments, which increases 

viscous flow and decreases molecular weight and softening point.  Materials soften 

(reduction in modulus) due to the increased short chain population, which decreases 

tensile strength and allows for increased elongation.  Further scission can increase 

polymer crystallinity because of less restraint on shorter molecules.  Crystallinity 

increase has a corresponding density increase and leads to hardness/embrittlement as 

well as gas formation24. 

Gas Production 

Radiation generated gas is observed in polymer decomposition.  The majority of 

the gas is hydrogen, CO, CO2 and low molecular weight hydrocarbons such as CH4.  

Gas evolution yields more hydrogen than carbon since C–H bonds are more easily 

scissioned than C–C bonds, which leads to an increase in C:H ratio30.  The release of 

hydrogen from polymers under irradiation is assumed to be the result of radicals 

escaping the material.  If in the presence of oxygen, the radicals will react with the 

oxygen greatly accelerating the oxidation process31.  The range of gas yield varies due 

to different irradiation conditions and/or sample materials24.  The alternator organics are 

sealed in the pressure vessel and operate in ultra-high purity helium at ~ 3.5 MPa (500 

psi), which should inhibit outgassing and radical oxidation induced aging.  Any gaseous 

products that form should deposit on the pressure vessel since it is the coldest part of 

the system and not pose a credible failure mechanism10. 
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Temperature Effect 

Temperature is a dominant condition that directly affects physical and mechanical 

properties of organics.  Polymer behavior is a strong function of operating temperature 

and of previous heat treatments.  Temperature has a significant effect without radiation 

as shown in Figure 3-5 and Figure 3-6.  Temperature becomes dominant at much lower 

temperatures when irradiating organics.  Free radical production rate is determined by 

the intensity of the radiation.  Free radical reaction rates are affected by mechanisms 

that change the mobility of species, such as temperature.  Radical recombination 

competes with other reactions such as cross-linking. Therefore, given a radical 

production rate the cross-linking rate can be influenced by changing the temperature.  

For example, at higher temperature more cross-linking occurs due to less free radical 

recombination occurring within a polymer24. 

When analyzing the combined effects of temperature and radiation on polymeric 

material physical properties the structure must first be addressed.  As previously 

mentioned, irradiation will alter the molecular structure inducing cross-linking and 

scission (which can increase crystallinity).  The combined effect will simply appear as 

changes in the performance of the engineering properties at specific temperatures due 

to changes in molecular structure, which are well illustrated by Figure 3-5. 

A synergistic relationship exists between heat and radiation.  Equation 3-10 is 

used to compare the rate constants of the C=O release by heat and radiation, kc(h + r), 

which was higher than the sum of heat or radiation alone32:  

 𝑘𝑘𝑐𝑐(ℎ + 𝑟𝑟) >  𝑘𝑘𝑐𝑐(ℎ) + 𝑘𝑘(𝑟𝑟) (3-10) 

Therefore, efforts to improve thermal stability of a polymer do not necessarily 

result in an improved radiation resistance. 
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Atmospheric Effect 

Radiation induced free radicals and perhaps other reactive species have been 

experimentally shown to be highly sensitive to oxygen.  In many cases, post-irradiation 

aging effects have been observed.  For example, irradiation under vacuum and 

subsequent exposure to air can induce rapid oxidation.  It was found that the reaction 

rate is a function of oxygen diffusion rate into a specimen and is greatly affected by 

sample thickness.  Scission produced free radicals react with oxygen, aging the 

material. Free radical recombination involves one group of radicals reacting rapidly with 

their neighbors, while the other group of radicals take much longer to react due to 

limited mobility33.  For this reason post-irradiation material handling, characterization, 

and evaluation was conducted in an inert, low oxygen environment24.  Since the 

alternator organics operate in an ultra-high purity helium environment, oxidation should 

be kept at a minimum.  Materials characterization will provide data on the amount of 

irradiation oxidation that occurs after irradiation of polymers in ultra-high purity helium. 

Changes in Electrical Conductivity 

Polymer electrical resistance is known to decrease proportionally to radiation dose 

and radiation intensity34.  Radiation induced conductivity is the result of the formation of 

mobile electron–hole pairs that degrade the performance of organic dielectrics35.  In 

high flux fields a decrease is up to three orders of magnitude is possible, but is 

recovered when ionization terminates.  This effect results from mobile charges available 

for conduction yielding semiconductor-like behavior.  Assuming no severe deterioration 

of the electrical insulation occurs, this decrease in electrical resistivity should not pose a 

major failure mechanism.  A larger concern is more likely to be wire insulation 

embrittlement from the combined effects of temperature and radiation. 
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Lubricant Degradation 

Lubricants typically consist of an organic anti-wear additive (such as PTFE) 

dispersed in an organic binder (such as a polyimide base matrix).  Lubricants must 

resist changes in temperature and oxidation.  Little damage occurs with increasing 

temperature until a thermal threshold is met, above which degradation rapidly 

accelerates.  Experimental studies have demonstrated that increasing the oxygen 

content and/or temperature rapidly accelerates lubricant property change.  Radiation 

damage is a minor condition below the temperature threshold; however, radiation can 

exacerbate oxidation susceptibility24.  Lubricant radiation stability is dominated by the 

binder stability.  Lubricants harden due to binder cross-linking of the base oil; however, 

anti-wear additives degrade at doses well below binder doses.  Experimental evidence 

indicates that it is preferential to choose radiation resistant bases rather than attempting 

to improve stability of inferior bases through the implementation of additives. 

 Xylan surface coatings (PTFE particles in a polyimide binder) are used in the 

Stirling alternator and provide a contact running surface only during brief start up or shut 

down periods.  During normal operation gas bearings prevent contact.  If considerable 

degradation of Xylan running surface is observed, other options are available24.  The 

use of inorganic anti-wear particles, such as graphite or MoS2 powder, dispersed in an 

organic binder function as a lubricant at doses well above those that degrade the 

binder.  Typical lubricant behavior as a function of dose is detailed in Table 3-1. 

Solid lubricants are not greatly affected by radiation. Wear tests of graphite and 

MoS2 in a mixed neutron and γ-ray field to 2x109 rad show no wear property 

deterioration24.  Solid lubricants would be best used for the higher operating 
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temperature and fluence/dose expected in the FSP system.  In addition, machine 

elements do have some tolerance for function with degraded lubrication and frequently 

function at radiation doses above the point were predicted critical degradation occurs.  

The majority of the Stirling-alternator components do not require running surface and 

conditions are not aggressive (relative to temperature and stresses); therefore, it is 

unlikely that a lubricant failure will constitute a system failure.  However, it may be 

possible for the running surface coating to degrade into smaller particles that can 

distribute themselves throughout the interior of the alternator.  Powder deposition can 

induce friction throughout moving components and decrease convertor performance. 

Adhesives 

Off-the-shelf adhesives are available that exhibit excellent thermal and radiation 

stability.  Improving adhesive radiation resistance is difficult because formulations are 

often proprietary and additives generally result in negligible improvement.  Therefore, it 

is recommended that adhesives under consideration be tested at expected conditions24.  

Traditionally, adhesives undergo static exposures in air at ambient temperatures with no 

load applied to test specimens.  Nondestructive test methods such as ultrasonic 

inspection have been used to detect radiation damage with limited success.  Destructive 

methods have been performed including tensile, shear, bend, and fatigue tests.  It was 

found that electron and γ-ray exposure deteriorated tensile shear strength of adhesives 

for a given dose and degraded with increasing temperature.  Bend strength tests also 

indicated damage and increased with temperature from ambient to 673oC for a given 

dose of γ-radiation 24.  It must be noted that some adhesives exhibit property 

improvement with exposure, indicating that radiation completes the curing process36. 
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Phenolic epoxy based adhesive (422) exhibits good thermal and radiation stability.  

422 consistently retains up to 82% strength after 8.6x108 rad.  422 did not exhibit any 

negative effects when irradiated at ambient temperature with a mixed neutron field 

(6x1014 fast n/cm2 and 4x1013 thermal n/cm2) at a dose of 1.7x107 rad.  Post-irradiation 

mechanical testing was conducted from room temperature to 673°C.  422 withstood 

greater fatigue stresses and slightly degraded with high doses.  Based on the testing 

recommendations adhesives should be tested at expected operational conditions to 

include radiation type and energy, atmosphere, and temperature, followed by shear, 

bend, and peel stress tests.  Having a better understanding of these potential effects will 

allow for improved estimation of an accurate service life estimate for the components 

that utilize adhesives.  Adhesives under consideration in the Stirling alternator service 

include Hysol and high temperature Hysol epoxy resins. 

Additives 

Additives can increase the radiation tolerance of polymers and are either active or 

inert in nature.  Active additives act as either energy sinks or chemical reactants.   

Energy sinks absorb energy from the irradiated material and dissipate the energy as 

heat or light.  Aromatic hydrocarbons are good protective agents.  Chemical reactants 

are sacrificial agents that are preferentially destroyed such as antioxidants.  The total 

damage to the system remains the same as would have been without the sacrificial 

agent.  Iodine or other radical scavengers are also sacrificial.  Inert additives known as 

filler will make up a significant portion of the polymer mass in which energy is deposited, 

which will subsequently reduce radiation effects24.  Few if any Stirling alternator 

organics utilize additives.  Materials that do utilize fillers are used obtain desirable 

properties, not necessarily for improving the radiation tolerance of the polymer. 
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NdFeB and SmCo Rare Earth Permanent Magnets 

Rare Earth (RE) magnets are utilized in applications where a compact, high 

magnetic property material is crucial.  Permanent magnets are composed of small 

regions or “domains” each of which exhibit a magnetic moment28.  In an un-magnetized 

magnet the domains are randomly oriented resulting in a net magnetic moment of zero.  

External magnetizing fields are used to align the domains to give a net magnetic field37.  

The magnets are magnetized to saturation although slight demagnetization will occur 

during the stabilization process described later.  The two RE magnets under 

consideration for use in a Stirling-alternator system are NdFeB and SmCo whose basic 

properties are illustrated in Table 3-2.  The performance of the magnets will have a 

direct impact on the electrical power output of the convertor.  Therefore, it is important 

to address the mechanisms that effect magnet stability in order to properly develop and 

radiation mitigation strategies if they are indeed required. 

Time 

Magnets experience some demagnetization with time, known as “magnetic creep”.  

High coercivity RE magnets are less susceptible to magnetic creep.  For example, at 

over 100,000 hours SmCo experiences essentially no time demagnetization. 

Thermal Effects 

Increasing temperature induces lattice vibrations, which allow aligned magnetic 

moments to rotate and loose alignment.  Demagnetization is a function of domain wall 

mobility, which is controlled by microstructure and is dependent on manufacturing.  This 

phenomenon is dominated by the magnet Curie Temperature (Tc) where the magnetic 

moments are randomized and the material is completely demagnetized28.  For this 

reason maximum operating temperatures are established for each magnet grade. 
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Temperature induced demagnetization losses can be categorized into three conditions.  

Reversible demagnetization losses are recoverable when the magnet is returned to a 

lower temperature28.  Irreversible but recoverable losses result from high temperature, 

which are not recovered when the temperature returns to the initial value with losses 

recovered by remagnetization28.  Irreversible and unrecoverable loses result from 

microstructural changes and losses are not recoverable28.   

Thermal stability is improved by carefully heating the magnet to elevated 

temperatures.  Stabilization allows for weakly oriented domains to preferentially lose 

orientation.  Slight demagnetization does occur; however, the magnetic properties 

during operation are more predictable, exhibiting nearly constant behavior when heated 

to the expected operating conditions.  A batch of stabilized magnets will exhibit lower 

variation in performance and is recommended for all high temperature applications37. 

Magnets with higher permeance coefficients usually have improved high 

temperature performance.   NdFeB magnetic properties deteriorate rapidly above 

130°C.  NdFeB designed with a high Hci and operating at a high permeance coefficient 

can operate up to 180°C.  SmCo exhibits superior thermal stability, especially Sm2Co17 

and can operate up to 350°C.  However, SmCo is susceptible to thermal shock fracture 

when high temperature gradients exist within the material37. 

Shock, Stress, and Vibration 

Unfortunately, since SmCo is an inter-metallic alloy these magnets are very brittle.  

SmCo is known to be susceptible to chipping, cracking, and erosion of the surface 

layers through handling.  Electrolytic nickel surface plating is commonly used to improve 

the fracture toughness of SmCo.  The nickel surface barrier exhibits good thermal 

stability and excellent surface adhesion throughout a wide range of temperatures38. 
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Radiation Effects on Rare Earth Magnets 

Rare Earth magnets are susceptible to radiation-induced demagnetization; 

however, they are used in particle accelerators in radiation environments orders of 

magnitude higher than the Stirling-alternator is expected to see.  Numerous studies 

have reported on the radiation effects in RE magnets with the majority maintaining a low 

irradiation temperature in order to not have temperature-induced demagnetization 

interfere with radiation-induced demagnetization.  A 0.5% magnetization loss in 

synchrotron devices is typically not tolerated; therefore, small variations (0.1–0.2%) are 

considered significant39.  Therefore, limits for demagnetization of the Stirling convertor 

must be established in order to determine the magnet radiation dose limit. 

It is difficult to compare investigations of NdFeB and SmCo radiation induced 

demagnetization due to the numerous variables involved.  Examples include 

experimental procedure, radiation types (photon, electron, proton, and neutron), total 

absorbed dose, elemental composition, and variation in manufacturing processes39.  

The degree of demagnetization depends more on the radiation type, not necessarily the 

deposited energy.  For example, electrons are more damaging than an equivalent dose 

of γ-rays40.  Next, we discuss and summarize many studies that have been conducted 

on the effects of radiation on NdFeB and SmCo RE magnets. 

Photon 

NdFeB and SmCo magnets are not affected by photon radiation.  NdFeB magnets 

were irradiated with X-rays at <50°C with an absorbed dose of 280 Mrad and with a 

60Co γ-ray source at <60°C with an absorbed dose between 50 and 700 Mrad40, 41, 42, 43.  

For the X-ray and the γ-ray exposures the average decrease in residual induction was 
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less than 0.2% which was found to be statistically insignificant and most likely 

attributable to the experimental uncertainties39.  These errors seem very small and may 

likely require additional verification to validate the statistical accuracy of the results. 

Electron 

NdFeB magnets were irradiated at 20°C with 17 MeV electrons up to 170 Mrad 

and showed a remanence loss ranging from 0.2 – 5.6%.  SmCo magnets under the 

same conditions show negligible change, on the order of 0.1% gain, from the pre-

exposure value.  Remanence loss from electron irradiation is not apparent for 

temperature resistant grades of NdFeB, which suggests that losses are thermal effects 

resulting from local heating and is likely dependant on the incident radiation energy43, 44. 

Neutron 

The expected FSP radiation environment primarily consists of fast neutrons and γ-

rays.  Although thermal neutron population will be minimal in the reactor core, the 

thermal population will be substantial at the location of the Stirling convertors after 

moderation through shield.  This poses a concern since NdFeB uses natural boron with 

19.8% 10B abundance, which has a large thermal neutron absorption cross section.  The 

10B(n, α)7Li reaction can cause damage and swelling.   

NdFeB magnets can withstand some degree of irradiation which is dependent on 

microstructure.  SmCo5 and especially Sm2Co17 are relatively insensitive to radiation 

damage by fast neutrons42.  Evidence suggests that the mechanism for remanence loss 

is caused by the nucleation of reverse domains by collisions.  These reverse domains 

have a higher probability of occurring when the temperature is closer to Tc effective45.  

Results from numerous sources have been compiled in Table 3-3.  Although there are 
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differences in the data, the overlying result is that SmCo does indeed outperform 

NdFeB in a neutron environment.  Therefore, SmCo should undergo serious 

consideration for FSP Stirling convertor concepts. 

Proton 

SmCo5, Sm2Co17, and NdFeB magnets were exposed to a 500 MeV proton beam, 

with a maximum temperature of 125°C.  SmCo magnets exhibit measureable 

demagnetization when irradiated with protons from 109- 1010 rad.  Sm2Co17 is most 

resistant to proton radiation experiencing demagnetization <0.4 – 1.8%.  Different 

vendor magnets have large differences in the irradiation demagnetization due to 

variations in manufacturing and composition.  NdFeB proved extremely sensitive to 

proton irradiation experiencing up to 55.4% remanence loss at 70°C and a fluence of 

~1014 p/cm2 (4 Mrad) and essentially 100% at 70 Mrad45, 46.  SmCo demagnetization 

loss due only to thermal heating effects after 100 hours at 250°C was 0.31 – 1.48%, 

varying with vendor.  NdFeB at the same conditions experienced less than 3% loss46. 

Radiation Mitigation Techniques 

Experiments have been conducted to determine the effect of radiation on RE 

magnets.  In the majority of experiments the temperature was controlled in order to 

differentiate between thermal and radiation induced demagnetization.  The experimental 

evidence suggests that fast neutron and proton irradiation damage is caused by a 

radiation-induced temperature spikes which can exceed the Curie temperature47.  It has 

been determined that the radiation tolerance of a magnet is a function of thermal 

stability, which is dependent on the Tc and Hc.  Radiation induced localized temperature 

spiking is dependent on radiation intensity, thermal properties (e.g. specific heat 

capacity and thermal conductivities).  Regardless of the radiation, source SmCo has 
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superior radiation tolerance over NdFeB magnets48.  Radiation mitigation methods 

include utilizing sufficient radiation shielding, operation at high permeance coefficients 

Pc, pre-flight radiation stabilization to expected levels, designing in a high Hc and 

thermal stabilization37.  Consequently, a high Hc equals higher radiation tolerance.  

NdFeB or SmCo grades can have Hc that may vary by more than a factor of three 

depending on the composition and the manufacturing process40.  Thermal stabilization 

is done by baking magnets for several hours above 140°C, with some demagnetization 

occurring (0.1–0.4%).  After 50x1013 e/cm2 non-stabilized magnets had greater than 2% 

demagnetization while stabilized magnets had less than 0.5–1.5% demagnetization40.   

Design of Experiments: Accelerated Life Tests 

Appropriately designed experiments are essential to conduct accelerated life tests.  

From the design of experiments method we reduce the number of possible variables 

that may influence materials to four important factors:  

• Material Type – Dependent on bond type (ionic, covalent, metallic), thermal 
stability, radiation resistance, microstructure, and processing history. 

• Temperature – Dependent on rate of change (dT/dt) and maximum operating 
condition (Tmax). 

• Atmosphere – Dependent on oxygen concentration (C0).  Not necessarily 
dependent on pressure. 

• Radiation – Dependent on particle type, particle energy (E), cumulative dose (D), 
and cumulative fluence (φt).  In certain circumstances the dose rate (dD/dt) and 
fluence rates (dφt/dt) are important.  When considering organic materials there is 
little dependence on dose rate as long as irradiation occurs in an oxygen deficient 
environment. 

This relationship allows us to select the appropriate variables that can be modified 

to develop appropriate accelerated life tests as described by Equation 3-11. 

 𝐵𝐵𝑒𝑒ℎ𝑅𝑅𝑣𝑣𝐶𝐶𝑜𝑜𝑟𝑟 = 𝑓𝑓 �𝑏𝑏𝑜𝑜𝑛𝑛𝑑𝑑, 𝑑𝑑𝑑𝑑
𝑑𝑑𝑅𝑅

,𝑑𝑑𝑀𝑀𝑅𝑅𝑑𝑑 ,𝐶𝐶𝑜𝑜 ,𝑝𝑝𝑅𝑅𝑟𝑟𝑅𝑅𝐶𝐶𝑐𝑐𝐶𝐶𝑒𝑒,𝑑𝑑,𝐷𝐷,∅𝑅𝑅� (3-11) 
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Conclusions 

In summary, radiation testing of candidate materials and flight components is 

absolutely necessary because much of the existing literature is insufficient or 

inconsistent to ensure mission success.  As was demonstrated in this chapter much of 

the existing literature was insufficient because the majority of studies were conducted in 

a way that not all of the relevant environmental properties were controlled; therefore, 

yielding a different result than for operation of a Stirling-Alternator (e.g. polymer 

irradiations in oxygen vs. inert gas, lack of sample temperature control, etc.).  As 

mentioned previously, tests must be conducted in controlled environment conditions in 

order to obtain relevant results.  In addition, system testing is of critical importance due 

to the possibility of synergistic effects that cannot be discovered by coupon tests alone.  

Nearly all of the existing literature does not mention synergistic effects, which is a well 

known, and likely to occur phenomenon during the service life of any operating system. 

Tests must be considered to ensure that results are applicable to the appropriate 

environment.  By understanding and controlling the radiation damage and subsequent 

radiation effects on materials we can select economic radiation test facilities that will 

yield equivalent response in materials and components.  Therefore, exposures to 

appropriate absorbed dose levels with equivalent damage mechanisms are a valuable 

screening tool for materials and components using cost effective radiation sources.  For 

example, a 60Co source will provide a radiation environment with lower energy particles 

at a higher particle flux.  Such an environment can encompass an equivalent portion of 

the same radiation effect that would be experienced in the Jovian or FSP radiation 

environment.  Therefore, such γ-ray testing can represent a worst case testing scenario. 
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Figure 3-1. Expected electron interaction with energy & atomic mass dependance25. 

 
 
 
 
 

 
 
Figure 3-2. Conceptual example of the molecular chain unit cell (crystallinity)28. 
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Figure 3-3. Influence of crystallinity and molecular weight on physical properties28. 
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Figure 3-4. Representation of A) linear branches B) cross-linked branches C) 3D highly 

cross linked branch network28. 

A 
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Figure 3-5. Relaxation modulus vs. Temperature for amorphous polystyrene28. 

 

 
 
Figure 3-6. Temperature effect on crystalline, lightly cross-linked and amorphous 

polymers28. 
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Table 3-1. Effects of radiation on lubricants24 
Dose (rad) Observed Effect on Lubricant 
< 106 Little to no deterioration 
106-107 Some lubricants usable, others exhibit marginal performance 
108 – 109 Thermal stability & oxidation of most lubricants severely impaired 
109 – 1010 Polyphenyls, poly (phenyl ethers), alkylaromatics recommended 
> 1010 Oil lubricants become hard/brittle solids, Dry lubricants recommended 

 
 
 
 
 
Table 3-2. NdFeB and SmCo Material Properties28, 37  
Material Br        

(kGauss) 
Hc           
(kOe) 

BHmax                                 
(MGOe) 

Tc                              
(°C) 

Tmax              
(°C) 

Radiation 
Resistance 

Corrosion 
Resistance 

Machine 
-ability 

Nd2Fe14B 10.2-11.6 10-17 10-48 310 150-180 Poor Poor Good 

Sm2Co17 8.8-9.6 9-16 18-32 725 300-350 Good Good Poor 
 
 
 
 
Table 3-3. Neutron Irradiation Effects on NdFeB and SmCo Permanent Magnets 

Material Composition Tmax              
(°C) 

φt             
(n/cm2) 

Energy              
(MeV) 

Irrad Time 
(hours) 

Br Loss 
(%) Source 

NdFeB-Melt spun47 80 1.4x1016 >5 eV 1 1.5 Reactor 
NdFeB-Melt spun47 80 N/A >5 eV 5.3 3 Reactor 
NdFeB (sintered) 47 80 1.4x1016 >5 eV 1 4.6 Reactor 
Nd13Dy2Fe77B8 (48) 267* >1016 0.02 – 10 N/A 100 Reactor 
NdFeB grade39 25 1012 Thermal N/A 0.03** 252Cf 
NdFeB grade39 25 1013 Fast N/A 0.6 252Cf 
NdFeB grade39 25 1014 Fast N/A 10 252Cf 
SmCo grade47, 49 78 1015 >0.1 41 <0.5 Reactor 
SmCo grade48 300 1018 0.02 – 10 N/A ~0** Reactor 
SmCo grade48 500 1018 0.02 – 10 N/A ~0 Reactor 
SmCo grade48 77 6.1x1016 Fast N/A 5 Reactor 
SmCo grade48 153 5.0x1016 Fast N/A 10 Reactor 

*Temperature is much higher than the recommended maximum operating temperature.  
**Within experimental uncertainties (not statistically significant) 
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CHAPTER 4 
APPARATUS AND PROCEDURE: SARTA RADIATION TESTING 

The research project consisted of four phases.  First, a Stirling-alternator is 

radiation tested in a γ–ray environment at accelerated rates and at expected operating 

conditions.  Second, the alternator is disassembled and the internal components 

evaluated for changes in function.  Organic materials from the alternator underwent a 

thorough characterization process.  The performance of the alternator was analyzed to 

determine if any degradation occurred during operation.  Third, sample coupons of 

select candidate organic materials are irradiated in a mixed neutron and γ–ray flux at 

accelerated rates, under prototypic operating conditions.  Fourth, the irradiated organics 

underwent characterization and are compared to control samples and samples removed 

from the irradiated alternator.   These combined results provide a much more clear 

understanding of the service life and credible failure mechanisms of a Stirling-alternator 

and have direct impact to design considerations. 

Stirling-Alternator Component Radiation Testing 

The Stirling Alternator Radiation Test Article (SARTA) design was based on the 

linear alternator of an Advanced Stirling Convertor (ASC), which was designed and built 

by SunPower Inc.  The SARTA (Figure 4-1) differs from an ASC in that it lacks a heater 

head, heat exchangers, a displacer, and produces no electric power. 

 The primary function of the SARTA is to operate a functionally equivalent Stirling 

alternator section in an accelerated radiation environment and investigate the durability 

of the polymeric and magnetic materials used in an ASC.  The SARTA operating 

conditions (temperature, pressure, power factor, and stroke) were chosen to match 

those of an ASC linear alternator.  Two internal type K thermocouples were embedded 
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into the inner laminations cylinder and coil to monitor temperature and used as an 

appropriate temperature control reference.  Temperature is controlled with a resistance 

band heater mounted directly to the pressure vessel wall and a continuously operating 

muffin fan mounted above the SARTA.  The band heater is used to sustain the SARTA 

at the appropriate operating temperature (90°C or 125°C) through the use of a 

Eurotherm PID temperature controller linked to the inner lamination cylinder 

thermocouple as a reference source.  Two additional type K thermocouples were 

externally mounted to the pressure vessel using Kapton tape.  The two internal and two 

external thermocouple temperature measurements are used to develop a spatial 

temperature profile of the SARTA during steady state and transient responses to 

changing operating conditions. 

The pressure was measured using an Ashcroft K1 thin film high accuracy pressure 

transducer.  Pressure was actively controlled to maintain 500 psig through the use of an 

ultra-high purity helium gas k-bottle, a series of manually controlled valves, a pressure 

regulator, and automatic pressure relief safety valves. 

The SARTA was motored at a constant nominal input voltage to obtain a piston 

stroke of approximately 8.0 mm.  The piston stroke was measured by the use of a Fast 

Linear Displacement Transducer (FLDT) located inside the SARTA.  The stroke input 

voltage was provided by a manually controlled AC power supply operating at 60 Hz and 

a nominal input voltage of 8.2 VAC; however, this varied with operating temperature.  

SARTA power, voltage, current, stroke, pressure, and temperature were measured and 

recorded through the use of an Agilent 34970A data acquisition/switch unit used in 

conjunction with Agilent Data Logger software running on a laptop computer. 
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The waveform produced during operation was monitored and recorded using a 

Tektronix TDS 3054 Oscilloscope.  The period, frequency, amplitude, peak-to-peak, 

mean, and root-mean-squared values produced during radiation testing were manually 

recorded in the logbook and compared to those values obtained before radiation testing 

to look for changes as a function of increasing dose.  The waveforms produced during 

radiation testing are also compared to each other as a function of increasing dose and 

to pre-exposure waveforms. 

A microphone coupled to a speaker system allowed the SARTA operator to 

monitor the audible sound produced by the SARTA dynamic balancer and the muffin fan 

during radiation testing.  The microphone was required since the SARTA was not 

usually visible during radiation testing because the GIF cell glass was shielded during 

extended exposures by internal doors to preserve the glass lifetime. 

Gas content scans were obtained using a Dycor Dymaxion Residual Gas Analyzer 

(RGA) before testing to determine background environment of the vacuum and the un-

irradiated system.  Scans were also obtained after each exposure in order to detect 

evolved gases.  The complete SARTA control and instrumentation system is shown in 

Figure 4-2.  The complete system schematic is located in Appendix A, Figure A-1. 

Pre-Exposure Characterization 

The SARTA underwent extensive pre-irradiation testing at both Sunpower and 

NASA Glenn Research Center (GRC) totaling over 64 hours of operation.  After 

assembly it was operated for approximately 15 hours at SunPower for system checkout 

testing.  Once at GRC the SARTA was operated for approximately 49 hours in order to 

establish variable sensitivity, baseline operation criteria, develop operating procedures, 

and test the system hardware. 
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Thermal Response and Control 

Pre-exposure tests conducted at NASA GRC characterized thermal time constants 

by observing system response as a function of temperature and pressure for a range of 

nominal and possible off-nominal conditions as illustrated in Figure 4-3.  In addition, 

several methods of temperature control were considered and it was decided to 

continuously provide cooling with a muffin fan mounted axially above the SARTA while 

simultaneous providing heat from the externally mounted band heater.  This method 

allowed for operation at both 90°C and 125°C with sufficient temperature margin to 

account for possible radiation induced heating and in the event that the cooling fan 

would fail prematurely during the tests.  In order to prevent the PID controller from 

overshooting the set point temperature and overheating the SARTA, the maximum 

heater output power was limited to 40%. 

Performance Mapping 

Performance mapping was also conducted at NASA GRC in order to gather 

sufficient data to perform a thorough statistical analysis to determine the acceptable 

operating limits of the SARTA.  Several eight hour long steady-state runs at nominal 

stroke (8.0 mm), pressure (500 psig), and temperature (90°C and 125°C) were 

conducted.  Additional tests were carried out at off-nominal stroke (6.50 mm – 8.50 mm) 

in order to determine the behavior and magnitude of theorized steady state and 

transient deviations as shown in Figure 4-4. 

Selecting the acceptable operating limit range was accomplished by applying a 

99% confidence interval to eight steady state runs.  These established limits allow the 

operator to accurately identify the difference between nominal operation and off-nominal 

performance due to degradation of the test article (both the SARTA and the 
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control/instrumentation support hardware).  These parameters are used to provide 

acceptable bounds on SARTA performance that can be referenced to make the 

decision if the test can continue or must be terminated.  During irradiation if operating 

parameters drift outside of the established limits testing is terminated to investigate for 

possible instrumentation failure or SARTA degradation.  The SARTA operation limits 

are detailed in Table 4-1. 

Pressure change sensitivity 

The SARTA pressure vessel leaked through the thermocouple feed-throughs, 

requiring active control by the operator to maintain 500 psig.  Therefore, it was 

important to quantify the expected change in SARTA performance as a function of 

changes in helium pressure.  This was accomplished by establishing steady-state 

conditions and varying the pressure ±15 psig.  Changes in performance from nominal 

were relatively small and indicated that the SARTA was not overly sensitive to changes 

in pressure at the scales under consideration.  The results of the pressure change 

sensitivity tests are shown in Table 4-2.  The accuracy ranges shown in Table 4-2 are 

based on the published experimental error for each instrumentation measurement. 

Several hardware configuration changes took place after performance 

characterization at NASA GRC and also before radiation testing.  First, a safety review 

recommended that a fuse be added to the instrumentation control system for an 

additional safety margin.  Second, the band heater originally used at NASA GRC was 

made of resistive heating elements encased in Silicone, which would not have operated 

long in the radiation environment.  Therefore, it was decided to use an all metal band 

heater that could survive to the end of the established test matrix.  The metal band 

heater provided a similar power output when compared to the original Silicone band 



 

78 

heater but is approximately 4 cm shorter in height (3.5 cm vs. 7.5 cm). This difference in 

heating area (i.e., heat flux applied to the pressure vessel wall) changed the spatial 

temperature distribution profile of the SARTA during all phases of operation (e.g. start 

up, steady state, and shut down).  Third, at the radiation facility a different pressure 

regulator was mandated by a safety review board.  The new regulator had very coarse 

adjustment and the operators were now forced to maintain pressure from ± 2 psig to ± 5 

psig.  In addition, the rate at which operator input was required to actively maintain 

operating pressure greatly increased.  Finally, both the alternator coil and FLDT external 

leads, which were insulated with PTFE were replaced with more radiation resistant PVC 

insulated leads.  These combined changes to the SARTA hardware resulted in changes 

in nominal operating parameters when compared to those parameters established 

during pre-exposure testing at NASA GRC.  A discussion on how these changes 

affected operation and data processing is detailed later. 

SARTA Radiation Testing 

From May to June 2009 the SARTA was subjected to radiation exposure tests at 

the Sandia National Laboratories (SNL) Gamma Irradiation Facility (GIF) cell #2.  The 

155.6 kCi (as of May 20, 2009) 60Co source consists of a 20 pin array arranged in a 

32.385 cm diameter circular geometry as shown in Figure 4-5.  The source array rests 

on an elevator submerged in a pool of water that is remotely raised.  Once raised the 

source surrounds a 19.685 cm diameter experiment basket. 

MCNP analysis of the GIF radiation environment suggested that that the expected 

dose rate at the array centerline was on the order of 900 krad per hour with about one-

tenth the dose rate at one meter from the array centerline as shown in Appendix A, 

Figure A-2 and Figure A-350.  Dose rates were then measured using CaF2 dosimeters. 
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SARTA Dosimetry 

Radiation exposures were performed in steps with the alternator performance 

recorded during exposure by the data acquisition system.  For the first exposure, 16 

Thermo-luminescent dosimeter (TLD) chips were assembled into arrays (four TLDs per 

array).  TLD-400 (CaF2:Mn) was selected due to its high sensitivity to γ-rays and 

moderate saturation threshold51.  CaF2 dosimeters tend to approach saturation at 

approximately 450 krad; therefore, the first test was chosen to be 30 minute exposure at 

approximately one meter from the array centerline (low dose rate configuration) in order 

to accurately gauge the dose rate as shown in Figure 4-6a.  When the SARTA is placed 

in a basket (high dose rate configuration), the dose rate was obtained by conducting 

two, 5 minute long exposures as shown in Figure 4-6b, also to prevent saturation of the 

dosimeter arrays.  The TLD-400 arrays were positioned in various radial and axial 

locations around the SARTA as shown in Figure 4-7a.  For the second through fourth 

tests, only two TLD-400 arrays were placed in front and two behind the pressure vessel 

as shown in Figure 4-7b.  The eighth and ninth tests were performed in the basket (high 

dose rate configuration) and had 16 and 8 dosimeters, respectively, radially surrounding 

the SARTA. 

After irradiation the TLDs were removed and analyzed by the SNL Radiation 

Metrology Laboratory (RML) using a Thermo-Fisher model 5500 TLD reader.  The dose 

and associated error was obtained for each TLD array by applying the appropriate 

statistical analysis to the TLD reader results.  By knowing the dose and the length of 

exposure we determine the dose rate of each TLD52.  The dose rates are used to 

determine the spatial dose distribution the SARTA experienced.  The results indicate 
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that for the low dose configuration the dose on the front side of the SARTA pressure 

vessel was roughly twice that on the backside.  To a first order approximation, the 

internal SARTA dose was taken as the average of several exterior TLD dose 

measurements with a simple calculation to account for pressure vessel shielding. 

SARTA Electrical Integrity 

The electrical integrity of the SARTA was highly dependent on the proper function 

of the polymeric dielectric materials used to insulate certain internal components.  

Although the inert, high pressure, high-purity helium environment helped to preserve the 

integrity of insulating materials, a non-destructive method of verifying this assumption 

was required.  Between exposure steps the SARTA was shut down and allowed to cool 

to ambient temperature in order to verify the electrical insulation integrity.  The 

insulation integrity was verified by measuring the alternator and FLDT inductance, 

resistance and resistance-to-ground.  The inductance was obtained by connecting two 

probes across both the alternator leads located outside the pressure vessel, taking a 

measurement, then repeating the process across the FLDT leads.  These probes were 

connected to a Sencore Capacitor-Inductor analyzer as shown in Figure 4-8. 

Measuring resistance-to-ground would determine if a short of the internal 

components to structure was occurring.  The resistance-to-ground was measured using 

a Fluke 1520 Mega-Ohm Meter (Figure 4-9a) which provides a 250 V supply that 

corresponded to a particular resistance value of >1000 Ω.  The coil and FLDT 

resistance were measured using a Fluke 189 Multi-Meter as shown in Figure 4-9b. 

The pre-exposure values for inductance, resistance, and resistance-to-ground 

were measured at NASA GRC and verified prior to the first exposure test at SNL.  The 
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values corresponding to nominal SARTA electrical integrity are shown in Table 4-3.  

After each exposure these values were re-measured in order to supplement operational 

data.  The operational database is then used to aid in the decision making process of 

whether to continue with the test matrix or terminate testing operations. 

SARTA Post-Irradiation Performance Analysis 

Data collected from the Stirling alternator while operating in the aggressive 

radiation environment was thoroughly assessed to determine if changes in performance 

were detected.  These data are correlated as a function of operating time, radiation 

dose rate, cumulative dose, and operating temperature.  The performance of the Stirling 

alternator was also analyzed to determine if detectable degradation had occurred during 

operation with non-destructive evaluation methodologies.  Changes in component 

operating temperature, evolved gas, alternator efficiency, and overall power output were 

also compared to pre-irradiated values.   

Performance data of a non-irradiated Stirling-alternator is compared to the data 

from the photon irradiated Stirling-alternator to determine if radiation will indeed 

compromise the power subsystem or if only minor changes are required to fully 

radiation harden the systems for spaceflight.  In addition, these combined results are to 

be fed back into the original model in order to experimentally benchmark the code. 

Improving design codes will provide more accurate lifetime predicting capability of future 

Stirling-alternator design concepts. 

Destructive methodologies are also implemented. Of specific interest, significant 

dimensional divergence is the most easily observed failure criterion and in terms of 

practical engineering terms constitutes a mechanical component failure since 

components may exceed tolerance requirements53, 54. 
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Figure 4-1. Stirling Alternator Radiation Test Article (SARTA) before radiation testing. 

 

 
 
Figure 4-2. SARTA support, control, instrumentation, and data acquisition equipment. 
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Figure 4-3. Thermal time constant response runs (steady state, fan turned on, no heat, 

no insulation). 

 

 
 

Figure 4-4. Stoke variation performance mapping (90°C, 500 psig, 6.5 – 8.5 mm). 
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Table 4-1. SARTA Nominal Operation Limits  
Temp 
(°C) Value Power (W) Current (A) Voltage (V) Stroke (mm) Power Factor 

90 Nominal 27.03 ±  0.74 4.652 ±0.08 8.207 ±0.10 8.002 ±0.03 0.708 ± 0.02 
Range 26.66 - 27.40 4.611 - 4.69 8.156 - 8.26 7.989 - 8.02 0.697 - 0.72 

125 Nominal 27.10 ±  0.8 4.66 ±  0.08 8.01 ±  0.1 8.02 ±  0.02 0.73 ±  0.02 
Range 26.70 -  27.5 4.62 -   4.70 7.96 -  8.06 8.01 -  8.03 0.72  -  0.74 

 

Table 4-2. Performance as a function of pressure 

Temp (°C) Pressure 
(psig) Power  (W) Current (A) Voltage (V) Stroke (mm) 

  485 ± 0.01 27.027 ± 1.35 4.806 ± 0.12 8.317 ± 0.208 8.020 ± 0.876 
90 ± 2.2 500 ± 0.01 27.190 ± 1.36 4.828 ± 0.12 8.316 ± 0.208 8.006 ± 0.874 
  514 ± 0.01 27.333 ± 1.37 4.846 ± 0.12 8.314 ± 0.208 7.992 ± 0.872 
  485 ± 0.01 27.220 ± 1.36 4.847 ± 0.12 8.143 ± 0.204 8.012 ± 0.875 
125 ± 2.2 500 ± 0.01 27.373 ± 1.37 4.848 ± 0.12 8.143 ± 0.204 8.010 ± 0.875 
  513 ± 0.01 27.478 ± 1.37 4.865 ± 0.12 8.139 ± 0.203 7.994 ± 0.873 

 

 

 
 
Figure 4-5. Sandia National Laboratories Gamma Irradiation Facility cell #2 155.6 kCi 

60Co source array. 
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 A   B 
 

Figure 4-6. A) Low dose rate configuration. B) High dose rate configuration. 

 

 

 A  B 
 

Figure 4-7. A) RAD 1 dosimeter placement. B) Subsequent dosimeter placement. 
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Figure 4-8. Sencore LC53 “Z-Meter” Capacitor-Inductor Analyzer. 

 

 A)   B) 
 

Figure 4-9. A) Fluke 1520 MegaOhm Meter. B) Fluke 189 Multi-Meter. 

 
Table 4-3. Pre-exposure electrical values 
Component Resistance (Ω) Inductance Resistance to Ground (Ω) 
Alternator 0.2 ± 0.0001 1.0 (relative nominal) > 1000 
FLDT 5.1 ± 0.0026 157 ± 3.140 μH > 1000 
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CHAPTER 5 
APPARATUS AND PROCEDURE: MIXED NEUTRON AND GAMMA-RAY TESTING 

OF STIRLING ALTERNATOR CANDIDATE MATERIALS 

Since the Stirling convertors are also under consideration for fission surface power 

(FSP) applications the linear alternator materials must be capable of tolerating a mixed 

neutron and γ-ray radiation environment.  The objective of the mixed neutron and γ-ray 

exposure test phase is to evaluate the performance and characterize possible radiation 

induced changes of organic materials under consideration for use in current Stirling-

alternator design concepts.  These tests are performed by subjecting candidate material 

coupons to a similar FSP neutron fluence (at appropriate order of magnitude neutron 

energy levels) and combined neutron and γ-ray doses while at prototypic atmospheric 

and temperature operating conditions. 

The Stirling-alternator environment is a somewhat benign operating condition and 

will simplify data extrapolation as long as conditions are maintained.  For example, in 

the absence of oxygen and water vapor there is evidence that cross linking is 

insensitive to dose rate and may be correlated to the total dose with high accuracy24.  

This allows the samples to be irradiated at accelerated rates in order to make practical 

utilization of irradiation facilities (irradiations on the order of hours instead of years). 

As mentioned previously, under certain conditions, equal energy absorbed yields 

an equal radiation effect.  This rule applies only to similar irradiation conditions with a 

single radiation type and irradiation conditions dictate the expected radiation effect.  

Therefore, it is incorrect to extrapolate to other conditions and more data is required to 

verify the theorized radiation effect.  The radiation effect estimation must take into 

account the specific irradiation conditions such as temperature, atmosphere, pressure, 

radiation type and energy (e.g. dose rate), and sample thickness24.  
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Sample Irradiation Test Articles 

Four ultra-high vacuum (UHV) capable test articles fabricated from Al 6081 with 

stainless steel knife-edge seal-grooves serve as sample chambers shown in Figure 5-1.  

Organic material sample coupons are attached to an Al 6081 plate and arranged to 

receive uniform unobstructed neutron flux as shown in Figure 5-2 and Figure 5-3.  The 

temperature of each test article is maintained by externally mounted resistance band 

heaters coupled to Eurotherm PID temperature controllers.  The temperature of the test 

article was maintained at 125°C or 150°C ±2°C. The temperature of the internal 

samples and the external test article wall were measured using type-k thermocouples 

and recorded through the use of an Agilent 34970A data acquisition/switch unit used in 

conjunction with Agilent Data Logger software running on a laptop computer.  The 

instrumentation rack is shown in Figure 5-4 and the complete system schematic can be 

found in the Appendix B, Figure B-1.  The PID temperature controller maximum output 

power was limited to 40% to prevent the possibility of a temperature overshoot 

condition.  In addition, the temperature ramp rate was manually controlled to allow for a 

gradual increase in the test article and sample tray temperature. 

Mixed Neutron and Gamma-ray Testing Facility 

In December 2009 and January 2010 the test articles were irradiated at the Texas 

A&M University (TAMU) TRIGA Mark I reactor as illustrated in Figure 5-5.  The test 

articles were exposed in the confinement building, which is a dry irradiation cell adjacent 

to the reactor pool.  Utilizing the irradiation cell as opposed to water immersion of the 

test articles allows for ease of access, simple test article manipulation and placement, 

as well as the inclusion of support hardware such as instrument wires and power 

cables.  The reactor was coupled to the irradiation cell window as shown in Figure 5-6 
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and the samples were irradiated to the FSP expected lifetime fluence.  As discussed in 

Chapter 1, the FSP expected lifetime neutron fluence is approximately 6.5x1013 n/cm2 

(primarily soft spectrum); however, more conservative fluence levels were established. 

We must consider the highly probable possibility that the reactor service life will be 

extended beyond the primary mission requirements as is commonly the case with many 

NASA missions.  Missions are often extended to include not only secondary but tertiary 

mission objectives.  Therefore, we increase the estimated maximum FSP lifetime 

fluence to 1x1014 and 5x1014 n/cm2 and test to these predetermined conditions while at 

prototypic temperature and atmospheric conditions. 

Radiation Environment Characterization 

In order to ensure that the radiation exposure tests of the candidate materials are 

of practical relevance to RPS and FSP projects we must accurately characterize the 

radiation environment.  The approximate neutron flux, neutron energy, and dose rate 

was characterized before test article irradiation.  The following sections detail the 

methodology utilized for the characterization process. 

Neutron Flux Spectrum Measurement 

The TAMU average thermal and fast neutron flux is experimentally characterized 

using activation threshold gold foils, cadmium covered gold foils, and iron wires in an 

arrangement as shown in Figure 5-7.  By measuring the activity of irradiated foils and 

knowing the foil elemental composition, sample mass, capture cross section at neutron 

irradiation temperature and the irradiation time, the approximate number of incident 

neutrons at a specific energy can be estimated12.  The different foils allow for the 

neutron spectrum to be estimated at discrete energies which are used to benchmark the 

existing MCNP models used at the TAMU NSC.  
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Dose Rate Measurement 

Radiachromic film dosimeters were used to characterize the spatial dose rates at 

the irradiation cell window as shown in Figure 5-8.  The placement of the foils and 

dosimeters in the irradiation cell window is shown in Figure 5-9.  The dosimeters were 

provided and processed by the ORNL RML.  Initial estimates obtained from an MCNP 

model were benchmarked with the experimental measurements and suggested an 

average total neutron flux of 1x1011 n/cm2-s with a corresponding γ-ray dose rate of 0.14 

Mrad/min. The flux and dose data are illustrated by Tables 5-1, 5-2, and 5-3.  Although 

the dose rate is rather high, the radiachromic film dosimeters have a dose range from 

0.05 – 20 Mrad as well as dose rate independent behavior up to 1x1014 rad/s55. 

From the neutron spectrum and dose rate data we determine the optimal location 

in the irradiation cell window to place the test articles to achieve the required neutron 

fluence while staying within the dose limit of 10 Mrad.  Film dosimeters, foils, and wires 

were arranged around the test articles as illustrated in Figure 5-10.  The placement of 

two test articles in the irradiation cell window is shown in Figure 5-11.   

Pre-Irradiation Test Article Preparation 

One difficulty with neutron irradiation of organics is that samples exhibit self- 

shielding and this may cause the spatial neutron spectrum distribution in a sample to 

vary24.  To minimize this effect sample thicknesses are kept thin.  In addition, the 

activation of components, particularly the metallic components, may have a relatively 

high activity and long half-life.  Therefore, metallic material usage is deliberately limited. 

The test articles were evacuated to 1x10-3 torr using a roughing pump and vacuum 

baked at 110-120°C for 10-15 minutes to remove volatiles such as water absorbed into 

the vessel walls.  Next, the test articles were allowed to cool while being back-filled with 
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ultra-high purity  helium and evacuated five times respectively.  Finally the test articles 

were filled to 22 psig with helium in preparation for placement in the cell and 

subsequent irradiation.  Although Stirling-alternator operation requires an operating 

pressure of approximately 500 psig, such high pressures are not necessarily required 

for materials testing.  As long as the relative percentage of the reactive gas (e.g. oxygen 

and water vapor) is the same in the cover gas, the testing can be conducted at near 

atmospheric pressure, greatly simplifying the test article design requirements. 

Sample Irradiation 

The sample manifest is illustrated in Table 5-4 and test matrix with exposure 

conditions listed in Table 5-5.  From ambient conditions the test articles are brought to 

steady state temperature for five minutes to establish pre-exposure base-line operating 

conditions.  Next, reactor start-up was initiated and reactor power increased until a 1 

MWth steady state power level was achieved.  At this point the timer is activated and the 

test articles were irradiated to the proper pre-determined irradiation time to achieve the 

desired neutron fluence.  After the irradiation time had been met the reactor is shutdown 

and after several minutes had passed the reactor was de-coupled from the irradiation 

cell and transported to the other side of the reactor coolant pool.  The reactor is 

suspended from a bridge that rides on rails on either side of the pool that allows it to be 

moved away from the irradiation cell to ensure a dose below 10 Mrad.  The temperature 

profiles for irradiations NUKE 1 to 8 are illustrated in Figure 5-12 through Figure 5-15.  

After irradiation the test articles decay before they are removed from the irradiation cell.  

Irradiation tests NUKE 1, 2, 5, and 6 decayed anywhere from three to four days before 

removal from the irradiation cell.  Irradiation tests NUKE 3, 4, 7, and 8 required a decay 

period of approximately three weeks before removal from the irradiation cell. 
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Post-Irradiation Sample Processing 

Radiation levels were measured using a hand-held ionization chamber.  The test 

article’s radiation level was relatively low, with the stainless steel components showing 

the highest levels as expected.  Surface radiation levels for NUKE 1 and 2 were 4.5 

mR/hour, 7.4 mR/hour for NUKE 3 and 4, 12.7 mR/hour for NUKE 5 and 6, and 5.1 

mR/hour for NUKE 7 and 8.  After the test articles were removed from the irradiation 

cell, they were placed in a portable glove bag back-filled with argon as shown in Figure 

5-16.   The test articles were opened, the samples were removed and then the samples 

were bagged by group.  At first glance the samples appear to be in pristine condition, 

showing no visible signs of degradation, other than darkening and shrinking of the 

Kynar heat shrink tubing.  Whether the change in the Kynar is due to just thermal or 

thermal and radiation conditions will be determined by the materials characterization. 

Samples underwent γ-ray spectroscopy using a High Purity Germanium (HPGe) 

detector.  Each sample type was peak counted for 30 minutes in order to develop a 

spectrum for radioisotope species identification and to determine the overall activity of 

the samples25.  A typical γ-ray spectroscopic abundance result for each type of 

irradiated material sample can be located in Appendix D, Table D-1 through Table D-9. 

The dominating constraint for neutron testing is the time required for the activity of 

exposed materials to decay to acceptable levels before handling and shipping. In 

addition, highly detailed safety permits are required to evaluate samples and to prevent 

contamination of laboratory facilities.  Fortunately, the organic samples cool relatively 

quickly, on the order of several weeks, before samples can be transported for material 

characterization.  The irradiated samples were subsequently shipped to NASA GRC in a 

White I (Class VII) radioactive material package with a silica-gel desiccant. 
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Figure 5-1.  Mixed neutron and gamma-ray material sample test article. 
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Figure 5-2. Material sample tray. The left side image A) represents the front face and 

the right image B) represents the back face. 

 

 
 

Figure 5-3. Material sample tray position in the test article. Arrow indicates the direction 
of neutron and gamma-ray flux emanating from the reactor. 
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Figure 5-4. Instrumentation and control rack used for data collection and test article 

temperature environment control. 

 

 
 
Figure 5-5. TAMU TRIGA Mark I reactor coupled to the irradiation cell during operation. 
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Figure 5-6. TAMU reactor coupled to irradiation cell schematic. Courtesy of Dr. Latha 

Vasudevan, TAMU56. 

 

 

 

 
 
Figure 5-7. Gold foil, cadmium covered gold foil and iron wires for neutron spectrum 

characterization. Courtesy of Dr. Latha Vasudevan, TAMU56. 
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Figure 5-8. TLD-400 (CaF2) and radiachromic film dosimeters for dose rate 

measurement. Courtesy of Dr. Latha Vasudevan, TAMU56. 

 

 

 
 
Figure 5-9. Dosimeter and foil/wire placement in the irradiation cell window. Courtesy of 

Dr. Latha Vasudevan, TAMU56. 
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Figure 5-10. Dosimeter, gold foil, cadmium covered gold foil, and iron wire arrangement. 

 

 
 
Figure 5-11. Fully instrumented test articles and dosimeters in the TAMU irradiation cell 

window. 
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Table 5-1. TAMU irradiation cell neutron spectrum measurements at 11 cm. Courtesy of 

Dr. Latha Vasudevan, TAMU56. 
Data Source 𝜑𝜑𝑑𝑑���� (0.05 eV) (n/cm2-s) 𝜑𝜑𝐹𝐹���� (> 9keV) (n/cm2-s) 
Model 1.03x1010 3.12x1011 
Measured 1.04x1010 2.90x1011  

An MCNP model of the TAMU reactor neutron spectra at the irradiation cell was utilized 
after the latest refuel.  The measured data was obtained irradiating gold foils, cadmium 
covered gold foils, and iron wires. The foil or wire activity was then used to correlate the 
approximate neutron flux the samples were subjected to at a distance of 11 cm from the 
irradiation cell window, normal to the window surface. 
 
 
 
 
 
Table 5-2. TAMU irradiation cell neutron flux measurements as a function of distance. 

Courtesy of Dr. Latha Vasudevan, TAMU56. 
Distance from window (cm) φTotal (n/cm2-s) 
13 2.9x1011 
55 2.94x1010 
34 1.6x1011 
34 with Factor of Safety 1.0x1011 

The measured data was obtained irradiating gold foils, cadmium covered gold foils, and 
iron wires. The foil or wire activity was then used to correlate the approximate neutron 
flux the samples were subjected to as a function of distance from the irradiation cell 
window (normal to the window surface). 
 
 
 
 
 
Table 5-3. TAMU irradiation cell gamma-ray dose rate measurements. 
Film Dosimeter Window Distance (cm) 𝐷𝐷�̇�𝛾 -Film (Mrad/min) 𝐷𝐷�̇�𝛾 -CaF2 (Mrad/min) 
1A 13 0.122 ± 0.00036 0.119 ± 0.0115 
2A 13 0.140 ± 0.00042  
3A 13 0.124 ± 0.00037  
3A 61  0.026 ± 0.0018 
4A 61 0.033 ± 9.75E-5  
5A 61 0.030 ± 9.0E-5  

Dose values were measured using radiachromic film and CaF2 thermo-luminescent 
dosimeters.  The irradiation period included reactor start up, 2 minutes at 1 MWth steady 
state power, reactor shutdown, and irradiation cell decay time to allow dosimeters to be 
removed for subsequent analysis. Dose values were measured as a function of distance 
from the irradiation cell window. 
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Table 5-4. Stirling-Alternator Candidate Organic Materials 
Test PTFE Polyimide Silicone Kalrez Viton Kynar Hysol HT Epoxy Xylan 
 Number of samples per material type 
NUKE 1 3 3 2 2 3 3 4 4 1 
NUKE 2 3 3 2 2 3 3 4 4 1 
NUKE 3 3 3 2 2 3 3 4 4 1 
NUKE 4 3 3 2 2 3 3 4 4 1 
NUKE 5 3 3 2 2 3 3 4 4 1 
NUKE 6 3 3 2 2 3 3 4 4 1 
NUKE 7 3 3 2 2 3 3 4 4 1 
NUKE 8 3 3 2 2 3 3 4 4 1 

 
 
 
Table 5-5. Test Conditions 
Test  T (oC)  φt (n/cm2) tIrrad (min) Dγ–Est.   (Mrad) Dγ–Meas. (Mrad) 
NUKE 1 125 1x1014 16.67   2.333 ± 0.007 1.355 ± 0.004 
NUKE 2 150 1x1014 16.67   2.333 ± 0.007 1.355 ± 0.004 
NUKE 3 125 5x1014 83.33 11.667 ± 0.035 5.380 ± 0.1076 
NUKE 4 150 5x1014 83.33 11.667 ± 0.035 5.380 ± 0.1076 
NUKE 5 125 1x1014 16.67   2.333 ± 0.007 1.355 ± 0.004 
NUKE 6 150 1x1014 16.67   2.333 ± 0.007 1.355 ± 0.004 
NUKE 7 125 5x1014 83.33 11.667 ± 0.035 5.380 ± 0.1076 
NUKE 8 150 5x1014 83.33 11.667 ± 0.035 5.380 ± 0.1076 
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Figure 5-12. Nuke 1 and Nuke 2 temperature profiles with respect to reactor power. 

 

 
 
Figure 5-13. Nuke 3 and Nuke 4 temperature profiles with respect to reactor power. 
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Figure 5-14. Nuke 5 and Nuke 6 temperature profiles with respect to reactor power. 

 

 
 
Figure 5-15. Nuke 7 and Nuke 8 temperature profiles with respect to reactor power. 



 

103 

 
 

Figure 5-16. Post-irradiation sample removal from test articles in portable glove bag 
back filled with argon. 
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CHAPTER 6 
APPARATUS AND PROCEDURE: POST-IRRADIATION MATERIALS 

CHARACTERIZATION 

The Stirling-alternator was disassembled and inspected in a methodical manner in 

order to address hardware and material changes.  The alternator post-irradiation 

protocol first involved non-destructive evaluation of the system components and 

materials followed by material characterization and property evaluation. 

Dimension and Weight Measurement 

Sample averaged dimensions were measured before and after testing using a 

Mitutoyo Absolute Digimatic caliper with accuracy of 0.001 mm. The sample weight was 

also measured before and after testing using an Ohaus AS120 (at TAMU) or a Mettler 

AJ100 (at NASA GRC) analytic balance with an accuracy of 0.0001 g. 

Optical Microscopy 

Samples are viewed using an optical microscope coupled to a digital camera as 

shown in Figure 6-1.  This system allows one to observe bulk topography, morphology, 

and discoloration while capturing the corresponding sample micrograph for subsequent 

comparative analysis.  Optical micrographs provide a good starting point for higher 

magnification observation methods described below. 

Scanning Electron Microscopy & Energy Dispersive Spectroscopy 

Samples undergo characterization using a Scanning Electron Microscope (SEM) 

used in conjunction with an Energy Dispersive Spectrometer (EDS) that utilizes 

software to obtain and analyze x-ray spectra.  SEM-EDS allow for sample topography, 

morphology, and qualitative elemental abundance57.  The complete SEM-EDS system is 

shown in Figure 6-2.  SEM use on organic samples is limited to the minimum time that 

is required to gather the required information due to sample altering effects29.  These 
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effects include heating, radiation induced damage, electrostatic charging, sputtering of 

low-Z surface atoms (mass loss of hydrogen, nitrogen, carbon, oxygen), and 

hydrocarbon contamination29.   Of these issues, heating is of greatest concern. 

Since the incident electrons transfer appreciable energy to bound electrons during 

inelastic scattering events, temperature spikes even at low current densities can result.  

Localized heating is a concern for organics since they have low thermal conductivities 

(0.2–2 W/m/oC) and are susceptible to thermal degradation or even melting at 

moderately elevated temperatures29. 

Hydrocarbon contamination within a specimen diffuses along the surface towards 

the electron probe.  By scanning at lower magnification, surface hydrocarbons are fixed 

by polymerization and prevented diffusion towards the focused electron probe29. 

Radiation induced surface roughness and imperfections often form blisters, voids, 

globules and cracks. Surface roughening is also indicative of non-uniform surface gas 

evolution30.  EDS is used to detect oxidation effects by measuring the qualitative 

increase in oxygen content of a sample as a function of exposure.  Unfortunately, EDS 

cannot measure the expected increase in the C:H ratio because of H insensitivity30. 

Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) is a technique where the difference in the 

quantity of heat required to change the temperature of a sample and reference sample 

maintained at the same temperature is measured.  Discontinuities or slope changes in 

the heat flow curves are indicative of a physical change such as melting, cross-linking, 

species evaporation, phase transitions, glass transitions, detection of 

thermodynamically stable crystals and curing state58.   Endothermic reactions indicate 

melting and conversely exothermic reactions indicate solidification.  
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Heat flow difference curves are obtained for each of the organic samples using a 

TA Instruments Q-1000 modulated DSC as illustrated in Figure 6-3.  Samples weighing 

from 5-10 mg were heated in nitrogen gas from -90°C to 370°C at a ramp rate of 5°C 

per minute, modulated ± 0.5°C every 40 seconds. The data files are processed using 

TA Universal Analysis 2000 software. 

Dynamic Mechanical Analysis 

Dynamic Mechanical Analysis (DMA) is a method where an applied sinusoidal 

oscillating stress (frequency and amplitude) is compared to the measured sinusoidal 

strain of a sample.  The stress is applied from sub-ambient temperatures (-90°C) 

through elevated temperature (400°C) as the stress and displacement is measured58.  

The DMA results provide insight on the viscoelastic nature of the polymeric sample.  

From the stress and deformation measurements the modulus and Tg can be accurately 

derived.  Tg measured with DMA is more sensitive than DSC. 

Initially, samples were going to undergo x-ray diffraction (XRD), which allows for 

the determination of crystal structure and qualitative phase analysis59.  However, XRD 

could cause radiation induced chemical changes within the sample60.  Due to the limited 

availability of the XRD at NASA GRC, it was decided that DMA would be substituted as 

an independent means for comparing DSC measured radiation induced changes.  

Density or specific volume measurements can also be correlated with crystallinity in 

polymers with DMA.  Crystallinity has been known to increase with dose.  This 

phenomenon can be attributed to the scission of molecular chains in amorphous regions 

that yield short segments with higher mobility that can create entanglements leading to 

new crystalline regions or can be incorporated into pre-existing crystalline regions31.  

The DMA assembly is shown in Figure 6-4.  DMA results are used to provide 
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independent comparison to DSC results to help approximate the degree of crystallinity 

(χ) within a sample.  The weight fraction crystallinity is given by Equation 6-154. 

 χ = 𝑒𝑒𝑐𝑐𝜌𝜌𝑐𝑐
𝜌𝜌

 (6-1) 

where: 
Vc = crystalline phase volume fraction 
ρc = crystal phase density 
ρ = sample density 
 

Crystallinity is not necessarily controlled in all the organic samples but those with 

known crystallinity control will be evaluated by this method. 

Thermo-Gravimetric Analysis 

Thermo-Gravimetric Analysis (TGA) measures weight change with respect to 

temperature.   A high-precision analytical balance suspends a platinum pan containing 

the sample.  The pan is surrounded by an electrically heated furnace with an integrated 

thermocouple to measure the sample temperature. The weight change vs. temperature 

curves as obtained using a TA Instruments Q500 TGA are illustrated in Figure 6-5.  The 

result is a weight change vs. temperature curve, which is used in determining 

degradation temperatures, absorbed moisture content, and oxidation rates.  TGA also 

provides insight to post-irradiation reactions that occur as a result of uncombined free 

radicals in organic samples that react if the test is done in the presence of oxygen58.  

Samples weighing from 5-10 mg were heated from 25°C to 750°C at a ramp rate 

of 10°C per minute using a nitrogen cover gas.  The data files are processed using TA 

Universal Analysis 2000 software.  This technique will help to determine degradation 

temperature (Td), absorbed moisture content, and oxidation rate.  TGA will also provide 

insight to post-irradiation reactions that occur as a result of un-combined free radicals in 

solid organic samples that will react if the test is done in the presence of oxygen. 
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Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) is a method commonly used for 

polymer degradation detection as well as identification of chemical composition and 

compounds.  The specific method used was attenuated total reflectance, which is a 

sampling technique for examining solid surfaces directly without significant sample 

preparation.  A sample is pressed directly to the germanium-based crystal to ensure 

close contact.  A heated ceramic source is used to impinge infrared light through crystal 

and penetrates a few micrometers into the sample.  The infrared beam then exits the 

crystal and is sampled by the detector that measures the total internal reflection or 

evanescent waves.  The resulting absorption spectrum is then used to reveal qualitative 

changes in the polymeric samples.  Samples are evaluated using a Thermo Electron 

Nicolet 380 FTIR as shown in Figure 6-6. 

Surface Electrical Resistivity 

For the electrically insulating organic materials (e.g. PTFE and Polyimide coated 

wires and Kynar and Viton heat shrink tubing) the electrical conductivity change is 

determined by measuring the electrical resistivity.  Resistance-to-ground measurements 

can determine if radiation-induced conductivity in the wire and heat shrink electrical 

insulation is occurring.  Significant changes in conductivity can be correlated to 

resistance-to-ground measurements taken using a Fluke 1520 Mega-Ohm Meter (the 

same used for the SARTA testing) and is illustrated in Figure 4-9a.  The meter uses a 

250 V supply that corresponded to a particular resistance value of either greater than 

500, greater than 1000, or greater than 2000 Ω.  Although coarse in nature, this 

resistivity measurement method does allow for a qualitative analysis of polymeric 

electrical insulation behavior as a function of radiation exposure. 
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O-Ring Compression Set Testing 

The Silicone and Kalrez O-ring samples are subjected to compression set tests.  

The specific method used can be found in appendix D.  The O-rings undergo 25% 

diametric compression for a period of approximately 70 hours at room temperature.  

Appropriately thick stainless steel shim stock is used to ensure that the 25% 

deformation requirement is maintained throughout the compression process.  After the 

compression period has passed the pressure applied to the O-rings is relieved and the 

samples are allowed to recover for 30 minutes.  The O-ring diameter is then measured 

using a set of calipers in order to investigate the changes in O-ring compression set with 

radiation exposure.  The irradiated sample measurements are compared to a variety of 

control sample measurements in order to observe statistically significant deviations from 

nominal compression set values.  The O-ring arrangement on the stainless steel 

compression plate and the complete compression apparatus is illustrated in Figure 6-7. 

Lap Shear Testing 

Lap shear testing was performed on the Hysol and High-Temperature Hysol lap 

shear samples.  The samples are axially strained using an Instron uni-axial load frame 

equipped with environmental chamber that maintains the sample temperature at 120°C 

as illustrated in Figure 6-8.  The sample is held inside the environmental chamber by 

two opposed gripper fixtures.  Sandpaper is used as a contact barrier separating the 

radioactive sample from the grip fixture, which prevents contamination exchange 

between the irradiated lap shear specimen and the grip fixtures.  The purpose of these 

tests is to evaluate the Hysol epoxy and High- Temperature Hysol epoxy adhesion 

strength and toughness as a function of radiation conditions.  The samples are tested to 

failure so the amount of data collected is limited. 
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Figure 6-1. NASA GRC Keyence Digital Optical Microscope and image acquisition unit. 

 

 

 
 
Figure 6-2. NASA GRC Hitachi S-4700 Field Emission Scanning Electron Microscope. 
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Figure 6-3. NASA GRC TA Instruments Q-1000 Differential Scanning Calorimeter. 

 

 

 
 
Figure 6-4. NASA GRC TA Instruments 2980 Dynamic Mechanical Analyzer. 
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Figure 6-5. NASA GRC TA Instruments Q-500 Thermo-Gravimetric Analyzer. 

 
 

 
 
Figure 6-6. NASA GRC Thermo Electron Nicolet 380 FTIR instrument and data 

acquisition system. 
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A B 
 
Figure 6-7. O-ring compression set apparatus. A) O-ring arrangement on compression 

plate and B) compression of the O-rings using c-clamps. 

 

 
 
Figure 6-8. NASA GRC Instru-Met Instron Uni-Axial Load Frame used for lap shear 

testing 
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CHAPTER 7 
RESULTS: SARTA RADIATION EXPOSURE OPERATION PERFORMANCE 

The test matrix called for several irradiation steps to be used to gradually expose 

the SARTA to ever increased cumulative radiation doses.  Specific operating conditions 

for each radiation exposure conducted are summarized in Table 7-1.  The first column 

lists the exposure step name and the last column lists the different RPS and FSP total 

dose milestones based on design requirements.  RAD 1 through RAD 4 utilized 

dosimeters to measure the dose for the SARTA at 1 m from the source centerline, 

which was used to calculate the average dose rate.  This average dose rate was used 

to estimate the dose for RAD 5 through RAD 7 and RAD 14 exposure steps. RAD 8 and 

RAD 9 also utilized dosimeters to measure the dose for the SARTA at the source 

centerline, which was used to calculate the average dose rate. This average dose rate 

was used to estimate the dose for RAD 10 through RAD 13 and RAD 15 through RAD 

18 exposure steps.  The total dose was estimated by summing the doses for each 

exposure step. 

In the low dose configuration the SARTA was rotated 180° between each 

exposures to minimize spatial variation.  TLD measurements supported model 

predictions that the dose rate was very uniform when the SARTA was placed in the 

basket centerline for the high dose rate configuration.  After startup, the SARTA was 

brought to temperature and operated at steady state for five minutes before and after 

each radiation exposure. This was done to establish baseline operating parameters for 

each exposure step as shown in Figure 7-1 and Figure 7-2. 

Several changes in system hardware and operator procedures influenced 

differences in the nominal operating conditions. After a safety review, the board required 
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the addition of a fuse in the instrumentation control system (for fail safe operation).  In 

addition, modifications to the He gas supply system were required by SNL.  These 

hardware changes resulted in operating conditions that shifted to slightly different 

values than those established during pre-exposure testing at NASA GRC. These new 

nominal operating conditions were found to be outside the established nominal 

operating limits to be used to identify failure during exposure.  Therefore, new nominal 

conditions were required to be established at SNL prior to the first exposure. 

The new nominal operating parameters for operation at 90°C and 125°C were 

based on taking the average of the parameters while at temperature and pressure 

during brief steady state runs.  The same operating limits range established at NASA 

GRC (by statistical analysis of the data) for steady state operation was applied to the 

new nominal values determined at SNL.  While at NASA GRC the SARTA was operated 

using piston stroke as the control variable.  It was later determined to use input voltage 

as the control variable while operating at SNL due to concerns that the FLDT might fail 

leaving the operator without a primary control mechanism.  Therefore, the data in which 

the stroke is the control variable is uncharacteristically uniform with voltage having 

larger variation.  The inverse is true for the data where the input voltage was the primary 

means of SARTA control. 

Perhaps the largest influence affecting the SARTA performance was pressure 

fluctuation.  Precise pressure control practiced at NASA GRC could not be achieved 

with the change to the SNL pressure regulator due to its rather coarse adjustment 

control.  Initially the pressure transducer was located inside the test cell approximately 

five feet from the source and was shielded by numerous lead bricks as shown in Figure 
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7-3.  During the RAD 5 run several parameters were slowly approaching shut-down 

limits and it was eventually discovered that the pressure transducer readings were far 

less (approximately 35 psig) than what was being indicated by cross checking a 

mechanical pressure gauge.  A pressure transducer calibrator was tied into the gas 

supply system and confirmed the pressure transducer failure.  After RAD 5 the failed 

transducer was replaced and a 25 ft flex hose was used to place the transducer outside 

the test cell.  In addition, the SARTA leak rate coupled with the inaccurate pressure 

regulator caused considerable pressure fluctuation and subsequent operation 

parameter fluctuation throughout the exposure tests. These slight changes in 

performance can be related directly to pressure changes as illustrated in Figure 7-4. 

Next, we analyze the SARTA performance at the higher dose rate.  Figure 7-5 

shows how the power has a gradually decreasing trend, which is to be expected in an 

accelerated life test and except for RAD 5, performance is well within the established 

operating limits.  However, the more drastic changes in power factor, such as RAD 5, 

can be attributed to the malfunction of the pressure transducer providing false readings.  

When this problem was isolated and a secondary means of pressure monitoring was 

utilized, and the power factor immediately returned to within normal acceptable limits.   

Downward trends in power factor (e.g. the ratio of applied to produced current and 

voltage from the alternator) and upward trends in stroke are evident for RAD 1 through 

RAD 5 exposures.  It is uncertain whether these changing trends are due to radiation 

effects of the SARTA or due to a slow variance in operating pressure due to the 

gradually degrading pressure transducer.  Replacing and relocating the pressure 

transducer eliminated pressure uncertainty but not pressure variability. 
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The loss of pressure over time required the operator to increase the pressure to 

the upper level of the pressure limit (505 psig), monitor it as it decreased, and again 

increase the pressure once it reached the lower bound (495 psig).  Such coarse 

pressure control resulted in the saw-tooth appearance of the performance data as 

illustrated by the RAD 6 and RAD 7 data and cannot conclusively be attributed to the 

operation in radiation. 

When we compare the stroke of the 90°C exposure tests we observe fairly close 

agreement between data sets as shown in Figure 7-6.  The exceptions include the end 

of RAD 4 and the majority of RAD 5, which show an increasing trend.  As mentioned 

before this can be attributed to the gradual deterioration of the pressure transducer 

resulting in an under-pressurization condition and subsequent characteristic stroke 

response.  When the transducer was isolated as the source of the anomalous behavior, 

a secondary pressure gauge was used to maintain pressure and the performance 

returned to nominal as seen at the end of RAD 5. 

The later tests at 90°C (i.e. RAD 13), show a much more gradual pressure 

variability and can be attributed to the pressure regulator set point being optimized for 

steady state operation.  Although small changes in operating parameters were observed 

during the 90°C radiation tests (e.g. RAD 1 – RAD 13), the values were within the 

predefined operating limits, with no distinct trends observed with the exception of those 

induced by pressure variation.  The same power factor comparison is now examined for 

the SARTA operation at the 125°C exposure steps as shown in Figure 7-7.  By this late 

in the test matrix, SARTA operation was well understood and the performance is far 

more uniform, which is evident by the decrease in variance in the data. 
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It must be noted that for approximately the first 15 minutes of RAD 14 the SARTA 

was inadvertently operated at the incorrect input voltage setting.  The operator applied 

the voltage setting used for 90°C operation as opposed to the voltage setting used for 

125°C operation.  The error was discovered and the correct input voltage setting was 

applied.  The change in voltage resulted in the SARTA operating parameters 

transitioning to within the expected nominal operating values, with variation within the 

established limits (Figure 7-8).  It must be noted that one performance anomaly was 

detected.  The performance does show a noticeable decrease throughout the last 17 

minutes of the RAD 18 exposure.   Voltage and current (Figure 7-9) as well as power 

and stroke (Figure 7-10) display a coordinated and consistent decrease in performance 

starting at approximately 224 minutes into RAD 18.  No changes in pressure or input 

voltage were applied by the operator, which indicate that the anomaly can be most likely 

attributed to changes within the SARTA or support hardware.  The subtle but consistent 

decrease in SARTA performance is likely due to degradation of one or more of the 

SARTA internal components.  Plots for each radiation exposure step, time-averaged 

performance, and exposure step comparison can be found in Appendix A. 

SARTA Waveform Comparison 

The waveforms produced by the SARTA during operation at both 90°C and 125°C 

were obtained in order to observe subtle changes in the alternator performance.  

Although the waveforms are identical when overlaid on one another the specific values 

are somewhat different at different operating conditions as shown in Figure 7-11. 

Waveforms were obtained before, during, and after most exposure steps and they 

consistently displayed no change in shape or parameters as a function of radiation 

exposure, indicating normal operation was preserved as illustrated in Figure 7-12 and 
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Figure 7-13.  When comparing waveforms taken at SNL to those taken at GRC a 

change in phase was observed.  Waveforms obtained at SNL prior to the first exposure 

show a small displaced shift in phase.  All subsequent waveforms also display this 

phase shift and can be attributed to a change in the scan trigger setpoint.  Adjusting the 

waveforms with a trigger set point correction results in good agreement between 

waveforms.  No changes in waveform are observable with increasing radiation dose at 

both 90°C and 125°C operating temperatures as shown in Figures 7-14 and 7-15. 

SARTA Radiation Exposure Electrical Integrity 

Initially, no changes were detected in the post-exposure electrical integrity 

measurements conducted between each exposure step, indicating that the insulating 

materials were continuing to maintain their function with increasing dose.  Resistance-

to-ground measurements for both the alternator and the FLDT did not change 

throughout the entire test matrix; however, both alternator coil resistance and 

inductance changed drastically when measured after final exposure (RAD 18).  The 

alternator measurements were repeated several times in order to rule out measurement 

error.  Instrumentation error can also be ruled out due to the fact that changes in the 

alternator measurements should also have corresponding changes in FLDT 

measurements, which were not observed, as shown in Figure 7-16.  The FLDT 

measurements show fairly uniform variation that is well within the experimental error 

bounds established by the statistical analysis. 

The decrease in alternator resistance and inductance is illustrated in Figure 7-17. 

The resistance decreased from a mean of 0.182 Ω to 0.13 Ω; more dramatic was the 

change in inductance from 1.0 to 3.54x10-3 (normalized) as shown in Figure 7-18.  Such 
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a drastic change in inductance may be explained as either a failure of the insulation or a 

failure of the bonding materials that allowed for contact between adjacent electrical 

carriers.  The likely culprit would be the breakdown of the alternator coil lead wire 

insulation or breakdown of insulation between windings becoming resistive.  The fault 

could be at a specific location or uniformly distributed degradation throughout the coil.  

Since resistance-to-ground measurements did not change for the SARTA internal 

components (such as the alternator coil), there was no short to the external structure. 

Measurements were taken after exposure so the fault could not be attributed to 

temperature effects or radiation induced conduction.  The fact that the SARTA operated 

with no drastic changes in performance even with a significant electrical fault, and was 

not detected until after testing could be attributed to testing procedure.  In between each 

exposure the basket was removed from the test stand then the SARTA was removed 

from the basket in order to conduct the post-exposure electrical integrity measurements. 

One possibility is that there was insufficient degradation of the insulating material 

during steady-state exposure operation to initiate an electrical fault.  Removal of the 

SARTA from the basket inherently induced movement of the internal components.  This 

movement after irradiation could have contributed to the cause of the short.  Perhaps 

the insulation was showing embrittlement and when the SARTA was moved, some of 

the material could have flaked off allowing contract between adjacent wires.  Therefore, 

we can conclude that sufficient degradation of the material occurred sometime during 

the RAD 18 run, or between approximately 30 Mrad and 40 Mrad.  Subsequent 

disassembly and an account of the detailed observations of internal SARTA 

components are described in detail in Chapters 8 and 9. 
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SARTA Radiation Exposure RGA 

RGA scans of the internal SARTA atmosphere were obtained at NASA GRC in 

order to provide a pre-irradiation gaseous element distribution of the SARTA operating 

under normal conditions.  The pre-irradiation RGA scan is used as the primary gas 

evolution reference as is illustrated in Figure 7-19.  Subsequent RGA scans taken after 

irradiation are compared to pre-irradiation RGA scans to qualitatively determine the 

evolution of gases as a function of the combined temperature and dose effects as 

illustrated in Figure 7-20 and Figure 7-21. 

Post-irradiation RGA spectra do not show increased trace amounts of CO and 

CO2.  Based on the literature review, this type of gas evolution was expected.  What is 

of particular interest is the increase of the CO and CO2 peak height relative to the other 

peaks as the dose increased with each respective exposure step.  Again, this method is 

qualitative in nature and although the amount of evolved gas detected did decrease with 

additional exposures, the relative peak height of CO and CO2 did increase relative to 

the other detected gas peaks. 

The evolved gas peaks show considerable growth relative to the other peaks for 

exposure steps at 853.57 rad/s and operating at 125°C (Figure 7-22 and Figure 7-23). It 

is uncertain if there is sufficient data to say conclusively whether the outgassing is 

driven by dose and temperature or simply temperature driven via absorbed gas in the 

stainless steel pressure vessel walls, volatilizing at higher temperature.  As a result, the 

control samples should undergo similar thermal aging effects in order to compare RGA 

and FTIR data of irradiated and non-irradiated organic samples.  Such a comparison is 

critical for the confident separation of combined thermal and radiation effects from 

thermal only effects. 
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SARTA Radiation Exposure Leak Rate 

Possible changes in the O-ring seal integrity were determined as a function of the 

pressure vessel helium leak rate.  The leak rate was monitored and recorded overnight 

after the last exposure test of the day was completed.  This was measured using both a 

mechanical pressure gauge and the pressure transducer.  Accelerating helium leak 

rates could be indicative of temperature or radiation damage of the Silicone O-rings, 

Viton O-rings, or thermocouple feed-through failure of the thread sealant.  A linear 

regression was applied to the leak rate data in order to estimate the isothermal leak rate 

after each radiation exposure step.  A depiction of the regression analysis is illustrated 

in Figure 7-24.  From the regression we observe that the leak rate decreased with 

increasing radiation dose indicating the possibility that the thermocouple feed-through 

thread sealant (known to be the source of the leak prior to exposure) underwent some 

change such as radiation induced curing or expansion, which is detailed in Table 7-2.  

Subsequent tests are conducted to better understand possible O-ring degradation with 

dose that can compromise the pressure sealing ability of Stirling alternator designs.  

Such O-ring compression test results are thoroughly described in chapter 10. 

Conclusions 

The SARTA was successfully operated at 90°C to approximately 22 Mrad and at 

125°C to approximately 18 Mrad with no significant degradation of operating 

parameters.  Post-irradiation electrical integrity measurements indicate that some 

discernable damage to the alternator did in fact occur somewhere between 

approximately 30 and 40 Mrad.  A summary of the different conditions the SARTA was 

operated in is detailed in Table 7-3.  The SARTA performed well throughout radiation 

exposure tests as confirmed by minimal change in operational parameters, no 
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detectable changes in waveforms, and the minimal generation of radiation-induced 

gases as confirmed by RGA scans.  The SARTA operating parameters for all 18 

exposure tests were within expected the nominal variation and show only minor change 

in steady-state operation as a function of increasing dose. 

Although modestly decreasing trends in the performance were observed, it cannot 

be stated conclusively if this change was due to only radiation exposure or to the normal 

wear of the SARTA unit.  To make the distinction between normal operation and 

radiation induced wear will require a series of subsequent trials, each being 

disassembled at various periods throughout the expected service life. 

Although slight changes in performance were observed, it is unlikely that radiation 

exposure alone would induce such effects.  The expected design life for the SARTA 

was on the order of 100 hours and as a result, was not subject to the considerable 

quality control processes of a typical ASC system. With the exception of the end of RAD 

18, the variation in performance data was found to be a function of support hardware 

and operator input.  Decrease in performance observed throughout the last 17 minutes 

of RAD 18 also coincides well with the electrical fault detected in subsequent electrical 

integrity measurements. 

Disassembly and internal inspection of the components followed by a thorough 

materials analysis should not only provide insight into how the components and 

materials withstood the exposure tests but also help to isolate the electrical fault.  It 

cannot be conclusively stated that the electrical fault is attributable to only radiation 

effects.  It must also be mentioned that the SARTA did operate at cumulative doses well 

above FSP design requirements. 
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Table 7-1. SARTA radiation test matrix 
Test  T (°C) �̇�𝐷(rad/s)  t (min) DEst (Mrad) DMeas (Mrad) DTotal (Mrad) 
RAD 1 90   81.822 30 - 0.147 ± 0.014   0.147 ± 0.014 
RAD 2 90   75.943 30 - 0.137 ± 0.013   0.284 ± 0.029 
RAD 3 90   98.745 60 - 0.355 ± 0.036   0.639 ± 0.065 
RAD 4 90   94.38 60 - 0.339 ± 0.035   0.979 ± 0.1 
RAD 5 90   78.883 210   0.994 ± 0.095 -   1.973 ± 0.201 
RAD 6 90   78.883 160   0.757 ± 0.072 -   2.730 ± 0.278 
RAD 7 90   78.883 270   1.278 ± 0.122 -   4.008 ± 0.408 
RAD 8 90 859.396 5 - 0.258 ± 0.025   4.266 ± 0.434 
RAD 9 90 847.75 5 - 0.254 ± 0.025   4.52 ± 0.46 
RAD10  90 853.573 35   1.793 ± 0.175 -   6.313 ± 0.643 
RAD 11 90 853.573 40   2.049 ± 0.2 -   8.362 ± 0.851 
RAD 12 90 853.573 80   4.097 ± 0.4 - 12.459 ± 1.268 
RAD 13 90 853.573 195   9.987 ± 0.973 - 22.446 ± 2.285 
RAD 14 125 78.883 60   0.284 ± 0.028 - 22.729 ± 2.314 
RAD 15 125 853.573 20   1.024 ± 0.1 - 23.754 ± 2.418 
RAD 16 125 853.573 40   2.049 ± 0.2 - 25.802 ± 2.627 
RAD 17 125 853.573 80   4.097 ± 0.4 - 29.899 ± 3.044 
RAD 18 125 853.573 200 10.243 ± 0.998 - 40.142 ± 4.086 
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Figure 7-1. Typical SARTA radiation test profile (power, current, voltage, and stroke). 

 

 
 
Figure 7-2. Typical SARTA radiation test profile (temperature and pressure). 
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Figure 7-3. Lead sheet and blocks used to shield the SARTA pressure transducer. 

 

 
 

Figure 7-4.  Influence of varying operating pressure on SARTA performance. 
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Figure 7-5. SARTA power factor comparison for 90°C operating temperature runs. 
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Figure 7-6. SARTA stroke vs. time for all tests conducted at 90°C operating 
temperature. 
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Figure 7-7. SARTA power factor comparison for tests conducted at 125°C operating 
temperature. 
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Figure 7-8. SARTA stroke vs. time for runs at 125°C operating temperature. 
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Figure 7-9. End of SARTA RAD 18 exposure run voltage and current decrease. 

 
 

 
 
Figure 7-10. End of SARTA RAD 18 exposure run power and stroke decrease. 
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Figure 7-11. SARTA pre-exposure oscilloscope waveforms at 90°C and 125°C. 

 

 
 
Figure 7-12. RAD 12 waveform (90°C, 80 minute exposure, 853.57 rad/s, 4.097 Mrad). 
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Figure 7-13. RAD 16 waveform (125°C, 40 min. exposure, 853.57 rad/s, 2.049 Mrad). 

 

 
 
Figure 7-14. SARTA pre-exposure and post-exposure waveform comparison at 90°C. 
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Figure 7-15. SARTA pre-exposure and post-exposure waveform comparison at 125°C. 
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Figure 7-16. SARTA FLDT electrical integrity as a function of increasing dose. 

 

 
 
Figure 7-17. SARTA outer stator electrical integrity as a function of increasing dose. 
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Figure 7-18. Close up view of the SARTA outer stator inductance as a function of dose. 

 

 
 
Figure 7-19. Pre-exposure RGA scan of the SARTA internal helium working fluid. 

0.95

0.96

0.97

0.98

0.99

1.00

1.01

1.02

1.03

1.04

1.05

0 5 10 15 20 25 30 35 40

In
du

ct
an

ce
 (R

ea
la

tiv
e 

N
om

in
al

)

Dose (Mrad)

   

1.00±0.02 Relative Nominal
σ = 0.0147

3.54e-3 Relative Nominal

0.00E+00

1.00E-06

2.00E-06

3.00E-06

4.00E-06

5.00E-06

6.00E-06

7.00E-06

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Pr
es

su
re

 (T
or

r)

m/Z

  

H2

H He

CO, N2

O2

CO2ArFON

OH, 
NH3



 

137 

 
 
Figure 7-20. RAD 1 RGA scan (90°C, 30 minute exposure, 81.82 rad/s, 0.147 Mrad). 

 

 
 
Figure 7-21. RAD 13 RGA scan (90°C, 195 minutes, 853.57 rad/s, 9.987 Mrad). 
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Figure 7-22. RAD 16 RGA scan (125°C, 40 minutes, 853.57 rad/s, 2.049 Mrad). 

 

 
 
Figure 7-23. RAD 18 RGA scan (125°C, 200 minutes, 853.57 rad/s, 10.243 Mrad). 
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Figure 7-24. SARTA post-RAD 1 exposure helium leak rate. Linear fit used to estimate 

time to reach a pre-determined pressure and compare to actual pressure. 

 
Table 7-2. SARTA leak rate vs. dose 
Test Name Dose (Mrad) ΔP/Δt (psig/hour) 
RAD 1   0.147 ± 0.140 9.770 ± 0.01 
RAD 2   0.284 ± 0.290 7.401 ± 0.01 
RAD 6   2.730 ± 0.278 2.228 ± 0.01 
RAD 10   6.313 ± 0.643 1.440 ± 0.01 
RAD 18 40.142 ± 4.086 2.039 ± 0.01 

 
 
Table 7-3. SARTA Operational Totals 
Test Operation Condition     
Pre Exposure Operation   64.0 Hours 
Exposure Operation   26.37 Hours 
Total Operation 102.094 Hours 
Operating at 90°C   54.654 Hours 
Operating at 125°C   15.877 Hours 
Operation at 1 m from source centerline     4.301 ± 0.418 Mrad (Si) 
Operating at source centerline   35.921 ± 3.50 Mrad (Si) 
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CHAPTER 8 
RESULTS: POST-IRRADIATION EVALUATION OF THE SARTA 

Following γ-ray testing the SARTA was heat sealed in three bags, each back filled 

with argon. The SARTA was transported from SNL to GRC with an argon cover gas and 

stored in a glove box upon arrival at GRC as shown in Figure 8-1.  The inert 

atmosphere minimizes potential reactions between oxygen and possible radiation-

induced free radicals within the organics that can lead to post-irradiation aging effects.  

The purpose of the disassembly was to thoroughly inspect the SARTA’s internal 

components for changes that could explain the variation in operating parameters 

observed at SNL.  These varying parameters include a considerable decrease in the 

helium leak rate measured after each exposure step as well as the significant decrease 

in the SARTA resistance and inductance.  In addition, evidence of radiation-induced 

degradation of the internal components could be further investigated by collecting 

samples and performing a thorough materials characterization analysis. 

RGA scans of the glove box environment before and after opening the SARTA 

found only trace quantities of water vapor and oxygen at the resolution available.  Trace 

amounts of CO2, CO and light molecular weight hydrocarbons were detected within the 

SARTA.  No additional reactive species were identified as shown in Figure 8-2.  The 

RGA scans also showed a slightly higher quantity of residual CO2 when compared to 

scans obtained immediately after the completion of irradiation RAD 18 as illustrated in 

Figure 8-3.  The minimal presence of water vapor and oxygen indicate that the SARTA 

maintained an inert internal atmosphere during transport and storage.  Verification of a 

contaminant free cover gas allowed for the disassembly and inspection of the SARTA 

internal components without concerns over post-irradiation aging effects. 
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The SARTA was disassembled inside the glove box by Aaron Courtney of 

Sunpower, Inc.  Mr. Courtney’s considerable experience in assembly and disassembly 

of Stirling power convertors provided a wealth of knowledge to identify even minor 

changes that could possibly be attributed to the radiation exposure.  Sunpower also 

provided a magnet can, inner stator assembly, outer stator assembly, and piston 

assembly as control references used for comparison with the SARTA components. 

The SARTA internal assembly was free of debris, deposits, condensation 

products, or major changes in appearance.  The pressure vessel inner surface retained 

a lustrous finish, suggesting minimal deposition of radiation-induced gaseous products.   

The pressure vessel, transition plate, and displacer spring appeared unchanged.  The 

pressure vessel Silicone O-ring suffered considerable compression set, as evidenced 

by a flat appearance flush with the flange and permanently deformed as shown in 

Figure 8-4.  The compression set in this O-ring would not increase the sealing ability of 

the pressure vessel and cannot account for the reduced leak rate discussed previously.  

The compression set in the O-ring could have increased the leak rate, meaning that the 

other possible leak sites improved much more than expected. 

The Viton heat shrink tubing at both the outer stator and FLDT lead wire terminal 

connection points appeared to be undamaged and in very good condition as shown in 

Figure 8-5.  The Viton heat shrink tubing cut cleanly and retained considerable ductility. 

The thermocouples, PTFE insulated FLDT hook-up wires, and PTFE insulated 

alternator hook-up wires were cut in order to separate the outer stator, inner stator, 

magnet can, and piston assemblies from the transition plate.  The hook-up wires 

appeared to be in good shape except for a roughly 3 mm long crack along the length of 
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one of the outer stator PTFE insulated wires as shown in Figure 8-6.  Small cracks were 

also observed along the outer stator hook-up wire’s length as well.  The hook-up wires 

ran from both the outer stator and FLDT coils to their respective feed-through pins.  

Viton heat shrink covered the connection ends of the FLDT hook-up wires.  Kynar heat 

shrink covered the connection ends of the outer stator hook-up wires.  After completion 

of the visual inspection, the shrink tube insulation was removed from the outer stator 

and FLDT leads at the point of connection with the transition plate feed-through pins.  

The Viton heat shrink on the FLDT pins appeared to be in good conditions; also it cut 

cleanly, and retained ductility. 

Kynar heat shrink tubing was used to cover the connection terminals of the outer 

stator hook-up wires.  The Kynar was brittle when removed from outer stator leads as 

shown in Figure 8-7.  Kynar is known to be brittle if overheated during the shrink 

process or during operation.   Whether the brittle behavior of Kynar was exacerbated by 

radiation requires additional investigation using analytical characterization methods. 

The outer stator appeared to be in good shape; although the Hysol epoxy had 

taken on a green tint, which is typical of temperature aging effects.  Figure 8-8 

compares the control outer stator (left) and the SARTA outer stator (right). The Hysol 

shown between windings also had a slightly green tint as mentioned previously and is 

shown in Figure 8-9.  One noted design difference between the SARTA and control 

outer stator assemblies was that the hook-up wire connections for the SARTA outer 

stator have greater separation than the control outer stator.  The proximity between the 

adjacent hook-up wires could make the control outer stator less radiation tolerant, 

especially if PTFE insulated wires were used and lost integrity during to operation. 
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Discoloration and stains were observed comparing Nomex paper located on the 

outer stator as shown in Figure 8-10.  The source of this discoloration is uncertain, but it 

is highly unlikely that the stain could have induced any significant degradation in 

performance.  It was decided that this change did not pose a risk and did not warrant 

additional analysis to determine if this is a temperature and/or radiation effect. 

When removed from the assembly the magnet can had a normal feel, with no 

more or less force required to remove it.  Scour marks on the external face of the 

magnet were normal and can be attributed to a grind process of the external surface of 

the magnets in order to allow for normal final assembly fit.  The inner stator was 

removed from the transition flange and showed no noticeable changes in condition with 

the exception of a residue deposit on attachment flange and transition plate as shown in 

Figure 8-11 and Figure 8-12.  The same residue was also found on the transition plate 

where the flange bolts into place as shown in Figure 8-13. It was suggested that the 

residue could be Hysol epoxy that leaked out from the threads of the inner stator 

attachment flange.  The residue underwent FTIR analysis in order to determine its 

content and possible origin.  The FTIR results can be found in Appendix C.  Like the 

Hysol epoxy in the outer stator, the Hysol visible between the magnets had a slightly 

green tint. The inner Viton O-ring retained its shape and was in good condition. 

The piston, when removed, had a normal appearance, with no discernable 

changes in the color, dimensions, or feel of the Xylan coating.  There were rub marks at 

two locations on the piston Xylan coating which extended on a section of the piston end 

with corresponding marks on the cylinder (Figure 8-14).  More rub marks were found on 

the back end of the piston and corresponded to marks on the cylinder as shown in 
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Figure 8-15.  The number and size of the rub marks observed was normal and not in 

any way excessive for an alternator with over 100 hours of operation.  

Significant degradation of external wire insulation (alternator, FLDT, band heater 

power) irradiated in air was observed as shown in Figure 8-16.  The PTFE insulation 

suffered significant embrittlement and cracking.  Insulation flaked off easily with even 

delicate manipulations.  The insulation embrittlement was not immediately apparent 

after exposure and therefore can likely be attributed to post-irradiation aging affects. 

Electrical Integrity Measurements 

Resistance and inductance measurements were performed on the feed-through 

pins, outside and inside the transition plate, and on the outer stator terminals.  Electrical 

integrity parameters were measured throughout the disassembly process and are 

compared to those measured during radiation testing (Table 8-1).  The inductance 

values have been normalized to the nominal operation value for intellectual property 

restrictions, but the relative change shows the magnitude of variation.  The Viton heat 

shrink was removed from the outer stator terminal connection points.  A second set of 

inductance and resistance measurements were taken during disassembly by connecting 

one probe to the end of a lead wire and the other to the outer stator assembly body 

which resulted in a measurement of zero resistance.  These measurements were 

repeated to the outer stator lead wire terminals and also resulted in no measureable 

resistance.  These measurements suggest that the anomalous inductance and 

resistance behavior of the outer stator assembly are not due to PTFE lead wire 

insulation failure, but rather a short that is probably internal to the outer stator assembly.  

Attempts to determine the exact location by invasive exploration of the polyimide wire 

insulation would create additional damage that would mask the location of the short. 
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Changes in Pressure Leak Rate 

Potential locations for the helium leak include the pressure vessel Silicone O-ring, 

two thermocouple feed-throughs, and a gas feed-through line.  As previously discussed 

the compression set in the pressure vessel O-ring would not improve sealing and can 

therefore be ruled out.  The thermocouple feed-throughs were threaded and sealed with 

an organic thread sealant.  The thermocouple feed-throughs were known to leak prior to 

radiation exposure testing and are the most likely source of the pressure leak.  The 

feed-throughs were inspected but no major changes in the feed-through or thread 

sealant could be observed. 

The most likely cause for the decreased leak rate is due to some sort of final cure 

that resulted from radiation exposure and/or heat treatments throughout operation.  The 

cure likely allowed for the thread sealant to somehow expand into the threads, which 

improved helium gas retention.  Unfortunately, there was not sufficient thread sealant 

material retrieved from the SARTA thermocouple feed-throughs to allow for a thorough 

material property analysis.  Future radiation exposure testing that requires the use of a 

feed-through should utilize a welded gasket design to ensure retention of the internal 

testing atmosphere.  These weldable gasket designs are very common in ultra-high 

vacuum and ultra-high purity gas technologies.  Although these feed-throughs are 

somewhat more expensive they are far superior to the threaded type feed-throughs 

combined with organic thread sealants. 

Conclusions 

The evaluation of the SARTA internal components revealed minimal degradation 

even after operating in the radiation environment to over 40 Mrad.  A crack was 

observed in one of the PTFE hook-up wire’s insulation but did not appear to contribute 
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to changes in system response.  Slight appearance changes such as discoloration or 

rub marks were observed; however, the magnitude of these changes was comparable 

to those found in normal operation of un-irradiated Stirling alternators. 

The SARTA performed well throughout radiation exposure tests as confirmed by 

the internal inspection.  The lack of debris, deposits, and major changes in component 

appearance when compared to control specimens indicate that few changes will be 

required to radiation harden Stirling-alternator designs.  The only recommendation to 

improve radiation tolerance is to replace PTFE insulated wires with PVC or Polyimide 

insulated wires.  The inspection also confirmed the importance of minimizing exposure 

to oxygen during and after radiation tests to minimize the effects of radiation-induced 

aging of organic materials.  These theorized aging effects were clearly confirmed by the 

degradation of the external leads, which suffered severe cracks and flaking. 

Of critical importance was isolating the general electrical fault location.  Initially, it 

was thought that the short was the result of contact between frayed PTFE insulated lead 

wires.  However, after resistance and inductance measurements were taken of the outer 

stator, this assumption was no longer valid.  Evaluations suggest that the short formed 

in the outer stator windings, which is unexpected since the windings utilize polyimide 

insulation with a high radiation tolerance.  Therefore, it can be suggested that such a 

failure is most likely attributed to thermo-mechanical fatigue or a pre-existing flaw in the 

insulation that was exacerbated throughout radiation exposure tests.  It cannot be 

stated conclusively that the failure was due to radiation.  It is recommended that further 

thermo-mechanical testing and possibly additional radiation testing of the outer stator 

assembly be conducted in order to repeat the fault and isolate the failure mechanism. 
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Figure 8-1. NASA GRC SARTA disassembly glove box with argon backfill. 

 
 

 
 
Figure 8-2. RGA scan of the glove box atmosphere prior to SARTA disassembly. 
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Figure 8-3. SARTA internal atmosphere RGA scan prior to disassembly. 

 
 
 

 
 
Figure 8-4. SARTA pressure vessel Silicone O-ring with significant compression set. 
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Figure 8-5. SARTA FLDT Viton heat shrink tubing at the transition plate terminals. 

 

 
 
Figure 8-6. Crack along one of the outer stator PTFE insulated wires near the transition 

plate terminals. 

 

 
 
Figure 8-7. Kynar heat shrink tubing embrittlement at the outer-stator wire terminals. 

 

 
 
Figure 8-8. Outer stator section comparison of A) Control vs. B) SARTA. 
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Figure 8-9. Outer stator Hysol epoxy section comparison of A) Control vs. B) SARTA. 

 
 

 
 
Figure 8-10. Outer stator Nomex section comparison of A) Control vs. B) SARTA. 

 
 

 
 
Figure 8-11. Front end inner stator section comparison of A) Control vs. B) SARTA. 
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Figure 8-12. Back end inner stator section comparison of A) Control vs. B) SARTA. 

 
 

 
 
Figure 8-13. Residue deposit on the inner transition plate surface. 

 
 

 
 
Figure 8-14. Rub marks on the SARTA piston outer running surface Xylan coating. 
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Figure 8-15. SARTA Inner stator rub marks corresponding to piston rub marks. 

 
 
 

 
 
Figure 8-16. External PTFE wire insulation post-irradiation aging embrittlement. 

 
Table 8-1. SARTA electrical integrity comparisons 

Measurement (Location) Resistance (Ω) Inductance 
ALT FLDT ALT (Relative Nominal) FLDT (μH) 

Pre-Irrad. Nominal Operation  0.17 5.07 1.0 156 
Post-Rad 18 (SNL) 0.13 5.14 3.54x10-3 157 
Pre-Disassembly (GRC) 0.127 5.12 1.0 157 
Inside transition plate (GRC) 0.146 5.028 1.98e-1 N/A 
Outer stator terminals (GRC) 0.139 N/A 1.98e-1 N/A 
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CHAPTER 9 
RESULTS: SARTA POST-IRRADIATION MATERIAL COUPON EVALUATION 

After disassembly and inspection the SARTA had samples removed from it in 

order to first undergo non-destructive evaluation followed by material and property 

characterization.  Samples were prepared using industry standard methods60. 

Dimension and Weight Measurement 

Sample dimensions were obtained by taking the average of three measurements 

using calipers and weight was measured using an analytic balance as previously 

detailed (Appendix C, Table C-1).  As-received measurements were not obtained before 

radiation testing by Sunpower; therefore, the as-received dimension values published 

by the manufacturer were used as control reference values. 

Optical Microscopy 

The cracked PTFE hook-up wire was examined as shown in Figure 9-1.  The 

micrographs are used to observe shear or fracture patterns of the PTFE insulation as 

shown in Figure 9-2 and Figure 9-3.   

Without magnification, the crack appears to be short and linear.  The PTFE flakes 

that came off from the external PTFE insulated wires were elliptical in shape.  In 

addition to the 2D images, the Keyence microscope has the capability of rendering 3D 

composite images.  The control station software works in conjunction with the profile 

measurement unit that allows the system to obtain a series of images at various 

changes of focus as a function of height and compiles the focused pixel sections into a 

3D image.  Using the microscope’s 3D composite image capability allows us to observe 

a well defined crack at one end of the wire leading to a more subtle spiral crack that 

propagates along the longitudinal axis as illustrated in Figure 9-4. 
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 Re-orienting the composite image shown above in 3D space allows us to observe 

how a crack originates at the highly visible crack where the underlying copper wire braid 

is visible and wraps around the wire surface spirally as illustrated by Figure 9-5.  

Another composite 3D image was obtained at the open end of the wire where the crack 

is clearly visible.  The image plainly shows the underlying copper braid as shown in 

Figure 9-6.  Further examination reveals these spiral cracks propagate in opposite 

directions and intersect creating elliptical sections of insulation that flake off.  Cracks 

seem to form along pre-existing features that form during the manufacturing process. 

Differential Scanning Calorimetry 

The following comparisons were performed to look for evidence of chemical 

changes brought about by irradiation such as a shift in the polymer sample Tg, which 

refers to a shift from glassy behavior to rubbery behavior and is associated with 

relaxation or breaking side-chain bonds.  In the following figures, green curves 

represent “as-received” (AR) samples, blue represents “baked-out” (BO) samples, and 

red represents post-irradiation samples taken from SARTA components.  The baked-out 

thermal exposures represent the baking-out process used on the entire SARTA 

assembly prior to radiation testing.  This baking out process does not replicate the entire 

thermal history experienced by the SARTA components. 

The Kynar heat shrink material response is shown in Figure 9-7.  The vertical off-

set in as-received curves appears large only due to the choice of Y-axis scale and is 

probably indicative of the natural variation in sample density.  The as-received and 

baked-out curves show good agreement in peak identification with endothermic 

reactions occurring around 40-50°C and 127°C.  Temperature variation on the order of 

±2°C is within the experimental error of the DSC hardware; however, we do see 
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differences in excess of this value, indicating that thermally induced changes have 

taken place.  The two SARTA curves show excellent agreement with each other, but 

peaks differ greatly from those identified in as-received and baked-out samples.  In 

addition to radiation exposure, the SARTA samples had a different heat treatment 

history due to the heat shrinking process itself.  In practice, applying the heat shrink 

material over a joint was performed using a heat gun and the application temperatures 

were not well controlled.  Therefore, it is uncertain to what extent the identified changes 

were due to heat-shrink-process thermal history versus radiation exposure.  Variations 

in manufacturing could account for changes between control specimens obtained 

directly from the vendor and the material used on the SARTA. 

Viton heat shrink response curves are shown in Figure 9-8.  Again the as-received 

and baked-out samples were well behaved and identified a Tg of approximately -20°C 

and another endothermic reaction at 155°C.  The SARTA curves show a slight, but 

noticeable decrease of 5°C.  Further investigation is required to confirm whether this 

change is due to irradiation or difference in thermal history.  Minimal observable change 

supports the higher thermal stability of the Viton heat shrink.  Variation in instrument 

calibration is a potentially problematic issue when comparing samples evaluated 

different times. For this reason samples are tested as close to each other as possible. 

Sample results from Viton O-ring material are shown in Figure 9-9.  In this case, 

there are marked changes between the as-received and the bake-out samples 

indicative of a thermal history response.  There is an exothermic reaction in the as-

received material, possibly advancement in cross-linking that is completed sometime 

after heat treatment. There was no difference in baked-out or SARTA sample curves. 
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The Silicone O-ring curves are illustrated in Figure 9-10.  The endothermic peaks 

around -42°C for as-received and baked-out samples and -54°C for SARTA exposed 

samples are probably too low to be associated with melting or evaporation of additives 

but are at temperatures well above the anticipated glass transition.  The exothermic 

peaks around 300°C for the as-received and baked-out samples are not typical. 

The PTFE wire insulation curve is depicted in Figure 9-11.  Unlike the previous 

DSC plots, a baked-out sample was not available for comparison.  Although the wire 

insulation experienced embrittlement, there was little difference between the as-

received and SARTA curves.  We observe a slight increase in endothermic peaks 

occurring between 14°C and 17°C.  The sharp peak at 327°C is the melting reaction. 

Finally, the comparison between as-received and SARTA exposed Xylan samples 

are shown in Figure 9-12.  A representative baked-out sample was not available.  As 

discussed in Chapter 3, Xylan lubricant consists of a polyimide matrix dispersed with 

PTFE filler.  The PTFE particles act as the primary lubricating agent and should display 

similar curve trends as for the PTFE wire insulation curve.  The Xylan matrix is 100% 

polyimide after processing and will not show any transitions at these temperature 

ranges due to the thermal stability of polyimide.  Comparing the as-received sample 

curve with the irradiated SARTA sample curves yielded good agreement of an 

endothermic peak at 320°C and is probably associated with the melting of the PTFE 

filler within the Xylan.  Changes in intermediate heat flow response are probably 

associated with thermal history but would require further investigation. Analysis of the 

DSC curves for the different polymeric sample conditions reveal changes that typically 

tracked with thermal history and that more samples are needed to improve results. 
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Thermo-Gravimetric Analysis 

Weight changes as a function of temperature were obtained.  Resulting weight 

loss curves provided insight to the thermal degradation behavior and post-irradiation 

reactions that result from un-combined free radicals reacting with oxygen.  The first 

knee in the weight-loss curve represents the onset of thermal degradation (Td) and the 

second knee represents completion of degradation.  Once again, green curves 

represent “as-received” samples, blue represents “baked-out” samples, and red 

represents post-irradiation samples taken from SARTA components.   

TGA curves for the Kynar heat shrink materials are shown in Figure 9-13.  There is 

good repeatability between curves of similar condition and good agreement for the as-

received and baked-out curves. However, Td occurs at a much higher temperature for 

SARTA post-irradiation samples suggesting advancement in cure state.  Previous 

evaluations of Kynar heat shrink material have found that the heat shrink process 

temperature affects both the degradation temperature and the flexibility62.  The Kynar 

did appear embrittled when post-SARTA testing samples were obtained; even delicate 

manipulation of the heat shrink induced cracking.  It is plausible that the high shrink 

temperature influenced an increased Td.  Kynar is typically radiation cross-linked by the 

manufacturer in order to obtain desirable properties; therefore, differentiating between 

the temperature and additional radiation effects on an increasing Td is difficult.  

Viton heat shrink curves are shown in Figure 9-14.  In this case Td was decreased 

by bake-out and decreased further in SARTA testing.  Kynar and Viton are 

fluoroelastomers (fluorine, hydrogen, and carbon contained in the backbone) and we 

should not observe any major degradation at these conditions.  Therefore, differences in 

thermal histories are most likely responsible for changes. 
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 The Viton O-ring curves are shown in Figure 9-15.  As was also observed in the 

DSC results, the baked-out and SARTA specimen demonstrated good agreement.  A 

noticeable shift in behavior occurred between as-received and baked-out samples. 

Figure 9-16 shows Silicone O-ring response and it can be seen that as-received 

and baked-out curves show minor variation.  The SARTA curves show more scatter 

when compared to the as-received and baked-out sample curves.  In particular, the 

onset Td increased slightly and the total weight loss was larger compared to control 

samples.  The SARTA samples lost nearly 10% more weight than the control as-

received and baked-out samples, which is considerable when compared to the lack of -

scatter between the two as-received and two baked-out curves.   

The TGA curve comparison for the PTFE wire insulation as-received and taken 

from the SARTA is shown in Figure 9-17.  Baked-out control samples were not available 

for comparison.  The TGA curves show excellent repeatability.  The onset of weight loss 

begins earlier with the irradiated samples and may be due to the variation in thermal 

histories.  This result is unexpected since the SARTA insulation showed considerable 

cracking and flaking when compared to the AR and control samples. 

Figure 9-18 shows that the onset of thermal degradation in the Xylan samples was 

comparable in the as-received and SARTA exposed conditions.  A baked-out Xylan 

sample was not available for testing.  The data plots closely match those of the PTFE 

plots; however, the total weight loss was noticeably different. 

TGA of the polymer samples revealed only minor changes in Td with the exception 

of the heat shrink materials.  Due to the sensitivity of Td to thermal history, these results 

do not conclusively demonstrate radiation degradation or lack thereof. 
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Conclusions 

Chemical changes characterized by DSC and TGA testing found some differences 

between polymeric baked-out samples and corresponding samples taken from the 

irradiated SARTA components.  However the SARTA did experience extended 

operation at elevated temperatures so these results can only serve as guidance for 

future testing.  The lessons learned from this phase of testing are used to design the 

sample preparation and sample characterization methodology implemented in the 

subsequent mixed neutron and γ-ray testing of candidate material coupons. 

PTFE wire insulation and Kynar heat shrink tubing were the two organic materials 

which experienced the most notable changes and are consequently identified as 

candidate materials which will warrant closer scrutiny in subsequent tests.  Improved 

thermal history control of the coupon samples and follow on characterization should 

reveal the nature of the observable deterioration of Kynar and PTFE. 

The operating performance changed insignificantly through 18 different irradiation 

runs amassing approximately 40 Mrad of exposure.  Post-operation measurements on 

the alternator suggested a short circuit occurred when the SARTA was removed from 

the test cell.  Further evaluation suggests that the short formed in the stator coil 

windings.  Due to the nature of its construction, destructive evaluation of the coil was 

not practical or feasible.  Since the outer stator windings utilize a polyimide based 

electrical insulation coating, a high radiation tolerance would be expected from this 

component.  It is recommended that further testing of the outer stator be conducted in 

order to repeat the fault and isolate the failure mechanism.  These tests should be 

conducted after a completed lifetime duty cycle to include un-irradiated and irradiated 

outer stator specimens. 
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Figure 9-1. Degradation of PTFE alternator wire insulation near the transition plate 

terminals 

 
 
 
 
 

 
 
Figure 9-2. Micrograph of the coil PTFE hook-up wire insulation fracture pattern (150x). 
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Figure 9-3. Micrograph of coil PTFE hook-up wire insulation fracture pattern adjacent to 

the previous image (150x). 

 
 
 

 
 
Figure 9-4. 3D composite micrograph of the PTFE hook-up wire insulation spiral crack 

(100x). 
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Figure 9-5. Angled 3D composite image of the PTFE hook-up wire insulation spiral 

crack (100x). 

 
 
 
 

 
 
Figure 9-6. 3D composite image of the PTFE hook-up wire insulation spiral crack 

(100x). 
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Figure 9-7. DSC curve comparison of Kynar heat shrink tubing. 

 

 
 
Figure 9-8. DSC curve comparison of Viton heat shrink tubing. 



 

164 

 
 
Figure 9-9. DSC curve comparison of Viton O-ring. As-received data courtesy of Dr. E. 

Shin, NASA GRC62. 

 

 

 
Figure 9-10. DSC curve comparison of Silicone O-ring. 
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Figure 9-11. DSC curve comparison of PTFE hook-up wire insulation. 

 

 

 
Figure 9-12. DSC curve comparison of Xylan coating. As-received data courtesy of Dr. 

E. Shin, NASAS GRC62. 
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Figure 9-13. TGA weight curve comparison of Kynar heat shrink tubing. 

 

 

 
Figure 9-14. TGA weight curve comparison of Viton heat shrink tubing. 
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Figure 9-15. TGA weight curve comparison of Viton O-ring. 

 

 

 
Figure 9-16. TGA weight curve comparison of Silicone O-ring. 
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Figure 9-17. TGA weight curve comparison of PTFE hook-up wire insulation. 

 
 
 

 
 
Figure 9-18. TGA curve comparison of Xylan coating. As-received data courtesy of Dr. 

E. Shin, NASA GRC62. 
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CHAPTER 10 
RESULTS: MIXED NEUTRON & GAMMA RAY CANDIDATE MATERIAL EVALUATION 

Sample Transport, Control, and Preparation 

Irradiated samples were shipped in radioactive shipping containers (White I Class 

VII label) from TAMU to NASA GRC.  Upon arrival, the GRC radiation safety officer 

(RSO) measured radiation levels 1 m from the container, on the container surface, 1 m 

from the samples, and on the sample surface using a hand-held scintillation detector.  

Samples were transferred to an inert glove box back-filled with argon gas to 

prevent post-irradiation aging and to control access the samples as shown in Figure 10-

1.  A detailed sample inventory (Appendix D, Table D-9 and D-10) was used to track the 

samples during all stages of use to include preparation, transport, testing, and disposal.  

The majority of sample processing was conducted in the glove box.  Samples were 

transported to and from the glove box in labeled glass vials sealed within small plastic 

bags.  Four sample conditions were tested: As-Received (AR), Baked-Out (BO), Baked-

Out-Aged with a thermal history matching that of the irradiated samples (BOA) and 

Irradiated in the mixed neutron and γ-ray field (IR). 

Candidate Material Description 

As mentioned in Chapter 3, specific organic material formulations are not listed 

due to intellectual property restrictions; instead general descriptors are used.  Material 

functions include O-ring sealants, electrical insulation shrink tubes, electrical wire 

insulation, running surface coatings, and bonding adhesives.  Candidate materials 

include Silicone O-rings for sealing in moderate temperature and pressure applications.  

Kalrez O-rings are fluorocarbon elastomers with excellent thermal stability.  Kynar heat 

shrink is a polyvinylidene fluoride with moderate thermal stability.  Viton heat shrink is a 



 

170 

fluorocarbon elastomer; a copolymer of vinylidene fluoride and hexafluoropropylene with 

improved thermal and mechanical stability.  Polytetrafluroethylene (PTFE) or Teflon, is a 

standard for electrical wire insulation with good thermal and chemical resistance but 

known radiation susceptibility.  Polyimide is a high temperature and high radiation 

tolerance electrical wire insulator.  The Xylan running surface coatings consists of PTFE 

filler dispersed in a polyimide resin binder.  Hysol is a poly-functional bonding epoxy 

resin used widely in aerospace applications.  High Temperature (HT) Hysol epoxy has 

improved thermal stability and strength at higher temperatures.  These candidate 

materials were irradiated at the TAMU reactor and undergo post-irradiation evaluation. 

Dimension Measurements 

Sample dimensions were obtained by averaging several measurements along 

various locations of all the samples.  The dimensional changes of the samples are 

illustrated in Figure 10-2 through Figure 10-8.  Trends were observed, such as the 

swelling experienced by the irradiated Silicone and Kalrez O-rings when compared to 

the baked-out-aged control samples.  The magnitude of change is small and well within 

the standard deviation for the measurements, particularly when considering the Xylan 

coated aluminum samples.  The diameters for Kynar and Viton heat shrink tubing also 

decreased when comparing the irradiated to the aged samples; however, these trends 

can be seen to be a function of temperature and not necessarily radiation exposure.  

PTFE and Polyimide wire insulation diameters varied the least of all the samples and 

showed no distinguishable correlation to temperature or radiation exposure.  In 

summary, no statistically significant changes in sample diameter or thickness were 

observed when comparing irradiated and non-irradiated samples even with the same 

thermal histories. 
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Weight Measurement 

A summary of the weight change measurements is illustrated in Table 10-1.  The 

average Silicone O-ring weight decreased approximately 0.04%, while the average 

Kalrez weight increased approximately 0.03%.  The Kynar and Viton heat shrink 

average weights increased approximately 0.16% and 0.1% respectively.  The heat 

shrinks were held in place during irradiation with tread and some small strands were 

baked into the samples which can account for the weight increase.  Control samples 

show a weight decrease which is normal for heat shrinks during the shrinking process.  

PTFE and Polyimide wire showed an average weight increase of 0.02% and 0.03% 

respectively.  These samples were fixed in place during irradiation using Kapton tape 

and some residue was evident on the wire ends during weighing.  This residue was with 

a solvent removed before characterization of the samples began. 

The Hysol and high temperature Hysol epoxy lap shear samples experienced an 

average weight loss of 0.4% and 0.06%, respectively.  This observation is particularly 

interesting because these samples were also held in place with Kapton tape and had 

noticeable residue deposits.  This means that even though some weight was gained 

with the Kapton residue the overall weight still decreased.  The Xylan coated aluminum 

plate experienced an average weight gain of 0.3% and like the lap shear samples this 

weight gain can be attributed to tape residue deposited during the placement process. 

In summary, a few of the irradiated samples experienced an average weight 

change that was outside of experimental error; however, there was no direct 

dependence on fluence or dose observed.  In order to resolve these measured changes 

it is critical that a much larger data sampling be obtained so that we can assess if these 

changes have significant statistical relevance. 
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Optical Microscopy 

Moderate magnification optical micrographs were obtained for as-received, 

baked-out, baked-out-aged, and irradiated samples.  The corresponding micrograph 

comparisons are illustrated in Figure 10-9 to Figure 10-15.  Optical microscopy found 

minor anomalies within the sample distribution.  When comparing AR, BO, BOA, and IR 

samples it is apparent that the majority of observable changes occur due to changes in 

temperature conditions.  Particularly the Kynar heat shrink tubing undergoes 

considerable shrinkage and darkening of optical density as the various heat treatment 

processes are applied.  When comparing these results to the dimensional 

measurements already discussed we can safely state that no significantly discernable 

changes in surface color, morphology, or topography were observed when comparing 

as-received, baked-out, baked-out-aged, and irradiated samples. 

Scanning Electron Microscopy-Energy Dispersive Spectroscopy 

A field emission SEM was used to analyze the Xylan coated aluminum samples.  

A low magnification was first utilized to fix possible surface hydrocarbon contaminants 

by polymerization induced by the electron beam.  The polymerization prevents the 

contaminants from diffusing to the electron probe during scanning.  The resulting Xylan 

secondary electron (SE) micrographs are illustrated in Figure 10-16 to Figure 10-19. 

Unlike the smooth, uniform surface observed with the optical microscope the SEM 

micrographs show a topography rich in striations, PTFE inclusions, and voids in the 

Polyimide matrix.  When the baked-out-aged control samples were compared to the 

irradiated samples we observe no discernable changes in surface color, topography, 

morphology, or onset of degradation.  No observable changes can be attributed to 

either the different thermal or radiation environments experienced by the samples. 
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Low magnification back-scatter electron (BSE) images compared to SE images 

differentiate the higher atomic number (higher Z) elements present within the sample as 

shown in Figure D-1.  From the low magnification SE/BSE comparisons we find a 

ubiquitous distribution of high Z particulates dispersed throughout the matrix.  At higher 

magnifications we observe the same SE/BSE comparisons in both irradiated and non-

irradiated samples as shown in Figures D-2 and D-3. 

EDS is applied to the large low Z inclusions, the small high Z inclusions, and the 

matrix to characterize the possible elemental change as shown in Figure D-4 and Figure 

D-5.  The large low Z inclusions have a strong carbon and fluorine component which 

matches well with the expected results for PTFE.  The smaller high Z inclusions have 

strong molybdenum and sulfur peaks, which correspond to MoS2 particulates which are 

added by the manufacturer in order to obtain certain desired properties.  The matrix 

shows only carbon and oxygen peaks consistent with the Polyimide matrix. 

From the SE, BSE, and EDS results, show Xylan experienced little to no 

observable change due to either the thermal or radiation operating environment.  These 

findings do not rule out the possibility of thermal or radiation induced structure change 

leading to property change; however, confirming this assumption must be done using 

physical property methodologies such as FTIR, DSC, and TGA. 

Fourier Transform Infrared Spectroscopy 

The FTIR surface spectra comparisons of baked-out-aged control samples to 

irradiated NUKE 1 through NUKE 4 samples are illustrated in Figure 10-20 through 

Figure 10-26.  Spectra peak location and intensities for Silicone control and irradiated 

samples are very similar.  No peak shifting is evident, although there is some change in 

absorptance intensity.  The absorption peak height has a strong dependence on how 
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well the sample is held in contact with the germanium crystal.  Kalrez un-irradiated 

controls and irradiated samples show excellent agreement in terms of both peak 

intensity and location.  NUKE 3 and NUKE 4 Kalrez samples have larger peaks than the 

un-irradiated control samples but no peak shifting is observed, which is indicative that 

no significant chemical or compound change has occurred.  Kynar, Viton, PTFE, 

Polyimide, and Xylan spectra all show excellent agreement both in terms of peak 

location and peak intensity when comparing un-irradiated and irradiated samples.  From 

these results we can conclude with certainty that no significant change in surface 

chemistry occurred after mixed neutron and γ-ray irradiation at the appropriate operating 

temperature and atmospheric conditions. 

Differential Scanning Calorimetry 

The DSC curve comparisons are illustrated in Figure 10-27 through Figure 10-32.  

Artifacts such as a shift in the Tg, exothermic peaks, and endothermic peaks would be 

indicative of radiation-induced effects that are unlikely to be caused by thermal history. 

Kynar heat shrink shows some vertical offsets in the curves and are likely 

indicative of the natural variation in sample density.  All sample conditions show good 

agreement in peak identification, with endothermic reactions for the samples irradiated 

at 125°C  occurring at approximately 48-49°C and 130-134°C.  For samples irradiated 

at 150°C endothermic reactions occur between approximately 47-49°C and 125-128°C. 

Viton heat shrink tubing samples of all conditions are well behaved and show good 

agreement.  A Tg can be identified at approximately -20 to -22°C and another 

endothermic reaction occurs between approximately 154-155°C.  No significant 

differences between baked-out-aged and irradiated sample curves can be found.  No 

significant differences are observed between the two different irradiation or temperature 
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conditions as well.  Analysis of the SARTA Kynar curves found a slight decrease of 5°C 

for the endothermic reaction at 155°C when comparing as-received to irradiated 

samples.  No change was found in comparing baked-out-aged and irradiated samples; 

thus, it is evident SARTA data trends were due to bake-out or heat shrinking processes. 

Kalrez O-ring curves show good agreement in sample trends, with a wide scatter 

range in the data.  A sub-ambient Tg is identified between approximately -4 to -5°C and 

appears to be consistent with all conditions.  This lack of Tg shift is evidence that no 

significant thermal or radiation-induced changes have occurred. 

Silicone O-ring curves show good trend agreement and endothermic reaction 

peaks are identified between -43 to -47°C for all cases.  These peaks are too low to be 

associated with melting or evaporation of additives but are at temperatures well above 

the anticipated Tg.  SARTA sample exothermic peaks were identified at approximately 

300°C for the as-received and baked-out samples.  These peaks are not evident in 

these results are likely due to variation in instrument calibration. 

Analysis of PTFE results show little difference between the baked-out aged 

controls and irradiated sample curves.   The sharp endothermic peak at approximately 

327 to 329°C is identified as the primary melting reaction. 

The Polyimide graphs show appreciable scatter in the data, with no transitions or 

peaks identified.  The thermal and radiation stability of Polyimide wire insulation is well 

known and this data merely complements the existing literature. 

In summary, chemical changes characterized by DSC found no major differences 

between baked-out-aged control and irradiated samples.  The degree of change was 

statistically insignificant and well within material design margins. 
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Thermo-Gravimetric Analysis 

Silicone TGA curve comparisons are illustrated in Figure 10-33 through Figure 10-

39.  The irradiated samples match closely with the respective baked-out-aged control 

samples.  There is some scatter between the different curves but there is no observable 

trend that either thermal aging or radiation significantly change Td.  We compare the 

control samples and samples irradiated at 125°C (NUKE 1 and 3) and 150°C (NUKE 2 

and 4).  We observe that the irradiated Silicone curves match well with the aged control 

samples and have a Td offset of 4-5°C between NUKE 1 and NUKE 3 cases.  We see 

the same result for NUKE 2 and NUKE 4 samples.  This indicates that since the 

samples had the same thermal history any changes can likely be attributed to the 

difference in fluence and dose.  The magnitude of change is slightly outside of 

experimental error but well within design limitations.  

Kalrez shows nearly identical weight loss curves for all cases.  This apparent lack 

of curve trend changes indicates that neither thermal history nor radiation exposure 

history has a significant effect on the rate of weight loss or on the Td.  The primary 

reason Kalrez is under consideration for service is because of its thermal stability. 

Irradiated Kynar sample curves closely match the control curves for the different 

cases.  This trend illustrates the strong dependence between the thermal history and 

the expected performance of this particular heat shrink tubing. 

Irradiated Viton sample curves also match the thermal history control well for all 

cases.  As with Kynar, the Viton heat shrink has a strong dependence on thermal 

history.  The most change is actually observed when comparing as-received to the first 

bake process.  Subsequent baking and aging have minimal effect on properties. 
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PTFE control and irradiated sample curves show excellent agreement, yet have 

some of the largest Td offsets of all the materials.  There is no discernable difference 

between the different conditions so it is likely the offset is a function of the natural 

variation of the polymer itself resulting from the manufacturing process. 

Polyimide sample curves also show excellent agreement between irradiated and 

control cases and a moderate Td offset.  In addition, these data curves have a 

significant amount of scatter in the data and this is attributed to the low sample mass. 

Xylan samples were low mass and this also resulted in significant scatter in the 

data.  No trends are apparent with either thermal or irradiation conditions. 

In nearly all the materials evaluated the maximum changes in Td were within 

experimental error and we assume that chemical changes characterized by TGA found 

no statistically significant differences between control and irradiated samples. 

Dynamic Mechanic Analysis 

PTFE DMA curve comparison is illustrated in Figure 10-40.  The irradiated 

samples match nicely with their respective baked-out-aged control samples.  There is 

some scatter between the different curves but there is no observable trend that would 

indicate of either thermal aging or radiation significantly change Tg or Td.  When 

comparing the samples irradiated at 125°C (NUKE 1 and 3) we see a maximum 

difference of 5°C in Tg and 4°C in Td.  When comparing samples irradiated at 150°C 

(NUKE 2 and 4) we see a maximum difference of 1°C in Tg and 2°C in Td.  In both 

cases, the maximum changes are within experimental error and variation in calibration 

period for the equipment.  Therefore, we can say that chemical changes characterized 

by DMA found no statistically significant differences between control and irradiated 

samples.  The results correlate well with those results obtained through DSC. 
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Electrical Resistivity Measurement 

Electrical resistivity measurements can be found in Appendix D, Table D-10.  The 

measurement method was coarse in that it simply provided a qualitative result of 

whether or not the electrical wire and heat shrink insulation maintained their dielectric 

properties at an applied voltage.  Baked-out-aged and irradiated samples were 

evaluated and all retained their insulating properties.  However, these results are 

inconclusive in nature and do not indicate if a change occurred in the insulation 

resistance.  When considering the minimal change in properties observed in all the 

previous evaluation methods it is likely that any change in electrical insulation 

performance is insignificant as long as the insulation mechanical integrity is maintained. 

O-Ring Compression Set Tests 

The results of the O-ring compression set tests are shown in Figure 10-41.  

Silicone and Kalrez both show similar trends as a function of time; however, no trends 

as a function of temperature or radiation exposure were observed.  The Silicone O-rings 

showed improved performance over the Kalrez O-rings with regard to compression 

recovery.  This slight change in performance is more likely a function of thermal history 

and not necessarily due to irradiation.  Although changes were measured the magnitude 

of performance degradation was well within design criteria.  Many more irradiated 

samples are required in order to increase the statistical confidence of these initial 

findings for Kalrez and Silicone O-rings. 

Lap Shear Tensile Test 

Static adhesion bond strengths of the Hysol and high temperature (HT) Hysol 

epoxies were determined as a function of mixed neutron and γ-ray irradiation.  Bond 

strength and toughness were determined by failure testing subscale sandwich lap shear 
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specimens.  The measured results are used to calculate the resulting change in sample 

performance with respect to the performance of a control sample.  A set of control 

samples underwent similar thermal aging as the samples irradiated at TAMU. 

The calculated changes for the irradiated specimens NUKE 1 through 4 were 

based on properties of their corresponding thermally aged controls.  The calculated 

changes of the thermally aged controls were based on the properties of the baked-out 

control samples.  The lap shear axial tension results for bond strength and toughness 

are illustrated in Figure 10-42 and Figure 10-43, respectively. 

The influence of a mixed neutron and γ-ray radiation field on the bond integrity was 

less significant than the influence of thermal history in both Hysol and High Temperature 

Hysol epoxies.  The Hysol epoxy showed slightly different behavior, with the bond 

integrity positively affected by thermal aging, but toughness degraded slightly after 

irradiation even though bond strengths mostly improved.  

In the case of the High Temperature Hysol epoxy thermal exposures actually 

lowered its strength and toughness; however, irradiation to both fluence levels actually 

improved properties, especially when irradiated at 125°C.  This improvement in strength 

and toughness is likely due to radiation-induced curing since the High Temperature 

Hysol epoxy samples were somewhat under-cured before irradiation. 

In summary, both Hysol and High Temperature Hysol epoxies maintained the 

required bond integrity after irradiation in a mixed neutron and γ-ray radiation 

environment.  The limited number of samples means there is significant uncertainty in 

the data and a larger set of irradiated samples is required in order to increase the 

statistical confidence of these findings for Hysol and High Temperature Hysol epoxies. 
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Conclusions 

The Stirling alternator candidate organic material samples were irradiated in a 

mixed neutron and gamma ray field to estimated maximum FSP lifetime fluences of 

1x1014 and 5x1014 n/cm2 and a corresponding dose of 1.355 and 5.38 Mrad, 

respectively, while under ultra-high-purity helium at 125°C and 150°C. 

No statistically significant changes in sample diameter or thickness were observed 

when comparing irradiated and non irradiated samples even with the same thermal 

histories.  We conclude that these candidate materials are capable of maintaining their 

shape well within established dimensional tolerance requirements. 

A few of the material samples experienced an average weight change outside of 

experimental error; however, these changes can be attributed to artifacts not associated 

with the radiation exposure.  A much larger of number samples is required in order to 

accurately address weight changes with any significant statistical relevance. 

FTIR spectra comparison between as-received, baked-out, and baked-out-aged 

control samples with irradiated samples found little to no change in surface chemistry.  

Since the surface composition was subjected to the largest number of incident neutron 

and γ-rays, it is highly unlikely that any changes would be determined through FTIR 

within the sample by evaluating sectioned specimens. 

Bulk thermal and chemical changes characterized by DSC, TGA, and DMA 

evaluation found only minor differences between baked-out, baked-out-aged and 

irradiated sample conditions.  No significant shifts in Tg, Td, endothermic, and 

exothermic peak locations could be resolved.  Those shifts that were found were within 

the calculated experimental error for each instrument.  The degree of change was 

statistically insignificant and well within material design margins. 
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Optical microscopy found no discernable changes in surface color or morphology 

when comparing as-received, baked-out, baked-out-aged, and irradiated samples.  

SEM found no significant changes between control and irradiated Xylan coatings. 

O-ring compression set tests measured a slight change in recovery as a function 

of thermal history and radiation history.  A larger number of irradiated samples is 

required to increase statistical confidence of these findings.  Although these changes 

were measureable, the magnitude of performance degradation was well within design 

criteria and unlikely to pose a credible failure mechanism. 

Lap shear axial tension tests results indicate some measureable changes in bond 

strength as a function of both thermal aging and irradiation.  Both Hysol and High 

Temperature Hysol epoxies maintained the required bond integrity after irradiation.  A 

much larger sample data set of irradiated samples is required in order to increase the 

statistical confidence of these initial findings for the Hysol and HT Hysol epoxies. 

Electrical resistivity measurements, although coarse in nature, show no 

appreciable change after irradiation.  When considering the minimal change in 

properties observed in all the previous methods it is likely that change in electrical 

resistivity was insignificant.  As with the results from the SARTA wire evaluation, 

insulation degradation will not pose a significant failure mechanism as long as cracking 

or flaking of the insulation (whether thermal and/or radiation induced) does not occur. 

In summary, organic material properties experienced no significant degradation.  

Organic material candidates under consideration for Stirling alternator service should be 

able to meet service life requirements.  It is recommended that PTFE wire insulation 

and Kynar heat shrink tubing be replaced with radiation tolerant substitutes. 
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Figure 10-1. NASA GRC glove box for storage and processing of radioactive samples. 

 
 
 
 

 
 
Figure 10-2. Xylan coating on aluminum dimension change as a function of condition. 
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Figure 10-3. Silicone O-ring dimension change as a function of condition. 

 

 
 
Figure 10-4. Kalrez O-ring dimension change as a function of condition. 
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Figure 10-5. Kynar heat shrink dimension change as a function of condition. 

 

 
 
Figure 10-6. Viton heat shrink dimension change as a function of condition. 
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Figure 10-7. PTFE wire dimension change as a function of condition. 

 

 
 
Figure 10-8. Polyimide wire dimension change as a function of condition. 
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Table 10-1. Organic Materials Weight Measurement (Pre and Post-Irradiation) 
Material Sample Wpre (g) Wpost (g) ∆W (g) ∆W (%) ∆WAvg (%) 
Silicone O-ring NUKE 5 0.9134 0.9127 -0.0007 -0.0766 -0.0466 

 NUKE 6 0.9134 0.9127 -0.0007 -0.0766  
 NUKE 7 0.8926 0.8926 0.0000 0.0000  
 NUKE 8 0.9056 0.9053 -0.0003 -0.0331  
Kalrez O-ring NUKE 5 0.9973 0.9986 0.0013 0.1304 0.0375 

 NUKE 6 1.0255 1.0257 0.0002 0.0195  
 NUKE 7 1.0259 1.0259 0.0000 0.0000  
 NUKE 8 1.0172 1.0172 0.0000 0.0000  Kynar Heat 
Shrink Tubing NUKE 5 1.0591 1.0621 0.0030 0.2833 0.1660 

 NUKE 6 1.0768 1.0779 0.0011 0.1022  
 NUKE 7 1.0587 1.0599 0.0012 0.1133  
 NUKE 8 1.0290 1.0307 0.0017 0.1652  Viton Heat 
Shrink Tubing NUKE 5 1.9643 1.9667 0.0024 0.1222 0.0832 

 NUKE 6 1.9398 1.9411 0.0013 0.0670  
 NUKE 7 1.9348 1.9370 0.0022 0.1137  
 NUKE 8 1.9938 1.9944 0.0006 0.0301  
PTFE Wire NUKE 5 1.9672 1.9682 0.0010 0.0508 0.0204 
Insulation NUKE 6 1.9523 1.9529 0.0006 0.0307  
 NUKE 7 2.0062 2.0062 0.0000 0.0000  
 NUKE 8 1.9848 1.9848 0.0000 0.0000  
Polyimide Wire NUKE 5 2.5457 2.5467 0.0010 0.0393 0.0322 
Insulation NUKE 6 2.4527 2.4547 0.0020 0.0815  
 NUKE 7 2.4527 2.4528 0.0001 0.0041  
 NUKE 8 2.5011 2.5012 0.0001 0.0040  
HT Hysol Epoxy NUKE 5 10.8708 10.8689 -0.0019 -0.0175 -0.4020 
Lap Shear NUKE 6 10.8997 10.8378 -0.0619 -0.5679  
 NUKE 7 11.1959 11.0813 -0.1146 -1.0236  
 NUKE 8 10.9946 10.9947 0.0001 0.0009  
Hysol Epoxy NUKE 5 10.9005 10.8923 -0.0082 -0.0752 -0.0617 
Lap Shear NUKE 6 11.1045 11.1056 0.0011 0.0102  
 NUKE 7 10.9108 10.9448 0.0340 0.3116  
 NUKE 8 11.0868 11.0321 -0.0547 -0.4934  
Xylan Coated NUKE 5 7.6333 7.6400 0.0067 0.0878 0.3455 
Aluminum Plate NUKE 6 7.3256 7.3318 0.0062 0.0846 

 
 NUKE 7 7.6183 7.6616 0.0433 0.5684 

   NUKE 8 7.7660 7.8158 0.0498 0.6413   
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A B 

C D 
 
Figure 10-9. Optical micrograph comparison at 30x of Silicone O-ring (Left: baked-out-

aged, right: irradiated). A) NUKE 1, B) NUKE 2, C) NUKE 3, D) NUKE 4. 

 

A B 

C D 
 
Figure 10-10. Optical micrograph comparison at 30x of Kalrez O-ring (Left: baked-out-

aged, right: irradiated). A) NUKE 1, B) NUKE 2, C) NUKE 3, D) NUKE 4. 
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A B 
 

C D 
 
Figure 10-11. Optical micrograph comparison at 22.5x of Kynar heat shrink (Left: as-

received control, center: baked-out-aged control, right: irradiated). A) NUKE 
1, B) NUKE 2, C) NUKE 3, D) NUKE 4. 

 
 
 

A B 
 

C D 
 
Figure 10-12. Optical micrograph comparison at 22.5x of Viton heat shrink (Left: as- 

received control, center: baked-out-aged control, right: irradiated). A) NUKE 
1, B) NUKE 2, C) NUKE 3, D) NUKE 4. 
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A B 
 

C D 
 
Figure 10-13. Optical micrograph comparison at 37.5x of PTFE wire (Left: as-received 

control, center: baked-out-aged control, right: irradiated). A) NUKE 1, B) 
NUKE 2, C) NUKE 3, D) NUKE 4. 

 
 

A B 
 

C D 
 
Figure 10-14. Optical micrograph comparison at 22.5x of Polyimide wire (Left: as- 

received control, center: baked-out-aged control, right: irradiated). A) NUKE 
1, B) NUKE 2, C) NUKE 3, D) NUKE 4. 
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A 

B 

C 

D 
Figure 10-15. Optical micrograph comparison at 37.5x of Xylan coated aluminum. Left 

hand side is the baked-out-aged control the right is irradiated. A) NUKE 1, B) 
NUKE 2, C) NUKE 3, D) NUKE 4. 
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A B 
 

C D 
 
Figure 10-16. Comparison of Xylan SEM SE images A) BOA 1 at 300x, B) NUKE 1 at 

300x, C) BOA 1 at 1000x, and D) NUKE 1 at 1000x. 
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A B 
 

C D 
 
Figure 10-17. Comparison of Xylan SEM SE images A) BOA 2 at 300x, B) NUKE 2 at 

300x, C) BOA 2 at 1000x, and D) NUKE 2 at 1000x. 
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A B 
 

C D 
 
Figure 10-18. Comparison of Xylan SEM SE images A) BOA 3 at 300x, B) NUKE 3 at 

300x, C) BOA 3 at 1000x, and D) NUKE 3 at 1000x. 
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A B 
  

C D 
 
Figure 10-19. Comparison of Xylan SEM SE images A) BOA 4 at 300x, B) NUKE 4 at 

300x, C) BOA 4 at 1000x, and D) NUKE 4 at 1000x. 
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A 
 
 

B 
 
Figure 10-20. FTIR spectra comparison for Silicone baked-out-aged (BOA) vs. A) Nuke 

1 and 2, B) Nuke 3 and 4. 
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A 
 

B 
 
Figure 10-21. FTIR spectra comparison for Kalrez baked-out-aged (BOA) controls vs. A) 

NUKE 1 and 2, B) NUKE 3 and 4 irradiated samples. 
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A 
 

B 
 
Figure 10-22. FTIR spectra comparison for Kynar baked-out-aged (BOA) controls vs. A) 

NUKE 1 and 2, B) NUKE 3 and 4 irradiated samples. 
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A 
 

B 
 
Figure 10-23. FTIR spectra comparison for Viton baked-out-aged (BOA) controls vs. A) 

NUKE 1 and 2, B) NUKE 3 and 4 irradiated samples. 
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A 
 

B 
 
Figure 10-24. FTIR spectra comparison for PTFE baked-out-aged (BOA) controls vs. A) 

NUKE 1 and 2, B) NUKE 3 and 4 irradiated samples. 
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A 
 

B 
 
Figure 10-25. FTIR spectra comparison for Polyimide baked-out-aged (BOA) controls 

vs. A) NUKE 1 and 2, B) NUKE 3 and 4 irradiated samples. 
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A 
 

B 
 
Figure 10-26. FTIR spectra comparison for Xylan baked-out-aged (BOA) controls vs. A) 

NUKE 1 and 2, B) NUKE 3 and 4 irradiated samples. 
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A 
 

B 
 
Figure 10-27. Comparison of DSC curves for Silicone irradiated at A) 125°C (NUKE 1 & 

3) and B) 150°C (NUKE 2 & 4). 
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A 
 

B 
 
Figure 10-28. Comparison of DSC curves for Kalrez irradiated at A) 125°C (NUKE 1 & 

3) and B) 150°C (NUKE 2 & 4). 
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A 
 

B 
 
Figure 10-29. Comparison of DSC curves for Kynar irradiated at A) 125°C (NUKE 1 & 3) 

and B) 150°C (NUKE 2 & 4). 
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A 
 

B 
 
Figure 10-30. Comparison of DSC curves for Viton irradiated at A) 125°C (NUKE 1 & 3) 

and B) 150°C (NUKE 2 & 4). 
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A 
 

B 
 
Figure 10-31. Comparison of DSC curves for PTFE irradiated at A) 125°C (NUKE 1 & 3) 

and B) 150°C (NUKE 2 & 4). 
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A 
 

B 
 
Figure 10-32. Comparison of DSC curves for Polyimide irradiated at A) 125°C (NUKE 1 

& 3) and B) 150°C (NUKE 2 & 4). 
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B 
 
Figure 10-33. Comparison of TGA curves for Silicone irradiated at A) 125°C (NUKE 1 & 

3) and B) 150°C (NUKE 2 & 4). 
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A 
 

B 
 
Figure 10-34. Comparison of TGA curves for Kalrez irradiated at A) 125°C (NUKE 1 & 

3) and B) 150°C (NUKE 2 & 4). 
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B 
 
Figure 10-35. Comparison of TGA curves for Kynar irradiated at A) 125°C (NUKE 1 & 3) 

and B) 150°C (NUKE 2 & 4). 
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B 
 
Figure 10-36. Comparison of TGA curves for Viton irradiated at A) 125°C (NUKE 1 & 3) 

and B) 150°C (NUKE 2 & 4). 
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B 
 
Figure 10-37. Comparison of TGA curves for PTFE irradiated at A) 125°C (NUKE 1 & 3) 

and B) 150°C (NUKE 2 & 4). 
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B 
 
Figure 10-38. Comparison of TGA curves for Polyimide irradiated at A) 125°C (NUKE 1 

& 3) and B) 150°C (NUKE 2 & 4). 
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Figure 10-39. Comparison of TGA curves for Xylan irradiated at 125°C (NUKE 1 & 3). 
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A 
 

B 
 
Figure 10-40. Comparison of PTFE DMA curves of baked-out-aged (BAO) versus 

irradiated (N) for samples irradiated at A) 125°C(NUKE 1 and 3), and B) 
150°C (NUKE 2 and 4). 

 



 

216 

A 
 
 

B 
 

Figure 10-41. O-ring compression set test results for A) Silicone and B) Kalrez. 
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A) 
 

B) 
 
Figure 10-42. Bond strength of A) Hysol and b) High Temperature Hysol epoxies lap 

shear samples tested at 120°C. 
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A) 
 

B 
 

Figure 10-43. Toughness of A) Hysol and B) High Temperature Hysol epoxies lap shear 
samples tested at 120°C. 
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CHAPTER 11 
RELEVANCE OF NUCLEAR AND RADIATION TESTS  

The space nuclear systems project must emphasize a hardware rich research and 

development strategy17.  A primary objective of the space nuclear project is to establish 

technical credibility by specifically focusing efforts on practical and affordable 

performance demonstrations of materials, components and systems.  Although non-

nuclear issues constitute the vast majority of research and development efforts, this 

chapter will discuss considerations for identifying the need to conduct nuclear and/or 

radiation tests, selecting an appropriate test facility, factors unique to nuclear and/or 

radiation tests and navigating the political structure. 

Nuclear and Radiation Testing Within A Research & Development Program 

Testing is the only method that will provide a high degree of certainty with regard 

to material, component, or system performance63.  However, tests are often expensive 

and the importance of the desired data must be compared against the overall project 

budget, utility, and timeline.  Test effectiveness is used to define the degree to which the 

data generated in a test contributes to a successful mission application64.  Test 

effectiveness factors include the test article maturity (e.g. representative of flight 

hardware) and the realism of the dominant test conditions, many of which may not 

require a representative nuclear environment64.   

An important lesson learned from terrestrial power and research reactor 

development is that the majority of research and development efforts are actually non-

nuclear in nature.  Dominating engineering issues that require mitigation include 

corrosion, thermo-mechanical fatigue, creep, coefficient of thermal expansion mismatch, 

contingency operations, off-nominal procedures, etc. 
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Many in the space nuclear community consider nuclear testing too expensive for 

an incremental increase in technology validation63.  A full power nuclear test is 

estimated to be on the order of one billion dollars63.  Very similar data can be obtained 

by implementation of comprehensive non-nuclear methods, such as substitution of 

nuclear fuel with electric resistance heaters and well designed zero-power critical tests, 

which are estimated to cost on the order of a few million dollars63.  Therefore, a primarily 

non-nuclear focused program will allow for both reasonable development periods and 

relatively affordable costs.  However, at some point nuclear and radiation tests must be 

carried out.  Radiation tests define subjecting equipment to radiation whereas nuclear 

tests describe reactor specific tasks such as reactor control and fuel development. 

Traditionally, nuclear and radiation tests have been very expensive.  Such tests 

can easily dominate a project budget if not carefully planned and executed.  Cost 

effective nuclear and radiation tests can be conducted by utilizing methodologies such 

as collaborating with graduate students to carry out research, university facilities, and 

low cost national laboratory facilities.  The type of facility used to test the equipment in 

question depends on the maturity level of the hardware.   

Selection of an Appropriate Nuclear or Radiation Facility 

A properly designed test matrix can generally be divided into four phases, which 

consequently also increase test effectiveness, fidelity, and cost63:  

• Developmental (screening): Materials, components and subsystems are selected, 
designed, and tested at somewhat representative conditions. 

• Demonstration:  Functionality (nominal, off-nominal, transient) established, limited 
component optimization, initial system integration and modification. 

• Flight Qualification:  Rigorous tests to ensure systems perform as required. 

• Acceptance: Flight system tests conducted at prototypic operating conditions. 



 

221 

Screening and Demonstration Tests 

It has been suggested by some in the radiation effects community that 

components and materials must only be exposed to the exact radiation environment 

expected (e.g. particle type, flux, energy, dose rates, etc…) during operation for all 

technology test maturity levels.  An example would be to use particle accelerators if a 

mission is expected to operate in the Jovian radiation environment (high energy 

electrons, protons, and heavy charged particles) or use of high power reactors for FSP 

testing (with a representative neutron spectrum)65.  However, relevant results from 

radiation tests can be obtained in a cost effective and practical manner utilizing radiation 

sources that are not representative of the expected operating enviornment65.  For 

example, relatively low cost, not necessarily prototypic radiation testing can be applied 

as long as the factors influencing radiation effects are properly taken into consideration 

using appropriate design of experiments methodologies. 

Utilizing low energy, moderate flux γ-ray sources can be used for initial material 

and component level screening trials.  Similar γ-ray facilities with low energy but high 

fluxes are ideal higher maturity level component and system performance 

demonstrations.  These low cost facilities enable long duration, low dose rate or short 

duration, high dose rate accelerated life tests.  The selection of an appropriate nuclear 

or radiation test facility should be highly dependent on the test readiness level (TRL) of 

the technology to be tested.  Low TRL technology meant to undergo screening trials 

should be irradiated at relatively inexpensive facilities such as universities or low cost 

national laboratory facilities.  Several universities have research reactors, particle 

accelerators, low dose rate photon sources, and high dose rate photon sources.  

Examples of photon sources include 60Co or 137Cs at institutions such as the University 
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of Florida66,67, Texas A&M University, Ohio State University (OSU), University of 

Wisconsin, University of Michigan, Georgia Tech, Duke, and University of Chicago to 

name a few.  Component or system level performance demonstrations should be 

conducted in an accelerated environment so that lessons learned from testing, such as 

synergistic effects, can be incorporated early in the design process.  Appropriate 

facilities include low energy but high flux γ-ray sources, again available at various 

university and national laboratories.  Experienced and properly equipped radiological 

metrology laboratories are essential to ensure that the radiation environment is properly 

characterized so that results of the irradiations are scientifically accurate and will be of 

relevance to the supporting project. 

Flight Qualification and Acceptance Tests 

As a technology matures and approaches flight TRL the radiation test objectives 

will shift from screening and demonstration trials to flight qualification and acceptance 

trials.  Subsequent flight qualification and acceptance trials should be conducted at 

facilities that offer more prototypic radiation environments in order to build confidence in 

the systems being evaluated.  These include high energy, high flux particle accelerators 

and reactors with an appropriate neutron spectrum and γ-ray environments.  Such 

radiation facilities with corresponding radiation metrology experts can be found within 

the DOE national laboratories.  Although far more expensive, they do provide the 

required high fidelity environmental conditions necessary to establish a high level of 

confidence to approve a technology for space flight.  However, it may be possible to use 

cost effective facilities that offer aggressive radiation environments to meet qualification 

criteria.  The decision of whether to use prototypic environments versus cheaper non-

prototypic radiation sources is likely to be a topic for debate. 
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Examples of Facility Selection and Hardware Maturity 

Maturity based test methodology has seen some initial use in terrestrial nuclear 

applications.  For example, OSU and TAMU were recently awarded 2010 DOE Nuclear 

Energy University Program (NEUP) awards to work with Luna innovations on fiber optic 

instrumentation development.  OSU will conduct fiber fundamental materials evaluation 

to include measurement of optical fiber performance when subjected to high-radiation 

and high-temperature environments using the 500 kWth research reactor, and modeling 

to predict fiber reliability and lifetime accurately 68.  A broader range of follow research 

will be conducted at TAMU with activities to include fabrication of the sensor hardware, 

test article design and fabrication, in-core sensor demonstration using the 1 MWth 

TRIGA research reactor, and 3D modeling69.  A similar, step-wise approach is slowly 

being introduced into space nuclear power and propulsion as demonstrated by the 

completion of this and other similar research projects. 

Importance of Proper Facility Selection 

The consequences for selecting an inappropriate facility for screening or 

qualification radiation tests at the inappropriate time (e.g. low maturity technology that is 

not representative of a flight system tested at a high fidelity facility) will very likely result 

in the costs of such tests increasing by at least one or two orders of magnitude.  Cost 

overruns will not only apply to each individual test but for all subsequent tests expected 

to be conducted throughout the entire development cycle of a project.  In addition, the 

availability of “higher fidelity” facilities is extremely limited and may interfere, or likely 

delay, the schedule of a system attempting to meet a time critical launch window.  

Therefore, it behooves the designers of the test matrices to properly take facility 

selection into account and the political ramifications that may develop. 
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Overcoming Political Constraints 

Several nuclear and radiation tests have been identified as critical milestones to 

advance space nuclear power and propulsion technology, but these tests are often 

postponed.  Delaying these tests towards the end of a development program is usually 

due to budgetary constraints, resulting in initial screening experiments often treated as 

flight qualification trials.  Radiation and nuclear research efforts have occasionally faced 

institutional opposition and lack of cooperation, often attributed to competition over 

funds or credit to conduct such tests as a stand-alone entity.  Institutional roadblocks 

create a condition where no nuclear or radiation testing will be conducted at all, 

seriously limiting the confidence and reliability of space nuclear systems. What is 

needed to prevent such scenarios is developing a project that emphasizes flight of a 

system as the success criterion.  Using neutral team members to work between 

institutions is a methodology that can lead to successful complete of research tasks. 

Utilization of Graduate Student Researchers 

When projects are highly controlled by upper management the research efforts 

come under increased scrutiny, excessive oversight, and intense debate over 

distribution of accolades.  These behaviors, although social in nature, have a direct 

impact on the research and development process, increasing the probability of delaying 

a schedule and increasing costs. 

It was the author’s experience in completing this project that utilizing graduate 

students allows for institutions to bridge gaps since they are viewed as neutral 

researchers.  This dissertation project provided the author the flexibility to collaborate 

jointly with multiple NASA centers, DOE national laboratories, and universities.  In 

addition, facility personnel were far more willing to make concessions, often showing 
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great flexibility, cooperation, and a desire to see the student’s project succeed.  Allowing 

graduate students to make their master’s thesis or doctoral dissertation research topic 

an important aspect of a space nuclear project is mutually beneficial for both the student 

and the sponsoring institution (e.g. NASA or DOE).  The student will have the 

opportunity to work on relatively well-funded, cutting edge research and the supporting 

institutions will be able to supervise research efforts that otherwise may be politically 

difficult to conduct.  There are numerous competitive fellowships available to graduate 

students that allow for independent or collaborative research with the student’s 

university.  It is the author’s opinion that the staff working at the engineering research 

and development level (at all the participating facilities) want such tests to succeed for 

the advancement of the program.  Many expressed enthusiasm that such a novel 

approach of having a graduate student conduct the research is likely the only way 

relevant results can be obtained promptly and affordably. 

Transition of Research Efforts 

Much of the development efforts leading to qualification tests should be conducted 

using collaboration with inter-disciplinary graduate student researchers.  This approach 

of utilizing graduate students is the model for activities at various institutions, but has 

been championed by the Center for Space Nuclear Research (CSNR) at Idaho National 

Laboratory (INL).  Once the technology is nearly at flight qualification status the inter-

agency negotiation process must involve full time personnel, possibly with support from 

the graduate student researchers that assisted in maturing the technology.  

Nuclear and/or Radiation Specific Test Factors to Consider 

Several variables must be considered before testing.  The primary factors to 

consider when choosing an appropriate radiation test facility include the radiation type, 
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energy, flux, dose rate, flexibility to tailor the spectrum, special design requirements 

(e.g. dry cell vs. water immersion), dimensional constraints, facility availability, safety 

analysis period, approval period, experiment set up fees, special design fees, irradiation 

hourly fees, technician support, radiation metrology laboratory support, and inter-agency 

license requirements.  Table 11-1 compares a few radiation test facilities that have been 

utilized or are under consideration by NASA in support of FSP and other programs.  

This list in no way constitutes the only research facilities that may be able to offer the 

desired radiation environment.  The majority of the modifiers can be controlled by the 

researcher, which has a direct influence on cost and schedule.  The factor with perhaps 

the largest impact is the complexity of the experiment, which has a tremendous effect 

on testing operations and subsequently all associated costs.  Other factors include 

handling of potentially radioactive equipment and post-irradiation disposal. 

Activation of Experimental Equipment 

Non-nuclear test methodology allows for post-test inspection of the experimental 

hardware and for modifications to be implemented relatively soon.  However, in nuclear 

tests implementation of these same modifications on activated hardware is difficult and 

cost prohibitive since specialized techniques are required.  The problem with activated 

hardware is typically circumvented by building a completely new second generation 

apparatus integrating lessons learned, which obviously increases cost significantly. 

Additional difficulties with conducting nuclear tests include the possibility of long 

decay times for activated materials, transport and handling of activated materials, post-

irradiation disposal of activated hardware, and there is always the possibly of an 

unsupportive public opinion.  Although all the facilities utilized in this project possessed 

NRC licenses for shipping, accepting, and handling activated materials, this is not 
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always the case.  Therefore, careful consideration must be taken to ensure that inter-

agency licenses are compatible with the experiment requirements.  Processing of 

samples, particularly those that will destructively evaluate the samples and have the 

potential to contaminate evaluation hardware can be particularly limiting depending on 

isotope half-life and activity.  There are several national laboratory facilities that are 

specifically designed to transport, manipulate, and evaluate experiments that will 

generate extremely high radiation activity and/or long isotopic half lives.  The INL Hot 

Fuel Examination Facility (HFEF), INL Materials & Fuels Complex (MFC), and ORNL 

HFIR Fuel Processing Facility provide an extensive inventory of non-destructive and 

destructive evaluation techniques available.  Unfortunately, the cost of utilizing such “hot 

cell” facilities is extreme and should be reserved only for research efforts that cannot be 

conducted by any other means.  These include nuclear fuel development, validation of 

decades old experimental data, transport codes, etc. 

A low cost alternative available to universities is participation in the National 

Scientific User Facility (NSUF) program.  The NSUF program allows universities to 

submit a proposal requesting access to irradiate experiments at one of several DOE 

laboratories that participate in the NSUF program (including HFIR, ATR, etc.)70.  

Approved proposals are granted access with the hosting laboratory incurring the 

majority of facility costs70.  The visiting university researchers are still required to fund 

the safety analysis, approval costs and design fees but the irradiation time is free of 

charge.  NASA and DOE consulting with universities to develop and submit NSUF 

research proposals tied to flight critical experiments may be the only cost effective way 

to gain access to such high-end research facilities in the near term. 
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Post-Irradiation Disposal 

Disposal of activated materials can dominate the cost of neutron and charged 

particle exposed hardware.  Again, proper material selection early in the experiment 

design process will limit the generation of high activity and/or long lived half-life 

isotopes.  Therefore, most properly designed experiment hardware could be treated as 

low level waste (LLW) within a relatively short period of time, greatly reducing the post-

irradiation disposal costs.  Under certain circumstances activated hardware is unable to 

be transported due to NRC license restrictions, primarily due to generation of certain 

isotopes during testing.  One very attractive alternative to disposing of the activated 

hardware is to donate it to the irradiation facility; that is, assuming that the equipment is 

fully functional after irradiation tests have been completed. 

Often the irradiated hardware is safe to handle within a relatively short period of 

time and can be reused on subsequent irradiation tests in support of various research 

efforts.  Re-using hardware is mutually beneficial to both the researcher and the 

irradiating facility in that post-irradiation disposal costs are avoided and equipment 

donation can enable enhanced testing infrastructure at no cost to the irradiation facility. 

This model of hardware donation was exercised with the mixed neutron- γ-ray 

tests conducted in this project between NASA GRC and TAMU.  The four ultra high 

vacuum capable (and considerably expensive) aluminum test article assemblies were 

donated to the TAMU NSC after the first eight initial irradiation runs.  These test articles 

are intended to be used in future research efforts internal to TAMU.  In addition, a 

second series of organic irradiations and NdFeB and SmCo magnetic material 

irradiations are already under serious consideration for follow-on experiments with 

NASA GRC and possibly the DOE. 
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Conclusions 

It is no secret that different centers within any large organization do not always 

cooperate.  Previous efforts to promote cooperation between different NASA centers 

has proven difficult and the challenge of incorporating various DOE national laboratories 

and universities to effectively work together seems daunting.  Yet, research and 

development efforts within space nuclear power, propulsion, and shielding communities 

require exactly this type of inter-disciplinary and inter-laboratory cooperation to succeed.  

If there is any lesson to be taken from the Apollo program it is that even Augean tasks 

(both technical and social) can be accomplished if all parties involved work together 

towards a common goal. 

Fortunately, such partnerships have been forged and continue to improve within 

the space nuclear community.  The fact that the author was able to receive NASA GRC 

guidance while on a NASA MSFC funded GSRP fellowship is unique in itself.  Center 

political rivalries could have easily de-railed such a “grad-student exchange”; however, 

the relatively small and collaborative groups prevented center politics from becoming a 

major factor.  When considering the inter-agency cooperation between NASA (GRC, 

MSFC), DOE (LANL, ORNL, SNL) and universities (TAMU, UF) the success of this 

research project becomes truly unique.  This same model of collaboration should allow 

for subsequent space nuclear projects to share similar success. 

It is the author’s sincere hope that this level of cooperation within the space 

nuclear community will continue and accelerate on all levels; from initial investigations 

to flight qualifications and space flight operations.  Ultimately, it is incumbent upon those 

managing these experimental programs to determine the most cost effective methods to 

demonstrate performance, areas for improvement, and reliability63.  
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Table 11-1. Comparison of Select Radiation Test Facilities 

Particle 
Type Facility Test Location 

Requirements 

Safety 
Eval. 
(mo) 

Approval 
Period  
(mo) 

Safety & 
Approval 
Cost ($) 

Set Up, 
Design 
Cost ($) 

Irradiation 
Rate ($/t) 

Total 
Cost ($) 

Facility 
Usage 
(weeks) 

Photon University Sources Irradiation cell or 
beam port  ~1-2 ~1 < 1 k < 1 k ~0-100/h N/A N/A 

 

Sandia National 
Laboratories (SNL) Low 
Dose Facility71 

Irradiation cell ~1 ~0.25 ~5-10 k ~5 k ~500/week N/A N/A 

 
*SNL Gamma Irradiation 
Facility (GIF)71 Irradiation cell ~1 ~0.25 ~10 k ~5 k ~200/h ~45 k ~2 

 *ORNL HFIR GIF72 Water immersion ~6 ~1 ~ 8-9 k ~2 k N/A ~40 k N/A 

Neutron SNL Annular Core 
Research Reactor 
(ACRR)73 

Beam port ~2 ~1 ~5-10 k ~5 k ~2.2 k/h N/A N/A 

 *Ohio State Univ. 
Reactor74 Beam port, rabbit ~2-3 ~1 ~ 70/h ~ 70/h ~ 260/h ~25 k ~4 

 
*Texas A&M Univ. (TAMU) 
TRIGA Reactor75 

Irradiation cell,  
water immersion, 
rabbit 

~2 ~1 ~0.5 k ~0.5 k ~55/h ~8 k ~4 

 ORNL HFIR76 Water immersion 
or rabbit ~6-24 ~1 Design 

specific  
100 k – > 
1 M 

0 for open 
literature  ~3 M N/A 

 

Idaho National Laboratory 
Advanced Test Reactor 
(ATR)77 

Water immersion 
or beam port ~12 ~1 Design 

specific >500 k ~100-500 k 
/cycle ~3 M N/A 

 TAMU Cyclotron78 Beam port ~2 ~1 0 0 ~780/h N/A N/A 

Charged 
Particle 

Brookhaven National 
Laboratory NASA Space 
Radiation Laboratory 
(NSRL)79 

Beam port  ~6 ~1  Design 
Specific 

 Design 
Specific ~5 k/h N/A N/A 

* = facilities already used in support of recent space nuclear power projects 
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CHAPTER 12 
CONCLUSIONS 

A variety of results were obtained from the series of experiments carried out with 

regard to the radiation tolerance of the Stirling-alternator design.  These include system 

level results from the SARTA radiation testing and from the coupon level mixed neutron 

and γ-ray testing of Stirling-alternator candidate organic materials. 

SARTA Irradiation Testing and Evaluation 

The SARTA was operated at 90°C to approximately 22 Mrad and at 125°C for 

approximately 18 Mrad with no significant degradation of operating parameters.  Post-

irradiation electrical integrity measurements indicated some discernable damage to the 

alternator which occurred somewhere between approximately 30 and 40 Mrad.   

The SARTA performed well throughout radiation exposure tests as confirmed by 

minimal change in operational parameters, no detectable changes in waveforms, RGA 

scans, lack of debris, lack of deposits, and no major changes in internal component 

appearance.  Internal components revealed minimal degradation after operating in the 

radiation environment. Cracks were observed in PTFE wires insulation but did not 

appear to contribute to changes in system response.  Slight appearance changes such 

as discoloration or rubbing were observed but are a consequence of normal operation.   

Chemical changes characterized by DSC and TGA testing found some differences 

between baked-out samples and samples taken from SARTA components.  However, 

the SARTA experience extended operation at elevated temperature so these results 

can only serve as guidance for future testing.  PTFE wire insulation and Kynar heat 

shrink tubing were the organic materials which experienced the most notable changes 

and may warrant closer scrutiny. 
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Post-operation measurements on the alternator suggested a short occurred when 

the SARTA was removed from the test cell.  Evaluation suggests that the short formed 

in the stator coil windings.  Due to the nature of its construction, destructive evaluation 

of the coil did not seem feasible.  Since the outer stator windings utilize a polyimide 

based coating, a high radiation tolerance would be expected from this component.   

Mixed Neutron γ-Ray Irradiation and Evaluation of Candidate Materials 

The Stirling alternator candidate organic material samples were irradiated in a 

mixed neutron and gamma ray field to an estimated maximum FSP lifetime fluence of 

1x1014 and 5x1014 n/cm2 and a corresponding dose of 1.355 and 5.38 Mrad while under 

ultra-high-purity helium at 125°C and 150°C, respectively. 

No statistically significant changes in sample diameter or thickness were observed 

when comparing irradiated and non-irradiated samples even with the same thermal 

histories.  We can conclude that these candidate materials should be capable of 

maintaining their shape well within established dimensional tolerance requirements. 

A few of the material samples experienced an average weight change outside of 

experimental error; however, these changes can be attributed to artifacts not associated 

with the radiation exposure.  A much larger of number samples is required in order to 

accurately address weight changes with any significant statistical relevance. 

FTIR spectra comparison between as-received, baked-out, and baked-out-aged 

control samples with irradiated samples found little to no change in surface chemistry.  

Since the surface composition was subjected to the largest number of incident neutron 

and γ-rays, it is highly unlikely that any changes would be determined through FTIR 

within the sample by evaluating sectioned specimens. 
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Bulk thermal and chemical changes characterized by DSC, TGA, and DMA 

evaluation found only minor differences between baked-out, baked-out-aged and 

irradiated sample conditions.  No significant shifts in Tg, Td, endothermic, and 

exothermic peak locations could be resolved.  Those shifts that were found were within 

the calculated experimental error for each instrument.  The degree of change was 

statistically insignificant and well within material design margins. 

Optical microscopy found no discernable changes in surface color or morphology 

when comparing as-received, baked-out, baked-out-aged, and irradiated samples.  

SEM found no significant changes between control and irradiated Xylan coatings. 

O-ring compression set tests measured a slight change in recovery as a function 

of thermal history and to radiation history.  A larger number of irradiated samples is 

required to increase statistical confidence of these findings.  Although these changes 

were measureable, the magnitude of performance degradation was well within design 

criteria and unlikely to pose a credible failure mechanism. 

Lap shear axial tension tests results indicate some measureable changes in bond 

strength as a function of both thermal aging and irradiation.  Both Hysol and High 

Temperature Hysol epoxies maintained the required bond integrity after irradiation.  A 

much larger data set of irradiated samples is required in order to increase the statistical 

confidence of these initial findings for the Hysol and HT Hysol epoxies. 

Electrical resistivity measurements, although coarse in nature, show no 

appreciable change after irradiation.  When considering the minimal change in 

properties observed in all the previous methods it is likely that change in electrical 

resistivity was insignificant.  As with the results from the SARTA wire evaluation, 
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insulation degradation will not pose a significant failure mechanism as long as cracking 

or flaking of the insulation (whether thermal and/or radiation induced) does not occur. 

In summary, organic material properties experienced no significant degradation.  

Organic material candidates under consideration for Stirling alternator service should be 

able to meet service life requirements.  It is recommended that PTFE wire insulation 

and Kynar heat shrink tubing be replaced with radiation tolerant substitutes. 

Relevance of Nuclear and Radiation Tests 

Research and development efforts within space nuclear power, propulsion, and 

shielding communities require inter-disciplinary and inter-laboratory cooperation to 

succeed.  Space nuclear systems must emphasize a hardware rich research and 

development strategy.  Testing is the only method that will provide a high degree of 

certainty with regard to material, component, or system performance.  Cost effective 

nuclear and radiation tests can be conducted by utilizing graduate student researchers 

to bridge institutional gaps, university facilities, and low cost national laboratory facilities.  

Relevant nuclear and radiation test results can be obtained in a cost effective and 

practical manner utilizing radiation sources that are not representative of the expected 

operating environment.  The type of facility used to test the equipment in question 

depends on the maturity level of the hardware. 

Low maturity technology should undergo screening trials at relatively inexpensive 

facilities such as universities or low cost national laboratory facilities.  Component or 

system level performance demonstrations should be conducted in an accelerated 

environment at low energy but high flux sources are available at various university and 

national laboratories.  Test objectives will shift from screening and demonstration trials 

to flight qualification and acceptance trials as technology matures.  Flight qualification 
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and acceptance trials should be conducted at facilities that offer more prototypic 

radiation environments in order to build confidence in the systems being evaluated. 

The consequences for selecting an inappropriate facility at an inappropriate time 

will likely increase costs by orders of magnitude.  Ultimately, it is incumbent upon those 

managing these experimental programs to determine the most cost effective methods to 

demonstrate performance, areas for improvement, and reliability.  

Recommendations for Future Work 

Several future studies to be conducted were identified throughout the literature 

review and testing process.  Recommendations for future investigation include: 

• Continue testing of the Stirling-alternator outer stator in order to repeat the 
electrical fault detected in the SARTA, isolate the failure mechanism, and 
implement design modifications.  Test methods should include thermo-mechanical 
fatigue testing and possibly radiation testing under operating conditions. 

• Determine if a dose or fluence threshold exists in order to achieve onset of 
degradation when irradiating the candidate polymeric materials in an inert 
atmosphere at the appropriate operating temperature. 

• Determine the dose and flux rate thresholds that will possibly induce radiation 
induced degradation in organic materials under appropriate atmospheric and 
temperature conditions. 

• Define the onset of irradiation induced degradation with increasing oxygen 
concentration at specific operating temperatures. 

• Utilize XRD to independently verify and supplement organic crystallinity 
estimations obtained through DSC and DMA methods. 

• Quantitatively measure polymeric electrical resistance as a function of service life 
dose at maximum operating voltages.  A factor of safety should be established to 
take into account the possibility of radiation induced conductivity. 

• Focus future component and system tests on transient analysis and aggressive 
non-nuclear environments as the most likely mode of failure80. 

• Irradiate NdFeB and SmCo magnet grades under consideration for alternator use 
by both protons and neutrons at expected operating temperatures to quantify 
possible performance decrease during the proposed service life. 
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Overall Findings 

The fluroelasomers (such as the Kalrez O-rings and Viton heat shrink tubing) 

demonstrated sufficient radiation tolerance to meet RPS and FSP requirements.  

Polyimide wire insulation, Silicone O-ring, Xylan solid running surface, Hysol epoxy and 

HT Hysol epoxy also performed sufficiently well to state that they should meet service 

conditions without significant change in engineering properties.  As mentioned 

previously, Kynar heat shrink tubing and PTFE wire insulation should be replaced with 

more radiation tolerant substitutes such as Polyimide, PVC, Viton, etc.. 

A cost-effective methodology to conduct accelerated radiation service life tests 

was demonstrated.  This method utilized two universities, two NASA centers, and three 

DOE national laboratories to develop these findings.  This inter-agency and inter-

disciplinary cooperation serves as an excellent model for the level of cooperation 

required by these same institutions to make space nuclear systems a reality. 

This project provided initial experimentally demonstrated evidence that the Stirling-

alternators are capable of exceeding RPS and FSP radiation service life requirements.  

These results should be used to advance hardware maturity, improve performance 

confidence in a radiation environment, and increase maximum fluence and dose limits.  

Since it was demonstrated that the system can survive expected radiation conditions, 

this represents a significant savings of additional radiation qualification tests that must 

be conducted before flight units are utilized and improved confidence in the technology.   

The results presented in this document can be additionally utilized to provide 

experimentally derived benchmarks for models, identify radiation tolerant materials for 

next generation systems, and determined a first order lifetime prediction for an 

alternator in radiation conditions. 
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APPENDIX A 
SARTA TESTING 

Supplemental Figures 

 
 

 
 
Figure A-1. SARTA system instrumentation, power, and control schematic. 
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Figure A-2. The Sandia National Laboratory Gamma Irradiation Facility (GIF) radial 

dose rate profile. Courtesy of Dr. Ross Radel, SNL49. 

 
 
Figure A-3. GIF axial dose rate profile.  Courtesy of Dr. Ross Radel, SNL49. 
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Figure A-4. RAD 1 Performance (90°C, 30 minutes, 81.82 rad/s, 0.147 Mrad). 

 

 
 
Figure A-5. RAD 1 Temperatures (90°C, 30 minutes, 81.82 rad/s, 0.147 Mrad). 
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Figure A-6. RAD 2 Performance (90°C, 30 minutes, 75.94 rad/s, 0.137 Mrad). 

 

 
 
Figure A-7. RAD 2 Temperatures (90°C, 30 minutes, 75.94 rad/s, 0.137 Mrad). 
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Figure A-8. RAD 3 Performance (90°C, 60 minutes, 98.74 rad/s, 0.335 Mrad). 

 

 
 
Figure A-9. RAD 3 Temperatures (90°C, 60 minutes, 98.74 rad/s, 0.335 Mrad). 
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Figure A-10. RAD 4 Performance (90°C, 60 minutes, 94.38 rad/s, 0.340 Mrad). 

 

 
 
Figure A-11. RAD 4 Temperatures (90°C, 60 minutes, 94.38 rad/s, 0.340 Mrad). 
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Figure A-12. RAD 5 Performance (90°C, 210 minutes, 78.88 rad/s, 0.994 Mrad). 

 

 
 
Figure A-13. RAD 5 Temperatures (90°C, 210 minutes, 78.88 rad/s, 0.994 Mrad). 
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Figure A-14. RAD 6 Performance (90°C, 160 minutes, 78.88 rad/s, 0.757 Mrad). 

 

 
 
Figure A-15. RAD 6 Temperatures (90°C, 160 minutes, 78.88 rad/s, 0.757 Mrad). 
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Figure A-16. RAD 7 Performance (90°C, 270 minutes, 78.88 rad/s, 1.278 Mrad). 

 

 
 
Figure A-17. RAD 7 Temperatures (90°C, 270 minutes, 78.88 rad/s, 1.278 Mrad). 
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Figure A-18. RAD 8 Performance (90°C, 5 minutes, 859.39 rad/s, 0.258 Mrad). 

 

 
 
Figure A-19. RAD 8 Temperatures (90°C, 5 minutes, 859.39 rad/s, 0.258 Mrad). 
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Figure A-20. RAD 9 Performance (90°C, 5 minutes, 847.75 rad/s, 0.254 Mrad). 

 

 
 
Figure A-21. RAD 9 Temperatures (90°C, 5 minutes, 847.75 rad/s, 0.254 Mrad). 
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Figure A-22. RAD 10 Performance (90°C, 35 minutes, 853.57 rad/s, 1.793 Mrad). 

 

 
 
Figure A-23. RAD 10 Temperatures (90°C, 35 minutes, 853.57 rad/s, 1.793 Mrad). 
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Figure A-24. RAD 11 Performance (90°C, 40 minutes, 853.57 rad/s, 2.049 Mrad). 

 

 
 
Figure A-25. RAD 11 Temperatures (90°C, 40 minutes, 853.57 rad/s, 2.049 Mrad). 
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Figure A-26. RAD 12 Performance (90°C, 80 minutes, 853.57 rad/s, 4.097 Mrad). 

 

 
 
Figure A-27. RAD 12 Temperatures (90°C, 80 minutes, 853.57 rad/s, 4.097 Mrad). 
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Figure A-28. RAD 13 Performance (90°C, 195 minutes, 853.57 rad/s, 9.987 Mrad). 

 

 
 
Figure A-29. RAD 13 Temperatures (90°C, 195 minutes, 853.57 rad/s, 9.987 Mrad). 
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Figure A-30. RAD 14 Performance (120°C, 60 minutes, 78.88 rad/s, 0.284 Mrad). 

 

 
 
Figure A-31. RAD 14 Temperatures (125°C, 60 minutes, 78.88 rad/s, 0.284 Mrad). 
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Figure A-32. RAD 15 Performance (125°C, 20 minutes, 853.57 rad/s, 1.024 Mrad). 

 

 
 
Figure A-33. RAD 15 Temperatures (125°C, 20 minutes, 853.57 rad/s, 1.024 Mrad). 
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Figure A-34. RAD 16 Performance (125°C, 40 minutes, 853.57 rad/s, 2.049 Mrad). 

 

 
 
Figure A-35. RAD 16 Temperatures (125°C, 40 minutes, 853.57 rad/s, 2.049 Mrad). 
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Figure A-36. RAD 17 Performance (125°C, 80 minutes, 853.57 rad/s, 4.097 Mrad). 

 

 
 
Figure A-37. RAD 17 Temperatures (125°C, 80 minutes, 853.57 rad/s, 4.097 Mrad). 
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Figure A-38. RAD 18 Performance (125°C, 200 minutes, 853.57 rad/s, 10.243 Mrad). 

 

 
 
Figure A-39. RAD 18 Temperatures (125°C, 200 minutes, 853.57 rad/s, 10.243 Mrad). 
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Figure A-40. SARTA voltage vs. time results for operation at 90°C. 

 

 
 
Figure A-41. SARTA current vs. time for operation at 90°C. 
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Figure A-42. SARTA power vs. time results for operation at 90°C tests. 

 

 
 
Figure A-43. SARTA voltage vs. time results for operation at 125°C. 
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Figure A-44. SARTA current vs. time results for operation at 125°C. 

 

 
 
Figure A-45. SARTA power vs. time results for operation at 125°C. 
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Figure A-46. SARTA average power factor as a function of dose for 90°C tests. 

 

 
 
Figure A-47. SARTA average power factor as a function of dose for 125°C tests. 
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Statistical Analysis of SARTA Confidence Intervals 

The nominal operating limits are established by first determining the mean and the 

standard deviation for the steady-state pre-exposure data runs.  We utilize the student 

T-distribution, where the population standard deviation is unknown but the sample 

standard deviation is known, to determine the multiplier necessary to produce a 99 % 

total confidence interval.  We assume the distribution about the population mean was 

normally distributed such that the confidence interval could be expressed by the 

function shown in equation B-1. 

 𝑋𝑋� ± 𝑅𝑅𝛼𝛼/2σ

√𝑛𝑛
 (B-1) 

𝑋𝑋�= population mean 
t = student t-value at a specified value of α for t-distribution with (n-1) degrees of 
freedom 
α = significance level 
σ = standard deviation of the sample measurements 
n = sample size 

 

In order to accurately utilize such a function to determine measureable off-nominal 

operation requires a substantial amount of nominal operation data.  Having sufficient 

data will improve the counting statistics required to develop confidence in the statistical 

analysis being applied.  We apply a multiplier of 3.499, which yields a 99.5% confidence 

interval. Using this confidence interval we can essentially determine how likely a 

measured value is deviating beyond the normal operational range.  In the case of the 

SARTA operation measured values, ± 3.499σ above or below the nominal value is 

indicative of actually observable off-nominal operation. 
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APPENDIX B 
MIXED NEUTRON GAMMA TESTING 

 

 
 
Figure B-1. Mixed neutron-gamma ray test system instrumentation, power, and control 

schematic. 
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APPENDIX C 
SARTA DISASSEMBLY AND INSPECTION 

 

Table C-1. SARTA Organic Material Samples 
SARTA Sample Location Material W (g) L(mm) ∆Dia (%) 
R coil heat shrink Trans. Plate Kynar 0.0173 - 0.013 
L coil heat shrink Trans. Plate Kynar 0.0703 - 0.013 
R coil lead wire Trans. Plate PTFE 0.3989 31 - 
L coil lead wire Trans. Plate PTFE 0.3454 26 - 
R FLDT heat shrink Trans. Plate Viton 0.0751 14 0.128 
L FLDT heat shrink Trans. Plate Viton 0.0067 8 0.05 
R FLDT wire Trans. Plate PTFE 0.0261 45 0.016 
L FLDT wire Trans. Plate PTFE 0.0336 29 - 
Inner piston O-ring Trans. Plate Viton 0.1116 - - 
PTFE wire flakes Outer Stator PTFE 0.0319 23 - 
R coil heat shrink Outer Stator Viton 0.1857 19 - 
L coil heat shrink Outer Stator Viton 0.2163 20 - 
R coil lead wire Outer Stator PTFE 0.2243 22 - 
L coil lead wire Outer Stator PTFE 0.2588 21 - 
Xylan shavings Piston Coat Xylan 0.0039 - - 
PV O-ring Cylinder Silicone 0.7794 - -0.105 
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Analysis of Unknown Residue Deposit on SARTA Attachment Flange 

Figure C-1 illustrates the FTIR comparison of the unknown residue deposit on the 

SARTA flange to the FTIR spectra of a Hysol epoxy standard reference sample.  The 

spectra shows close agreement, however, the trends do not perfectly match (in terms of 

wavelength and intensity).  This slight mismatch indicates that either there are multiple 

chemical components in the residue not referenced in the standard or different curing 

conditions caused variation in the polymer reactants observed.  The different curing 

conditions is the most plausible explanation since the SARTA and the Hysol reference 

sample had far different thermal histories, therefore, different curing states. 

 

 
 
Figure C-1. FTIR spectra comparison of the unknown residue deposit and Hysol epoxy 

reference.  Courtesy of Dr. Kenneth Street, NASA GRC81. 

 
From spectra comparison there is a reasonably good match to assume that Hysol 

(or some very closely related polymer) constitutes a major component of the deposit. 
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APPENDIX D 
MIXED NEUTRON & GAMMA RAY POST-IRRADIATION MATERIALS EVALUATION 

Neutron Activation Analysis of Irradiated Samples 

The γ-ray spectroscopy results are shown in Table D-1 to D-9. When background 

spectra (Table D-8) are compared to the sample spectra we see low isotopic activities, 

with some isotopes having low confidence factors indicating their unlikely presence.  

 
Table D-1. Nuke 4 Silicone O-ring Gamma-Ray Spectroscopic Elemental Abundance 

Analysis. Courtesy of Dr. Latha Vasudevan, TAMU56. 
Nuclide   Confidence E (keV) Yield (%) A(t)(μCi/unit) Uncertainty 
NA-22 1 1274.54* 99.94 2.88E-04 2.40E-05 
K-40 1 1460.81* 10.67 1.53E-03 1.77E-04 
CO-60 0.994 1173.22* 100 4.68E-05 9.99E-06 

  
1332.49* 100 6.49E-05 1.21E-05 

BI-211 0.368 72.87* 1.2 3.09E-03 4.83E-04 

  
351.10* 12.2 1.83E-04 7.66E-05 

  
404.8 4.1   

  
426.9 1.9   

  
831.8 3.3   

BI-214 0.337 609.31* 46.3 9.95E-05 1.69E-05 

  
768.36 5.04   

  
806.17 1.23   

  
934.06 3.21   

  
1120.29 15.1   

  
1155.19 1.69   

  
1238.11 5.94   

  
1280.96 1.47   

  
1377.67 4.11   

  
1385.31 0.78   

  
1401.5 1.39   

  
1407.98 2.48   

  
1509.19 2.19   

  
1661.28 1.15   

  
1729.6 3.05   

  
1764.49* 15.8 3.45E-04 7.67E-05 

  
1847.44 2.12   

  
2118.54 1.21   * = Energy line found in the spectrum 
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Table D-2. Nuke 4 Kalrez O-ring Gamma-Ray Spectroscopic Elemental Abundance 
Analysis. Courtesy of Dr. Latha Vasudevan, TAMU56. 

Nuclide Confidence E (keV) Yield (%) A(t)(μCi/unit) Uncertainty 
NA-22 1 1274.54* 99.94 2.88E-04 2.40E-05 
K-40 1 1460.81* 10.67 1.53E-03 1.77E-04 
CO-60 0.994 1173.22* 100 4.68E-05 9.99E-06 

  
1332.49* 100 6.49E-05 1.21E-05 

BI-211 0.368 72.87* 1.2 3.09E-03 4.83E-04 

  
351.10* 12.2 1.83E-04 7.66E-05 

  
404.8 4.1   

  
426.9 1.9   

  
831.8 3.3   

BI-214 0.337 609.31* 46.3 9.95E-05 1.69E-05 

  
768.36 5.04   

  
806.17 1.23   

  
934.06 3.21   

  
1120.29 15.1   

  
1155.19 1.69   

  
1238.11 5.94   

  
1280.96 1.47   

  
1377.67 4.11   

  
1385.31 0.78   

  
1401.5 1.39   

  
1407.98 2.48   

  
1509.19 2.19   

  
1661.28 1.15   

  
1729.6 3.05   

  
1764.49* 15.8 3.45E-04 7.67E-05 

  
1847.44 2.12   

  
2118.54 1.21   

* = Energy line found in the spectrum 
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Table D-3. Nuke 4 Viton Heat Shrink Gamma-Ray Spectroscopic Elemental Abundance 

Analysis. Courtesy of Dr. Latha Vasudevan, TAMU56. 
Nuclide Confidence E (keV) Yield (%) A(t) (μCi/unit) Uncertainty 
NA-22 1 1274.54* 99.94 2.72E-04 2.55E-05 
K-40 0.984 1460.81* 10.67 1.32E-03 1.75E-04 
CO-60 0.985 1173.22* 100.00 6.04E-05 1.27E-05 

  1332.49* 100.00 5.68E-05 1.15E-05 
ZN-65 0.998 1115.52* 50.75 5.48E-05 2.17E-05 
RU-103 0.903 497.08* 89.00 4.17E-04 4.40E-05 

  610.33* 5.60 7.71E-04 1.34E-04 
SB-124 0.887 602.71* 97.87 2.10E-04 1.92E-05 

  645.85* 7.26 2.37E-04 1.21E-04 

  709.31 1.42   
  713.82 2.38   
  722.78* 11.10 1.95E-03 1.92E-04 

  968.20 1.92   
  1045.16 1.86   
  1325.50 1.50   
  1355.24 1.00   
  1368.21 2.51   
  1436.60 1.14   
  1691.02* 49.00 2.07E-04 3.21E-05 

* = Energy line found in the spectrum 
 
 
 
 
Table D-4. Nuke 4 Kynar Heat Shrink Gamma-Ray Spectroscopic Elemental 

Abundance Analysis. Courtesy of Dr. Latha Vasudevan, TAMU56. 
Nuclide Confidence E (keV) Yield (%) A(t) (μCi/unit) Uncertainty 
NA-22 0.997 1274.54* 99.94 2.59E-04 2.43E-05 
K-40 1 1460.81* 10.67 1.61E-03 1.81E-04 
CO-60 0.991 1173.22* 100 6.63E-05 1.35E-05 

  
1332.49* 100 5.44E-05 9.90E-06 

BI-211 0.367 72.87* 1.2 2.66E-03 4.43E-04 

  
351.10* 12.2 1.56E-04 6.09E-05 

  
404.8 4.1 

  
  

426.9 1.9 
  

  
831.8 3.3 

  * = Energy line found in the spectrum 
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Table D-5. Nuke 4 Polyimide Insulated Cu Wire Gamma-Ray Spectroscopic Elemental 
Abundance Analysis. Courtesy of Dr. Latha Vasudevan, TAMU56. 

Nuclide Confidence E (keV) Yield (%) A(t) (μCi/unit) Uncertainty 
NA-22 1 1274.54* 99.94 2.53E-04 2.28E-05 
K-40 0.997 1460.81* 10.67 1.54E-03 1.73E-04 
CO-60 1 1173.22* 100 5.40E-04 3.76E-05 

  
1332.49* 100 5.77E-04 3.83E-05 

AG-110M 0.546 446.8 3.64   

  
620.35 2.77   

  
657.75* 94.4 7.57E-05 1.62E-05 

  
677.61 10.68   

  
686.99 6.47   

  
706.67 16.68   

  
744.26 4.64   

  
763.93* 22.28 6.76E-05 4.05E-05 

  
818.02 7.3   

  
884.67* 72.6 1.26E-04 1.99E-05 

  
937.48* 34.2 5.32E-05 3.20E-05 

  
1384.27 24.26   

  
1475.76 3.97   

  
1505 13.06   

  
1562.27 1.18   

* = Energy line found in the spectrum 
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Table D-6. Nuke 4 PTFE Insulated Cu Wire Gamma-Ray Spectroscopic Elemental 
Abundance Analysis. Courtesy of Dr. Latha Vasudevan, TAMU56. 

Nuclide Confidence E (keV) Yield (%) A(t) (μCi/unit) Uncertainty 
NA-22 0.999 1274.54* 99.94 1.98E-04 5.55E-05 
K-40 0.994 1460.81* 10.67 1.22E-03 3.41E-04 
K-42 0.987 1524.67* 17.90 2.35E-04 1.86E-04 
CO-60 0.995 1173.22* 100.00 2.42E-04 6.05E-05 

  
1332.49* 100.00 1.45E-04 5.27E-05 

SR-92 0.717 241.52 3.00   

  
430.56 3.30   

  
953.32 3.60   

  
1142.30 2.90   

  
1383.94* 90.00 2.09E-02 2.48E-03 

AG-110M 1 446.80* 3.64 5.78E-02 5.13E-03 

  
620.35* 2.77 6.25E-02 4.42E-03 

  
657.75* 94.40 6.65E-02 4.02E-03 

  
677.61* 10.68 6.24E-02 3.92E-03 

  
686.99* 6.47 6.83E-02 4.46E-03 

  
706.67* 16.68 6.52E-02 3.99E-03 

  
744.26* 4.64 6.62E-02 4.44E-03 

  
763.93* 22.28 6.57E-02 3.99E-03 

  
818.02* 7.30 6.08E-02 3.85E-03 

  
884.67* 72.60 6.65E-02 4.01E-03 

  
937.48* 34.20 6.64E-02 3.83E-03 

  
1384.27* 24.26 7.28E-02 3.00E-03 

  
1475.76* 3.97 7.78E-02 3.70E-03 

  
1505.00* 13.06 7.17E-02 3.03E-03 

  
1562.27* 1.18 8.60E-02 5.70E-03 

Au-198 0.999 411.80* 95.00 1.07E-05 6.00E-05 
* = Energy line found in the spectrum 
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Table D-7. Nuke 4 Xylan Coated Al Plate Gamma-Ray Spectroscopic Elemental 
Abundance Analysis. Courtesy of Dr. Latha Vasudevan, TAMU56. 

Nuclide Confidence E (keV) Yield (%) A(t) (μCi/unit) Uncertainty 
NA-22 0.996 1274.54* 99.94 2.79E-04 2.46E-05 
K-40 0.997 1460.81* 10.67 1.55E-03 1.74E-04 
SC-46 0.999 889.25* 99.98 8.75E-05 1.69E-05 

  
1120.51* 99.99 1.01E-04 1.23E-05 

CR-51 1 320.08* 9.83 2.49E-02 2.05E-03 
MN-54 1 834.83* 99.97 4.49E-04 3.61E-05 
CO-58 1 810.76* 99.40 3.17E-04 2.82E-05 
FE-59 0.869 142.65 1.03   

  
192.34 3.11   

  
1099.22* 56.50 2.62E-04 3.41E-05 

  
1291.56* 43.20 2.33E-04 3.60E-05 

CO-60 0.999 1173.22* 100.00 1.12E-04 1.69E-05 

  
1332.49* 100.00 1.69E-04 1.83E-05 

ZN-65 1 1115.52* 50.75 3.99E-04 3.59E-05 
MO-99 0.759 140.51* 88.70 8.92E-05 1.49E-05 

  
181.06 6.20   

  
366.43 1.37   

  
739.58 12.80   

  
778.00 4.50   

TC-99M 1 140.51* 89.07 9.13E-05 1.53E-05 
* = Energy line found in the spectrum 
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Table D-8. TAMU Background Gamma-Ray Spectroscopic Elemental Abundance 
Analysis. Courtesy of Dr. Latha Vasudevan, TAMU56. 

Nuclide Confidence E (keV) Yield (%) A(t) (μCi/unit) Uncertainty 
NA-22 0.999 1274.54* 99.94 2.60E-04 1.85E-05 
K-40 1 1460.81* 10.67 1.66E-03 1.36E-04 
CO-60 0.995 1173.22* 100 5.30E-05 7.52E-06 

  
1332.49* 100 5.58E-05 8.12E-06 

BI-211 0.362 72.87* 1.2 2.05E-03 3.10E-04 

  
351.10* 12.2 3.02E-04 5.80E-05 

  
404.8 4.1   

  
426.9 1.9   

  
831.8 3.3   

BI-214 0.384 609.31* 46.3 8.77E-05 1.22E-05 

  
768.36 5.04   

  
806.17 1.23   

  
934.06 3.21   

  
1120.29 15.1   

  
1155.19 1.69   

  
1238.11 5.94   

  
1280.96 1.47   

  
1377.67* 4.11 1.79E-04 9.42E-05 

  
1385.31 0.78   

  
1401.5 1.39   

  
1407.98 2.48   

  
1509.19 2.19   

  
1661.28 1.15   

  
1729.6 3.05   

  
1764.49* 15.8 2.66E-04 5.01E-05 

  
1847.44 2.12   

  
2118.54 1.21   

PB-214 0.484 74.81* 6.33 6.43E-04 8.32E-05 

  
77.11 10.7   

  
87.2 3.7   

  
89.8 1.03   

  
241.98 7.49   

  
295.21* 19.2 3.74E-06 2.13E-05 

  
351.92* 37.2 9.92E-05 1.90E-05 

  
785.91 1.1   

* = Energy line found in the spectrum 
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Table D-9. Comparative Sample and TAMU Background Spectroscopic Analysis. 

Material 
Irradiated Sample Counts Background Counts 

Nuclide Confidence A(t) 
(μCi/unit) Nuclide Confidence A(t) 

(μCi/unit) 
Silicone NA-22 1 2.88E-04 NA-22 0.999 2.60E-04 
O-ring K-40 1 1.53E-03 K-40 1 1.66E-03 

 CO-60 0.994 4.68E-05 CO-60 0.995 5.30E-05 

 BI-211 0.368 3.09E-03 BI-211 0.362 2.05E-03 

 BI-214 0.337 3.45E-04 BI-214 0.384 8.77E-05 

    PB-214 0.484 6.43E-04 
Kalrez    NA-22 1 2.73E-04 NA-22 0.999 2.60E-04 
O-ring K-40 1 1.53E-03 K-40 1 1.66E-03 

 CO-60 0.994 6.46E-05 CO-60 0.995 5.30E-05 

 BI-211 0.368 1.82E-03 BI-211 0.362 2.05E-03 

 BI-214 0.337 1.37E-04 BI-214 0.384 8.77E-05 

    PB-214 0.484 6.43E-04 
Viton Heat  NA-22 1 2.72E-04 NA-22 0.999 2.60E-04 
Shrink K-40 0.984 1.32E-03 K-40 1 1.66E-03 
Tube CO-60 0.985 6.04E-05 CO-60 0.995 5.30E-05 

    BI-211 0.362 2.05E-03 

    BI-214 0.384 8.77E-05 

    PB-214 0.484 6.43E-04 

 ZN-65 0.998 5.48E-05    
 RU-103 0.903 7.71E-04    
 SB-124 0.887 1.95E-03    
Kynar  NA-22 0.997 2.59E-04 NA-22 0.999 2.60E-04 
Heat K-40 1 1.61E-03 K-40 1 1.66E-03 
Shrink CO-60 0.991 6.63E-05 CO-60 0.995 5.30E-05 
Tube BI-211 0.367 2.66E-03 BI-211 0.362 2.05E-03 

    BI-214 0.384 8.77E-05 

    PB-214 0.484 6.43E-04 
Polyimide NA-22 1 2.53E-04 NA-22 0.999 2.60E-04 
Coated K-40 0.997 1.54E-03 K-40 1 1.66E-03 
Copper CO-60 1 5.77E-04 CO-60 0.995 5.30E-05 
Wire    BI-211 0.362 2.05E-03 

    BI-214 0.384 8.77E-05 

    PB-214 0.484 6.43E-04 

 AG-110M 0.546 1.26E-04    
PTFE NA-22 0.999 1.98E-04 NA-22 0.999 2.60E-04 
Coated K-40 0.994 1.22E-03 K-40 1 1.66E-03 
Copper K-42 0.987 2.35E-04    
Wire CO-60 0.995 2.42E-04 CO-60 0.995 5.30E-05 
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Table D-9. Continued. 

Material 
Irradiated Sample Counts Background Counts 

Nuclide Confidence A(t) 
(μCi/unit) Nuclide Confidence A(t) 

(μCi/unit) 
 

    BI-211 0.362 2.05E-03 

    BI-214 0.384 8.77E-05 

    PB-214 0.484 6.43E-04 

 SR-92 0.717 2.09E-02    
 AG-110M 1 8.60E-02    
 Au-198 0.999 1.07E-05    
Xylan NA-22 0.996 2.79E-04 NA-22 0.999 2.60E-04 
Coated K-40 0.997 1.55E-03 K-40 1 1.66E-03 
Aluminum CO-60 0.999 1.69E-04 CO-60 0.995 5.30E-05 
Plate    BI-211 0.362 2.05E-03 

    BI-214 0.384 8.77E-05 

    PB-214 0.484 6.43E-04 

 CR-51 1 2.49E-02    
 MN-54 1 4.49E-04    
 CO-58 1 3.17E-04    
 FE-59 0.869 2.62E-04    
 SC-46 0.999 8.75E-05    
 ZN-65 1 3.99E-04    
 MO-99 0.759 8.92E-05    
 TC-99M 1 9.13E-05    
Hysol    NA-22 0.999 2.60E-04 
Epoxy 
Lap K-40 0.992 1.60E-03 K-40 1 1.66E-03 

Shear CO-60 1 1.58E-02 CO-60 0.995 5.30E-05 

    BI-211 0.362 2.05E-03 

    BI-214 0.384 8.77E-05 

    PB-214 0.484 6.43E-04 

 CO-58 0.999 1.16E-03    
 FE-59 0.867 2.79E-03    
 ZN-65 0.971 2.48E-02    
 KR-88 0.345 1.50E-01    
 NB-95 0.954 1.56E-02    
 RH-105 0.601 6.46E-03    
 SN-113 0.848 1.56E-02    
 SC-46 1 1.14E-01    
 CR-51 0.962 1.56E-02    
 SB-124 0.712 1.65E-03     
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Table D-9. Continued. 

Material 
Irradiated Sample Counts Background Counts 

Nuclide Confidence A(t) 
(μCi/unit) Nuclide Confidence A(t) 

(μCi/unit) 
 
HT Epoxy    NA-22 0.999 2.60E-04 
Lap Shear K-40 0.993 1.35E-03 K-40 1 1.66E-03 

 CO-60 1 2.27E-02 CO-60 0.995 5.30E-05 

    BI-211 0.362 2.05E-03 

    BI-214 0.384 8.77E-05 

    PB-214 0.484 6.43E-04 

 SC-46 1 1.31E-01    
 CR-51 0.969 1.88E-02    
 CO-58 1 1.26E-03    
 ZN-65 0.974 3.68E-02    
 KR-88 0.345 2.67E-01    
 NB-95 0.955 2.35E-02    
 RH-105 0.593 9.79E-03    
 SN-113 0.847 2.35E-02    
  SB-124 0.726 4.74E-03       

 
 
 
 

Supplemental SEM-EDS Data 

 

A B 
 
Figure D-1. Comparison of un-irradiated Xylan SEM images A) secondary electron (SE) 

and B) Back-Scattered Electron (BSE) images at 500x. 
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A B 
 
Figure D-2. Comparison of un-irradiated Xylan SEM images A) secondary electron (SE) 

and B) Back-Scattered Electron (BSE) images at 10,000x. 

 
 

 
 
Figure D-3. Comparison of irradiated (NUKE 4) Xylan SEM images secondary electron 

(SE) image at 5,000x. 
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A 

B 

C 
 
Figure D-4. Comparison of Xylan EDS spectra referencing Figure D-2B callout locations 

for A) EDS-A, B) EDS-B, C)EDS-C. 
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A 

B 

C 
 
Figure D-5. Comparison of Xylan EDS spectra referencing Figure D-3 callout locations 

for A) EDS-A, B) EDS-B, C)EDS-C. 
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Electrical Resistivity Measurement Data 

Table D-10. Qualitative electrical resistivity measurements of Viton and Kynar heat 
shrink tubing, and PTFE and Polyimide wire insulation. 

    Resistance at Voltage (MΩ) 
Sample Condition 250 V 500 V 1000 V 
Viton BOA 1 > 1000 > 2000 > 4000 

 BOA 2 > 1000 > 2000 > 4000 

 BOA 3 > 1000 > 2000 > 4000 

 BOA 4 > 1000 > 2000 > 4000 

 N1 > 1000 > 2000 > 4000 

 N2 > 1000 > 2000 > 4000 

 N3 > 1000 > 2000 > 4000 

 N4 > 1000 > 2000 > 4000 
Kynar BOA 1 > 1000 > 2000 > 4000 

 BOA 2 > 1000 > 2000 > 4000 

 BOA 3 > 1000 > 2000 > 4000 

 BOA 4 > 1000 > 2000 > 4000 

 N1 > 1000 > 2000 > 4000 

 N2 > 1000 > 2000 > 4000 

 N3 > 1000 > 2000 > 4000 

 N4 > 1000 > 2000 > 4000 
PTFE BOA 1 > 1000 > 2000 > 4000 

 BOA 2 > 1000 > 2000 > 4000 

 BOA 3 > 1000 > 2000 > 4000 

 BOA 4 > 1000 > 2000 > 4000 

 N1 > 1000 > 2000 > 4000 

 N2 > 1000 > 2000 > 4000 

 N3 > 1000 > 2000 > 4000 

 N4 > 1000 > 2000 > 4000 
Polyimide BOA 1 > 1000 > 2000 > 4000 

 BOA 2 > 1000 > 2000 > 4000 

 BOA 3 > 1000 > 2000 > 4000 

 BOA 4 > 1000 > 2000 > 4000 

 N1 > 1000 > 2000 > 4000 

 N2 > 1000 > 2000 > 4000 

 N3 > 1000 > 2000 > 4000 
  N4 > 1000 > 2000 > 4000 
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O-Ring Compression Set Methodology 

The O-ring compression set testing procedure was conducted in accordance to the 

American Society of Testing and Materials (ASTM) D395, test method B standard82.  

The method calls for O-rings to be compressed at 25% of the original O-ring thickness 

for 70 hours at ambient temperature conditions (23oC).  The compression set can be 

defined according to Equation D-1. 

𝐶𝐶𝐵𝐵(%) = � 𝑅𝑅𝑜𝑜−𝑅𝑅𝑓𝑓
𝑅𝑅0−𝑅𝑅𝐶𝐶ℎ𝐶𝐶𝑚𝑚

� × 100 (Eq D-1) 

where: 
 
CB = Compression set 
to = original specimen thickness 
tf = final specimen thickness 
tshim = 0.75to = shim thickness 
 

After the O-rings are compressed for 70 hours the pressure is unloaded.  The 

samples experience dimensional recovery for a period of 30 minutes at which time the 

O-ring thickness is measured using high accuracy calipers.  The thickness is measured 

at several locations throughout the sample and measured several times throughout a 

period of between 24 and 48 hours after the pressure is unloaded.  The lower the value 

for CB the better the performance of the O-ring. 

Several different types of O-rings are tested to include as-received, baked-out-

aged, irradiated in a γ-ray radiation environment at 125°C and 150°C, and irradiated in a 

mixed neutron and γ-ray radiation environment in an ultra-high purity helium 

environment at 125°C and 150°C. 
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